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A B S T R A C T   

Objective: To evaluate a rabbit model of mandibular box-shaped defects created through an 
intraoral approach and determine the minimum size defect that would not spontaneously heal 
during the rabbit’s natural life (or critical-sized defect, CSD). 
Methods: Forty-five 6-month-old rabbits were randomly divided into five defect size groups (nine 
each). Mandibular box-shaped defects of different sizes (4, 5, 6, 8, and 10 mm) were created in 
each hemimandible, with the same width and depth (3 and 2 mm, respectively). Four, 8, and 12 
weeks post-surgery, three animals per group were euthanized. New bone formation was assessed 
using micro-computed tomography (MCT) and histomorphometric analyses. 
Results: Box-shaped defects were successfully created in the buccal region between the incisor 
area and the anterior part of the mental foramen in rabbit mandibles. Twelve weeks post-surgery, 
MCT analysis showed that the defects in the 4, 5, and 6 mm groups were filled with new bone, 
while those in the 8 and 10 mm groups remained underfilled. Quantitative analysis revealed that 
the bone mass recovery percentage in the 8 and 10 mm groups was significantly lower than that 
in the other groups (p < 0.05). There was no significant difference in the bone mass recovery 
percentage between the 8 and 10 mm groups (p > 0.05). Histomorphometric analysis indicated 
that the area of new bone formation in the 8 and 10 mm groups was significantly lower than that 
in the remaining groups (p < 0.05). There was no significant difference in the new bone area 
between the 8 and 10 mm groups (p > 0.05). 
Conclusions: The dimensions of box-shaped CSD created in the rabbit mandible through an 
intraoral approach were 8 mm × 3 mm × 2 mm. This model may provide a clinically relevant 
base for future tissue engineering efforts in the mandible.   

1. Introduction 

The mandible plays an important role in maintaining facial shape and masticatory function [1]. The aetiology of a critical-sized 
defect (CSD) in the mandible includes accidental trauma, infection, and tumour resection [2]. Mandibular defect can not only lead 
to structural damage to the mandible, resulting in noticeable bone dysfunction and deformity [3], but also significantly affect patient 
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quality of life [4]. Large defects can approach or exceed the critical size, which is classically defined as the smallest size of a defect that 
fails to heal spontaneously without intervention over the lifetime of an animal or over the duration of the experiment [3]. In humans, a 
CSD will neither heal spontaneously, nor will it regenerate more than 10% of the lost bone during the patient’s lifetime. Today, 
reconstruction of a critical-sized osseous defect is still a challenging procedure in maxillofacial surgery [2]. 

Animal models are often considered appropriate analogues to clinical conditions [5]. These models provide useful scientific in-
formation on the most efficient and effective ways to treat different clinical conditions [6]. Appropriate animal models offer an 
experimental basis for jaw tissue engineering endeavours. CSD models are the gold standard for assessing bone regeneration in pre-
clinical studies [6]. Many factors contribute to the choice of an animal experimental model for testing bone regeneration strategies [7]. 
For mandibular bone regeneration, animal models are generally divided into small (including mice [8], rats [9–11], and rabbits 
[12–15]) and large (including dogs [16–21], goats [22,23], pigs [24,25], and monkeys [26]) animal models. Animal models usually 
differ in their mandibular CSDs. For example, as confirmed by several studies, the mandibular defect size is 4–5 mm in the rat model 
[27,28] and 15 mm without the periosteum and 50 mm with the periosteum in the canine model [29]. At present, there is no accurate 
experimental evidence for determining the size of a CSD to be used in New Zealand white rabbits to create jaw defect animal models. It 
is necessary to explore the optimal size of a CSD to provide a benchmark for future tissue engineering research. 

Some studies have shown that a mandibular defect in the rabbit model is generally located in the mandibular ramus or angle [30]. 
However, from an anatomical point of view, the mental foramen area shows a certain degree of modelling superiority because of its 
rich bone marrow content, adequate bone volume, and ideal thickness [30]. Moreover, most previous experiments adopted extra-oral 
approaches to create a bone defect. While intraoral approaches have been proposed to be closer to the clinical reality, to date, they 
have rarely been implemented in animal models. In the present study, an intraoral approach was used to simulate the surgical 
environment of cystic lesions in the jaw and establish an animal model for different defect sizes in rabbits. The defect site was located in 
the buccal region between the incisor area and the anterior part of the mental foramen in the rabbit mandible. 

Since the size of a CSD in the rabbit mandible has not been determined, we propose a hypothesis that if the width and depth of a 
rabbit box-shape defect in the mandible are determined, the length of the CSD will be between 4 and 10 mm. This study aimed to 
establish an animal model for a mandibular defect by using an intraoral approach and to explore the size of a CSD in the rabbit jaw to 
provide a clinically relevant testing ground for further mandibular tissue engineering efforts. 

2. Materials and methods 

2.1. Study design, animals, and experimental groups 

The G* Power 3.1.9.2 software was used to statistically compute the sample size for this animal study. The input parameters were 
an α error probability of 0.05, an effect size f of 0.40, a power of 0.85, and 5◦ of freedom, as the predictor variables included 3 ex-
amination time points and 5 groups. The estimated sample size was 90 (18 rabbits/group). Mandibular surgical defects were created 
bilaterally (9 rabbits/group); thus, the sample size was 45 rabbits. 

Forty-five healthy 6-month-old adult New Zealand white rabbits (general grade, male and female, weight 2.2–2.5 kg [average 2.4 
kg]) provided by the experimental animal centre of Hebei Medical University were used for the study. The experimental animals were 
housed in suitably sized cages maintained at a temperature of 22 ± 2 ◦C and in a 12-h light/dark cycle. The animals were transferred to 
the laboratory environment at least 1 week before surgery to facilitate their adaptation to the new environment, check their general 
health status, and ensure an optimal, infection-free environment. The animals were fed with standard laboratory food and water at 
libitum. Each rabbit was housed in a separate cage to ensure comfortable access to water and food, an adequate range of motion, and a 
stress-free environment. Rabbits were randomly divided into five box-shaped defect groups. Box-shaped defects of 4, 5, 6, 8, and 10 
mm in length, 3 mm in width, and 2 mm in depth were created in the buccal region between the incisor area and the anterior part of the 
mental foramen in the rabbit mandibles. Each group included nine rabbits. The study was approved by the Local Ethics Committee for 
Animal Experiments of Hebei Medical University (No. 2021016). 

2.2. Surgical procedure 

Surgically, a total of 90 cortical defects were created bilaterally in the mandibles of the rabbits. The rabbits were intravenously 
anesthetized using 2% pentobarbital sodium (30 mg/kg). Under general anaesthesia, the surgical site was scrubbed with a surgical 

Fig. 1. Intraoperative photographs of jaw defects of different sizes. (A) The defect volume is 4 mm × 3 mm × 2 mm. (B) The defect volume is 5 mm 
× 3 mm × 2 mm. (C) The defect volume is 6 mm × 3 mm × 2 mm. (D) The defect volume is 8 mm × 3 mm × 2 mm. (E) The defect volume is 10 mm 
× 3 mm × 2 mm. 
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antiseptic. A 20-mm incision was made along the vestibular sulcus of the bilateral mandible of each rabbit, followed by soft tissue 
dissection to expose the buccal cortical bone of the anterior mandible body. The mandibular neurovascular bundle was carefully 
dissected and preserved. Five box-shaped osseous defects, each 3 mm in width, 2 mm in depth, and 4, 5, 6, 8, or 10 mm in length were 
created in the buccal region between the incisor area and the anterior part of the mental foramen in rabbit mandibles using a high- 
speed dental grinder and surgical drills (Fig. 1A–E). Subsequently, the surgical area was flushed with 0.9% saline solution three 
times to clean debris and closed in multiple layers with 4–0 sutures. The mucoperiosteal flap around the socket was sutured tightly to 
prevent postoperative infection. Penicillin (400,000 U/kg) was intramuscularly injected into the rabbits for 3 days post-operation. 
After 4, 8, and 12 weeks, three rabbits from each group were randomly euthanized by air injection into the marginal ear vein and 
the bone defects were evaluated using micro-computed tomography (MCT) scanning and histopathological examinations. 

2.3. Radiological evaluation 

Immediately after surgery, a live MCT (PerkinElmer Quantum GX micro C, PerkinElmer, USA) scan was performed to observe and 
measure the size and anatomical position of the defect. To compare the bone reconstruction, samples were analysed using PerkinElmer 
Quantum GX (Micro-CT, PerkinElmer, USA) with the following parameters: voltage, 90 kV; current, 88 μA; field of view, 36 mm; and 
resolution, 72 μm/pixel. Caliper Micro-CT Analysis Tools (Caliper, USA) in the analyze software were used for processing and visu-
alization of 3D images. The region of interest was defined as a regular cuboid with 1 mm length, 2 mm width, and 1 mm height. The 
bone volume to total volume ratio (BV/TV) of the bone tissue in the rabbit jaw bone defect was calculated, expressed as the percentage 
of new bone formation, and analysed statistically. 

2.4. Histological analysis 

Following MCT examination, the mandibles were removed, fixed in buffered formalin for 4 h, decalcified in ethyl-
enediaminetetraacetic acid solution, and embedded in paraffin. Serial sections were cut with a 4-μm thickness. Specimen sections were 
processed for routine haematoxylin and eosin (HE) staining, Masson’s trichrome staining (for revealing collagen fibres and newly 
formed bone), and immunohistochemical staining. For immunohistochemical analysis, the deparaffinized sections were washed three 
times in phosphate buffer saline (PBS), and endogenous peroxidase was inactivated by incubation with 3% H2O2. Nonspecific binding 
sites were blocked using normal goat serum (Sigma-Aldrich, USA) for 30 min, after which the tissue sections were incubated with 
rabbit anti-bone morphogenetic protein 2 (BMP2) polyclonal antibody (1:100, bs-1012 R, Bioss, Beijing), anti-collagen type I (Col I) 
polyclonal antibody (1:100, bs-10423 R, Bioss, Beijing), anti-CD31 polyclonal antibody (1:100, bs-0195 R, Bioss, Beijing), overnight at 
4 ◦C. After rinsing in PBS three times, the tissue sections were incubated with biotinylated secondary antibody (1:500, Z0420, DAKO, 
Glostrup, Denmark) at room temperature for 1 h. Peroxidase activity was visualized using 0.05% diaminobenzidine and 0.03% H2O2 
in PBS. Subsequently, the tissue sections were counter-stained with haematoxylin for 2 min. At least 10 fields of vision under × 200 
magnification were captured under bright-field view, and images were subsequently analysed and quantified using ImageJ software, 
version 1.47 (National Institutes of Health, Bethesda, MA, USA). 

2.5. Histomorphometric analysis 

Slides stained with HE and Masson’s trichrome were analysed using an Olympus microscope. Digital images were captured by using 
a ToupView digital camera with an objective lens using a magnification of × 10. Five images with 300-dpi resolution from each group 
at each time point were digitally analysed with Fiji Image processing software, version 1.47 (National Institutes of Health, Bethesda, 
MA, USA). In HE staining, the percentage (%) of new bone formation was presented as the ratio of new bone area to the total defect 
area (NA/TA). In Masson’s trichome staining, blue colour labels relatively freshly formed bone whereas red colour labels osteoid. The 
percentage (%) of osteoid formation was presented as the ratio of osteoid area to the total defect area (OA/TA). Positive antigen 
immunohistochemical staining in all sections appeared as brown staining. The average optical density value was measured to 
determine the levels of BMP2, Collagen type I (Col I), and CD31 expression in the bone defect area by using ImageJ software, version 
1.47 (National Institutes of Health, Bethesda, MA, USA). 

2.6. Data analyses 

All data were expressed as the mean ± standard deviation. Statistical analysis was performed using single factor analysis of 
variance with SPSS version 22.0 software (SPSS, Inc., Chicago, IL, USA). A p value < 0.05 was considered statistically significant. 

3. Results 

3.1. Clinical findings 

All surgical interventions were successfully performed without any intraoperative complications (Fig. 1A–E). All animals suc-
cessfully completed the course of the study without signs of infection, debilitation, or mandibular loss of function. 
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Fig. 2. Micro-computed tomography (MCT) images of jaw defects at different healing stages. (A) MCT was performed at 0 weeks, 4 weeks, 8 weeks, 
and 12 weeks after operation (yellow box represents the mandibular defect area). (B) Sagittal view of the jaw defect scanned by MCT at 12 weeks 
after operation (yellow box represents the mandibular defect area). (C) Bone volume/total volume (BV/TV) (n = 6, mean ± standard deviation) at 
different cycles. 
*compared with the 8 mm group. The difference was statistically significant (p < 0.05). #compared with the 10 mm group. The difference was 
statistically significant (p < 0.05). 
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3.2. MCT examination 

Representative 3D reconstructions of the MCT images for various groups are shown in Fig. 2A. At 4 and 8 weeks after surgery, the 
defect surface had healed well and new bone tissue almost completely filled the defect in the 4 and 5 mm groups. Most of the defect was 
filled with new bone in the 6 mm group. Only a small amount of new bone had formed and an obvious depression was observed in the 8 
and 10 mm groups. At 12 weeks after surgery, the defects in the 4, 5, and 6 mm groups were filled with new bone, while the defects in 
the 8 and 10 mm groups were still underfilled with new bone (Fig. 2B). 

One-way analysis of variance results for BV/TV revealed that the amounts of new bone formation in the 4, 5, and 6 mm groups were 
significantly higher than those in the 8 and 10 mm groups at different time points (Fig. 2C). At 4, 8, and 12 weeks, the 8 mm (11.75 ±
2.15%, 22.22 ± 3.29%, and 26.78 ± 2.00%, respectively) and 10 mm (9.76 ± 2.01%, 19.17 ± 3.33%, and 25.12 ± 1.86%, respec-
tively) groups exhibited low mean values for new bone formation compared to all other groups. The BV/TV of the 8 and 10 mm groups 
was significantly lower (p < 0.05) than the 4, 5, and 6 mm groups. There was no significant difference in BV/TV between the 8 and 10 
mm groups (p > 0.05). 

3.3. HE staining results 

In the 4, 5, and 6 mm groups, the bone defects showed the presence of small islands of non-lamellar bone surrounded by dense 
fibrous connective tissue at 4 weeks postoperatively. At 8 weeks postoperatively, the original defect was filled with a large amount of 
new bony tissue, with small areas of granulation tissue. At 12 weeks postoperatively, the defects were almost completely closed with 
high-quality lamellar, new bony tissue (Fig. 3A). 

At 4 weeks postoperatively, the empty bone defects showed loose connective tissue consisting of a meshwork of fine, irregularly 
arranged collagen fibres in the 8 and 10 mm groups. At 8 weeks postoperatively, the largest part of the defects remained free of bone, 

Fig. 3. Haematoxylin-eosin staining results. (A) Histological observation of jaw defects at different healing stages (HE staining × 100) (GT: 
granulation tissue, WB: woven bone, LB: lamellar bone, AT: adipose tissue). (B) New bone area/total defect area (NA/TA) (n = 6, mean ± standard 
deviation) at different cycles. 
*compared with the 8 mm group. The difference was statistically significant (p < 0.05). #compared with the 10 mm group. The difference was 
statistically significant (p < 0.05). 
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with a sparse amount of thin osteoid bone trabeculae separated by a substantial amount of amorphous ground substance. At 12 weeks 
postoperatively, the bone defect area remained predominantly free of bone, and was filled only with connective tissue that contained 
few cells and many collagen fibres with a minute amount of newly formed bone trabeculae (Fig. 3A). 

Histomorphometric measurements using HE staining images at different time points revealed significant differences in bone for-
mation. The percentages of new bone formation in the 8 and 10 mm groups were significantly lower than those in the 4, 5, and 6 mm 
groups at different time points. At 4, 8, and 12 weeks, the 8 mm (12.411 ± 0.717%, 16.905 ± 0.851%, and 18.261 ± 0.817%, 
respectively) and 10 mm (10.659 ± 0.692%, 13.548 ± 1.033%, and 13.596 ± 1.364%, respectively) groups exhibited low mean values 
of percentage of new bone formation, compared to all other groups. The percentages of new bone formation in the 8 and 10 mm groups 
were significantly lower (p < 0.05) than in the 4, 5, and 6 mm groups. There was no significant difference in the percentage of new 
bone formation between the 8 and 10 mm groups (p > 0.05) (Fig. 3B). 

3.4. Masson’s trichrome staining results 

In the 4, 5, and 6 mm groups, the empty bone defects showed a considerable number of bony islands enclosed by dense connective 
tissue of blue colour at 4 weeks postoperatively. At 8 weeks postoperatively, the amount of new bone formation was significantly 
increased. Immature lamellar bone tissue and red-stained, newly formed osteoid were observed in the bone defect area. The devel-
opment of high-quality lamellar, mature bone was clearly observed at 12 weeks postoperatively. The defects were ultimately filled 
with bone and revealed an intricate integration of newly formed osteoid tissue with the old mature, lamellar bone. 

In the 8 and 10 mm groups, the defects were observed as scattered bony islands at 4 weeks postoperatively. At 8 weeks post-
operatively, a small number of thin strips of bone tissue could be seen in the defects with wide gaps. At 12 weeks postoperatively, the 

Fig. 4. Masson’s trichrome staining results. (A) Histological observation of jaw defects at different healing stages (Masson’s stain × 100) (OB: 
osteoid, WB: woven bone, LB: lamellar bone). (B) Osteoid area/total defect area (OA/TA) (n = 6, mean ± standard deviation) at different cycles. 
*compared with the 8 mm group. The difference was statistically significant (p < 0.05). #compared with the 10 mm group. The difference was 
statistically significant (p < 0.05). 
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bone defects were filled with abundant loose irregular connective tissue with a very small amount of blue-stained trabecular tissue 
across the entire defect (Fig. 4A). 

Osteoid formation was generally observed at 12 weeks. At 12 weeks after surgery, the osteoid ratios in the 8 mm (5.160 ± 0.142%) 
and 10 mm (4.617 ± 0.255%) groups were significantly lower than those in the 4 mm (19.026 ± 1.543%), 5 mm (18.320 ± 1.404%), 
and 6 mm (17.778 ± 0.855%) groups. The osteoid ratios in the 8 and 10 mm groups were significantly lower (p < 0.05) than in the 4, 5, 
and 6 mm groups. There was no significant difference in the osteoid ratio between the 8 and 10 mm groups (p > 0.05) (Fig. 4B). 

3.5. Immunohistochemical results 

3.5.1. Expression of BMP2 
At 4, 8, and 12 weeks after surgery, the expression of BMP2 showed no statistical differences among any group (p > 0.05, Fig. 5A 

and B). 

3.5.2. Expression of col I 
The expression levels of Col I in the 4, 5, and 6 mm groups were significantly higher than those in the 8 and 10 mm groups at 4 

weeks. In contrast, the expression levels of Col I in the 4, 5, and 6 mm groups were significantly lower than those in the 8 and 10 mm 
groups at 8 weeks (Fig. 6A). Col I expression was consistent in all the groups at 12 weeks (Fig. 6A). At 4 weeks postoperatively, the 
expression levels of Col I in the 8 and 10 mm groups were significantly lower (p < 0.05) than in the 4, 5, and 6 mm groups. There was 
no significant difference in the expression of Col I between the 8 and 10 mm groups (p > 0.05). At 8 weeks postoperatively, the 
expression levels of Col I in the 8 and 10 mm groups were significantly higher (p < 0.05) than in the 4, 5, and 6 mm groups. There was 
no significant difference in the expression of Col I between the 8 and 10 mm groups (p > 0.05). At 12 weeks after surgery, the 
expression of Col I showed no statistical differences among any group (p > 0.05) (Fig. 6B). 

Fig. 5. Bone morphogenic protein 2 (BMP2) immunostaining results. (A) Immunohistochemical observation of jaw defects at different healing 
stages (BMP2 immunostaining × 100). (B) BMP2 expression (n = 6, mean ± standard deviation) was consistent in the 4 mm, 5 mm, 6 mm, 8 mm, 
and 10 mm groups at different cycles. There was no significant difference among groups (p > 0.05). n. s., not significant. 
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3.5.3. Expression of CD31 
At 4, 8, and 12 weeks after surgery, the expression of CD31 showed no statistical differences among any group (p > 0.05, Fig. 7A 

and B). 

4. Discussion 

This study focused on how to replicate mandibular defects in an appropriate animal model. The advantages of rat models are lower 
cost and convenience, which includes ease of housing and care. However, the limitations in body size and bone mass make them 
unsuitable for studying the osteogenic ability of materials, and the differences in relative osteogenic speed make them unsuitable for 
direct extrapolation in the patient populations [31]. As for large animals such as dogs, goats, and pigs, their use is limited by their high 
prices and farming conditions, and their special status as human companions raises more ethical questions. Meanwhile, rabbits rank 
first among all animals used for musculoskeletal research [3]. The rabbit mandible is physically larger than the rat mandible, making 
surgical procedures less technically demanding [31]. Thus, a suitable mandibular defect with enough volume to support a potential 
synthetic scaffold can be created in rabbits. Importantly, rabbits appear to exhibit basic multicellular unit remodelling that is naturally 
occurring (similar to that in humans). Moreover, rabbits have a cortical bone modulus and strength that are more similar than other 
animals to humans [31]. All these factors make rabbits more suitable for bone regeneration research studies. Considering both 
practicality and costs, we chose the New Zealand white rabbit as the best animal to establish a jaw defect model through an intraoral 
approach. 

The regenerative cell populations and environment present in the mandible and oral cavity are unique and cannot be replicated in 
other anatomical parts [7]. An intraoral approach better simulates the surgical and postoperative oral environment of jaw cysts and 
tumours. Another reason that rabbits are often selected as animal models for jaw defects is that their premolars and/or molars have 

Fig. 6. Collagen type I (Col I) immunostaining results. (A) Immunohistochemical observation of jaw defects at different healing stages (Col I 
immunostaining × 100). (B) Col I expression (n = 6, mean ± standard deviation) at different cycles. 
*compared with the 8 mm group. The difference was statistically significant (p < 0.05). 
#compared with the 10 mm group. The difference was statistically significant (p < 0.05). 
Col I expression (n = 6, mean ± standard deviation) was consistent in the 4 mm, 5 mm, 6 mm, 8 mm, and 10 mm groups at 12 weeks. There was no 
significant difference among groups (p > 0.05). n. s., not significant. 
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adequately-sized alveolar bone tissue (17-mm long, 16-mm high, and 6-mm thick) [7]. Therefore, in this study, an intraoral approach 
was selected to simulate the oral environment of cyst curettage. The mandibular foramina region with teeth was selected as the study 
site to explore CSDs in the rabbit jaw defect animal model. 

Different animal models present different CSDs in the mandible. The mandibular defect size of 4–5 mm in the rat model [27,28] and 
of 15 mm without periosteum and 50 mm with periosteum in the canine model was confirmed by several studies [27,28]. Zongyang 
et al. confirmed that 5-cm3 defects in the mandibular angle region without buccal periosteum in 4-month-old pigs would be a 
reasonable CSD model relevant to mandibular defects in adolescent humans [32]. Few studies have used sheep or primates as animal 
models of bone defects, and no studies on CSDs in sheep or primates have been reported so far. In the case of notch-type defects in the 
rabbit model, multiple studies have evaluated defects of various sizes at different locations in the mandible with little consistency, 
leading to great difficulty in comparing results across studies [33]. At present, there is no accurate experimental evidence for the size of 
CSDs to be used in New Zealand white rabbits to establish jaw defect animal models. A defect diameter greater than 5 mm in the rabbit 
mandible has been reported to be a critical size that prevents spontaneous healing [34]. Other scholars believe that lengths of 10 mm 
can be used in rabbits for bone defect models [35]. Therefore, it is necessary to explore the optimal size of a CSD to provide a 
benchmark for future tissue engineering research. 

Monir et al. suggested that the defect type also significantly influences the resorption rate of bone regeneration materials [2]. This 
study intended to produce a defect with sufficient volume to store a scaffold or material, which requires a certain width and depth. 
Therefore, a box-shaped mandibular bone defect was considered suitable in terms of shape and size. In pre-experiments, the rabbit 
mandible was dissected and the region suitable for maximum defect length was identified in the anterior part of the mandible. The 
width of the box-shaped defect was set at 3 mm, because the maximum width for producing a defect in this area is approximately 3 mm. 
The maximum length from this area to the mental foramen was approximately 10 mm to avoid injury to the mental nerve and 
mandibular fracture. A high-speed dental grinder was used to create the defects. The diameter and length of the working end of the ball 
drill were both 2 mm, which guaranteed accuracy when making a bone defect with a width of 3 mm, depth of 2 mm, and length 4–10 
mm. On the other hand, avoiding interference with ischemia stemming from the bone defect areas is important in establishing 
mandibular bone defect models. The presence of the periosteum and neurovascular bundle has been proven to play an important role 

Fig. 7. CD31 immunostaining results. (A) Immunohistochemical observation of jaw defects at different healing stages (CD31 immunostaining ×
100). (B) CD31 expression (n = 6, mean ± standard deviation) was consistent in the 4 mm, 5 mm, 6 mm, 8 mm, and 10 mm groups at different 
cycles. There was no significant difference among groups (p > 0.05). n. s., not significant. 
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in the repair of CSDs [29,31]. In the present study, the periosteum and the mental nerve were carefully preserved during defect 
creation, which prevented the loss of local blood circulation from affecting the process of osteogenesis in the CSD region. 

MCT is a nondestructive method that can be employed for both visualization and structural evaluation of newly formed bone [1]. 
First introduced by Feldkamp et al. in the late 1980s [36], MCT has now become the ‘gold standard’ for evaluating bone morphology 
and micro-architecture in small, living animal models. Assessment of bone morphology by MCT scanning is nondestructive; thus, 
samples can be used subsequently for other assays, such as histology or mechanical testing [37]. Collecting MCT data in rats is 
straightforward when using a high-resolution small mammal CT scanner. However, it was more challenging with rabbits, as the same 
MCT scanner could not be used given that the rabbits were too large for the imaging chamber. Similar to other studies [2], the animals 
were sacrificed at 4, 8, and 12 weeks postoperatively. Under both projection and 3D reconstruction, we found that bone defects above 
8 mm in diameter were not completely repaired under natural healing conditions. In contrast, the bone defects in the 4 mm, 5 mm, and 
6 mm groups repaired naturally, suggesting that size of a box-shaped CSD in the rabbit mandibular bone defect model was 8 mm × 3 
mm × 2 mm. 

To confirm the observations of MCT histologically, HE and Masson’s trichrome staining was performed for histomorphological 
analysis. The results were consistent with those obtained through MCT. At 12 weeks postoperatively, as shown by histological staining, 
a small amount of new trabecular bone and more adipose tissue appeared in the bone defect area when the defect diameter reached 
above 8 mm. As shown by histomorphological analysis, the absolute amount of new bone was significantly reduced, which was in 
accordance with the decrease in BV/TV (relative amount) observed by MCT analysis. An increase in defect volume seemed to affect the 
formation of new bone. 

To start exploring the reasons for the reduction in new bone formation beyond the CSD value, we investigated the expressions at 
different time points of BMP2, Col I, and CD31 in the bone defects. As an interesting result, the expression of Col I, the specific protein 
for matrix deposition in the skeletal tissue at the later stages of osteogenesis [30], was higher in the 4 mm, 5 mm, and 6 mm groups at 4 
weeks. On the contrary, Col I showed higher expression at 8 weeks in the 8 mm and 10 mm groups. At 12 weeks, the expression of Col I 
showed no significant differences among the five groups. The results suggested that the upregulation of Col I may be helpful at the early 
stages of osteogenesis, especially within 4 weeks in the rabbit model. However, we failed to find statistical differences in the ex-
pressions of BMP2 and CD31. BMP2 is a marker protein for the initial stage of osteogenesis. The role of BMP is well-established in bone 
tissue engineering applications due to its ability to recruit mesenchymal cell differentiation. At the same time, angiogenesis is one of 
the most important factors for bone formation. CD31 is a specific marker of endothelial cells that is highly expressed during bone 
formation [38]. The absence of differences in the expressions of BMP2 and CD31 during the osteogenesis process among the five groups 
indicated that the characteristics of these bones were similar. Moreover, the osteogenic differentiation process lasted from the early to 
the late healing stages. These findings are consistent with the results reported in previous studies [39]. The mechanism underlying the 
failure of CSD to heal without intervention over the animal’s lifetime is still unknown. According to the present results, it is concluded 
that the high expression of Col I in the early stage of bone defect healing may positively impact the spontaneous repair of CSD. The 
underlying functional mechanism needs to be further studied. The noticeable bone formation in small bone defects at 4 weeks showed 
the necessity to observe bones at earlier stages, such as 2 weeks after surgery. 

5. Conclusions 

An intraoral approach was used to establish box-shaped mandibular bone defects in rabbits. The critical bone defect volume in the 
rabbit mandibular defect model was found to be 8 mm × 3 mm × 2 mm. High expression of Col I in the early stage of bone defect 
healing may positively impact spontaneous CSD repair. The model may provide a clinically relevant testing ground for future tissue 
engineering efforts in the mandible. 
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