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ABSTRACT OF THE THESIS 
 
 
 

Characterization of Transcortical Porosities During Periodontal Disease in 

Rats 

 

by 

Andrew Gary Lum 

Master of Science in Oral Biology 

University of California, Los Angeles, 2022 

Professor Sotirios Tetradis, Chair 

 
 

INTRODUCTION: Cortical bone microarchitecture exhibits a level of plasticity 

which adapts to changes in health status. In periodontal disease, bone loss 

can occur as a result of bacterial plaque induced inflammation around teeth. 

As we learn more about the mechanisms driving periodontal bone loss, one 

aspect that is not well understood are the changes in cortical bone and their 

role in alveolar bone remodeling. Previous studies utilizing long bones have 

recognized the importance of cortical bone microarchitecture in 

understanding disease pathogenesis, and preliminary evidence suggests 

similarities may exist in jaw bones as well. 
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OBJECTIVE: The purpose of this µCT study is to identify and characterize 

transcortical canal porosities in rat jaws, and to evaluate the anatomical 

changes in response to experimental periodontitis. 

 

MATERIAL AND METHODS: 14 eight-week-old, Wistar Han rats underwent 

ligature placement, utilizing 4-0 silk sutures ligated around the left maxillary 

second molars, and 28-gauge stainless-steel wire around the left mandibular 

first molars. Contralateral molars served as non-ligated control teeth in each 

animal. Animals were monitored to ensure ligature presence, and randomly 

assigned to euthanasia 2 or 4-weeks after ligature placement. Maxillae and 

mandibles were trimmed, placed in 10% formalin for 48-hours, then stored 

in 70% ethanol for µCT imaging at 15µm and 5µm resolution. CTan imaging 

software was used to quantify vertical bone loss circumferentially at 15µm 

resolution. A global threshold was applied to segment transcortical canal 

spaces at 5µm resolution, in order to quantify number and size of canals. 

 

RESULTS: At 15µm resolution, three-dimensional reconstructions of the 

buccal cortical bone exhibited increased porosity in the presence of ligature-

induced experimental periodontitis, over healthy non-ligature molars. 

Further analysis of selected binarized slices at 5µm resolution, revealed an 

increase in number and volumetric percentage of intracortical porosities in 

experimental periodontitis molars compared to non-ligature controls. 
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CONCLUSIONS: Our observations demonstrate a complex network of canals 

exists within the cortical jaw bones of healthy rats. After 2-weeks of 

experimental periodontitis, an increase in the size and number of 

transcortical canals was observed, indicating that cortical bone morphology 

is highly dynamic in response to oral disease. These results enhance our 

current understanding of bone microstructure and disease driven adaptation. 

Our ongoing studies are directed at further interrogating the role of 

intracortical canals in oral inflammatory bone remodeling. 
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INTRODUCTION 

Periodontal disease and alveolar bone remodeling: 

Periodontal disease affects approximately half of the adult US population, 

and the consequences of untreated disease can involve irreversible bone loss 

and early tooth loss (Eke et al., 2015). Under healthy conditions, our oral 

immune system remains quiescent in response to low levels of oral 

microbiota and thus the natural bone remodeling process remains 

homeostatic. However, if the oral biofilm shifts towards dysbiosis, an 

aberrant host inflammatory response can lead to changes in the gingival soft 

tissue, and drive alveolar bone remodeling in the direction of resorption 

(Hajishengallis, 2015). Severe bone loss typically occurs at the bone crest, 

adjacent to biofilm accumulation and the inflammatory nidus, and can 

increase susceptibility for early tooth loss. In addition, uncontrolled 

periodontal disease can have negative effects on overall health and 

compound systemic diseases such as diabetes (Taylor et al., 2013). As a 

result, one of the common noninvasive methods for determining the rate 

and severity of periodontal disease relies on visualizing interproximal bone 

loss using two-dimensional radiographs (Armitage, 1996).  

 

Bone architecture: 

Bone is a rigid organ that provides support and structure for many 

vertebrate animals, and is composed of a mineralized connective tissue   
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matrix. Bone macrostructure can be divided into outer cortical and inner 

cancellous layers which vary in arrangement and density depending on the 

mechanical or biological demands of that area. Cortical bone consists of 

successive arrangements of collagen matrix that are first organized into 

sheets called lamellae, and then into larger cylindrical structures known as 

osteons (Weiner et al., 1999; Zimmermann et al., 2011). Osteons 

collectively make up the Haversian system which runs parallel to the long 

axis of the bone. First described in humans by Clopton Havers in 1691, 

Haversian canals contain neurovascular bundles, osteocytes, and are 

oriented to maintain structural integrity of dense cortical bone. In the 18th 

century, Alfred Volkmann observed canals that run obliquely to Haversian 

canals, providing anastomosis and connections between the periosteum 

which lays external to bone and the endosteum which lines the innermost 

aspect of bone. The organization of cortical bone into Haversian and 

Volkmann’s networks, contrasts with trabecular bone which forms a porous 

inner network of bones and consists of a sparsely distributed lamellar 

network. The sinuous nature of trabecular bone is necessary for maintaining 

structural integrity while also allowing space for the medullary cavity which 

facilitates cell and nutrient transportation and houses the bone marrow 

(Enlow, 1962; Oftadeh et al., 2015).  
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The cellular composition of bone includes four primary types of cells, making 

bone uniquely vital: Osteoclasts, osteoprogenitor cells, osteoblasts, and 

osteocytes. Osteoclast help regulate bone mass by orchestrating resorption 

which can occur on trabecular surfaces for modulation of mineral 

homeostasis, as well as on cortical surfaces to promote neovascularization 

(Clarke, 2008; Lafage-Proust et al., 2015). Osteoprogenitor cells reside 

primarily within the bone marrow and the periosteum, and are prepared to 

give rise to osteoblasts and osteocytes. Osteoblasts contribute to new bone 

formation and skeletal maintenance by secreting organic and inorganic 

matrix proteins that coordinate matrix mineralization (Blair et al., 2017; Yee 

et al., 2019). Once osteoblasts are surrounded by bone, they mature to 

become osteocytes, representing a highly numerous and organized network 

for communicating with other osteoblasts, and providing hormonal signals to 

the systemic circulation (J.-M. Kim et al., 2020; Metzger & Narayanan, 

2019; O’Brien et al., 2008; Yan et al., 2020) 

 

Transcortical Canals: 

Recent studies on cortical bone microstructure in small animals have shown 

a complex network of intracortical canals in existence that exhibit 

resemblance to previously described Haversian System and Volkmann’s 

Canals in humans. Indeed, cortical bone which makes up to 80% of the 

skeletal mass is not only structural but vital and functional. These 
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intracortical canals are believed to provide osteocytes with access to 

nutrients within the bone marrow, and the opportunity to communicate with 

distant organs that regulate overall bone and mineral health (Intemann et 

al., 2020; Root et al., 2020). Furthermore, while the dense cortical bone 

may provide rigidity and structural integrity, it also poses challenges for 

rapid access to the endosteum. Transcortical canals facilitate neurovascular 

and nutrient networks to the periosteum, and serve as a key mechanism for 

osteocyte bone remodeling in response to inflammation (Grüneboom et al., 

2019). This study identified transcortical vessels in the size range of 10-

11µm that traversed cortical bones of mouse femurs, and expressed 

endothelial and immune cell markers, thus contributing to immune cell 

transport between the periosteum and bone marrow. Importantly, 

medication and disease induced states led to mobilization of neutrophils, 

osteoclastic remodeling of canals, as well as new canal formation, 

implicating the powerful role these canals play in mediating overall bone 

physiology.  

 

Many studies of transcortical canals have looked at murine long bones, 

utilizing µCT imaging to demonstrate the complex vascular network that 

exists within dense cortical bone.  This approach overcomes the challenges 

of traditional imaging techniques that may be destructive to the specimen or 

misrepresent the three-dimensional nature of bone (D. M. L. Cooper et al., 
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2003; Núñez et al., 2017; Tanaka et al., 2011). MicroCT imaging in the scale 

of 5-10µm resolution has become an accessible tool for enhancing 

documentation of small-scale morphologic differences that were not 

attainable in the past, and thus introduced new and exciting information for 

investigating the mechanical and biologic properties of bone. Interestingly, 

microscopic observations suggest that transcortical canals are not limited to 

long bones, but do in fact exist within the alveolar buccal bone of humans, 

and may have a similar relationship by connecting the soft tissue and 

periosteum with the underlying trabecular bone network during health and 

disease (Iezzi et al., 2020).  

 

In clinical practice, elevating a full-thickness mucoperiosteal flap will sever 

an in-tact periosteum, and any potential vascular connections to the cortical 

bone; this can lead to unwanted gingival recession or loss of the alveolar 

bone width due to a compromised blood supply (McLean et al., 1995). In the 

presence of disease and inflammation, radiographic studies of have shown 

evidence of collapsed canals within cortical bone (J.-N. Kim et al., 2015; Y. 

Kim et al., 2018). However, µCT studies have yet to fully characterize the 

microstructural changes that occur within alveolar cortical bone to the level 

that has been seen with long bones. Utilizing high-resolution µCT imaging to 

characterize the microstructural changes in rodent alveolar cortical bone 

during health and disease represents a valuable asset to enhance our 
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understanding of the fundamental dynamics of bone biology, and disease 

management. 

 

Hypothesis and Aims: 

As a result, we hypothesize that an organized network of canals exists within 

the cortical bone of rat jaws. These canals vary in size and quantity during 

periodontal disease, and this plasticity may contribute to the pathologic 

changes seen during bone remodeling. To test this hypothesis, the ligature 

induced periodontitis rat model provides well-documented clinical simulation 

of adult chronic periodontitis. To further elucidate the role of transcortical 

canals, we propose the following aims: Identify and characterize 

transcortical canals in rats using µCT scanning, and to evaluate anatomic 

changes in transcortical canals of rat jaw bones during periodontal disease. 
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MATERIALS AND METHODS 

Animals: 

14 eight-week-old, healthy, male Wistar Han rats (Charles River 

Laboratories, Raleigh, NC) were treated according to the guidelines and 

protocols of the Chancellor’s Animal Research Committee of the University of 

California, Los Angeles. Throughout the duration of the experiment, rats 

were housed (2 rats per cage) in pathogen-free conditions with a 12-hour 

light/dark cycle, and fed a standard laboratory diet (NIH-31 Modified Open 

Formula, ENVIGO, Madison, WI), and given water ad-libitum. 

 

Ligature placement: 

Rats were anesthetized using isoflurane and ligatures were placed around 

the cervical region of left maxillary and mandibular molars. 4-0 silk sutures 

were used to ligate the left maxillary second molar, and 28-gauge stainless-

wire was used around the left mandibular first molar. Contralateral molars 

served as non-ligated control teeth in each animal. Rats was monitored 

every three days to measure weight and ensure ligature presence, and 

replacement if missing. Each animal was randomly assigned at the beginning 

of the experiment to be euthanized after 2 or 4-weeks of ligature placement. 

Maxillae and mandibles were trimmed, and clinical images were immediately 

taken using a digital microscope, then specimens were placed in 10% 

formalin for 48-hours, before being stored in 70% ethanol at 100°C. 
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Ex-vivo MicroCT (µCT) scanning: 

Dissected maxillae were imaged by high-resolution ex vivo µCT utilizing the 

SkyScan 1172 µCT scanner (SkyScan, Kontich, Belgium) at 15µm and 5µm 

resolution utilizing 55kVP and 181µA. Both linear and volumetric 

measurements were collected to assess periodontal bone loss and changes 

to cortical bone microarchitecture. Image data were reconstructed into 

three-dimensional volumes with NRecon software (Version 1.7.0.4, Bruker). 

Linear bone loss was measured at 15µm resolution as the distance from the 

cemento-enamel junction (CEJ) to the alveolar bone crest (ABC). This 

measurement was repeated circumferentially around each tooth at 3 

positions along the buccal, palatal or lingual plates, and interproximal, then 

averaged to a mean linear bone height.  

 

Volumetric analysis of the cortical bone porosity was performed on the 

buccal plate of maxillary and mandibular molars utilizing the 5µm resolution 

scans. All teeth were rotated until the occlusal table was parallel to the 

horizontal plane in a mesial-distal direction, and a buccal-lingual or buccal-

palatal direction. First a volume of interest was established by defining a 

region limited to the buccal bone directly adjacent to the tooth root of 

interest, using the frontal slices of the appropriate jaw. On mandibular 1st 

molars, the mesial-buccal, mid-buccal, and distal-buccal roots each included 
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100, 40, and 60 trans-axial slices, respectively. On maxillary 2nd molars, 

the mesial-buccal and distal-buccal roots included 40, and 60 slices, 

respectively. After the mesial and distal extent of the buccal cortical bone 

were defined, the lateral borders were defined by the margin of bone facing 

periosteum and the periodontal ligament space. The region of region of 

interest extended to the crestal border of alveolar bone, and the apical 

extent of the tooth.  

 

Identification, quantification, and 3D reconstruction of the buccal cortical 

plate porosities was performed through a custom processing batch in CTAn. 

First, a global threshold was applied (70-255) and despeckled to generate a 

model of the entire cortical plate. From this volume, subtractive despeckling 

of open or closed pores and inversion generated 3D models and individual 

object analysis of transcortical porosities within the designated buccal plate 

region. Individual and overall characteristics were recorded: individual 

number and size of transcortical spaces, as well as overall bone porosity 

representing pattern changes in transcortical canals. 

 

Statistical Analysis:  

Linear bone height, volumetric analyses, and transcortical porosity 

quantification were represented as mean ± standard error of the mean. A 
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paired t-test for means was used to compare significance between ligature 

and non-ligature groups with a significance level set at <0.05. 
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RESULTS 

Clinical assessment: 

The average initial body weight of all 14 rats was 310.4g±7.5 (mean±SD). 

The average body weight for all rats at the conclusion of the 2-week and 4-

week experimental time points were 319.0g±11.0, and 299.0g±8.2, 

respectively (Figure 1). A statistically significant increase in body weight was 

observed between the initial and 2-week timepoints. However, no changes in 

weight were observed when comparing the initial vs. 4-week timepoints.  

 

Wire and silk ligature presence was confirmed every third day during the 

experiment, and if missing or loose, was replaced with the appropriate 

material. Clinical microphotographs did not show any noticeable differences 

in soft tissue texture, tone, or consistency, but close adaptation of the 

ligature, as well as debris accumulation was evident compared to the 

contralateral control tooth (Figure 2). There were no observable clinical 

differences in the periodontium between the 2-week vs. 4-week groups.  

 

Linear bone loss in maxilla: 

In order to verify the capacity for silk ligature to induce periodontal bone 

loss, the maxillae were scanned utilizing µCT at 15µm resolution and 

analyzed for linear bone height differences between CEJ and ABC at 3 

separate positions along the buccal bone, palatal bone, and interproximal to 
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the mesial and distal of each tooth. The root of the molar tooth, or the 

furcation entrances were used as consistent landmarks for measurements.  

 

Placement of a silk ligature induced significant increase of the CEJ-ABC 

distance at 2-weeks, and 4-weeks. In addition, while the furcation bone 

remained stable throughout control teeth, radiographic signs of furcation 

bone loss were evident in all ligated teeth (Figure 3A, B, C). Upon inspection 

of the changes occurring to the buccal plate alone, there was also a 

significant increase in the CEJ-ABC distance between the 2-week vs. 4-week 

groups (Figure 4).  

 

Interestingly, multiplanar assessment of the alveolar ridge demonstrated 

periosteal bone formation in the ligature site at both the 2-week and 4-week 

timepoints (Figure 5A). Thus, we elected to assess volumetric changes of the 

alveolar ridge, in addition to the changes in bone height. Investigation into 

the volumetric changes of the buccal cortical plate revealed that ligature 

placement induced an overall increase in the total buccal plate volume. 

Quantification of the buccal plate showed that the difference was initially 

evident at the 2-week timepoint, and became statistically significant at the 

4-week timepoint compared to the non-ligature control group (Figure 5B). 

 

Volumetric changes to transcortical pores in the maxilla: 
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Application of the global threshold segmented radiopaque areas of bone from 

radiolucent areas of intracortical porosity. At 2-weeks, ligature placement 

resulted in a significant decrease in bone volume compared to the baseline 

control. At 4-weeks, the ligated molars showed a significant increase in bone 

volume compared to the 4-week control sites (Figure 5C).  

 

The total volume of transcortical porosities in the maxillary buccal plate were 

determined from the same global threshold which segmented radiolucent 

and radiopaque areas corresponding to visible pores traversing within the 

cortical bone. There was a statistically significant increase in the total 

volume of transcortical porosities after ligatures were in place for the 2-week 

or 4-week groups (Figure 5D). The overall make-up of the buccal cortical 

plate at all timepoints was 81% bone, and 19% porosity (Figure 6). At 2 and 

4-weeks, there was a similar percentage of both cortical bone and porosity 

in healthy sites, whereas ligature placement at 2-weeks resulted in a higher 

percent porosity compared to the ligature placement after 4-weeks, 23% vs. 

12%, respectively.  

 

After segmentation of individual open and closed pores, there was an overall 

increase in the number of pores within the maxillary buccal plate after 

ligature placement. However, while there was a slight increase at 2-weeks, 

the number of pores did not significantly increase until the 4-week timepoint 
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(Figure 7). In order to better understand dynamic changes in the 

transcortical canals, individual changes to the pore volume were analyzed. 

There was a significant increase in pore volume in the ligature vs. healthy 

site of the 2-week group. At 4 weeks, no differences in the pore volume 

between the healthy vs. ligature sites were detected (Figure 8).  

Interestingly, there was a noticeable decrease in the average size of pores in 

the ligature site of 4-week vs. 2-week groups. Compared to their respective 

control teeth, ligature placement resulted in an overall increase in the 

average individual pore volume.  

 

Linear bone loss in mandible: 

MicroCT analysis of healthy, non-ligature mandibular teeth revealed normal 

alveolar bone architecture, without any signs of buccal plate expansion 

across the 4-week experimental period. In addition, the distance from CEJ-

ABC of all control teeth were consistent through 4-weeks, without significant 

changes compared to baseline. The ligated site of mandibular molars showed 

a statistically significant increase in vertical bone loss, when compared with 

the non-ligated control sites (Figure 9). A similar pattern of bone loss was 

found at the interproximal bone and lingual bone, although mild periosteal 

bone reaction was only apparent along the buccal plate (Figure 10).  

 

Volumetric changes to mandibular buccal plate: 
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Volumetric changes to the mandibular buccal plate followed a general trend 

which was similar to that observed in the maxillary buccal plate. However, 

quantitatively and qualitatively, increased porosity and periosteal bone 

formation of the mandibular buccal plate was not as substantial as in the 

maxillary buccal plate. Significant differences between the ligature vs. 

healthy sites were seen only for increased porosity and increased % porosity 

in the 2-week group. When 2-week and 4-week groups were combined, an 

overall significant difference between the ligature vs. healthy sites was noted 

for total buccal plate volume, porosity volume, and % porosity (Figure 11, 

12).  

 

Changes in transcortical porosities in mandible: 

 A uniform pattern of increasing buccal plate porosity was seen at the 

ligature sites. However, these differences did not reach significance for 

neither the 2-week nor the 4-week timepoints. When the two timepoints 

were combined, a significant increase in the number but not in the volume of 

pores was seen (Figure 13, 14). 
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DISCUSSION 

Periodontal disease remains a major health burden for many adults in the 

United States. Unmanaged, this chronic disease can result in severe loss of a 

tooth’s supporting structures and the irreversible damage can become an 

obstacle for tooth maintenance, retention, and oral rehabilitation. Although 

our oral cavity normally tolerates a low level of inflammation, disturbances 

in the form of microbial dysbiosis and biofilm accumulation can initiate an 

aberrant inflammatory response by the host (Pihlstrom et al., 2005). As a 

result, pro-inflammatory factors and stimulators of bone resorption drive 

osteoclast activation and resorption of the bone around teeth. In addition, 

circulation of proinflammatory mediators responsible for periodontal 

breakdown have been linked to diabetes, thus stressing the importance of 

properly diagnosing, managing, and treating periodontal disease for overall 

patient health (SILVA et al., 2015). 

 

Throughout the day bacterial plaque accumulates on teeth at the 

dentogingival complex and adjacent to this site is the alveolar crest, where 

bone loss during periodontitis begins. Over time, bone loss will progress in 

an apical direction until the tooth is lost and the inflammatory burden has 

been removed. Routine mechanical removal and disturbance of the 

subgingival biofilm remains the gold standard for prevention and treatment 

of periodontal bone loss, as there is limited evidence supporting 
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chemotherapeutics or laser therapy (Pawelczyk-Madalińska et al., 2021). 

Progression of periodontal disease varies significantly among patients. 

However, the mechanisms responsible for periodontal inflammation and 

resultant alveolar bone remodeling remain largely unclear, thus hindering 

our ability to accurately predict or prevent conditions which make certain 

patients more susceptible. For example, elevating a mucoperiosteal flap is 

often unavoidable, but in the presence of thin cortical bone results in 

excessive bone remodeling (Chappuis et al., 2017).  

 

Much of the research in periodontal disease has focused on the bacterial 

biofilm biology or the host inflammatory response mounted in the gingival 

tissues. Periodontal bone loss often is studied as the ultimate phenotypic 

indication of tooth support and disease burden. Yet, the mechanisms that 

mediate periodontal bone loss and affect homeostasis have not been 

delineated. Understanding alveolar bone remodeling will not only provide 

important insights in periodontal disease onset and progression, but will also 

inform pathophysiology of other diseases that affect the alveolar bone, such 

as osteoradionecrosis (ORN), medication related osteonecrosis of the jaws 

(MRONJ), osteomyelitis or response of the alveolar bone to systemic 

metabolic disorders or metastatic malignancy.   
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Bone remodeling occurs via the coordinated interaction of bone forming 

osteoblasts and bone resorbing osteoclasts in a well-recognized organized 

structure called basic multicellular unit (BMU). In the cortical bone, the 

osteoclasts “cutting” and osteoblasts “closing” of bone, result in secondary 

osteon formation within the Haversian system. As osteoblasts mature, they 

become embedded in cortical bone and transform into osteocytes, a cell with 

extensive dendritic process that has a central role in regulating further bone 

remodeling (Bonewald, 2011).  

 

Early studies have shown distinct changes in cortical bone microarchitecture 

in the presence of periodontal disease (Kishi et al., 1982). Utilizing high 

resolution contact x-rays to visualize alveolar bone affected by periodontal 

disease detailed the presence of vascular channels and perforations forming 

an anastomosing network between the external cortical bone and cancellous 

trabecular space (Moskow et al., 1985). Recent contributions to the 

literature have outlined mechanisms for cortical bone anatomy and 

remodeling in other skeletal sites. However, little is known about the cortical 

bone changes during periodontal disease. As a result, the goal of this study 

was to identify transcortical canals in rodents and characterize the anatomic 

changes that occur between health and periodontal disease. 
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When cortical bone microstructure in humans was initially described in 1691 

by Clopton Havers, the Haversian system represented longitudinal channels 

surrounding neurovascular bundles and was believed to support medullary 

transport along the length of cortical bone. Transverse canals providing 

additional connection to the outer periosteum were later renamed 

Volkmann’s canals, but our general view on cortical bone pathways has 

largely remained the same. However, evidence from histology and 

microscopy studies have suggested that there is more complexity to these 

structures than the original description suggests (Ascenzi, 2012). Three-

dimensional imaging and reconstruction of human femurs displayed this 

complexity in the form of anastomosing vascular networks, species 

specificity, and adaptive changes in resorptive patterns (D. M. L. Cooper et 

al., 2003, 2004). Scanning electron microscopy also suggests the well 

referenced Haversian system represents only a portion of a more complex 

lamellar architecture in rabbit long bones. Canal diameter in this study 

ranged from 30-1000µm and canal openings condensed along the endosteal 

surface. Combined with existing studies on blood flow dynamics, it appears 

that these canals created by osteoclasts originate from the marrow network 

rather than the periosteal surface (Pazzaglia et al., 2009).  

 

In our experiments, we were able to show existence of transcortical 

porosities, arranged in canal-like spaces within the buccal alveolar bone, in 
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the absence of any disease. These spaces penetrated the entire cortical bone 

depth, and were present throughout the buccal plate in both maxillary and 

mandibular jaws of healthy, male rats aged 16-18 weeks.  

 

Recently, the use of synchrotron µCT and higher resolution imaging have 

made it possible to image these intracortical canals and their soft tissue 

constituents with greater detail and minimal bias compared to traditional 

microscopy or histologic approaches (BRITZ et al., 2010; D. M. L. Cooper et 

al., 2011). In another comparative µCT study analyzing human cortical bone 

porosities, intracortical canals were shown using 5–15µm resolution, but 

increasing voxel size resulted in deterioration of the clarity, and thus 

affected qualitative parameters such as cortical porosity, canal number, 

canal size, and density of canals (D. Cooper et al., 2007).  

 

Due to improvements in µCT imaging quality, studies have identified cortical 

bone porosities ranging from 0.7-7µm, but variations have also been 

reported depending on species, anatomic location, and health status. In 

addition, the field of view size, resolution and thresholding technique 

influence porosity size (Martín-Badosa et al., 2003; Schneider et al., 2007; 

Sietsema, 1995). Another study aimed at optimizing scan resolutions 

between 1-5µm found that canal diameter measured 22µm when utilizing 

1µm scanning resolution, and significantly less at 4µm resolution (15µm 
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diameter). From this same study, average cortical porosity was 5% at 1µm 

resolution, and 2% using 4µm resolution, therefore suggesting resolution is 

a major source of variation in measured parameters and higher resolution 

may be effective for assessing cortical bone microarchitecture (Palacio-

Mancheno et al., 2014). Based on these previous findings, we utilized 5-

15µm as our scan resolution, and our observed 4% cortical bone porosity in 

healthy rats was within range of previously reported studies. In addition, this 

range was selected for its short scan time, and large field of view, which 

allowed us to simultaneously assess macro-scale changes circumferentially 

around the ligated tooth. While our findings revealed differences in cortical 

porosity between the maxilla and mandible, this may be partly due to 

inherent challenges in reconstructing complete canals at 5µm resolution. 

Particularly in the mandible, the number of pores reported was significantly 

higher than expected despite the decreased vascularity commonly seen. We 

attribute this observation to the poor contrast between the canal and the 

highly dense mandibular bone, which resulted in single canals appearing 

fragmented. If we were to assume the mandible did remodel but to a lesser 

degree compared to the maxilla, an increased susceptibility for diseases with 

a vascular component would be expected in the mandible. Nevertheless, 

based on preliminary observations of healthy rats at 1µm resolution, we 

strongly believe these fragmented porosities in the mandible do in-fact 
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represent complete transcortical canals and further studies are underway to 

confirm their continuity with corresponding histology. 

 

To the best of our knowledge, our study is one of the first to investigate 

patterns in transcortical porosity as a result of ligature induced periodontitis. 

Bone loss was induced in a vertical direction circumferentially around ligated 

teeth, as expected. However, localized changes to the buccal bone thickness 

necessitated further investigation of the buccal cortical bone. When 

evaluating the cortical porosities of the buccal plate, an increase in the 

number and volume of porosities occurred at ligated sites along with an 

increase in the overall buccal plate volume after just 2-weeks. At 4-weeks, 

the number of porosities continued to increase, but surprisingly a decrease 

in the average pore volume was observed. The decrease in the overall 

percentage of porosities, from 23% to 12% suggests two concurrent 

processes occurred: osteoclast formation of new porosities, and osteoblast 

formation of new compensatory bone. Further investigation at the cellular 

level is required to provide insights into the detailed mechanisms underlying 

these findings. 

 

Average cortical bone porosity in our study ranged around 7-23% in rats 

with periodontal disease, and 4% in healthy rats. These deviate from the 

percentages reported in previous literature which has suggested 10-30% 
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(Jast & Jasiuk, 2013), but likely is attributed to variation in scanning 

technique and origin of bone, as other studies studied long bones. In 2014, 

Jast et al. reported canal number increased and mean canal volume and 

diameter decreased with age from the third to the twelfth week of age in rat 

tibiae, in agreement with our findings. Reported mean canal diameter 

ranged from 18-29µm, and average canal volume ranged from 339 to 

742µm3. Canal density location was also found to be generally 

heterogenous, with lower canal density in the medial region of tibiae. In 

addition, as longitudinal growth ceased, canal orientation changed and 

became more branched and radially directed to continue transporting blood 

and nutrients between the endosteal and periosteal regions. In accordance 

with our findings, this suggests cortical bone morphology is dynamic, 

seeking to maintain vascularization, blood perfusion, and delivery of oxygen, 

minerals and nutrients necessary for bone vitality in health and disease. 

 

Bone remodeling is highly adaptive and one potential explanation for the 

variation seen in our study is the fact that many prior studies examined 

human or rodent long bones, rather than jaw bones. Jawbone remodels 

faster than other skeletal bones, and marrow contains greater osteogenic 

potential (Aghaloo et al., 2010). Jaw bones in particular undergo 

intramembranous instead of endochondral ossification and also receive 

greater loading from mastication (Berendsen & Olsen, 2015). Together, 
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these unique attributes combined with selective time points at 2-weeks and 

4-weeks may have captured different amounts of cellular activity leading to 

variable porosity. In addition to location and age, gender, hormone levels 

and physical activity have all been shown to influence angiogenesis and 

overall bone remodeling and might account for some of the observed 

differences (Eriksen, 2010; Hendriks & Ramasamy, 2020; Kusumbe et al., 

2014).  

 

Several studies have shown changes in osteocytic lacunae size and cortical 

porosity distribution as a result of mechanical load (Iezzi et al., 2020). 

Normal loading of these bones resulted in canals that were more 

longitudinally oriented than immobilized tibiae (BRITZ et al., 2010). 

Distribution of cortical porosities and the general orientation of Haversian 

canals also can reflect mechanical stress of the surrounding environment 

(Heřt et al., 1994; Petrtýl et al., 1996). In-turn, the specific distribution of 

intracortical canals and extent of canal branching affects the mechanical 

force tolerance and risk of fracture in mice femurs (Schneider et al., 2013). 

Evidence for hormonal regulation of osteocyte driven bone remodeling has 

also been reported (Qing et al., 2012). While we did not observe any specific 

clustering of porosities, there was increased porosity along the periosteal 

surface of the buccal plate at just 2-weeks that could have been a result 

from chronic inflammation, or mechanical loading. Initially, this bony 
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reaction contributed to the overall increase in total tissue volume. 

Interestingly at 4-weeks, the same area became ossified and continuous 

with the surrounding underlying alveolar bone. This only occurred in the 

ligature induced periodontitis model, and suggests the induction of initial 

pore formation and subsequent repair may be a crucial step in the 

inflammatory process that also takes place in the gingival soft tissues. 

 

Ever since observations of ground bone sections from Rodolfo Amprino in 

1947 the association between age and osteon population density or 

intracortical porosity, due to the accumulation of osteoporotic remodeling 

events has been well documented (D. M. L. Cooper et al., 2006). Our results 

appear to support this notion of bone adaptation since we identified 

intracortical porosities in both existing bone but also within newly remodeled 

bone during periodontal disease. In addition, canal distribution on the 

periosteal surface has been shown to reflect extracortical blood circulation, 

becoming localized around areas of rapid growth. In non-haversian rodents, 

the cortical lamellar complexity in femurs also favors the bony periphery, 

creating regions of interconnectedness in the endosteal region, and the 

periosteal region with additional interstitial lamellae (J.-N. Kim et al., 2015).  

 

Further investigations on transcortical pathways and their unique role in 

facilitating bone remodeling reported osteoprogenitor cell habitants within 
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the transcortical vessels of mice, as a source of osteoblasts remodeling, 

while osteoclasts were also identified to take part in transcortical pore 

formation. Despite lacking the true Haversian systems of larger organisms, 

transcortical vessels have the capacity to drastically remodel bone by 

facilitating nerve passage and cellular signaling to osteocytes within cortical 

bone or distant organs (Root et al., 2020; Torreggiani et al., 2013). 

Interestingly, in our experiments the number of pores increased and the 

average volume of pores decreased in 2-weeks vs. 4-weeks of ligature 

induced periodontitis. This suggests an expansion of the transcortical pore 

network in response to inflammation, and a potential host reaction to 

mitigate pore expansion and diminish osteoclast activity within canals in 

order to avoid detriments to the overall bone integrity. 

 

Scanning electron microscopy studies have identified osteocytic lacunae 

openings to the collagen lined transcortical canals, with holes ranging from 

0.1-0.5µm in diameter believed to be channels for canaliculi originating from 

the osteocytic lacunae. It was reported that size and shape of the canals 

appear to be determined by the extent of osteoclast digging, amount of 

lamellar deposition by osteoblasts, and also blood flow dynamics (Metz et 

al., 2003; Pazzaglia et al., 2009). While our samples were not scanned at 

the resolution capable of detecting osteocytic lacunae, based on prior human 

cone beam computed tomography observations, we believe the increase in 
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transcortical porosity is a consequence of neovascularization induced by 

chronic periodontitis, supporting the idea that alveolar remodeling does not 

occur solely at the crestal surface, but it also occurs from within transcortical 

porosities. This results in decreased cortical bone density, and improved 

vascular and immune responsiveness to soft tissue inflammation. Evidence 

of vascular remnants have been shown using high resolution synchrotron x-

ray phase-contrast enhanced tomography (Carulli et al., 2013; Núñez et al., 

2017). Histology validated the presence of intracortical capillaries and 

osteocyte lacunae in conjunction with cortical bone porosities of 15-week-old 

mice scanned at 1.3µm, confirming previous studies that angiogenesis and 

osteogenesis are closely intertwined (Marenzana & Arnett, 2013; Schipani et 

al., 2009). 

 

The presence of transcortical canal habitants provides functional relevance. 

While our findings are primarily observational, they offer important context 

in the realm of oral disease pathogenesis and alveolar bone remodeling. 

They also support the idea that cortical bone vitality is maintained by a 

network of transcortical canals that is more expansive and complex than the 

Haversian and Volkmann system. In the context of periodontal surgery, 

elevating a full thickness flap can easily disrupt the vascularity that supplies 

the underlying cortical bone. Many studies have suggested the importance of 

respecting this vascularity in order to maintain integrity of the thin buccal 
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alveolar bone (Grassi et al., 2019), but our study provides observational 

support of that thesis.  

 

Recently, transcortical vessels in murine long bones were identified and 

shown to provide an effective pathway between the bone marrow 

endosteum, and external periosteum in order to maintain vascularity, 

circulation of nutrients and signaling molecules, and to facilitate immune cell 

transport (Grüneboom et al., 2019). Osteoclasts were identified in the 

middle of existing transcortical vessels, in contact with osteocyte canaliculi, 

and the presence of similar type vessels was also confirmed in human limb 

bones.  

 

In our study, the presence of chronic inflammation such as periodontitis 

induced significant changes to the cortical bone pattern, suggesting 

activation of osteoclast remodeling occurs within the canals, in addition to 

the crestal surface of bone. Similarly, under experimental conditions of 

chronic arthritis, increased numbers of transcortical vessels were observed 

(Grüneboom et al., 2019). Mobilization of neutrophils and neovascularization 

was present and transcortical vessels were responsible for 80% of arterial 

flow. In addition, as a function of age, decreased number of transcortical 

vessels were observed while the overall shape remained consistent – 

suggesting these vessels adapt to biologic and physiologic changes, and as 
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osteocyte numbers decline with age, susceptibility to age-related bone 

injuries increase. Furthermore, transcortical vessels appear responsive to the 

osteoclast inhibitory effects of Zolendronate, resulting in limited transcortical 

vessel formation and overall poorer bone vascularization. 

 

MicroCT provides valuable insight on the patterns and changes that occur as 

a result of cortical bone remodeling in rat jaws. To the best of our 

knowledge, this is one of the few studies to evaluate changes in cortical 

bone microarchitecture using a ligature-induced periodontitis rat model. 

Previous studies of similar nature have utilized larger mammals or long 

bones, and often associate transcortical canals with the Haversian System 

and Volkmann’s canals (Asghar et al., 2020; Werner et al., 2017). However, 

bone formation and remodeling in larger animals or long bones does not 

entirely resemble that of non-Haversian rodent jaw bones. As a result, we 

observed that ligature induced periodontitis exhibits the greatest change in 

cortical bone microarchitecture along the buccal plate of maxillary molars. 

Upon closer assessment, we identified the presence of transcortical 

porosities in healthy buccal bone. Around diseased sites, there was an initial 

increase in new transcortical porosities, evidenced by the increase in number 

and volume. However, as the chronic lesion progressed, the changes were 

marked by a subsequent decrease in average pore volume, resulting in a 
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complex transcortical network that suggests immense plasticity by the host 

to maintain alveolar bone remodeling.  

 

CONCLUSIONS 

In conclusion, the cortical plate is a commonly overlooked parameter in the 

diagnosis of periodontal disease compared to the interproximal cancellous 

bone. However, our results demonstrate the capacity of the buccal cortical 

bone to remodel during periodontal disease. Thus, we believe our findings 

necessitate further research exploring the evolution of transcortical canals at 

higher resolution and correlating this with histologic findings. Ongoing 

studies can help elucidate their possible role in disease pathogenesis and 

identify potential therapeutic targets in the bone remodeling process. 
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FIGURES 
 

Figure 1: Rat weight at start and end of each experimental period. Data are 
represented as a mean ± standard error of the mean. *p<0.05, (n≥6 for all 
groups). 

 

Figure 2: Clinical assessment of soft tissues. A) mandible, B) maxilla and 
their corresponding control (no ligature), 28-gauge stainless wire ligature, or 
4-0 silk suture ligature. 
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Figure 3: Representative analysis of bone loss measured circumferentially 
around maxillary molars A) Representative images of buccal and palatal 
bone height analysis in a sagittal plane. B) Representative images of 
interproximal bone height in a transverse plane. C) Comparison of non-
ligature and ligature sites at 2-weeks, 4-weeks, and cumulative time points. 
Data are represented as a mean ± standard error of the mean. ***p<0.001, 
(n≥6 for all groups). 
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Figure 4: Radiographic analysis of buccal plate bone loss at maxillary 
molars A) Representative images of buccal bone height in a sagittal plane. 
B) Comparison of non-ligature and ligature sites at 2-weeks, 4-weeks, and 
cumulative time points. Data are represented as a ± standard error of the 
mean. ***p<0.001, (n≥6 for all groups). 
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Figure 5: Analysis of radiographic bone and porosity changes in the 
maxillary buccal plate A) Representative images of buccal bone in sagittal 
plane. B) Comparison total buccal plate volume in non-ligature and ligature 
sites at 2-weeks, 4-weeks, and cumulative time points. C) Comparison of 
buccal plate bone volume in non-ligature and ligature sites at 2-weeks, 4-
weeks, and cumulative time points. D) Comparison of buccal plate porosity 
volume in non-ligature and ligature sites at 2-weeks, 4-weeks, and 
cumulative time points. Data are represented as a mean ± standard error of 
the mean. *p<0.05, p**<0.01***p<0.001, (n≥6 for all groups). 
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Figure 6: Proportion of maxillary buccal plate bone and porosity A) 
Representative segmentation of buccal plate bone and porosity. B) Analysis 
of mean percentage of buccal plate bone and porosity. Data are represented 
as a mean ± standard error of the mean. ***p<0.001, (n≥6 for all groups). 
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Figure 7: Number of individual maxillary buccal plate pores A) 
Representative model of segmented pores within entire buccal plate. B) 
Comparison of non-ligature and ligature sites at 2-weeks, 4-weeks, and 
cumulative time points. Data are represented as a mean ± standard error of 
the mean. ***p<0.001, (n≥6 for all groups). 
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Figure 8: Average volume of individual maxillary buccal plate pores A) 
Representative model of segmented pores within entire buccal plate. B) 
Without entire segmented buccal plate, rotated view. C) Comparison of non-
ligature and ligature sites at 2-weeks, 4-weeks, and cumulative time points. 
Data are represented as a mean ± standard error of the mean. **p<0.01, 
(n≥6 for all groups). 
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Figure 9: Radiographic analysis of bone loss measured circumferentially 
around mandibular molars A) Representative images of buccal and lingual 
bone height analysis in a sagittal plane. B) Representative images of 
interproximal bone height in a transverse plane. C) Comparison of non-
ligature and ligature sites at 2-weeks, 4-weeks, and cumulative time points. 
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Data are represented as a mean ± standard error of the mean. ***p<0.001, 
(n≥6 for all groups). 

 

 

 

 

 

 

 

A
) 

2-week non-lig 2-week lig 4-week lig 4-week non-lig 



42 
 

Figure 10: Radiographic analysis of buccal plate bone loss at mandibular 
molars A) Representative images of buccal bone height in a sagittal plane. 
B) Comparison of non-ligature and ligature sites at 2-weeks, 4-weeks, and 
cumulative time points. Data are represented as a ± standard error of the 
mean. ***p<0.001, (n≥6 for all groups). 
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Figure 11: Analysis of radiographic bone and porosity changes in the 
mandibular buccal plate A) Representative images of buccal bone in sagittal 
plane. B) Comparison total buccal plate volume in non-ligature and ligature 
sites at 2-weeks, 4-weeks, and cumulative time points. C) Comparison of 
buccal plate bone volume in non-ligature and ligature sites at 2-weeks, 4-
weeks, and cumulative time points. D) Comparison of buccal plate porosity 
volume in non-ligature and ligature sites at 2-weeks, 4-weeks, and 
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cumulative time points. Data are represented as a mean ± standard error of 
the mean. *p<0.05, p**<0.01, (n≥6 for all groups). 

 

Figure 12: Proportion of mandibular buccal plate bone and porosity A) 
Representative segmentation of buccal plate bone and porosity. B) Analysis 
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of mean percentage of buccal plate bone and porosity. Data are represented 
as a mean ± standard error of the mean. ***p<0.001, (n≥6 for all groups). 
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Figure 13: Number of individual mandibular buccal plate pores A) 
Representative model of segmented pores within entire buccal plate. B) 
Comparison of non-ligature and ligature sites at 2-weeks, 4-weeks, and 
cumulative time points. Data are represented as a mean ± standard error of 
the mean. *p<0.05, (n≥6 for all groups). 
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Figure 14: Average volume of individual mandibular buccal plate pores A) 
Representative model of segmented pores within entire buccal plate. B) 
Without entire segmented buccal plate, rotated view. C) Comparison of non-
ligature and ligature sites at 2-weeks, 4-weeks, and cumulative time points. 
Data are represented as a mean ± standard error of the mean. (n≥6 for all 
groups). 
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