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Abstract 

 

The growth, modeling and remodeling of the maxilla are shaped by the biomechanical forces 

exerted on it. As functional demands of the masticatory system become more complex due to 

dental development and eruption, the intensity and complexity of the biomechanical forces 

increases and as such influences the associated bony micro-architecture. The knowledge gained 

from assessing the impact of these changes on the micro-architecture of the maxilla is important 

in the clinical and forensic contexts. Thus, this study aimed to assess changes in the micro-

architecture of the alveolar region of postnatal and sub-adult human maxilla in relation to dental 

development and eruption. The study sample included seventy-nine individuals, subdivided 

into three groups according to dental development stages: deciduous dentition (n = 28; 0-5 

years), mixed dentition (n = 9; 6-12 years), and permanent dentition (n = 42; 13-18 years). 

Maxillae were scanned using micro-computed tomography. Seven regions were selected along 

the buccal, lingual, and the apical surfaces of each dental crypt for evaluation of micro-

architecture, which included bone volume fraction (BV/TV), trabecular thickness (TbTh), 

trabecular spacing (TbSp), material surface to material volume (BS/BV), and trabecular 

number (TbN). The micro-architecture of the maxilla changed from a more porous to a less 

porous nature, following patterns of bone remodeling during growth. These changes included 

an increase in BV/TV while BS/BV and TbN both significantly decreased. Thus, the trabeculae 

became more mineralized and decreased in number as they thickened. No significant 

differences were observed in TbTh and TbSp between the dentition groups. The observed 

micro-architecture reflects changes in the state of the dentition as well as adjustments to the 

complex functional environment of the oral cavity complex. 

Key words: Maxilla, dentition, micro-architecture, Micro-CT, biomechanical forces  
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1 Introduction 

 

The masticatory system is a complex functional group of structures which include the 

mandible, maxilla, muscles of mastication, teeth, and the tongue (Buvinic et al., 2021). The 

growth, modeling and remodeling of both the maxilla and the mandible is shaped by 

biomechanical forces exerted on them (Akintoye, 2018). These biomechanical forces result 

from tooth development and eruption, muscle attachments and changes in the functional 

environment with growth such as the transition from suckling to mastication (Hutchinson et 

al., 2017; Akintoye, 2018; Buvinic et al., 2021). As the functional demands of the masticatory 

system become more complex due to the development and eruption of dentition, the intensity 

of biomechanical forces increases. These biomechanical forces affect bone micro-architecture 

by thickening the alveolar ridge and changing the trabecular morphology to a more compact 

structure (Lindh et al., 2004; Stauber and Müller, 2008; Kim et al., 2011; Blok et al., 2013; 

Kim and Henkin, 2015; Hutchinson et al., 2017). Knowledge gained from assessing and 

understanding the impact of these changes on the micro-architecture of the maxilla in relation 

to dental development and eruption is necessary for the planning of craniofacial surgical 

procedures by maxillofacial surgeons. In addition, knowledge of the development and growth 

patterns of the maxilla may assist osteologists in age estimations.  

 

The maxilla forms by the process of intramembranous ossification, where mesenchymal tissue 

is directly converted to bone (Lee et al., 1992; Scheuer and Black, 2000). The ossification 

centers of the maxilla are observed around the sixth week of intrauterine life and are located 

above the dental lamina that gives rise to the developing dentition (Dixon, 1997; Scheuer and 

Black, 2000). In the eighth week of intrauterine life, the body of the maxilla and its four 

processes, which include the frontal, zygomatic, palatine, and alveolar processes, are 
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identifiable. The alveolar process, which gives rise to dental crypts and will house the dentition, 

forms a bony gutter that envelopes the dental lamina. The dental crypts develop mesiodistally 

in the alveolar process and the inter-alveolar septa are the last parts to complete development 

in each dental crypt (Dixon, 1997; Scheuer and Black, 2000; Schaefer et al., 2009; Soriano and 

Das, 2022). The prenatal growth of the maxilla is influenced by the growth of associated 

structures, such as the appearance of the incisive fissure (Scheuer and Black, 2000). The 

incisive fissure is located on the oral surface of the palatine process and extends laterally and 

forward on both sides from the incisive foramen to the interval between the lateral incisor and 

the canine tooth (Trevizan et al., 2018) and plays a role in accommodating the increasing 

volume of tooth germs in the alveolar process (Scheuer and Black, 2000). In addition, the 

development of the maxillary sinus plays a major role in increasing the height of the maxilla 

(Dixon, 1997). While features such as the incisive fossa and maxillary sinus may play a role in 

the development of the face, it is important to have a sound understanding of how the 

underlying bony architecture changes in response to dental development, particularly when 

considering instances where the dentition may become impacted. 

 

The developed maxilla is characterized by the basal and the alveolar bones, which are located 

on the superior and inferior aspects of the bone, respectively (Scheuer and Black, 2000; Park 

et al., 2008). The alveolar process consists of mainly trabecular bone covered by a thin layer 

of cortical bone and houses the dental crypts with the associated dentition. Each dental crypt 

spans from the apex (the floor) to the rim (the alveolar crest) of the alveolar process (Scheuer 

and Black, 2000; Gahleitner et al., 2003). The individual dental crypts are divided by inter-

dental (interalveolar) septa. In multirooted teeth, there is space between the roots called 

interradicular septum (Scheuer and Black, 2000; Gahleitner et al., 2003; Kamigaki et al., 2017; 

Soriano and Das, 2022). Postnatally, the maxilla grows rapidly, and its growth is related to the 
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functional areas of the viscerocranium, including the orbit and its contents as well as the nasal 

cavity and associated paranasal sinuses (Enlow and Bang, 1965; Scheuer and Black, 2000). 

The major influence of maxillary growth and changes in internal micro-architecture postnatally 

is the requirement for space to accommodate the increasing size and number of the teeth, which 

are associated with changes in functional environment such as the shift from suckling to 

mastication (Scheuer and Black, 2000; Buvinic et al., 2021).  

 

In line with the maxilla, the development of the dentition begins at approximately six weeks of 

intrauterine life and continues until early adult hood (~ 18 years) (Scheuer and Black, 2000; 

Hovorakova et al., 2018). The deciduous dentition starts erupting at approximately six months 

postnatally (Scheuer and Black, 2000; AlQahtani et al., 2010). At approximately three years 

postnatally, all the deciduous teeth have erupted. The eruption of all the permanent teeth, with 

the exception of third molars, occurs between six and 12 years (Scheuer and Black, 2000; 

Liversidge, 2003; AlQahtani et al., 2010; Esan and Schepartz, 2018). This period is 

characterized by shedding of deciduous teeth and replacement by their permanent successors 

(AlQahtani et al., 2010; Esan and Schepartz, 2018). The last permanent tooth, the third molar, 

is not fully erupted until early adult life (Scheuer and Black, 2000). In some cases, the third 

molar does not develop at all (Sisman et al., 2007). In line with the staged development and 

eruption of the dentition, it is important to gain knowledge into the interplay between how the 

supporting bony architecture changes relative to the individual teeth as well as across various 

states of the dentition. 

 

To facilitate the eruption of the dentition, the teeth must move through the alveolar bone 

(Nanci, 2007; Wise and King, 2008). The dental follicle and bone turnover form the basis of 

tooth eruption. The dental follicle intervenes between the alveolar bone and the tooth structure, 
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and its role is to regulate the remodeling of the neighboring tissues. Bone turnover, which is 

regulated both temporarily and spatially, functions to facilitate the translocation of teeth in the 

alveolar bone (Kardos, 1996; Nanci, 2007; Wise and King, 2008; Maltha, 2014). The 

movement of teeth through the alveolar bone can be divided into three phases: preeruptive, 

eruptive and posteruptive tooth movements. The preeruptive movement occurs in both 

deciduous and permanent tooth germs within the alveolar bone before eruption begins. The 

eruptive movement of teeth occurs when teeth move from their position within the alveolar 

bone to their functional position in occlusion. Lastly, the posteruptive tooth movement is 

needed for maintaining the position of the erupted teeth in occlusion while the maxilla and the 

mandible continue to grow. It functions in compensating for the occlusal and proximal tooth 

wear (Nanci, 2007). 

 

During the preeruptive tooth movement stage, the deciduous tooth germs are relatively small 

and there is a lot of space available in the jaw. However, these tooth germs grow very quickly 

and become crowded (Scheuer and Black, 2000; Nanci, 2007). The jaws lengthen to reduce the 

crowding, and this allows the deciduous molar tooth germs to move in a distal direction and 

the anterior tooth germs to gradually move in a mesial direction (Scheuer and Black, 2000; 

Nanci, 2007; Wise and King, 2008). As the jaws continue to increase in length, width, and 

height, the tooth germs continue to move outward and upwards within the alveolar bone (Nanci, 

2007). The permanent tooth germs, which develop on the lingual side of their deciduous 

predecessors also move considerably within the alveolar bone as the jaws develop (Scheuer 

and Black, 2000; Nanci, 2007). The permanent anterior incisors and canines develop in their 

own crypts and move to the lingual side of the roots of the deciduous incisors and canines. 

Premolar tooth germs also move within the alveolar bone to be positioned between the roots of 

the deciduous molars (Scheuer and Black, 2000; Nanci, 2007; AlQahtani et al., 2010; Esan and 
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Schepartz, 2018). Preeruptive movements of both the deciduous and the permanent tooth germs 

are said to be how the teeth are moved in position within the alveolar bone in preparation for 

the eruptive tooth movement (Nanci, 2007). 

 

Eruptive tooth movement occurs when both deciduous and permanent teeth move from their 

developmental position within the alveolar bone to their final functional position in the occlusal 

plane (Nanci, 2007; Wise and King, 2008). Several mechanisms are required for the successful 

eruption of teeth including the remodeling of the alveolar bone and formation of the dental 

follicle and subsequently, the periodontal ligament (Kardos, 1996; Nanci, 2007; Wise and 

King, 2008; Maltha, 2014). While root formation may play some role in the eruption of teeth, 

it is not the cause, but rather a consequence of eruption. This relationship between tooth 

eruption and root formation is evidenced by the fact that teeth still erupt even in cases where 

root formation is incomplete or where teeth are missing roots (Nanci, 2007). As the teeth are 

encased within the alveolar bone, bone resorption is required for teeth to erupt. During bone 

resorption, which occurs on the occlusal surface of the maxillary bony crypts, teeth do not have 

to move for the eruption pathway to form (Nanci, 2007; Wise and King, 2008; Maltha, 2014). 

Follicular tissue is needed for these teeth to move within the alveolar bone and eventually erupt. 

Dental eruption is divided into two phases: the intraosseous phase and the supraosseous phase. 

During the intraosseous phase of eruption, the dental follicle is responsible for initiation and 

regulation of osteoclastogenesis and osteogenesis (Nanci, 2007). The dental follicle 

differentiates into the periodontal ligament and together with biomechanical forces, becomes 

responsible for moving the teeth into their functional occlusal position during the supra-osseous 

phase of eruption (Wise and King, 2008).  
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Posteruptive tooth movements occur after the teeth have reached their functional occlusal 

position and can be divided into three categories. These include the movements that occur to 

accommodate the growth of the maxilla and the mandible, movements that compensate for 

continuous occlusal wear, and finally, the movements that accommodate interproximal wear 

(Craddock and Youngson, 2004; Nanci, 2007). Movements for growth accommodation are 

seen as an adjustment of tooth socket position, which is achieved by new bone formation at 

both the alveolar crest and the tooth socket floor to match the increasing height of the jaws 

(Nanci, 2007). Compensation for occlusal wear is accomplished by continuous deposition of 

cementum around the apex of the tooth. Interproximal wear is compensated for by approximal 

drift, which is a process of tooth movement caused by, amongst other factors, occlusal force 

(Nanci, 2007)  

 

The growth of the maxilla is not only related to the development and eruption of dentition, but 

also to the biomechanical forces exerted on it during mastication and swallowing (Thüer et al., 

1999; Akintoye, 2018). The adaptation of the maxilla to biomechanical forces is not well 

understood due to its structural complexity (Peterson et al., 2006). The complexity of the 

maxilla results from the structures associated with it including the sutures and the paranasal 

sinuses (Scheuer and Black, 2000; Peterson et al., 2006). Maxillary morphology allows for a 

number of functions that are associated with development, including swallowing, the senses of 

smell and sight, respiration, as well as anchoring muscles of facial expression and a part of the 

masseter muscle (Enlow and Bang, 1965; Scheuer and Black, 2000; Peterson et al., 2006). 

When the biomechanical properties of the cortical bone of fresh-frozen adult dentate maxillae 

were investigated, it was found that the stress was greatest at the alveolar process and the body 

of the maxilla where biting force was exerted (Peterson et al., 2006).  
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Occlusal forces resulting from biting, mastication, and swallowing are exerted on the teeth and 

are transferred to the alveolar bone by the associated periodontal ligament (Van Eijden, 2000; 

Nanci, 2007; Yehuda et al., 2015). These forces are then converted into compression vectors 

around the root surfaces of the teeth and result in the remodeling of the alveolar bone in this 

region. The result of this remodeling is the trabeculae radiating from the roots and this 

arrangement helps limit the shear stress (Yehuda et al., 2015). The facial bones have a macro 

structure that is suited to enable maximal strength with minimal mass (Wolff 1986; Yehuda et 

al., 2015). In accordance with this principle, the loads on maxillary teeth will not only affect 

the alveolar bone, but also other associated structures like the orbits and the paranasal sinuses 

(Wolff, 1986). Overall, compression stress results in trabecular bone remodeling and torsion 

stress results in maintenance and remodeling of the cortical bone (Koch, 1917; Yehuda et al., 

2015). 

 

The proper alveolar process is only observed in the presence of teeth and is formed in response 

to dental development and eruption, indicating its close relationship with dentition. When the 

teeth are lost, the region is resorbed and becomes greatly reduced in height, with a sharp or 

round appearance (Ulm et al., 1999; Scheuer and Black, 2000; Roberts and Hartsfield, 2004; 

Farina et al., 2011; Kamigaki et al., 2017). Studies have reported on the metric and dimensional 

analysis of the maxillary alveolar bone (Farina et al., 2011; Pramstraller et al., 2011) 

Pramstraller et al. (2011) measured the ridge height and width of alveolar bone using micro-

CT on a sample of 127 individuals with a mean age of 55.2±01 years. The results showed 

relatively low values in the alveolar bone height and width dimensions in edentulous maxillae 

when compared to dentulous maxillae (Pramstraller et al., 2011). Farina et al. (2011), using the 

same methodology, analyzed maxillary alveolar height of edentulous and dentulous sites in the 

distal regions of the same individual in a sample of 32 individuals. The results showed lower 
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alveolar bone height measurements in edentulous sites when compared to dentulous sites 

(Farina et al., 2011). Similar studies also report the same trends of dimensional decrease in 

alveolar height and width in edentulous maxillae, emphasizing the influence of the dentition 

on the alveolar bone (Kopecka et al., 2012; Monje et al., 2013). 

 

When assessing the trabecular micro-architecture of the alveolar process, some of the 

parameters that have been studied include connectivity density, structure model index (SMI) 

trabecular number, trabecular thickness, and trabecular spacing or separation (Parfitt, 1988; 

Stauber and Müller, 2008; Blok et al., 2013; Kim and Henkin, 2015). Connectivity density is 

the number of connections within the bone in a region of interest and indicates the mechanical 

strength of the trabecular micro-architecture (Parfitt, 1988; Stauber and Müller, 2008; Blok et 

al., 2013). The SMI is used to identify the difference between plate-like and rod-like trabecular 

micro-architecture. A lower SMI ratio indicates a more rod-like micro-architecture of 

trabeculae, which shows that there is more bone resorption (Kim and Henkin, 2015). Studies 

have looked at these features of the maxilla and mandible trabeculation in adult cadaveric and 

living individuals (Parfitt, 1988, Ulm et al., 1997; Stauber and Müller, 2008; Blok et al., 2013; 

Kim and Henkin, 2015). Monje et al. (2015) studied and compared the micro-architectural 

parameters of bone from the anterior (incisors and canines) and posterior (premolars and 

molars) regions of 34 adult (18 to 80 years) maxillae. The study made use of micro-CT and 

found no significant difference in bone volume to total volume ratio (BV/TV) between the 

anterior and posterior regions of the maxilla (Monje et al., 2015). In contrast, Fanuscu and 

Chang (2004) noted that BV/TV was significantly higher in the anterior region when compared 

to the posterior region within one individual, aged 72 years. The differences in the bone density 

in different regions of the maxilla indicate site-specific changes as a result of biomechanical 

stress and dentition (Devlin et al., 1998; Lindh et al., 2004).  Ulm et al. (1999) assessed the 
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features of trabecular micro-architecture of edentulous maxillae in 52 individuals with a mean 

age of 72.5 years across three regions of the alveolar bone: the lateral incisor, first premolar, 

and first molar. Trabecular micro-architectural quality decreased from the mesial region to the 

distal region, with the molar region presenting significantly lower BV/TV, trabecular thickness, 

and trabecular number measurements (Ulm et al., 1999). The significantly lower BV/TV 

observed by Ulm et al. (1999) in the distal region also contrasts results by Monje et al. (2015). 

The three-dimensional (3D) micro-structures that are specific to the maxilla and mandible in 

juvenile subjects during dental development and eruption have not been described 

(Mavropoulos et al., 2004; Kim et al., 2013; Hutchinson et al., 2017). 

 

While valuable information on the trabecular micro-architecture of the maxilla is provided in 

the literature, studies are limited to older age groups (Ulm et al., 1999; Fanuscu and Chang, 

2004; Monje et al., 2015; Kamigaki et al., 2017). This limits the depth of inferences which can 

be made regarding changes in the trabecular micro-architecture that take place during important 

stages of juvenile growth. These stages include changes in the functionality of structures 

associated with the maxilla i.e., dental development and eruption as well as general growth of 

the maxilla. 

2 Aim and Objectives 

2.1 Aim 

To assess changes in the micro-architecture of the alveolar region of the postnatal and 

subadult human maxilla in relation to dental development and eruption. 
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2.2 Objectives 

1. To evaluate changes in the micro-architecture (bone volume fraction (BV/TV), bone 

surface to bone volume ration (BS/BV), trabecular thickness (TbTh), trabecular number 

(TbN), and trabecular spacing (TbSp)) of early postnatal maxillae (individuals with 

deciduous dentition; 0 – 5 years) across the apical, the buccal, and the lingual surfaces of 

each dental crypt and compare them to late postnatal maxillae. 

2. To assess changes in the micro-architecture (bone volume fraction (BV/TV), bone surface 

to bone volume ration (BS/BV), trabecular thickness (TbTh), trabecular number (TbN), and 

trabecular spacing (TbSp)) of the late postnatal maxillae (individuals with mixed dentition; 6 

– 12 years) across the apical, the buccal, and the lingual surfaces of each dental crypt and 

compare them to subadult maxillae. 

3. To assess changes in the micro-architecture (bone volume fraction (BV/TV), bone surface 

to bone volume ration (BS/BV), trabecular thickness (TbTh), trabecular number (TbN), and 

trabecular spacing (TbSp)) of the subadult (individuals with permanent dentition; 13 – 18 

years) maxillae across the apical, the buccal, and the lingual surfaces of each dental crypt. 

4. To compare the micro-architecture parameters of the different dentition groups. 

3 Materials and methods 

3.1 Ethics 

The maxillae of the study were used in agreement with the South African National Health Act 

61 of 2003.  Additionally, permission to use an ethics clearance waiver previously issued to the 

School of Anatomical Sciences, University of the Witwatersrand was obtained (W-CBP-

220504-01) (Appendix A). 
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3.2 Sample description 

Maxillae from a total of 79 individuals were sourced from the Raymond A. Dart Collection of 

Modern Human Skeletons housed at the School of Anatomical Sciences, University of the 

Witwatersrand, Johannesburg, South Africa. The individuals used for the purpose of this study 

were aged between zero and 18 years and were assigned to three dentition groups based on 

dental development and eruption standards proposed by the London Atlas of Human Tooth 

Development and Eruption (AlQahtani et al., 2010) and the WITS Atlas of Tooth Formation 

and Emergence (Esan and Schepartz, 2018). The three sample groups included individuals with 

deciduous dentition only (n=28; F=14 and M=14); 0-5y), mixed dentition (n=9; F=4 and M=5; 

6-12y), and permanent dentition only (n=42; F=10 and M=32; 13-18y). Due to the small sample 

size in the mixed dentition group, the different potential combinations existing within the 

mixed dentition were not explored i.e., the absence of anterior teeth versus posterior teeth. The 

population affinity was not assessed in this study, owing to the significant level of genetic 

admixture in a South African population (Petersen et al., 2013; Bajić et al., 2018). The study 

sample consisted predominantly of South African Black (n=73) and South African white (n=3) 

individuals with a smaller sub-set of individuals categorized as “mixed” (n = 3). In line with 

research conducted by Bajić et al., 2018 where various degrees of genetic admixture were noted 

in populations from both Northern and Southern Africa as well as the current South African 

demographic representation, population affinity in the context of the current sample was 

viewed as a confounding factor. In addition, ancestry was estimated in the juvenile sample from 

the Raymond A. Dart Collection, and these did not have associated demographics when they 

were accessioned. It is also extremely difficult to estimate ancestry in juveniles as the expected 

differences would only develop in adulthood and even though some degree of geographic 

patterns is observed in morphoscopic characteristics, the level of overlap is very large (Iscan 

and Steyn, 2013). Individuals were excluded if the maxillae were broken on both the left and 
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the right side or showed any signs of obvious trauma, surgical repair, pathology, and 

orthodontic treatments. 

3.3 Scanning and reconstruction 

The maxillae were scanned at the MIXRAD laboratory of the South African Nuclear Energy 

Corporation (NECSA) using the Nikon XTH 225L micro-focus CT X-ray unit (Nikon 

Metrology, Leuven, Belgium). To prepare for scanning, the frontal bone of each individual was 

securely placed in a polystyrene mold, which prevented the movement of the skull during 

scanning. Subsequent to scanning preparations, the mounted skull was placed onto a rotating 

sample manipulator to allow for scanning in 360 degrees. The following scanning parameters 

were put in place: 100 kV/100 µA, at 0.5 frame per second exposure, 1000 projections and 125 

µm resolution. The scans were reconstructed using Nikon CTPro software version XT4.4.3 

(Nikon Metrology, Leuven, Belgium). 

3.4 Analysis of scans 

Scans were analyzed using VGStudio V3.2.3 (Volume Graphics GmbH, Heidelberg, 

Germany). The reconstructed scans were first subjected to a surface determination analysis to 

enable clear determination of the surface landmarks of each skull. To facilitate the analysis of 

the dental crypt surfaces, the orientation of the maxillary slices was standardized by aligning 

every slice with an established plane. A transverse reference plane was established for all scans 

in order to align the slices to an anatomical plane by selecting four fiducial landmarks along 

the skull. The fiducial points selected were the right porion, the right nariale, the left nariale, 

and the left porion (Figure 1). 
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Figure 1 Micro-CT images showing the transverse plane with fiducial points on a skull of an 18-year-old 

male in anterior (A) and the lateral (B) views. The right and the left nariale are shown by the blue circles 

in skull A and the left porion is shown by the red circle in skull B. The transverse plane is shown by the red 

plane in skull A and by the yellow plane in skull B.  
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All the dental crypts on the left side of the maxilla for each individual were included in this 

study, with the exception of the third molar crypt. The exclusion of the third molar was because 

it is the most highly variable amongst individuals in terms of position and timing of dental 

development and eruption (Narnbiar, 1995; Solari and Abramovitch, 2002; Sisman et al., 2007; 

Sánchez et al., 2009; Lewis and Senn, 2010). In cases where the dental crypts on the left side 

were damaged, the corresponding crypts on the right side were used for analysis. In cases where 

the teeth were missing on the left side of the maxilla, analysis was conducted providing the 

crypt was intact. When considering the mixed dentition, in cases where there was a deciduous 

and a permanent dental crypt, the overall outside border of the two crypts combined was 

considered (Figure 2).  

 

Figure 2 Micro-CT image of a sagittal section through the maxillary central incisor crypt of a 7-year-old 

male where the deciduous and the permanent incisor crypts were considered collectively. The cross 

indicates the buccal surface of the maxilla. The seven regions of interest are indicated by the red circles 

(AR: apex region; BS: buccal superior; BM: buccal middle; BI: buccal inferior; LS: lingual superior; LM: 

lingual middle; LI: lingual inferior). 
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To ensure repeatability of obtaining the midpoint sagittal section of each dental crypt, the 

maximum width (Figure 3, line ab) was first taken at a level where bone was evident across at 

least three surfaces i.e., between the mesial and the distal surfaces and parallel to the buccal 

surface of the dental crypt opening of the maxilla across a single cross section. The midpoint 

(line ac) of the maximum width (line ab) was taken (Figure 3). A 90-degree angle (angle d) 

was then put in place at the midpoint of the crypt (perpendicular to the maximum width, line 

ab). This was followed by a buccolingual plane through the crypt aligned with the 90-degree 

angle, indicated by line e (Figure 3). Slices were aligned with line e to give the sagittal section 

of each dental crypt. The same measurements in every crypt were taken to find the sagittal 

plane of the crypts for all the individuals. 
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Figure 3 Micro-CT images of a transverse section through the maxillary permanent central incisor (A) and 

deciduous first molar (B) crypts from the inferior view. The buccal surface is marked by the red cross in 

both A and B. The line ab is the maximum width of the crypt, point c is the mid-point of the crypt, and the 

buccolingual plane is marked by line e. The 90-degree angle of the crypt is marked by d. 

  

To analyze the trabecular micro-architecture of the left maxillary dental crypts across the 

selected sagittal section, the regions of interest (ROI) across the buccal and lingual surfaces of 

each dental crypt, as well as at the apex were taken. The ROI of each dental crypt included 

inferior, middle, and superior regions across the buccal and lingual surfaces respectively, and 

the apex regions (Hutchinson et al., 2017). The inferior ROI of each surface was taken at the 

alveolar bony crest corresponding to the opening of each dental crypt (BI, buccal inferior; LI, 

lingual inferior, Figure 4B and 4D). In the case of individuals with unerupted teeth, the inferior 
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ROI was aligned with the crown of the erupting tooth on both the buccal and the lingual sides 

(Figure 4A and 4C). The superior ROIs of the buccal and the lingual surfaces were aligned 

with the apical surface of the dental crypt (BS, buccal superior; LS, lingual superior). The 

middle ROI was taken halfway between the inferior and the superior ROI (BM, buccal middle; 

LM, lingual middle). The apical ROI was taken at the deepest point on the apex of each dental 

crypt (AR, apex region). In cases of multirooted teeth where two roots were observed in the 

sagittal plane, two apical ROI (BA, buccal apex region and LA, lingual apex region) were taken 

at the deepest point of each root (Figure 4D). The values of all the trabecular micro-architecture 

parameters of the BA and LA apex ROIs were then averaged to get single apex values for every 

parameter of every multirooted crypt for comparison across all dental crypts. The diameter as 

well as the depth of all the ROI were set at 1 mm. 
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Figure 4 Micro-CT images showing the sagittal section on an unerupted central incisor of a 0-year-old male 

(A), erupted central incisor of a 17-year-old male (B), unerupted first molar of a 0-year-old male (C) and 

erupted first premolar of an 18-year-old male (D) crypts. The ROI are marked by the red circles (AR, apex 

region; LA, lingual apex region; BA, Buccal apex region; LS, lingual superior; LM, lingual middle; LI, 

lingual inferior; BS, buccal superior; BM, buccal middle, and BI, buccal inferior). The buccal side on all 

the images is shown by the red cross. 

The internal micro-architecture of the bone at each region of interest of every dental crypt was 

investigated using trabecular number (1/mm), trabecular thickness (mm), trabecular spacing 

(mm), material surface to material volume (BS/BV), and bone volume to total volume ratio 

(BV/TV). Trabecular number (TbN) refers to the number of trabeculae found within a selected 

region of the bone. Trabecular thickness (TbTh) is the average thickness of trabeculae in a 

selected region on the bone. Trabecular spacing or separation (TbSp) is the average distance 
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between trabeculae (Parfitt, 1988; Stauber and Müller, 2008; Blok et al., 2013). Material 

surface to material volume ratio (BS/BV) is the amount of surface area per unit volume of bone 

sample (Fan et al., 2011). BV/TV measures the amount of mineralized bone per unit volume 

of the total bone sample (Klintström et al., 2014).  

3.5 Data entry, management, and repeatability 

Collected data was entered into Microsoft Excel (Microsoft Corporation, New Mexico, United 

States) and analyzed using IBM SPSS Statistics v.28.0 (IBM, Armonk, NY, USA) and R Studio 

v.4.2.2 (Posit Software, PBC, Boston, USA). Levels of repeatability were evaluated using two 

methods for comparison purposes: Lin’s concordance correlation coefficient of reproducibility 

(Lawrence and Lin, 1989) and technical error of measurement (TEM) (Langley et al., 2018). 

For intra-observer repeatability, trabecular parameters from 9 individuals (10% of the total 

sample) selected from all the dentition groups across the sample were measured by the primary 

observer and were repeated a week later. For inter-observer error repeatability, both the primary 

and the secondary (supervisor) observers measured the same trabecular parameters from the 

same 9 individuals and the results were used to determine the inter-observer error. Repeatability 

and reliability values of more than 0.90 were considered excellent (Allan, 1982). 

3.6 Statistical analysis 

A Shapiro-Wilk’s test was used to assess the distribution of the data. The distribution type then 

determined which statistical analyses were used. The data was found to be non-parametric 

(p≤0.001) and therefore the median and an interquartile range were calculated for all the 

assessed trabecular micro-architecture parameters. Analysis of variance (ANOVA) and 

Tukey’s post hoc test were done to compare the trabecular parameters between dental crypts 

for each of the assessed maxillary surfaces within each age group. Furthermore, a multivariate 

ANOVA was done to evaluate the level of interaction between age group and trabecular micro-
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architecture parameters. This was followed by Tukey’s post hoc test and pairwise comparisons 

between dentition groups to assess the nature of the differences in trabecular micro-

architecture. A p-value of less than 0.05 was considered statistically significant. 

4 Results 

 

High levels of repeatability were observed for intra-observer error (82.9%-97.1%) and inter-

observer error (73.9%-96.4%) for all the trabecular parameters except for TbTh where the 

lowest repeatability was 46.3% for inter-observer and 49.9% for intra-observer (Table 13 – 17, 

Appendix B). Using TEM, moderate to high levels of repeatability were observed for intra-

observer (66.9%-93.1%) and inter-observer (71.4%-87.4%) and the lowest values for both 

intra- and inter-observer error were observed in TbTh (Table 18 and 19, Appendix B).  

4.1 Patterns of changes in trabecular micro-architecture 

When comparing the internal micro-architectural parameters across each of the dentition 

groups, the TbSp, BV/TV and TbTh all showed increases with the advancement of dentition 

stages, i.e., as dentition develops and erupts, these parameters showed an increase. TbN and 

BS/BV both appeared to decrease when comparing across dentition groups were compared 

(Table 1) 

 

 

 

 

 

 

 



32 | P a g e  
 

Table 1 The means (SD) of trabecular parameters (BV/TV, BS/BV, TbTh, TbN, and TbSp) 

between the deciduous dentition group, mixed dentition group, and permanent dentition group. 

 BV/TV BS/BV TbTh TbN TbSp 

Deciduous (n = 28) 0.46 (0.03) 4.26 (0.25) 0.85 (0.06) 0.74 (0.03) 1.02 (0.06) 

Mixed (n = 9) 0.47 (0.03) 3.41 (0.29) 1.24 (0.16) 0.66 (0.03) 1.10 (0.05) 

Permanent (n = 42) 0.57 (0.04) 2.29 (0.21) 3.72 (0.35) 0.48 (0.03) 1.21 (0.05) 

BV/TV: bone volume fraction; BV/BS: material surface to material volume fraction; TbTh: Trabecular thickness; 

TbN: trabecular number; TbSp: Trabecular spacing. SD: standard deviation. 

 

In the assessment of internal parameter changes across each of the dentition sets, BV/TV was 

significantly higher (p≤0.01) in the permanent dentition group when compared to the mixed 

dentition group (Table 2). The BS/BV parameter was significantly higher in the mixed 

dentition group when compared to permanent dentition group (p≤0.01) as well as in the 

deciduous dentition group when compared to the mixed dentition group (p≤0.01). The TbN in 

the permanent dentition group was significantly higher than the mixed dentition group 

(p≤0.01). In addition, the trabecular number in the mixed dentition group was also significantly 

higher when compared to the deciduous dentition group (p≤0.01) (Table 2). No statistically 

significant differences were observed when assessing micro-architectural changes between the 

deciduous, mixed, and the permanent dentition groups respectively across the TbTh and TbSp 

parameters (Table 2).  
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Table 2 Analysis of variance (ANOVA) and Tukey’s post hoc test indicating the differences 

in the five trabecular micro-architecture parameters (BV/TV, BS/BV, TbTh, TbN, and TbSp) 

between the deciduous, mixed, and permanent dentition groups. 

Dependent variable Univariate (p<0.05) Group Group Pairwise 

comparison (p<0.05) 

  

BV/TV 

  

  

≤0.01* 
 

Deciduous Mixed ≤0.95 

Mixed Permanent ≤0.01* 

  

BS/BV 

  

 

≤0.01* 

Deciduous Mixed ≤0.01* 

Mixed Permanent ≤0.01* 

  

TbTh 

  

  

≤0.22 
 

Deciduous Mixed ≤1.00 

Mixed Permanent ≤0.48 

  

TbN 

  

 

≤0.01* 
 

Deciduous Mixed ≤0.01* 

Mixed Permanent ≤0.01* 

  

TbSp 

  

  

≤0.05 
 

Deciduous Mixed ≤0.38 

Mixed Permanent ≤0.93 

BV/TV: bone volume fraction; BS/BV: material surface to material volume ratio; TbTh: trabecular thickness; 

TbN: trabecular number; TbSp: trabecular spacing. Values marked with an asterisk (*) are values that were 

significantly lower than 0.001 and were presented as p≤0.01. 
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4.2 Bone micro-architecture variables 

4.2.1 Bone micro-architecture variables between dentition groups 

No significant differences were found in the BV/TV ratio between the dental crypts of the 

deciduous and the mixed dentition groups. A significantly higher (p≤0.03) BV/TV ratio was 

found on the apical region of the central incisor of the permanent dentition when compared to 

the central incisor of the mixed dentition (Table 3, Figure 5C and 5E). 

 

No significant differences were found in BS/BV between the dental crypts of deciduous and 

mixed dentition groups. A significantly higher BS/BV was found on the apical region of the 

mixed dentition central incisor (p≤0.04) and lateral incisor (p≤0.02) when compared to the 

apical region of the same dental crypts in the permanent dentition respectively (Table 4, Figure 

5C and 5E).  

 

No significant differences were found in TbTh of dental crypts between dentition groups (Table 

5). 

 

The lingual side of the canine dental crypt of the deciduous dentition had significantly more 

trabeculae (TbN, p≤0.04) when compared to the lingual side of the canine of the mixed 

dentition (Table 6). No other significant differences were found between the remaining crypts 

of the deciduous and the mixed dentition groups. Across the apical (p≤0.04), the buccal 

(p≤0.01), and the lingual (p≤0.01) areas of the central incisor crypt within the mixed dentition, 

there was significantly more trabeculae (TbN) when compared to the central incisor crypt of 

the permanent dentition group (Table 6, Figure 5C and 5E). The apical region of the canine 

crypt of the mixed dentition had a significantly higher (p≤0.04) TbN when compared to the 

apical region of the canine crypt of the permanent dentition (Table 6). In the mixed dentition 
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group, a significantly higher TbN was found across the buccal (p≤0.03) and lingual (p≤0.02) 

sides of the first molar compared to permanent dentition first molar (Table 6).  

 

While no statistically significant differences were found in TbSp of dental crypts between the 

dentition age groups (Table 7), the lingual sides of both the central incisor and the lateral incisor 

were visibly more porous in the mixed dentition when compared to the permanent dentition 

(Figure 5C and 5D compared to 5E and 5F, respectively). 
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Table 3 Analysis of variance (ANOVA) indicating pairwise comparisons of BV/TV for each dental crypt surface between dentition groups. 

 

 Apical Buccal Lingual 

 Univariate 

(p<0.05) 

Deciduous 

vs. Mixed 

Univariate 

(p<0.05) 

Mixed vs. 

Permanent 

Univariate 

(p<0.05) 

Deciduous 

vs. Mixed 

Univariate 

(p<0.05) 

Mixed vs. 

Permanent 

Univariate 

(p<0.05) 

Deciduous 

vs. Mixed 

Univariate 

(p<0.05) 

Mixed vs. 

Permanent 

Central 

incisor 

≤0.03 0.99 ≤0.01* 0.003 ≤0.02* 0.31 ≤0.01* 0.90 ≤ 0.65 1.00 ≤0.04 0.99 

Lateral 

incisor 

≤0.03 0.89 ≤0.01* 0.11 ≤0.02* 0.72 ≤0.01* 1.00 ≤ 0.65 1.00 ≤0.04 0.97 

Canine ≤0.03 1.00 ≤0.01* 0.92 ≤0.02* 1.00 ≤0.01* 0.99 ≤0.65 1.00 ≤0.04 1.00 

Deciduous 

molar 1 

≤0.03 1.00 ≤0.01* - ≤0.02* 0.99 ≤0.01* - ≤0.65 1.00 - - 

Deciduous 

molar 2 

≤0.03 1.00 ≤0.01* - ≤0.02* 0.93 ≤0.01* - ≤0.65 1.00 - - 

Permanent 

molar 1 

≤0.03 0.99 ≤0.01* 0.53 ≤0.02* 1.00 ≤0.01* 0.07 ≤0.65 1.00 ≤0.04 0.22 

Permanent 

molar 2 

- - - -        - - - - - - - - 

BV/TV is the bone volume fraction. Deciduous (n = 28; 0 – 5 years); Mixed (n = 9; 6 – 12 years); Permanent (n = 42; 13 – 18 years). * The values were significantly lower 

than 0.001 and were represented as p≤0.01. 
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Table 4 Analysis of variance (ANOVA) indicating pairwise comparisons of BS/BV for each dental crypt surface between dentition groups. 

 

 Apical Buccal Lingual 

 Univariate 

(p<0.05) 

Deciduous 

vs. Mixed 

Univariate 

(p<0.05) 

Mixed vs. 

Permanent 

Univariate 

(p<0.05) 

Deciduous 

vs. Mixed 

Univariate 

(p<0.05) 

Mixed vs. 

Permanent 

Univariate 

(p<0.05) 

Deciduous 

vs. Mixed 

Univariate 

(p<0.05) 

Mixed vs. 

Permanent 

Central 

incisor 

≤0.06 1.00 ≤0.01* 0.04 ≤0.01* 0.99 ≤0.01 1.00 ≤0.01* 0.99 ≤0.01* 0.05 

Lateral 

incisor 

≤0.06  0.84 ≤0.01* 0.02 ≤0.01* 1.00 ≤0.01 0.74 ≤0.01* 1.00 ≤0.01* 0.73 

Canine ≤0.06 1.00 ≤0.01* 0.78 ≤0.01* 0.39 ≤0.01 1.00 ≤0.01* 0.77 ≤0.01* 1.00 

Deciduous 

molar 1 

≤0.06 0.97 - - ≤0.01* 0.61 - - ≤0.01* 0.21 - - 

Deciduous 

molar 2 

≤0.06 1.00 - - ≤0.01* 0.75 - - ≤0.01* 0.51 - - 

Permanent 

molar 1 

≤0.06 0.70 ≤0.01* 0.98 ≤0.01* 0.28 ≤0.01 0.01 ≤0.01* 0.88 ≤0.01* 0.09 

Permanent 

molar 2 

      - - - - - - - - - - - - 

BS/BV is the bone surface to bone volume ratio. Deciduous (n = 28; 0 – 5 years); Mixed (n = 9; 6 – 12 years); Permanent (n = 42; 13 – 18 years). *The values were significantly 

lower than 0.001 and were represented as p≤0.01. 
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Table 5 Analysis of variance (ANOVA) indicating pairwise comparisons of TbTh for each dental crypt surface between dentition groups. 

 Apical Buccal Lingual 

 Univariate 

(p<0.05) 

Deciduous 

vs. Mixed 

Univariate 

(p<0.05) 

Mixed vs. 

Permanent 

Univariate 

(p<0.05) 

Deciduous 

vs. Mixed 

Univariate 

(p<0.05) 

Mixed vs. 

Permanent 

Univariate 

(p<0.05) 

Deciduous 

vs. Mixed 

Univariate 

(p<0.05) 

Mixed vs. 

Permanent 

Central 

incisor 

≤0.39    1.00 ≤0.93     0.99 ≤0.78    1.00 ≤0.03 1.00 ≤0.32    1.00 ≤0.37    0.89 

Lateral 

incisor 

≤0.39    0.12 ≤0.93     1.00 ≤0.78    0.98 ≤0.03 1.00 ≤0.32    1.00 ≤0.37    1.00 

Canine ≤0.39    1.00 ≤0.93     1.00 ≤0.78    1.00 ≤0.03 1.00 ≤0.32    0.21 ≤0.37    1.00 

Deciduous 

molar 1 

≤0.39    1.00 -        - ≤0.78    1.00 - - ≤0.32    1.00 -        - 

Deciduous 

molar 2 

≤0.39    1.00 -         - ≤0.78    1.00 - - ≤0.32    1.00 -        - 

Permanent 

molar 1 

≤0.39    1.00 ≤0.93     1.00 ≤0.78    1.00 ≤0.03 0.66 ≤0.32    1.00 ≤0.37    1.00 

Permanent 

molar 2 

-       - -         - -       -    - - -        -   -        - 

TbTh is the trabecular thickness of a selected region on the bone. Deciduous (n = 28; 0 – 5 years); Mixed (n = 9; 6 – 12 years); Permanent (n = 42; 13 – 18 years). 

. 
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Table 6 Analysis of variance (ANOVA) indicating pairwise comparisons of TbN for each dental crypt surface between dentition groups. 

 

 Apical Buccal Lingual 

 Univariate 

(p<0.05) 

Deciduous 

vs. Mixed 

Univariate 

(p<0.05) 

Mixed vs. 

Permanent 

Univariate 

(p<0.05) 

Deciduous 

vs. Mixed 

Univariate 

(p<0.05) 

Mixed vs. 

Permanent 

Univariate 

(p<0.05) 

Deciduous 

vs. Mixed 

Univariate 

(p<0.05) 

Mixed vs. 

Permanent 

Central 

incisor 

≤0.02    0.98   ≤0.01*    0.04   ≤0.01*    0.97   ≤0.01*     0.01   ≤0.01*    0.99   ≤0.01*   ≤0.01* 

Lateral 

incisor 

≤0.02    0.71   ≤0.01*    1.00   ≤0.01*    0.99   ≤0.01*     0.38   ≤0.01*    1.00   ≤0.01*     0.99 

Canine ≤0.02    1.00   ≤0.01*    0.04   ≤0.01*    0.65   ≤0.01*     0.96   ≤0.01*    0.04   ≤0.01*     0.97 

Deciduous 

molar 1 

≤0.02    0.99        -        -   ≤0.01*    0.99        -        -   ≤0.01*    0.13        -        - 

Deciduous 

molar 2 

≤0.02    0.99        -         -   ≤0.01*    1.00        -        -   ≤0.01*    0.47        -        - 

Permanent 

molar 1 

≤0.02    0.99    ≤0.01*    1.00   ≤0.01*    0.99   ≤0.01*     0.03   ≤0.01*    0.96   ≤0.01*    ≤0.02 

Permanent 

molar 2 

-       -        -         -        -       -           -        -        -        -          -        - 

TbN is the number of trabeculae found in a selected area of bone. Deciduous (n = 28; 0 – 5 years); Mixed (n = 9; 6 – 12 years); Permanent (n = 42; 13 – 18 years). *The 

values were significantly lower than 0.001 and were presented as p≤0.01. 
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Table 7 Analysis of variance (ANOVA) indicating pairwise comparisons of TbSp for each dental crypt surface between dentition groups. 

 

 Apical Buccal Lingual 

 Univariate 

(p<0.05) 

Deciduous 

vs. Mixed 

Univariate 

(p<0.05) 

Mixed vs. 

Permanent 

Univariate 

(p<0.05) 

Deciduous 

vs. Mixed 

Univariate 

(p<0.05) 

Mixed vs. 

Permanent 

Univariate 

(p<0.05) 

Deciduous 

vs. Mixed 

Univariate 

(p<0.05) 

Mixed vs. 

Permanent 

Central 

incisor 

≤0.01 0.47 ≤0.99 1.00 ≤0.03* 0.59 ≤0.01 0.27 ≤0.01 0.22 ≤0.04 0.99 

Lateral 

incisor 

≤0.01 0.58 ≤0.99 1.00 ≤0.03* 0.99 ≤0.01 1.00 ≤0.01 1.00 ≤0.04 1.00 

Canine ≤0.01 1.00 ≤0.99 1.00 ≤0.03* 0.99 ≤0.01 0.94 ≤0.01 0.97 ≤0.04 1.00 

Deciduous 

molar 1 

≤0.01 1.00 - - ≤0.03* 1.00 - - ≤0.01 0.34 - - 

Deciduous 

molar 2 

≤0.01 0.99 - - ≤0.03* 1.00 - - ≤0.01 0.72 - - 

Permanent 

molar 1 

≤0.01 1.00 ≤0.99 1.00 ≤0.03* 1.00 ≤0.01 1.00 ≤0.01 0.59 ≤0.04 1.00 

Permanent 

molar 2 

- - - - - - - - - - - - 

TbSp is the trabecular spacing found in a selected region of bone. Deciduous (n = 28; 0 – 5 years); Mixed (n = 9; 6 – 12 years); Permanent (n = 42; 13 – 18 years). The values 

0.01 and 0.03 were significantly lower than 0.001 and 0.003 and were presented as p≤0.01 and p≤0.03, respectively.



41 | P a g e  
 

 

 

Figure 5 Micro-CT images showing the sagittal sections of central incisors (A, C, E) and lateral incisors (B, 

D, F) from the deciduous, mixed, and permanent dentition groups, respectively. The buccal sides are 

indicated by the red crosses. The ROI are marked by the red circles (AR, apex region; LA, lingual apex 

region; BA, Buccal apex region; LS, lingual superior; LM, lingual middle; LI, lingual inferior; BS, buccal 

superior; BM, buccal middle, and BI, buccal inferior).  

 

Deciduous 

Mixed 

Permanent 
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4.2.2 Bone micro-architecture variables within each dentition group 

In the deciduous dentition, a significantly higher BV/TV ratio was found across both the apical 

(p≤0.01) and the buccal (p≤0.01) areas of the lateral incisor dental crypt when compared to the 

central incisor dental crypt (Table 8, Figure 5). The amount of bone expressed as BV/TV, was 

greater in the lateral incisor (Figure 5B) when compared to the central incisor (Figure 5A). The 

BV/TV ratio on the buccal surface of the lateral incisor was also significantly higher (p≤0.06) 

when compared to the buccal side of the canine crypt in the deciduous dentition (Table 8). 

While no significant differences were observed within the mixed dentition group when 

comparing across the individual dental crypts, a significantly higher ratio of BV/TV (p≤0.01) 

was observed on the buccal side of the second premolar crypt compared to the first premolar 

crypt in the permanent dentition (Table 8). 

 

The BS/BV ratio was found to be significantly higher (p≤0.02) on the buccal side of the canine 

dental crypt compared to the first premolar dental crypt in the permanent dentition (Table 9). 

No other significant differences were observed in BS/BV within each dentition group. No 

significant differences were found in TbTh between crypts within each dentition group (Table 

10). 

 

The apical region of the lateral incisor crypt of the deciduous dentition had a significantly 

higher (p≤0.01) TbN when compared to the central incisor crypt (Table 11). Trabeculae were 

found to be significantly higher (p≤0.02) on the lingual side of the canine dental crypt when 

compared to the lingual side of the lateral incisor crypt in the deciduous dentition (Table 11). 

The TbN was also found to be significantly higher on the apical region of the lateral incisor 

crypt when compared to the apical regions of the central incisor crypt (p≤0.02) and the canine 

crypt (p≤0.02) in the permanent dentition (Table 11). In the permanent dentition, the buccal 
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(p≤0.01) and the lingual (p≤0.01) sides of the second premolar crypt had a significantly higher 

TbN when compared to the first molar crypt (Table 11).  

 

Across the apical (p≤0.01), the buccal (p≤0.02) and the lingual (p≤0.02) areas of the central 

incisor crypt, there was significantly more spacing (TbSp) when compared to the lateral incisor 

crypt in the deciduous dentition (Table 12, Figure 5). The TbSp was also found to be 

significantly higher (p≤0.04) on the lingual side of the lateral incisor crypt when compared to 

the canine crypt in the deciduous dentition (Table 12). In the permanent dentition group, the 

buccal side of the first premolar crypt had a significantly higher (p≤0.04) TbSp when compared 

to the buccal side of the second premolar crypt (Table 12). 
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Table 8 Analysis of variance (ANOVA) indicating pairwise comparisons of BV/TV for each dental crypt surface across dentition groups associated 

with the deciduous dentition, the mixed dentition, and the permanent dentition respectively.  

 Median ± IQR  Pairwise comparisons (p<0.05) 

 CI LI C DM1 DM2 PM1 PM2 M1 M2 Univariate 

p<0.05 

CI vs. 

LI 

LI 

vs. 

C 

C vs 

D/PM

1 

D/PM

1 vs. 

D/PM

2 

D/PM

2 vs. 

M1 

M1 

vs. 

M2 

Deciduous (n = 28; 0 – 5 years) 

AA 0.58 ± 0.37 0.64 ± 0.23 0.52 ± 0.31 0.51 ± 0.24 0.41 ± 0.32         -         - 0.21 ± 0.32         - ≤0.01* ≤0.01* 0.76   0.98   0.82   0.84    - 

BA 0.23 ± 0.16 0.50 ± 0.31 0.37 ± 0.24 0.38 ± 0.11 0.32 ± 0.23         -         - 0.37 ± 0.24         - ≤0.01* ≤0.01* 0.06   0.95   0.99   1.00    - 

LA 0.58 ± 0.24 0.51 ± 0.26 0.52 ± 0.19 0.48 ± 0.22 0.47 ± 0.33         -         - 0.47 ± 0.40         -  ≤0.21  0.80 0.42   0.24   1.00   1.00    - 

Mixed (n = 9; 6 -12 years) 

AA 0.52 ± 0.35 0.49 ± 0.51 0.65 ± 0.23 0.54 ± 0.24 0.35 ± 0.28         -         - 0.36 ± 0.31         - ≤0.44 1.00 0.91   0.99   0.97   1.00    - 

BA 0.44 ± 0.19 0.43 ± 0.29 0.44 ± 0.12 0.40 ± 0.17 0.52 ± 0.24         -         - 0.43 ± 0.20         - ≤0.96 0.95 0.99   1.00   1.00   1.00    - 

LA 0.55 ± 0.19 0.49 ± 0.25 0.52 ± 0.27 0.45 ± 0.27 0.47 ± 0.24         -         - 0.45 ± 0.15         - ≤0.69 0.99 0.99   0.93   1.00   1.00    - 

Permanent (n = 42; 13 – 18 years) 

AA 0.91 ± 0.20 0.80 ± 0.30 0.84 ± 0.40         -           - 0.70 ± 0.31 0.62 ± 0.35 0.63 ± 0.34 0.60 ± 0.26 ≤0.01 0.28 0.99   0.94   0.66   1.00 1.00 

BA 0.36 ± 0.25 0.42 ± 0.24 0.34 ± 0.23         -          - 0.36 ± 0.22 0.54 ± 0.27 0.66 ± 0.25 0.65 ± 0.29 ≤0.01* 0.44 0.82   0.99   0.01   0.25 0.99 

LA 0.65 ± 0.15 0.57 ± 0.19 0.60 ± 0.19         -          - 0.58 ± 0.22 0.57 ± 0.18 0.62 ± 0.19 0.59 ± 0.21 ≤0.85 0.72 0.99   1.00   1.00   1.00 1.00 

BV/TV is the bone volume fraction. IQR: Interquartile range; CI: Central incisor; LI: Lateral incisor; C: Canine; DM1: Deciduous molar 1; DM2: Deciduous molar 2; PM1: 

Premolar 1; PM2: Premolar 2; M1: Molar 1; M2: Molar 2; AA: Apical average; BA: Buccal average; LA: Lingual average. *The values were significantly lower than 0.001 

and were therefore presented as p≤0.01. 
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Table 9 Analysis of Variance (ANOVA) indicating pairwise comparisons of BS/BV for each dental crypt surface across dentition groups 

associated with the deciduous dentition, the mixed dentition, and the permanent dentition respectively. 

BS/BV is the bone surface to bone volume ratio. IQR: Interquartile range; CI: Central incisor; LI: Lateral incisor; C: Canine; DM1: Deciduous molar 1; DM2: Deciduous 

molar 2; PM1: Premolar 1; PM2: Premolar 2; M1: Molar 1; M2: Molar 2; AA: Apical average; BA: Buccal average; LA: Lingual average. *The values were significantly 

lower than 0.001 and were presented as p≤0.01.  

Median ± IQR Pairwise comparison (p<0.05) 

 CI LI C DM1 DM2 PM1 PM2 M1 M2 Univariate 

p<0.05 

CI 

vs. 

LI 

LI 

vs. C 

C vs 

D/PM1 

D/PM1 

vs. 

D/PM2 

D/PM2 

vs. M1 

M1 

vs. 

M2 

Deciduous (n = 28; 0 – 5 years) 

AA 3.89 ± 2.35 3.32 ± 2.58 3.86 ± 2.35 4.46 ± 2.94 5.44 ± 3.60         -         - 5.26 ± 6.15         - ≤0.27 0.59 1.00 0.51 0.95 0.99 - 

BA 4.49 ± 1.99 3.07 ± 2.17 4.20 ± 2.89 3.85 ± 2.15 5.96 ± 3.57         -         - 5.52 ± 4.51         - ≤0.04 0.56 0.56 1.00 0.19 1.00 - 

LA 2.89 ± 2.02 3.32 ± 2.25 3.86 ± 2.29 3.79 ± 2.97 3.94 ± 3.04         -         - 4.12 ± 4.59         - ≤0.02 0.95 0.96 0.62 1.00 1.00 - 

Mixed (n = 9; 6 – 12 years) 

AA 3.54 ± 2.96 4.28 ± 6.05 2.66 ± 1.42 3.86 ± 1.60 5.14 ± 4.66         -         - 3.80 ± 3.30         - ≤0.82 0.99 0.83 1.00 0.99 1.00 - 

BA 3.20 ± 1.88 3.16 ± 2.07 2.51 ± 1.11 2.76 ± 1.80 3.54 ± 4.59         -         - 3.58 ± 2.47         - ≤0.42 1.00 0.97 1.00 0.59 0.98 - 

LA 3.56 ± 2.36 3.09 ± 1.87 2.74 ± 1.99 2.92 ± 1.54 3.07 ± 1.03         -         - 2.78 ± 0.85         - ≤0.70 1.00 0.92 1.00 1.00 0.99 - 

Permanent (n = 42; 13 – 18 years) 

AA 0.81 ± 1.64 1.82 ± 2.96 1.32 ± 2.68         -          - 2.09 ± 1.79 2.55 ± 2.35 2.89 ± 2.54 2.69 ± 2.07 ≤0.01* 0.08 0.38 0.93 0.75 0.89 0.98 

BA 2.71 ± 1.48 2.21 ± 1.43 2.60 ± 1.72         -          - 2.16 ± 0.96 1.61 ± 1.05 1.92 ± 2.02 1.75 ± 1.32 ≤0.01* 0.20 0.69 0.02 0.76 0.90 1.00 

LA 2.07 ± 1.52 2.30 ± 1.58 2.29 ± 2.02         -          - 1.85 ± 1.41 2.38 ± 1.58 1.47 ± 1.17 1.61 ± 1.05 ≤0.01* 0.85 1.00 0.82 1.00 0.19 1.00 
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Table 10 Analysis of variance (ANOVA) indicating pairwise comparisons of TbTh for each dental crypt surface across dentition groups associated 

with the deciduous dentition, the mixed dentition, and the permanent dentition respectively. 

TbTh is the trabecular thickness of trabeculae in a selected region of bone. IQR: Interquartile range; CI: Central incisor; LI: Lateral incisor; C: Canine; DM1: Deciduous 

molar 1; DM2: Deciduous molar 2; PM1: Premolar 1; PM2: Premolar 2; M1: Molar 1; M2: Molar 2; AA: Apical average; BA: Buccal average; LA: Lingual average.  

 

Median ± IQR Pairwise comparison (p<0.05) 

 CI LI C DM1 DM2 PM1 PM2 M1 M2 Univariate 

p<0.05 

CI 

vs. 

LI 

LI 

vs. 

C 

C vs 

D/PM

1 

D/PM1 

vs. 

D/PM2 

D/PM

2 vs. 

M1 

M1 vs. 

M2 

Deciduous (n = 28; 0 – 5 years) 

AA 0.52 ± 0.24 0.61 ± 0.45 0.51 ± 0.46 0.45 ± 0.34 0.37 ± 0.23          -          - 0.35 ± 0.23         - ≤0.45 0.99 1.00 0.97 0.98 0.99 - 

BA 0.48 ± 0.25 0.92 ± 0.91 0.51 ± 0.43 0.64 ± 0.32 0.37 ± 0.25          -          - 0.40 ± 0.26         - ≤0.25 0.32 0.37 1.00 1.00 1.00 - 

LA 0.91 ± 0.65 0.68 ± 0.53 0.61 ± 0.33 0.64 ± 0.45 0.58 ± 0.65          -          - 0.59 ± 0.78         - ≤0.31 1.00 0.41 1.00 1.00 1.00 - 

Mixed (n = 9; 6 – 12 years) 

AA 0.50 ± 0.44 0.46 ± 0.79 0.76 ± 0.29 0.58 ± 0.25 0.38 ± 0.41          -          - 0.62 ± 0.58         - ≤0.83 0.82 0.88 1.00 1.00 1.00 - 

BA 0.71 ± 0.60 0.76 ± 0.68 0.95 ± 0.49 0.75 ± 0.60 0.67 ± 0.58          -          - 0.58 ± 0.38         - ≤0.73 1.00 1.00 0.99 1.00 1.00 - 

LA 0.67 ± 0.19 0.90 ± 0.46 0.77 ± 0.66 0.83 ± 0.54 0.78 ± 0.21          -          - 0.80 ± 0.37         - ≤0.88 1.00 0.98 0.97 1.00 1.00 - 

Permanent (n = 42; 13 -18 years) 

AA 1.92 ± 3.70 1.06 ± 1.58 0.94 ± 2.73 - - 1.00 ± 1.35 0.88 ± 1.04 0.75 ± 1.10 0.80 ± 0.69 ≤0.38 0.44 1.00 1.00 1.00 1.00 1.00 

BA 0.81 ± 0.58 1.11 ± 0.70 0.95 ± 0.68 - - 1.06 ± 0.55 1.47 ± 1.00 1.30 ± 1.50 1.30 ± 1.02 ≤0.01 0.99 1.00 1.00 0.80 0.97 1.00 

LA 1.26 ± 1.65 1.34 ± 1.18 1.17 ± 1.60 - - 1.52 ± 1.27 1.05 ± 0.70 1.84 ± 0.97 1.57 ± 1.27 ≤0.26 0.66 0.99 0.99 0.39 0.92 1.00 
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Table 11 Analysis of variance (ANOVA) indicating pairwise comparisons of TbN for each dental crypt surface across dentition groups associated 

with the deciduous dentition, the mixed dentition, and the permanent dentition respectively. 

TbN is the number of trabeculae found in a selected region of bone. IQR: Interquartile range; CI: Central incisor; LI: Lateral incisor; C: Canine; DM1: Deciduous molar 1; 

DM2: Deciduous molar 2; PM1: Premolar 1; PM2: Premolar 2; M1: Molar 1; M2: Molar 2; AA: Apical average; BA: Buccal average; LA: Lingual average. *The significant 

values were less than 0.001 and were presented as p≤0.01. The p values of 0.003 and 0.002 in the lingual average of the deciduous dentition were presented as p ≤0.03 and 

p≤0.02, respectively. 

Median ± IQR Pairwise comparison (p<0.05) 

 CI LI C DM1 DM2 PM1 PM2 M1 M2 Univariate  

p<0.05 

CI 

vs. 

LI 

LI 

vs. C 

C vs  

D/P

M1 

D/P

M1 

vs. 

D/P

M2 

D/P

M2 

vs. 

M1 

M1 

vs 

M2 

Deciduous (n = 28; 0 – 5 years) 

AA 0.59 ± 0.41 1.05 ± 0.50 0.95 ± 0.40 1.04 ± 0.52 1.00 ± 0.51 - - 0.99 ± 0.65 - ≤0.01 0.01 0.94 0.95 1.00 0.99 - 

BA 0.45 ± 0.20 0.58 ± 0.37 0.59 ± 0.29 0.69 ± 0.46 0.71 ± 0.61 - - 0.89 ± 0.26 - ≤0.01 0.51 0.99 0.93 0.66 0.98 - 

LA 0.75 ± 0.26 0.68 ± 0.29 0.90 ± 0.26 0.77 ± 0.32 0.76 ± 0.41 - - 0.75 ± 0.33 - ≤0.03 0.86 ≤0.02 0.82 1.00 1.00 - 

Mixed (n = 9; 6 – 12 years) 

AA 0.83 ± 0.38 0.97 ± 0.58 0.96 ± 0.26 0.89 ± 0.34 0.77 ± 0.29 - - 0.69 ± 0.16 - ≤0.69 0.98 0.98 1.00 1.00 1.00 - 

BA 0.55 ± 0.29 0.44 ± 0.40 0.40 ± 0.27 0.64 ± 0.31 0.86 ± 0.16 - - 0.78 ± 0.21 - ≤0.01 0.98 0.99 0.97 0.42 0.99 - 

LA 0.83 ± 0.32 0.66 ± 0.24 0.67 ± 0.26 0.54 ± 0.25 0.58 ± 0.28 - - 0.69 ± 0.21 - ≤0.03 0.23 1.00 0.99 1.00 0.99 - 

Permanent (n = 42; 13 – 18 years) 

AA 0.36 ± 0.55 0.70 ± 0.68 0.41 ± 0.63 - - 0.62 ± 0.41 0.69 ± 0.42 0.82 ± 0.54 0.77 ± 0.58 ≤0.01* 0.02 0.02 0.55 0.81 0.99 1.00 

BA 0.34 ± 0.16 0.31 ± 0.13 0.30 ± 0.14 - - 0.31 ± 0.07 0.34 ± 0.14 0.54 ± 0.43 0.52 ± 0.31 ≤0.01* 0.99 0.99 0.99 0.66 0.01 0.99 

LA 0.55 ± 0.33 0.52 ± 0.23 0.56 ± 0.27 - - 0.46 ± 0.20 0.54 ± 0.23 0.32 ± 0.23 0.36 ± 0.19 ≤0.01* 0.99 1.00 0.69 0.91 0.01 0.99 
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Table 12 Analysis of variance (ANOVA) indicating pairwise comparisons of TbSp for each dental crypt surface across dentition groups associated 

with the deciduous dentition, the mixed dentition, and the permanent dentition respectively. 

TbSp is the trabecular spacing found in a selected region of bone. IQR: Interquartile range; CI: Central incisor; LI: Lateral incisor; C: Canine; DM1: Deciduous molar 1; 

DM2: Deciduous molar 2; PM1: Premolar 1; PM2: Premolar 2; M1: Molar 1; M2: Molar 2; AA: Apical average; BA: Buccal average; LA: Lingual average. *The significant 

values were less than 0.001 and were presented as p≤0.01.

Median ± IQR Pairwise comparison (p<0.05) 

 CI LI C DM1 DM2 PM1 PM2 M1 M2 Univariate 

p<0.05 

CI vs. 

LI 

LI vs. 

C 

C vs 

D/PM

1 

D/PM

1 vs. 

D/PM

2 

D/PM

2 vs. 

M1 

M1 

vs. 

M2 

Deciduous (n = 28; 0 – 5 years) 

AA 0.84 ± 0.99 0.31 ± 0.18 0.45 ± 0.34 0.40 ± 0.35 0.54 ± 0.60        -         - 0.80 ± 0.91 - ≤0.01* ≤0.01* 0.91 0.99 0.99 0.87 - 

BA 0.87 ± 1.40 0.98 ± 1.29 1.51 ± 0.89 1.32 ± 1.01 1.04 ± 1.29        -         - 0.77 ± 0.62 - ≤0.01 0.02 0.99 1.00 0.96 0.98 - 

LA 0.61 ± 0.34 0.82 ± 0.57 0.59 ± 0.35 0.82 ± 0.51 0.81 ± 0.46        -         - 0.65 ± 0.42 - ≤0.02 0.02 ≤0.04 0.09 1.00 0.86 - 

Mixed (n = 9; 6 – 12 years) 

AA 0.47 ± 0.38 0.56 ± 0.72 0.49 ± 0.32 0.48 ± 0.28 0.78 ± 0.82        -         - 0.87 ± 0.69 - ≤0.14 0.95 0.59 1.00 0.98 1.00 - 

BA 1.16 ± 0.92 1.57 ± 1.20 1.32 ± 1.15 1.20 ± 0.61 0.76 ± 0.53        -         - 0.97 ± 0.32 - ≤0.04 0.96 1.00 0.88 0.76 1.00 - 

LA 0.57 ± 0.43 1.11 ± 0.75 0.74 ± 0.46 1.09 ± 1.23 1.31 ± 1.03        -         - 0.97 ± 0.55 - ≤0.14 0.56 0.97 0.58 1.00 1.00 - 

Permanent (n = 42; 13 – 18 years) 

AA 0.25 ± 0.18 0.29 ± 0.21 0.31 ± 0.46         -         - 0.43 ± 0.36 0.43 ±0.30 0.42 ± 0.32 0.47 ± 0.27 ≤0.75 0.59 1.00 1.00 1.00 1.00 1.00 

BA 1.91 ± 1.23 1.78 ± 1.18 2.10 ± 1.11         -         - 2.01 ± 1.06 1.16 ± 1.03 0.77 ± 0.54 0.70 ± 0.71 ≤0.01* 0.88 0.39 0.93 ≤0.04 0.16 0.99 

LA 0.79 ± 0.48 0.95 ± 0.67 0.88 ± 0.64         -         - 0.94 ± 0.59 0.87 ± 0.47 1.05 ± 0.71 1.03 ± 0.78 ≤0.05 0.72 0.99 1.00 0.93 0.10 0.99 
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5 Discussion 

 

The current study assessed the changes observed in the micro-architecture of the alveolar 

region of the postnatal and subadult human maxilla in relation to the development and eruption 

of the dentition. A key finding was the increased deposition of bone along the alveolar region 

leading to increases in the BV/TV and TbTh with dental development and eruption across the 

mixed dentition and the permanent dentition groups. The surface of bone available, presented 

as BS/BV and TbN both showed a decrease with the replacement of deciduous dentition with 

that of the permanent dentition. Lastly, the TbSp appeared to increase with age. The micro-

architecture of the maxilla changed from a more porous to a more compact appearance as the 

teeth transitioned from unerupted deciduous to erupted deciduous and permanent dentition. 

The results in this study indicate that the alveolar bone of the maxilla adapts to accommodate 

the different stages of dentition. Thus, knowledge of these changes in the micro-architecture 

relative to the state of the dentition may be useful in the planning of dental procedures including 

orthodontic and endodontic treatment plans. In addition, this knowledge within the forensic 

setting is of value where juvenile age estimations may be required in the establishment of a 

biological profile.  

 

In the deciduous dentition group, the maxillary alveolar bone was more porous in appearance 

demonstrated by a higher BS/BV ratio. The higher BS/BV may in turn be the reason for the 

higher TbN in this group, i.e., there is a higher TbN because there is more surface of the bone 

along the buccal, lingual, and apical regions of dental crypts in the deciduous dentition group. 

In contrast to the high BS/BV and TbN numbers observed, a reduced BV/TV ratio was 

observed within the deciduous dentition, which showed a decreased amount of bone despite an 

increase in bone surface. This is further confirmed by the lower TbTh observed within this 
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group. The porous nature of the maxillary alveolar bone in the deciduous dentition group may 

also reflect the general growth of the maxilla (Scheuer and Black, 2000; Nanci, 2007). 

 

The maxilla forms by intramembranous ossification in which bone develops directly within the 

connective tissue (Lee et al., 1992; Scheuer and Black, 2000). The first bone to be formed is 

called woven bone and consists of many islands of soft connective tissue. It is also highly 

vascular and characterized by osteons which are fewer in number and smaller in size. However, 

woven bone transitions into lamellar bone during the late stages of intrauterine life and the first 

years of postnatal life (Nanci, 2007). During this process of bone formation as well as during 

subsequent periods of bone growth, biomechanical demands emanating from the early 

functional environment i.e., suckling, are thought to be important contributors to the general 

remodeling of the maxilla as seen in the current study with the changes observed in the BS/BV 

and TbN ratios in the deciduous dentition group. It is also suggested that the remodeling of the 

alveolar bone of the jaws may be attributed to the dentition and the functional forces that are 

transferred from the teeth to the alveolar bone (Scheuer and Black, 2000; Huja et al., 2006; 

Huja and Beck, 2008).  

 

The porous nature of the maxillary alveolar bone observed in the deciduous dentition group, 

i.e., higher BS/BV and TbN values and lower BV/TV and TbTh values in the current study 

may also be attributed to the state of dentition. The size of the deciduous dentition is relatively 

smaller when compared to the permanent dentition (Scheuer and Black, 2000; Schaefer et al., 

2009), and therefore, less space is needed for the dentition in the deciduous dentition group. 

The smaller size of dentition relative to alveolar bone available may contribute to the higher 

BS/BV and values observed in the deciduous dentition. When teeth are still encased in the 

alveolar bone before eruption, there is little movement of the tooth germs and lesser 
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biomechanical loads, and therefore less bone remodeling (Nanci, 2007; Lungová et al., 2011). 

The lower levels of bone remodeling may contribute to the higher BS/BV and TbN and lower 

BV/TV and TbTh values observed. During the intraosseous phase of eruption, the dental 

follicle initiates the resorption of bone on the inferior aspect of the dental crypt and bone 

deposition on the superior aspect of the crypt (Nanci, 2007). As the tooth pierces through the 

gingiva, the dental follicle becomes the periodontal ligament, which is responsible for moving 

the tooth to its occlusal position and anchoring it to the dental crypt (Nanci, 2007; Wise and 

King, 2008). The emergence and subsequent eruption of the tooth crown from within the dental 

crypt marks a significant point when considering the relationship between the biomechanical 

loading and the associated functional environment of the oral cavity in general (Miller et al., 

2003; Wise and King, 2008).  

 

The emergence and eruption of the deciduous dentition occurs in unison with functional 

demands of the masticatory system namely suckling and mastication (Miller et al., 2003). 

During the early postnatal period (0 – 12 months), individuals are mainly suckling (Miller et 

al., 2003), which means less biomechanical forces are exerted directly on the maxillary alveolar 

bone and hence the high BS/BV and TbN and low BV/TV and TbTh values in the individuals 

of the deciduous dentition group. Suckling the mother’s breast includes the functioning of the 

lips, which are brought close to the gingival arch, widening it in the front. In contrast, bottle 

suckling is due to the tongue which pushes against the palate upwards (Dreyfus, 1925). 

Bruxism, which is a condition where individuals grind and clench teeth, is more prevalent and 

extensive in young children (Bodrumlu et al., 2022). Bruxism may start as early as one year 

postnatally, but usually begins around four years of age (Saulue et al., 2015). This condition 

can result in excessive wear and attrition of teeth, damage of the periodontal tissue, and 

movement of teeth (Saulue et al., 2015; Bodrumlu et al., 2022). All these forces acting on the 
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deciduous dentition may influence the growth and the remodeling of the maxilla, for example, 

natural suckling forces will be transferred to the alveolar bone through the associated 

periodontal ligament which acts as a shock absorber and stimulates remodeling (Van Eijden, 

2000). 

 

The alveolar bone in the deciduous dentition appears to be less porous, demonstrated by 

increased BV/TV and TbN on the lingual and apical regions when compared to the buccal 

region. During early development, the bony crypts of the maxilla are wide open on the buccal 

side (Calonius et al., 1970). This suggests that the lingual and the apical regions are more 

advanced in their development when compared to the buccal side of the dental crypts. The 

difference in the degree of development between the surfaces may further explain the micro-

architectural differences of the three surfaces in the deciduous dentition group observed in the 

current study. The forces exerted by the tongue and the cheeks on the lingual and the buccal 

sides of the maxilla, respectively, are significantly different (Thüer et al., 1999). This difference 

was shown in a study where the pressure of the tongue and the cheek at rest and during chewing 

and swallowing were measured and the results showed that the pressures exerted on the lingual 

side are almost double the pressures exerted on the buccal side (Thüer et al., 1999). In this 

study, Thüer and colleagues (1999) aimed to measure the pressures acting on maxillary and 

mandibular teeth of 24 (12 male and 12 female) young adults aged 22 - 29 years using pressure 

transducers and electromyographic recording (Thüer et al., 1999). The micro-architecture on 

the apical region may be attributed to the fact that bone is deposited mainly on the apical region 

of the crypt during tooth eruption (Nanci, 2007; Wise and King, 2008). Compression forces 

exerted on the alveolar bone may also explain the more compact nature of trabeculae observed 

in the apical region (Yehuda et al., 2015). 
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The central incisors form and erupt before the lateral incisors in the maxilla (Kjaer 1988; Kjaer 

and Bagheri, 1999). However, the deciduous lateral incisor dental crypt is influenced by both 

the permanent central and lateral incisor successional teeth (AlQahtani et al., 2010). This 

influence might explain the high ratio of BV/TV observed on the apical and buccal sides of 

lateral incisor when compared to the central incisor in the deciduous dentition group, i.e., there 

is more bone remodeling on the lateral incisor crypt when compared to the central incisor crypt. 

The same explanation may be used for the lower TbSp observed in all surfaces of the lateral 

incisor crypt when compared to central incisor crypt. In the deciduous dentition, the central 

incisor is closer to the buccal side and the lateral incisor is closer to the lingual side in the 

anteroposterior direction (Kawashima, 1976; Hiraide et al., 2008). It has been shown that the 

lingual side is more advanced in development when compared to the buccal side (Calonius et 

al., 1970). The pattern of growth of the buccal and lingual sides of the maxilla as well as the 

position of the lateral incisor in the deciduous dentition may explain the micro-architectural 

differences observed between the central and the lateral incisors.  

 

The deciduous incisors erupt earlier when compared to the deciduous canines (AlQahtani et 

al., 2010; Esan and Schepartz, 2018). This pattern of eruption may contribute to the higher 

TbN and lower BV/TV ratio observed on the deciduous canine crypt when compared to the 

deciduous lateral incisor crypt. The deciduous and the permanent canine buds move labially 

during growth (Kjaer and Bagheri, 1999). This labial movement might be the reason for the 

maxillary canine prominence, which usually forms an elongated eminence that reaches to the 

lower border of the nasal aperture (Scheuer and Black, 2000). The labial movement may also 

be another reason for the difference in BV/TV between the lateral incisor crypt and the canine 

crypt observed within deciduous dentition. 
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As the dentition develops and erupts, the alveolar bone of the maxilla remodels to 

accommodate the developmental changes (Scheuer and Black, 2000). When comparing the 

deciduous dentition group and the mixed dentition groups, a change from a more porous to a 

less porous trabecular micro-architecture is observed. This change may be attributed to the 

higher functional and mechanical demands (Mavropoulos et al., 2004) that accompany growth 

and remodeling in the mixed dentition group when compared to the deciduous dentition, as 

well as the state of dentition (Scheuer and Black, 2000). The high TbN on the lingual side of 

the canine crypt in the deciduous dentition group when compared to that of the mixed dentition 

group may be attributed to higher remodeling rate in the mixed dentition group that is due to 

the replacement of deciduous dentition with permanent dentition. The slight increase in TbSp 

observed when comparing deciduous dentition group to mixed dentition group may be 

attributed to increased bone resorption that occurs during the shedding of deciduous dentition 

(Nanci, 2007). In other studies, there was no change observed in TbN (Kneissel et al., 1997; 

Parfitt et al., 2000; Rauch, 2007; Gabel et al., 2017), which is in contrast to the decrease in 

overall TbN with age in the current investigation between deciduous and mixed dentition 

groups. The difference in TbN in the current study may be attributed to changes in the alveolar 

bone from a woven bone type to a lamellar bone type which is more compact (Nanci, 2007).  

 

In the mixed dentition group, a relatively higher BS/BV ratio was observed, i.e., there was still 

more alveolar bone surface observed and therefore high TbN. There was more alveolar bone 

deposition, which was presented as increased BV/TV and TbTh with little change in TbSp 

when compared to the deciduous dentition. The mixed dentition group is characterized by the 

shedding of deciduous dentition and replacement of this deciduous dentition by permanent 

dentition (Scheuer and Black, 2000; Schaefer et al., 2009). Thus, there is a need for space as 

the dentition increases in size and number. The maxillary alveolar bone undergoes intense 
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remodeling to accommodate this increase in size and number of dentition (Scheuer and Black, 

2000). The maxillary alveolar bone also accommodates this increase in size and number of 

dentition by elongation and growth of the maxilla in a mesial direction (Enlow and Bang, 

1965). The incisive fissure also plays a role in accommodating the increased volume of 

dentition in the maxilla (Njio and Kjaer, 1993; Scheuer and Black, 2000). It is during this period 

of the shedding of dentition where the most dynamic changes in the shape and size of the 

alveolar bone occur (Lungová et al., 2011).  During the mixed dentition stage when teeth are 

shed, some teeth may be impacted. Teeth are considered impacted when they fail to erupt at 

the expected time and can no longer be expected to erupt (Hartman and Adlesic, 2021). These 

impacted teeth may affect the remodeling of the maxilla in the mixed dentition group. The 

maxillary sinus is closely related to the roots of the posterior maxillary dentition (Whyte and 

Boeddinghaus, 2019) and therefore, its development might have an effect on the growth of the 

maxilla in this region. The maxillary sinus growth occurs in three phases, with the first phase 

occurring during the first three years of postnatal life where the sinus extends lateral to the 

infraorbital canal.  The second phase occurs between ages six and 12 years, which is the age 

range of the mixed dentition group in the current study. During this second phase, the maxillary 

sinus extends laterally to the maxillary zygomatic recess and inferiorly to the level of hard 

palate. Expansion of the sinus during the third phase is due to the pneumatization of the 

alveolus of the maxilla as the permanent premolar and molar teeth erupt (Scuderi et al., 1993; 

Lorkiewicz-Muszyńska et al., 2015; Whyte and Boeddinghaus, 2019). There is also an 

increased growth of the skeletal structures associated with the maxilla that occurs during this 

period. These structures include the maxillary tuberosity, zygomatic process, palatine process, 

the orbital surface, and the nasal region. These structures, as a collective, influence the growth 

of the maxilla in a complex variety of divergent directions, making it possible for the dental 

arch to remodel and lengthen (Enlow and Bang, 1965). Unlike the deciduous dentition group, 
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the individuals in the mixed dentition group experience increased masticatory forces as they 

mainly bite and chew for successful intake of nutrients (Kaya et al., 2017).  

 

When comparing the mixed dentition and the permanent dentition groups, the state of dentition 

as well as biomechanical forces may be the cause of the micro-architectural differences 

between the two dentition groups. During biting and mastication, any pressure from the 

dentition is transmitted directly to the trabecular bone (Moon et al., 2004). In the mixed 

dentition, the deciduous dentition is shed and the roots are resorbed (Scheuer and Black, 2000; 

Nanci, 2007). This resorption of roots occurs on the lingual side of the deciduous dentition 

crypts. The subsequent shedding of the deciduous teeth may be attributed to the function of the 

dental follicle and the pressure of the developing permanent tooth, as well as the odontoclast 

action of the deciduous dentition (Nanci, 2007; Wise and King, 2008). This bone resorption 

during tooth shedding may be reason for the observed micro-architectural differences between 

the mixed and the permanent dentition groups. The number of teeth as well as tooth contact 

affects the biting force (Koc et al., 2010). The masticatory forces increase with age, and these 

changes are influenced by the loss of the deciduous dentition during the late mixed dentition 

phase of dental development (Barrera et al., 2011, Kaya et al., 2017). There are more teeth and 

contacts in the permanent dentition, and this may be one of the reasons for the higher BV/TV 

ratio on the apical region of the permanent central incisor crypt when compared to the 

deciduous incisor of the mixed dentition, as well as the lower BS/BV on the apical region of 

central and lateral incisors of the permanent dentition group when compared to those of the 

mixed dentition group. 

 

The anterior maxillary dentoalveolar height (measured from the anterior nasal spine to the 

prosthion) is said to decrease with transition from mixed dentition to permanent dentition due 
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to the loss of deciduous dentition (Laowansiri et al., 2013). This decrease in dentoalveolar 

height might also contribute to the micro-architectural differences observed between the central 

incisors of the mixed dentition group and the permanent dentition group (Buschang et al., 

1983). The thickening of the trabeculae as dentition develops and erupts may also be caused 

by the general bone remodeling with a positive balance, i.e., there is more bone added than 

resorbed (Parfitt et al., 2000; Rauch, 2007), and hence the higher TbTh in the permanent 

dentition group when compared to the mixed dentition group. It is also thought that the anterior 

teeth may drift in a distal direction to accommodate the growth of the bone in a mesial direction 

(Enlow and Bang, 1965). This drift may be another reason for the micro-architectural 

differences observed between the central and the lateral incisors of the mixed dentition group 

and the permanent dentition group, respectively.  

 

The observed overall decrease in TbN as dentition transitions from mixed to permanent in the 

current study is in contrast to other studies in which no change was observed when using other 

skeletal elements during growth (Kneissel et al., 1997; Parfitt et al., 2000; Rauch, 2007; Gabel 

et al., 2017). The decrease in TbN in this study may be attributed to the type of bone and the 

considerable difference in sample size of the groups compared. The permanent dentition group 

appeared to have a more mineralized alveolar ridge, which was mostly compact bone. The 

compact nature of the bone resulted in there being no TbTh, TbN, and TbSp to measure in 

some regions of interest. This observation may have affected the average of these parameters 

in the permanent dentition group and hence the difference in the micro-architecture of the 

permanent versus the mixed dentition groups. As the parameter values were averaged during 

comparison of dentition groups, the compact nature and therefore the lack of TbTh, TbN, and 

TbSp to measure had an effect on the overall values observed in the permanent dentition group. 
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The increase in TbSp in the permanent dentition group, which is in contrast to the decrease 

expected during growth (Rauch, 2007) was observed on the buccal and the lingual sides.  

 

In the permanent dentition group, the bone is more matured, and this is presented as high 

BV/TV ratio and thicker trabeculae. The biomechanical forces associated with mastication and 

swallowing that are exerted on the maxillae with permanent dentition are the major cause of 

the observed compact micro-architecture of the alveolar bone (Bresin et al., 1999; 

Mavropoulos et al., 2004; Blok et al., 2013; Watson et al., 2018). The posterior dentition is 

said to experience the highest masticatory forces (Watson et al., 2018), and this may explain 

the higher BS/BV ratio found on the canine crypt when compared to the first premolar in the 

permanent dentition. The roots of the permanent first maxillary molar are said to be more 

curved than those of the premolars (Nyaga, 2010) and this may result in different occlusal 

forces between the two teeth (Watson et al., 2018). The differences observed between the 

second premolar and the first molar in the permanent dentition may be due to these different 

occlusal forces which are higher on the first molar. Lateral incisors are relatively smaller and 

shorter when compared to the central incisors and canines (AlQahtani et al., 2010; Esan and 

Schepartz, 2018) and this may explain the higher number of trabeculae on the lateral incisor 

crypt when compared to both the central incisor and canine crypts in the permanent dentition. 

The thickness of the buccal wall is said to increase in a mesiodistal direction (Jin et al., 2012), 

and this may explain the higher BV/TV ratio on the buccal side of the second premolar when 

compared to the first premolar in the permanent dentition.  

 

The fully matured state of the alveolar bone in the permanent dentition group is maintained by 

the tooth–periodontium–bone complex, also referred to as tooth–bone crosstalk 

(Fleischmannova et al., 2010; Lungová et al., 2011). The components of this complex function 
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to disperse biomechanical loads that are exerted during mastication and maintain the 

homeostasis of the alveolar bone (Fleischmannova et al., 2010; Naveh et al., 2012). The 

importance of this tooth-bone crosstalk and relationship between the alveolar bone and teeth is 

illustrated in the resorption of alveolar bone when teeth are lost (Scheuer and Black, 2000; 

Blair et al., 2008). This resorption of the alveolar bone after the loss of teeth has been observed 

in older individuals (Ulm et al., 1999, Scheuer and Black, 2000; Roberts and Hartsfield, 2004; 

Farina et al., 2011; Kamigaki et al., 2017).   

 

While studies have assessed features of the maxilla and mandible trabeculation, the study 

subjects were adult individuals (Parfitt, 1988; Ulm et al., 1997; Lindh et al., 2004; Blok et al., 

2013; Kim and Henkin, 2015; Monje et al., 2015). Thus, specific changes that occur during 

dental development and eruption have not been described. This limits the depth of inferences 

which can be made regarding the changes in the trabecular micro-architecture of the maxilla 

that take place during the complex stages of juvenile growth. In a study by Ulm et al. (1999), 

the trabecular micro-architecture of edentulous maxillae in individuals with a mean age of 72.5 

years was described: BV/TV and TbTh decreased from the mesial region to the distal region, 

with the molar region presenting significantly lower BV/TV and TbTh when compared to the 

anterior region of incisors and canines. The observed differences between the mesial and distal 

regions was said to be attributed to molars being lost at earlier in most cases when compared 

to teeth in the mesial region (Ulm et al., 1999). The differences in the micro-architecture at 

different regions indicated site-specific changes that were also observed by other studies 

(Devlin et al., 1998; Lindh et al., 2004). Lindh et al. (2004) studied bone mineral density of 

the maxilla in edentulous individuals (aged between 51 and 79 years). The results showed that 

there were site-specific differences between the individuals. Bone mineral density was higher 

in the anterior region when compared to the posterior region (Lindh et al., 2004). 
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The success of dental implants is influenced by a number of factors such as bone mineral 

density, bone volume, and trabecular micro-architecture. While dental implants are not 

common in children with deciduous dentition, they may be needed in severe cases where loss 

or absence of teeth may result in loss of function and disturbances in the normal growth of the 

alveolar ridge (Agarwal et al., 2016). The current study provides information on the trabecular 

micro-architecture of the maxilla. This information may give some insights on the quality of 

alveolar bone at different stages of dental development, and hence predict the success of dental 

implants. Malocclusions are prevalent in both children and adults and are regarded as a third 

priority in oral health, after carries and periodontal disease (Ramson and Singh, 2021). These 

malocclusions may be corrected using orthodontic treatments such as dental braces. Dental 

braces function to move teeth to their normal functional position in the alveolar bone (Aggarwal 

et al., 2016). The trabeculation information from the current study may aid in planning the type 

and the duration of orthodontic treatment needed by juvenile patients.  

6 Limitations 

 

While this study provides useful information about the changes in micro-architecture of the 

maxilla in relation to dental development and eruption, there were some limitations. The 

sample was from skeletal remains, and therefore medical records were not available. This could 

lead to the inclusion of maxillae from individuals who presented with diseases that can affect 

the bone density and bone micro-architecture such as type 1 diabetes and cystic fibrosis 

(Fuusager et al., 2020; Putman et al., 2021). Although sex-specific changes were not assessed 

in the current study, it has been shown that permanent teeth erupt earlier in girls when compared 

to boys due the hormonal differences and early onset of maturation in girls (Peedikayil, 2011). 

While the study assessed the changes in trabecular bone, there was no separation of the cortical 
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bone from the trabecular bone, which could have affected the readings of the trabecular 

parameters observed, as trabecular and cortical bones are different in structure. Trabecular bone 

has a web-like structure and compact bone is solid (Rüegsegger et al., 1991). The cross-

sectional nature of the study may yield information about the dentition group differences but 

not necessarily changes in micro-architecture with dental development and eruption. The group 

with the smallest sample size was the mixed dentition group, and this is due to the limited 

material of this group in the collection of human skeletons used. In the future a longitudinal 

study, with the use of a low dose radiation modality such as cone beam CT (Monje et al., 2013; 

Liang et al., 2017), may be used assess the changes and differences in micro-architecture 

observed over the periods of dental development and eruption. 

7 Conclusion 

 

The micro-architecture of the maxillary alveolar changes during the different dentition stages 

were assessed. In the deciduous dentition group, the alveolar bone had a porous appearance, 

indicated by higher BS/BV and TbSp with lower BV/TV, TbTh and TbN. The mixed dentition 

group presented with a visible less porous alveolar bone, while the permanent dentition group 

presented with a more compact alveolar bone that was indicated by higher BV/TV and TbTh 

and lover BS/BV, TbN and TbSp. The changes observed between groups include a change 

from a more porous alveolar bone to a more compact alveolar bone as dentition stages 

advanced, represented by an increase in BV/TV, TbTh, TbSp and decrease in BS/BV and TbN. 

There is an increase in the deposition of bone as dentition advances, and this leads to the 

thickening of trabeculae. There are also site-specific changes in the micro-architecture of the 

maxilla, and these were observed in the comparison of crypts within groups. The patterns of 

micro-architectural changes observed in the maxilla between the dentition groups in this study 

reflect the general development and growth of the maxilla, state of dentition, the biomechanical 
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forces, as well as the complex functional environment of the oral cavity. The results of the 

study may aid in the planning of orthodontic procedures by giving insights on the structure of 

the maxilla and the changes expected to take place at different stages. 
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Appendix B 

 

Lin’s concordance correlation coefficient (Lin’s CCC) 

 

Lin’s CCC was calculated using R studio by running the following code: CCC (x, y, ci = “z-transform”, conf. level = 0.95, na.rm = FALSE). 

x: first set of measurements 

y: second set of measurements 

ci: method used 

na.rm: logical, indicating whether NA values should be stripped before the computation proceeds. 

 

Table 13 Lin's concordance correlation coefficient for BV/TV. 

Tooth CI LI C DM1 DM2 PM1 PM2 M1 M2 

No. of teeth 9 9 9 5 5 4 4 8 4 

No. of ROI 7 7 7 7 7 7 7 7 7 

Intraobserver 0.94 0.92 0.90 0.87 0.92 0.97 0.90 0.93 0.93 

Interobserver 0.82 0.82 0.90 0.70 0.90 0.93 0.90 0.96 0.88 

BV/TV: bone volume to total volume ratio. ROI: region of interest. CI: central incisor. LI: lateral incisor. DM1&2: first and second 

deciduous molars. PM1&2: first and second premolars. M1&2: first and second molars. 

 

Table 14 Lin's concordance correlation coefficient for BS/BV. 

Tooth CI LI C DM1 DM2 PM1 PM2 M1 M2 

No. of teeth 9 9 9 5 5 4 4 8 4 

No. of ROI 7 7 7 7 7 7 7 7 7 

Intraobserver 0.97 0.93 0.77 0.83 0.93 0.95 0.93 0.92 0.94 

Interobserver 0.76 0.76 0.81 0.88 0.89 0.87 0.90 0.93 0.90 

BS/BV: bone surface to bone volume ratio. ROI: region of interest. CI: central incisor. LI: lateral incisor. DM1&2: first and second 

deciduous molars. PM1&2: first and second premolars. M1&2: first and second molars. 
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Table 15 Lin's concordance correlation coefficient for trabecular thickness (TbTh). 

Tooth CI LI C DM1 DM2 PM1 PM2 M1 M2 

No. of teeth 9 9 9 5 5 4 4 8 4 

No. of ROI 7 7 7 7 7 7 7 7 7 

Intraobserver 0.92 0.82 0.68 0.92 0.95 0.70 0.50 0.52 0.91 

Interobserver 0.66 0.51 0.94 0.84 0.90 0.46 0.80 0.78 0.82 

TbTh: trabecular thickness. ROI: region of interest. CI: central incisor. LI: lateral incisor. DM1&2: first and second deciduous molars. 

PM1&2: first and second premolars. M1&2: first and second molars. 

 

Table 16 Lin's concordance correlation coefficient for trabecular number (TbN). 

Tooth CI LI C DM1 DM2 PM1 PM2 M1 M2 

No. of teeth 9 9 9 5 5 4 4 8 4 

No. of ROI 7 7 7 7 7 7 7 7 7 

Intraobserver 0.82 0.90 0.83 0.92 0.91 0.92 0.81 0.90 0.94 

Interobserver 0.62 0.70 0.75 0.80 0.87 0.74 0.81 0.92 0.82 

TbN: trabecular number. ROI: region of interest. CI: central incisor. LI: lateral incisor. DM1&2: first and second deciduous molars. 

PM1&2: first and second premolars. M1&2: first and second molars. 

 

Table 17 Lin's concordance correlation coefficient for trabecular spacing (TbSp). 

Tooth CI LI C DM1 DM2 PM1 PM2 M1 M2 

No. of teeth 9 9 9 5 5 4 4 8 4 

No. of ROI 7 7 7 7 7 7 7 7 7 

Intraobserver 0.82 0.91 0.95 0.93 0.94 0.97 0.86 0.92 0.90 

Interobserver 0.68 0.87 0.87 0.76 0.86 0.94 0.86 0.91 0.80 

TbSp: trabecular spacing. ROI: region of interest. CI: central incisor. LI: lateral incisor. DM1&2: first and second deciduous molars. 

PM1&2: first and second premolars. M1&2: first and second molars. 
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Technical error of measurement (TEM) 

 

Table 18 Intraobserver error of 9 randomly selected individuals calculated using TEM. 

 BV/TV BS/BV TbTh TbN TbSp 

No. individuals 9 9 9 9 9 

TEM 0.07 0.62 0.94 0.10 0.25 

%TEM 14.01 18.31 87.31 16.23 23.22 

R coefficient 0.93 0.93 0.67 0.90 0.93 

TEM: technical error of measurement. BV/TV: bone volume to total volume ratio. BS/BV: bone surface to bone volume ratio. TbTh: 

trabecular thickness. TbN: trabecular number. TbSp: trabecular spacing.  

Table 19 Interobserver error of 9 randomly selected individuals calculated using TEM. 

 BV/TV BS/BV TbTh TbN TbSp 

No. individuals 9 9 9 9 9 

TEM 0.09 0.83 1.99 0.14 0.37 

%TEM 18.77 24.70 161.36 21.92 34.74 

R coefficient 0.87 0.87 0.71 0.81 0.83 

TEM: technical error of measurement. BV/TV: bone volume to total volume ratio. BS/BV: bone surface to bone volume ratio. TbTh: 

trabecular thickness. TbN: trabecular number. TbSp: trabecular spacing.  
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