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Abstract
Background

The anatomical relationship between developing permanent tooth germs and the surrounding cortical
bone changes during growth and may be relevant to pediatric surgical and orthodontic procedures. This
study aimed to evaluate buccal and lingual/palatal bone thickness surrounding developing permanent
tooth germs using cone-beam computed tomography (CBCT) and to assess the effects of age, sex, and
tooth type.

Methods

This retrospective cross-sectional study included CBCT images of 106 children aged 6—-12 years.
Bilateral permanent canines, first and second premolars, and second molars were evaluated. Buccal
bone thickness (BBT) and lingual/palatal bone thickness (L/PBT) were measured on axial sections.
Statistical analyses included the Kolmogorov—Smirnov test, Mann—-Whitney U test, paired-samples t-test,
and Spearman correlation analysis (p < 0.05).

Results

The mean age was 9.19 + 1.61 years. Sex-related differences were limited, and contralateral symmetry
was generally maintained (p > 0.05). Significant age-related changes were observed in several regions. In
the makxilla, palatal bone thickness decreased with age, with the strongest negative correlation observed
for tooth 24 (rho = - 0.505, p < 0.001). In the mandible, age was negatively correlated with buccal bone
thickness of teeth 33, 34, and 45, whereas positive correlations were observed for buccal bone thickness
of tooth 37 and lingual bone thickness of teeth 43, 44, and 47.

Conclusions

Bone thickness surrounding developing permanent tooth germs varies according to tooth type, jaw
region, and age. These age-related differences reflect dentoalveolar remodeling during growth, while sex
has a limited influence and contralateral symmetry is generally preserved. These findings provide
anatomical reference data that may support risk assessment and treatment planning during the mixed
dentition period.

1. Introduction

The basis of clinical success in dental treatments depends on a correct diagnosis and the careful
planning of the treatment that follows. The integration of Cone-Beam Computed Tomography (CBCT)
into dental practices has enabled clinicians to access three-dimensional, high-resolution images of
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dentofacial structures through a non-invasive approach. Unlike conventional two-dimensional
radiographs, CBCT eliminates the superimposition of anatomical structures, allowing for a detailed
evaluation of the labial/buccal and lingual alveolar bone surfaces [1]. This is of paramount importance in
the treatment of pediatric patients in the mixed dentition period. Accurate assessment of the
intraosseous position of erupting permanent teeth provides valuable information for patient-specific
treatment planning and clinical decision-making [2].The tooth germs of erupting young permanent teeth
are located in close proximity to the cortical bones during the early stages of their development. As
development progresses, the dental follicle expands symmetrically in buccal, occlusal, and apical
directions; active eruption begins once crown formation is complete and the root length reaches
approximately 2—4 mm. During this process, bone resorption occurs in the bone along the eruption
pathway of the tooth, while bone apposition takes place in the region of the root, thereby continuously
altering the position of the tooth within the jaw. This dynamic process of development and remodeling
renders the clinical evaluation of the positions of developing permanent tooth germs within the alveolar
bone, as well as their relationships with the surrounding bone structures, highly significant [3, 4].

Most of the studies available in the literature have focused on erupted teeth or third molar tooth germs
because of their association with common clinical problems. Studies on other permanent tooth germs in
pediatric patients are limited [5, 6]. In particular, few studies have evaluated their positional relationships,
distances to surrounding structures, and adjacent bone thickness. Because most current studies are
based on adult data, a significant information gap remains in establishing reference anatomical values
for children during active growth and development [7]. Evaluating anatomical relationships between
developing permanent tooth germs and surrounding bone is essential for understanding growth
processes and guiding clinical practice. These insights help identify anatomical risks during the pre-
eruptive period, supporting the planning of surgical interventions and early orthodontic treatments.
Furthermore, CBCT imaging accurately reveals bone structures surrounding tooth germs in three
dimensions, providing detail on potential perforation risks and relationships with neighboring structures

[8].

Consequently, this descriptive and associational study establishes a 3D anatomical reference set for
developing canines, premolars, and second molars using CBCT. We quantitatively evaluated buccal and
lingual/palatal bone thicknesses and examined the effects of age, sex, and jaw region on these
dimensions. We hypothesized that cortical bone thickness varies significantly by tooth type and jaw
region and changes with age, while the influence of sex remains limited. By extending evaluations
beyond third molars, this study provides an incremental but meaningful contribution to defining
developmental boundaries in a mixed-dentition population. These findings provide an anatomical
baseline to support risk assessment and treatment planning in pediatric dentistry, orthodontics and oral
surgery.

2. Materials and Methods
2.1. Study Design and Ethical Approval
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Archived CBCT records of pediatric individuals were analyzed in this retrospective cross-sectional study.
These records were previously obtained for diagnostic and treatment purposes. The study protocol was
approved by the local Clinical Research Ethics Committee, and the research adhered to the ethical
principles of the Declaration of Helsinki.

2.2. Sample Selection

CBCT images obtained between 2022 and 2024 for diagnostic evaluation and treatment planning
purposes were retrospectively reviewed. Previously acquired CBCT scans of pediatric patients aged 6-—
12 years, in whom developing permanent tooth germs could be observed, were evaluated for inclusion in
the study.

The inclusion criteria were defined as follows: being between the ages of 6 and 12 years at the time of
the CBCT scan; the presence of developing permanent canine, first premolar, second premolar, and
second molar tooth germs in the maxilla and/or mandible; the availability of high-quality CBCT records
allowing adequate evaluation of the cortical bone borders and tooth germs; and the absence of image
artifacts that could affect the diagnostic evaluation.

The exclusion criteria were defined as a history of trauma or surgical intervention in the maxillofacial
region; the presence of previous or ongoing orthodontic treatment; craniofacial syndromes, cleft lip
and/or palate, or systemic diseases that could affect craniofacial growth and bone metabolism; the
presence of bone pathologies that could alter normal anatomical structures; the presence of motion
artifacts, metal artifacts, or incomplete CBCT datasets; the presence of tooth germs associated with
odontomas, supernumerary teeth, or other developmental anomalies; and instances where the tooth
evaluated on CBCT images was completely erupted or the tooth germ had completed its development to
an extent that precluded evaluation.

2.3. Sample Size and Power Analysis

The minimum sample size was calculated using G*Power software (Version 3.1.9.7; Heinrich Heine
University, Diisseldorf, Germany). Initially, a power analysis for correlation analysis indicated that 64
cases were required, based on an effect size of 0.30, a significance level (a) of 0.05, and 80% power. A
second power analysis for intergroup comparisons (independent samples t-test or Mann-Whitney U
test) required at least 106 cases, assuming an effect size of 0.50, a significance level (a) of 0.05, and
80% power. Because both analyses were performed in this study, the calculation requiring the larger
sample size was used as the basis, and the minimum sample size was determined to be 106 cases.
Although 106 CBCT scans were initially included, the final analytical population for each tooth-specific
measurement varied. After case inclusion, individual tooth germs were excluded site-specifically if the
tooth was erupted, congenitally absent, or if localized motion artifacts and poor image clarity precluded
precise anatomical evaluation. Only fully evaluable observations were included in the respective site-
specific analyses, resulting in the varying sample sizes (n) reported in Tables 2 and 4.

2.4. CBCT Imaging Protocol
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All CBCT images were acquired using a Castellini X-Radius Trio Plus (Imola, Italy) device. The imaging
parameters were set at 90 kVp and 16 mAs. The images were recorded with a voxel size of 0.3 mm and a
field of view (FOV) of 13 x 16 cm and 13 x 10 cm. The DICOM data were reconstructed at a slice
thickness of 0.3 mm using IRYS Viewer 15.1 software.

2.5. Standardization of Images and Measurement
Procedure

CBCT images were evaluated in axial, coronal, and sagittal planes using IRYS Viewer 15.1 software. This
study examined developing permanent tooth germs (13, 14, 15, 17, 23, 24, 25, 27, 33, 34, 35, 37, 43, 44,
45, and 47) bilaterally in the maxilla and mandible. Each tooth germ was first evaluated in the coronal
slice to identify the level of its widest buccolingual diameter, which was defined as the equator line.
Subsequent measurements were performed on the corresponding axial slice.

Bone thickness adjacent to the tooth germs was evaluated using the shortest-distance approach
described in previous CBCT studies of teeth, tooth germs, and other odontogenic structures. Accordingly,
bone thickness was defined as the shortest linear distance (measured in millimeters) between the outer
surface of the tooth germ crown and the outer boundary of the adjacent cortical bone (Fig. 1). Buccal
and palatal thicknesses were recorded separately for maxillary teeth, while buccal and lingual
thicknesses were recorded for mandibular teeth. For multi-rooted teeth, measurements were based on
the shortest linear distance from the outer contour of the tooth germ crown to the respective cortical
bone boundary. All measurements were performed under standardized conditions using the same
software.

In Fig. 1, the red, green, and blue lines indicate the coronal, sagittal, and axial planes, respectively.
Turquoise lines represent the buccal and lingual/palatal bone thicknesses, measured at the equator level
determined in the coronal slice. The measurements were performed so that the measurement line was
as perpendicular to the bone surface as possible to ensure geometric accuracy.

2.6. Reliability Analysis

To ensure measurement reproducibility, 25 randomly selected CBCT scans (approximately 23% of the
total sample) were re-evaluated by the same examiner after a four-week interval. The primary objective
was to confirm the consistency of the shortest-distance measurements used throughout the study.

2.7. Statistical Analysis

Statistical analysis of the study data was performed using IBM SPSS Statistics for Windows, Version
25.0 (IBM Corp., Armonk, NY, USA) software. For descriptive statistics, mean, standard deviation,
number, and percentage values were calculated. The conformity of the data to normal distribution was
evaluated using the Kolmogorov—Smirnov test. For bilateral (right-versus-left) comparisons, the
normality of the distribution of paired differences was assessed using the Shapiro-Wilk test. Since the
paired differences for the majority of measurements exhibited a normal distribution, the paired-samples
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t-test was employed to evaluate bilateral symmetry. For any measurement where the assumption of
normality for paired differences was not met, the non-parametric Wilcoxon signed-rank test was used to
ensure inferential appropriateness.

For comparisons between sexes, the Mann—Whitney U test was applied as the data did not show a
normal distribution. The statistical analyses in this study were considered exploratory given the
descriptive nature of the research and the multiple parallel hypothesis tests conducted; therefore, no
formal multiplicity adjustments (e.g., Bonferroni correction) were applied. Spearman correlation analysis
was used to evaluate the relationship between age and measurements. In this context, all age-related
analyses represent cross-sectional associations observed between different children of various ages
rather than longitudinal evidence of individual developmental trajectories over time. The magnitude of
the observed correlations and mean differences was interpreted according to standard effect-size
conventions (rho 0.1-0.3 small, 0.3-0.5 moderate, > 0.5 strong). Furthermore, reporting completeness
was ensured by including 95% confidence intervals (Cls) for principal inferential analyses. Intra-observer
reliability was assessed using an Intraclass Correlation Coefficient (ICC) based on a two-way mixed-
effects model with absolute agreement, which yielded a value of 0.808, indicating good reliability. The
statistical significance level was accepted as p < 0.05.

3. Results

The site-specific analyses were performed using the subset of evaluable observations available for each
measurement; therefore, the sample sizes reported in the tables vary by tooth type and jaw region
according to the eligibility criteria defined in the Methods.

3.1. Participant Characteristics

A total of 106 CBCT scans from pediatric individuals were included in the study. The mean age of the
participants was 9.19 + 1.61 years, ranging from 6 to 12 years. Buccal bone thickness (BBT) and
lingual/palatal bone thickness (L/PBT) measurements were performed in regions adjacent to the
permanent tooth germs in all individuals.

3.2. Descriptive Statistics

Descriptive statistics of the buccal and lingual/palatal bone thickness measurements associated with
the tooth germs are presented in Table 1. Bone thickness values showed considerable variation
according to tooth type and jaw region. In the maxilla, the lowest buccal bone thickness was observed in
the canine tooth germ regions (13B: 0.67 + 0.41 mm; 23B: 0.68 + 0.69 mm), whereas the greatest palatal
bone thickness was also recorded in the canine regions (13P: 3.94 + 2.58 mm; 23P: 3.72 + 2.48 mm). In
the maxillary premolar regions, buccal and palatal bone thicknesses exhibited a more balanced
distribution; however, an increase in buccal bone thickness was noted around the second premolar tooth
germs (15B: 2.01 +1.38 mm; 25B: 2.03 + 1.52 mm).
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In the mandible, buccal bone thickness values were generally below 1 mm in the anterior and first
premolar regions, whereas higher values were observed in the second premolar and second molar
regions (35B: 1.46 + 0.81 mm; 37B: 1.79 £+ 0.82 mm); 45B: 1.40 + 0.80 mm; 47B: 1.71 £ 0.74 mm).
Regarding lingual bone thickness, the lowest values were detected in the mandibular second molar
regions (37L: 0.96 + 0.45 mm; 47L: 1.03 £ 0.50 mm) (Table 1).

Table 1

Descriptive Statistics of Buccal and Lingual/Palatal Bone Thickness Measurements Adjacent to
Permanent Tooth Germs (mm)

Permanent Tooth Buccal Bone Thickness (mm) Lingual/Palatal Bone Thickness (mm)
Germ (Mean t SD) (Mean t SD)
13 0.67+0.41 3.94+2.58
14 0.74+0.67 1.90+1.43
15 2.01+1.38 1.99+1.12
17 1.01£0.56 2.51+1.35
23 0.68+0.69 3.72+2.48
24 0.63+0.49 1.46+1.04
25 2.03+1.52 1.87+0.97
27 0.94+0.57 2.31+1.25
33 0.66 £ 0.41 1.78+1.03
34 0.71+0.45 1.49+0.91
35 1.46 £ 0.81 1.24+0.67
37 1.79+0.82 0.96+0.45
43 0.77+0.38 1.83+0.90
44 0.80+0.40 1.67+0.73
45 1.40+0.80 1.21+0.59
47 1.71+0.74 1.03+0.50

Descriptive statistics are presented as mean + standard deviation. PBT was reported for maxillary teeth,
whereas LBT was reported for mandibular teeth. BBT: buccal bone thickness; PBT: palatal bone
thickness; LBT: lingual bone thickness; Mean: mean; SD: standard deviation.

3.3. Sex-Based Comparisons

Sex-based comparisons revealed no significant differences between males and females for the majority
of measurement sites (p > 0.05). A statistically significant difference was observed only for the buccal
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bone thickness of the mandibular left second premolar tooth germ (35B), which was greater in males
than in females (1.71 £ 0.84 mm vs. 1.22 + 0.72 mm, respectively; p = 0.005). No significant sex-related
differences were detected in any of the remaining measurements (Table 2).
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Table 2

Comparison of Buccal and Lingual/Palatal Bone Thickness Measurements According to Sex

Measurement

Parameter
13-BBT
13-PBT
14-BBT
14-PBT
15-BBT
15-PBT
17-BBT
17-PBT
23-BBT
23-PBT
24-BBT
24-PBT
25-BBT
25-PBT
27-BBT
27-PBT
33-BBT
33-LBT
34-BBT
34-LBT
35-BBT
35-LBT
37-BBT
37-LBT
43-BBT
43-LBT

Male
(n)

47
47
32
33
44
44
53
53
48
49
36
36
45
45
53
53
44
44
38
38
42
42
47
47
42
42

Male Mean = SD

(mm)

0.67+0.37
4.01+2.61
0.81+0.80
2.18+1.61
1.96 +1.21
2.09+1.14
1.06 +£0.51
2.55+1.43
0.72+0.57
3.88+2.35
0.69+0.48
1.59+0.95
2.05+1.60
1.83+0.85
0.98+0.49
2.41+1.20
0.68+0.38
1.71+£0.95
0.74+0.49
1.52+0.91
1.71+0.84
1.25+0.65
1.89+0.89
1.00+0.42
0.80+0.40
1.80+0.87
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Female

(n)
32
32
23
23
33
33
38
38
35
35
27
27
34
34
37
37
33
33
34
34
43
40
38
38
28
28

Female Mean £ SD

(mm)

0.67+0.48
3.83+2.56
0.64 +0.41
1.50+£1.02
2.08 +£1.61
1.86+1.10
0.94+0.62
2.46+1.26
0.63+0.82
3.50+2.67
0.54+0.48
1.28+1.15
2.00+1.42
1.91+1.12
0.88+0.68
2.17+1.32
0.63+0.46
1.87+1.14
0.68+0.40
1.45+0.92
1.22+0.72
1.23+0.71
1.68+0.73
0.91+0.48
0.72+0.35
1.89+0.95

p_
value

0.962
0.769
0.360
0.084
0.720
0.376
0.289
0.731
0.570
0.489
0.228
0.254
0.877
0.706
0.421
0.370
0.600
0.516
0.540
0.744
0.005
0.919
0.249
0.404
0.433
0.670




Measurement Male Male Mean = SD Female Female Mean + SD p-

Parameter (n) (mm) (n) (mm) value
44-BBT 32 0.78+0.39 30 0.83+0.42 0.684
44-LBT 32 1.67+0.84 30 1.66 + 0.62 0.964
45-BBT 42 1.45+0.90 39 1.34+0.68 0.534
45-LBT 42 1.30+0.61 39 1.12+0.55 0.176
47-BBT 46 1.77+£0.84 39 1.64+0.62 0.413
47-LBT 46 1.09+0.53 39 0.9510.46 0.186

The Mann—Whitney U test was used for statistical comparisons. BBT: buccal bone thickness; PBT:
palatal bone thickness; LBT: lingual bone thickness; Mean: mean; SD: standard deviation. n: Represents
the number of evaluable tooth germs available for analysis at each anatomical site. Variations in sample
size (n) across teeth and regions are attributable to site-specific exclusions, including tooth eruption,
congenital absence (agenesis), and inadequate image quality, as described in the Materials and Methods
section.

3.4. Bilateral Comparisons

Bilateral symmetry was highly preserved across the evaluated regions, with no statistically significant
differences observed between the right and left sides for any of the buccal or lingual/palatal bone
thickness measurements associated with corresponding tooth germs (p > 0.05; Table 3).
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Table 3

Comparison of Buccal and Lingual/Palatal Bone Thickness Measurements Between the
Right and Left Sides

Tooth Site  Parameter Right Mean+SD (mm) Left Mean+SD (mm) p-value
13-23 BBT 0.66 £ 0.41 0.71+0.68 0.582
13-23 PBT 3.97+2.58 3.99+2.36 0.914
14-24 BBT 0.75+0.69 0.74+0.46 0.907
14-24 PBT 1.78 £0.99 1.60+0.88 0.167
15-25 BBT 2.04+1.40 2.04+1.49 0.984
15-25 PBT 202+1.14 1.86+0.85 0.200
17-27 BBT 1.01+0.56 0.94+0.57 0.230
17-27 PBT 249+1.34 2.31+1.25 0.142
33-43 BBT 0.73+0.37 0.76+0.38 0.504
33-43 LBT 1.96 £ 0.91 1.83+0.90 0.155
34-44 BBT 0.80+0.40 0.81+0.41 0.848
34-44 LBT 1.70+0.80 1.67+0.72 0.601
35-45 BBT 1.52+0.79 1.41+£0.80 0.143
35-45 LBT 1.25+0.67 1.22 +£0.59 0.554
37-47 BBT 1.80+0.83 1.70+0.75 0.148
37-47 LBT 0.96+£0.45 1.02+0.50 0.233

Statistical comparisons were performed using the paired-samples t-test. BBT: buccal bone thickness;
PBT: palatal bone thickness; LBT: lingual bone thickness; Mean: mean; SD: standard deviation.

3.5. Correlation Analysis with Age

The relationship between age and bone thickness measurements was evaluated using Spearman’s
correlation analysis. In the maxillary region, significant negative correlations were found between age
and palatal bone thickness measurements of teeth 14, 15, 17, 24, and 27 (rho ranging from - 0.225 to -
0.505; p < 0.05). Buccal bone thickness measurements of teeth 23 and 24 were also negatively
correlated with age. The strongest correlation was found for palatal bone thickness of tooth 24 (rho = -
0.505; p<0.001). In the mandibular region, significant negative correlations were found between age and
buccal bone thickness measurements of teeth 33, 34, and 45. In contrast, significant positive
correlations were observed between age and the buccal bone thickness of tooth 37 as well as the lingual
bone thickness measurements of teeth 43, 44, and 47 (p < 0.05). The correlation coefficients and

corresponding p-values are presented in Table 4.
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Table 4

Spearman Correlation Analysis Between Age and Buccal and
Lingual/Palatal Bone Thickness Measurements

Measurement Paramater n Spearmanrho p value

13-BBT 79 -0.130 0.254
13-PBT 79 0.090 0.431
14-BBT 55 0.000 0.999
14-PBT 56 -0.293 0.028
15-BBT 77 -0.044 0.703
15-PBT 77 -0.328 0.004
17-BBT 91 0.147 0.166
17-PBT 91 -0.294 0.005
23-BBT 83 -0.255 0.020
23-PBT 84 -0.143 0.195
24-BBT 63 -0.302 0.016
24-PBT 63 -0.505 <0.001
25-BBT 79 0.031 0.789
25-PBT 79 -0.217 0.055
27-BBT 90 0.131 0.218
27-PBT 90 -0.225 0.033
33-BBT 77 -0.437 <0.001
33-LBT 77 0.084 0.467
34-BBT 72 -0.381 0.001
34-LBT 72 0.034 0.779
35-BBT 85 -0.195 0.073
35-LBT 82 0.020 0.858
37-BBT 85 0.229 0.035
37-LBT 85 0.096 0.382
43-BBT 70 -0.180 0.137
43-LBT 70 0.399 0.001
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Measurement Paramater n Spearmanrho p value
44-BBT 62 -0.183 0.156
44-1 BT 62 0.284 0.025
45-BBT 81 -0.243 0.029
45-LBT 81 0.084 0.455
47-BBT 85 0.175 0.109
47-LBT 85 0.284 0.008

Spearman correlation analysis was performed. Statistically significant values are shown in bold. BBT:
buccal bone thickness; PBT: palatal bone thickness; LBT: lingual bone thickness. n: Represents the
number of evaluable tooth germs available for analysis at each anatomical site. Variations in sample
size (n) across teeth and regions are attributable to site-specific exclusions, including tooth eruption,
congenital absence (agenesis), and inadequate image quality, as described in the Materials and Methods
section.

4. Discussion

Evaluating the buccal and lingual/palatinal bone thicknesses surrounding tooth germs at a millimeter
level using CBCT provides critical clinical insights for determining safe margins in surgical interventions,
directing biomechanical forces accurately, and preventing developmental complications [7, 11]. Such
quantitative analyses may contribute to anatomical risk assessment and treatment planning in pediatric
surgical and orthodontic practice [12, 13]. In our study, the replication of all measurements by a single
observer at two different time points and the high level of intra-observer agreement support the
reproducibility and methodological reliability of the measurements. Similarly, it is reported in the
literature that high ICC values represent a significant methodological strength that increases the
reliability of CBCT-based measurements [11].

This study provides an incremental but meaningful contribution to the pediatric maxillofacial anatomy
literature by establishing a set of pediatric pre-eruptive reference measurements for developing canines,
premolars, and second molars using CBCT. While the existing literature has predominantly focused on
erupted teeth in adult individuals [14, 15] or exclusively on mandibular third molar tooth germs [5], our
findings help define developmental boundary conditions in a mixed-dentition population. By extending
the scope of evaluation beyond third molars to include canines and premolars, this research offers a
detailed anatomical framework for the pre-eruptive period, which is essential for understanding ongoing
dentoalveolar remodeling during growth.

The findings obtained indicate that the tooth germs are positioned in close proximity to the cortical bone

borders. This finding is consistent with previous CBCT observations demonstrating dynamic anatomical

relationships between unerupted teeth, their surrounding follicular structures, and the gubernacular tract
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during dental development [3, 4]. This anatomical proximity is a condition that warrants clinical
consideration, particularly in the pediatric age group, regarding cortical bone perforation, the spread of
infection, and surgical complications.

From a clinical perspective, one of the most relevant findings of the present study was the palatal bone
thickness of 3.94 + 2.58 mm observed adjacent to the maxillary canine germs. Previous CBCT studies
have demonstrated marked site-specific differences between buccal and palatal alveolar bone
dimensions, highlighting the importance of considering the surrounding bony envelope during
orthodontic treatment planning [16—18]. On the other hand, the lingual bone thickness in the mandibular
second molar region was as low as 0.96 + 0.45 mm, identifying this region as a potential anatomical risk
indicator that may warrant careful assessment to minimize the possibility of lingual cortical perforation
during surgical interventions.

Porto et al. reported a lingual bone thickness of 2.95 + 1.16 mm in the mandibular second molar region
of adults, whereas the submillimeter values observed in the present pediatric population demonstrate
that lingual bone support during the developmental period is substantially more limited than in adults
[18]. These findings underscore the importance of careful anatomical risk assessment when planning
surgical and orthodontic procedures in pediatric patients.

Measurements for the right and left homologous tooth germ were similar, reinforcing the methodological
strength of our study. This observation is consistent with symmetry results reported in similar CBCT
studies on adult populations, suggesting that the development of alveolar bone in healthy individuals is
symmetrical and physiological along the dental arch [14, 18, 19]. This symmetry confirms the reliability
of our measurement protocol.

When evaluated according to sex, a significant difference was identified in only one of the 32
measurement sites examined. Specifically, the buccal bone thickness of the mandibular left second
premolar region (35B) was significantly greater in males than in females (1.71 £0.84 mm vs. 1.22 +0.72
mm, respectively; p = 0.005). Previous studies in adult populations have reported sex-related differences
in alveolar bone thickness at specific anatomical sites. Adiglizel et al. [15] and Firincioglulari et al. [20]
reported greater bone thickness in males at several evaluated sites, while the meta-analysis by
Shafizadeh et al. [16] identified significant sex-related associations at selected measurement points
rather than a uniform pattern across the dentition.

In contrast, bone thicknesses showed no significant sex-related differences at most sites, with the
exception of 35B. This finding supports the hypothesis that sex-related differences become more
pronounced after puberty due to hormonal changes, skeletal maturation, and increased occlusal forces.
This finding may partly reflect developmental differences that become more pronounced during and
after puberty, when sex-related differences in bone morphology emerge [22]. Maximum bite force has
also been associated with alveolar bone thickness and morphology [21]. Contralateral symmetry during
childhood further suggests that growth patterns have not yet undergone sex-specific differentiation at
this stage.
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Age-related correlation analyses in our study revealed that alveolar bone thickness does not exhibit a
static structure throughout the growth process but rather undergoes dynamic changes with age. It
should be emphasized that these findings represent cross-sectional associations across children of
different ages, not longitudinal evidence of individual remodeling trajectories. The negative correlation
observed with age in the palatal bone thickness of maxillary premolars and molars may be associated
with the arch expansion accompanying maxillary growth and the buccal and occlusal movements of
tooth germs during the eruption process. It is thought that the dentoalveolar remodeling occurring during
this period contributes to the observed decrease in palatal bone thickness over time.

A different trend was observed in the mandible; a positive correlation with age was detected in the
buccal region of tooth number 37 and in the lingual bone thickness of teeth numbered 43, 44, and 47.
Although the mandibular second molar region was one of the sites where the lowest lingual bone
thickness values were observed in our study, the age-related increase observed in tooth number 47
suggests that bone support in this region develops gradually throughout the growth process. This finding
is compatible with the bone apposition process accompanying the growth pattern of the mandible and
runs parallel to the age-related changes in the anatomical relationship between mandibular third molar
germs and the inferior alveolar canal (IAC) reported by Sun et al. [5]. Consequently, the age-dependent
increase in bone thickness observed in the mandible indicates that the anatomical relationship between
the dental germs and the adjacent neurovascular structures becomes more favorable over time, which
leads to a larger safety margin for surgical interventions towards the adolescent period.

While our results indicate specific regions of limited bone support, such as the mandibular second molar
lingual area, these results should be interpreted as potential anatomical risk indicators rather than direct
evidence of surgical outcome. The establishment of this pediatric reference set may assist clinicians in
preoperative risk assessment; however, the actual impact on reducing surgical complications or
improving eruption guidance remains to be validated via prospective clinical studies. Our cross-sectional
data provide a descriptive framework for understanding the bony envelope surrounding tooth germs,
which serves as a baseline for future research on patient-specific treatment planning in pediatric
dentistry and orthodontics.

One of the primary limitations of our study is that the axial inclination/angulation of the teeth was not
included in the measurements. Plaza-Serrano et al. [23] and Srebrzyriska-Witek et al. [26] reported
associations between tooth inclination and surrounding alveolar bone dimensions, including cancellous
bone thickness. Although performing this measurement in teeth at the germ stage involves technical
challenges, incorporating the factor of axial tooth inclination in future studies could contribute to a more
comprehensive explanation of anatomical variations.

Furthermore, as noted by Goshtasbi et al. [24], the fact that 50—58% of the variation in bone thickness is
associated with genetic factors may provide a possible explanation for the individual differences
observed in our study beyond age and sex. Additionally, the resolution limits of CBCT regarding thin
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anatomical structures below 0.5 mm and the associated measurement uncertainties, as pointed out by
Schulze et al., should be considered a technical limitation [25].

Finally, due to the retrospective nature of our study, the vertical growth patterns (facial height) and
skeletal classes (Class |, II, and 1lI) of the individuals could not be included in the evaluation. Since it is
reported in the literature that these factors can influence alveolar bone morphology [7, 17], this situation
may be considered a limitation in the interpretation of our findings. Therefore, future studies
incorporating variables such as genetic factors, occlusal forces, axial inclinations, and the direction of
growth into their models will contribute to a more comprehensive understanding of the dynamics of
alveolar bone development during the pediatric period.

5. Conclusions

In conclusion, this study establishes a CBCT-based anatomical reference for cortical bone thickness
surrounding developing permanent tooth germs in a pediatric population. Our results show significant
differences between tooth types, jaw regions and age, with less influence of sex and bilateral symmetry
in this developmental stage. While the age-related results point to dynamic patterns, these should be
interpreted as cross-sectional findings across age groups and not as longitudinal trajectories. These
findings point to specific regions where thin cortical bone could be a concern in clinical applications.
However, the direct clinical utility of these reference values for reducing surgical risks or optimizing
orthodontic interventions requires further confirmation through longitudinal and outcome-based
investigations.
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Figures

Figure 1

Measurement protocol for the buccal and lingual/palatal bone thicknesses adjacent to developing
permanent tooth germs on CBCT slices.
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