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Citation: Oğuz, F.; Bor, S.;

Khanmohammadi, A.; Kıranşal, M.
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Abstract: Objective: This study aimed to investigate the correlation between condylar vol-
ume and airway dimensions in skeletal Class I malocclusion patients with different vertical
growth patterns. Cone-beam computed tomography (CBCT) files were analyzed using
AI-performed segmentation to ensure accurate measurements. Materials and Methods: A
total of 93 individuals with skeletal Class I malocclusion (55 females and 38 males; average
age 21.3 ± 3.0 years) were classified into three groups (normodivergent, hyperdivergent,
and hypodivergent) according to their vertical growth patterns. Upper airway and condylar
volumes were calculated following AI-assisted segmentation, and their correlation was
evaluated. Results: In the hyperdivergent group, both airway volume (11.2 ± 5.0 cm3) and
condylar volume (1.2 ± 0.2 cm3) were significantly lower compared to the normodiver-
gent (airway: 14.4 ± 4.9 cm3; condyle: 1.5 ± 0.3 cm3) and hypodivergent groups (airway:
14.1 ± 6.3 cm3; condyle: 1.5 ± 0.3 cm3) (p < 0.05). Although no statistically significant
correlation was detected between airway volume and right condylar volume across the
three groups (normodivergent: r = −0.204, p = 0.280; hypodivergent: r = 0.015, p = 0.936;
hyperdivergent: r = −0.007, p = 0.971), a strong positive correlation was identified be-
tween the right and left condylar volumes in all groups (r > 0.8, p < 0.01). Conclusions:
No significant statistical correlation was detected between condylar volume and airway
volume across the evaluated groups. However, hyperdivergent individuals were found to
have smaller condylar volumes and narrower airway volumes, which may contribute to
increased airway resistance and a higher risk of respiratory dysfunctions. These findings
highlight the importance of considering vertical growth patterns in orthodontic and ortho-
pedic treatment planning, especially when evaluating airway dimensions. Additionally, a
strong and statistically notable positive correlation was detected between the right and left
condylar volumes across all groups.

Keywords: pharyngeal airway; condylar volume; vertical skeletal pattern; artificial
intelligence

1. Introduction
The connection between craniofacial anatomy and the upper respiratory tract contin-

ues to be a relevant subject in dentofacial anomaly research. The Functional Matrix Theory,
proposed by Melvin L. Moss in the 1960s, has been recognized as one of the fundamental
mechanisms of craniofacial growth. According to this theory, skeletal structures are passive
elements, and their growth and development are directed by the surrounding functional
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matrices. Unlike traditional perspectives, Moss suggested that the growth of the cranio-
facial skeleton is influenced not primarily by genetic factors but rather by the demands
of functional matrices, such as respiration, mastication, swallowing, and speech [1]. It
has been concluded that obstructions in the airway or dysfunctions within the functional
matrix, such as issues related to mastication and swallowing, may significantly impact
craniofacial growth [1]. Studies have also reported that the volume and morphology of soft
tissues may change due to craniofacial skeletal anomalies [2,3].

Vertical malocclusions are linked to the pharyngeal airway, with narrowed dimensions
observed in hyperdivergent individuals [4–6]. This condition has been explained as the
narrowing of the pharyngeal airway due to the downward and backward rotation of the
mandible and the posterior displacement of the tongue [7]. These malocclusions may arise
during adolescence due to factors like maxillary/mandibular development, tooth eruption,
and tongue function [8]. Schudy [9] and Isaacson et al. [10], noted that when condylar
growth lags behind maxillary sutures, the mandible rotates backward, causing an open
bite. This results in a high-angle or hyperdivergent growth pattern. Conversely, forward
mandibular growth results in a hypodivergent pattern. This suggests that condylar volume
may influence mandibular rotation and growth direction, thereby altering airway volume.
Posteriorly positioned or small condyles may cause the mandible to rotate backward and
downward. This condition, as seen in hyperdivergent individuals, may lead to a reduction
in airway volume [11].

Research suggests that airway volumes vary with vertical and sagittal growth patterns.
Paul et al. [12] found that horizontal growth patterns correlate with larger airway volumes.
Saccucci et al. [13] reported that the condylar volumes of skeletal Class III patients are
greater compared to Class II and Class I patients. Other studies have also shown that
different skeletal and vertical patterns are associated with variations in the shape, size, and
positions of the condyles [14–16]. Xu et al. [11], through CBCT analysis, detected notable
variations in the pharyngeal airway space among adult skeletal Class II patients based on
different condylar positions, including anterior, posterior and central placements.

Accurately identifying and segmenting teeth from CBCT images plays a significant
role in assisting clinicians with diagnosis and treatment planning. However, achieving
precise segmentation is a challenging process due to various anatomical and technical
difficulties. The close proximity and occasional overlapping of anatomical structures to
be segmented further complicate the segmentation process [17]. Additionally, the similar
densities of these structures can make it difficult to distinguish different tissues in radio-
graphic images [18]. Among the technical challenges, artifacts and low-contrast regions in
CBCT images are significant factors that can affect segmentation accuracy. In particular,
artifacts caused by metal restorations and orthodontic appliances can degrade image qual-
ity, making the segmentation process even more complex [17]. Current tooth segmentation
approaches encompass techniques such as edge-based, region-based, and threshold-based
segmentation methods [16]. These methods often face difficulties in accurately determining
segmentation results [19,20]. With the advancement of artificial intelligence, machine learn-
ing and deep learning methods are increasingly becoming popular for segmenting medical
images. Unlike traditional manual segmentation approaches, which often require the
creation of complex rules, data-driven artificial intelligence models demonstrate superior
accuracy and generalization capabilities [21,22]. These models reduce user dependency,
providing faster, more repeatable, and consistent results. It has been reported that AI-
based segmentation can be performed successfully in pediatric patients in the period of
deciduous and mixed dentition as well as individuals in the permanent dentition [23].
AI-assisted CBCT file (DICOM) segmentation reduces user dependency, enabling faster,
more repeatable, and consistent results. These systems can process large datasets in a
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short time, offering a significant advantage in analyzing anatomical structures such as
airway volume and condylar morphology with greater precision than manual methods.
Additionally, they minimize potential human errors, thereby enhancing measurement accu-
racy. Studies have demonstrated that AI-assisted segmentation methods achieve successful
results in evaluating airway volume in CBCT images and provide more objective analyses
compared to traditional techniques [18,22]. AI-performed CBCT DICOM segmentations
enable the analysis of relationships between craniofacial structures, the measurement of
these structures, and the creation of patient-specific appliances for treatment processes.
Therefore, using an AI-assisted segmentation method provides significant advantages for
our study. While previous studies [7,12,24] have examined airway dimensions and vertical
growth patterns, few have investigated their impact on condylar volume. Traditional
segmentation methods introduce operator-dependent variability, which can compromise
measurement accuracy. To address these limitations, AI-assisted segmentation ensures
precise and reproducible volume assessments. The key novelty of this study lies in utilizing
AI-assisted segmentation to evaluate relationships between craniofacial structure volumes,
reducing human-related segmentation errors for a more objective analysis.

H0: There is no statistically significant correlation between airway volume and condylar volume
segmented using AI-assisted methods in skeletal Class I malocclusion patients with different vertical
growth patterns.

2. Materials and Methods
The Ethics Committee of İnönü University approved this retrospective study prior to

its implementation. All patients provided consent forms permitting the use of their data for
scientific research purposes. The study used the CBCT images of 93 individuals who met
the inclusion criteria from among the records of 2750 patients who had applied to İnönü
University.

Inclusion criteria were defined as follows:

• Age range: Individuals between 18 and 30 years old,
• Skeletal Class I structure,
• No history of orthodontic or orthognathic surgical treatment,
• CBCT images of sufficient quality and resolution,
• No respiratory tract pathology or craniofacial syndromes.

Exclusion criteria included low-quality or incomplete CBCT images, a history of
previous orthodontic treatment, or the presence of relevant craniofacial anomalies.

Skeletal class I patients were included according to ANB and Wits angles and divided
into three groups based on their vertical growth patterns. The GoGn-SN angle was used to
determine these groups, classifying individuals with angles of 26–38◦ as normodivergent,
angles >38◦ as hyperdivergent, and angles <26◦ as hypodivergent (Table 1) [7].

Table 1. Descriptive statistics for the groups.

Group Number of Patients Females Males Mean Age (Years ± SD)

Normodivergent 30 17 13 21.3 ± 2.8

Hyperdivergent 33 20 13 20.7 ± 3.1

Hypodivergent 30 18 12 21.9 ± 3.2
SD: Standard Deviation.

CBCT imaging was conducted with all patients in a standard supine posture using the
same device, with scanning parameters including a scanning time of 14–18 s, a collimation
height of 13 cm, an exposure time of 3.6 s, and a voxel size of 0.25 mm3. During the scan,
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patients were instructed to bite in maximum intercuspation, refrain from swallowing, and
remain motionless.

The acquired 3D images were converted to Digital Imaging and Communications in
Medicine (DICOM). The DICOM images were loaded into NemoStudio (NemoFAB, v2020,
NemoTec, Madrid, Spain). Orientations were adjusted according to the Frankfurt horizontal
plane, and the orientation was saved using the “apply changes” feature (Figure 1).
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Figure 1. Adjusting the Frankfurt horizontal plane to be parallel to the ground and orientation
control.

2.1. Airway Volume Calculation

To calculate airway volume, the “define region” feature in the “Airway” section was
applied on the midsagittal slice to delineate the boundaries of the airway. The upper
boundary was defined as the line extending from the posterior nasal spine (PNS) to the
pterygomaxillary junction, while the lower boundary was the parallel line at the level of
the third cervical vertebra [24]. The posterior boundary was determined by the pharyngeal
wall, and the anterior boundary was defined between the base of the tongue and the soft
palate. These airway volume boundaries were selected as they allow for a comprehensive
assessment of pharyngeal airway dimensions. We believe that this measurement is crucial
for evaluating respiratory efficiency and potential airway obstructions.

Once the boundaries were determined, points were placed on the radiolucent area
forming the airway using the “place points” feature. The airway boundaries were then
reviewed in all reconstructed planes (coronal, axial, and sagittal) to confirm that the
designated points were included within the airway limits. After these checks, the “volume
detection” feature was utilized to calculate the total airway volume (cm3) (Figure 2).
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While calculating the volume of the created three-dimensional airway model, the
minimum axial airway area (mm2) in the pharyngeal region was recorded (Figure 3). After
these measurements, the airway volume calculation was completed.
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2.2. Condyle Volume Calculation

CBCT DICOM files of the patients were imported into the 3D Slicer (version 5.7).
The mandible, maxilla and upper skull, upper teeth, lower teeth, and mandibular canal
were segmented using the DentalSegmentator tool, an artificial intelligence extension de-
veloped by Gauter et al. [25] (Figure 4) (https://www.youtube.com/watch?v=BEG-XhjjiaY,
(accessed on 4 March 2025)).
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Through the Blender Slicer Bridge Tool, which facilitates the transfer between 3D
Slicer and Blenderfordental (Blenderfordental 2024, Dubai, United Arab Emirates) the
generated STL files were transferred to Blenderfordental (B4D) software. Condylar volume
was measured instead of linear measurements to provide a more accurate and three-
dimensional assessment. Taking previous studies as a reference, the CUT tool in the Guide

https://www.youtube.com/watch?v=BEG-XhjjiaY
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Module available in B4D (Figure 5) [13,26] was used solely to separate the inferior border
of the condyle at the point where the sigmoid notch disappears. Since segmentation was
performed by AI, this approach ensured that the entire condylar region up to the sigmoid
notch was incorporated into the study and analyzed. Volume measurement was performed
in mm3 using the 3D Print module in B4D. These values were then converted to cm3. The
measured volumes of the right and left condyles were documented in an Excel table.
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These measurements were repeated by the same operator (F.O) after one month for
10 individuals randomly selected from each group using the www.calculatorsoupplatform.
com (accessed on 4 March 2025). Another researcher (S.B) also performed measurements
on 10 randomly selected individuals from each group using the same methodology and
recorded the results in an Excel table. (Microsoft Office, 365, Redmond, Washington, DC,
USA).

From these data, the DICOM files of 20 randomly selected individuals were segmented
by another artificial intelligence platform (DentalMesh AI), and the consistency of AI-
assisted segmentation was evaluated by comparing the total mandibular volume obtained
from both platforms. According to the total mandibular volume, a comparison between the
two artificial intelligence methods was conducted. The Intraclass Correlation Coefficient
(ICC) was used to assess the consistency between the two AI programs. Moreover, Gautier
et al.’s [25] study was considered as a validation study. The agreement between the two AI
platforms was regarded as an additional strength.

2.3. Statistical Analysis

Data analysis was performed using SPSS software (version 28.0; IBM Corp., Armonk,
NY, USA), with descriptive statistics computed, including mean and standard deviation
(SD). Group differences were assessed using ANOVA for data with a normal distribution,
while the Kruskal–Wallis test was employed for data that did not meet normality assump-
tions. In cases where a significant difference was found in the ANOVA test, a post hoc
Tamhane’s test was performed, and for the Kruskal–Wallis test, Dunn’s test was performed.
As the data were not normally distributed, the Spearman correlation coefficient was applied
to examine the association between airway and condylar volumes. Significance level was
set as p < 0.05.

3. Results
To assess the reliability of segmentation semi-automatic (airway calculation by Nemo-

Fab), both intra-operator and inter-operator reliability tests were conducted. Two inde-
pendent observers segmented the same dataset, and intra-class correlation coefficients

www.calculatorsoupplatform.com
www.calculatorsoupplatform.com
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(ICC) were calculated to evaluate reproducibility. In all groups, intra-operator ICC values
exceeded 0.986, inter-operator ICC values surpassed 0.9, and inter-AI ICC values exceeded
0.95, collectively indicated excellent agreement.

Notable variations in condylar and airway volumes were identified across different
facial divergence groups. In the normodivergent group, the average volume of the right
condylar volume was 1.5 cm3, and the mean airway volume was 14.40 cm3. In the hyper-
divergent group, the average volume of the right condylar volume was 1.2 cm3, and the
mean airway volume was 11.23 cm3. In the hypodivergent group, the average volume
of the right condylar volume was 1.5 cm3, and the mean airway volume was 14.33 cm3

(Table 2). The hyperdivergent group exhibited notably lower airway volumes compared to
the normodivergent and hypodivergent groups. A similar trend was observed for condylar
volumes, with hyperdivergent individuals having significantly smaller condylar volumes
than the other groups.

Table 2. Descriptive Statistics and comparisons of airway volumes and condylar volumes.

Parameter Normodivergent
(n = 30)

Hyperdivergent
(n = 33)

Hypodivergent
(n = 30) Test Statistic p-Value

Airway Volume
(cm3) 14.4 ± 4.9 11.2 ± 5.0 14.1 ± 6.3 χ2 = 7.444 0.024 *

Condylar Volume
(Right) (cm3) 1.5 ± 0.3 1.2 ± 0.2 1.5 ± 0.3 F = 5.501 0.006 **

Airway Volume: Kruskal–Wallis Test was used due to the absence of normal distribution (p < 0.05 indicates
statistical significance). Condylar Volume (Right): ANOVA was used for parametric data. Statistical significant: *
p < 0.05: ** p < 0.01.

The ANOVA test revealed a significant difference in condylar volume among the
groups (p = 0.006) (Table 3).

Table 3. Correlation between right and left condylar volumes.

Group Pearson Correlation (r) p-Value

Normodivergent 0.909 *** <0.001

Hyperdivergent 0.840 *** <0.001

Hypodivergent 0.927 *** <0.001
r: Pearson correlation coefficient; p < 0.05: Statistically significant: *** p < 0.001.

Post hoc analyses using the Tukey HSD test indicated a significant difference in right
condylar volume between the normodivergent and hyperdivergent groups (p = 0.038),
with an even more pronounced difference observed between the hyperdivergent and
hypodivergent groups (p = 0.007) (Table 4).

Table 4. Pairwise comparison of condyle volume in different vertical groups.

Mean
Difference

(1–3)
Std. Error p-Value

95% CI
Lower
Bound

95% CI
Upper
Bound

1 vs. 2 211.417 84.621 0.038 * 9.758 413.076

1 vs. 3 −51.602 86.612 0.823 −258.007 154.803

2 vs. 3 −263.019 84.621 0.007 ** −464.678 −61.359
Significance levels are marked as * p < 0.05 and ** p < 0.01, Post hoc Tukey HSD test; 1: Normodivergent, 2:
Hyperdivergent, 3: Hypodivergent.
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For airway volume data that did not meet normality assumptions, the Kruskal–Wallis
test was performed, revealing significant differences among the groups (p = 0.028) (Table 3).
Post hoc evaluation with Dunn’s test revealed significant difference in airway volume
between the hyperdivergent and normodivergent groups (p = 0.027), whereas no notable
variation was detected between the hyperdivergent and hypodivergent groups (p > 0.05).

As the data did not follow a normal distribution, Spearman correlation analysis was
conducted, showing no significant relationship between condylar volume and airway
volume (p > 0.05).

1. Normodivergent Group: A weak and nonsignificant negative relationship was found
between airway volume and right condylar volume (r = −0.204, p = 0.280).

2. Hyperdivergent Group: No significant relationship was observed between airway
volume and right condylar volume (r = −0.007, p = 0.971).

3. Hypodivergent Group: A nonsignificant positive relationship was detected between
airway volume and right condylar volume (r = 0.015, p = 0.936).

A strong positive correlation was observed between right and left condylar volumes
in all groups (p < 0.01).

4. Discussion
Two-dimensional radiographic volume measurements are considered insufficient

due to the limited visualization of anatomical structures [1]. Consequently, the use of
three-dimensional imaging methods, which provide more comprehensive anatomical
information, has been increasingly evaluated. CBCT offers significant advantages over
conventional methods by providing higher accuracy and precision in airway and condylar
volume measurements, particularly in the detailed assessment of bony structures. The rapid
acquisition of CBCT scans enhances patient comfort while minimizing motion artifacts.
Additionally, compared to conventional computed tomography (CT), CBCT is more cost-
effective and exposes patients to lower radiation doses, making it increasingly preferred in
clinical applications [27,28].

However, CBCT has certain limitations. Unlike magnetic resonance imaging (MRI),
it does not provide soft tissue contrast, which restricts the detailed analysis of the airway
and surrounding soft tissues [17]. Furthermore, CBCT is a static imaging method and
lacks the capability to assess airway function in real-time. Therefore, in cases requiring
dynamic respiratory analysis, MRI or dynamic CT should be used as complementary
imaging modalities [11].

In the present study, airway volume measurements were performed semi-automatically,
with the mandible fully segmented using AI-assisted methods from DICOM files. Condyles
were separated in accordance with the literature, and their volumes were measured using
B4D [13,26]. These AI-assisted volume measurements were found to be highly consistent.
Compared to manual segmentation, AI-assisted segmentation of anatomical structures not
only allows segmentation to be completed in a shorter time but also eliminates potential
human errors [21].

The accuracy of AI-assisted segmentation was visually assessed using a DICOM viewer
and compared with results from another AI platform, DentalMesh AI. A strong level of
agreement was observed between the two. The use of AI in evaluating anatomical structures
and understanding their relationships has the potential to enhance our knowledge of human
craniofacial development.

In individuals with skeletal Class I, different vertical growth patterns can develop. In
this study, skeletal Class I individuals were categorized into three groups based on their
vertical growth patterns: normodivergent, hyperdivergent, and hypodivergent. Existing
research explores the association between vertical growth patterns and pharyngeal airway
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dimensions [6,29,30]. Grauer et al. [29] examined pharyngeal airway volume across various
vertical growth patterns using CBCT and concluded that total airway volumes did not differ
significantly. Differences in sample selection criteria, such as anatomical variation and age
distribution, may have influenced these results. Additionally, variations in segmentation
algorithms and measurement techniques could explain these discrepancies.

Unlike these studies, the present study found that the hyperdivergent group had signif-
icantly lower airway volumes compared to the normodivergent and hypodivergent groups
(p < 0.05). Hyperdivergent individuals often exhibit mandibular backward rotation, which
can narrow the pharyngeal airway by displacing the tongue and soft palate, increasing
airway resistance. Additionally, increased facial height and weak masticatory muscle activ-
ity may further contribute to reduced airway width. These factors may lead to increased
airway resistance and a higher risk of obstructive sleep apnea (OSA) in hyperdivergent
individuals [31].

This finding indicates that hyperdivergent growth patterns should be carefully con-
sidered in orthodontic treatment planning. Since hyperdivergent individuals exhibit
smaller condylar volumes and narrower airway dimensions, evaluating airway patency
and mandibular growth potential before initiating orthodontic treatment is crucial. Or-
thopedic or functional appliances designed to improve mandibular position and enhance
airway volume may be particularly beneficial for these patients.

However, this relationship may vary in normodivergent and hypodivergent individu-
als. In this regard, the present study yielded results like those of Freitas et al. [6], Flores
et al. [30] and Celikoglu et al. [24]. In their study, Celikoğlu et al. [24] evaluated airway
dimensions in patients with varying vertical growth patterns and found that the hyper-
divergent group exhibited the lowest oropharyngeal, nasopharyngeal and total airway
volumes. Similarly, Paul et al. [12] reported that the average airway volume in hypodiver-
gent individuals was significantly higher than in hyperdivergent individuals. Conversely,
Salehi et al. [32] found no significant association between airway volume and vertical
growth patterns. These discrepancies may stem from methodological differences, including
variations in software, sample size, and imaging modalities used across studies.

This study aimed to assess mandibular condyle volume in different vertical growth
patterns and its correlation with airway volume. Burke et al. [33], found that hyperdivergent
individuals had reduced superior joint spaces and posteriorly inclined condyles, whereas
normodivergent and hypodivergent individuals had larger joint spaces and anteriorly
positioned condyles. Similarly, Park et al. [34] reported smaller, more superiorly positioned
condyles in hyperdivergent individuals. Consistent with these findings, this study observed
significantly lower condylar volumes in the hyperdivergent group. Since the mandible
in hyperdivergent tends to rotate downward and backward, condylar development may
be affected. Additionally, their masticatory muscles are typically less developed with
lower muscle tone [35], leading to reduced mechanical loading on the condyle, potentially
limiting bone growth and contributing to smaller condylar volume.

Xu et al. [11] investigated the relationship between condylar position (anterior, poste-
rior, central) and airway volume using CBCT, finding significant differences in pharyngeal
airway volume based on condylar position. Unlike their study, this research focused on
condylar volume and its correlation with airway volume but found no significant associa-
tion, suggesting that condylar volume may not directly influence airway volume or that its
effect was not evident in the analyzed sample. A larger sample or different measurement pa-
rameters may provide further insight. However, a strong correlation was observed between
right and left condylar volumes across all groups, aligning with Orhan et al. [26], while
Al-Koshab et al. [36] reported a significantly larger right condyle, highlighting potential
anatomical variations.
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This study has several limitations. The sample, limited to individuals with skeletal
Class I malocclusion, may affect the generalizability of the findings. Variations in patient
positioning and motion artifacts could also impact segmentation accuracy. While AI-
assisted segmentation improves accuracy, CBCT imaging has inherent limitations, including
motion artifacts, the need for semi-automatic airway adjustments, and its inability to assess
dynamic airway function, unlike 4D techniques.

Future studies should include larger, more diverse samples with varying skeletal clas-
sifications, demographics, and physiological factors to enhance validation and investigate
condylar and airway morphology variations. Advancements in AI-assisted segmentation
should also be explored to improve accuracy and reduce operator dependency.

5. Conclusions
The null hypothesis was accepted. No significant correlation was found between

the condyle volume and airway volume in all groups. This may indicate that condyle
volume does not directly affect pharyngeal airway width, or its effect is not significant
in the analyzed sample. Vertical growth patterns significantly affected both pharyngeal
airway width and condylar volume, with hyperdivergent individuals exhibiting smaller
condylar volumes and narrower airways. Additionally, the strong positive correlation
between right and left condylar volumes indicates a tendency for symmetrical growth of
mandibular condyles.
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