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Abstract

Objectives—To evaluate the temporomandibular joint (TMJ), condylar and mandibular 

movements in obstructive sleep apnea (OSA) patients treated with mandibular advancement device 

(MAD) and to identify the influence of these anatomic factors on upper airway (UA) volume and 

polysomnographic outcomes after treatment.

Materials and methods—Twenty OSA patients were prospectively treated with MAD. Clinical 

examinations, cone-beam computed tomography, and polysomnography were performed before 

MAD treatment and after achieving therapeutic protrusion. Polysomnographic variables and three-

dimensional measurements of the TMJ, mandible, and upper airway were statistically analyzed.

Results—Condylar rotation, anterior translation, and anterior mandibular displacement were 

directly correlated with total UA volume, while vertical mandibular translation was inversely 

correlated with the volume of the inferior oropharynx. MAD treatment resulted in an increase in 

the volume and area of the superior oropharynx. There was no statistically significant correlation 

between condylar rotation and translation and polysomnographic variables. With MAD, there was 
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a significant increase in vertical dimension, changes in condylar position (rotation and translation), 

and mandibular displacement. The central and medial lengths of the articular eminence were 

inversely correlated with condylar rotation and translation, respectively. The lateral length of the 

eminence was directly correlated with condylar translation, and the lateral height was directly 

correlated with condylar rotation and translation.

Conclusion—Condylar and mandibular movements influenced UA volume. The articular 

eminence played a role in the amount of condylar rotation and translation.

Clinical relevance—Individualized anatomical evaluation of the TMJ proves to be important in 

the therapy of OSA with MAD.
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Introduction

Obstructive sleep apnea (OSA) is a respiratory disorder characterized by partial or complete 

obstruction of the upper airway (UA), which prevents normal ventilation during sleep. 

This obstruction leads to partial reduction (hypopnea) or complete cessation (apnea) of 

respiratory flow, resulting in cortical arousals and/or a drop in blood oxygen saturation 

[1]. Polysomnography (PSG) is considered the gold standard for diagnosing OSA [2]. This 

examination monitors respiratory and sleep parameters, including the evaluation of the 

Apnea–Hypopnea Index per hour (AHI) [3]. Based on AHI values, OSA can be classified as 

mild (AHI = 5–15 events/hour), moderate (AHI = 15–30 events/hour), and severe (AHI > 30 

events/hour) [1].

Treatment selection for OSA is based on the severity of the disease, as well as patient 

cooperation and interest [4]. Intraoral appliances (IOA) have emerged as an alternative for 

patients with mild to moderate OSA who are resistant to continuous positive airway pressure 

(CPAP) treatment [5]. Among several IOAs, mandibular advancement devices (MADs) are 

appliances that generate mandibular protrusion, thereby increasing the volume of the UA 

and improving the clinical symptoms of OSA [5]. Knowledge of the biomechanics of MADs 

and the anatomy of structures that can influence the treatment of OSA is essential for 

therapeutic success since individual characteristics of each patient can impact the prognosis 

and success of this approach.

Cone-beam computed tomography (CBCT) proves to be an important tool for analyzing 

soft and skeletal tissues, allowing for precise, simple, and fast three-dimensional evaluation 

of craniofacial anatomical structures and the UA. This three-dimensional (3D) analysis 

facilitates both the planning and the predictability of OSA treatment. Additionally, CBCT 

provides lower radiation doses and reduced costs compared to conventional computed 

tomography [6, 7].

The treatment with MAD aims to improve the signs and symptoms of OSA through 

mandibular advancement, making the anatomy of the temporomandibular complex an 
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important factor to be evaluated for clinical decision-making regarding the treatment to 

be applied. However, the exact correlation between the temporomandibular joint (TMJ), 

mandibular advancement therapies, and UA patency is not yet fully understood [8, 9]. In this 

context, the objective of this study is to evaluate, using 3D images, the anatomical structures 

of the temporomandibular joint (TMJ), condylar and mandibular movements with MAD use 

for OSA treatment, as well as to assess the possible correlation of these anatomic factors 

with UA volume and PSG parameters.

Materials and methods

This observational longitudinal study was approved by the Research Ethics Committee 

of the Federal University of São Paulo, Brazil (number 0301/10), and all patients were 

provided with a written Informed Consent Form (IFC), which they were required to sign in 

order to participate in the study. Patients who had previously been diagnosed with OSA and 

were referred for MAD therapy were selected. Initially, 63 patients were recruited, but 21 

patients did not meet the study’s eligibility criteria, resulting in the selection of 42 patients. 

However, 20 patients did not undergo all the necessary exams, and 2 patients dropped off 

from the study, resulting in a final sample of 20 patients (9 males and 11 females) (Fig. 1). 

The patients underwent clinical, polysomnographic, and CBCT examinations before starting 

MAD treatment (T0) and after achieving therapeutic protrusion (TP) (T1), with the exams 

being performed with the appliance placed in the oral cavity. At T0, the sample included 15 

patients with mild OSA, 3 with moderate OSA, and 2 with severe OSA (Table 1).

The study analyzed demographic, tomographic, and polysomnographic variables. The 

demographic variables included information such as sex, age, weight, height, and body mass 

index (BMI) of the individuals. The three-dimensional image variables encompassed linear 

and angular measurements of the cranial base, TMJ, and mandible, as well as linear and 

volumetric measurements of the airways. Finally, the polysomnographic variables consisted 

of the AHI and minimum and average oxyhemoglobin saturation (SpO2).

Inclusion criteria

Eligible for the research were adult patients of both genders, aged between 18 and 

65 years, with a body mass index (BMI) ≤ 35 kg/m2, and clinically and polysomno-

graphically diagnosed with OSA (AHI ≥ 5/h) according to the International Classification 

of Sleep Disorders. They also had a negative diagnosis for temporomandibular disorders, 

as determined by the Research Diagnostic Criteria for Temporomandibular Disorders—

RDC/TMD questionnaire (adapted to the Portuguese language) [10], and a minimum 

mandibular protrusion of 7 mm (measured from maximal retrusion to maximal protrusion), 

clinically assessed with the George Gauge® device (Great Lakes Orthodontics).

Exclusion criteria

Patients using psychoactive medication or medications that induce or reduce sleep or could 

modify the electroencephalographic pattern were excluded from the study. Those who 

had undergone any previous surgical treatment for OSA were also excluded. Additionally, 

patients with unsatisfactory dental conditions (such as active periodontal disease, cavities, or 
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an insufficient number of teeth for MAD retention) and/or a crown-to-root ratio of 1 to 1 or 

inverted (2 to 1) were excluded.

Sample size calculation and patient selection

The sample size calculation was based on the study by Consellu et al. [11], where a 

significant increase in the mean volume of the airways (+ 1261.6 ± 1476.2 mm3) was 

observed in 16 patients with OSA after treatment with MAD. Therefore, it was estimated 

that a minimum of 16 patients evaluated at two time points would be needed to obtain 

a sample with a 95% confidence interval and 90% power (paired t-tests). Thus, the total 

sample of the study consisted of 20 patients, with a mean age of 48.35 ± 10.42 and a mean 

BMI of 27.10 ± 4.29.

Polysomnographic examination

All-night PSG was performed at the Instituto do Sono de São Paulo using digital-based 

polysomnography equipment (Embla® N7000, Embla Systems, Inc., Broomfield, CO, 

USA). Surface electrodes were used to record electroencephalography, submental and 

tibial electromyography, bilateral electrooculogram, and electrocardiography. Breathing 

was monitored with a nasal cannula, and nasal flow was measured using a pressure 

transducer and oronasal thermistor. Respiratory effort was assessed using chest and 

abdomen inductance plethysmography. Pulse oximetry was used to measure oxyhemoglobin 

saturation. The analysis of the polysomnographic examination data and the diagnosis of 

OSA were performed by specialized physicians. Apnea was defined as a complete cessation 

of airflow for at least 10 s, while hypopnea was defined as a decrease in airflow by 

30% or more for at least 10 s, followed by a reduction of 4% or more in SpO2. The 

Apnea–Hypopnea Index (AHI) was defined as the number of obstructive events (apnea and 

hypopnea) occurring per hour of sleep. S pO2 was defined as the percent of hemoglobin in 

the blood that is carrying oxygen. Minimum S pO2 was defined as the lowest observed SpO2 

value during the examination, while mean SpO2 was defined as the average value of S pO2 

recorded throughout the examination [1]. In this study, treatment success was defined as an 

AHI reduction below 5 obstructive events per hour. Responders were classified based on an 

AHI reduction ≥ 50% from baseline or achieving an AHI of < 10 events per hour [12, 13].

Mandibular advancement device and measurement of protrusion amount

The mandibular advancement device used in this study was the Brazilian Dental Appliance 
(BRD) [4], which is an individualized intraoral appliance designed to gradually advance 

the mandible (Fig. 2). It consists of two acrylic bases, one in each dental arch, that 

cover all the teeth. The appliance incorporates anteroposterior expansion screws on both 

sides. Additionally, the design of the appliance allows for small lateral movements by the 

patient [4]. The MAD was installed with an initial advancement of 50% of the maximum 

mandibular protrusion capacity, until reaching the therapeutic protrusion, which ranged from 

85 to 100% of the maximum mandibular protrusion amount.
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Acquisition of tomographic images

The CBCT scans were performed at a private dental radiology clinic using an i-CAT® 

scanner (Imaging Sciences International, Hatfield, PA). The scanner was configured with 

120 kVp, 3–8 mA, a voxel size of 0.4 mm, and a field of view (FOV) of 23 cm × 17 

cm, allowing for full vertical framing of the head [14, 15]. The images were acquired in 

the Digital Imaging and Communications in Medicine (DICOM) format. The scans were 

performed before the initiation of OSA treatment with MAD (T0) and after achieving 

TP (T1). At T0, the scan was performed with the mandible occluded in maximum 

intercuspidation, and at T1, with the intraoral appliance in place [9, 15, 16]. During the 

image acquisition, the patients were required to be awake, with the head in a natural position 

(Frankfurt horizontal plane parallel to the ground) and with their gaze fixed on the horizon 

line. Additionally, they were instructed not to move, swallow, or take deep breaths during the 

scan to avoid changes in the airway space [17, 18].

Image processing

Cranial base, TMJ, and mandible measurements—For bilateral measurements, the 

arithmetic mean of both sides was calculated. The following parameters were analyzed in 

the skull base, TMJ, and mandible: vertical dimension, height of the articular eminence, 

condylar rotation and translation, mandibular advancement, rotation, and translation (Table 

2). Linear measurements were assigned positive and negative signs. Positive values indicated 

anterior movements in anteroposterior displacement, while negative values indicated 

posterior movements. For superoinferior displacement, positive values indicated superior 

movements, and negative values indicated inferior movements (Figs. 3, 4, and 5).

The T0 and T1 data were processed using open-source imaging platforms. Two open-source 

software programs were used for processing the T0 and T1 data following the steps 

described below:

1. Segmentation—construction of 3D volumetric label maps for T0 scans: The ITK-

SNAP 3.8 software (https://www.itksnap.org) was utilized for the segmentation of the 

cranial base, TMJ, mandible, and airways, essential for image processing. Additionally, 

it was employed for the conversion of DICOM files to NifTI files [19]. The segmentation 

involved the use of the active contour method to outline anatomical structures based on 

the grayscale intensity of the CBCT image and its boundaries. The threshold was adjusted 

scan by scan, as ITK-SNAP allows for the customization of parameters for the automatic 

detection of intensities and boundaries. Moreover, it enables users to interactively edit 

contours [20, 21] (Supplementary Figure 1).

2. Head orientation: Three-dimensional surface models of the T0 segmentations were 

created and employed for head orientation using the Slicer software. The orientation process 

involved aligning the models with the Frankfurt horizontal, sagittal, and transporionic 

planes, which corresponded to the axial, sagittal, and coronal planes, respectively, within a 

standard coordinate system in the Slicer software. The matrix generated from this systematic 

orientation procedure was subsequently applied to the T0 scan and 3D volumetric label map 
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(segmentation), ensuring a consistent head orientation [16, 21, 22] (Supplementary Figure 

2).

3. Registration: To align the T1 scans with the previously oriented T0 scans, a manual 

approximation was performed using the transform module in the Slicer software [16, 22]. 

Sub-sequently, an automatic voxel-based registration method [23] was applied within the 

Slicer software. This method utilized the segmentation of stable anatomical structures as 

a mask for the reference region, instructing the software on which areas to search for 

corresponding voxels to achieve registration. The matrix generated from this step was then 

applied to the pre-labeled and approximated T1 3D volumetric label maps to achieve the 

same registration as T0. Following registration, 3D surface models of the mandible for T0 

and T1 (.vtk files) were generated for each tested mask. Image registration was employed to 

assess the 3D spatial differences between T0 and T1, based on their overlapped images [16, 

21, 22] (Supplementary Figure 3).

4. Segmentation—construction of 3D volumetric label maps for T1 scans: The 

segmentation of the registered T1 scans was also performed using ITK-SNAP software, 

following the same methodology as described for T0 [16, 21] (Supplementary Figure 1).

5. Pre-labeling and placement of landmarks on the T0 and T1 images: Sixteen 

3D points were directly defined on the tomographic images using a 3D marker in the 

ITK-SNAP software as a pre-labeling step (Supplementary Table 1). These pre-labeling 

landmarks were subsequently utilized as reference points for the placement of landmarks in 

the 3D surface models within the Slicer software (Supplementary Figure 4) [21, 22, 24].

6. Automated quantification of 3D components (AQ3DC software tool): Upon 

establishing the reference points, linear, angular, area, and volumetric measurements of 

the cranial base, TMJ, mandible, and airway were obtained. These measurements were 

performed using the AQ3DC tool, which represents the automated version of Q3DC in 

Slicer software. The units of these measurements were expressed in millimeters (mm) for 

linear dimensions, degrees (°) for angular measurements, square millimeters (mm2) for area 

measurements, and cubic millimeters (mm3) for volumetric measurements (Supplementary 

Figure 5) [22].

Quantification of measurements in the upper airway—The volume and area of the 

UA, superior oropharynx, and inferior oropharynx were calculated. The upper boundary 

of the UA was defined superiorly by the basion (Ba) and posterior nasal spine (PNS) 

points, while the lower boundary was defined by a tangent line to the most inferior and 

anterior point of the fourth cervical vertebra (C4), parallel to the Frankfurt plane. The UA 

was divided into two regions, namely the superior oropharynx and the inferior oropharynx, 

separated by a tangent line to the most inferior and anterior point of the second cervical 

vertebra (C2), also parallel to the Frankfurt plane (Fig. 6).

Study error—The tomographic measurements were conducted by a single examiner with 

a 15-day interval between each assessment, followed by an analysis of intra-operator 

agreement. The data were exported to Microsoft Excel spreadsheets (Microsoft Corporation, 
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Redmond, WA) and analyzed using the Statistical Package for the Social Sciences (SPSS®) 

version 20.0 for Windows (IBM Corporation, Sommers, NY). The intra-class correlation 

coefficient (ICC) with a 95% confidence interval was employed to evaluate systematic errors 

concerning the numerical data.

Statistical analysis

The data were stored in Microsoft Excel and exported to the SPSS® version 20.0 software 

for Windows. Analysis was conducted using a 95% confidence interval. The variables 

were expressed as mean and standard deviation and assessed for normality using the 

Kolmogorov–Smirnov normality test. Paired t-tests were used to compare measurements 

at T0 and T1 (for parametric data), while Pearson’s correlation was employed to evaluate 

correlations.

Results

Study error

The intra-examiner repeatability of angular, linear, and volumetric measurements 

demonstrated excellent results in terms of correlation coefficients, with values exceeding 

0.9 for the intra-class correlation coefficients (ICCs).

Therapeutic protrusion

The average therapeutic protrusion was 94.4 ± 4.6%. This value was determined based on 

the improvement in signs and symptoms of OSA documented in the medical records, with 

the treatment time to achieve it varying between 4 and 6 months.

Vertical dimension

The utilization of MAD resulted in a significant increase in the superoinferior distances of 

N-B (p < 0.001) and N-Me (p < 0.001), indicating that MAD affects the vertical dimension 

of the patients while in use (Table 3).

Condylar and mandibular measurements

A significant change in condylar positioning was observed, as indicated by rotational (p < 

0.001) and translational (p < 0.001) movements, with a tendency for forward and downward 

movement. In terms of mandibular displacement, a significant forward advancement of point 

B was noted, in line with the increase in SNB angles (p = 0.004) and ANB angles (p < 

0.001) (Table 3).

A direct correlation was observed between condylar rotation (Em.Co0Co1) and mandibular 

translation (Fs. Go0Go1 and Go0Go1 AP), indicating that higher condylar rotation 

leads to greater anterior mandibular displacement. Additionally, higher condylar rotation 

(Em.Co0Co1) resulted in larger amounts of mandibular advancement (B0-B1 and Me0Me1) 

with the use of MAD (Table 4).

Anterior condylar translation (ΔFs-Co AP, ΔCo-Em AP, and Co0Co1 AP) also showed 

a direct correlation with mandibular translation and advancement. Increased anterior 
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movement of the condyles was associated with higher values of mandibular translation 

and advancement. Conversely, inferior translation measures (ΔFs-Co SI, ΔCo-Em SI, and 

Co0Co1 SI) were mostly correlated with lower values of anterior translation and mandibular 

advancement. The inferior translation measures (ΔFs-Co SI, ΔCo-Em SI, and Co0Co1 SI) 

were primarily associated with an increase in the vertical dimension with the use of MAD 

(Table 4).

Articular eminence dimension

In terms of the articular eminence measurements, it was observed that a larger central 

length of the articular eminence (Fs-Em AP) was associated with smaller amounts of 

condylar rotation (Em.Co0Co1) (p = 0.034, r = − 0.476). The medial length displayed an 

inverse correlation with condylar translation values (Fs.Co0Co1) (p = 0.038, r = − 0.466). 

Conversely, the lateral length of the articular eminence demonstrated a direct correlation 

with three measurements of condylar translation (Fs.Co0Co1, ΔCo-Em SI, ΔCo-EmM SI), 

while exhibiting an inverse correlation in only one measurement (ΔCo-EmL AP). In general, 

a longer lateral length of the articular eminence was associated with greater condylar 

translation, particularly in terms of the inferior displacement of the condyles.

The height in the lateral portion (Fs-EmL SI) of the articular eminence exhibited correlations 

with condylar rotation and translation. A higher height in the lateral region was associated 

with larger amounts of condylar rotation (ΔFs. CoGo) (p = 0.025, r = 0.5) and translation 

(Fs.Co0Co1) (p = 0.426, r = 0.188) with the use of MAD.

Both the height and length of the articular eminence did not demonstrate correlations 

with mandibular measurements, including rotation, translation, advancement, as well as the 

vertical dimension with the use of MAD (Table 5).

Upper airway and polysomnographic values

Out of the 20 patients evaluated, 17 were categorized as responders (AHI < 10), and 

among them, 14 demonstrated successful treatment with an AHI < 5. However, all patients 

exhibited a significant reduction in AHI (p < 0.001) (Table 3). Three patients did not 

achieve an AHI < 10 or a 50% reduction in AHI, and as a result, they were classified as 

non-responders. The mean S pO2 did not show a significant improvement with treatment 

(p = 0.181), while the minimum SpO2 demonstrated a significant increase with the use of 

MAD (p < 0.001). Additionally, there was a significant increase in both the volume and 

area of the superior oropharynx (p = 0.005) (Table 3). The mean S pO2 did not show a 

significant improvement with treatment (p = 0.181), while the minimum S pO2 demonstrated 

a significant increase with the use of MAD (p < 0.001). Additionally, there was a significant 

increase in both the volume and area of the superior oropharynx (p = 0.005) (Table 3).

Condylar rotation demonstrated a direct correlation with the increase in total UA volume 

and the volume of the superior oropharynx. Additionally, condylar translation generally 

displayed a direct correlation with the increase in UA volume, encompassing both the total 

volume and the volumes of the superior and inferior oropharynx. However, there was no 

statistically significant correlation observed between condylar rotation and translation with 

AHI, mean S pO2, and minimum SpO2 (Table 6).
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By examining the mandibular movements during the use of MAD, it was observed that 

higher values of anterior mandibular translation (Fs.Go0Go1, Go0Go1 AP) were associated 

with a greater increase in total UA volume and the volume of the superior oropharynx. 

Conversely, vertical mandibular translation (Go0Go1 SI) was correlated with a decrease in 

volume specifically in the inferior oropharynx. Additionally, a greater anterior mandibular 

displacement (B0-B1 AP, and Me0.Me1 AP) was associated with larger volumes in the UA, 

superior oropharynx, and inferior oropharynx (Table 6).

When examining the correlation between UA dimensions and polysomnographic changes, 

positive correlations were observed between improvements in the minimum S pO2 values 

and various UA parameters, including UA total volume, UA total area, as well as the 

volumes and areas of the superior and inferior oropharynx (Table 7).

Discussion

This study utilized three-dimensional imaging to evaluate the anatomical structures of the 

mandible, TMJ, and airways, as well as the correlation of TMJ, mandibular, and condylar 

movements with UA and polysomnographic parameters during the use of MAD for OSA 

treatment. The findings revealed that the MAD led to an increase in UA volume by 

advancing the mandible, which may be associated with positional changes, rotation, and/or 

translation of the condyles within the temporomandibular joint [25]. Consequently, the 

temporomandibular complex, encompassing the condyles, articular eminence, and fossa, 

plays a crucial role in determining the position and displacement of the mandible, as well 

as the extent of mandibular advancement, UA volume augmentation, and treatment efficacy 

of MAD. Gaining insight into these factors is vital for tailoring OSA treatment with MAD 

to individual patients. However, studies investigating the correlation of MADs with condylar 

movements (rotation and translation), patterns of mandibular displacement, TMJ anatomical 

structures, and UA volume using CBCT imaging are limited in the existing literature.

Treatment with MAD resulted in an increase in the vertical dimension, as indicated 

by the measurements of N-B and N-Me, as well as mandibular advancement observed 

through measurements of SNB and ANB, indicating anterior displacement of the mandible 

associated with mandibular downward displacement. Although MAD promotes anterior 

movement of the mandible, the amount of vertical mandibular displacement outweighs the 

advancement [16, 26, 27]. These vertical changes may be attributed to the thickness of the 

acrylic material covering the occlusal surfaces [26], leading to a posterior positioning of the 

mandible [26, 27].

Appliances with greater vertical dimensions have been observed to potentially compromise 

the inferior oropharynx due to downward and backward displacement of the mandible. 

In this study, it was found that the MAD led to an increase in vertical dimension 

with significant changes in condylar position and mandibular displacement. This finding 

emphasizes the need to consider individualized MAD fabrication with smaller vertical 

dimensions.
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In addition to the vertical changes, a change in condylar position was observed after MAD 

treatment, assessed through condylar translation and rotation. Previous studies [28] that 

analyzed sagittal mandibular movements and their relation to the mandibular condyle found 

that sagittal mandibular movements converge at the condyle. This means that mandibular 

advancement and condylar movements, represented by rotation and translation, are directly 

related.

Although rotation and translation movements are inherent to mandibular advancement 

promoted by this device, we observed a significant direct correlation between condylar 

rotation and mandibular translation and advancement, as well as an inverse correlation 

with vertical dimension. Conversely, condylar translation showed a significant direct 

correlation with advancement and vertical dimension, but an inverse correlation with 

mandibular translation. These findings can be justified by the fact that MAD promotes 

mandibular protrusion, resulting in the condyle moving downward and forward in relation 

to the articular fossa [29]. Consequently, the mandible experiences rotation and posterior 

displacement [30], leading to an increase in vertical dimension [26].

The influence of the articular eminence on condylar and mandibular movements was 

analyzed. An inverse correlation was observed between the central length of the eminence 

and condylar rotation, as well as between the medial length of the eminence and condylar 

translation. Conversely, the lateral length and height showed a direct correlation with 

condylar rotation and translation. In their evaluation of condylar movements, Bruno et al. 

[27] observed that during translation, the condyle moves forward, surpassing the eminence 

[29]. This finding demonstrates that the dimensions of the eminence can influence condylar 

rotation and translation, resulting in a change in condylar positioning with a tendency for 

forward and downward displacement. These changes impact mandibular movements, leading 

to a counterclockwise mandibular movement. Additionally, the anteroinferior displacement 

of the condyle allowed for an increase in UA volume.

The MAD treatment resulted in a significant reduction in AHI (p < 0.001), with 85% of 

the sample classified as responders. Consistent with other studies [16, 31, 32], these results 

underscore the effectiveness of MADs in reducing AHI, particularly in cases of mild to 

moderate OSA [5]. Additionally, a significant increase in minimum S pO2 was observed, 

while mean SpO2 did not show significant changes. Similar findings were reported in 

previous studies [5, 16, 32, 33]. After MAD therapy, a significant increase in the volume 

and area of the superior oropharynx was observed. Gurgel et al. [16], Pahkala et al. [31], 

and Marco-Pitarch et al. [32] also reported an increase in oropharyngeal volume after MAD 

therapy. This increase is attributed to the anterior positioning of the mandible, which widens 

the upper airways, particularly in the regions that define the anatomical boundaries of 

the oropharynx, such as the soft palate, tongue, and the lateral pharyngeal walls located 

behind the tongue [32]. However, similar effects were not observed in the total volume 

and area, or the volume and area of the inferior oropharynx. These findings are consistent 

with those described in the literature [16] and are associated with the clockwise mandibular 

rotation resulting from the mandibular advancement device, which prevents an increase 

in the volume of the inferior oropharynx [16, 26]. The present study demonstrated that a 

greater increase in total airway dimensions, as well as superior and inferior oropharynx 
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dimensions, was associated with a larger improvement in minimum oxygen saturation. 

However, no correlation between UA dimensions and AHI was identified, possibly due to 

a relatively small average variation in UA volume of only 1374.47 mm3. Similar findings 

were reported by Camañes-Gonzalvo et al. [34]. The authors reported a positive correlation 

between upper airway volume and minimum oxygen saturation, while average upper airway 

volume changes of 5000 mm3 were found to be correlated with the AHI. The lack of 

correlation between AHI and UA volumetric dimensions also represents an important 

finding. It indicates that the multifactorial complexity of OSA, individual anatomical 

variability, oropharyngeal muscle dynamics during sleep, and different severity stages of 

OSA are crucial factors to be explored in future studies. In addition, the correlation between 

condylar rotation and translation movements with polysomnographic and airway findings 

was evaluated, revealing a significant correlation between condylar rotation and translation 

and changes in total volume, as well as the volume of the superior and inferior oropharynx. 

However, no significant correlation between condylar movements and polysomnographic 

values was identified.

Although magnetic resonance imaging (MRI) is the preferred option for evaluating soft 

tissues of the pharynx, it is costly. CBCT has been shown to be a precise and comparable 

technique to MRI [32] and is used to identify craniofacial characteristics that may influence 

the outcomes of mandibular advancement therapy for OSA [35]. Therefore, tomographic 

images were used to evaluate craniofacial anatomical structures and airways in the present 

study.

In this study, CBCT acquisitions were conducted with patients in an upright position. Gurgel 

et al. [35] highlighted the significance of body position during CBCT acquisition, reporting 

the influence of position, posture, and gravity on UA dimensions. The authors found no 

difference in UA volume evaluations between healthy and OSA patients in the supine 

position, but in the upright position, UA dimensions were significantly reduced in the OSA 

group. These results suggest that patient positioning during CBCT acquisition may introduce 

more bias in case–control studies than in cohort studies, owing to differences in muscle 

responses to gravity when comparing healthy and OSA individuals [35]. To address potential 

limitations and biases related to the upright position, we meticulously standardized the initial 

and final tomographic image acquisitions in the present study. Additionally, we emphasize 

the challenge of establishing parallels with previous findings, as similar investigations 

assessing the correlation between 3D images, the severity of OSA, and MAD therapy are 

still scarce. The absence of a control group may represent another limitation. However, 

from an ethical standpoint, it is not justifiable to subject patients in this group to MAD 

treatment and two computed tomography exams without a specific indication. The present 

study importantly elucidates that the anatomic characteristics of the articular eminence may 

influence condylar and mandibular movements, as well as mandibular advancement, which 

are correlated with UA volume. These findings highlight that the anatomy and movement of 

the TMJ complex, in conjunction with MAD therapy, may directly and indirectly influence 

UA patency. Consequently, these factors should be considered and clinically evaluated 

during the planning and decision-making process for OSA treatment with MAD. The 

outcomes of this study demonstrated that individual anatomical characteristics may have 

an impact on UA improvement during MAD treatment. Therefore, the clinical evaluation 
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of specific anatomical particularities is essential to individualize the treatment of OSA and 

enhance the success of MAD use.

Conclusion

The articular eminence influenced condylar rotation and translation, while the rotational and 

translational movements of the condyle, as well as mandibular translation and advancement, 

affected the upper airway volume, but did not have an impact on PSG parameters. The 

anatomy of the TMJ complex plays a significant role in the UA during MAD therapy, 

emphasizing the importance of individualized anatomical evaluation of patients prior to 

selecting OSA treatment options.
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Fig. 1. 
Study flowchart. CBCT, cone beam computed tomography; MAD, mandibular advancement 

device; OSA, obstructive sleep apnea; PSG, polysomnography; TP, therapeutic protrusion
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Fig. 2. 
a Frontal view of the Brazilian Dental Appliance (BRD) placed in an OSA patient; b lateral 

view of the Brazilian Dental Appliance (BRD) placed in an OSA patient
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Fig. 3. 
Angular and linear measurements performed on the skull and mandible. a Fs.Go0Go1 angle 

through image overlay. b Linear distances N-B, N-Me in T0 and T1; B 0-B1, Me0-Me1, and 

G o0-Go1 through image overlay. c Fs.CoGo angle in T0 and T1 measurements of reference 

points are described in Supplementary Table 1
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Fig. 4. 
Angular and linear measurements performed on the TMJ and mandible. a Fs.Co0Co1, 

Em.Co0Co1, EmMed.Co0Co1, and EmLat. Co0Co1 angles through image overlay; b linear 

distances Fs-Co, Co-Em, Co-EmMed, and Co-EmLat in T0 and T1; c linear distances 

Fs-Em, Fs-EmMed, and Fs-EmLat in T0 and C o0Co1 through image overlay. Measurements 

of reference points are described in Supplementary Table 1
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Fig. 5. 
Angular mandibular measurements through image overlay. a Co0Go0.Co1Go1, b 
Co0B0.Co1B1, c Co0Me0.Co1Me1, d Go0Me0.Go1Me1, e Go0B0.Go1B1. Measurements of 

reference points are described in Supplementary Table 1
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Fig. 6. 
Superimposition of the upper airway at T0 and T1. Measurements of reference points are 

described in Supplementary Table 1
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