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Abstract: Clinically, it is common for Class III patients with maxillary skeletal deficiency, which may result in a variety of adverse consequences. Protraction headgear and rapid maxillary expansion (PE) is an effective treatment, but its effect on upper airway hydrodynamics has not been reported. The main purpose of this study was to evaluate the changes of the flow in the upper airway after PE by computational fluid dynamics (CFD). The sample includes fifteen patients (6 males, 9 females, age 11.00 ± 1.00) and the paired T-test was used to analyze the differences between the measured data before and after treatment. The maximum flow velocity decreased from 8.42 ± 0.16 m/s to 6.98 ± 0.36 m/s (p < 0.05), and the maximum shear force decreased from 3.72 ± 1.48 Pa to 2.13 ± 0.18 Pa. The maximum negative pressure decreased from −101.78 ± 33.60 Pa to 58.15 ± 9.16 Pa, only the changes of velopharynx and glossopharynx were statistically significant; while the maximum resistance decreased from 140.88 ± 68.68 Pa/mL/s to 45.95 ± 22.96 Pa/mL/s. PE can effectively reduce the airflow resistance of the upper airway and the probability of airway collapse, thus improving the patient’s ventilation function.
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1  Introduction

Class III with maxillary skeletal deficiency is a common malocclusion in clinical practice, with an incidence of 15.69% in Chinese population [1]. It usually presents with maxillary skeletal deficiency and normal or excessive mandible. This kind of malocclusion can cause adverse effects on oral and general health, and affect the appearance and mental health of the child [2]. In severe cases, it can also cause airway collapse, affect the ventilation function of patients, and even lead to obstructive sleep apnea hypopnea syndrome (OSAHS) [3]. Therefore, timely diagnosis and early intervention of Class III malocclusion are conducive to the normal growth and development of children.

Protraction headgear and rapid maxillary expansion (PE) is an effective way to treat growing patients with skeletal Class III malocclusion. Most of the previous studies have evaluated the morphological effect of PE on the upper airway by using 2D lateral cephalogram and 3D CBCT images. Lombardo et al. compared 47 children receiving PE treatment with 18 control groups, and found that the oropharyngeal sagittal diameter increased significantly in the treatment group, achieving a long-term stable effect [4]. However, the accuracy of the research results will be affected by the limitations of the lateral cephalogram, such as amplification error, structural overlap and the two-dimensional evaluation results cannot truly reflect the changes of the three-dimensional structure [5]. CBCT technology has high spatial resolution, can effectively distinguish soft tissue from air, and can carry out three-dimensional measurement and analysis of the tissue structure, to obtain more accurate morphological results [6,7]. Still, the morphological changes are only appearances and cannot reflect the changes in the characteristics of air flow in the respiratory tract. At present, the effect of PE correction on the upper airway hydrodynamics remains to be fully studied.

The computational fluid dynamics (CFD) can provide clear visualizations, such as flow characteristics and patterns inside the upper airway of the human body, allowing researchers to study the critical airflow in the upper airway prior to surgery [8]. A number of scholars have applied CFD method to study the hydrodynamic changes of nasal cavity and upper airway after treatment with rapid maxillary expansion [9,10], and found that arch expansion is helpful to improve the ventilation function of children. Therefore, CFD is considered to be a reliable tool for evaluating the clinical effect [11,12].

This study intends to use CFD method to evaluate the changes of the upper airway after PE treatment, and to understand the influence of PE on ventilation function in Class III growing patients with maxillary deficiency.

2  Materials and Methods

2.1 Research Objects

This study has been approved by the Shandong University School of Stomatology Research Ethic Board (protocol number 20200802). The subjects were 15 Class III growing patients with maxillary deficiency (age 11.00 ± 1.00, body mass index 15.30 kg/m2 ± 1.09 kg/m2), including 6 males and 9 females. Inclusion criteria were as follows: (1) prepubertal or pubertal stage according to the cervical vertebral maturation method; (2) −4° < ANB < 0°; (3) Wits < −2; (4) anterior crossbite; (5) 22° ≤ FH-MP ≤ 32°; (6) no history of orthodontic treatment; (7) no other maxillofacial bone deformity.

2.2 Treatment Process

The maxillary arch expander was glued to the anchorage teeth using glass ions, and was turned 2 times a day until the tongue tip of the maxillary posterior teeth was opposite the buccal tip of the mandibular posterior teeth. The fully adjustable front traction device is used. The traction direction was 30° forward and down from the occlusal plane. The orthopedic force value of each side is about 500 g. The traction time of the patient should not be less than 14 h per day. At the end of the treatment, at least 3∼5 mm overjet was obtained, and the molar relationship was Class I or II.

2.3 CBCT Image Acquisition

CBCT images were taken before and after treatment with a 3-month interval. Both times were taken by the same operator using New Tom 5G focusing on the head and neck region with the patients in supine position. The voxel resolution was 0.3 mm, and the scanning parameters were set at 110 kV and 10 mA. Before CBCT was taken, the patient rested for 30 min at room temperature. The acquired data were stored and exported in DICOM format files.

2.4 Upper Airway Model Segmentation and Reconstruction

Import the DICOM file into Mimics 10.0 (Materialise NV, Leuven, Belgium) software. Then, edit and reconstruct it through the following 6 steps, obtain the three-dimensional model of the upper respiratory tract, and save it as STL format file output (Fig. 1).
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Figure 1: (a) upper airway model segmentation; (b) airway reconstruction

(1)   Setting thresholds: the bone, muscle and other tissues with obvious difference in pixel value in CBCT are distinguished by setting threshold. In this study, the upper airway threshold was set as −1000∼−345 HU [13].

(2)   Image segmentation: the erase function was used to segment the boundary of the upper airway in the coronal plane, sagittal plane and horizontal plane.

(3)   Region growth: region growing function was used to remove the disconnected tissue around the upper airway.

(4)   Edit mask: check the segmentation boundary slice by slice, and accurately erase and repair the respiratory tract boundary. Manually erase the nasal bone and areas other than the upper airway, such as the maxillary sinus, ethmoid sinus, frontal sinus, sphenoid sinus, etc.

(5)   Three-dimensional reconstruction: use 3D calculation to form a 3D model of the upper airway.

(6)   Smooth processing: smoothing function is used to remove the sharp edges on the rough surface of the model and improve the overall quality of the model.

2.5 CFD Simulation

After that, convert the STL file into igs format and import it into Ansys workbench 2022 (Ansys Inc., Pittsburg, PA), setting the front nostril as a pressure outlet, 0 Pa relative to standard atmospheric pressure, the lower margin of the throat cavity as a velocity inlet, and the tidal volume at −300 mL/s [14].

Adopt standard k-ω numerical model, and set the upper airway wall as non-slip. The residual was set to 10−5, and the calculation of the pressure field and velocity field of the upper airway was carried out using the SIMPLEC algorithm.

Among them, the transport equation of standard k-ω model is as follows:


∂k∂t(ρk)+∂∂xi(ρkui)=∂∂xj(τK∂k∂xj)+Gk−Yk+Sk
(1)


∂ω∂t(ρω)+∂∂xi(ρωui)=∂∂xj(τω∂ω∂xj)+Gω−Yω+Sω
(2)

In the above equation, 
Gk
represents the turbulent kinetic energy generated by the average velocity gradient. 
Gω
represents the generation term of the dissipation rate ω; 
τK
and 
τω
represent the effective diffusion coefficients of k and ω, respectively. 
Yk
and Yω represent the dissipation terms of k and ω, respectively. 
Sk
and 
Sω
are user-defined source entries.

First of all, the mesh independence test is carried out. ANSYS-Meshing was used to generate the unstructured tetrahedral volumetric grids of the upper airway flow domain. Mesh diameters of 1.0, 2.0 and 5.0 mm were used respectively to calculate the upper airway model with mesh numbers of 870,000, 540,000 and 230,000. The average pressure of the oropharyngeal cross section was taken as the measurement standard. The results show that the calculation results are more accurate with the increase of the number of grids, but the difference of pressure is less than 1.6% between the results of 540,000 and 870,000 grids, so it can be considered that the calculation results are independent of the number of grids. Therefore, the grid diameter was uniformly set at 2.0 mm in this study.

2.6 Measurement Items

In CFD-POST, a cross section is established every 1 mm along the longitudinal direction of the upper airway. The minimum pressure (Pmin), maximum flow velocity (Vmax), maximum shear force (WSSmax) and respiratory resistance (R, R = ΔP/Q, where ΔP is pressure drop and Q is respiration rate) of nasopharynx, velopharynx, glossopharynx and hypopharynx were measured.

2.7 Statistical Analysis

Statistical analysis of all measurement items was performed. The paired T-test was used to analyze the differences between the patients’ measurements before and after treatment. p < 0.05 was considered statistically significant. All measurements were repeated 1 week later by the same researcher, and the measurement error was calculated according to the Dahlberg formula. The errors of pressure, velocity and shear force were 0.872 Pa, 0.043 m/s and 0.037 Pa, respectively. These analyses show that the method error in this study can be ignored.

3  Results

Table 1 compared the maximum inspiratory flow rate of each anatomic site of the upper airway before and after treatment. Compared with that before treatment, the maximum flow velocity of nasopharynx, velopharynx, glossopharynx and hypopharynx after treatment were all smaller, decreasing by 0.24, 0.83, 1.18, 1.43 m/s, respectively, only the change of hypopharynx had significant statistical difference (p < 0.05). In addition, with the increase of flow rate before treatment (Fig. 2), the maximum shear stress of various anatomical parts of upper airway in Class III patients was greater, mainly located in the hypopharynx, especially in the narrow part of the airway, which showed high wall shear stress (Table 2), but only the difference of the glossopharynx was statistically significant (p < 0.05).
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Figure 2: The velocity profile of the airflow. (a) before PE; (b) after PE
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As shown in Fig. 3, the pressure distribution of a patient is shown. It can be seen that the maximum negative pressure of each anatomical part has been greatly reduced, especially velopharynx and glossopharynx (Table 3). Respiratory resistance, as one of the indicators to evaluate the ventilation function of the upper airway, was significantly improved after treatment, from 21.78 ± 16.36 Pa/mL/s to 11.26 ± 12.41 Pa/mL/s (Table 4).
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Figure 3: The pressure profile of the airflow. (a) before PE; (b) after PE
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4  Discussion

Based on previous studies, we have demonstrated the reliability of CFD simulation of the upper airway through in vitro experiments [15]. Therefore, the CFD method was used to evaluate the changes of upper airway function after treatment in growing patients of Class III malocclusion with skeletal deficiency. Previous studies have suggested that in quiet breathing, the time scale of breathing is long enough to consider the flow process of air as a steady state [16]. Hahn et al. [17] measured airflow in five cross sections using a thermal film anemometer in a 20-fold enlarged physical model of the nasal cavity. The results showed that the nasal hair had little effect on airflow in the nasal cavity, and that temperature and humidity had no significant effect on airflow. Thus, in this study, the airflow internal flow in the upper airway was regarded as steady-state, and the effects of nasal hair, temperature and humidity were ignored.

Before PE treatment, the airflow velocity in the upper airway of patients had a relatively drastic change, but after PE, the airflow velocity tended to be flat, and the most obvious change was in the hypopharynx, where the velocity decreased by 17.10%. The flow velocity distribution from nasopharynx to hypopharynx also became more uniform than before. The impact of airflow on the pharyngeal wall was reduced, and the wall shear stress of each anatomical part was also reduced, which had a good protective effect on airway mucosa [18].

The larger negative pressure in the pharyngeal airway during inspiration may cause the airway to collapse. In this study, during the gradual downward process of respiratory airflow from the nasal part to the velopharynx, the cross-sectional area of the airway gradually decreased, the flow velocity gradually increased, and the airflow pressure decreased. When passing through the narrowest area of the lower boundary of the velopharynx, the airflow velocity suddenly increased, and the pressure decreased rapidly, resulting in a sharp increase in pressure drop and increased airway resistance. In particular, the negative pressure near the soft palate and the throat is relatively large, where it is easy to cause the soft palate to move backward and the tongue to fall back, which may lead to the collapse of the pharyngeal airway [4]. After PE treatment, the flow of air through the velopharyngeal position is slowed down and the pressure is reduced slowly. This difference in pressure values is due to the reduction in nasal airway resistance after treatment [9] and increased sagittal diameter of the airway [3].

There are some limitations in this study. First, the interaction between the airflow and the soft tissues surrounding the upper airway was not considered; Second, the collapse of the upper airway occurred during the patient’s sleep, but the CBCT images were currently obtained while awake.

5  Conclusion

In conclusion, protraction headgear and rapid maxillary expansion can stimulate the development of maxilla, change the pressure distribution and airflow flow in the upper airway, and reduce the probability of airway collapse, thus improving the ventilation function of patients.
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Table 1: Comparison of maximum flow velocity in each anatomic area of the upper airway before and after

treatment
V max (M/s) T1 T2 p value
Nasopharynx 478 +0.71 4.54+1.11 0.485
Velopharynx 7.61+£1.04 6.78+1.31 0.470
Glossopharynx 7.66£0.56 6.48 £1.56 0.341
Hypopharynx 8.42+0.16 6.98 +0.36 0.032%
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Table 3: Comparison of minimum pressure in each anatomic area of the upper airway before and after

treatment
Poin (P2) T1 T2 p value
Nasopharynx —40.13+£21.25 —29.57+£14.32 0.147
Velopharynx —64.00 + 14.82 —45.84 +£18.93 0.034*
Glossopharynx —59.52+13.36 —44.36+15.13 0.008*
Hypopharynx —101.78 £33.60 —58.15£9.16 0.093
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Table 4: Comparison of resistance in each anatomic area of the upper airway before and after treatment

R (Pa/mL/s) T1 T2 p value
Nasopharynx 21.78£16.36 11.26 +£12.41 0.047*
Velopharynx 94.66 +41.24 66.17 +£18.67 0.450
Glossopharynx 19.55+8.23 9.92+4.46 0.268
Hypopharynx 140.88 £68.68 45.95+22.96 0.205
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Table 2: Comparison of maximum wall shear stress in each anatomic area of the upper airway before and
after treatment

WSS, ax (Pa) Tl T2 p value
Nasopharynx 0.82 £0.37 0.69 £0.35 0.189
Velopharynx 1.37+0.34 1.09+0.38 0.444
Glossopharynx 1.43+£0.44 1.04£0.16 0.364

Hypopharynx 3.72+£1.48 2.13£0.18 0.188
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