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Effect of different degrees of adenoid hypertrophy on pediatric upper 25 

airway aerodynamics: a computational fluid dynamics study 26 

Abstract 27 

To improve the diagnostic accuracy of adenoid hypertrophy (AH) in children and 28 

prevent further complications in time, it is important to study and quantify the effects 29 

of different degrees of AH on pediatric upper airway (UA) aerodynamics. In this study, 30 

based on computed tomography (CT) scans of a child with AH, UA models with 31 

different degrees of obstruction (adenoidal-nasopharyngeal (AN) ratio of 0.9, 0.8, 0.7, 32 

and 0.6) and no obstruction (AN ratio of 0.5) were constructed through virtual surgery 33 

to quantitatively analyze the aerodynamic characteristics of UA with different degrees 34 

of obstruction in terms of the peak velocity, pressure drop (△P), and maximum wall 35 

shear stress (WSS). We found that two obvious whirlpools are formed in the anterior 36 

upper part of the pediatric nasal cavity and in the oropharynx, which is caused by the 37 

sudden increase in the nasal cross-section area, resulting in local flow separation and 38 

counterflow. In addition, when the AN ratio was ≥0.7, the airflow velocity peaked at 39 

the protruding area in the nasopharynx, with an increase 1.1 to 2.7 times greater than 40 

that in the nasal valve area; the △P in the nasopharynx was significantly increased, with 41 

an increase 1.1-6.8 times greater than that in the nasal cavity; and the maximum WSS 42 

of the posterior wall of the nasopharynx was 1.1-4.4 times larger than that of the nasal 43 

cavity. The results showed that the size of the adenoid plays an important role in the 44 

patency of the pediatric UA. 45 

Keywords Virtual surgery  Adenoid hypertrophy  AN ratio  CFD  Aerodynamics 46 
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1 Introduction 47 

The adenoids, also known as the "nasopharyngeal tonsils", are normal lymphatic 48 

tissues at the roof of the nasopharynx that play a protective role in upper respiratory 49 

diseases (van Cauwenberge et al. 1995). Since Hans Wilhelm Meyer introduced the 50 

term adenoid hypertrophy (AH) in 1868, the diagnosis of AH has increased rapidly 51 

(Weir 1990). A recent meta-analysis showed that the prevalence of AH in children and 52 

adolescents was 34.46% (Pereira et al. 2018). Recurrent or chronic upper airway (UA) 53 

infections, allergic inflammation, and immune responses may lead to AH (Brambilla et 54 

al. 2014; Pagella et al. 2015). The presence of AH can cause mouth breathing, snoring, 55 

obstructive sleep apnea-hypopnea syndrome and, in some children, adenoid facies. 56 

Therefore, timely identification of airflow alterations caused by AH can help prevent 57 

further complications. 58 

Currently, nasal endoscopy is considered the standard for clinically assessing the 59 

size of the adenoids in cooperative children (Bitar et al. 2009; Kubba and Bingham 60 

2001; Kindermann et al. 2008). In addition, lateral cephalogram and cone beam 61 

computed tomography (CBCT) are also commonly used to evaluate the size, shape and 62 

position of adenoids in children, and the results show excellent consistency with those 63 

of nasal endoscopy (Duan et al. 2019; Pacheco-Pereira et al. 2016; Major et al. 2014). 64 

Assessment of adenoid size was an important part of the airflow change analysis in 65 

children's UA in this study. Adenoid size and the patency of the nasopharyngeal airway 66 

could be expressed by the adenoidal-nasopharyngeal (AN) ratio (Lertsburapa et al. 67 

2010; Acar et al. 2014), which had been found to be significantly correlated with 68 
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nasopharyngeal volume (Feng et al. 2015). According to the AN ratio, Adedeji et al. 69 

(2016) classified the degree of obstruction of the nasopharyngeal airway by the 70 

adenoids as mild (0.60-0.69), moderate (0.70-0.79) and severe (0.80-0.89). Although 71 

many studies to date have established a relationship between the AN ratio and AH, the 72 

ultimate effect of different degrees of AH on respiratory function in terms of airflow 73 

alteration is still unclear. 74 

Significant progress in computational fluid dynamics (CFD) has been made during 75 

the past two decades, and CFD has been widely used to predict the dynamic 76 

characteristics of target airflows because it allows the accurate and noninvasive 77 

quantitative analysis of air flow. At present, numerical research has been carried out on 78 

many aspects of nasal airflow, including nasal physiology (Horschler et al. 2003; Wen 79 

et al. 2008; Xu et al. 2020), nasal anatomical structure abnormalities (Li et al. 2016; 80 

Garcia et al. 2010), performance prediction of turbinectomy (Siu et al. 2021; Lee et al. 81 

2016), and particle deposition (Wang et al. 2009; Siu et al. 2020; Zhang et al. 2019; 82 

Bahmanzadeh et al. 2015; Dong et al. 2018; Dong et al. 2017), which have greatly 83 

promoted precision medicine. However, most previous studies have focused on adult 84 

subjects, while nasal airflow in children has been less studied. Recently, Sun et al. (2022) 85 

studied the transport and deposition of nanoparticles in the nasal cavity of a 3-year-old 86 

child with AH. For children with AH, clinicians are still unable to quantify the 87 

relationship between adenoid morphology and the airflow characteristics of UA, which 88 

inevitably results in a degree of uncertainty with respect to diagnostic and treatment 89 

decision-making. 90 
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As a response to this research need, this paper presents a numerical study using an 91 

anatomically accurate pediatric UA model. Our research efforts are focused on the 92 

aerodynamic changes due to the presence of different degrees of AH. The research 93 

findings are expected to provide a scientific basis for helping treating physicians 94 

improve their diagnostic accuracy for AH in children and develop patient-specific 95 

treatment programs.  96 

2 Materials and Methods 97 

2.1 Data collection 98 

CT scans of a 3-year-old child with AH were collected retrospectively. The CT 99 

scans included coronal, axial and sagittal images with a resolution of 512×512 pixels 100 

and a slice interval of 0.5 mm, covering the UA region. CT images were obtained in 101 

Digital Imaging and Communications in Medicine (DICOM) format. The nasal 102 

anatomy and morphology of the child showed no obvious abnormalities, and there was 103 

no history of serious maxillofacial abnormalities, sinusitis, nasal septum deviation, 104 

nasal tumors or nasal surgery. The parents provided written informed consent, and the 105 

study was approved by the institutional review board and the medical ethics committee 106 

of the Second Affiliated Hospital of Xi’an Jiaotong University (2020-819). 107 

2.2 AN ratio measurement 108 

    The measurement method is shown in Fig. 1. Line BB is drawn along the straight 109 

part of the anterior margin of the basiocciput. The perpendicular distance from the 110 

outermost point of convexity of the adenoid shadow to BB is line segment AC, which 111 

represents the thickness of the adenoid. The distance from the posterior end of the hard 112 
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palate or the superior edge of the anterior middle area of the soft palate to the 113 

anteroinferior edge of the sphenooccipital synchondrosis is the line segment NC, which 114 

represents the width of the nasopharynx. The AN ratio is defined as the ratio of the 115 

thickness of the adenoid to the nasopharyngeal width, which reflects the adenoid size 116 

and nasopharyngeal airway patency (Fujioka et al. 1979). 117 

2.3 3D reconstruction and CFD simulation 118 

First, DICOM images were imported into the open-source software 3D-Slicer to 119 

reconstruct the UA. Paranasal sinuses were not included in the reconstruction because 120 

previous studies have indicated that they only have a minimal impact on intranasal 121 

airflow (Hood et al. 2009; Xiong et al. 2008; Ge et al. 2012). The geometry of the face 122 

was retained, and a hemisphere with a diameter of 100 mm was attached in front of the 123 

face. To investigate the influence of different levels of AH on pediatric UA 124 

aerodynamics, UA models with different degrees of obstruction (AN ratio of 0.9, 0.8, 125 

0.7, and 0.6) and no obstruction (AN ratio of 0.5) were achieved by adjusting the extent 126 

of segmentation for the adenoid region (Fig. 2). The rest of the constructed model was 127 

consistent with the original CT images except for the nasopharynx, where virtual 128 

surgery was performed.  129 

After model construction, the model was imported into Geomagic Studio 2015 130 

(Geomagic, North Carolina, USA) for surface smoothing and regional division. The 131 

model was then exported in stereolithography (STL) format. ICEM-CFD 2021 R1 132 

(ANSYS, Inc., Canonsburg, Pennsylvania) was used for tetrahedral and boundary layer 133 

meshing and 3D computational domain generation. Models with 1.6, 3.1, and 6.3 134 
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million grids were selected for the grid independence test on a representative line. The 135 

representative line started from the left nasal vestibule and ended at the nasopharynx 136 

along the y-axis (Fig. 3A). As the grid number increased from 3.1 million to 6.3 million, 137 

the average velocity change was less than 1% (Fig. 3B). The models used for simulation 138 

in this study had 5434816, 5506198, 5564851, 5623245, and 5690966 grids, 139 

respectively (Table 1). 140 

The tidal volume and respiratory rate of three-year-old children were obtained 141 

according to the respiratory parameters published in the literature (Hofmann 1982), and 142 

the calculated inspiratory flow rate was 8.7 L/min, which is consistent with the setting 143 

reported by Xi et al. (2014). Besides, children's nasal cavities possess a complex 144 

structure and are significantly smaller than those of adults. In airflow limiting regions, 145 

such as the nasal vestibule and nasopharyngeal region, the airflow accelerates to 146 

become transitional and turbulent flow due to the significantly narrowed passage space 147 

(Doorly et al. 2008). Therefore, the SST κ-ω model was used to account for laminar 148 

and transitional flow regimes in the entire airway section in this paper, which is 149 

consistent with the setting of the study by Feng et al. (2021) on children. As the quasi-150 

steady airflow assumption in the nasal cavity was found to be reasonable in previous 151 

studies (Yan et al.2023), thus the present study treated nasal airflows as quasi-steady 152 

flow, and the incompressible Navier-Stokes equation was used as the flow governing 153 

equation. The boundary conditions were set as follows: (1) the airway wall was 154 

assumed to be no-slip (zero velocity) and rigid; (2) the hemisphere in front of the face 155 

was defined as the "pressure inlet" with zero gauge pressure; and (3) the outlet of the 156 
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pharynx was defined as the "velocity outlet", and the velocity magnitude was calculated 157 

by dividing the volumetric flow rate by the outlet area. 158 

Finally, CFD-POST 2021 R1 (ANSYS, Inc., Canonsburg, Pennsylvania) was used 159 

for post-processing. For better trans-airway flow analysis, five sections perpendicular 160 

to the main streamline were created in the UA (Fig. 4). The anterior nostril section was 161 

defined as C0, while C1 represented the section in the nasal valve area. C2 was the 162 

section of the choana, and the section at the narrowest part of the nasopharynx was C3. 163 

C4 was the section located at the free edge of the soft palate. The pressure drop in the 164 

nasal cavity refers to the pressure difference between C0 and C2, and the pressure drop 165 

in the nasopharynx refers to the pressure difference between C2 and C4. Through the 166 

above auxiliary sections, we analyzed changes in the airflow velocity, pressure drop 167 

(△P) and wall shear stress (WSS). 168 

3 Results 169 

3.1 Model validation 170 

An in vitro experimental system was designed and constructed for CFD validation 171 

(Fig. 5). The 1:1 scaled UA model was produced by the three-dimensional (3D) 172 

stereolithography (STL) technique using photosensitive resin material. Then, an 173 

artificial three-way airway was made and connected to the pharyngeal outlet of the 174 

model for nasal resistance testing. A flow probe was placed at the left nostril of the 175 

model, and the right nostril was sealed to detect the flow rates or velocity that being 176 

conducted by the left nasal chamber. A pressure probe was placed at the three-way 177 

opening of the throat to measure the transnasal pressure. The experimenter breathed 178 
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calmly through the PP nozzle of the three-way tube. The pressure drop between the left 179 

nostril and pharyngeal outlet was calculated by subtracting the pressure probe pressure 180 

from the environmental pressure (0 Pa).  181 

A series of CFD simulations were correspondingly performed with the same 182 

airway geometry and boundary conditions as the experiments. The CFD results of 183 

pressure drop in the nasal models were compared with rhinomanometry (Equipment 184 

Model NR6, GM Instruments) measurements for different flow rates. Figure 6 shows 185 

pressure drop against air flow rate between numerical and experimental results plotted 186 

in the inspiration phase. The results showed a positive correlation between the pressure 187 

drop and flow rates for both experimental measurements and numerical simulations. As 188 

the inhalation flow rates increased from 5 L to 15 L, the pressure drop gradually 189 

increased from near 7.13 Pa to 51.16 Pa, and close agreement was achieved between 190 

numerical predictions and experimental data. Therefore, the CFD model is validated 191 

and can be used for further airflow analysis. 192 

3.2 Geometric characteristics 193 

When the AN ratio was adjusted from 0.9 to 0.5, the volume of the nasopharynx 194 

gradually increased. When the AN ratio was 0.9, the nasopharyngeal volume was the 195 

smallest (1380.68 mm3), and when the AN ratio was 0.5, the nasopharyngeal volume 196 

was the largest (2857.81 mm3). In models with an AN ratio of 0.9 to 0.5, the cross-197 

sectional area of the nasopharynx at its narrowest point was 21.21 mm2, 39.96 mm2, 198 

58.94 mm2, 82.59 mm2 and 110.61 mm2, respectively. The above geometric information 199 

is listed in Table 1.  200 
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3.3 Airflow characteristics and velocity 201 

When the AN ratio was 0.5, nasal airflow passed obliquely upward from the 202 

nostrils into the nasal cavity, and then the majority of the airflow was diverted 203 

horizontally backward after passing through the nasal valve. After exiting the choana, 204 

the direction of airflow again changes, as it is directed downward into the pharynx. The 205 

angles of the two changes in direction are approximately 45 degrees in both cases. There 206 

are significantly more airflow streamlines in the middle and inferior parts of the nasal 207 

cavity than in the superior part. Two obvious whirlpools are formed in the anterior upper 208 

part of the nasal cavity and in the oropharynx, which is caused by the sudden increase 209 

in the nasal cross-section area, resulting in local flow separation and counterflow. For 210 

children with AH, the turning angle of nasal airflow into pharynx increases with 211 

increasing AN ratio. 212 

The high-velocity regions in the models were mainly located in the nasal valve and 213 

nasopharynx (Fig. 7). In the models with an AN ratio of 0.9 to 0.5, the maximum 214 

velocity decreased continuously with decreasing nasopharyngeal obstruction 215 

(maximum, 8.94 m/s; minimum, 2.28 m/s), and the mean velocity of the nasopharynx 216 

also decreased gradually (Fig. 8A). In the models with AN ratios of 0.9, 0.8 and 0.7, 217 

the airflow velocity peaked at the narrowest part of the nasopharynx, at 1.1 to 2.7 times 218 

that of the nasal valve area (8.94>3.34 m/s, 4.69>3.24 m/s, 3.45>3.25 m/s), while the 219 

peak velocity of the nasopharynx was less than that of the nasal valve in the models 220 

with AN ratios of 0.6 and 0.5 (2.67<3.25 m/s, 2.28<3.25 m/s) (Fig. 8B). 221 

3.4 Pressure drop (△P) 222 
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The pressure changes were most significant at the nasal valve and nasopharynx 223 

(Fig. 9); therefore, we analyzed the changes in nasal △P and nasopharyngeal △P. As the 224 

AN ratio increased (from 0.5 to 0.9), the △P in the nasopharynx gradually increased 225 

(maximum, 37.97 Pa; minimum, 5.00 Pa) (Fig. 10). For the models with AN ratios of 226 

0.9, 0.8 and 0.7, the △P in the nasopharynx was significantly increased, with an increase 227 

1.1 to 6.8 times greater than that in the nasal cavity (37.97>5.61 Pa, 9.90>5.65 Pa, 228 

6.15>5.66 Pa), while for the models with AN ratios of 0.6 and 0.5, the nasopharyngeal 229 

△P was significantly reduced and smaller than that of the nasal cavity (5.23<5.71 Pa, 230 

5.00<5.73 Pa) (Fig. 10). 231 

3.5 Wall shear stress (WSS) 232 

The areas with the most obvious WSS changes were mainly in the nasal valve, the 233 

anterior medial area of the middle turbinate and the posterior wall of the nasopharynx 234 

(Fig. 11). With decreases in the AN ratio, the maximum WSS of the posterior wall of 235 

the nasopharynx decreased continuously (maximum, 2.57 Pa; minimum, 0.33 Pa), and 236 

the mean WSS of the posterior wall of the nasopharynx also decreased gradually (Fig. 237 

12A). When the AN ratio was 0.9, 0.8, and 0.7, the maximum WSS of the posterior 238 

wall of the nasopharynx was 1.1-4.4 times larger than that of the nasal cavity (2.57>0.58 239 

Pa, 0.96>0.66 Pa, 0.77>0.67 Pa); however, when the AN ratio was 0.6 and 0.5, the 240 

maximum WSS of the posterior wall of the nasopharynx was less than that of the nasal 241 

cavity (0.45<0.67 Pa, 0.33<0.68 Pa) (Fig. 12B). 242 

3.6 Cross-sectional area and pressure drop and velocity 243 

With increases in the AN ratio, the cross-sectional area at the narrowest part of the 244 
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nasopharynx gradually decreased (Fig. 13A). The cross-sectional area of the nasal valve 245 

area was 74.77 mm2. When the AN ratio was ≥0.7, the cross-sectional area of the nasal 246 

valve area was 1.3-3.5 times greater than that of the narrowest part of the nasopharynx 247 

(Fig. 13A). The maximum velocity and △P of the nasopharynx gradually increased with 248 

decreasing cross-sectional area of the narrowest part of the nasopharynx (Fig. 13B). 249 

4 Discussion 250 

    With the improvement of computer technology, CFD has become widely used in 251 

the study of adult nasal aerodynamics. In this study, the morphology of the pediatric 252 

UA expressed as AN ratio was correlated with aerodynamic characteristics through 253 

CFD technology. We found that the airflow direction in a child’s nasal cavity was the 254 

same as that in the adult nasal cavity (Wen et al. 2008; Lou et al. 2021), which helps to 255 

maintain the basic function of the nasal cavity in children. In children, a widespread 256 

area of the nasal cavity is in direct contact with the main airflow streamline, including 257 

its superior (partially), middle and inferior meatus regions. In adults, most airflow was 258 

diverted into the widest meatus of the nasal cavity - the middle meatus (Dong et al. 259 

2022). This difference indicates a simple and immature nasal turbinate structure in 260 

children. In the UA models with an AN ratio of 0.5 to 0.9, the maximum velocity and 261 

pressure drop of the nasopharynx and the maximum WSS of the posterior wall of the 262 

nasopharynx varied significantly. This allowed the effect of the AN ratio on 263 

nasopharyngeal airflow dynamics to be quantified. Therefore, CFD technology may be 264 

an additional diagnostic tool for visualizing the airflow pattern in the UA and revealing 265 

aerodynamic characteristics. 266 
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Different degrees of AH lead to different degrees of nasopharyngeal airway 267 

obstruction, which leads to significant changes in the airflow characteristics of the UA. 268 

We found that the more severe the obstruction of the nasopharyngeal airway by 269 

adenoids, the greater the maximum velocity and pressure drop in the nasopharynx. This 270 

is because under the condition of a constant flow rate, with the increase in the AN ratio, 271 

the cross-sectional area at the narrowest part of the nasopharynx gradually decreases, 272 

resulting in a significant increase in the maximum velocity and pressure drop. This 273 

relationship between the morphology and aerodynamics of the UA in children can be 274 

explained by the Bernoulli effect (Weese et al. 2017), which states that when a fluid 275 

flows through a narrowing region of a tube, an increase in the speed of the fluid 276 

coincides with a decrease in pressure. In addition, the maximum WSS of the posterior 277 

wall of the nasopharynx increased gradually in the models with an AN ratio of 0.5 to 278 

0.9. Structurally, the enlarged adenoids reduce the angle between the posterior wall of 279 

the nasopharynx and the plane of the choana, resulting in an increase in the impact force 280 

of nasal airflow on the posterior wall of the pharynx. Therefore, for children with AH, 281 

attention should also be given to lymphoid follicular hyperplasia in the posterior wall 282 

of the nasopharynx, and clinical intervention should be considered if necessary. 283 

Our results suggest that the AN ratio can be used as an effective parameter to 284 

estimate airflow changes in the UA. When the AN ratio was ≥0.7, the maximum 285 

velocity and pressure drop of the nasopharynx were greater than those of the nasal 286 

cavity, and the maximum WSS of the posterior wall of the nasopharynx increased 287 

significantly. However, when the AN ratio was <0.7, the maximum velocity and 288 
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pressure drop of the nasopharynx and the maximum WSS of the posterior wall of the 289 

nasopharynx were smaller than those of the nasal cavity. This indicates that an AN ratio 290 

of 0.7 is the critical value leading to abnormal airflow dynamics. Xu et al. (2006) 291 

conducted a study of children with OSAS and found that the pressure drop mainly 292 

occurred between the choana and the region where the adenoids overlap the tonsils 293 

(overlap region) due to airway narrowing, rather than in the nasal passages. The 294 

findings of this study further suggest that this can occur when the AN ratio is ≥0.7. In 295 

addition, the clinical symptoms of children with AH are significantly correlated with 296 

the degree of nasopharyngeal airway obstruction determined by the AN ratio (Adedeji 297 

et al. 2016). When the AN ratio was ≥0.7, the narrowest position of the UA was located 298 

in the nasopharynx rather than the nasal valve, leading to an abnormal airway resistance 299 

distribution. Children may show marked nasal obstruction, snoring, sleep apnea, 300 

excessive daytime sleepiness and failure to thrive. For the model with mild 301 

nasopharyngeal airway obstruction (AN ratio <0.7), the abnormal aerodynamics of the 302 

UA disappeared, and the children's symptoms were relatively mild and easily ignored. 303 

In clinical assessment, an AN ratio of >0.7 has been well accepted for indicating 304 

pathological AH, and adenoidectomy may be suggested by clinicians (Elwany 1987; 305 

Ungkanont and Damrongsak 2004). Our study provides a more comprehensive and 306 

reliable aerodynamic basis for clinical evaluation and treatment. Luo et al. (2014) and 307 

Mihaescu et al. (2008) found that after adenoidectomy and tonsillectomy, the 308 

pharyngeal pressure drop in obese children with OSAS was significantly reduced. This 309 

is mainly attributed to the increase in the volume of the pharyngeal cavity achieved by 310 
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surgery, which caused a decrease in pressure drop to relieve the patient's clinical 311 

symptoms. 312 

This study reinforces the influence of the AN ratio on UA aerodynamics. The 313 

higher the AN ratio, the more severely the nasopharyngeal airway is obstructed by 314 

adenoids, which causes significant alterations in airflow dynamics. This change will 315 

seriously affect the growth and development of children and may lead to various 316 

complications, potentially impairing their quality of life. The results of this study 317 

preliminarily verify the feasibility of digital medical treatment for pediatric AH, which 318 

has potential as an effective tool for clinicians to preliminarily assess airflow changes 319 

caused by different degrees of AH and develop timely patient-specific treatment plans. 320 

The research method developed in this study can further be applied for the flow and 321 

inhalation exposure analysis in other respiratory disorders, such as laryngeal carcinoma 322 

(Beni et al. 2022). By virtually including the laryngeal tumour with different size, the 323 

effect of airway reduction can be assessed. Lastly, all these pre-operative evaluations 324 

are expected to assist relevant specialists in improving diagnosis accuracy and 325 

achieving optimal operation outcome. 326 

There are some limitations to this study. 1. Due to the complexity of modeling and 327 

the need for CT scanning, only one child was analyzed. 2. Poor professional ability and 328 

computer skills may lead to inconsistent modeling results. 3. The models may be 329 

slightly different after surface segmentation and smoothing. 4. Future studies should 330 

consider the flexibility of the model wall and the fluid-solid interaction between the air 331 

and the respiratory tract wall (Beni et al. 2019; Beni et al. 2022). 332 
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5 Conclusions 333 

    When the AN ratio was ≥0.7, the narrowest position of the UA was located in the 334 

nasopharynx rather than the nasal valve, leading to an abnormal airway resistance 335 

distribution (nasopharyngeal pressure drop > nasal pressure drop). When the AN ratio 336 

was ≥0.7, the airflow velocity and WSS of the posterior wall of the nasopharynx 337 

increased significantly, acting as a potential aerodynamic factor for lymphoid follicular 338 

hyperplasia in this area. Therefore, CFD numerical simulation can provide objective 339 

and qualitative guidance for surgical planning of children with AH. 340 

In conclusion, different degrees of AH can significantly affect the aerodynamic 341 

characteristics of the UA. For a UA with an AN ratio larger than 0.7, regions with AH 342 

dominated the nasopharyngeal flow field with a significant flow-limiting effect. 343 

Predicted aerodynamic parameters can assist relevant professionals in performing 344 

accurate diagnostic assessments and formulating individualized treatment plans. 345 
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Fig. 1 Method of calculating the adenoidal-nasopharyngeal (AN) ratio based on CT 

images. BB: Line drawn along the straight part of the anterior margin of the basiocciput; 

AC: Adenoid thickness (perpendicular distance from the outermost point of convexity 

of the adenoid shadow to BB); NC: Nasopharyngeal width (distance from the posterior 

end of the hard palate or the superior edge of the anterior middle area of the soft palate 

to the anteroinferior edge of the sphenooccipital synchondrosis); AN ratio calculated 

by dividing AC with NC. 
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Fig. 2 UA models with AN ratios of 0.9 to 0.5. (UA: upper airway; AN ratio: adenoidal-

nasopharyngeal ratio). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Fig. 3 A shows the position of the line in the nasal cavity. B represents velocity along a 

representative line in the nasal cavity for a flow rate of Q = 8.7 L/min as predicted by 

different grids.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

                                                                            

 

Fig. 4 Typical cross sections within the UA model with an AN ratio of 0.9. (UA: upper 

airway; AN ratio: adenoidal-nasopharyngeal ratio). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Fig. 5 Schematic diagram of nasal resistance measurement of a 3D printed model. 

Experimental steps: (1) the flow sensor is placed in the left nostril; (2) the pressure 

sensor is placed in the opening of the three-way airway at the throat; and (3) the 

experimenter breathes calmly through the PP nozzle. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Comparison of nasal resistances in left nasal cavity numerical red point, and 

experimental results.   

 

 



 

Fig. 7 Streamlines and contours of air velocity in the UA with an AN ratio of 0.9 to 0.5 

(the red square is the nasal valve area, and the black square is the nasopharynx). (UA: 

upper airway; AN ratio: adenoidal-nasopharyngeal ratio). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AN ratio = 0.9 AN ratio = 0.8 

AN ratio = 0.7 AN ratio = 0.6 

AN ratio = 0.5 

left view 



 

 

 

 

 

 

Fig. 8 A displays the maximum and average velocity of the nasopharynx at different 

AN ratios. B displays the maximum velocity of the nasopharynx and nasal valve area 

at different AN ratios. (AN ratio: adenoidal-nasopharyngeal ratio). 
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Fig. 9 Pressure contours in the UA with an AN ratio of 0.9 to 0.5 (the blue square is the 

nasal valve area, the black square is the pharynx, and the red arrows indicate pressure 

changes in the nasopharynx). (UA: upper airway; AN ratio: adenoidal-nasopharyngeal 

ratio). 
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left view 
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Fig. 10 △P in the nasopharynx and nasal cavity at different AN ratios. (△P: pressure 

drop; AN ratio: adenoidal-nasopharyngeal ratio). 

 

 

 

 

 

 

 

 

 



 

 

Fig. 11 WSS contours in the UA with an AN ratio of 0.9 to 0.5 (the red square, yellow 

square and black square represent the WSS in the nasal valve area, the anterior medial 

area of the middle turbinate and the posterior wall of the nasopharynx, respectively). 

(WSS: wall shear stress; UA: upper airway; AN ratio: adenoidal-nasopharyngeal ratio).  
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AN ratio =0.9 AN ratio = 0.8 

AN ratio = 0.7 AN ratio = 0.6 
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left view posterior view   



 

 

 

 

 

 

Fig. 12 A displays the maximum and average WSS of the posterior wall of the 

nasopharynx with different AN ratios. B displays the maximum WSS of the nasal cavity 

and posterior wall of the nasopharynx at different AN ratios. (WSS: wall shear stress; 

AN ratio: adenoidal-nasopharyngeal ratio).                             
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Fig. 13 A displays the cross-sectional area of the nasal valve area and the narrowest 

part of the nasopharynx at different AN ratios. B displays the relationship of the cross-

sectional area of the narrowest part of the nasopharynx with the maximum velocity and 

△P. (AN ratio: adenoidal-nasopharyngeal ratio; △P: pressure drop). 
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Table 1 Key geometric information of the upper airway model 

AN ratio of 

the Model 
Grid number 

Cross-sectional 

area of narrowest 

part of 

nasopharynx(mm2) 

Nasopharyngeal 

volume(mm3) 

0.9 5434816 21.21 1380.68 

0.8 5506198 39.96 1635.84 

0.7 5564851 58.94 1973.34 

0.6 5623245 82.59 2439.86 

0.5 5690966 110.61 2857.81 

       AN ratio: adenoidal-nasopharyngeal ratio 
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