
Molecular & Cellular Biomechanics 2024, 21(4), 1196. 

https://doi.org/10.62617/mcb1196 

1 

Article 

The impact of changes in nasal biomechanical properties caused by allergic 

rhinitis on uneven airflow distribution and exacerbation of allergic reactions 

Kunrong Wang1,2,†, Dongsheng Xing1,3,*, Hongwei Cao1,†, Feifei Jang1, Aihui Yan1,* 

1 Department of Otorhinolaryngology, The First Hospital of China Medical University, Shenyang 110001, China 
2 Department of Otorhinolaryngology, The Third People’s Hospital of Dalian, Dalian 116033, China 
3 Department of Otorhinolaryngology, Liaoyang Central Hospital, Liaoyang 111000, China 

* Corresponding authors: Aihui Yan, ymxs163163@163.com; Dongsheng Xing, dsxing1987@126.com 
† Kunrong Wang and Hongwei Cao contributed to this work equally 

Abstract: Allergic rhinitis (AR) is a common chronic condition characterized by an 

exaggerated nasal response to allergens, significantly impacting airflow and exacerbating 

symptoms. Structural changes in the nasal cavity, such as septal deviation and turbinate 

hypertrophy, disrupt normal airflow dynamics, prolonging allergen retention and intensifying 

inflammation. The interplay between anatomical abnormalities, increased inflammatory 

mediators, and biomechanical feedback mechanisms creates a cycle that amplifies AR 

symptoms. Methods: Based on the results of thin-layer CT scans of the nasal cavity for 20 

patients with nasal septum deviation and 20 healthy northern Chinese individuals, a three-

dimensional reconstruction was performed using surface reconstruction finite element 

partitioning methods to simulate the airflow characteristics through the nasal airways. Results: 

In individuals with nasal septum deviation, the bilateral nasal airflow distribution is primarily 

on the side with the wider airway, with the maximum airflow concentrated in the middle part 

of the total nasal passage on the wider side; the nasal airway pressure drops most rapidly at the 

site of greatest deviation, accounting for 79.65% of the total pressure difference across the 

airway. In healthy individuals, the bilateral nasal airflow is influenced by the nasal cycle, 

predominantly occurring on one side, with the maximum airflow distributed in the middle and 

lower parts of the total nasal passage; the nasal airway pressure drops most rapidly at the nasal 

threshold, accounting for approximately 58.78% of the total pressure difference across the 

airway. Conclusion: Using computer simulation to establish a numerical model of the nasal 

structure and analyze the relationship between anatomical abnormalities and airflow field 

characteristics represents a feasible scientific approach for studying the correlation between 

nasal structure, function, and disease. This can provide references for surgical treatment plans 

aimed at optimizing airflow paths and altering airflow distribution, as well as for personalized 

assessments before and after surgery. These biomechanical changes are crucial for developing 

targeted surgical and medical treatments, enabling more accurate disease assessment and 

personalized treatment plans. This knowledge also inspires the development of innovative 

therapies, improves symptom control, and offers hope for more effective AR management in 

the future. 

Keywords: nasal septum deviation; three-dimensional reconstruction; numerical model; nasal 

cavity structural abnormalities 

1. Introduction 

The nasal cavity plays a crucial role in conditioning the air we breathe, ensuring 

it is humidified, warmed, and filtered before reaching the lungs. Allergic Rhinitis (AR) 

disrupts this delicate balance by causing inflammation and structural changes within 
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the nasal cavity. When exposed to allergens, individuals with AR experience an 

exaggerated immune response, leading to symptoms such as sneezing, runny nose, and 

congestion. Over time, chronic inflammation can cause the nasal septum to deviate 

and the turbinates to become hypertrophied or enlarged. These structural alterations 

impede normal airflow, creating areas where allergens can become trapped, 

prolonging their contact with the nasal mucosa and intensifying the allergic 

reaction.The altered biomechanics of the nasal cavity in AR patients lead to abnormal 

airflow patterns, which further exacerbates symptoms. Dysregulated airflow can result 

in increased turbulence and decreased filtration efficiency, allowing more allergens to 

reach deeper parts of the respiratory tract. Additionally, impaired mucus drainage can 

contribute to sinusitis and other complications. Studies by Ding et al. [1], Sajjadi et al. 

[2], and Andersen et al. [3] have found that exercising in polluted environments may 

not necessarily benefit health; Kuehn [4] has pointed out that walking in clean 

environments significantly improves lung function and other aspects of health; there 

is a necessity to quantify the risks associated with various pollutants to human health 

to improve population health [5]. Therefore, the issue of harmful particle deposition 

in respiratory airflow is closely related to healthy and effective exercise. This study 

employs this method to investigate the mechanisms and influencing factors of particle 

deposition in the human nasal and nasopharyngeal cavities, providing references for 

optimizing intranasal drug administration methods and improving medication 

efficiency in clinical settings. 

2. Materials and methods 

2.1. Materials 

Nasal Septal Deviation Group (Experimental Group): Twenty patients with nasal 

septal deviation accompanied by varying degrees of symptoms such as nasal 

congestion, headaches, and nosebleeds were selected. The age range was between 20 

to 60 years old, including 14 males and 6 females, all from the northern region. The 

medical history ranged from 10 to 20 years, with an average of 16.7 years. Nasal 

endoscopy and anterior rhinoscopy examination showed a “C”-shaped deviation of the 

nasal septum (which may include compensatory changes in one or both turbinates), 

and cases with nasal polyps or other nasal diseases were excluded. Healthy Control 

Group: The healthy control group consisted of 20 healthy individuals aged 20–60 

years from the northern region who, after detailed medical history inquiry, were 

confirmed to have no history of chronic upper respiratory disease, no history of nasal 

trauma or surgery, and no history of acute upper respiratory infection in the last 3–6 

months. Prenasal rhinoscopy and nasal endoscopy showed no signs of otolaryngology 

disease or significant anatomic abnormalities. Philips 128-slice multi-row spiral CT 

scanner; Dell-Precision Tower 7810 desktop workstation, motherboard chipset: Intel 

C612, CPU model: Xeon E5-2609V3, graphics card chip: nVIDIA Quadro, standard 

CPU core count: 12; Mimics 15.0 image processing software; Geomagic 17.0 reverse 

engineering software; ANSYS 15.0 finite element analysis software. 
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2.2. Methods 

2.2.1. Multi-slice spiral CT scan 

The selection of multi-slice spiral CT scan parameters is crucial for accurately 

assessing nasal structures and airflow patterns, especially in patients with Allergic 

Rhinitis (AR). Layer thickness, window width, and window level settings play 

significant roles in the detailed display of nasal anatomy and the accurate identification 

of airway boundaries. Thicker slices may reduce image noise but can miss small 

anatomical details, making it challenging to evaluate fine structures like the turbinates 

and septum, which are essential in AR patients for assessing airway obstructions. 

Conversely, thinner slices provide higher spatial resolution, allowing for better 

visualization of these critical structures. For instance, a slice thickness of 0.625 mm or 

1.25 mm can reveal intricate details such as minor deviations in the nasal septum or 

subtle mucosal thickening on the turbinates, which are often overlooked with thicker 

slices. Window width and window level adjustments optimize contrast between 

different tissues, enhancing the visibility of bone structures and soft tissues. Proper 

settings ensure that the nasal airway boundaries are clearly delineated, which is vital 

for accurate measurement and assessment. 

A typical bone window setting might use a width of around 2000 HU and a level 

of about 300 HU to clearly display the bony anatomy, while a soft tissue window with 

a width of approximately 400 HU and a level of 40 HU is more suitable for observing 

the soft tissue structures within the nasal passages. These precise imaging details are 

fundamental for constructing accurate computational models used in simulations to 

predict airflow dynamics and the impact of anatomical changes on respiratory 

function. By ensuring these parameters are optimized, healthcare providers can 

improve diagnostic accuracy and treatment planning, ultimately enhancing patient 

outcomes through more personalized and effective care strategies.Subjects underwent 

nasal continuous scanning using a spiral CT (Siemens, Germany, model: Somatom 

Emotion 16) from the tip of the nose to the posterior wall of the nasopharynx, with a 

slice thickness of 3 mm and soft tissue window (window width 2000, window level 

400). The choice of a 3-mm slice thickness for nasal continuous scanning is based on 

several factors. Firstly, it allows for a balance between capturing detailed anatomical 

structures and maintaining acceptable scan times. A thinner slice thickness would 

provide higher spatial resolution, which is beneficial for discerning fine details such 

as mucosal layers and blood vessels. However, thinner slices require more data and 

thus longer scan times, which may not be feasible or desirable in clinical settings. On 

the other hand, a thicker slice thickness reduces the amount of data acquired and 

speeds up the scan process. This is particularly useful for areas such as the nasal cavity, 

where the anatomy is relatively simple and the spatial resolution requirements are not 

as stringent as in other areas such as the brain or spinal cord.In addition, the choice of 

a 3-mm slice thickness is often guided by the specific clinical question or indication 

being addressed. For example, if the goal is to evaluate sinusitis or structural 

abnormalities, a thicker slice may be sufficient to visualize the overall extent of the 

disease or abnormality. In contrast, if the goal is to assess subtle mucosal changes or 

blood flow，a thinner slice may be required. 
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The obtained DICOM imaging data were converted into BMP format images 

using software provided by the CT machine. The volunteer’s nasal and 

nasopharyngeal regions were scanned using multi-slice spiral CT, and the obtained 

DICOM format image data was imported into MIMICS 15.0 to establish a numerical 

model of the upper airway. The continuous coronal CT images of nasal septum 

deviation are shown in Figure 1. The continuous coronal CT images of a healthy nasal 

cavity are shown in Figure 2. The model was then processed using Geomagic 17.0 

software to obtain a complete three-dimensional model with smooth surfaces. 

Subsequently, Ansys 15.0 ICEM platform was used for mesh reconstruction, setting 

the entrance of the airway model at both anterior nares and the exit at the plane below 

the glottis. The model was then divided into meshes, and the processed model was 

imported into the Fluent platform in .mes format for numerical simulation. The grid 

count was 2.46 × 106, and the node count was 4.3 × 105. Various boundary conditions 

and variable settings were applied to the obtained model: Particle diameters (d) of 5, 

10, and 15 μm; particle densities (ρ) of 1250, 1850, and 2150 kg/m3; and airflow rates 

(Q) of 15, 30, and 60 L/min. The particle phase was set under the following conditions: 

No interaction between particles, their motion does not affect the airflow field; 

particles in the flow field are influenced by gravity, Saffman lift force, and pressure 

gradient force; particles in the airway are either “captured” or “escaped”, without 

evaporation or fragmentation; particles are spherical coal dust particles of the same 

diameter. 

 

Figure 1. The continuous coronal CT image of nasal septum deviation. 

 

Figure 2. The continuous coronal CT image of healthy nasal cavity. 

2.2.2. Three-dimensional reconstruction: The BMP format images obtained 

were digitized using Matlab software 

A custom-compiled program was used to identify the boundaries of the nasal 

airway, which were then imported into Ansys 10.0 software. Using the preprocessing 

functions of this software, key points that reflect the structural features of the airway 

on each layer were manually selected and connected to form lines. These lines were 

further used to construct surfaces and volumes. Tetrahedral elements were chosen to 

perform a finite element mesh on the volume for surface three-dimensional 

reconstruction of the nasal airflow passage. 
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2.2.3. Calculation of airflow field: The Ansys10.0 post-processing function was 

used in conjunction with the Navier-Stokes equations for viscous fluid motion to 

calculate the nasal airflow field 

The boundary conditions were set as follows: (1) No-slip boundary condition at 

the nasal airway walls, i.e., Vs = 0 m/s; (2) One standard atmospheric pressure at the 

nostrils (p = 101,325 Pa); (3) The airflow velocity at the nasopharynx (m/s) was 

determined based on the range of respiratory frequency and tidal volume under 

physiological conditions of Chinese individuals. A respiratory cycle (T) of 3 s was 

selected, with a tidal volume of 500 mL, equivalent to a ventilation rate of 10 L/min. 

Assuming equal breathing time, the breathing process was modeled as a sinusoidal 

variation pattern. The area of the nasopharyngeal airway was calculated by the model, 

and then the average airflow velocity at the nasophararynx was determined by 

measuring the respiratory volume. The selection of particle size typically depends on 

the objectives and practical applications of the research. Different density values can 

be used to simulate various types of particles, and the choice of airflow rate determines 

the transmission speed and residence time of the particles in the system. 

Based on the three-dimensional reconstruction model, the cross-sectional area of 

the nasopharynx, the pressure difference between the anterior and posterior parts of 

the nasal cavity, and the airflow rate at the nasopharynx were obtained. The nasal 

resistance was calculated using the formula [6]: Nasal resistance = pressure difference 

between the anterior and posterior parts of the nasal cavity/gas flow rate. Additionally, 

we used a nasal resistance meter to measure the nasal resistance in the subjects 

mentioned above. 

2.3. Statistical analysis 

Statistical analysis software SPSS 12.0 was used to perform statistical analysis 

on the airflow distribution at different parts of the nasal airway in both the 

experimental group and the control group. The experimental data are expressed as 

mean ± standard deviation (x ± s). A two-sample t-test was used for bilateral 

corresponding positions. Differences were considered statistically significant at p < 

0.05. 

3. Results 

3.1. Airflow velocity and airway area distribution 

The airflow velocity distribution cloud map for individuals with a deviated nasal 

septum is shown in Figure 3. The airflow velocity on the side with the wider airway 

is faster compared to the side with the narrower airway; the cross-sectional area on the 

side of the nasal airway that is more spacious is larger. Both are most pronounced in 

the middle of the total nasal passage, as seen in Table 1. 
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Figure 3. The airflow distribution in patients with nasal septum de-viation. 

Table 1. Comparison of airflow volume, airflow velocity, and airway area at corresponding positions in the nasal 

airway of both sides for the experimental group. 

Detected part 
Fluence (× 10−4 m3/s) Airflow rate (m/s) Area of airway (× 10−4 m2) 

Wide side Narrow side t Wide side Narrow side t Wide side Narrow side t 

Meatus nasi communis 2.98 ± 0.57 1.10 ± 0.65 4.7821)    2.97 ± 0.22 1.03 ± 0.67 2.8321) 

Middle of meatus nasi 

communis 
1.04 ± 0.42 0.19 ± 0.17 4.6441) 3.01 ± 1.94 0.30 ± 0.13 2.7241) 1.02 ± 0.44 0.18 ± 0.13 2.6711) 

Inferior part of meatus 

nasi communis 
0.80 ± 0.48 0.59 ± 0.50 0.680 1.93 ± 1.02 1.53 ± 1.00 0.757 0.41 ± 0.27 0.15 ± 0.09 0.312 

Middle nasal meatus 0.71 ± 0.29 0.20 ± 0.01 0.979 1.67 ± 1.34 0.75 ± 0.23 1.639 0.35 ± 0.20 0.14 ± 0.07 1.459 

Inferior nasal meatus 0.35 ± 0.25 0.19 ± 0.07 1.364 1.29 ± 0.97 0.42 ± 0.32 1.042 0.49 ± 0.24 0.48 ± 0.17 0.158 

Olfactory cleft 0.18 ± 0.13 0.12 ± 0.09 0.421 0.39 ± 0.21 0.17 ± 0.02 0.132 0.25 ± 0.19 0.21 ± 0.08 0.305 

1) p < 0.05. 

The airflow velocity distribution cloud map for the bilateral nasal passages of 

healthy individuals is shown in Figure 4. Influenced by the nasal cycle, among the 20 

subjects, 16 (80%) primarily ventilated through one side of the nasal cavity. The 

airflow velocity was faster on the main ventilation side compared to the non-main 

ventilation side, particularly in the middle and lower parts of the total nasal passage. 

There was no statistically significant difference in the cross-sectional area of the nasal 

airway between both sides (p > 0.05). See Table 2. 
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Figure 4. The airflow distribution of healthy nasal cavity. 

Table 2. Thecomparison of fluence, airflowr ate, area of airway of two air passage in the control group. 

Detected part 

Fluence (× 10−4 m3/s) Airflow rate (m/s) Area of airway (× 10−4 m2) 

Main 

venting side 

Secondary 

venting side 
t 

Main venting 

side 

Secondary 

venting side 
t 

Main 

venting side 

Secondary 

venting side 
t 

Meatus nasi communis 4.05 ± 0.80 2.46 ± 0.56 4.2931)    2.25 ± 0.39 2.05 ± 0.36 0.986 

Middle of meatus nasi 

communis 
1.68 ± 0.34 0.73 ± 0.33 2.5391) 3.18 ± 0.89 2.08 ± 0.85 2.6471) 0.61 ± 0.06 0.56 ± 0.07 1.558 

Inferior part of meatus 

nasi communis 
0.84 ± 0.38 0.44 ± 0.24 2.3681) 2.33 ± 1.24 1.20 ± 0.43 2.2751) 0.40 ± 0.09 0.33 ± 0.08 1.708 

Middle nasal meatus 0.80 ± 0.32 0.79 ± 0.28 1.429 2.19 ± 1.07 1.05 ± 0.50 1.376 0.42 ± 0.10 0.41 ± 0.09 0.326 

Inferior nasal meatus 0.40 ± 0.27 0.28 ± 0.16 1.097 1.14 ± 0.49 0.78 ± 0.54 0.669 0.52 ± 0.30 0.47 ± 0.25 0.326 

Olfactory cleft 0.33 ± 0.14 0.18 ± 0.13 1.065 1.02 ± 0.03 0.67 ± 0.50 1.666 0.29 ± 0.04 0.28 ± 0.04 0.310 

1) p < 0.05. 

3.2. Nasal airway pressure distribution 

The nasal airway pressure in both groups of subjects gradually decreased from 

the nostrils to the nasopharynx. In the experimental group, the most significant drop 

in pressure occurred at the site of the most pronounced deviation of the nasal septum 

on the narrower side (i.e., the narrowest part of the nasal airway) (Figure 5), 

accounting for approximately 79.65% of the total pressure difference in the airway. 

The range of pressure difference from the nostrils to the nasopharynx was (248 ± 12) 

Pa. In the control group, the fastest drop in pressure occurred near the nasal valve 

(Figure 6), accounting for about 58.78% of the total pressure difference in the airway. 

The range of pressure difference from the nostrils to the nasopharynx was (131 ± 91) 

Pa. 
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Figure 5. The nasal cavity pressure of nasal septum deviation. 

 

Figure 6. The nasal cavity pressure of healthy nasal cavity. 

3.3. Nasal resistance measurement 

According to the data calculated from the reconstruction model, the nasal airway 

resistance for the experimental group was (0.488 ± 0.27) kPa/(L s), and for the control 

group it was (0.164 ± 0.03) kPa/(L s). The difference between the two groups was 

statistically significant (t = 2.382, p < 0.05). Using a nasal resistance meter, the nasal 

airway resistance for the experimental group was measured to be (0.479 ± 0.09) kPa/(L 

s), and for the control group it was (0.175 ± 0.11) kPa/(L s). The difference between 

the two was also statistically significant (t = 2.327, p < 0.05). 

Generally speaking, the particle deposition rate on the posterior wall of the 

nasopharyngeal roof decreases as the particle diameter increases. Only when the 

particle density is 1250 kg/m3 and the airflow rate is 15 L/min does the deposition rate 

increase with increasing particle diameter (5–10 μm) (Figure 7). 

The general trend of particle deposition on the posterior wall of the 

nasopharyngeal roof with different particle diameters and densities varies with airflow 

rate: It decreases as the airflow rate increases. Only for a particle diameter of 5 μm 
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and densities of 1250, 1850, and 2150 kg/m3 does the deposition rate increase with the 

airflow rate (15–30 L/min) (Figure 8). 

Under different particle diameters and airflow rates, the deposition pattern of 

particles on the posterior wall of the nasopharyngeal roof with varying density follows 

this rule: When the particle diameter and airflow rate remain constant, the deposition 

rate tends to stabilize as the density increases (Figure 9). 

 

Figure 7. Shows the variation in particle deposition rate on the posterior wall of the nasopharynx. The deposition rates 

change with particle diameter when the flow rates (Q) are set at 15, 30, and 60 L/min, and the particle densities (ρ) are 

1250, 1850, and 2150 kg/m3 respectively (labeled as A, B, C). 

 

Figure 8. Shows the variation in particle deposition rate on the posterior wall of the nasopharynx. The deposition rates 

change with airflow rate when the particle diameters (d) are set at 5, 10, and 15 μm, and the particle densities (ρ) are 

1250, 1850, and 2150 kg/m3 respectively (labeled as A, B, C). 
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Figure 9. Shows the variation in particle deposition rate on the posterior wall of the nasopharynx. The deposition rates 

change with particle density when the particle diameters (d) are set at 5, 10, and 15 μm, and the airflow rates (Q) are 

15, 30, and 60 L/min respectively (labeled as A, B, C). 

4. Discussion 

The nasal septum deviates from the midline, causing narrowing of one or both 

sides of the nasal cavity. This structural abnormality affects the normal ventilation 

function of the nasal cavity and increases the risk of sinusitis. The incidence of 

sinusitis is higher in patients with a deviated nasal septum. Through endoscopic 

examination, the position and shape of the nasal septum can be observed directly, and 

combined with CT scans and other imaging techniques, the deviation of the nasal 

septum and its associated sinusitis can be accurately diagnosed. There is a close 

relationship between the deviated nasal septum and sinusitis, and surgical treatment 

can effectively improve the patient’s olfactory function, providing more evidence for 

clinical decision-making. The complex and intricate structure of the human upper 

respiratory tract increases the difficulty of studying particle deposition in this region. 

With the continuous development of computer technology, many institutions both 

domestically and internationally have conducted in-depth explorations of particle 

deposition in the upper respiratory tract through numerical simulations and other 

methods. Deng et al. [7] established a model based on detailed mathematical 

descriptions of airway bifurcation geometry; Yu et al. [8] utilized CT data of the 

respiratory tract to reconstruct a numerical model and simulate the characteristics of 

particle deposition within the respiratory tract, finding that particles are highly likely 

to deposit at positions where the airway geometry is complex or experiences 

significant directional changes. Farnoud et al. [9] simulated nasal aerosol particle 

diffusion and deposition under constant inhalation flow rates of 4.78 L/min and 7.5 

L/min with monodisperse particles of diameters 2.4 μm and 10 μm. Burgos et al. [10] 

used computational fluid dynamics (CFD) methods to find possible links between 

changes in nasal airflow and the etiology of chronic suppurative otitis media. 

Mohamadi and Fazeli [11] applied CFD methods to study COVID-19, discovering that 

maintaining social distance and wearing masks could reduce the spread of virus-laden 

droplets. Gupta et al. [12] used CFD models to predict the spread of respiratory 

droplets among passengers in airplane cabins, finding that coughing significantly 

increased the number of inhaled droplets, and proposed that wearing N95 respirators 

could greatly reduce the risk of virus transmission [13]. Abuhegazy et al. [14] also 
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applied CFD to study how ventilation affects the spread of respiratory droplets in 

simulated operating rooms and restaurants. 

To validate the authenticity of CFD simulation results, researchers combined 

CFD with in vitro experiments using 3D replicas: Kelly et al. [15], Cheng et al. [16], 

and Wen et al. [17] used airway 3D models to verify particle deposition; Zhou et al. 

[18] conducted in vitro experiments and CFD analysis on nasal replicas for particle 

deposition; Schroeter et al. [19] compared CFD predictions with experimental 

measurements; all found high agreement and similar trends between total deposit 

amounts obtained from in vitro experiments and CFD predictions. 

In this study, we established a three-dimensional numerical model based on CT 

imaging and applied the CFD method to conduct experiments simulating the real 

human upper airway environment. During the research process, we compared the 

deposition efficiency (DE) with the inertial parameter, da2 × Q (μm2·cm3/s), where Q 

and da represent the inhalation flow rate and particle diameter, respectively (Figure 

10). We found that our simulation results were similar to the early studies by Kelly et 

al. [20] and Calmet et al. [21] in terms of inertial parameters. Deposition efficiency = 

total number of particles deposited in the target area/total number of released particles. 

 

Figure 10. The variation of the deposition rate with inertial parameters. da is the 

particle diameter, and Q is the airflow rate. 

We observed that as the breathing flow rate increased, particles were more likely 

to settle in the anterior part of the nasal cavity; during calm breathing, more particles 

settled in the nasopharynx, with more escaping from the throat. Regarding the impact 

of airflow rate on particle deposition, Jin et al. [22] and Koullapis et al. [23] found that 

an increase in airflow rate would increase inertial collisions, thereby increasing 
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deposition efficiency; Ahookhosh et al. [24] chose flow rates of 30, 60, 90, and 120 

L/min and confirmed that an increase in flow rate would raise deposition efficiency; 

Sosnowski et al. [25] verified that under no-flow conditions, inertia causes droplets to 

mainly deposit in the front part of the nasal cavity, and then secondary diffusion occurs 

as patients inhale, leading to the transport of droplets deeper into the nasal cavity. 

Based on the simulation results of this study, we believe that in dusty air short 

breathing cycles (such as during intense exercise) often increase the risk of inhalation 

of distal lungs and bronchi, while calm breathing is more favorable for nasal spray or 

intranasal drug aerosol inhalation therapy for nasal diseases. 

Our choice of particle diameters was based on the consideration that particles < 

2.5 μm are easily suspended and not easily settled, while larger particles are often 

blocked by the nasal hair in the vestibule and do not easily enter the nasal cavity. The 

study found that when airflow rate and particle density remain constant, as particle 

diameter increases, the overall deposition rate in the model increases; for small particle 

diameters, as airflow rate increases, the deposition rate in the nasophararynx increases, 

whereas for large particle diameters, as airflow rate increases, their deposition rate in 

the nasophararynx decreases instead. This situation is considered due to large particles 

being easily collided and settled at positions such as the nasal threshold and turbinates, 

making it difficult for them to enter the nasophararynx. Regarding the relationship 

between particle diameter and deposition rate, some scholars have pointed out that 

when the drug particle diameter exceeds 10 μm, giving a smaller tidal volume results 

in higher deposition in the turbinate region, whereas when the drug particle diameter 

is less than 5 μm, a higher tidal volume is needed to increase deposition in the turbinate 

region [26]; Kiaee et al. [27] found that spray particle passage through the upper 

airway is insensitive to release velocity but highly sensitive to particle size; Calmet et 

al. [28] explored the relationship between sniffing, constant flow, and breath-holding 

breathing rates with nasal spray administration, finding that compared to breathing 

rate, drug particle size has the greatest impact on its deposition rate, thus proposing 

that selecting the appropriate particle size is crucial for drug distribution when 

choosing an intranasal administration strategy. 

All these further illustrate that the relationship between particle diameter and 

airflow rate on particle deposition should not be a single one, with particle diameter 

having the primary influence. Our study also concluded that particle diameter, airflow 

speed, and particle density all affect particle deposition, with particle diameter having 

the greatest influence, followed by airflow rate, and density having a negligible effect 

on deposition rate; when particle density and airflow rate are constant, compared to 10 

μm and 15 μm particles, those with a diameter of 5 μm settle the most in the 

nasopharynx. 

The various structures of the upper airway are closely related to their functions. 

The primary functions of the nasal cavity include warming and humidifying inhaled 

air, filtering dust, and olfactory sensations. Abnormalities in nasal structure are mainly 

manifested in the nasal septum and inferior turbinate. The degree of deviation of the 

nasal septum and the size of the inferior turbinate determine the cross-sectional area 

of the effective airflow pathway in the nasal cavity. Studying the biomechanical 

numerical model of the human nasal cavity and sinuses aims to investigate the 

relationship between the anatomical structure of the upper airway and related diseases 
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from a biomechanical perspective, thereby serving clinical needs. To verify the 

reliability of the computer numerical model, during the experimental process, we 

validated the nasal resistance data calculated based on the numerical model for all 

subjects using a nasal resistance meter. Both methods showed that the nasal resistance 

in the experimental group was higher than in the control group, and there was no 

statistically significant difference in nasal resistance measured by the two methods 

(p > 0.05). Therefore, it can be concluded that the numerical model established in this 

study essentially reflects the characteristics of the nasal airways in individuals with 

abnormal nasal structures and in healthy people. 

The numerical simulation of the upper airway nasal airflow field in healthy 

individuals in this experiment is consistent with the characteristics of the nasal airflow 

field in normal Chinese individuals studied by Sun Xiuzhen et al. The study also found 

that both individuals with a deviated nasal septum and healthy individuals are affected 

by the nasal cycle during respiration. However, compared to the nasal cycle, 

anatomical abnormalities of the nasal cavity have a more significant impact on the 

distribution of airflow passing through the nasal cavity. Individuals with a deviated 

nasal septum have asymmetrical nasal cavity volumes, and during respiration, the 

airflow volume through the narrower side of the nasal passage is significantly reduced, 

especially in the middle part of the total nasal passage on that side. As the airflow 

volume decreases, the airflow velocity also slows down, affecting the normal drainage 

function of the sinus openings in the middle nasal passage on that side, thereby leading 

to the occurrence of sinusitis on that side. To increase the airflow volume, the inferior 

turbinate on that side often undergoes varying degrees of atrophy and becomes 

smaller, manifesting as thinning of the mucosa, bone resorption, and lateral 

displacement, thereby reducing the resistance of the nasal airway on that side. We 

believe this is an adaptive change in the human nasal cavity. On the side with a wider 

airway, due to the long-term chronic impact of larger airflows, compensatory 

hyperplasia occurs in the nasal tissues on that side, and the degree and extent of lesions 

in the middle nasal passage mucosa may even exceed those on the opposite side, 

similarly leading to an increased incidence of sinusitis on that side. Moreover, our 

study found that individuals with high-position deviations of as opposed to low-

position deviations, have a greater difference in airflow volume and velocity in the 

middle part of the total nasal passage on both sides at the site of the most pronounced 

deviation. This finding may be one of the reasons why scholars have mentioned that 

individuals with high-position deviations have a higher incidence of sinusitis. 

The study of nasal airflow field characteristics can also be applied to the 

etiological analysis of olfactory changes in patients. In individuals with a deviated 

nasal septum, the airflow volume decreases and the airflow velocity slows down on 

the narrower side of the airway, and due to the diversion effect of the narrow airway, 

local turbulence increases. Additionally, due to the anatomical characteristics of the 

olfactory cleft itself, the airflow entering this area is reduced even more significantly. 

Based on the studies by Zhang et al. [7]. on the transport and deposition of 

microparticles in the upper airway model, as well as Zeng and Zhu [27]. who 

investigated the relationship between particle deposition rates and airflow velocities 

and particle inertia sizes through gas dynamic models, we have reason to believe that 

as the distribution of airflow entering the olfactory cleft area on the affected side 
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changes, the particles causing olfaction that enter and deposit in the olfactory area are 

significantly reduced or even absent, leading to a reduction or loss of smell. 

Therefore, we believe that numerical simulation of pathological upper airway 

structures and the analysis of the relationship between anatomical abnormalities and 

airflow field characteristics can be used to evaluate the causal mechanisms between 

upper airway structure-function-disease interactions. This, in turn, provides a 

reference for surgical treatments aimed at optimizing airflow paths and altering airflow 

distribution. 
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