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Objective: Previously, we used a nasal cavity model to analyze the intranasal airflow dynamics and numer-
ically calculate the nasal resistance value. In this study, We attempted clarify the parameters influencing 
nasal resistance by newly developed computer model.
Methods: The computer simulation model was developed from the structures of nasal airway tract adopted 
from 1.0-mm slice computed tomography (CT) obtained from the 2 of the healthy volunteers. (model 1: the 
one at 35-year-old man, model 2: 25-year-old man. We have calculated the nasal resistance by computer sim-
ulation calculations of both model 1 and model 2. These calculated values were compared with the values 
obtained from the established method of rhinomanometry.
For the simulation, Fluent 17.2® (ANSYS, American) was employed for fluid analysis using the continuity 
equation for 3D incompressible flow and the Navies–Stokes equation for the basic equations. Both models 
were laminar models. The SIMPLE calculation method using the finite volume method was employed here, 
and the quadratic precision upwind difference method was used to discretize the convection terms.
Results: The measured (simulation) values in Model 1 were 0.69 (0.48), 1.10 (0.41), and 0.42 (0.22) Pa/cm3/s on 
the right, left, and both sides, whereas those in Model 2 were 0.72 (0.21), 0.32 (0.09), and 0.22 (0.06) Pa/cm3/s, 
respectively.
Conclusion: Our results suggest that nasal resistance is possibly affected by the length of the inferior turbi-
nate and the cross-sectional area of the choana and nasopharynx. Further experiments using additional nasal 
cavity and paranasal sinus models are warranted.
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INTRODUCTION

Several patients with rhinology diseases experience 
nasal obstruction. The nasal obstruction is common 
clinical problem because approximately 40% of 
allergic rhinitis patients have nasal obstruction [1]. 
For evaluating nasal obstruction, rhinomanometry is 
popular worldwide [2]. Rhinomanometry can deter-
mine nasal pressure and airflow during inspiration 
and expiration. Additionally, it can measure nasal 
resistance to measure the pressure difference between 
the nostril and choana. Nasal resistance can be af-
fected by alternating congestion and decongestion 
of the nasal mucosa, which is termed the nasal cycle 
[3, 4]. Lang et al. investigated the nasal cycle using 
endoscopy, rhinoresistometry, and acoustic rhinometry 
[5]. Gogniashvili et al. also investigated the nasal cycle 
in the same manner [6]. In general anesthesia, nasal 
patency is investigated before nasal intubation [7]. 
Rhinomanometry can measure nasal resistance during 
the nasal cycle; however, it cannot measure the direct 
airflow pressure in the nasal cavity.

Recently, computational fluid dynamics (CFD) in 
rhinology has become popular for measuring airflow 

or pressure [8, 9]. This enables the observation of the 
airflow, pressure, heat, and streamline, which cannot 
be determined directly using computer simulation. 
Kim et al. reviewed patient-specific CFD models of 
nasal airflow [10]. Moreover, Wang et al. simulated 
applying CFD to the study of the nasal cavity in 2005 
[11]. In turn, Xiong et al. reported a numerical flow 
simulation in virtual post-endoscopic sinus surgery [12]. 
Twenty-two healthy adults were studied to determine 
the normal nasal airflow [13]. It was found that nasal 
resistance affected nasal obstruction. Recently, these 
phenomena were simulated using CFD. Radulesco 
reported a comparison of nasal obstruction with CFD 
variables [14]. Finally, Berger reported the agreement 
between rhinomanometry and CFD regarding nasal 
resistance [15].

CFD can be achieved by creating a three-dimen-
sional (3D) model and using numerical simulation. 
However, the nose is composed of the nasal cavity and 
paranasal sinuses and is a very complicated structure. 
Thus, it is very difficult to create a highly accurate 3D 
model of the nasal cavity and paranasal sinuses. The 
recent literature includes many CFD rhinology docu-
ments, with the absence of accurate nose 3D models. 
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Therefore, we created a 3D model of the nose to check 
the all-natural ostium of all paranasal sinuses. It was 
unclear whether the simulation in reality reflected the 
human body. By comparing the real nasal resistance 
value, which can be measured, with the numerical 
simulation value, it is possible to judge whether or not 
it is closer to the human body.

In this research, we compared the measured and 
calculated nasal resistance values using the newly 
created nasal cavity and paranasal sinus model. We 
streamlined these data and studied the relationship 
between the model and nasal resistance and tried to 
validate the factors that affect the nasal resistance from 
the 3D CT model.

MATERIALS AND METHODS

Patient Population and Model Generation
Study protocol was approved by IRB with (17R369). 

All participant gave written informed consent. Three 
dimensional images of nasal cavity models were con-
structed to reproduce the model obtained from the 2 
of healty volunteers (35-year-old male (Model 1) and a 
25-year-old male (Model 2)). The models were adopted 

from the structures taken as images with a width of 1.0 
mm and a pixel size of 0.488 mm×0.488 mm×0.488 
mm by  scanned using a computed tomography (CT) 
instrument (SIEMENS SOMATOM Definition Edge®, 
Germany). The cavity and paranasal sinus 3D model 
was created using Mimics 23.0® (Materialize, Belgium) 
(Fig. 1). 

Model Refinement
The 3-matic 15.0® (Materialize, Belgium) was used 

for mesh formation after the smoothing procedure. 
The TetGen mesh generator was used here with the 
boundary condition that the boundary surface must 
remain intact (unchanged), both at the vertices and 
triangles. This means that if tetrahedron vertices 
(called Steiner points in Delauney terminology) are to 
be added by the algorithm, they are never added at 
the boundary surface, but only at the interior of the 
model. The number of surface meshes was 177448 
in Model 1 and 136332 in Model 2. The number of 
volume meshes was 353933 in Model 1 and 285874 in 
Model 2. The number of nodes was 103629 in Model 1 
and 82312 in Model 2. The grid convergence of these 

Fig. 1	 Findings from Models 1 and 2

Fig. 2	 Grid Convergence of Models 1 and 2
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models was calculated. We confirmed that the number 
of volume meshes of these models were appropriate 
(Fig. 2).

Simulation Calculation
The boundary conditions were as follows:
i) The velocity is equal to zero at the nasal wall;
ii)  A pressure of zero is presumed at the nostrils as 

the atmospheric pressure;
iii) At the trachea side, the velocity (v) is given.
In the steady solution, the iteration number was 

300. In turn, in the unsteady solution, the iteration 
number was 20/time step and the time step width was 
0.001 [s]. We used a sine function of 3 s per period as 
the breath airflow.

The nasal resistance value, R (Pa/[cm3/s]), was cal-
culated by the following formula using the flow rate V 
(cm3/s) at the nostril when the pressure difference (∆P) 
between the atmospheric pressure and the pharynx 
was 100 (Pa):

R = ∆P/V,
where R is the nasal resistance (Pa/[cm3/s]), ∆P is the 
differential pressure between the atmospheric pressure 
and the pharynx (Pa), and V is the flow rate (cm3/s).

After the calculation of the resistance for each 
cavity, the right (Rright) and left resistance (Rleft) were 
calculated, with the total resistance for both cavities, 
Rtotal, being calculated as follows:

1/Rtotal = 1/Rright + 1/Rleft.
First, we performed a simulation with a flow veloc-

ity of 1.5 (m/s) applied to the pharyngeal side in the 
steady solution. A pressure difference of ∆100 (Pa) was 
required to measure the nasal resistance value. Second, 

we performed a simulation in the same condition us-
ing the unsteady solution for the nasal resistance. The 
maximum flow velocity in Model 1 was 1.5 (m/s) on 
the right and 1.5 (m/s) on the left. Moreover, in Model 
2, the maximum flow velocity was 3.0 (m/s) on the 
right and 6.0 (m/s) on the left in the unsteady solution.

Rhinometry was performed using an MPR-3100® 
instrument (Nihonkoden, Japanese). Nasal resistance 
was measured in the two subjects using active anterior 
rhinometry (without vasoconstriction). To rule out the 
effect of the nasal cycle, nasal resistance was measured 
right after CT.

Ethical consideration
The authors assert that all procedures contributing 

to this work comply with the ethical standards of the 
relevant national and institutional guidelines on hu-
man experimentation (the Ethical Committee of Tokai 
University [approval number: 17R369 in 2018]) and 
with the Helsinki Declaration of 1975, as revised in 
2008.

Reporting guidelines
STROBE checklist (for observational studies) was 

followed for this study.

RESULTS

The simulation values were obtained in an unsteady 
solution. The nasal resistance measured (simulation) 
values of Model 1 were 0.69 (0.48) on the right, 1.10 
(0.41) on the left, and 0.42 (0.22) on both sides. The 
actual measurement (simulation) values of Model 2 
were 0.72 (0.21) on the right, 0.32 (0.09) on the left, 

Fig. 3	 Results of nasal resistance in Models 1 and 2 in the numerical simulation and the comparison of nasal resistance 
between the simulation and measurement situations (the value of inspiration ∆100 Pa of nasal resistance R [Pa/
cm3/s])
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Fig. 4	 Velocity vector of Models 1 and 2
	 (a) Velocity vector of Model 1. The speed suddenly decreased near the choana (△).
	 (b) Velocity vector of Model 2. The speed remained unchanged compared with Model 1 (△).

Fig. 5	 Streamlining of Model 1; view from the front
	 (a)  Right open streamline. Ventilation in the maxillary sinus and ethmoidal sinus; however, venti-

lation in the frontal sinus was not observed.
	 (b) Left open streamline. Ventilation of the frontal sinus and maxillary sinus was not observed.

Fig. 6	 Streamlining of Model 2; view from the front
	 (a) Right open streamline. Ventilation of the frontal sinus and maxillary sinus was not observed.
	 (b) Left open streamline. Ventilation of the frontal sinus and maxillary sinus was not observed.
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and 0.22 (0.06) on both sides (Fig. 3).
Additionally, the velocity vector of Models 1 and 2, 

as assessed using a steady-state calculation, is shown 
in Fig. 4. The speed near the choana was suddenly 
reduced in Model 1. Conversely, the speed remained 
unchanged in Model 2.

The streamlining of Models 1 and 2 using a steady-
state calculation is shown in Fig. 4 and 5. In Model 1, 
we observed ventilation in the right maxillary sinus 
and in both ethmoidal sinuses. Conversely, we did not 
observe ventilation in the left maxillary sinuses or in 
both frontal sinuses (Fig. 5). Additionally, in Model 2, 
we did not observe ventilation in the frontal and max-
illary sinuses (Fig. 6).

DISCUSSION

Two accurate nasal cavity and paranasal sinus mod-
els were created, and numerical simulation of nasal 
ventilation was performed. In our research, in the 
simulation that was performed using the nasal cavity 
model without the sinuses, the magnitude of the rela-
tionship was correct, but the simulation value tended 
to be lower than the actual measurement, although a 
similar tendency was observed [16]. By including the 
paranasal sinuses, the simulation was expected to ap-
proach the measured value because it would be closer 
to the actual shape; however, this was not the case. 
This discrepancy can be attributed to the fact that the 
airflow in the model shown in Figure 5 hardly entered 
the paranasal sinuses.

There are two possible explanations for the observa-
tion that Model 1 had a higher nasal resistance value 
than Model 2. 1) In Model 1, the cross-sectional area 
became smaller than that of Model 2 as it approached 

the choana; thus, the flow velocity increased from the 
continuity equation. As the flow velocity increased, the 
pressure decreased based on Bernoulli’s principle.

2) The difference in the cross-sectional areas of the 
nasopharynx compared with the choana was larger 
in Model 1 than in Model 2. Thus, an energy loss 
occurred because of the reverse pressure gradient due 
to the rapid expansion of the cross-sectional area; it 
became a pressure loss, and the pressure drop became 
even larger (Fig. 7).

Ventilation into the sinuses remains uncertain, but 
it is unlikely that there is no ventilation. In our study, 
Model 1 exhibited ventilation in the maxillary and 
ethmoidal sinuses exclusively. Kumar et al. reported the 
air flow in the periods pre- and post-endoscopic sinus 
surgery using numerical simulation [17]. However, the 
3D model reported by them in pre-surgery did not 
connect the nasal cavity with the frontal sinus and 
maxillary sinus. Therefore, it was difficult to create an 
accurate 3D model. The natural ostium connecting the 
sinuses and the nasal cavity may not be accurately cre-
ated. To date, it has been reported that the nasal sinus 
model is used to examine the correlation between the 
nasal air permeability measurement and the numerical 
simulation, and although they are similar, they do 
not completely match [15]. Radulesco et al. reported 
the measured and simulated nasal resistance before 
septoplasty using 22 nasal cavity models. The percep-
tions of the patients and the measured and simulated 
nasal resistance exhibited strong correlations. However, 
the measured and simulated nasal resistance were 
poorly correlated [18]. Tretiakow et al. investigated the 
workflow for creating a 3D model for accurate CFD 
[19]. We think that it is necessary to create an accurate 

Fig. 7	 Area of the posterior end of the inferior turbinate and nasopharyngeal section of Models 1 and 2
	 A comparison of the cross-sectional areas showed that the cross-sectional areas of Model 1 have 

changed significantly.



―61―

S. KANEDA et al. / Nasal Cavity and Paranasal Sinus 3D Models for Nasal Resistance Simulation

nasal sinus model for more accurate simulation.
Our results suggest that the length of the inferior 

turbinate and the cross-sectional area of the nasophar-
ynx and the choana affect the nasal resistance value. 
Hariri et al. reported that inferior turbinate weight loss 
reduced nasal resistance in 3 of 5 models, whereas it 
remained unchanged in the two remaining models. In 
the two cases without change, the nasal resistance was 
affected by factors other than the inferior turbinates 
[20]. The relationship between the length of the inferi-
or turbinates and the cross-sectional area encompassing 
the nasopharynx, as in this example, may also affect 
the nasal resistance value. However, the sample size 
used in our investigation was two volunteers, which 
was too small to draw any conclusions on the effect of 
nasal resistance in this context. A larger sample size is 
needed for further investigation.

In conclusion, using the two nasal cavity and pa-
ranasal sinus models, the nasal resistance value was 
calculated via numerical simulation. The length of 
the inferior turbinates and the cross-sectional area of 
the choana and nasopharynx may affect the nasal 
resistance. A more accurate model is needed for future 
simulations.
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