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ABSTRACT

Aim: Nasal valve (NV) dysfunctions are a significant cause of nasal obstruction. Changes in the nasolabial angle (NLA) may
also cause changes in NV morphology. The effect of changes in the 3D structure of the nasal valve region (NVR) on nasal
airflow has yet to be studied sufficiently. The accuracy of computational fluid dynamics (CFD) simulation results of nasal
airflow has been confirmed by in vitro tests. Therefore, this study aimed to evaluate the effect of changes in NV structure and
volume on nasal airflow based on the CFD method.

Material and Method: We used CT images to create a 3D structural model of the NVR. First, CT images were transferred
to MIMICS® software, and the nasal air passage was modeled. A solid reference model of the NVR was then created using
SolidWorks software. Five different solid 3D nasal valve models were created with nasolabial angles of 85° in Model 1, 90° in
Model 2, 95° in Model 3, 100° in Model 4, and 105° in Model 5. To simulate breathing during rest and exercise using the CFD
method, the unilateral nasal airflow rates were set at 150 ml/s and 500 ml/s, respectively. The CFD method was then used to
calculate each model’s airflow properties. Finally, the volumes of the models, pressure at the NV outlet, and airflow velocity
were evaluated and calculated to investigate each model’s NV airflow characteristics.

Results: Our study found a significant correlation between the nasolabial angle (NLA) and NVR volume (r=-0.998, p=0.000),
flow rate and velocity (r=0.984, p=0.000), velocity and maximum pressure (r=0.920, p=0.000), velocity and minimum pressure
(r=-0.969, p=0.000), flow rate and maximum pressure (r=0.974, p=0.000), and flow rate and minimum pressure (r=-0.950,
p=0.000). There was no correlation between NLA increase and nasal airflow velocity. We determined that the highest pressure
and lowest airflow velocity values were in the upper angle region and that the lowest pressure and highest airflow velocity
values were at the bottom of the NVR in all models.

Conclusion: Using the CFD method, we found a decrease in NVR volume and an increase in airflow velocity with an increase
in NLA. In addition, we found that the pressure values in the NVR did not change significantly with the increase in NLA.
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INTRODUCTION

Nasal valve (NV) stenosis is a significant cause of nasal
obstruction. NV dysfunctions have been reported to play
arole in up to 13% of cases where adults suffer from nasal
obstruction and 95% of cases where nasal obstruction is
experienced after septoplasty (1). Even minor anatomical
variations have been proven to have a significant impact
on nasal airflow and related physiological functions, such
as regulation of exhaled air and perception of odors (2).
For this reason, patients’ complaints should be listened to
carefully, and the NV region (NVR) should be carefully
evaluated during pre-surgical planning.
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According to some authors, the NV is divided into
the internal (INV) and external nasal valve (ENV).
The INV is located approximately 1.3 cm behind the
nostrils and is the narrowest part of the nasal airway,
causing the most significant resistance to all airflow. It
constitutes 50% of the total airway and approximately
70% of nasal resistance (3). Its anatomical borders
are formed by the nasal septum medially, the caudal
edge of the superior alar cartilage and anterior part
of the inferior turbinate laterally, and the nasal floor
inferiorly. The angle between the nasal septum and the
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upper alar cartilage is normally 10 to 15 degrees (4).
However, as an anatomical structure, the NV is not
a two-dimensional cross-sectional area but a three-
dimensional (3D) volumetric structure formed by
many anatomical structures and cross-sectional areas.
The boundaries of this 3D structure are the nostril
caudally, the INV posteriorly, the alar cartilage and
fibrofatty tissue anterolaterally, and the septum and
medial crura medially (5). Tripathi et al. (6) opposed
the division between an INV and ENV as separate
structures and referred to their combination as a nasal
gateway (Figure 1A).
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External
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Figure 1. Nasal valve (A) and nasolabial angle (NLA) (B).

The nasolabial angle (NLA) is the angle between the
base of the nose and the upper lip. This angle should
be between 100-110 degrees for women and 90-105
degrees for men (Figure 1B) (7, 8). Changes in the
NLA may cause changes in the angles and distances of
the INV and ENV planes relative to each other and can
change the morphology and volume of the NVR (9).
However, the effect of changes in the 3D structure of the
NVR on nasal airflow has not been studied sufficiently.

Computational fluid dynamics (CFD) is a discipline
that combines fluid mechanics, mathematics, and
computer science. CFD uses numerical simulations to
analyze data on the interactions of liquids, particles,
or gases whose motion is constrained by solid surfaces
(10). In medicine, the results of CFD simulations
are considered reliable in preoperative planning and
predicting surgical outcomes, but they still require
validation in real life (11, 12). In recent years, CFD has
been used to predict nasal airflow and related events.
The accuracy of the CFD simulation results of nasal
airflow has been confirmed by in vitro experiments
(13-15). CFD is low-cost, non-invasive, and makes it
easier to obtain detailed results than other methods
(16, 17).

This study aimed to evaluate the effect of changes in
NVR structure and volume on nasal airflow based on
the CFD method.

MATERIAL AND METHOD

Since our study was an experimental computer
modeling, we did not receive ethics committee approval.
All procedures were carried out in accordance with the
ethical rules and the principles.

Model Creation

Our study used maxillofacial computed tomography
(CT) images of a 33-year-old male patient with no
nasal complaints to create an anatomically correct 3D
structure of the NVR. CT sections were obtained using
the GE Revolution CT 128-Slice (GE Healthcare, USA)
with 0.625-mm thick sections in the axial plane. CT
sections were analyzed using a picture archiving and
communication system.

The CT images were transferred to Materialise’s interactive
medical image control system (MIMICS®; NV, Belgium),
an interactive software program that uses CT images for
visualization and segmentation operations. First, the nasal
air passage was modeled in 3D using MIMICS. A threshold
range of -1024 to -300 Hounsfield units (HU) was set in
the air modeling, in line with previous models (18). The air
passage from the nostrils to the INV was designated as the
NVR. Since our aim was only to investigate the effect of the
NVR on the airflow, this area was manually separated from
the rest of the nasal passage, and a 3D model of the NVR
was created (Figure 2).

Figure 2. Creation of nasal air passage model from CT images.

The NLA was measured as 85°

in the soft tissue
measurements of the patients CT images. The
measurements obtained from MIMICS were transferred
to SolidWorks (Dassault Systems), a computer-aided 3D
solid modeling and design software. A solid reference
model of the NVR was created with this software (Figure
3A). The INV and ENV cross-sections and cross-
sectional areas were measured in the NVR modeled in
3D using the MIMICS program (Figure 3B).

As seen in Figure 3C, five different models were
performed using the ideal NLA values in the literature
by increasing the ENV plane by five degrees compared to
the reference model to ensure the change in the NLA by
keeping the INV plane constant on the simple reference
model with an NLA of 85° (7). Thus, five different solid
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3D NV models were created with NLAs of 85° in Model 1,
90° in Model 2, 95° in Model 3, 100° in Model 4, and 105°
in Model 5. Using the CFD method, we then calculated
the changes in airflow properties for each model.

Figure 3. A. 3D creation of a simple solid model of the NVR in
Solidworks. B. ENV and INV cross-sectional areas. C. Models
created with NLA increments.

Numerical Method

The CFD method was used to examine the effects of changes
in the NLA on airflow in the NVR, and calculations were
made using ANSYS-Fluent 21.0 (ANSYS, Inc.) software
(19). Since the Reynolds number calculated for the NVR
input was less than 2,300, the flow was assumed to be
laminar in the NVR, where all calculations were made (20,
21). Previous studies have also shown that nasal airflow is
laminar in NVR (16, 22). Based on previous research, our
study applied the airflow regime as a laminar flow for CFD
simulations. The conservation and continuity equations
used for laminar flow were as follows:

ou

5 +p(uNV)u=-Vp+uVu

P
Vu=0

In the equations, “u” represents the air velocity vector, p=a
1,225-kg/m3 air density, p=1.7894 x 10-5 kg/(m.s) dynamic
viscosity of the air, p is pressure, and t is time. The SIMPLEC
algorithm was used to analyze the pressure-velocity pair.
The second-order method for pressure correction and
the second-order UPWIND method for discretization
conservation equations were used. In the time-dependent
analysis, the first-order temporary closed formulation was
used (23). The analyses were terminated when the residual
values for the conservation of mass and momentum equations
were less than 10-6. The network structure created for the
calculation is shown in Figure 4A. The mesh structure was
tetrahedral. The mesh structure was concentrated in areas
close to the NV walls. A growth factor of 1.1 and bias factor
of 5 were chosen near the NV walls. As seen in Figure 4B,
when the number of grids increases above 300,000 B, the
values for pressure and speed are negligible. Therefore, a
grid number of 301,859 was chosen for our study.

A P preea— o s teowo o0 Pty B
Figure 4. A. Mesh structure for NVR model. B. Grid independence test.
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The velocity inlet boundary condition is given at the
entrance of the calculation region, and the outflow
boundary condition is given because the pressure
value cannot be estimated at the outlet. In the NVR,
the inner walls were considered rigid, and the no-
slip velocity condition (u=0) was assigned. An inlet
pressure boundary condition with zero-gauge pressure
was applied in the nostril. To simulate breathing during
rest and exercise in the CFD method, the airflow rates
passing through the nostril section were set in previous
studies as 150 ml/s in the resting state for the single
nasal passage and 500 ml/s in the exercise state (13, 16,
18, 24). To provide these flow rates, the inlet pressure
in the nostril was accepted as the atmospheric pressure,
and the outlet pressure was adjusted. Parameters
such as the pressure at the NV outlet and airflow rate
were then calculated to determine the NVR’s airflow
characteristics.

Statistical Analysis

All data were analyzed using the Statistical Package for
the Social Sciences (SPSS) (IBM) version 25 software.
The Pearson Correlation test was used to evaluate
the correlation between the data obtained from the
NVR models. Values with a “p” value below 0.05 were
considered significant for correlation.

RESULTS

The data from the experimental NVR models and the
pressure and velocity results obtained from the study
are shown in Table 1 and Figure 5.

Model 1 Model 2 Model 3 Model 4 Model 5

Pressure Pa

Flow rate

150 ml/s

Velocity m/s

Pressure Pa

Flow rate

500 ml/s

Velocity m/s

NLA: Nasolabial Angle, ml/s: milliliter/second,

Figure 5: Cross-sectional velocity contours and pressure patterns of
the nasal airflow at flow rates of 150 ml/s and 500 ml/s.
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Table 1. Data obtained from models and pressure and velocity
values.

Model 1 Model 2 Model 3 Model 4 Model 5

NLA
85° 90° 95° 100° 105°
150 ml/s
Max.Pressure (Pa) 3.83 3.82 3.61 3.35 2.83
Min.Pressure (Pa) -0.49 -0.56 -0.6 -0.84 -0.72
Velocity (m/s) 4.1 423 441 4.68 4.86
500 ml/s
Max.Pressure (Pa)  29.35 27.93 25.81 24.72 18.88
Min.Pressure (Pa)  -4.82 -4.27 -3.59 -6.48 -5.7
Velocity (m/s) 11 11.39 11.87 12.89 13.52
Volume (mm?) 5,575 5,267 4,908 4,506 4,071

Mesh numbers

301,859 287,412 270,690 250,726 229,548

NLA: Nasolabial Angle, Max.:Maximum, Min.: Minimum, ml/s: milliliter/second, Pa:
Pascal,

The NVR volume in the generated 3D NV models
decreased as NLA increased. While the volume was
5574.9 mm? in Model 1, it was 4070.7 mm? in Model 5.
The angle between the INV and ENV planes increased
as the NLA increased. The Pearson correlation (r) and p
values of the data are given in Table 2.

Table 2. Pearson correlation values (r) between variables.

Pi::/[stﬁre Plzlslsl:l.re Velocity ~ Volume
Flow rate 0.974* -0.950* 0.984* 0.000
NLA -0.168 -0.119 0.154 -0.998*
Max. Pressure -0.891* 0.920* 0.170
Min. Pressure -0.969* 0.125
Velocity -0.155
NLA: Nasolabial angle, Max.: Maximum, Min.: Minimum, *p < 0.001

DISCUSSION

Nasal breathing has multiple functions and is
essential for maintaining a good quality of life. The
geometry of the nose, which provides the physical
boundary condition of healthy breathing, is highly
complex. The NVR is generally defined anatomically
as the region of the nasal cavity that offers the most
significant resistance to airflow. Therefore, it is the
most critical region for nasal airflow (25). Even the
slightest change in the NVR can substantially affect
airflow within the nasal cavity (11). Garcia et al. (26)
confirmed that anterior septal deviation, including in
the NVR, increases nasal resistance more than median
and posterior deviations. Small changes in the NLA
significantly affect patient satisfaction aesthetically
(27, 28). However, there will inevitably be a change
in the NVR, a 3D structure, when increasing or
decreasing the nasal tip rotation with the methods
applied during nasal-type surgery.

The primary purpose of nasal surgery is to provide the
patient with a functional nose that breathes well. However,
if adequate airflow cannot be achieved after the surgery,
patients may complain of shortness of breath, and even
an aesthetically pleasing nose will not necessarily satisfy
the patient functionally (29).

The perception of nasal airflow is a subjective sensation;
therefore, it is difficult to determine its amount
and possible causes of obstruction. For objective
measurements of nasal obstruction, tests such as
rhinomanometry, acoustic rhinometry, peak nasal
inspiratory flow, and laser doppler anemometry can
be used in the clinic. However, the results of these tests
are weakly associated with subjective nasal obstruction.
Therefore, they have not entered into routine clinical use
because their clinical value is controversial and the cost
of testing is high (11, 12, 18, 30).

In recent years, CFD has been a generally accepted
and clinically correlated method for evaluating nasal
airflow (31). Zhu et al. (13), in their study using CFD,
determined that a curved external nose created greater
nasal resistance in the nasal passage than the normal
situation. In contrast, nasal passage stenosis caused by
turbinate hypertrophy increased resistance even more.
The effects of septal deviation and atrophic rhinitis in the
nasal cavity on nasal airflow have also been reported by
CFD studies (26). Nasal functions, such as nasal airflow
structures and heating capacity, were also numerically
evaluated using CFD (13).

In our study, we examined the effect of changes in the
3D structure of the NVR on nasal airflow by designing a
solid model using the CFD method. Borogeni et al. (18)
reported that subjective nasal airflow scores were more
compatible with unilateral CFD results than bilateral
results. In addition, Andre et al. (12) found that nasal
airflow perception was better associated with unilateral
airflow. For these reasons, we used unilateral nasal
modeling.

To evaluate the airflow characteristics in the NVR, the
airflow velocity and the pressure at the NVR outlet
are essential indicators (31). We evaluated these two
parameters in our study.

According to Bernoulli’s principle, the airflow velocity
and pressure will increase when the nasal cavity narrows
(31). The narrowing of the nasal passage causes an
increase in airflow velocity (13). From this point of view,
an increase in the volume of the NVR will slow down the
airflow, while a decrease in the volume will increase the
speed. In our study, as the NLA increased, the volume
decreased in the NVR models, and the airflow velocity
increased in line with the literature (18, 25). However,
there was no correlation detected between the NLA
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and nasal airflow velocity. This is probably because our
study was performed on a single anatomical model,
with few angle models and flow rates of only 150 ml/s
and 500 ml/s. With more modeling, statistical data with
more evidence could be obtained. There was a very high
negative correlation between NLA and volume, which
was statistically significant (p=0.000). We also found a
very high positive correlation between nasal flow rate
and airflow velocity, which was statistically significant
(p=0.000). Similarly, we found a very high positive
correlation between nasal airflow velocity and maximum
pressure and a very high negative correlation between
nasal airflow velocity and minimum pressure at the
NV outlet, both of which were statistically significant
(p=0.000), (p=0.000). Finally, there was a strong positive
correlation between flow rate and maximum pressure
and between flow rate and velocity, and a negative
correlation between flow rate and minimum pressure. All
these correlations were statistically significant (p=0.000),
(p=0.000), (p=0.000).

The pressure values at the NV outlet are essential
parameters for nasal airflow evaluation (32). Changes
in nasal passage anatomy may also cause changes in
pressure values. For example, in their CFD study, Zhao
et al. (21) found that the INV was the narrowest cross-
sectional area of the entire nasal airway, and 50%-73%
of the entire nasal airway pressure drop was in the
NVR. In the same study, pressure changes were detected
at the highest value in the NVR and were compatible
with clinical tests and scoring (21). Our study found
that all models’ maximum pressure values at the NV
outlet decreased as the NLA increased. However, no
correlation was detected. Moreover, no correlation was
detected between NLA increase and minimum pressure.
We found that as the NLA increased, the maximum
pressure values increased at an airflow of 500 ml/s, but
the minimum pressure values decreased to 95°, then
increased to 100° NLA, and decreased to 105° NLA
again. In the evaluation made with a 500-ml/s flow rate,
we think that the fluctuation of the minimum pressure
values at the NV outlet, diverging from the values with
a 150-ml/s flow rate, is most likely due to the possibility
of the airflow passing from a laminar to turbulent flow
in this region due to high velocity (11).

As a result of the evaluation of the NVR with CFD, we
determined that the highest pressure values were in the
upper angle region, which is the narrowest part of the
NVR. The nasal airflow velocity values in this region were
the lowest. On the contrary, we found the lowest pressure
and highest airflow velocity values at the bottom of the
NVR in all models. Similar to Li et al. (17), our study
determined that the peak airflow velocity was located in
the lower part of the NVR in all models.
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Limitations

The limitation of our study was that it was an isolated
experimental study in which only the NVR was examined
out of the entire nasal passage, and only a few parameters
were studied using a single anatomical model.

CONCLUSION

In our study, which used the CFD method, we found
a decrease in NVR volume and an increase in airflow
velocity with an increase in NLA. In addition, we found
that the pressure values in the NVR did not change
significantly with the increase in NLA.

Primary data may have been obtained in our study, and
it shows the efficacy of the CFD method. However, in the
future, more studies in which the entire nasal passage is
modeled, and supported by relevant clinical data could
be obtained with higher levels of evidence.
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