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Abstract:

Background: The fluid flow in channels with deviation change in the cross-sectional area in a part of the channel
can have a turbulent behavior. Nasal Septal Deviation (NSD) is such channel and can disturb airflow.
Computational Fluid Dynamics (CFD) can show the critical points that cause turbulence or blockage of the flow
by analyzing the airflow passing through the nasal cavity in detail.

Objective: We evaluated a patient with nasal septal deviation before and after correcting septum surgery
(septoplasty). With the help of Computational Fluid Dynamics (CFD) by showing the patterns of airflow through
the patient's nasal cavity and accurately locating the deviation of the septum along with showing the disturbance
of the passing airflow to the surgeon, it is possible to preserve healthy tissues.

Methods: First, Computed Tomography (CT) of the nasal cavity and paranasal sinuses was done. Then, using
Mimics software, the basic 3D geometry of the nose was made. Due to the point-like nature of the created shape,
we converted the 3D geometry from the point to a linear geometry and finally to a volumetric geometry by
CATIA software. Considering the transient flow from the nasal tip, simulation of the numerical method at air
flow rates of 15, 17.4, 20, 25 and 40 lit/min was done using the k-o SST turbulence model. We considered the
non-slip and smooth nasal wall and steady flow at 22 °C. According to CFD data and turbulence area the exact
location of nasal cavity which caused obstruction was shown to surgeon and septoplasty was done. 3D modeling
using CFD was done and airflow parameters were evaluated again three months after surgery to evaluate
development of airflow behavior.

Results: The peak velocity was found at 3 to 6 cm from the nostril before septoplasty, but the peak velocity was
at the nasal valve after septoplasty. The airflow resistance decreased from 0.97 Paxmin/lit to 0.53 Paxmin/lit
after septoplasty for a flow rate of 17.4 lit/min (the beginning of airflow disturbance). Also, the pressure drop for
a flow rate of 17.4 liters per minute was 16.878 Pa, which decreased to 9.222 Pa after surgery. The highest wall
shear stress was also at a distance of 4.1 and 5.07cm from nasal tip before and after septoplasty respectively. The
highest wall shear stress was 3.85x10-2 Pa before septoplasty, but after septoplasty it decreased to 2.78x10-2 Pa.

Conclusion: Nasal septal deviation increases the velocity, resistance, pressure drop and creates a vortex in the
airflow, which leads to obstruction of the airway passing through the nasal cavity. CFD showed difference in
nasal airflow parameters in patients with deviated nasal septum before and after septoplasty, so it can help
surgeon find the exact area which causes obstruction and septoplasty can be done according to CFD data.

Keywords: nasal septum deviation (nsd), septoplasty, computational fluid dynamics (cfd)

Introduction

The nasal cavity is known to be one of the most important parts of the human
airway system, which provides the first protection stage of the lungs by
heating and moistening the air [1-3]. The upper respiratory tract from the
valve of the nose to the entrance of the larynx plays an important role in
delivering oxygen to the lungs, leads to absorbing in blood. However, the
cross-sectional regularity of the air passage from the nasal cavity to the
larynx plays an important role in getting enough oxygen to the lungs and
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improving respiration. Hence, a better understanding of how streamlines of
airflow, the velocity and pressure at obstructive and critical points in the
nasal cavity on the inhaled airflow is essential [4, 5].

The complicated structure associated with the nasal anatomy makes it
difficult to measure the resistance of the nose [6]. Determining the nasal
anatomy and physiology is difficult due to the small size of these airways.
Several researchers have performed studies of airflow in the nasal cavity
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using measuring devices such rhinomanometry and acoustic rhinometry [7—
10].

Harkma et al. and Grotberg reported that determining the exact location of
the obstruction in the nasal cavity is the first step in identifying the most
important factors playing a role as understanding nasal and upper airway
pathology [11]. Airflow through the human upper respiratory tract has been
studied numerically and experimentally by several researchers [12—26].

Rhinomanometry is used to measure the pressure of airflow through the nasal
airway and acoustic rhinometry is used to measure the cross section of the
airway in different planes of the nose. However, measuring the exact velocity
of the airflow and assessing the cross-sectional area in each part of the nasal
cavity is difficult [27-31].

The reliability of the results obtained using this device depends on the
favorable cooperation of the operator of the rhinomanometric device and the
patient, the calibration of the device and correct executive instructions by the
physician and the use of standard techniques. Due to the inherent limitations
of existing measuring instruments, Computational Fluid Dynamics (CFD)
has been proposed as a suitable option [32].

CFD which refers to the use of numerical methods to solve the Partial
Differential Equations (PDE) governing fluid flow, is becoming an
increasingly popular research tool in the study and prediction of fluid
dynamics [33].

Tretiakow, D et al. used nasal CT scans from 16 patients to process images
and made a model of the human nasal cavity and sinuses using a 3D slicer
for segmentation and new surface model generation. Further processing was
performed in Autodesk® Mesh Mixer TM (https://meshmixer.com/). The
underlying equations were discretized using the finite volume method. The
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corresponding system of algebraic equations was then solved using Open
foam software (https://www.openfoam.com/). The CFD results were
presented using sample 3D models of patient 1 (normal) and patient 2
(pathological changes). As a conclusion, CFD is recommended to be used in
clinical practice and also in research as a beneficial objective tool to evaluate
the nasal airway [34].

CFD is also useful in evaluating the outcomes of nasal surgery. For example,
partial or complete inferior turbinate reduction is assessed and compared in
Lee et al.’s study using CFD analysis [35].

The mechanism of feeling obstruction in a patient with atrophic rhinitis
(excessive dilation of nasal cavity) using CFD is discussed well in Ya Zhang
et al.’s study [36].

In this study, we aimed at using CFD data for determining the exact area that
caused obstruction and suggesting the surgeon to do septoplasty according
to mentioned area not only saves the healthy nasal tissue, but also improves
the results of septoplasty.

Methods
Reconstruction of geometry

The patient was a 45-year-old man of Iranian nationality who had breathing
problems due to obstruction of the right nasal cavity. The NOSE
questionnaire score for the patient was 12 (the NOSE questionnaire is
uploaded as a supplementary material). The patient has not had a common
cold, sinusitis, nasal polyps, previous surgery on the nose or trauma to the
face in the past six months. First, Computed Tomography (CT scan) images
of the face were performed by a radiologist at Ghaem Hospital, Mashhad
University of Medical Sciences, Iran (figure 1).

Figure 1: Tomography images taken from the patient before septoplasty

In this research, we used version 19 of Mimics (Materialize Mimics)
software. CT scan images were imported into Mimics medical imaging
software (Materialsize, Plymouth, MI, USA). The 3D reconstruction of the

nasal cavity was performed by removing the paranasal sinuses due to the
prevention of tube airflow disturbance in the tube-like channel of the nasal
cavity (Figure 2).

Figure 2: Reconstructed images of the patient's nasal cavity before surgery by Mimics software

Mesh geometry

The output of Mimics software is in the form of discontinuous lines named.
STL format. This format cannot be used in Ansys Meshing and Fluent
software, so the output file of Mimcs 3D images was transferred to Catia
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software. With the formation of cloud points in the Catia software, the 3D
point image was converted into a linear image, and then the volume model
was developed. After correcting the smoothness of the surfaces and
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removing the extra points, the boundary conditions were determined. Output
file from the Catia software was generated as. STEP (Figure 3).
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Figure 3: Modified images of nasal cavity in Catia software

Finally, the 3D geometry of the nasal cavity was imported into the Ansys
ICEM CFD software as a .STEP file, and the meshing of the 3D geometry
was generated. The initial mesh for the case before nasal cavity surgery was
1213339. By checking the meshes, we made the grid cells smaller and
increased the number of meshes for the nasal cavity. By increasing the
number of meshes from 4607378 cells to 5673085 cells, there is no
significant change in the average pressure and average wall shear stress.

After our interpretation and numerical analysis with the help of CFD on the
airflow passing through the patient's nasal cavity and determining the critical
cross-sectional area that was the cause of flow disturbance and transient
region. ENT surgeon done the septoplasty according to CFD data.

3 months after surgery, nasal cavity CT csan was repeated. Then the
reconstruction steps of 3D images formation were done. Next, the airflow
was analyzed using Ansys meshing and Fluent. At last, we investigated the
change in nasal cavity airflow characteristics before and after septoplasty.
Also, the NOSE questionnaire was used 3 months after septoplasty and it
was 4.

Governing Equations
Model of Air Flow in Nasal Cavity

The most successful way to discretize the flow problem is to use the control
volume method, also known as the finite volume method or Euler method.
As the name suggests, the problem is split into a control volume and the
conservation laws of physics apply to this volume. The governing equation
is:

Continuity equation (mass conservation);
Momentum equation (Newton's second law);
Reynolds’ transport theorem.

Reynolds' transport theorem is used to convert the governing equations to
Euler form [37].

Conservation of mass means that the amount of mass remains constant over
time. Therefore, if there is mass flow through a volume, the accumulation
rate within that volume is equal to the net outflow. In vector notation:

ap; | .

o +div(p;u;) =0
This is also called the continuity equation for compressible fluids in unsteady
flow. For an incompressible fluid, the continuity equation is:

dl"l?(u,:) =0
Reynolds’ Transport Theory

The rate of change of the general property ¢ per unit volume can be
expressed similarly to the rate of change of mass per unit volume (Equation

(1)) as:

9pip; | . Do;
# + div(pipiw;) = p; D_tL
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The characteristic rate of change is equal to the sum of the control volume
rate of increase ¢ and the net outflow.

The Momentum Equation

Once Reynolds’ transport theory is established, it can be applied to Newton's
second law to compute the rate of change of momentum using a control
volume approach:

Z P d(Momyy,,)

dt
Using:
Momyy, = myv; = p;V;v;
oUW 10 of . 0U ay
ot Jox;  pox; dx v ”T(axj ax;

The total force acting on a volume is the sum of pressure, gravity (and other
body forces), shear force and normal stress [37]. Applying Reynolds'
transport theorem and Newton's second law to a three-dimensional
infinitesimal control volume yields the three-dimensional Navier—Stokes
differential equation for laminar flow [38]:

au,

Ti au; _ 1 ad au;
t_ + U (—P(Sij - pv(axj + a—xi))

0% = b o,
Due to the turbulence in this case, velocity fluctuations and additional shear
stresses, the so-called Reynolds stresses, must be taken into account.
Velocity is modeled as the sum of mean and variation, u = U + u’. This

produces a slightly different version of Navier—Stokes:
6U,-+ aUu; 1 0 ps -
at - Jox;  pox ( y = PIL)

Using the Boussinesq approximation for the Reynolds stress term (turbulent
stress) on the right-hand side produces:

. U AN
Py = pvr\ Gt 5y, ) T 3 PR

After insertion and rearrangement, the Reynolds-averaged Navier—Stokes
equations for turbulence 3re obtained [39].

For steady state, the transient term on the left is of course zero, so the
convective term on the left is left alone. P is the pressure; K is the kinetic
energy and the remaining two terms are diffusion (turbulent stress) and
viscous stress. &;; is the)Kronecker delta required for the formula to give
correct results for normal’Reynolds stress.

The turbulent Kinetic energy equation k is:

ok ok au;

d ok
E ja_JCj_Tija_JCj_ﬁkw+a_)Cj[(v+ O-va)a_Xj]

The pseudo-vortices equastion (w) is:
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w Jw w JdU;
“ J—

4 _ 24 5] + ow
o tUign =% Ty, ~ “F W+ gurr)g,

Note that the addition notation i, j = 1, 2, 3 denotes the components of the
velocity vector and spatial coordinates. Turbulent viscosities and their
formulations are described in detail in ref. [39]. Note that the first terms in
Equations (6)— (8) are ignored since steady-state conditions are applied in
this study.

Numerical Solution

Combining the governing equations yields a closed system with an equal
number of equations and unknowns. What now remains is a way to solve
these equations numerically. The Ansys Fluent 18 solver for incompressible
steady-state turbulence, called Simple Algorithm, uses the SIMPLE
algorithm to solve the flow.

The Simple Method

SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) starts with
a (preferably qualified) guess of initial and boundary conditions for the
pressure field. The guessed value is marked with an asterisk, P*. P* is used
to the discretized momentum equations to calculate velocities, u;. These
velocities are referred to and treated as guessed values.

The continuity equation is used to express a correction to the pressure, P'.
The guessed and correction values are summed to get the actual pressure.
Similarly, a velocity correction is added to u;:

P=pP"+ P
w; =u; + u;

After correcting for pressure and velocity, the other discretized transport
equations are solved. This completes one iteration. The process is repeated
using the corrected pressures and velocities as initial estimates for the next
iteration. This continues until the convergence criterion is met. Different
criteria may exist for different flow characteristics. The convergence criteria
for this paper are described in Section 2.3.7. A flowchart of the SIMPLE
method by Versteeg and Malalasekera is shown below [40].

There are several versions of this algorithm, for example, SIMPLE revised
or the SIMPLER method, which directly computes the pressure field via the
pressure discretization equation [40]. Nevertheless, only the original
SIMPLE method was used in this study, as it forms the basis for the chosen
software solver Simple.

Under-Relaxation

The SIMPLE method is prone to instability. One way to prevent this is by
introducing under-relaxation coefficients, «,, for the pressure and velocity
corrections. An under-relaxation coefficient is a factor between 0 and 1 that
is used to dampen corrected values:

prY =p t+o,p
unew = o, U+ (1 _ ocu)u("‘l)

Even if the solution oscillates, the amplitude will be small, so the solution
may not oscillate or diverge. However, this slows down convergence. The
optimal relaxation factor depends on mesh, flow problem and iteration
method and is difficult to predict [40].

Numerical Schemes
The most important basic properties of discretization methods are:

Conservatism: The same number of properties entering the cell area on one
side exit the same area on the other side;

Boundedness: The property value of a point is within the range spanned by
the boundary

oundary valuey,;y < value At Node < boundary valuey,,
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Transportiveness: The influence of the property @ on the value of a cell by
neighboring cells dependg, on the convective—diffusion relationship in the
flow. This relationship is called the Peclet number, Pe. The influence of
neighboring cells should be influenced according to the Peclet number.

F u
Pe = —= P

b F/ ox

For pure diffusion, —Pe > 0; for pure convection, —Pe > 1;
To use routine comparison;

The purchase number scheme is similar to other purchases.

It is hard to complete all the processes using one product. The desired
properties, such as second-order precision and boundedness, can be mutually
exclusive. Quality also comes at a cost. Sometimes the best systems are too
expensive. However, the scheme works well, even if it has only first-order
precision or is less portable, as long as it is suitable for the problem at hand.
For example, the central derivative scheme is sufficient for pure diffusion,
but becomes less transportable as Pe increases [40]. In this case, the scheme
was chosen to achieve second-order accuracy.

Boundary Conditions

To create a physical or computational model, you must identify limits and
set appropriate values for those limits. The nasal airways have boundaries
that change over time and are usually lined with a thin layer of mucus. The
shape of the nose also affects the internal flow due to the inspiratory cycle
and the flow entering the postrils. During the respiratory cycle, the airway is
imprinted under the nasop%arynx. Due to the aforementioned complexity and
the authors' knowledge, ngymodel yet covers all these features. In the current
study, three different constant inlet velocities of 15, 17.4 and 20 LPM were
used as inlet conditions to simulate normal breathing in sleep, rest and
relaxation situations. In addition, atmospheric pressure conditions are set at
the outlet. As already mentioned, the effects of gravitational acceleration are
ignored and a no-slip condition is used on the walls of the model.

The initial values for k and w at the inlet are determined using the following
relations [41]:

k=15 (1 X u,-n)z

kO.S
=030,

where Dy, is the hydraulic diameter and | is the turbulence intensity obtained
from the following equation [40]:

1 =0.16 (Re)~1/8

The nasal wall is considered rigid and non-slip [31,42]. A mass flow rate is
applied to the nostril inlet, which corresponds to a specific air inlet
(liters/minute). The flow range considered in this study is 15, 17.4 and 20
LPM and exists in the lamjnar and turbulent regimes for both cases [9,43,44].
As a general rule, for an adUlt nasal cavity, flow below 15 LPM is considered
laminar, between 15 and)L7.4 LPM is transient and above 17.4 LPM is
turbulent. For the nasopharynx, the boundary condition “outflow” is
considered, which assumes a fully developed flow. This simulation does not
take into account the presence of mucus layers and nose hairs. The physical
characteristics of the fluid (air) used in this calculation are a density of 1.225

kg/m3 and a kinematic viscosity of 1.7894 x 107> kg/ms.

The governing equations are discretized over the control volume. Integrating
these discretized equations yields a set of equations in algebraic form.
Simulations were performed using the CFD solver Ansys Fluent 18 R2. The
SIMPLE algorithm was chosen to correlate velocity and pressure
corrections. For higher accuracy, second-order schemes of momentum,
turbulent kinetic energy and specific dissipation factor are used, and a
convergence criterion of four orders of magnitude is adopted.

6)

Page 4 of 13



Clinical Research and Clinical Trials
Solution Methods

In this study, Fluent 18 is applied and the convergence criterion is 1076, The
solution algorithms are shown in Figure 6.

The initial values of k and ® in the input are determined using the
following relationships [41].

k=15 % upy)? 0)
k0.5

= 1

“®=03D, )

Where Dy, is the hydraulic diameter and | is the turbulence intensity,
which is obtained from the following equation.

I =0.16 (Re)1/8

The nasal wall is considered rigid and non-slip [30 and 42]. The mass flow
rate applied to the nasal cavity inlet corresponds to a specific air inlet (liters
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per minute or LPM). The range of flow rate considered in this study is 15,
17.4 and 20 LPM and it exists in transient and turbulent regime for both cases
[9-43-44]. As a general rule, for the nasal cavity of adults, a flow of less than
15 LPM is considered calm, between 15 and 17.4 LPM transient, and above
17.4 LPM turbulent. For the exit of the nasal cavity (nasopharynx), the "exit"
boundary condition is considered, assuming a fully developed flow. In this
simulation, we do not consider the existence of mucous layers and nasal villi.
The physical characteristics of the fluid (air) used in this calculation are
density 1.225 kg/m? and kinematic viscosity 1.7894x10° kg/m?.

The equations governing the control volume are discretized. Integration of
these discrete equations gives a set of equations in algebraic form. The
simulations were performed using Ansys Fluent 18 R2 Computational Fluid
Dynamics. The SIMPLE algorithm was chosen to correlate velocity and
pressure corrections. F@? higher accuracy, second-order schemes of
momentum, turbulent kinetic energy, and specific dissipation factor are used,
and a fourth-order magnitude convergence criterion is adopted.

inlet

outlet

Different flow rate

zero gradient

ZETo pressure flux

constant value

constant value

zero gradient

constant value

zero gradient

g |~ |v(c

constant value

zero gradient

Table 1: Boundary conditions of problem solving

Solution methods

Fluent 18 is used in this study and the convergence criterion is 6-10. The solution algorithm is shown in Figure 6.

START

.], Initial guess p*, uw’, v*, @"

STEP 1: Solve discretized momentum equations

ajjuj; = Zﬂnb Wy + (Pi_1j = Pij)A;; + by

ajjvij = zaub Vo + (Pij—1 — Pij)Aij + by

l u, v

STEP 2: Solve pressure correction equations
QijPij = ai_1,Pi-1 t Aiy1,iPierj T Aij-1Pij-1 T AijraPija + bj

L
STEP 3: Correct pressure and velocities
Pij = pij+ Pl’.]
wj = uj; + dy (P:fu = pij)

Vij = Vi‘.j +: dl,] i Y R Vi’,j)

l pu,v,0"

STEP 4: Solve all other discretized transport equations

aj;pij = ai-1Pi-1j + A1 jPisry + Aij-1Pij-1 + AjjaPijer + b

l o

| Convergence |

Set p*=p, u*
=0
Then go to START

, V=v, J/

«— |N0||Yes

= | STOP

Figure 4: Solving algorithm
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Results

In this research, An Iranian patient with nasal septal deviation and right nasal
cavity obstruction was evaluated. The patient did not have facial trauma,
respiratory infection, polyps or seasonal allergies within six months before
surgery. Septoplasty was done. CT scan and 3D reconstruction of the nasal
cavity model performed before operation and also three months after
septoplasty.

Copy rights@ Hamedreza Kafash,
Figure 5 shows the changes in the cross-sectional area of the nasal cavity
from anterior to posterior before and after surgery. We also compared our
results with previous researchers for a more detailed analysis. The cross-
sectional area of the nasal inlet in right nasal cavity for the pre-operative
model was 1.6571 cm?. After surgery, the cross-sectional did not change at
inlet.

7 # Keyhani et al. (1995)
=

36 W Cheng et al. (1996) 0 :
Ss _ee
e
ok
8.5
$g
32 8 ARt
o ATV °
Cl¢p oeovoedooovooons®

0 O

0 2 4Axial disgance (cm)8 10 12

Figure 5: Comparison of the cross-sectional area of the patient's nasal cavity before and after septoplasty

Also, the cross-sectional area of the nasal cavity did not change between 6
cm from inlet to nasopharynx after surgery, because this area did not have
effect on obstructing the airflow according to CFD data. Increasing the cross-
sectional area was at the 3 to 6 cm from nasal tip after septoplasty where this
area was turbulent in CFD analysis.

Velocitydistribution and airflow lines

Abnormal distribution and irregular patterns of the airflow lines of the nasal
passages may disturb the stimulation of the olfactory area and cause

excessive dryness of the nose and also difficulty in breathing. Figure (6)
shows the paths of inhaled air for the flow rate of 17.4 LPM and it is colored
according to the value of the velocity, which is displayed from the blue
spectrum at the value of 1.1 m/s to the red spectrum at the value of 10 m/s.
This image shows the difference in breathing flow patterns before and after
septoplasty. As can be seen, in the post-operative model a larger amount of
airflow passes through the middle and upper parts of nasal cavity compared
to pre- operative model. Also, the narrowed area in the lower area diverts the
air towards the middle and upper flow. However, the flow film within the
nasal passage converges significantly after septoplasty.

1.1 22

Velocity [m/s| [
0.0 33 44 56 67 78 89 100

b- after surgery

et msfff -

00 L1 22 33 44 56 67 78 89 100

Figure 6: Air flow lines at a flow rate of 17.4 liters per minute (a) before surgery (b) after surgery

In order to better understand the airflow in different parts of nasal cavity and to compare the changes in different cross-sectional areas, we considered cross-
sections at approximately 1 cm intervals. Finally, we extracted the characteristics and behavior of the flow as it is shown in Figures 7 and 8.

I l I I
0 2 4 6
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Nostril

Nasopharynx
Figure 7: Cross-sectional cuts along the nasal cavity before surgery
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Vm/is): 1 1.5 n 354455556657 75885995 |

Figure 8: Velocity contours at a flow rate of 17.4 LPM for the nasal cavity before surgery

After the numerical analysis with the help of CFD and the diagnosis of  cavity and finally numerical analysis were performed on the modified nasal
critical points, the surgeon was asked to perform the surgery to remove the  cavity of the patient and the following results were obtained.

obstruction and correct the nasal septum based on the critical points of the
numerical model CFD. After the patient's recovery (3 months), the steps of
tomography imaging of the patient's face, 3D formation of the patient's nasal

[ I l I I l |

0 2 4 6 8 10 12

Figure 9 shows seven coronal sections after surgery. The airflow lines are
vertical to the coronal sections of the nasal cavity.
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<

A

fghl

r

lﬂEﬁii

Nasophyranxl

Nostril

Figure 9: Coronal sections of the nasal cavity (after surgery)

Considering reconstructing the nasal cavity model after the operation, uniformity of the airflow velocity was achieved. In the distance of 3 to 6 cm from nasal
tip, the velocity decreases with along the coronal sections of the right nasal cavity (figure 10).

-

CREIRE R
3¢ s

Figure 10: Velocity contours at a flow rate of 17.4 LPM minute for the nasal cavity after surgery

-_
-

U]

-——

=

Pressure profiles vectors in the area under the viscous layer leads to increase the shear stress

. . . and airflow regime turbulence.
When the airflow reaches the deviated septum at a constant rate in the nasal g

cavity, the velocity increases due to the reduction of the cross-sectional area. ~ Figure 11 shows the static pressure distribution in the nasal cavity at the flow
As a result of this behavior, the fluid pressure and static pressure decrease.  rate of 17.4 and 25 LPM. Static pressure decreases in the 3 to 6 cm from
Thus, the pressure difference in the obstruction area increases. Because of  nasal tip, where the nasal septum on the right side is deviated. Value of the
the flow velocity and pressure behavior in the nasal septal deviated area, the ~ pressure increases at posterior sections due to the connection of the two nasal
adhesion of the flow layers near the wall and creation of small rotation cavities.

6 O--Q=25Lit/min-before surgery

RN

=@==(Q=25tit/mimaftersurgery

== Q=17/4Lit/min before
surgery

10

12

Static prusser (Pa)
o

Axial distance (cm)

Figure 11: Static pressure in the nasal cavity model before and after surgery
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Also, the pressure drop is greater in right nasal cavity than in left cavity,
which causes greater resistance to the airflow on the right side. Intranasal
pressure is a measure to report nasal function. As expected, and shown in
Figure 11, by correcting the obstruction of nasal cavity with surgery, the

Copy rights@ Hamedreza Kafash,
pressure drops decreases and this indicates that the person has less effort to
breathe. Also, by increasing the airflow rate, the pressure drops increases
along the coronal sections before and after the surgery.

60 ) Right nasal cavity before surgery in
Q@ Q=40Lit/min
50 =l—Right nasal cavity after surgery in
\ (6} Q=40Lit/min
/540 o ==k==Right nasal cavity after surgery in Q=17.4
%@ o . o Lit/min
o
°
020
1.
>
A
210
o
0
0 2 4 .6 8 10 12 14
Axial distaAnce (cm)

Figure 11: Pressure difference in the nasal cavity model before and after surgery

Wall Shear Stress (WSS)

The shear stress of the wall along the nasal cavity means the adhesion of the
airflow layers near the surface to the wall, When the velocity increases
according to the equation of shear stress (21), the shear stress also increases.
As figure 12 shows WSS increases at the level of inferior turbinate in both
before and after surgery models.

T = udu/dy (21)

WSS for the nasal cavity model with NSD had the highest value of 0.04 Pa
at 4 cm from nasal tip. After septoplasty, the highest WSS was at 5 cm from
nasal tip and decreased 0.0278 Pa in the mass flow rate of 17.4 LPM (Figure
12 shows WSS in both pre and post septoplasty models)

—A— Right nasal cavity after surgery in
0.8 Q=17.4 Lit/min
! —®— Right nasal cavity before surgery in

0.7 — Q=17- i
= O = Right nasal cavity before surgery in
9.6 0 Q=25tit/mig———————
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Figure 12: Average wall shear stress distribution before and after surgery

Airflow resistance

To calculate the value of resistance (R), we used Zhu et al.'s formula [45 and
46].

AP
R=7 (22)
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where AP is the pressure difference between the nasal cavity and the desired
cross section and Q is the flow rate in the nasal cavity. According to the
above equation, the resistance in the models before and after surgery at the
flow rate of 17.4 LPM was 0.977 and 0.49 respectively. Figure 13 shows
resistance in different mass flow rates.
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Figure 13: Air flow resistance in the right nasal cavity at different flow rates

Hydraulic power

The hydraulic power in the nasal cavity was evaluated because decreasing of
this parameter leads to regime of flow changes from turbulence to laminar.
In the nasal cavity which had a nasal deviation, the hydraulic power
increased in the area of obstruction.

Hydraulic power can be defined as follows:

W= ApxQ (23)

Figure 14 shows the hydraulic power before and after surgery at the level of
obstruction. As can be seen, due to the increase in the cross-sectional area of
the right nasal cavity and the removal of the obstruction after septoplasty, the
hydraulic power at different flow rates decreases, which indicates decreasing
the patient's breathing effort.

3500
=@=Post surgery

== Pre surgery2

0 10 20
Q (Lit/min)

30 40 50

Figure 14: Hydraulic power of nasal cavity model before and after surgery

It was observed that by using CFD before surgery and consultation with the
surgeon based on the obtained results, the healthy nasal tissues of the patient,
which do not need to be destroyed during surgery, remain anatomically,
which indicates the usefulness of this objective method.

Discussion

Deviation of septum is one of the most common causes of nasal airway
obstruction. Nasal septal deviation plays an important role in nasal anatomy
[46]. The anatomy of the nasal cavity, which is a conical channel with three
lower, middle and upper turbinates on the lateral wall is complex. For this
reason, many researchers use objective methods to examine the upper airway
and plan surgery. Hariri et al studied the relationship between CFD and
rhinomanometric results in septoplasty. They found that the results of
pressure drop obtained from CFD are well correlated with the results of
preoperative rhinomanometry,

CFD may be able to detect specific obstructed sites and post-surgical results
[47]. Dmitry Teri Tyakov and colleagues discussed potential applications of
CFD in otolaryngology, including assessment of nasal airway abnormalities
and surgical interventions. They also pointed to limitations in current
modeling approaches [34].

A study by Springett et al on how CFD modeling with 3D printing and virtual
anatomy tools has the potential to make surgical planning is done. They
showed that by using CFD and 3D printing highly personalized surgery can
be planned [48].
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One of the diseases that affects the nasal cavity is the perforation of the nasal
septum, which has various causes, mainly trauma or systemic diseases.
Considering that the methods and effects of different treatments are
challenges for specialists, some researchers such as Won et al. and Kimble
et al. used CFD models to answer questions related to this pathology [49,
51].

Treatment of nasal obstruction due to deviated nasal septum is another
challenge that CFD can help to choose the best treatment. For example, nasal
turbinoplasty or lower turbinate size reduction is a procedure that is
sometimes performed on patients with nasal obstruction. The purpose of
reducing the turbinates is to improve nasal airflow by reducing the size of
the concha. CFD studies have shown that nasal turbinoplasty can increase
nasal airflow, reduce nasal resistance and improve temperature and humidity
regulation in the nasal cavity [35, 51].

It is useful to mention that the modeling based on CFD often considers the
flow to be incompressible and the walls to be rigid, which are actually
inherent uncertainties. Also, because of differences in methods and sample
characteristics, comparisons with normative values should be interpreted
with caution. According to the above points, in our study, the velocity
distribution pattern in the patient with deviated nasal septum shows an
unusual velocity, which is different from the normal nasal cavity, where the
maximum velocity is located in the area of the nasal valve [47]. In this study,
the location of the maximum velocity was changed to the nasal valve after
septoplasty. This fact shows that septoplasty based on CFD data can
normalize the velocity distribution. After surgery, the area of the nasal valve
becomes the narrowest part of the nasal cavity, as a result of which the speed
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along the nasal cavity decreases. According to Croce et al.'s study and our
study, there is a sudden increase in cross-sectional area after the nasal valve,
which leads to a decrease in velocity. Nasal cavity with deviated septum
experiences maximum velocity in the mid-nasal region, which indicates an
abnormal flow pattern. This can potentially affect the thermal ventilation and
filtration capabilities of the nasal cavity [52].

Pressure drop is traditionally used to validate CFD solutions, measuring the
pressure difference between the nostril and the nasopharyngeal exit [50].
According to a study by Ottaviano and Fokkens, pressure drop is thought to
have a significant impact on nasal patency [53].

In this study, we observed higher values of pressure drop in pre operative
nasal cavity with septal deviation compared to post operative. This issue is
in agreement with previous studies [49, 53].

J. Corda, et al. reported higher pressure drop and airflow disturbance in
deviated nasal cavity and also noted the effectiveness of using CFD modeling
to show obstruction caused by deviated nasal septum in these patients [54].

WSS is the resistance force that is produced when the air flows within the
nasal passage, allowing for the exchange of heat and moisture between the
air and the nasal pasage. [22].

In this study, we showed that by specifying the critical points of the deviated
nasal cavity and suggesting to the surgeon to do septoplasty according to
CFD data, the WSS reduced.

WSS and the location where the fluid has the highest adhesion have been
well discussed in Corda et al.'s study [53]. Their results showed that the nasal
valve has the highest wall shear stress. Overall, our findings are in good
agreement with their results, in a way that most researchers share the same
opinion.

A study by Croce A. et al. compares WSS, velocity profiles and pressure
drop in NSD patient pre and post septoplasty. All of mentioned data had
significant difference after septoplasty. This finding aligns with the present
study’s results [54].

If we consider the function of airflow passing through the nasal cavity after
septoplasty surgery to be similar to that of a healthy nasal cavity, in the model
after septoplasty, a boundary layer is formed like a healthy nasal cavity, but
in the obstructed nasal cavity, the boundary layer does-not produce-due to
the sudden separation of the flow. For this reason, we used k-w SST
Transient (y*) method in solving the problem of this research.

Our study showed relatively higher resistance values in the preoperative
nasal cavity with NSD compared to the postoperative nasal cavity.

The resistance in the nasal cavity of a healthy person has been studied in
previous studies. Wen et al. [22], Zubair et al. [55], and Weinhold and
Mlynski [56] reported the normal resistance of the nasal cavity at a flow rate
of 20 LPM as 0.054, 0.06, and 0.068, respectively [22, 55, 56].

The sense of obstruction can be clarified in the case of NSD because the
resistance is greater than in the normal nasal cavity.

While many studies report higher resistance in cases of airway obstruction,
not all do. Further research is needed to clarify which patient and septum
specific factors most influence on resistance.

Conclusion

Deviation of the septum as one of the main causes of nasal obstruction, was
evaluated in a patient with NSD before and after septoplasty. In this study,
pre and post operative CT scan of was used to make a 3D model and airflow
analysis at 15, 17.4 and 20 LPM was performed. The narrowest area in the
case of nasal septum deviation was at the middle of the nasal cavity before
septoplasty, while this area changed to the entrance (valve) of the nose after
septoplasty. Velocity patterns showed the maximum in the middle nasal
cavity in case of preoperative nasal model, which may affect the
physiological functions of the nose. The model before surgery shows higher
resistance than the nasal cavity after septoplasty. The values of pressure drop
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in the nasal cavity before the operation were higher than the nasal cavity after
the operation. Also, WSS and the hydraulic power were reduced after
septoplasty.

Therefore, using CFD data for determining the exact area that caused
obstruction and suggesting the surgeon to do septoplasty according to
mentioned area not only saves the healthy nasal tissue, but also improves the
results of septoplasty.

Institutional Review Board Statement: The study was conducted in
accordance with the Declara-tion of Mashhad university of medical sciences,
Iran, and approved by the Institutional Review Board

Informed Consent Statement: Informed consent was obtained from subject
involved in the study.

Data Availability Statement: Data is contained within the article.
Conflicts of Interest: The authors declare no conflict of interest.
References

1. Hansen, F.; Wood, D.E. (2013). The Adrenal Fatigue Solution.

2. Marks, T.N.; Maddux, S.D.; Butaric, L.N.; Franciscus, R.G.
(2019). Climatic adaptation in human inferior nasal turbinate
morphology: Evidence from Arctic and equatorial populations.
Am. J. Phys. Anthropol., 169, 498-512.

3. Pirila, T.; Tikanto, J. (2017). Middle turbinate lateralization for
treatment of nasal septal deviation. Laryngoscope, 127, 1208-
1212.

4. Fettman, N.; Sanford, T.; Sindwani, R. (2009). Surgical
Management of the Deviated Septum: Techniques in
Septoplasty. Otolaryngol. Clin. North Am., 42, 241-252.

5. Septum, D. (2021). American Academy of Otolaryngology-
Head and Neck Surgery.

6. (2015). Rahimi-Gorji, M.; Pourmehran, O.; Gorgi- Bandpy, M.J.
Mol. Lig., 209, 121-123.

7. Croce, A.; Bernardi, A.; Bertinaria, L.; (2011). Comparison of
nasal airflow in healthy subjects and patients with nasal septum
deviation. Int. Forum. Allergy. Rhinol., 1, 317-324.

8.  Bruening, J.; Goubergrits, L.; Hildebrandt, T. (2016). Team 190:
CFD Simulation of Airflow within a Nasal Cavity the
UberCloud.

9. Garcia, G.J.M.; Bailie, N.; Martins, D.A.; Kimbell, J.S. (2007).
Atrophic rhinitis: A CFD study of air conditioning in the nasal
cavity. J. Appl. Physiol., 103, 1082-1092.

10. Faramarzi, M.; Baradaranfar, M.H.; Abouali, O.; Atighechi, S.;
Ahmadi, G.; Farhadi, P.; Keshavarzian, E.; Behniafard, N.;
Baradaranfar, A. (2014). Numerical investigation of the flow
field in realistic nasal septal perforation geometry. Allergy.
Rhinol. Provid., 5, 70-77.

11. Harkema, J.R.; Carey, S.A.; Wagner, J.G. (2006). The Nose
Revisited: A Brief Review of the Comparative Structure,
Function, and Toxicologic Pathology of the Nasal Epithelium.
Toxicol. Pathol., 34, 252—-269.

12. Kim, S.K.; Chung, S.K. (2004). An investigation on airflow in
disordered nasal cavity and its corrected models by tomographic
PIV. Meas. Sci. Technol., 15, 1090-1096.

13. Kim, S.K.; Na, Y.; Kim, J.-l.; Chung, S.-K. (2013). Patient
specific CFD models of nasal airflow: Overview of methods and
challenges. J. Biomech., 46, 299-306.

14. Mylavarapu, G.; Mihaescu, M.; Fuchs, L.; Papatziamos, G.;
Gutmark, E. (2013). Planning human upper airway surgery
using computational fluid dynamics. J. Biomech., 46, 1979-
1986.

15. Mylavarapu, G.; Murugappan, S.; Mihaescu, M.; Kalra, M.;
Khosla, S.; Gutmark, E. (2009). Validation of computational
fluid dynamics methodology used for human upper airway flow
simulations. J. Biomech., 42, 1553-1559.

Page 11 of 13


https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Hansen%2C+F.%3B+Wood%2C+D.E.+%282013%29.+The+Adrenal+Fatigue+Solution.+&btnG=
https://onlinelibrary.wiley.com/doi/abs/10.1002/ajpa.23840
https://onlinelibrary.wiley.com/doi/abs/10.1002/ajpa.23840
https://onlinelibrary.wiley.com/doi/abs/10.1002/ajpa.23840
https://onlinelibrary.wiley.com/doi/abs/10.1002/ajpa.23840
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Pirila%2C+T.%3B+Tikanto%2C+J.+%282017%29.+Middle+turbinate+lateralization+for+treatment+of+nasal+septal+deviation.+Laryngoscope%2C+127%2C+1208-1212.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Pirila%2C+T.%3B+Tikanto%2C+J.+%282017%29.+Middle+turbinate+lateralization+for+treatment+of+nasal+septal+deviation.+Laryngoscope%2C+127%2C+1208-1212.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Pirila%2C+T.%3B+Tikanto%2C+J.+%282017%29.+Middle+turbinate+lateralization+for+treatment+of+nasal+septal+deviation.+Laryngoscope%2C+127%2C+1208-1212.+&btnG=
https://www.sciencedirect.com/science/article/pii/S0030666509000085
https://www.sciencedirect.com/science/article/pii/S0030666509000085
https://www.sciencedirect.com/science/article/pii/S0030666509000085
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Septum%2C+D.+%282021%29.+American+Academy+of+Otolaryngology-Head+and+Neck+Surgery.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Septum%2C+D.+%282021%29.+American+Academy+of+Otolaryngology-Head+and+Neck+Surgery.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%282015%29.+Rahimi-Gorji%2C+M.%3B+Pourmehran%2C+O.%3B+Gorgi-+Bandpy%2C+M.J.+Mol.+Liq.%2C+209%2C+121%E2%80%93123.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%282015%29.+Rahimi-Gorji%2C+M.%3B+Pourmehran%2C+O.%3B+Gorgi-+Bandpy%2C+M.J.+Mol.+Liq.%2C+209%2C+121%E2%80%93123.&btnG=
https://www.preprints.org/manuscript/202308.0505/download/final_file
https://www.preprints.org/manuscript/202308.0505/download/final_file
https://www.preprints.org/manuscript/202308.0505/download/final_file
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Bruening%2C+J.%3B+Goubergrits%2C+L.%3B+Hildebrandt%2C+T.+%282016%29.+Team+190%3A+CFD+Simulation+of+Airflow+within+a+Nasal+Cavity+the+UberCloud..+Available+online%3A+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Bruening%2C+J.%3B+Goubergrits%2C+L.%3B+Hildebrandt%2C+T.+%282016%29.+Team+190%3A+CFD+Simulation+of+Airflow+within+a+Nasal+Cavity+the+UberCloud..+Available+online%3A+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Bruening%2C+J.%3B+Goubergrits%2C+L.%3B+Hildebrandt%2C+T.+%282016%29.+Team+190%3A+CFD+Simulation+of+Airflow+within+a+Nasal+Cavity+the+UberCloud..+Available+online%3A+&btnG=
https://journals.physiology.org/doi/abs/10.1152/japplphysiol.01118.2006
https://journals.physiology.org/doi/abs/10.1152/japplphysiol.01118.2006
https://journals.physiology.org/doi/abs/10.1152/japplphysiol.01118.2006
https://journals.sagepub.com/doi/abs/10.2500/ar.2014.5.0090
https://journals.sagepub.com/doi/abs/10.2500/ar.2014.5.0090
https://journals.sagepub.com/doi/abs/10.2500/ar.2014.5.0090
https://journals.sagepub.com/doi/abs/10.2500/ar.2014.5.0090
https://journals.sagepub.com/doi/abs/10.2500/ar.2014.5.0090
https://journals.sagepub.com/doi/abs/10.1080/01926230600713475
https://journals.sagepub.com/doi/abs/10.1080/01926230600713475
https://journals.sagepub.com/doi/abs/10.1080/01926230600713475
https://journals.sagepub.com/doi/abs/10.1080/01926230600713475
https://iopscience.iop.org/article/10.1088/0957-0233/15/6/007/meta
https://iopscience.iop.org/article/10.1088/0957-0233/15/6/007/meta
https://iopscience.iop.org/article/10.1088/0957-0233/15/6/007/meta
https://www.sciencedirect.com/science/article/pii/S0021929012006744
https://www.sciencedirect.com/science/article/pii/S0021929012006744
https://www.sciencedirect.com/science/article/pii/S0021929012006744
https://www.sciencedirect.com/science/article/pii/S0021929013002807
https://www.sciencedirect.com/science/article/pii/S0021929013002807
https://www.sciencedirect.com/science/article/pii/S0021929013002807
https://www.sciencedirect.com/science/article/pii/S0021929013002807
https://www.sciencedirect.com/science/article/pii/S0021929009001341
https://www.sciencedirect.com/science/article/pii/S0021929009001341
https://www.sciencedirect.com/science/article/pii/S0021929009001341
https://www.sciencedirect.com/science/article/pii/S0021929009001341

Clinical Research and Clinical Trials

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Dastan, A., Abouali, O., & Ahmadi, G. (2014). CFD simulation
of total and regional fiber deposition in human nasal cavities.
Journal of Aerosol Science, 69, 132-149.

G.M.; Kimbell, J.S. (2008). Effects of Differences in Nasal
Anatomy on Airflow Distribution: A Comparison of Four
Individuals at Rest. Ann. Biomed. Eng., 36, 1870-1882.

Segal, R.A.; Kepler, G.M.; Kimbell, J.S. (2008). Effects of
differences in nasal anatomy on airflow distribution: A
comparison of four individuals at rest. Ann. Biomed. Eng., 36,
1870-1882.

Wang, S.; Inthavong, K.; Wen, J.; Tu, J.; Xue, C. (2009).
Comparison of micron- and nanoparticle deposition patterns in a
realistic human nasal cavity. Respir. Physiol. Neurobiol., 166,
142-151.

Wang, Y.; Wang, J.; Liu, Y.; Yu, S.; Sun, X.; Li, S.; Shen, S.;
Zhao, W. (2012). Fluid-structure interaction modeling of upper
airways before and after nasal surgery for obstructive sleep
apnea. Int. J. Numer. Methods Biomed. Eng., 28, 528-546.
Wang, Z.; Hopke, P.K.; Ahmadi, G.; Cheng, Y.-S.; Baron, P.A.
(2008). Fibrous particle deposition in human nasal passage: The
influence of particle length, flow rate, and geometry of nasal
airway. J. Aerosol Sci., 39, 1040-1054.

Wen, J.; Inthavong, K.; Tian, Z.; Tu, J.; Xue, C.; Li, C. Airflow
patterns in both sides of a realistic human nasal cavity for
laminar and turbulent conditions.

Wen, J.; Inthavong, K.; Tu, J.; Wang, S. (2008). Numerical
simulations for detailed airflow dynamics in a human nasal
cavity. Respir. Physiol. Neurobiol., 161, 125-135.

Xiong, G.-X.; Zhan, J.-M.; Zuo, K.-J.; Rong, L.-W.; Li, J.-F.;
Xu, G. (2010). Use of computational fluid dynamics to study the
influence of the uncinate process on nasal airflow. J. Laryngol.
Otol., 125, 30-37.

Xiong, G.-X.; Zhan, J.-M.; Jiang, H.-Y; Li, J.-F.; Rong, L.-W.;
Xu, G. (2008). Computational Fluid Dynamics Simulation of
Airflow in the Normal Nasal Cavity and Paranasal Sinuses. Am.
J. Rhinol., 22, 477-482.

Hilberg, O.; Jackson, A.C.; Swift, D.L.; Pedersen, O.F. (1989).
Acoustic rhinometry: Evaluation of nasal cavity geometry by
acoustic reflection. J. Appl. Physiol., 66, 295-303.

Jones, A.S.; (1987). Lancer, J.M. Rhinomanometry. Clin.
Otolaryngol., 12, 233-236.

Shelton, D.M.; Eiser, N.M. (1992). Evaluation of active anterior
and posterior rhinomanometry in normal subjects. Clin.
Otolaryngol., 17, 178-182.

Sipila, J.; Suonpaa, J. (1997). A prospective study using
rhinomanometry and patient clinical satisfaction to determine if
objective measurements of nasal airway resistance can improve
the quality of septoplasty. Eur. Arch. Otorhinolaryngol., 254,
387-390.

Suzina, A.H.; Hamzah, M.; Samsudin, A.R. (2003). Active
anterior rhinomanometry analysis in normal adult Malays. J.
Laryngol. Otol., 117, 605-608.

Ishikawa, S.; Nakayama, T.; Watanabe, M.; Matsuzawa, T.
(2009). Flow Mechanisms in the Human Olfactory Groove.
Arch. Otolaryngol. Neck Surg., 135, 156-162.

Doorly, D.; Taylor, D.; Schroter, R. (2008). Mechanics of
airflow in the human nasal airways. Respir. Physiol. Neurobiol.,
163, 100-110.

Vanhille, D.L.; Garcia, G.J.M.; Asan, O.; Borojeni, A.A.T.;
Frank-1to, D.O.; Kimbell, J.S.; Pawar, S.S.; Rhee, J.S. (2018).
Virtual Surgery for the Nasal Airway. JAMA Facial Plast. Surg.,
20, 63-69.

Tretiakow, D.; Tesch, K.; Meyer-Szary, J.; Markiet, K.; Skorek,
A. (2020). Three-dimensional modeling and automatic analysis
of the human nasal cavity and paranasal sinuses using the
computational ~ fluid dynamics method. Eur. Arch.
Otorhinolaryngol., 278, 1443-1453.

Auctores Publishing LLC — Volume 12(4)-259 www.auctoresonline.org
ISSN: 2693-4779

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Copy rights@ Hamedreza Kafash,
Lee, T.S.; Goyal, P.; Li, C.; Zhao, K. (2018). Computational
Fluid Dynamics to Evaluate the Effectiveness of Inferior
Turbinate Reduction Techniques to Improve Nasal Airflow.
JAMA Facial Plast. Surg., 20, 263-270.
Zhang, Y.; Zhou, X.; Lou, M.; Gong, M.; Zhang, J.; Ma, R.;
Zhang, L.; Huang, F.; Sun, B.; Zhu, K.; et al. (2019).
Computational Fluid Dynamics (CFD) Investigation of
Aerodynamic Characters inside Nasal Cavity towards Surgical
Treatments for Secondary Atrophic Rhinitis. Math. Probl. Eng.,
, 6240320.
Crowe, C.T.; Elger, D.F.; Williams, B.C.; Roberson, J.A. (2010).
Engineering Fluid Mechanics, 9th ed.; John Wiley & Sons, Inc.:
Hoboken, NJ, USA,
Olsen, N.R.B. (2012). Numerical Modelling and Hydraulics, 5th
ed.; Department of Hydraulic and Environmental Engineering
(NTNU): Trondheim, Norway.
Zhang, Z.; Kleinstreuer, C. (2003). Low-Reynolds-Number
Turbulent Flows in Locally Constricted Conduits: A
Comparison Study. AIAA J., 41, 831-840.
Versteeg, H.K.; Malalasekera, W. (2007). An Introduction to
Computational Fluid Dynamics, 2nd ed.; Pearson Educational
Limited: Hoboken, NJ, USA.
AEA. Technology CFX-4.4: Solver. Oxford Shire: Oxford, UK;
Canonsburg, PA, USA, 2001.
Briining, J.; Hildebrandt, T.; Heppt, W.; Schmidt, N.; Lamecker,
H.; Szengel, A.; Amiridze, N.; Ramm, H.; Bindernagel, M.;
Zachow, S.; et al. (2020). Characterization of the Airflow within
an Average Geometry of the Healthy Human Nasal Cavity. Sci.
Rep., 10, 3755.
Zamankhan, P.; Ahmadi, G.; Wang, Z.; Hopke, P.K.; Cheng, Y .-
S.; Su, W.C.; Leonard, D. (2006). Airflow and Deposition of
Nano-Particles in a Human Nasal Cavity. Aerosol Sci. Technol.,
40, 463-476.
Frank-lto, D.O.; Kimbell, J.S.; Borojeni, A.A.; Garcia, G.J,;
Rhee, J.S. (2018). A hierarchical stepwise approach to evaluate
nasal patency after virtual surgery for nasal airway obstruction.
Clin. Biomech., 61, 172-180.
Zhu, J.H.; Lee, H.P.; Lim, K.M.; Lee, S.J.; San, L.T.L.; Wang,
D.Y. (2013). Inspirational airflow patterns in deviated noses: A
numerical study. Comput. Methods Biomech. Biomed. Eng., 16,
1298-1306.
Inthavong, K.; Ma, J.; Shang, Y.; Dong, J.; Chetty, A.S.; Tu, J.;
Frank-1to, D. (2019). Geometry and airflow dynamics analysis
in the nasal cavity during inhalation. Clin. Biomech., 66, 97-106.
Hariri, A.; Abdullah, B.; Othman, N. (2021). Relationship
between CFD and rhinomanometry results in septoplasty. J.
Nasal. Disord., 1, 1-5.
Springett, K.; Wise, S.K.; Lin, S.Y. (2018). 3D Printing, Virtual
Anatomy, Computational Fluid Dynamics: Advancing Surgical
Precision Through Nasal Airway Modeling. Am. J. Rhinol.
Allergy., 32, 451-458.
Wen, J.; Inthavong, K.; Tu, J.Y. (2011). Effects of nasal septal
perforation repair surgery on nasal airflow patterns: A
computational fluid dynamics study. Laryngoscope, 121, 60-69.
Kimbell, J.S.; Subramaniam, R.P.; Gross, E.A.; Schlosser, R.J.;
Morgan, K.T. (2006). Computer modeling of nasal airflow and
odorant deposition in patients with nasal septal perforation. Am.
J. Rhinol., 20, 152-159.
Cocuzza, S.; Maniaci, A.; Di Luca, M.; La Mantia, I.; Grillo, C.;
Spinato, G.; Motta, G.; Testa, D.; Ferlito, S. (2020). Long-term
results of nasal surgery: Comparison of mini-invasive
turbinoplasty. J. Biol. Regul. Homeost. Agents., 34, 1203-1208.
Croce, C.; Fodil, R.; Durand, M.; Shirlea-Apiou, G.; Caillibotte,
G.; Papon, J.-F.; Blondeau, J.-R.; Coste, A.; Isabey, D.; Louis,
B. (2006). In vitro experiments and numerical simulations of
airflow in realistic nasal airway geometry. Ann. Biomed. Eng.,
34, 997-1007.

Page 12 of 13


https://www.sciencedirect.com/science/article/pii/S0021850213002541
https://www.sciencedirect.com/science/article/pii/S0021850213002541
https://www.sciencedirect.com/science/article/pii/S0021850213002541
https://link.springer.com/article/10.1007/s10439-008-9556-2
https://link.springer.com/article/10.1007/s10439-008-9556-2
https://link.springer.com/article/10.1007/s10439-008-9556-2
https://link.springer.com/article/10.1007/s10439-008-9556-2
https://link.springer.com/article/10.1007/s10439-008-9556-2
https://link.springer.com/article/10.1007/s10439-008-9556-2
https://link.springer.com/article/10.1007/s10439-008-9556-2
https://www.sciencedirect.com/science/article/pii/S1569904809000421
https://www.sciencedirect.com/science/article/pii/S1569904809000421
https://www.sciencedirect.com/science/article/pii/S1569904809000421
https://www.sciencedirect.com/science/article/pii/S1569904809000421
https://onlinelibrary.wiley.com/doi/abs/10.1002/cnm.1486
https://onlinelibrary.wiley.com/doi/abs/10.1002/cnm.1486
https://onlinelibrary.wiley.com/doi/abs/10.1002/cnm.1486
https://onlinelibrary.wiley.com/doi/abs/10.1002/cnm.1486
https://www.sciencedirect.com/science/article/pii/S0021850208001390
https://www.sciencedirect.com/science/article/pii/S0021850208001390
https://www.sciencedirect.com/science/article/pii/S0021850208001390
https://www.sciencedirect.com/science/article/pii/S0021850208001390
https://people.eng.unimelb.edu.au/imarusic/proceedings/16/Wen.pdf
https://people.eng.unimelb.edu.au/imarusic/proceedings/16/Wen.pdf
https://people.eng.unimelb.edu.au/imarusic/proceedings/16/Wen.pdf
https://www.sciencedirect.com/science/article/pii/S1569904808000189
https://www.sciencedirect.com/science/article/pii/S1569904808000189
https://www.sciencedirect.com/science/article/pii/S1569904808000189
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Xiong%2C+G.-X.%3B+Zhan%2C+J.-M.%3B+Zuo%2C+K.-J.%3B+Rong%2C+L.-W.%3B+Li%2C+J.-F.%3B+Xu%2C+G.+%282010%29.+Use+of+computational+fluid+dynamics+to+study+the+influence+of+the+uncinate+process+on+nasal+airflow.+J.+Laryngol.+Otol.%2C+125%2C+30-37.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Xiong%2C+G.-X.%3B+Zhan%2C+J.-M.%3B+Zuo%2C+K.-J.%3B+Rong%2C+L.-W.%3B+Li%2C+J.-F.%3B+Xu%2C+G.+%282010%29.+Use+of+computational+fluid+dynamics+to+study+the+influence+of+the+uncinate+process+on+nasal+airflow.+J.+Laryngol.+Otol.%2C+125%2C+30-37.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Xiong%2C+G.-X.%3B+Zhan%2C+J.-M.%3B+Zuo%2C+K.-J.%3B+Rong%2C+L.-W.%3B+Li%2C+J.-F.%3B+Xu%2C+G.+%282010%29.+Use+of+computational+fluid+dynamics+to+study+the+influence+of+the+uncinate+process+on+nasal+airflow.+J.+Laryngol.+Otol.%2C+125%2C+30-37.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Xiong%2C+G.-X.%3B+Zhan%2C+J.-M.%3B+Zuo%2C+K.-J.%3B+Rong%2C+L.-W.%3B+Li%2C+J.-F.%3B+Xu%2C+G.+%282010%29.+Use+of+computational+fluid+dynamics+to+study+the+influence+of+the+uncinate+process+on+nasal+airflow.+J.+Laryngol.+Otol.%2C+125%2C+30-37.+&btnG=
https://journals.sagepub.com/doi/abs/10.2500/ajr.2008.22.3211
https://journals.sagepub.com/doi/abs/10.2500/ajr.2008.22.3211
https://journals.sagepub.com/doi/abs/10.2500/ajr.2008.22.3211
https://journals.sagepub.com/doi/abs/10.2500/ajr.2008.22.3211
https://journals.physiology.org/doi/abs/10.1152/jappl.1989.66.1.295
https://journals.physiology.org/doi/abs/10.1152/jappl.1989.66.1.295
https://journals.physiology.org/doi/abs/10.1152/jappl.1989.66.1.295
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2273.1987.tb00193.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2273.1987.tb00193.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2273.1992.tb01068.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2273.1992.tb01068.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2273.1992.tb01068.x
https://link.springer.com/article/10.1007/BF01642556
https://link.springer.com/article/10.1007/BF01642556
https://link.springer.com/article/10.1007/BF01642556
https://link.springer.com/article/10.1007/BF01642556
https://link.springer.com/article/10.1007/BF01642556
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Suzina%2C+A.H.%3B+Hamzah%2C+M.%3B+Samsudin%2C+A.R.+%282003%29.+Active+anterior+rhinomanometry+analysis+in+normal+adult+Malays.+J.+Laryngol.+Otol.%2C+117%2C+605-608.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Suzina%2C+A.H.%3B+Hamzah%2C+M.%3B+Samsudin%2C+A.R.+%282003%29.+Active+anterior+rhinomanometry+analysis+in+normal+adult+Malays.+J.+Laryngol.+Otol.%2C+117%2C+605-608.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Suzina%2C+A.H.%3B+Hamzah%2C+M.%3B+Samsudin%2C+A.R.+%282003%29.+Active+anterior+rhinomanometry+analysis+in+normal+adult+Malays.+J.+Laryngol.+Otol.%2C+117%2C+605-608.+&btnG=
https://jamanetwork.com/journals/jamaotolaryngology/article-abstract/409841
https://jamanetwork.com/journals/jamaotolaryngology/article-abstract/409841
https://jamanetwork.com/journals/jamaotolaryngology/article-abstract/409841
https://www.sciencedirect.com/science/article/pii/S1569904808002140
https://www.sciencedirect.com/science/article/pii/S1569904808002140
https://www.sciencedirect.com/science/article/pii/S1569904808002140
https://home.liebertpub.com/fpsamredirect/article-abstract/2656680
https://home.liebertpub.com/fpsamredirect/article-abstract/2656680
https://home.liebertpub.com/fpsamredirect/article-abstract/2656680
https://home.liebertpub.com/fpsamredirect/article-abstract/2656680
https://link.springer.com/article/10.1007/s00405-020-06428-3
https://link.springer.com/article/10.1007/s00405-020-06428-3
https://link.springer.com/article/10.1007/s00405-020-06428-3
https://link.springer.com/article/10.1007/s00405-020-06428-3
https://link.springer.com/article/10.1007/s00405-020-06428-3
https://www.liebertpub.com/full/doi/10.1001/jamafacial.2017.2296
https://www.liebertpub.com/full/doi/10.1001/jamafacial.2017.2296
https://www.liebertpub.com/full/doi/10.1001/jamafacial.2017.2296
https://www.liebertpub.com/full/doi/10.1001/jamafacial.2017.2296
https://onlinelibrary.wiley.com/doi/abs/10.1155/2019/6240320
https://onlinelibrary.wiley.com/doi/abs/10.1155/2019/6240320
https://onlinelibrary.wiley.com/doi/abs/10.1155/2019/6240320
https://onlinelibrary.wiley.com/doi/abs/10.1155/2019/6240320
https://onlinelibrary.wiley.com/doi/abs/10.1155/2019/6240320
https://onlinelibrary.wiley.com/doi/abs/10.1155/2019/6240320
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Crowe%2C+C.T.%3B+Elger%2C+D.F.%3B+Williams%2C+B.C.%3B+Roberson%2C+J.A.+%282010%29.+Engineering+Fluid+Mechanics%2C+9th+ed.%3B+John+Wiley+%26+Sons%2C+Inc.%3A+Hoboken%2C+NJ%2C+USA%2C&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Crowe%2C+C.T.%3B+Elger%2C+D.F.%3B+Williams%2C+B.C.%3B+Roberson%2C+J.A.+%282010%29.+Engineering+Fluid+Mechanics%2C+9th+ed.%3B+John+Wiley+%26+Sons%2C+Inc.%3A+Hoboken%2C+NJ%2C+USA%2C&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Crowe%2C+C.T.%3B+Elger%2C+D.F.%3B+Williams%2C+B.C.%3B+Roberson%2C+J.A.+%282010%29.+Engineering+Fluid+Mechanics%2C+9th+ed.%3B+John+Wiley+%26+Sons%2C+Inc.%3A+Hoboken%2C+NJ%2C+USA%2C&btnG=
https://www.iahrmedialibrary.net/large_download/i003_flures6.pdf
https://www.iahrmedialibrary.net/large_download/i003_flures6.pdf
https://www.iahrmedialibrary.net/large_download/i003_flures6.pdf
https://arc.aiaa.org/doi/abs/10.2514/2.2044
https://arc.aiaa.org/doi/abs/10.2514/2.2044
https://arc.aiaa.org/doi/abs/10.2514/2.2044
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Versteeg%2C+H.K.%3B+Malalasekera%2C+W.+%282007%29.+An+Introduction+to+Computational+Fluid+Dynamics%2C+2nd+ed.%3B+Pearson+Educational+Limited%3A+Hoboken%2C+NJ%2C+USA.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Versteeg%2C+H.K.%3B+Malalasekera%2C+W.+%282007%29.+An+Introduction+to+Computational+Fluid+Dynamics%2C+2nd+ed.%3B+Pearson+Educational+Limited%3A+Hoboken%2C+NJ%2C+USA.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Versteeg%2C+H.K.%3B+Malalasekera%2C+W.+%282007%29.+An+Introduction+to+Computational+Fluid+Dynamics%2C+2nd+ed.%3B+Pearson+Educational+Limited%3A+Hoboken%2C+NJ%2C+USA.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=AEA.+Technology+CFX-4.4%3A+Solver.+Oxford+Shire%3A+Oxford%2C+UK%3B+Canonsburg%2C+PA%2C+USA%2C+2001.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=AEA.+Technology+CFX-4.4%3A+Solver.+Oxford+Shire%3A+Oxford%2C+UK%3B+Canonsburg%2C+PA%2C+USA%2C+2001.&btnG=
https://www.nature.com/articles/s41598-020-60755-3
https://www.nature.com/articles/s41598-020-60755-3
https://www.nature.com/articles/s41598-020-60755-3
https://www.nature.com/articles/s41598-020-60755-3
https://www.nature.com/articles/s41598-020-60755-3
https://www.tandfonline.com/doi/abs/10.1080/02786820600660903
https://www.tandfonline.com/doi/abs/10.1080/02786820600660903
https://www.tandfonline.com/doi/abs/10.1080/02786820600660903
https://www.tandfonline.com/doi/abs/10.1080/02786820600660903
https://www.sciencedirect.com/science/article/pii/S0268003318307642
https://www.sciencedirect.com/science/article/pii/S0268003318307642
https://www.sciencedirect.com/science/article/pii/S0268003318307642
https://www.sciencedirect.com/science/article/pii/S0268003318307642
https://www.tandfonline.com/doi/abs/10.1080/10255842.2012.670850
https://www.tandfonline.com/doi/abs/10.1080/10255842.2012.670850
https://www.tandfonline.com/doi/abs/10.1080/10255842.2012.670850
https://www.tandfonline.com/doi/abs/10.1080/10255842.2012.670850
https://www.sciencedirect.com/science/article/pii/S0268003317302188
https://www.sciencedirect.com/science/article/pii/S0268003317302188
https://www.sciencedirect.com/science/article/pii/S0268003317302188
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Hariri%2C+A.%3B+Abdullah%2C+B.%3B+Othman%2C+N.+%282021%29.+Relationship+between+CFD+and+rhinomanometry+results+in+septoplasty.+J.+Nasal.+Disord.%2C+1%2C+1-5.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Hariri%2C+A.%3B+Abdullah%2C+B.%3B+Othman%2C+N.+%282021%29.+Relationship+between+CFD+and+rhinomanometry+results+in+septoplasty.+J.+Nasal.+Disord.%2C+1%2C+1-5.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Hariri%2C+A.%3B+Abdullah%2C+B.%3B+Othman%2C+N.+%282021%29.+Relationship+between+CFD+and+rhinomanometry+results+in+septoplasty.+J.+Nasal.+Disord.%2C+1%2C+1-5.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Springett%2C+K.%3B+Wise%2C+S.K.%3B+Lin%2C+S.Y.+%282018%29.+3D+Printing%2C+Virtual+Anatomy%2C+Computational+Fluid+Dynamics%3A+Advancing+Surgical+Precision+Through+Nasal+Airway+Modeling.+Am.+J.+Rhinol.+Allergy.%2C+32%2C+451-458.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Springett%2C+K.%3B+Wise%2C+S.K.%3B+Lin%2C+S.Y.+%282018%29.+3D+Printing%2C+Virtual+Anatomy%2C+Computational+Fluid+Dynamics%3A+Advancing+Surgical+Precision+Through+Nasal+Airway+Modeling.+Am.+J.+Rhinol.+Allergy.%2C+32%2C+451-458.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Springett%2C+K.%3B+Wise%2C+S.K.%3B+Lin%2C+S.Y.+%282018%29.+3D+Printing%2C+Virtual+Anatomy%2C+Computational+Fluid+Dynamics%3A+Advancing+Surgical+Precision+Through+Nasal+Airway+Modeling.+Am.+J.+Rhinol.+Allergy.%2C+32%2C+451-458.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Springett%2C+K.%3B+Wise%2C+S.K.%3B+Lin%2C+S.Y.+%282018%29.+3D+Printing%2C+Virtual+Anatomy%2C+Computational+Fluid+Dynamics%3A+Advancing+Surgical+Precision+Through+Nasal+Airway+Modeling.+Am.+J.+Rhinol.+Allergy.%2C+32%2C+451-458.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Wen%2C+J.%3B+Inthavong%2C+K.%3B+Tu%2C+J.Y.+%282011%29.+Effects+of+nasal+septal+perforation+repair+surgery+on+nasal+airflow+patterns%3A+A+computational+fluid+dynamics+study.+Laryngoscope%2C+121%2C+60-69.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Wen%2C+J.%3B+Inthavong%2C+K.%3B+Tu%2C+J.Y.+%282011%29.+Effects+of+nasal+septal+perforation+repair+surgery+on+nasal+airflow+patterns%3A+A+computational+fluid+dynamics+study.+Laryngoscope%2C+121%2C+60-69.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Wen%2C+J.%3B+Inthavong%2C+K.%3B+Tu%2C+J.Y.+%282011%29.+Effects+of+nasal+septal+perforation+repair+surgery+on+nasal+airflow+patterns%3A+A+computational+fluid+dynamics+study.+Laryngoscope%2C+121%2C+60-69.+&btnG=
https://journals.sagepub.com/doi/abs/10.1080/01926230600713475
https://journals.sagepub.com/doi/abs/10.1080/01926230600713475
https://journals.sagepub.com/doi/abs/10.1080/01926230600713475
https://journals.sagepub.com/doi/abs/10.1080/01926230600713475
https://pubmed.ncbi.nlm.nih.gov/32640780/
https://pubmed.ncbi.nlm.nih.gov/32640780/
https://pubmed.ncbi.nlm.nih.gov/32640780/
https://pubmed.ncbi.nlm.nih.gov/32640780/
https://link.springer.com/article/10.1007/s10439-006-9094-8
https://link.springer.com/article/10.1007/s10439-006-9094-8
https://link.springer.com/article/10.1007/s10439-006-9094-8
https://link.springer.com/article/10.1007/s10439-006-9094-8
https://link.springer.com/article/10.1007/s10439-006-9094-8

Clinical Research and Clinical Trials

53. Corda, J.V.; Shenoy, B.S.; Lewis, L.; Prakashini, K.; Khader,
S.M.A.; Ahmad, K.A.; Zuber, M. (2022). Nasal airflow patterns
in a patient with septal deviation and comparison with a healthy
nasal cavity using computational fluid dynamics. Front. Mech.
Eng., 8, 1009640.

54. Ottaviano, G.; Fokkens, W.J. (2016). Measurements of nasal
airflow and patency: A critical review with emphasis on the use
of peak nasal inspiratory flow in daily practice. Allergy, 71, 162—
174.

55. Cevenini, G.; Ferretti, A.; Anzellotti, F.; et al. (2014).
Computational fluid—dynamic modeling of normal and deviated
nasal cavity: Effects on airflow patterns and location. Comput.
Biol. Med., 46, 32-42.

56. Zubair, M.; Riazuddin, V.N.; Abdullah, M.Z.; Rushdan, I.;
Shuaib, I.L.; Ahmad, K.A. (2013). Computational fluid

57.

58.

59.

Copy rights@ Hamedreza Kafash,
dynamics study of pull and plug flow boundary condition on
nasal airflow. Biomed. Eng. Appl. Basis Commun., 25, 1350044.
Weinhold, I.; Mlynski, G. (2004). Numerical simulation of
airflow in the human nose. Eur. Arch. Otorhinolaryngol., 261,
452-455,

Maniaci, A.; Merlino, F.; Cocuzza, S.; lannella, G.; Vicini, C.;
Cammaroto, G.; Lechien, J.R.; Calvo, C.; La Mantia, I. (2021).
Endoscopic surgical treatment for rhinogenic contact point
headache: Systematic review and meta-analysis. Eur. Arch.
Otorhinolaryngol., 278, 1743-1753.

Kaya, M.; Dagl, E.; Kurat, S. (2018). Does Nasal Septal
Deviation Affect the Eustachian Tube Function and Middle Ear
Ventilation? Turk. Arch. Otorhinolaryngol., 56, 102-105.

Ready to submit your research? Choose Auctores and benefit from:

This work is licensed under Creative
o Commons Attribution 4.0 License fast, convenient online submission

To Submit Your Article Click Here: Submit Manuscript

YVVVYVYYYVY

DOI:10.31579/2693-4779/259

rigorous peer review by experienced research in your field
rapid publication on acceptance

authors retain copyrights

unique DOI for all articles

immediate, unrestricted online access

At Auctores, research is always in progress.

Learn more https://auctoresonline.org/journals/clinical-research-and-clinical-

trials

Auctores Publishing LLC — Volume 12(4)-259 www.auctoresonline.org
ISSN: 2693-4779

Page 13 of 13


https://www.frontiersin.org/articles/10.3389/fmech.2022.1009640/full
https://www.frontiersin.org/articles/10.3389/fmech.2022.1009640/full
https://www.frontiersin.org/articles/10.3389/fmech.2022.1009640/full
https://www.frontiersin.org/articles/10.3389/fmech.2022.1009640/full
https://www.frontiersin.org/articles/10.3389/fmech.2022.1009640/full
https://onlinelibrary.wiley.com/doi/abs/10.1111/all.12778
https://onlinelibrary.wiley.com/doi/abs/10.1111/all.12778
https://onlinelibrary.wiley.com/doi/abs/10.1111/all.12778
https://onlinelibrary.wiley.com/doi/abs/10.1111/all.12778
https://www.preprints.org/manuscript/202308.0505/download/final_file
https://www.preprints.org/manuscript/202308.0505/download/final_file
https://www.preprints.org/manuscript/202308.0505/download/final_file
https://www.preprints.org/manuscript/202308.0505/download/final_file
https://www.worldscientific.com/doi/abs/10.4015/S1016237213500440
https://www.worldscientific.com/doi/abs/10.4015/S1016237213500440
https://www.worldscientific.com/doi/abs/10.4015/S1016237213500440
https://www.worldscientific.com/doi/abs/10.4015/S1016237213500440
https://link.springer.com/article/10.1007/s00405-003-0675-y
https://link.springer.com/article/10.1007/s00405-003-0675-y
https://link.springer.com/article/10.1007/s00405-003-0675-y
https://link.springer.com/article/10.1007/s00405-021-06724-6
https://link.springer.com/article/10.1007/s00405-021-06724-6
https://link.springer.com/article/10.1007/s00405-021-06724-6
https://link.springer.com/article/10.1007/s00405-021-06724-6
https://link.springer.com/article/10.1007/s00405-021-06724-6
https://pmc.ncbi.nlm.nih.gov/articles/PMC6123112/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6123112/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6123112/
file:///C:/C/Users/web/AppData/Local/Adobe/InDesign/Version%2010.0/en_US/Caches/InDesign%20ClipboardScrap1.pdf
https://www.auctoresonline.org/submit-manuscript?e=78
https://auctoresonline.org/journals/clinical-research-and-clinical-trials
https://auctoresonline.org/journals/clinical-research-and-clinical-trials

