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48.1	 �Introduction

The development and use of personalized medicine have an increasing importance 
in patient care. Numerical simulations of various biological phenomena have and 
continue to enable doctors and medical specialists to diagnose patients and under-
stand how practical and effective treatment can be. The paths to patient-specific 
diagnosis and preoperative planning are slowly being paved and with immense suc-
cess. Proof of this lies in the major developments made in medical software that 
have enabled accurate three-dimensional (3D) models of the human organs to be 
generated for use in analysis, ensuring accurate results. Also, advancements in tech-
nology have enabled simulation of surgeries where professionals can make cuts, test 
out different implant sizes and do much more to the models of organs. This helps the 
medical practitioner find out the effects of the procedure beforehand by performing 
analysis of the modified model.

Breathing is a dynamic process between inhaled air, mucosal surfaces and the 
alveoli. Within the nasal cavity, there are changes of airflow and pressure occurring 
during the respiratory cycle, as well as exchanges of heat and humidity, and impor-
tant immune responses to inhaled antigens and allergens [1]. However, evaluation of 
nasal function with anterior rhinoscopy, nasal endoscopy and/or paranasal CT scan 
is usually insufficient to make proper assessment of airflow, air-surface interaction 
and olfaction. There are currently two clinical measurement tools to evaluate air-
flow parameters: Rhinomanometry measures pressure and airflow during respira-
tion to define the resistance of the nasal airway. Acoustic rhinometry uses the sound 
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waves reflected from the nasal walls to create a two-dimensional image of the nasal 
cavity. These tests have significant limitations since they do not show the entire 
nasal function, such as local flow and pressure changes, turbulence and heat 
exchanges [1, 2]. As nasal cavity has a complex geometry which hinders placement 
of pressure, temperature and humidity sensors throughout the flow, we need a non-
invasive and objective method to measure or calculate those parameters.

The utilization of computational fluid dynamics (CFD) for airflow studies has 
opened a new era. The noninvasive nature of CFD modelling permits us to explore 
a broad variety of flow simulations, consequently allowing us to monitor pressure 
and stress variables. More recently, numerical simulations have been increasingly 
applied to study flow patterns in airways with anatomic abnormalities. By using 
CFD modelling, quantitative and qualitative information can be obtained on various 
parameters of airflow, such as flow velocity, static airway wall pressure and pressure 
drop, turbulence and wall shear stress [3, 4]. The first anatomically accurate 3D 
computer-generated model of airflow in the nose based on CT scan results was 
described in 1995 [5]. Since this time CFD modelling has been used to study air-
flow, heat and humidity exchanges, as well as topical delivery of drugs into the nasal 
cavity and paranasal sinuses under normal or pathological conditions [1].

In this chapter, the focus is placed on personalized nasal surgery and how the 
procedure has been enhanced with numerical simulations of respiration. We will 
venture into details of normal physiologic respiration through the nose and how 
numerical simulations help as a predictive tool.

48.2	 �Methodology

48.2.1	 �Construction of Airway Model

A three-dimensional (3D) anatomically precise patient-specific model is recon-
structed from multidetector-computed tomography (MDCT) images of an anony-
mous maxillofacial scan, from the PACS archive. Volumetric DICOM images with 
0.1 mm intervals were carried to commercial medical imaging software, MIMICS® 
(Materialise, Belgium). The model generated includes the nasal cavity, paranasal 
sinuses and the nasopharynx. The process begins as CT scans of the subject are 
loaded into MIMICS and the nasal cavity and airway are identified in each of the 
axial images based on a predefined thresholding relative to the surrounding tissue. 
3D raw models are reconstructed from these masks by surface triangulation and 
then exported into 3-matic, another Materialise software module. Different views of 
3D model obtained are shown in Fig. 48.1.

In 3-matic, the model’s boundary conditions are defined and demarcated as indi-
vidual faces. An inlet, outlet and wall from the 3D surface model are specified by 
creating a datum plane. Separate datum planes are used for each surface, so that 
separate boundary surfaces are defined. The datum planes are then appropriately 
positioned against the 3D model to mark where the boundary surfaces will be cre-
ated. By using the cut function, under the ‘Design’ tab, the model nasal cavity is 
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Fig. 48.1  3D model of the nasal cavity, paranasal sinuses and nasopharynx (different views)

then cut into separate parts. The parts that are not needed are then deleted and new 
surfaces created as a result (Fig. 48.2).

Using the 3-matic software, the surface mesh quality can be improved by smooth-
ing and remeshing, to control the maximum cell edge length and the grid density. 
Remeshing should be performed after the boundary surfaces are defined, to avoid 
any changes in the new mesh. The surface mesh should be generated first. The 
‘Remesh’ tab has a variety of options for the type of surface mesh that can be devel-
oped. Depending on the grid size and the complexity of the model, a specific type 
or a combination of mesh types should be chosen. In the current study, an adaptive 
mesh was generated. The volume mesh was then created.

48.2.2	 �CFD Modelling

The generated mesh is imported into ANSYS Fluent® (Canonsburg, PA, USA) for 
analysis to be performed. ANSYS Fluent implements the finite-volume method to 
solve conservation equations. The pressure-velocity coupling is done by means of 
the SIMPLE-type fully implicit algorithm. Pressure-velocity coupling is used with 
a predictor-corrector pressure scheme. The solution is second-order accurate in 
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space. For the current case study, 3D steady Navier-Stokes equation with the k − ω 
turbulence model is used to solve the airway. The mesh comprised of 483,663 cells, 
1,072,202 faces and 132,773 nodes (Fig. 48.3).

For boundary conditions, the nose inlets are defined as pressure inlets and 
assigned 0 Pa as gauge pressure (standard atmospheric pressure). No slip boundary 
conditions are defined for the inner wall, while the nasal cavity outlet/nasopharynx 

Left nostril inlet

Right nostril inlet 
Nasal Cavity outlet
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Fig. 48.3  Mesh generated in 3-matic® (Materialise, Belgium) software

Fig. 48.2  Defining boundary surfaces in 3-matic® (Materialise, Belgium) software
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is set as a pressure outlet and assigned with −15 Pa as gauge pressure. Figure 48.4 
shows the boundary conditions at the nose inlets (nostrils) and the nasal cavity out-
let. Atmospheric pressure is taken to be Patm = 101,325 Pa.

48.3	 �Results

48.3.1	 �Geometric Representation for Post-processing

The geometry of the nasal airway is very complex. For this purpose, the post pro-
cessing is performed at specified planes in different plane sections. The model is 
investigated along the CORONAL, AXIAL and SAGITTAL planes. All the investi-
gated plane sections are shown in Fig. 48.5, while the 2D plane sections correspond-
ing to CORONAL, AXIAL and SAGITTAL planes are shown in Fig.  48.6a–c, 
respectively. The areas of the various plane sections are tabulated, and the values are 
shown in Table 48.1. As for the boundary surfaces, the areas are shown in Table 48.2. 
Note that the right and the left nose inlets have slightly different areas (see also 
Fig. 48.4). This is important to note because this will be elicited by the resulting 
velocity and pressure contours drawn at the nostril planes.

48.3.2	 �Streamlines

Streamlines are drawn to illustrate the flow of air within the nasal cavity (Fig. 48.7). 
The three-dimensional streamlines indicate that the main flow path is through the 
inferior meatus. Around the nasal valve and the nasopharynx, the flow is faster than 
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Fig. 48.4  Boundary 
conditions
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Fig. 48.6  (a) Coronal plane cuts. (b) Sagittal plane cuts. (c) Axial plane cuts

Coronal plane cuts

Plane 1

Plane 2

Plane 3 Plane 4 Plane 5

Plane 6
Left noseRight nose 

0

0

0

0

0

0

0

0.025

0.025 0.025

0.025

0.025

0.025

0.025

0.0125 0.0125

0.0125

0.0125

0.0125

0.0375 0.0375

0.0375

0.0375

0.0125 0.0375

0.0375

0.050 (m)

0.050 (m)
0.050 (m)

0.050 (m)

0.050 (m)

0.050 (m)

0.050 (m)

a

Sagittal plane cuts

Plane 7

Plane 8

Plane 9

Plane 10

Plane 11

Left nose

Right nose

Plane 12

Left nose

Right nose 

0 0.025

0.0125 0.0375

0.050 (m) 0 0.025

0.0125 0.0375

0.050 (m) 0 0.025

0.0125 0.0375

0.050 (m) 0 0.025

0.0125 0.0375

0.050 (m)

0 0.025

0.0125 0.0375

0.050 (m) 0 0.025

0.0125 0.0375

0.050 (m) 0 0.025

0.0125 0.0375

0.050 (m)

b

Coronal planes Axial planesSagittal planes

Left nose
Right nose 

Plane 1

Plane 2

Plane 3

Plane 4
Plane 5

Plane 6

Left nose

Right nose 

Left noseRight nose 

Plane 7

Plane 8
Plane 9 Plane 10

Plane 11

Plane 12

Plane 13
Plane 14

Plane 15

Plane 16

Plane 17

Plane 18

0 0.025

0.0125 0.01250.0375 0.0375 0.0125 0.0375
0.050 (m) 0 0.025 0.050 (m) 0 0.025 0.050 (m)

Fig. 48.5  3D model investigated at different plane cuts
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the turbinate section area. The region with the highest velocity is spotted near the 
choana, the nasopharynx region, where the streamlines elicit this behaviour. There 
are also sections where vortices are experienced, on the top and bottom sections of 
the nasal valve and middle turbinate. The formation of the vortices creates at the 
same time very low suction pressure regions and also increase in the wall shear 
stresses.

Left and right frontal vortices are generated just after the left and right noses, 
respectively (Fig. 48.7a, b). The flow initially accelerates in front of these vortices, 
and then two dominant vortex structures with low pressure cores are visualized in 
front region of the airway. The streamlines also show a high velocity region before 
the nasal cavity outlet (Fig. 48.7a). Figure 48.7b also represents the vortex struc-
tures formed at both maxillary and frontal sinuses.
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Fig. 48.6  (continued)

Table 48.1  Various plane section areas

Planes Area (m2)

Planes 1–6 0.000088 0.000203 0.00106 0.00117 0.00165 0.000232
Planes 7–12 0.000996 0.00171 0.00239 0.00262 0.00169 0.00110
Planes 13–18 0.000778 0.000682 0.000855 0.00114 0.00198 0.00013

Table 48.2  Boundary surfaces areas

Boundary surface Right nose inlet Left nose inlet Nasal cavity outlet
Area (m2) 0.0001093 0.0001113 0.0001162
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Fig. 48.7  (a) Streamlines showing the front vortices. (b) Streamlines showing the paranasal sinus 
ventilation during inspiration
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48.3.3	 �Velocity and Pressure Contours

Velocity magnitude contours for the CORONAL plane cuts are plotted in Fig. 48.8. 
The contours are drawn at their local contour values to be able to visualize high 
velocity regions and local pressure drops at each section. The range for the pressure 
stays within the limits defined as boundary conditions. As expected, the gauge 
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pressure gradually decreases from 0 (atmospheric pressure) to −15 Pa as the sec-
tions get closer to the nasal cavity outlet.

The average and maximum velocities of each plane along CORONAL, 
SAGITTAL and AXIAL are also shown in Table 48.3. Along the CORONAL plane, 
through planes 1 to 6, the average velocity is observed to increase gradually from 
0.971 m/s to 1.28 m/s and then decrease while until a high velocity of 1.93 m/s is 
reached close to the nasal cavity outlet. Along this cut a maximum velocity is 
observed at plane 4 with 9.41 m/s.

When observing the cuts along SAGITTAL plane, it is observed that the 
velocities reach maximum value of 12.8 m/s on plane 10 (see Figs. 48.9, 48.10 
and 48.11).

Average pressure values on the planes were computed and tabulated in Table 48.4. 
The pressure values obtained reflect the data stated earlier. The sections closest to 
the nasopharynx show the lowest values of pressure achieved, for instance, plane 6 
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Fig. 48.8  Velocity magnitude (left) and gauge pressure contours (right) in coronal planes

Table 48.3  Average and maximum velocities at the planes

Planes Average velocities (m/s)

Planes 1–6 0.971 1.28 0.602 0.346 0.336 1.93
Planes 7–12 2.58×10−2 0.338 0.942 0.790 0.266 0.0608

Planes 13–18 0.00678 0.0772 0.165 0.587 0.609 2.85
Planes Maximum velocities (m/s)

Planes 1–6 1.83 7.13 4.68 9.41 2.83 3.42
Planes 7–12 0.382 4.23 3.70 12.8 2.03 0.537
Planes 13–18 0.0530 0.470 1.37 5.84 3.55 3.60
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Fig. 48.9  Velocity magnitude (left) and gauge pressure (right) contours in sagittal planes
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registers a value of −8.212 Pa which is the lowest average, closest to −15 Pa. In 
contrast, plane 1 registers the highest value of pressure with −1.082 Pa as the value. 
This is in accordance with expectations. The average values of the velocity at the 
nose inlets and nasal cavity outlet are computed and shown in Table 48.5. The aver-
age values of the pressure on all the boundary surfaces are computed and shown in 
Table 48.6.
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Fig. 48.11  Velocity magnitudes (a) and gauge pressure (b) contours for boundaries

Table 48.4  Average gauge pressure values at the planes

Planes Average gauge pressure (Pa)

Planes 1–6 −0.993 −4.61 −6.69 −6.71 −6.72 −10.4
Planes 7–12 −6.31 −6.79 −6.97 −7.11 −6.98 −6.38
Planes 13–18 −6.32 −6.33 −6.31 −6.56 −7.37 −13.4

Table 48.5  Average velocity values at the boundaries

Boundary surface Right nostril Left nostril Nasal cavity outlet
Velocity (m/s) 1.755 1.183 3.388

Table 48.6  Average gauge pressure values at the boundaries

Boundary surface Right nostril Left nostril Nasal cavity outlet
Pressure (Pa) −1.067 −2.263 −15.0
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48.3.4	 �Wall Pressure and Shear Stress Values

For the wall, only shear and pressure contour are plotted. The gauge pressure on the 
nasal wall is shown in Fig. 48.12. The pressure at the nose inlets is close to atmo-
spheric pressure, and positive pressure values are also observed in the nose regions. 
The outlet section has −15 Pa gauge pressure as it is given in the boundary condi-
tions. A low-pressure region is also observed just after the nose region.

For wall shear stress is plotted in Fig. 48.13, and the highest wall shear stresses 
are observed just after the nose inlets and also at the outlet region where the pressure 
is lowest.

48.4	 �Discussion and Literature Review

The nose is a dynamic filter that provides humidification, thermoregulation and fil-
tration of the inhaled air, as well as the olfaction function and important immune 
responses to inhaled antigens. Therefore, complex anatomy with vascular and neu-
ral supply of the nose is crucial for executing such a complex function, and of 
course, there are several things that can go wrong in this complex and delicately 
balanced system.

Evaluation of nasal patency requires thorough examination with anterior rhinos-
copy, nasal endoscopy and paranasal sinus CT that is usually asked to evaluate 
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paranasal sinus ostia. Acoustic rhinometry and rhinomanometry can measure cross-
sectional areas in nasal cavity and define changes in overall nasal resistance and 
flow. However, these studies are not able to show sufficient details of dynamic air-
flow due to the structural complexity of human nose and nasal pathologies. These 
details can partly be determined by CFD, which enables modelling airflow and air-
mucosa interaction by numerical solution of fluid dynamics equations.

Accurate 3D models of the nasal cavity and upper airway have already been 
seen in literature. For a study performed to investigate how airway geometry 
affects internal pressure in the upper airway of patients with obstructive sleep 
apnoea syndrome, an accurate model of the airway is investigated with the region 
of concern, from the nasopharynx to the hypopharynx by Xu et al. [6]. In another 
study, to validate the use of computational fluid dynamics (CFD) for human upper 
airway flow simulations, a precise model of the nasal cavity and the upper airway 
is provided and used for analysis [7]. Analysis was performed on a 3D sinonasal 
model of a healthy adult and CFD simulations performed to assess pressure, 
velocity, wall shear stress and particle resident time. The obtained values helped 
in better understanding the biological phenomena surrounding the sinuses during 
respiration [8].

To investigate nasal physiological processes like inspiration, expiration and 
sniffing, a study was performed on an anatomically exact 3D model of the nasal 
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and pharyngeal cavity of a healthy adult. Unsteady Navier-Stokes equations were 
solved and velocity and streamline distribution of airflow visualized. The results 
distinguished the differences between the types of flow and the olfactory areas 
they pass through [9]. In another study, airflow dynamics during coughing are 
investigated. Computer tomography (CT) scans of a patient coughing are obtained 
and a 3D model of the upper airway and main bronchi generated. From the 
results, it is determined that there is a linear relation between the maximum 
velocity, pressure and wall shear stress with the cough peak flow rate [10]. Even 
the deposition of particles has been evaluated, an important aspect in inhaler 
drug therapy used to determine where particles that are inhaled will be deposited/
settle. The particle deposition for light, normal and heavy breathing is investi-
gated and presented [11]. These and more studies have all been simulated to 
mimic reality, depict various processes and procedures and help predict what 
should be done.

Various works focused on personalized nasal surgery and virtual surgery and 
how CFD simulations aid in preoperative planning have been published. Some 
works also investigate how efficient a procedure is by performing analysis on CT 
scans obtained from patients who had undergone the procedure. For one case 
numerical simulation was performed on the middle turbinate section of the nasal 
vault of both preoperative and postoperative 3D models generated from CT scans of 
a patient to investigate the effect on nasal airflow dynamics if a resection is per-
formed. Analysis was carried out for quasi-steady laminar nasal airflow at resting 
breathing conditions. Focusing on velocity, streamlines, shear stress and pressure 
drop, it was concluded that for the patient in question, the middle turbinate resection 
did not affect the overall nasal airflow. Therefore, it was pointed out that CFD analy-
sis can be used as a planning tool to guide the optimization of airflow [12]. It is 
highlighted that CFD would provide a safe, cost-effective and patient-centred tool 
in virtual surgery and preoperative planning [13].

Therefore, simulations provide a doorway to reliable patient-specific diagnosis 
and treatment. Note that studies have been performed to validate the use of CFD to 
simulate upper airway flows. Also, in an earlier mentioned study, to validate the use 
of CFD in human upper airway flow simulations, the results obtained from analysis 
are compared to those obtained from experiments done on a model built from ste-
reolithography. Pressure and velocity values are measured, and the simulation and 
experiment are carried out with the same conditions. Several numerical approaches 
are used in CFD during analysis and the authors note that there is good agreement 
with the results. Eventually, the use of CFD to simulate flow is validated [7]. This is 
also illustrated when steady-state analysis was performed for inspiratory flow on the 
entire nasal cavity with normal resting breathing rates taken as boundary conditions 
at the inlet and outlet of the model. Note that analysis was performed on a virtual 
post-surgery model and another model generated directly from the CT scans of the 
same patient having undergone surgery. It was concluded that even with the limita-
tions presented by using CFD to predict such, results from both models showed 
reasonable correlation [14]. Using this numerical approach, medical practitioners 
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can develop effective surgery protocol and design drug delivery devices, while gain-
ing deeper insight into physical and biological phenomena.

As our results also indicated, normal nasal flow shows over 50% total pressure 
drop near the inferior turbinate head and wall shear stress, and the vorticity were 
lower in the turbinate than in the nasal valve region [12]. However, major flow 
streamlines and velocity distributions in coronal sections may vary among individu-
als. Surprisingly, on average, more flow passed through the middle than the inferior 
meatus and correlated with better patency ratings [15]. The pressure gradients 
within the sinus cavities varied according to their place of connection to the main 
passage. Alternations in pressure gradients induced a slight pumping phenomenon 
close to the ostia, but no movement of air was observed within the sinus cavities [8].

Nasal septum deviation (NSD) is the most common aetiology for nasal airway 
obstruction (NAO), and septoplasty is a very common surgical procedure. Septal 
deviations are commonly observed during physical examinations, and surgeons face 
the challenging question of determining if NSD causes NAO in a given patient or 
not. In addition to NSD, one may encounter inferior turbinate hypertrophy and/or 
nasal valve insufficiency in the patient; thus, septoplasty is often recommended with 
turbinate and/or nasal valve surgery. Quantitative criteria are rarely adopted to select 
patients for surgery, which may explain why up to 50% of patients report persistent 
or recurrent symptoms of nasal obstruction postoperatively [16]. Personalized nasal 
surgery with numerical simulation of respiration enabled otorhinolaryngologists to 
understand, estimate and define the possible role of the procedure for an individual 
with NAO.

We would also like to outline some of the limitations that CFD presents in this 
field. CFD is a time-consuming process, taking several hours of work for prepara-
tion of 3D models and simulation of surgeries on these models. Additionally, tech-
nique usually requires a high-performance multi-core computer, expensive 
software(s) and aeronautical engineering. Second, translating CFD findings into 
patient care and clinical practice is a hard task. For doing this, several authors either 
compared healthy and pathological subjects or compared the same patient before 
and after the surgical procedure. Alternatively, CFD findings can be correlated with 
laboratory evaluations as acoustic rhinometry and rhinomanometry which is still 
difficult to perform on larger scale of subjects [17]. However, postoperative CFD 
requires a CT scan, and postoperative CT scan is not always justified as it exposes 
patients to additional radiation [17]. Moreover, calculation and implementation 
times are still long for daily practice, as stated.

48.5	 �Conclusion

The 3D nasal airway is simulated using computational fluid dynamics. The real CT 
images are reconstructed using the commercial medical imaging software. The soft-
ware is used to generate and refine to adapt high curvature regions. The generated 
mesh is utilized to perform 3D CFD simulations. The velocity, pressure contours 
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and streamlines are visualized at different cross sections of the 3D nasal airway. We 
conclude that CFD provides clinically useful, logically consistent and understand-
able information that would otherwise be unavailable [18].
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