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Abstract In this study we utilized computational fluid

dynamic (CFD) techniques to construct a numerical sim-

ulation of nasal cavity airflow pre and post virtual

functional endoscopic surgery (FESS). A healthy subject

was selected, and CFD techniques were then applied to

construct an anatomically and proportionally accurate

three-dimensional nasal model based on nasal CT scans. A

virtual FESS intervention was performed numerically on

the normal nasal model using Fluent software. Navier-

Stokes and continuity equations were used to calculate and

compare airflow, velocity, distribution and pressure in both

the pre and post FESS models. In the post-FESS model,

there was an increase in airflow distribution in the maxil-

lary, ethmoid and sphenoid sinuses, and a 13% increase

through the area connecting the middle meatus and the

surgically opened ethmoid. There was a gradual decrease in

nasal resistance in the posterior ethmoid sinus region fol-

lowing FESS. These findings highlight the potential of this

technique as a powerful preoperative assessment tool to aid

clinical decision-making.
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1 Introduction

Functional endoscopic sinus surgery (FESS) is commonly

performed to relieve the symptoms of chronic rhinosinus-

itis. The operation involves initial uncinate and ethmoid

excision, followed by opening of the maxillary, sphenoid

and frontal sinuses. This procedure facilitates increased

sinus ventilation and improved sinus draining through the

opened middle meatus-anterior ethmoid complex (also

known as the ostiomeatal complex). While FESS is gen-

erally highly effective in relieving the symptoms of chronic

rhinosinusitis, there are some cases of reoccurrence and

others where resolution is temporary. There are a number

of possible explanations for FESS failure. These include

local mucosal inflammation, inappropriate post-operative

management, etc. FESS may also alter nasal cavity

anatomy, leading to adverse changes in airflow and aero-

dynamics. Given this, it would be of significant clinical

interest if pre-operative assessment could give an accurate

indication of likely post-operative changes in nasal airflow.

This would also allow for optimal surgical planning.

In the past, investigators have utilized models con-

structed from cadaver noses or amplified from CT and MRI

images to study nasal flow [5, 7, 9, 14]. However such

models tended to be inconvenient or inaccurate [5, 6].

More recently, with the advent of modern computational

fluid dynamics (CFD) and advanced computer technology

solutions for the Navier-Stokes equations that govern fluid

flow dynamics within a complex conduit [2], transnasal

aerodynamics can now be rapidly approximated using

numerical simulations of various CT-generated three-

dimensional (3-D) nasal models [9, 10, 12, 15]. Horschler

and colleagues performed numerical flow simulations of

nasopharyngeal airflow using CFD to determine sinus-site

specific uptake of deleterious xenobacteria, pollutant
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particulate deposition, airway obstruction, and olfactory

capacity prior to surgical intervention [8]. A number of

other more recent studies have utilized CFD in the analysis

of nasal surgical intervention planning [10, 12, 15]. Indeed,

Zhao et al. evaluated pre and post-surgical airflow with

regards to odorant uptake using numerical modeling of an

FESS-treated patient with chronic rhinosinusitis [18]. To

our knowledge, however, the detailed turbulent effects and

pressure–flow dynamics pre and post FESS are yet to be

examined using CFD numerical simulations. Hence in this

study we utilized 3-D reconstruction and CFD numerical

flow to determine changes in nasal cavity airflow pre and

post simulated FESS.

2 Materials and methods

The nomenclature of nasal anatomy used in this study is as

described by Proctor [13].

2.1 Subjects

Thirty healthy adults in our research center were initially

screened as possible subjects for 3-D nasal modeling.

Seventeen of these individuals (ranging in age from 24 to

48 years) who had no histories of chronic or acute (within

the preceding 3 months) nasal disease were further exam-

ined. Upon nasal endoscopic examination, 12 of these

potential subjects were excluded due nasal septal deviation,

hypertrophic or atrophic turbinates and/or superior, middle

and inferior meatus abnormalities. Further assessment was

carried out on the remaining five individuals using a noise

acoustic rhinometer SRE 2000 (RhinoMetrics, Denmark).

One potential subject exhibited a slightly abnormal air flow

distribution and resistance curve and was subsequently

excluded. Finally, CT scanning revealed that two of the

remaining individuals had nearly normal nasal structure

cavities. Of the two, a 40-year-old female was selected as

the standard subject for this research. The other individual,

a 26-year-old female, was excluded as she planned to

become pregnant. The selected subject signed an informed

consent form prior to taking part the study.

2.2 Three-dimensional nasal model reconstruction

The nasal cavity of the subject was scanned using a 64-

slice high speed spiral CT (Toshiba, Nasu, Japan). Before

scanning, the subject was required to rest at room tem-

perature (approximately 24�C) for 30 min. Achieved

images were taken as data source, slice thickness was

0.3 mm, and bone window was used. Horizontal CT image

sections were analyzed using boundary extraction software

(3D-Doctor, Able software Inc., Irvine, CA). The extracted

boundary line of nasal cavity air flow was identified and

modified by radiology and rhinology specialists. A series of

coordinate output points were selected in the boundary line.

Those points were taken as basic data for constructing a

Fluent numerical model using Gambit software (6.1.22

edition of Fluent Company, Lebanon, PA). The model was

constructed layer by layer, from inferior to superior, with a

distance of 1.2 mm between each layer. The cavity model

consisted of 112 layers and contained the complete nasal

cavity area including all sinuses.

Based on the aforementioned simulated normal nasal

cavity model, digitalized images of each nasal cavity layer

were modified according to the FESS intervention. Post-

operative data for each layer of the nasal cavity and sinus

were simulated with respect to classical FESS, i.e., initial

uncinate and then ethmoid sinus excision, followed by

sinus opening of the maxillary, sphenoid and frontal sinu-

ses. 3-D reconstruction was performed using Gambit

software. The outline of the simulated classical nasal cavity

model after simulated FESS was identical to that of the

normal nasal cavity model. Each sinus opening area was

decided upon according to standard functional endoscopic

sinus surgery (the maxillary, sphenoid and frontal sinus

openings were 1.0 cm 9 0.8 cm, 0.6 cm 9 0.5 cm and

0.4 cm 9 0.4 cm, respectively).

2.3 Mesh generation

The models were constructed using tetrahedral mesh as

previously outlined [17]. Mesh partitioning was dependent

on different flow change in different areas. Layers were

divided, and each mesh layer was divided further. The

meshes were not identical. In narrower areas, mesh size was

smaller. Therefore, the number of meshes in narrower areas

could be compared to that in other areas. A total of 1,850,077

meshes were used in constructing this model (see Fig. 1a).

2.4 Boundary definition and conditions

The boundary definition and conditions were adapted from

those described by Croce and colleagues [4]. The inferior

part of nasopharynx was taken as the entry opening in both

models. The flow rate at the opening was set at 353 ml/s.

Considering the proximity of the anterior nostril to the

nasal valve (the position of fastest flow field), the nostril

was not taken as the end opening. The boundary was

extended outside and a cylinder was added to the inferior

part of anterior nostril. The two nostrils were connected

and the boundary of the cylinder was taken as the end

opening. The given pressure of the end opening was 1

atmospheric pressure (P = 101 350 Pa). Other nostril

boundaries were solid walls. The nostril wall was assumed

to be a rigid, no slip boundary.
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2.5 Numerical simulation method

The Navier-Stokes equation of incompressible viscous

fluid (laminar model) was employed to calculate the stable

air flow during simulated inspiration [2].

2.6 Plane definition

Velocity vector was taken at cross section X = 91 mm.

Along the direction of air flow (or velocity vector), the

sections of plane 1–11 were vertical to X = 91 mm plane

(also nearly vertical to the direction of velocity vector).

Planes 1–11 encompassed the following: entrance of the

anterior nostril; middle position of the nasal vestibule and

nasal valve; anterior aspect of the inferior turbinate; ante-

rior part of the middle turbinate; anterior aspect of the

uncinate; middle part of the anterior ethmoid sinus; open-

ing of the maxillary sinus; middle of ethmoid sinus;

anterior wall of the sphenoid sinus; posterior nostril; mid-

dle area of the nasopharynx (Fig. 1b). The local flow field

of the nasal cavity was calculated and analyzed by taking

the areas thus mentioned as major points.

2.7 Calculation of airflow velocity and resistance

of nasal cavity

Changes in mechanical resistance in the nasal cavity were

represented by pressure decreases along the direction of air

flow. Along with flow direction, above plane 1–11 were

taken to measure left and right nasal cavity area in each

plane and the downstream distance (downstream distance

was the curve distance from anterior nostril along with

sections mentioned above). Mean pressure in each section

of the left and right nostrils was calculated and compared

between each model to ascertain the difference in nasal

cavity resistance.

3 Results

Pressure–flow magnitude changes at various selected

planes from the entrance of the nose to the nasopharynx pre

and post FESS are summarized in Table 1 and linearly

depicted in Fig. 2. There was a gradual decrease in nasal

resistance in the posterior ethmoid sinus region following

FESS.

Figure 3 compares airflow distribution in the whole nasal

cavity pre (a) and post (b) FESS. The simulated pressure

change did not significantly alter airflow distribution or

velocity (\0.01 m/s) in the pre-operative nasal model. In

the post FESS model, however, there was an increase in

airflow distribution ([0.01 m/s) in the maxillary, ethmoid

and sphenoid sinuses. In the maxillary sinus of the post

FESS model, upper airflow exceeded 0.1 m/s with an

average velocity of 0.15 m/s and a peak velocity of 0.43 m/

s. The anterior middle meatus average airflow was 1.07 m/s

and the peak velocity was 1.07 m/s. The infundibulum, a

narrow tubular passage that is connected superiorly and

medially in the nasal cavity by the maxillary ostium,

exhibited a velocity of less than 0.01 m/s. A high-velocity

area formed at the anterior lower parts of the meatuses at

z = 66 mm, with a central velocity reaching 3.3 m/s

(Fig. 4). Vortices approaching 4.12 m/s were observed in

the anterior inferior turbinate head, the vestibule and the

nasal passages. The highest airflow was apparent along the

nasal floor of the inferior meatus close to the septum, while

the lowest airflow was through the superior region of the

nasal cavity. Contour plots of airflow distribution for rep-

resentative coronal cross-sections indicated annular airflow

from the posterior of the maxillary sinus to the anterior of

the maxillary sinus following FESS (Fig. 5).

Table 2 presents pre and post FESS airflow for the left

and right nostrils in three specified regions (the inferior,

middle, and superior meatuses). The total airflow rate of

Fig. 1 Mesh generation and plane definition of the normal nasal

cavity. a Mesh generation of the computational fluid model for the

pre-functional endoscopic sinus surgery simulation. The nostrils are

on the lower left quadrant and the nasopharynx on the lower right

quadrant. b Eleven representative cross sections of selected sagittal

planes for the pre-functional endoscopic sinus surgery. The nostrils

are on the left and the nasopharynx on the right
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both nostrils (353 ml/s) before and after surgical inter-

vention is in the middle range of flow rates for normal

laminar breathing (200–500 ml/s) [17]. The left nostril

flow rate (187.4 ml/s) was higher than that of the right

(165.6 ml/s) as a consequence of nasal cycling (i.e., the

total airway volume of the left nostril was greater than that

of the right). This resulted in a higher airflow velocity

(4.12 m/s) in the left nasal valve and inferior meatus

region. In the post-FESS nasal cavity, airflow through the

left and right nasal common meatuses decreased markedly,

while flux through the area connecting the middle meatus

and the surgically opened ethmoid sinuses increased by

over 13%.

4 Discussion

In this study we utilized CFD and three-dimensional

reconstruction techniques to assess basic changes in nasal

cavity airflow following simulated FESS. This simulation

revealed that FESS was associated with significant

increases in airflow distribution and flux in the ostiomeatal

complex and the paranasal sinuses. Given the lack of FESS

efficacy in some cases, simulations such as reported herein

may be useful for clinical planning in the future.

The results of our study are in general agreement with

the aerodynamic distributions reported in other CFD

numerically simulated nasal models in that the lowest

airflow occurred through the superior region of the nasal

Table 1 Pressure–flow

magnitude over varying

distances of selected planes in

the nasal model pre-and post

FESS

Distance (cm) Left nasal cavity Right nasal cavity

Pre-operative Post-operative Pre-operative Post-operative

Plane 1 0 -6.39 -6.43 -4.39 -4.37

Plane 2 0.5 -8.89 -8.91 -6.30 -6.27

Plane 3 1.1 -9.91 -9.96 -7.05 -7.05

Plane 4 1.54 -9.97 -10.05 -7.33 -7.38

Plane 5 2.24 -10.33 -10.52 -8.27 -8.39

Plane 6 2.91 -11.42 -11.58 -9.92 -10.02

Plane 7 3.75 -12.98 -13.13 -11.59 -11.72

Plane 8 5.37 -16.20 -15.16 -14.62 -13.57

Plane 9 6.42 -18.67 -16.86 -17.12 -15.22

Plane 10 7.52 -21.13 -19.68 -19.91 -18.37

Plane 11 8.54 -21.88 -20.57 -21.96 -20.61

Fig. 2 Pressure–flow magnitude averaged over selected planes of the

nasal model at various levels from the entrance of the nares to the

nasopharynx pre- and post functional endoscopic sinus surgery

Fig. 3 Comparison of airflow distribution in the whole nasal cavity

between pre-and post functional endoscopic surgery models.

a Contour plot of velocity vector magnitudes from the normal nasal

model indicating a lack paranasal sinus airflow (\0.01 m/s).

b Velocity vector magnitude in the post functional endoscopic sinus

surgery nasal model indicating a three-fold increase in airflow

dynamics ([0.01 m/s) in the maxillary, ethmoid and sphenoid areas
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cavity and the highest airflow occurred proximally along

the nasal floor of the inferior meatus [17]. The global

laminar inspiratory air-flow rate, however, was 353 ml/s,

as compared to the general consensus of less than 250 ml/s

[9, 15, 18]. Ecogeographic variations as a result of mor-

phological adaptations to climate may explain this

disparity. Tall, narrow (‘leptorrhine’) respiratory passages

adapted to cold, dry climates manifest as a greater external

nose protrusion and greater orientation of the conchae,

implicating downwardly disposed nares that must negotiate

a 90� bend from the external vestibule to the horizontal

inner sinuses. This impedes inspiratory laminar flow.

Anteriorly directed nares, such as those observed in short,

broad (platyrrhines) respiratory passages facilitate laminar

flow with less disruption, being more horizontal along the

nasal floor [6]. Such morphological features are charac-

teristic of the majority of the Asian populace, and are

thought to facilitate a more energy efficient and undis-

rupted laminar inspiratory airflow [3]. To our knowledge

this is the first investigation to use an Asian individual as a

study model. This may explain the higher inspiratory flow

rate.

Velocities and airflow distribution observed in this study

are in close agreement to those reported in the literature.

Vortices approaching 4.12 m/s were observed in the ante-

rior inferior turbinate head, and high velocity areas formed

in the anterior lower parts of the meatuses with a central

velocity reaching 3.3 m/s in the pre-operative nasal model.

Similarly, Subramanian et al. [15] and Keyhani et al. [10]

reported values of 4.2 m/s in the posterior segment of the

nasal valve at a flow rate of 250 and 4 m/s at the end of the

nasal valve at a flow rate of 125 ml/s, respectively.

We observed a re-circulating airflow phenomenon in the

posterior nasal valve and the lower parts of the meatuses

following simulated FESS. This may be explained by

sloping of the nasal roof, and nasal valve narrowing such

that there is an abrupt acceleration when inspiratory air

enters the vestibule, especially in the vertical planes of the

nasal cavities. The vortex formation observed is most likely

a consequence of high-pressure zones in the superior lateral

portions of the nasopharynx, low pressure in the mid por-

tions of the nasopharynx and an axial pressure gradient

reverse to the main direction of flow [12, 18]. The resultant

aerodynamic pressure–flow continuum is due to vertical

Fig. 4 Comparison of the

velocity at cross section

(Z = 66 mm) between the two

models. The post functional

endoscopic sinus surgery

airflow velocity (b) was greater

than that pre functional

endoscopic sinus surgery (a)

Fig. 5 Airflow distribution in

the maxillary sinus post

functional endoscopic sinus

surgery. a and b show the

maxillary sinus coronal

cross-section depicting annular

airflow from the posterior of the

maxillary sinus to the anterior of

the maxillary sinus

Table 2 A comparison of pre-

and post functional endoscopic

sinus surgery airflow in the

left and right nostril

a Includes the ethmoid sinuses

in the post-operative nasal

model

Left Nostril ml/s (%) Right nostril ml/s (%)

Pre-operative Post-operative Pre-operative Post-operative

Common meatuses airflow 113.4 (60.5) 90.4 (48.2) 98.6 (59.5) 74.3 (44.9)

Inferior meatus airflow 20.5 (10.9) 18.6 (9.9) 27.5 (16.5) 25.4 (15.4)

Middle meatus airflowa 53.5 (28.6) 78.7 (41.9) 39.5 (24.0) 65.6 (39.7)

Global airflow 187.4 (100) 187.7 (100) 165.6 (100) 165.3 (100)
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and lateral expansion of fused airways in the medial region

and the dorsal and middle portions of the nasal cavity, and

a significant lateral ventral segment narrowing.

The results of this study confirm that relatively minor

anatomical changes may effectively alter airflow distribu-

tion [5]. In reality, more extensive anatomical alterations

are frequently warranted for chronic rhinosinusitis patients

who present with hypertrophied turbinates, septum devia-

tions, nasal polyps, etc. Following FESS, dramatic changes

in pressure flow and nasal aerodynamics are apparent in

such individuals. Indeed, in a study employing CFD

modeling, Zhao and colleagues demonstrated a [700%

change in airflow through the olfactory region upon virtual

resolution of artificial nasal obstruction. Nostril and nasal

resistance remained unchanged.

Studies pertaining to CFD simulated endoscopic surgeries

often neglect to take into account possible pre-existing ana-

tomical/physiological conditions in the nasal passages that

may influence inspiratory patterns. Physiological conditions

such as perpetual congestion of one nostril, wet and warm

nasal mucosal structures, combined turbulent and laminar

airflow, and pathological anomalies attributed to chronic

rhinosinusitis before FESS were neither assessed nor

numerically simulated in this report. Hence, the precise

validity of the findings pertaining to aerodynamics and

pressure-flow and nasal resistance of FESS site-specific nasal

structures could be considered somewhat compromised.

Additional studies are warranted to examine how pre-virtual

surgery variations in aerodynamics, turbulence, and odorant

effects (as a consequence of morphological and pathological

nasal anatomical abnormalities) influence nasal flow.

While the methodology for image based computa-

tional analysis of hemodynamics for preoperative surgical

planning has been well established within the past dec-

ade [1, 11, 16], similar applications for use in the

otorhinolaryngologic setting remain underdeveloped. Such

applications necessitate sophisticated software to auto-

matically handle medical images, segment structures of

interest and create computational meshes for the extremely

complicated subtle structures of the nasal cavity and par-

anasal sinus. Commercial software such as Mimics has

been widely utilized for computational surgical simulation.

However, in a preliminary trial using the most recent

version of this program (v10, Materialise, Leuven, Bel-

gium) we found that identification and resolution of subtle

anatomical structures, such as the uncinate process and

paranasal sinus ostia, was not satisfactory (data not shown).

As the present investigation was our first numerical mod-

eling simulation, we felt required to be extra cautious in

guaranteeing the accuracy of the findings. Therefore the

boundary conditions for the structures of nasal cavity and

paranasal sinus were manually defined to ensure precise

numerical reconstruction of the anatomical structures. This

process was very time consuming and as such is not

applicable for use in the clinical setting. One strategy to

decrease this time would be to combine the automatic

computational image handling and manual double-checks.

While rough anatomical structures can be well identified by

computer, manual interventions to define the fine structures

would still be inevitable. This may reduce the workload to

a more reasonable level for research applications, but

would not be acceptable for routine clinical usage. Auto-

mation of the entire numerical reconstruction process

would require further advances in resolution and power of

both CT scanning and analytical software.

5 Conclusion

We have reported for the first time detailed turbulent

effects and pressure–flow dynamics pre and post FESS

using the techniques of numerical simulation and CFD. Our

findings highlight the potential usefulness of CFD-gener-

ated numerical simulation as a powerful preoperative

assessment tool to aid in clinical decision-making.
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