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Abstract

Purpose: Virtual surgery planning based on computational fluid dynamics (CFD) simulations of
nasal airflow has the potential to improve surgical outcomes for patients with nasal airway
obstruction (NAO). Virtual surgery planning requires normative ranges of airflow variables, but
few studies to date have quantified inter-individual variability of nasal airflow among healthy
subjects. This study reports CFD simulations of nasal airflow in 47 healthy adults.

Methods: Anatomically-accurate 3-dimensional nasal models were reconstructed from cone
beam computed tomography (CBCT) scans and used for steady-state inspiratory airflow
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simulations with a bilateral flowrate of 250 ml/s. Normal subjective sensation of nasal patency was
confirmed using the Nasal Obstruction Symptom Evaluation (NOSE) and Visual Analog Scale
(\VVAS). Healthy ranges for several CFD variables known to correlate with subjective nasal patency
were computed, including unilateral airflow, nasal resistance, airspace minimal cross-sectional
area (MCSA), heat flux (HF), and surface area stimulated by mucosal cooling (defined as the area
where HF > 50 W/m?). The normative ranges were targeted to contain 95% of the healthy
population and computed using a non-parametric method based on order statistics.

Results: A wide range of interindividual variability in nasal airflow was observed among healthy
subjects. Unilateral airflow varied from 60 ml/s to 191 ml/s, airflow partitioning ranged from
23.8% to 76.2%, and unilateral mCSA varied from 0.24 cm? to 1.21 cm?2. These ranges are in good
agreement with rhinomanometry and acoustic rhinometry data from the literature. A key
innovation of this study are the normative ranges of flow variables associated with mucosal
cooling, which recent research suggests is the primary physiological mechanism of nasal airflow
sensation. Unilateral HF ranged from 94 to 281 W/m?2, while the surface area stimulated by
cooling ranged from 27.4 to 64.3 cm?

Conclusions: These normative ranges may serve as targets in future virtual surgery planning for
patients with NAO.

Keywords

Nasal airway obstruction (NAO); virtual surgery planning; computational fluid dynamics (CFD)
simulations of nasal airflow; normative range in healthy subjects; mucosal cooling in nasal cavity

INTRODUCTION

The clinical value of objective measures of nasal obstruction remains controversial.
Rhinologists are divided into two groups, those who advocate for using objective measures
in clinical practice (such as rhinomanometry, acoustic rhinometry, and peak nasal inspiratory
flow) and those who are skeptical of their clinical value [1-6], There is some evidence that
success rates of nasal surgery can be improved when objective measures are used in surgical
planning [7], However, the low correlation between traditional objective measures and
subjective sensation of nasal airflow remains a significant challenge that prevents universal
adoption of traditional techniques in clinical care [2].

Virtual surgery planning based on computational fluid dynamics (CFD) simulations has the
potential to better correlate with subjective perception of nasal airflow than traditional
techniques. The reasons to be optimistic about clinical application of CFD-based virtual
surgery planning are three-fold. First, recent research suggests that the primary physiological
mechanism for sensing nasal airflow is the activation of menthol-sensitive TRPM8 cold
receptors [8,9], Objective methods to quantify mucosal cooling /n vivo are lacking [9], Our
group [10-13] and others [14,15] have shown that CFD-derived measures of mucosal
cooling correlate with subjective sensation of nasal airflow. Since CFD variables correlate
strongly with each other, the same studies also reported a correlation between subjective
perception of nasal airflow and other CFD variables, such as nasal resistance [10] and
intranasal airflow distribution [13], Additional studies are needed to determine which CFD
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variable will be the most useful for clinical applications. Second, a systematic literature
review found that subjective perception of nasal airflow has a better correlation with
unilateral airflow than with bilateral airflow [2], Similarly, our group reported that unilateral
CFD variables have a stronger correlation with subjective scores of nasal airflow than
bilateral CFD variables [10], We believe that this partially explains the lack of correlation
between subjective perception and traditional objective measures of nasal airflow. Finally, a
major strength of CFD-based virtual surgery planning is the ability to predict how
anatomical changes will affect nasal airflow [16,17].

Many studies have investigated nasal airflow in humans using /n7 vitro experiments or
computer simulations [18-22], However, the vast majority of these studies were limited to
small cohorts, typically from 1 to 5 subjects. Notable exceptions are the pioneering studies
by Zhao and Jiang [23], Ramprasad and Frank-Ito [24], and Sanmiguel-Rojas and colleagues
[25] who investigated nasal airflow in cohorts of 22, 16, and 24 healthy adults, respectively.
Due to significant inter-individual variability in the nasal cavity anatomy [26-28], there is a
need to quantify inter-individual variability in nasal airflow variables in larger cohorts, so
that normative ranges can be established. This study aims to extend previous works in the
literature by using computational fluid dynamics to quantify nasal airflow characteristics in
47 healthy adults. One innovation of this work is that we report normative ranges for the
airspace minimal cross-sectional area and the surface area stimulated by mucosal cooling,
which were not investigated in past CFD studies of healthy adults.

Many hospitals have databases of computed tomography (CT) scans of patients. One
strategy to create a cohort of CFD models of healthy individuals is to have board-certified
otolaryngologists screen these databases to identify patients with a normal nasal anatomy
[24,25], Although readily available, information contained in CT scans from these databases
may not be sufficient to rule out nasal symptoms. This is problematic because
otolaryngologists often see patients with normal CT images who still complain of nasal
symptoms. A recent systematic literature review found that subjects in the general
population have higher scores of subjective nasal obstruction than subjects in cohorts
evaluated as healthy [29], In the present study, healthy volunteers were prospectively
recruited from a dental clinic and deemed to have a normal nasal anatomy based on history,
subjective scores of nasal patency, and CT findings.

Surgery to treat nasal airway obstruction (NAO) has a relatively high failure rate [30-35],
Virtual surgery planning based on CFD simulations has the potential to improve surgical
outcomes [16,36—38], Comparison of CFD variables in NAO patients with normative ranges
can provide objective criteria to select which patients are most likely to benefit from surgery
and to select the optimal surgical procedure for each patient. The aim of this study is to
quantify the nasal airflow characteristics in healthy adults and provide normative ranges that
can serve as targets for future NAO virtual surgery planning.

Int J Comput Assist Radiol Surg. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Borojeni et al.

METHODS

Page 4

Cohort demographics

This study was approved by the Institutional Review Board (IRB) committees of both
Marquette University and The Medical College of Wisconsin under protocol PR022934. A
cohort of 55 healthy subjects were prospectively enrolled at the Marquette University Oral
Medicine and Oral Radiology clinic. Subjects scheduled to undergo imaging of the maxilla
as part of their dental treatment were invited to participate in the study. The inclusion criteria
were age = 18 years, no history of nasal surgery, no symptoms of nasal obstruction, and non-
smoker status. Patients who were pregnant and patients with a history of nasal surgery,
severe nasal trauma resulting in a crooked nose, autoimmune disease, chronic sinusitis,
severe allergies, or other sinonasal disease were excluded. After initial screening with a
questionnaire, subjects who fulfilled the inclusion criteria completed the informed consent
process with the radiologist, which emphasized the voluntary nature of participation.
Informed consent was obtained from all individual participants included in the study.

Subjects were administered two self-reported surveys of nasal patency, the nasal obstruction
symptom evaluation (NOSE) [39] and a double ordinal visual analog scale (VAS), ranging
from 0-10, for assessment of nasal patency. The NOSE scale is a disease-specific quality of
life instrument that provides a score ranging from 0 (no symptoms of NAQO) to 100 (severe
symptoms of NAO) [39], To obtain unilateral VVAS scores, participants were asked to cover
one nostril and rate their ability to breathe through the uncovered nostril on a 0 (no
obstruction) to 10 (severe obstruction) scale. This was repeated for each nostril.

Cone beam computed tomography (CBCT) scans of the nasal cavity were obtained from 55
healthy subjects. After the scans were reviewed by an otolaryngologist, 3 subjects were
excluded because their CBCT scans showed signs of sinusitis. Futhermore, 5 subjects were
excluded for having NOSE score > 32. The cutoff value of 32 was based on the mean NOSE
score plus one standard deviation of healthy subjects (i.e., 15 + 17 = 32) in a recent
systematic literature review performed by our group [29], Thus, the final cohort included 47
healthy subjects with no history of nasal disease, a normal anatomy on the CBCT scan as
assessed by a board-certified otolaryngologist, and no subjective feeling of nasal obstruction
(Fig. 1 and Fig. S1 in the Electronic Supplementary Material). The cohort had a mean age of
48+18 years (range: 18 to 81 years, median: 52 years). It included 19 males and 28 females:
35 Caucasians, 1 Native American, 2 African Americans, 5 Hispanics, 3 Asians, and 1
patient who self-identified as other ethnicity (Table S1 in the Electronic Supplementary
Material).

It is important to note that the presence of a septal deviation was not considered to be an
exclusion criterion. Studies of cranial computed tomography scans reveal that 20% to 26%
of healthy adults have a septal deviation [40-44], Therefore, many septal deviations are
asymptomatic. Our exclusion criterion was based on the current gold-standard measure of
subjective perception of nasal obstruction, namely the NOSE score [39,45], As described
above, subjects with NOSE score > 32 were excluded.
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Reconstruction of nasal airway models

Anatomically accurate 3-dimensional (3D) reconstructions of the nasal cavities were created
from the CBCT scans (Fig. 2). The CBCT scans were imported to the medical imaging
package Mimics™ 17.0 (Materialise Inc, Leuven, Belgium). A threshold range of —1024 to
—-300 Hounsfield Units (HU) was set to segment the airspace from the nostrils to the
nasopharynx. The paranasal sinuses were excluded manually. The motivation for excluding
the paranasal sinuses is three-fold. First, airflow into the sinuses is negligible compared to
airflow through the main nasal passages. Second, inclusion of the paranasal sinuses would
make it very challenging to quantify intranasal airflow distribution into inferior, middle, and
superior regions. Third, inclusion of the paranasal sinuses would require larger mesh sizes
and computational times. For these reasons, most CFD studies of nasal airflow exclude the
paranasal sinuses, except when the goal is to quantify sinus airflow.

In 21 subjects, the field of view during CBCT imaging was limited to minimize radiation
dose and thus the nasopharynx was excluded from the scans (Fig. 2B). In these models, an
idealized nasopharynx was employed for outlet boundary conditions. Validation of the
idealized nasopharynx was performed in a previous study [46], which demonstrated that use
of an idealized nasopharynx had a negligible effect on the inspiratory airflow patterns in the
nasal cavity. The nasal airway geometry was exported from Mimics™ in stereolithography
(STL) format, and then imported into ICEM-CFD™ 14.0 (ANSYS, Canonsburg, PA), where
unstructured meshes with approximately 4 million tetrahedral cells were created.

Numerical methods and boundary conditions
Steady-state inspiratory nasal airflow simulations were performed using numerical methods
described previously [10,47], Briefly, nasal airflow is governed by the Navier-Stokes and
continuity equations

du

por + . Vu = — Vp+uViu o

V.u=0 )

where u = u(x,y,z is the air velocity vector, p = 1.204 kg/m? is the air density, = 1.825 x
107° kg/(m.s) is the dynamic viscosity of air, p is pressure and ¢is time. For the CFD
simulations presented here, airflow was assumed to be steady and laminar. The assumption
that nasal airflow is laminar for resting breathing is supported by experiments [19,22].

Heat transfer in the nasal cavity was quantified by solving the heat equation

oT k 2
E+(u.V)T=p—VT 3)

where 7is temperature, C,=1005.9 J/Kg-K is specific heat of air, and <= 0.0268 W/m-K is
the thermal conductivity of air.
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The numerical simulations were conducted using the finite volume method as implemented
in ANSYS Fluent™ 14.0 (ANSYS, Inc.). A second-order upwind scheme was used for
discretization. A segregated solver was implemented, and the SIMPLEC algorithm was used
to couple the pressure and velocity fields.

Nasal walls were assumed rigid and the no-slip velocity condition was applied. At the
nostrils, an inlet pressure boundary condition was applied with zero gauge pressure.1 For
heat transfer simulations, 7= 20°Cwas set at the nostrils. A value of 7= 32.6°C, based on
experimental measurements by Lindemann and colleagues [49], was used as the average
nasal mucosal temperature during inhalation.

A bilateral flowrate of 250 ml/s, which represents an adult breathing at rest [50], was used in
all subjects. This flowrate was obtained by adjusting the outlet pressure while keeping the
inlet pressure at the nostrils equal to atmospheric pressure. The outlet pressure required to
reach a bilateral flowrate of 250 ml/s was determined by running preliminary simulations to
quantify the relationship between outlet pressure and flow rate, which was fitted with the
power law £, er= 0P, Where Pyye:is the outlet pressure, Qis the bilateral flowrate, and a
and b are fitted constants.

Objective measures of nasal airflow

Several CFD variables known to correlate with subjective nasal patency were computed [10-

13], Nasal resistance (R = %P) was defined as the ratio of the transnasal pressure drop from

nostrils to choana (A P) in Pa to the volume flowrate (Q) in ml/s. Heat flux per unit time and
area (units of W/m?2), which is the rate of heat loss across the nasal mucosa during
inspiration, was calculated as ¢ = -kVVT, where k =0.0268 W/m.K is the specific heat of
air and VT is the temperature gradient at the wall. The surface area stimulated by mucosal
cooling was defined as the mucosa surface area where heat flux exceeds 50 W/m? (SAHF50)
based on the study by Sullivan and colleagues [11], Airflow partitioning, which is a measure
of flow symmetry between the left and right nostrils, was defined as unilateral airflow
divided by bilateral airflow.

Airspace cross-sectional areas were computed perpendicular to the main flow direction
using the method developed by Garcia and coauthors [51], Briefly, ten streamlines that
characterize the main flow direction were identified by selecting release points at the nostril
(Fig. 3A). Unilateral cross-sectional areas were computed perpendicular to each streamline
in the anterior nose and perpendicular to the nasal floor in the posterior nose. The area vs.
distance curve was obtained by averaging the results from the ten streamlines. The minimal
cross-sectional area (MCSA) of each nasal cavity was defined as the smallest mMCSA among
the ten streamlines studied [51].

IThis inlet boundary condition should be distinguished from a flat velocity profile imposed at the nostrils, which has been shown to
yield less accurate results than a pressure boundary condition imposed at a spherical surface in front of the face [48], Here, a pressure
boundary condition (not a flat velocity profile) is applied at the nostrils. For a given mesh size, truncation of the geometry at the
nostrils provides a higher mesh density inside the nasal passages, which is expected to provide greater accuracy.
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Normative ranges

For each CFD variable, we calculated lower and upper limits of the normative range
expected to represent 95% of the healthy population. For a Gaussian distribution, the upper
and lower bounds would be the average value + 1.96 times the standard deviation (mean

+ 1.96 SD). In this study, rather than assuming a Gaussian distribution, a non-parametric
method that utilizes interpolation between appropriate order statistics constructed from the
observations was applied to estimate the lower and upper limits of the normative range [52],
Standard errors for the end points of these ranges were calculated using the formula for
quantiles [Equation 13 in [52]] using a Gaussian density assumption for this purpose.

RESULTS

Inter-individual variability in nasal cavity morphology

Substantial inter-individual variability in nasal morphology was observed (Figs. 1 and S1;
Table S2). The average volume of the nasal cavity was 21.5 + 4.4 ml and the average surface
area was 189 + 23 cm?, respectively. These values represent both nasal cavities together
from nostrils to nasal choana, excluding the paranasal sinuses. Volume and surface area
significantly correlate with each other (Pearson r = 0.69; P value < 107°).

Unilateral cross-sectional areas were similar in the left and right cavities after averaging
among the 47 healthy subjects (Fig. 3B). The smallest cross-section of the nasal airspace
was located in the anterior 3 cm of the nose in nearly all (89 out of 94) nasal cavities studied
(Fig. 3D). The unilateral minimal cross-sectional area was on average 0.66 + 0.21 cm? (Fig.
3C; Table S3). If we define the “narrow side” as the nasal cavity with the smallest mCSA
and the “non-narrow side” as the contralateral cavity in each patient, the average mCSA was
0.57 £0.18 cm? in the narrow side and 0.75 +0.19 cm? in the non-narrow-side.

Normative range of biophysical variables

The normal range for unilateral airflow in healthy adults was found to be 60 + 20 to 191

+ 20 ml/s (Table 1). Airflow partitioning had a normative range from (23.8 + 7.8)% to (76.2
+ 7.8)%. The area-weighted-average unilateral heat flux from nostrils to choana had a
normative range from 94 + 29 to 281 + 58 W/m?2 The normal range for stimulated surface
area (SAHF50) was 27.4 + 7.4 to 64.3 + 4.6 cm?2. Unilateral nasal resistance had a normative
range from 0.029 + 0.011 to 0.32 + 1.32 Pa.s/ml. The normal range for bilateral nasal
resistance was 0.017 = 0.004 to 0.12 + 0.13 Pa.s/ml. The unilateral airspace mMCSA had a
normative range from 0.24 + 0.15 to 1.21 + 0.68 cm? (Table 1; Table S4).

Resistance profile

To investigate inter-individual variability in regional resistance, each nasal cavity was
sectioned into 6 coronal cross-sections and every section was tagged in relation to their
relative distance from the nostril, as defined by D = H/Lseptym, Where H is the distance from
the nostrils and Leeptym is the septal length. The most posterior extent of either nostril was
designated as relative distance D=0 and the posterior-most edge of the septum as D=1.0
(Fig. 4). The bilateral pressure drop was largest in the nasal valve region (regions 1 and 2 in

Int J Comput Assist Radiol Surg. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Borojeni et al. Page 8

Fig. 4). The pressure drop in the posterior turbinate region (regions 5 and 6 in Fig. 4) was
relatively small as compared to the nasal valve region.

Intranasal airflow distribution

Intranasal airflow distribution in healthy individuals was studied in 5 uniformly-spaced
coronal sections (Fig. 5). Each coronal section was subdivided into inferior, middle, and
superior regions, each region corresponding to exactly 1/3 of the height of the nasal cavity at
that location. The percentage of total unilateral flow allocated to each region was found to be
(37+17)% in the inferior region, (51 £12)% in the middle region, and (12+8)% in the
superior region, averaged for the 5 coronal cross-sections in Figure 5. There was a tendency
for posterior sections to have less inferior airflow and more middle and superior airflows
(Fig. 5B). Middle airflow and inferior airflow were significantly correlated with total
unilateral airflow, but superior airflow did not correlate significantly with unilateral airflow
(Fig. 5C). This implies that the percentage of inhaled air that reaches the olfactory cleft is
not a constant percentage of unilateral flowrate in different individuals, but rather depends
strongly on the anatomy of each individual.

DISCUSSION

Currently, NAO surgical planning relies on subjective symptoms, clinical exam findings, and
surgeon judgment without objective measurements of nasal airflow [2,53], Many studies
have quantified the minimal cross-sectional area of the nasal airspace via acoustic
rhinometry and nasal resistance via rhinomanometry. Although normal ranges of these
variables are available in the literature [54,55] and have been adopted by some surgeons as a
criterion to select patients for surgery [7], most otolaryngologists have not adopted acoustic
rhinometry and rhinomanometry in their surgical planning in part because these objective
measures correlate poorly with subjective nasal patency [2], There is growing evidence that
the physiological mechanism of nasal airflow sensation is not resistance to airflow, but
mucosal cooling via stimulation of menthol-sensitive TRPM8 cold receptors [8,10,11,56-9],
Quantifying mucosal cooling /n vivois challenging [9], but CFD measures of mucosal
cooling have been shown to correlate with subjective nasal patency [10-12,57], The
normative ranges reported in Table 1 may be used to identify patients whose airflow
variables fall within 95% of the healthy population, which will be particularly important in
future CFD-based virtual surgery planning software [16,36,37], Virtual surgery planning
may help reduce the failure rate of NAO surgery, which currently can be greater than 50% in
long-term studies [33,35].

The objective of this study was to quantify healthy ranges of CFD variables known to
correlate with subjective nasal patency [10-13], A cohort of 47 healthy subjects with no
history of nasal obstruction, and no evidence of sinus disease on CBCT scans was studied.
The absence of NAO symptoms in this healthy cohort was verified with the NOSE
questionnaire (all subjects had NOSE score < 32). This is important because CBCT findings
are often inconsistent with subjective symptoms. Average NOSE and VVAS scores in our
cohort were 5+ 7 and 1.1 + 1.8 respectively, which are within the ranges reported for
asymptomatic subjects in a recent systematic literature review (NOSE = 15 + 17 and VAS =
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2.1 £1.6) [29], The inclusion criterion (NOSE score < 32) was based on the NOSE scale
because it is a validated disease-specific instrument for NAO. The visual analog scale (VAS)
was also obtained and reported for completeness. Previous studies from our group found that
CFD measures of nasal airflow correlate with both NOSE and VAS scores [10-13], The
correlation coefficients are somewhat higher with the NOSE score, but the VAS score also
has a robust correlation with CFD variables.

The wide degree of inter-individual variability in nasal anatomy and nasal airflow in our
study is supported by previous /in vivo studies. First, the minimal cross-sectional area
estimated in our study is in good agreement with acoustic rhinometry measurements. Based
on a recent literature review [51], most acoustic rhinometry studies report a unilateral mMCSA
around 0.70 cm? in healthy subjects. For example, one of the largest cohorts of healthy
subjects available in the literature reported a mCSA of 0.73 + 0.20 cm? in Caucasians [58],
This is in good agreement with the average mCSA in our study (0.66 + 0.21 cm?2), which
was also based on a cohort of mostly Caucasian subjects, but used a completely different
technology to quantify airspace cross-sectional areas (i.e., 3D reconstructions based on
CBCT scans and CFD simulations of flow streamlines) [51].

Second, the wide range of airflow partitioning between the left and right nostrils in our study
is in good agreement with nasal spirometry measurements reported by Roblin and Eccles
[59], These authors reported that the mean nasal partitioning ratio (NPR) in a cohort of 100
healthy volunteers was —0.10 + 0.32 without mucosal decongestion. NPR was defined as the
difference in flowrate between the two nostrils divided by the total flowrate, so that NPR =
-1, 0, and +1 correspond respectively to total left-side obstruction, equal flow partitioning
between nostrils, and total right-side obstruction. The authors reported that NPR had a
Gaussian distribution, so that a 95% reference range may be computed from the mean + 1.96
SD. Thus, assuming a mean of 0 and standard deviation of 0.32, the reference range of NPR
in healthy individuals is [-0.63, +0.63], Using the identity (Airflow Partitioning) =
100*(*2)*(1 + NPR) to convert the nasal partitioning ratio to the definition of airflow
partitioning used in our study, the data from Roblin and Eccles (2003) correspond to a
normative range of 18.6% to 81.4%. This is in good agreement with the normative range for
airflow partitioning of (23.8+£7.8)% to (76.2+7.8)% obtained in our study. This wide range of
airflow partitioning between the left and right nostrils of healthy subjects is also supported
by research on the nasal cycle [60], Rhinomanometry measurements have shown that 5-fold
oscillations in unilateral nasal resistance are observed routinely due to spontaneous changes
in mucosal engorgement associated with the nasal cycle [61].

Third, intranasal airflow distribution in our study (inferior flow: 37+17%, middle flow: 51
+12%, and superior flow: 12+8%) is in good agreement with the CFD results reported by
Zhao and Jiang [23], namely inferior flow: 36£12%, middle flow: 48+12%, and superior
flow: 16£10%. These results confirm that a small fraction of inhaled air (12% to 16%)
reaches the olfactory region. In a recent paper [13], our group compared the intranasal
airflow distribution in 15 healthy subjects with 15 NAO patients. We found that NAO
patients had significantly less middle airflow in the narrowest nasal cavity, but inferior and
superior flows in the narrow side were not statistically different from healthy individuals.
These observations suggest that intranasal airflow distribution may be associated with the
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feeling of nasal obstruction, and thus it may be an important variable to account for in future
virtual surgery planning.

A key contribution of this study are the novel normative ranges for mucosal cooling
variables (Table 1), given that there is growing evidence that mucosal cooling is a key
mechanism of nasal airflow sensation [9,8], Sullivan and coauthors (2014) demonstrated that
the surface area where heat fluxes exceed 50 W/m? (SAHF50) correlates with subjective
sensation of nasal airflow. In a subsequent study, Dayal and coauthors (2016) applied virtual
surgery and CFD simulations to theoretically predict how mucosal cooling would be affected
by complete resection of the inferior turbinate. The CFD simulations revealed that complete
resection of the inferior turbinate decreases nasal resistance, but also reduces SAHF50 [62],
These findings are consistent with the paradoxical sensation of nasal obstruction in empty
nose syndrome (ENS) patients who complain of nasal obstruction after aggressive nasal
surgery despite having a normal resistance to airflow [63], In the future, virtual surgery
planning based on CFD may help surgeons minimize the risk that patients will develop
complications such as ENS after nasal surgery.

To date, standardized CFD methods for NAO surgical planning have not been established.
We selected numerical methods (steady-state, laminar simulations, constant wall
temperature, planar nostrils with pressure boundary conditions) that minimize computational
time, which will be an important factor in future clinical application of virtual surgery
planning tools. We expect that the normative ranges reported in Table 1 will be sensitive to
some numerical settings, but insensitive to others. For example, adoption of a laminar model
rather than a turbulence model is expected to have a minor impact on the normative ranges,
given that at low breathing rates laminar simulations are in excellent agreement with
experiments [22], In contrast, the radiodensity threshold used to segment the nasal anatomy
is known to have a major impact on CFD estimates of nasal airflow [64,65], A recent study
found that increasing the radiodensity threshold from —800 HU to =300 HU resulted in a 2-
fold reduction in nasal resistance [64], Therefore, application of the normative ranges
reported in Table 1 requires adoption of the —300 HU segmentation threshold and other
numerical methods used to derive them. We demonstrated previously that CFD variables
computed with these numerical methods have a good correlation with subjective nasal
patency [10-13], Thus, the normative ranges reported in Table 1 are a valid approach for
NAO virtual surgery planning, but certainly not the only one.

The high degree of inter-individual variability in nasal airflow variables (Table 1) (and also
intra-individual variability due to the nasal cycle [60]) presents a major challenge to
adoption of objective measures of nasal airflow into clinical care [66], Some overlap is
expected between the ranges of nasal airflow variables in healthy subjects and patients with
NAO. For example, the healthy range for SAHF50 was found to be 27.4 to 64.3 cm? (Table
1). In an earlier study of 10 patients with NAO [11], we found that SAHF50 ranged from
13.2 to 42.7 cm?, which overlaps with the normative range. In this small cohort of NAO
patients, 4 out 10 patients had SAHF50 < 25 cm?, 6 out 10 patients had SAHF50 < 35 cm?,
and 10 out 10 patients had SAHF50 < 43 cm?. Therefore, the sensitivity of SAHF50 to
identify NAO patients is 40%, 60%, or 100% depending on the threshold value applied.
Future studies should compare CFD variables in NAO patients with the normative ranges in
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Table 1 and thus determine how best to implement these normative ranges in surgical
planning.

Some limitations of this study must be acknowledged. First, some subjects in our cohort
showed evidence of nasal cycling. Fluctuations in mucosal engorgement associated with the
nasal cycle represent a considerable challenge when investigating objective measures of
nasal airflow [12,66-68], In the acoustic rhinometry and rhinomanometry literature, mucosal
decongestion is often used to abolish the effect of the nasal cycle. In our study, the CBCT
scans were collected without mucosal decongestion because our goal was to quantify nasal
physiology in its natural state. Additional studies are needed to quantify intra-individual
variability in nasal airflow during the nasal cycle. Second, most subjects in our sample were
Caucasian. Future studies need to investigate inter-individual variability in nasal anatomy
due to race. Finally, only adult subjects were included in our study. Additional studies are
needed to develop normative ranges of nasal airflow for pediatric populations.

Another limitation of this study is the manual segmentation of the paranasal sinuses, which
implies some degree of subjectivity in the creation of the 3D models. For consistency, the
3D reconstructions of all 47 healthy subjects were created by the same engineer (Borojeni)
and checked by another engineer with extensive experience in nasal anatomy (Garcia) and
by a board-certified otolaryngologist (Rhee). The ostia of the maxillary sinuses and sphenoid
sinuses are well-defined, thus there is minimal subjectivity in excluding these two sinuses. In
contrast, the ostia of the frontal and ethmoidal sinuses are less defined, thus their exclusion
leads to some subjectivity in variables such as the volume and surface area of the nasal
passages. Fortunately, this subjectivity in defining the boundaries of the paranasal sinuses is
expected to have a negligible effect on the key CFD variables reported in our study (nasal
resistance, airspace minimal cross-sectional area, airflow partitioning between the left and
right nostrils, and heat flux measures). These key CFD variables are determined primarily by
nasal resistance, which in turn is determined primarily by the geometry of the anterior nose
(nasal valve region) [51,69], Since the ostia of the frontal and ethmoidal sinuses are not
located in the nasal valve region, but rather are located in the middle meatus, exclusion of
the paranasal sinuses is expected to have a minimal effect on these key CFD variables.

In summary, virtual surgery planning based on CFD simulations of nasal airflow has the
potential to improve surgical outcomes for patients with nasal airway obstruction. The aim
of this study was to quantify nasal airflow variables in a large cohort of healthy individuals
that can serve as targets in future virtual surgery planning. The normative ranges of nasal
airflow variables were validated by comparing our CFD predictions to healthy ranges of
airflow partitioning and airspace minimal cross-sectional area reported in the
rhinomanometry and acoustic rhinometry literature. Future studies should consider possible
clinical applications of these normative ranges, such as for diagnosis of nasal airway
obstruction and surgical planning. Finally, future studies should also investigate how race
and ethnicity affect these normative ranges.
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Fig.1-

Cc?ronal sections of 15 nasal cavities located at relative distance D=0.5 illustrating inter-
subject variability in nasal morphology among healthy subjects. The relative distance D is
defined as the ratio of distance from the nostrils to the septum length from the nostrils to the
nasal choana. The color boundaries are the outlines of the 3-dimensional nasal cavity
models. The cross-sections of the remaining 32 subjects are illustrated in Figure S1 of the
Electronic Supplementary Material.
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Cone Beam CT
Excluding Nasopharynx

Cone Beam CT
Including Nasopharynx

Fig. 2 -
(A) Cone beam computed tomography (CBCT) scan including the nasopharynx. (B) CBCT
scan excluding the nasopharynx.
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Fig. 3 -

Ugilateral cross-sectional areas of the nasal airspace in a cohort of 47 healthy individuals.
(A) Cross-sectional areas were computed perpendicular to the main flow direction. (B)
Average cross-sectional areas of the left cavity and right cavity plotted against the relative
distance from nostrils measured along flow streamlines. (C) Histogram of unilateral minimal
cross-sectional area (MCSA) for the 94 nasal cavities studied. (D) Histogram of the mCSA
location for the 94 nasal cavities studied.
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L.
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A D=0 D=0.2 D=0.4 D=0.6 D=0.8 D=1

Bilateral Pressure Drop (Pa)

(A) Three-dimensional reconstruction of the nasal cavity displaying definition of 6 regions
from nostrils to choana. (B) Regional pressure drop in simulations with 250 ml/s of bilateral
airflow.

Int J Comput Assist Radiol Surg. Author manuscript; available in PMC 2021 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Borojeni et al.

A

(9]

Inferior Airflow (ml/s)

Page 20
D=0 D=0.25 D=0.50 D=0.75 D=1 B 120% 1
3
2 100% -
[T
e
e 80% 1
X u Superior (bilateral)
2 0% 1 H Middle (bilateral)
:;_: 40% - M Inferior (bilateral)
©
5 20% -
)
21 22 3 214 IS5 g
) 0% -
l < ‘ 21 22 3 8 75
, P Cross section
a
150 = 120 - 45
r=0.80 = r=090 ¢ g r=033 .
100 'R = 100 1 £
3 £
4 5 o s
80 | “. 3 80+ K g 1 ’
o ® ° & T
*? = * b
60 - L K +S < 60 4 -
o S
- =
40 - 3 o 3 40 | 2 15
. S * a
20 - * 20 ¢
(i} : . s 0 r . ) 0 : , .
0 100 200 300 0 100 200 300 0 100 200 300
Unilateral Airflow (ml/s) Unilateral Airflow (ml/s) Unilateral Airflow (ml/s)
Fig.5-

Intranasal airflow distribution. (A) Lateral view of the nasal cavity displaying the location of
5 coronal cross sections. (B) Flow allocation to inferior, middle and superior regions at the 5
coronal cross sections. (C) Correlation of regional airflow (averaged over the 5 coronal
sections) to total unilateral airflow.
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Table 1 -

Normative ranges of nasal airflow variables calculated from pressure-driven CFD simulations with a bilateral
flowrate of 250 ml/s. Symbol + denotes the 90% confidence interval (Cl) of each endpoint of the normative
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1duosnuen Joyiny

range.

Nonparametric normative values of CFD variables Bilateral flowrate Q =250 ml/s

Lower limit of normative range  Upper limit of normative range

Unilateral Airflow (ml/s) 60 + 20 191+20

Unilateral Airflow Partitioning (%) 238738 76.2+7.8
Unilateral Heat Flux (W/m?) 94 + 29 281 +58

Unilateral SAHF50 (cm?) 27474 64.3+4.6
Unilateral Resistance (Pa.s/ml) 0.029 + 0.011 0.32+1.32
Bilateral Resistance (Pa.s/ml) 0.017 + 0.004 0.12+0.13
Unilateral mCSA (cm?) 0.24+0.15 1.21+0.68

Abbreviations: SAHF50 = surface area stimulated by mucosal cooling defined as the mucosa surface area where heat fluxes exceed 50 W/m
mCSA = minimal cross-sectional area of the nasal airspace.
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