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Abstract

Background: Nitric oxide (NO) is important in respiratory physiology and airway defense.
Although the paranasal sinuses are the major source of nasal NO, transport dynamics between the
sinuses and nasal cavities are poorly understood.

Methods: Exhaled nasal NO tracings were measured in two non-asthmatic subjects (one with
allergic rhinitis, one without) using NO analyzer connected via face mask. We subsequently
performed computational fluid dynamics NO emission simulations based on individual CT scans
and compared to the experimental data.

Results: Simulated exhaled NO tracings match well with experimental data (r>0.84, p<0.01)

for both subjects, with measured peaks reaching 319.6 ppb in one subject (allergic-rhinitis),

and 196.9 ppb in the other. The CFD simulation accurately captured the peak differences, even
though the initial sinus NO concentration for both cases was set to the same 9000 ppb based on
literature value. Further, the CFD simulation suggests that ethmoid sinuses contributed the most
(>67%, other sinuses combined <33%) to total nasal NO emission in both cases and that diffusion
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contributes more than convective transport. By turning off diffusion (setting NO diffusivity to ~0),
the NO emission peaks for both cases were reduced by >70%.

Conclusion: Historically, nasal NO emissions were thought to be contributed mostly by the
maxillary sinuses (the largest sinuses) and active air movement (convection). Here, we showed
that the ethmoid sinuses and diffusive transport dominate the process. These findings may have a
substantial impact on our view of nasal NO emission mechanisms and sinus physiopathology in

general.
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1. Introduction

Nitric oxide (NO) is a colorless, odorless gas that is produced from the amino acid arginine
in vivo by three isoforms of the enzyme nitric oxide synthase (NOS). NO is present in
exhaled breath, with concentrations in the upper respiratory tract (nasal NO or nNO)
typically exceeding those in the lungs (fractional exhaled NO or FeNO)[1]. Moreover,

the paranasal sinuses typically exhibit NO concentrations exceeding those derived directly
from the nasal mucosa by 1-2 orders of magnitude[2,3], thereby serving as a “reservoir”
of and major contributor to nNO. NO functions importantly in the respiratory system as
bronchodilator [4], vasodilator [5], neurotransmitter [6,7], and as an immune modulator
involved in regulation of inflammation[8,9] and in surveillance for neoplasia[10,11][12-15].
NO is also involved in the response to respiratory pathogens by upregulating mucociliary
function [16-18]. Clinically, supplemental NO at levels exceeding physiologic values

has been shown to benefit patients with acute respiratory distress syndrome (ARDS)[19]
and both adults and newborns with pulmonary hypertension [20,21]. It is also currently
being evaluated for the treatment of pulmonary hypertension occurring secondary to
chronic obstructive pulmonary disease (COPD) and severe pneumonia associated with
COVID-19[22]. Although NO production is increased with mucosal inflammation and
allergic rhinitis, nNO is paradoxically low in chronic rhinosinusitis, potentially due to
anatomically obstructed NO flux between the sinuses and nasal cavity [23]. nNO levels are
also reduced in primary ciliary dyskinesia, as well as in most cases of cystic fibrosis [24].

Despite its important functional role, there is a lack of understanding of the dynamics

of NO flux in the upper airway. One reason is the complexity of the human nose and

sinus anatomy, which has high individual variability. The paranasal sinuses, which serve

as major NO production site and reservoir, communicate with the nasal cavity through
narrow openings - the ostia. The frontal, anterior ethmoid and maxillary sinuses open into a
narrow ostiomeatal complex (OMC), with an average length of about 6mm and a diameter
of 1-5mm (Proctor and Andersen, (1982)). The ostium size and geometry could serve as

a limiting factor to upper airway NO dynamics. We previously conducted an observational
study in which measured exhaled nNO levels were found to correlate significantly to the
anatomical measurements of minimum OMC area based on CT scans in individuals with and
without allergic rhinitis (n=33) [25]. Nevertheless, the details of this process or how each
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sinus contributes to such emission process are not still well-understood, and nNO’s utility in
monitoring respiratory airway disease is still debated.

Sinus ventilation, by itself, has been an important topic in upper airway physiology, which
has been historically measured by radioisotopes tracing with 133Xe [26] or 129Xe [27,28].
Typical time for washout of a healthy sinus ranges from 5-10 min. Due to the labor-
intensiveness of these techniques, they are difficult to apply to a large patient population
with increased health risk. Computational fluid dynamics modeling (CFD) is a method
combines intensive computational methods with detailed geometric models and physical
principles in order to simulate airflow and air ventilation. In the upper airway, it has been
successfully utilized to model nasal aerodynamics[29,30], regional mucosal cooling[31],
aerosol delivery[32], and anatomical transport of odorant molecules[33,34]. A few studies
employing computational modeling of human nasal airflow and sinus gas exchange have
also been performed, but they were mostly based on simplified anatomy[35] or focused
primary on maxillary sinus[36]. These limited approaches are also largely theoretical
without experimental data to validate[37].

With these limitations in mind, our goal for this study was to perform a computational fluid
dynamics nasal sinus NO emission study based on individual nasal anatomy acquired from
CT scans. Predictions of the time course of exhaled nNO were generated and compared

to experimental data measured from the same individuals. Models were then perturbed to
illustrate the key factors involved in NO sinus emissions.

2. Materials and methods

2.1. Study population

Two subjects, including a 37 year-old female with allergic rhinitis (subject 1) and a 41 year-
old female with neither rhinitis nor allergic skin test reactivity (subject 2), were selected
from a previously published study at the University of California, San Francisco (UCSF)
[25]. Both subjects gave negative histories for chronic sinusitis, prior sinus surgery, asthma
or other chronic cardiopulmonary conditions, current smoking, and continuous therapy
with agents having antihistaminic or anticholinergic effects. In the source study, subjects
underwent the following procedures in a single day: 1) computerized tomography (CT)
scanning of the sinuses (using a Phillips “Brilliance” scanner with 0.625 mm axial cuts and
coronal reconstruction); and 2) Exhaled nasal NO tracings measured using a NO analyzer
(Sievers 280i) connected via a face mask (King System, Noblesville, IN, USA). During the
2"d procedure, after acclimation, subjects were instructed to inhale orally through the mask
(which is equipped with a NO-scrubbing filter on its intake), and then to exhale nasally
through the mask with on-screen visual feedback to maintain a target flow rate of 5 L/min
(Fig. 1A). Both flow and exhaled nasal NO concentrations were recorded in real-time during
these maneuvers. Further details of subject recruitment, screening, and testing appear in a
previous publication.[25] Neither of the subjects selected for this pilot validation study had
accessory maxillary ostia on CT scanning.
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De-identified data were conveyed in a blinded manner to the Otolaryngology Department
at the Ohio State University (OSU) Medical Center utilizing a Data Transfer Agreement,
approved by University of California, San Francisco Institutional review board.

2.2. CFD model

Individualized CFD nasal airway models were constructed based on the CT scan for each
subject using methods described previously[33,38]. In brief, the scans were imported into
the commercial software AMIRA (Visualization Sciences Group, USA) to extract nasal
cavity geometry. After necessary segmentation, smoothing, and correction for artifacts, a
three-dimensional surface geometry of the nasal airway was generated. Then a second
software ICEM CFD (Ansys, Inc., USA) was applied to generate a computational mesh with
1.9 million (Subject 1) and 2.4 million (Subject 2) hybrid finite elements. Each sinus was
separated from main airway and individual labeled so that NO concentration within each
sinus could be independently monitored or manipulated (see Fig. 1).

Next, the nNO measurement procedure was replicated for each subject /n silico. The
simulation was split into 3 steps: a steady state (representing acclimation), a 5 second period
with no nasal airflow (oral inhalation), and 10 seconds of nasal exhalation (NO sampling).
The time period for each phase (5s and 10s) was determined based on the average values in
sampled flow traces. The initial NO concentration in the sinuses and main nasal airway were
set to 9000 ppb and 40.6 ppb, respectively, to represent their different NO production levels
based on published /n vivo measurements[3,24].

During the acclimation, expiratory quasi-steady laminar flows were simulated at pressure
drop of 15 Pascal, representing restful breathing[39,40]. The simulations were converged
once the residual of each variable was less than 107°. The numerical method and

meshing protocol applied in this study has been previously validated against experimental
measurements[41]. During the 5 second of oral inhalation phase, the nasal airflow velocity
was set to 0 and the flow simulation was turned off since no air would flow in the nasal
airway, however the time dependent NO mass transport simulation was still carried out
with the sinus NO concentration replenished to the 9000 ppb, so that NO can continue to
diffuse out the sinuses. The diffusivity of nitric oxide was set to 0.143 cm?/s based on EPA
estimation tool[42]. The value was conservatively set at the lower bound of the error range
so that the contribution of the diffusive transport will be not over-estimated. Since the mass
transport equation converged linearly, a fixed time step of 0.1s was applied for 50 steps
(equals 5s).

For the final nasal exhalation and NO sampling phase, the air flow momentum/continuity
equations were turned back on with an out-flow rate of 5 L/min assigned at the nasal
pharynx plane. A time-dependent simulation for both airflow and NO diffusion was carried
out using an adaptive time step scheme with initial time step set at 1e-5 s. NO concentration
in each sinus, in the main nasal airway and at the nostrils were continuously recorded
throughout all phases.

Comput Biol Med. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Spector et al. Page 5

2.3. Data processing and analysis

In the source study, nNO had been measured utilizing a mask interface, resulting in a
combined output from both nostrils. To match this experimental setup in the simulation, the
bilateral exhaled NO concentrations were calculated by combining the modeled volumetric
flow at each nostril normalized to the total volumetric flow rate. Predicted nNO was
compared to the measured values for the 10 s period following onset of exhalation using
Pearson correlation in SPSS based on 100 equally-spaced resampled time points (sampling
rate of 10 Hz).

3. Results

Fig. 2A and B show the comparison of simulated vs. experimentally measured exhaled
nNO tracings for both subjects. The measured exhaled NO concentrations rose sharply
after the onset with peak reaching 319.6 ppb for Subject 1 and 196.9 ppb for Subject

2. The CFD simulation matched well with experimental data for both subjects with high
correlation (r > 0.84, p<0.01) and accurately predicted the peak differences. Fig. 2C shows
the NO concentration contours plots both in 3D and in a coronal plane that cuts across the
ostiomeatal complex. During the initial second, the NO that had diffused to the main nasal
airway during the previous oral inhalation phase was quickly washed out, which is likely
responsible for the peak. Subsequent expiratory airflow continued to wash NO out from the
middle to superior part of the nasal airway, regions where sinuses make connections with the
main airway, which likely then produced the decaying and plateau phase of the NO tracing
at the nostrils (see timing arrows and also S1 Video).

Fig. 3 A and B summarize the simulated NO concentrations in each sinus, which started
to decrease during the oral inhalation (no nasal airflow) phase due to diffusion, which then
accelerated during the nasal exhalation phase when convective transport further enhanced
the diffusion transport. We also surprisingly found that ethmoid sinuses NO concentration
decreased far more than the rest of the sinuses in both subjects, and contributed the most
to total nasal NO emission (see Fig. 3C; >67%, other sinuses combined <33%, see also
Table 1). We therefore set out to confirm this phenomenon by changing ethmoid sinus NO
concentration to 0 and re-running the simulation. As shown in Fig. 2A and B, turning off
ethmoid NO concentration resulted in significant reduction of NO peaks for both subjects
(the simulated NO peak for Subject 1 reduced from 295.5 to 111.0 ppb or a 62.4%
reduction, and for Subject 2 from 165.9 to 69.7 ppb, a 58.0% reduction), thereby confirming
that ethmoid sinuses NO is the major contributor of exhaled NO concentration (at least for
these two subjects).

Fig. 4 shows 3D plots of airflow pathlines and 2D velocity contour plots in the coronal plane
that cuts across the ostiomeatal complex. On our simulation, we didn’t observe any visible
airflow pathlines that penetrated into any of the sinuses in either of the subjects (i.e., airflow
velocity in all sinuses is close to 0), although the airflow velocity in the regions that connect
the sinuses to the main airway is not 0 and air stream recirculation is noted, especially in the
connecting region to maxillary and ethmoid sinuses. Combining the data from Fig.3 A and
B, the emission of NO from the sinuses is likely initiated by a diffusion process (even in the
absence of nasal airflow), followed by airflow washout of NO in the regions that connect the
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sinuses to the main airway, since airflows do not appear to be directly entering sinuses nor
directly transporting NO from the sinuses. The washout is potentially further enhanced by
the airflow recirculation in that region.

At this point in our analysis, the question arose: “Which process, diffusion or convection
(air flow), contributes more to the overall NO sinus emission?” To explore this, we reran the
simulation by turning off diffusion (setting NO diffusivity to ~0), and showed that in Fig.

2A B, the simulated NO peaks were reduced 69.9% f(rom 295.5 to 88.9 ppm) for Subject

1, and 80.5% (from 165.9 to 32.3 ppb) for the Subject 2, and the total NO emissions for
both subjects were reduced by more than 60% (see Table 1: 61% for Subject 1 and 69%

for Subject 2). The reduction is even more dramatic than turning off ethmoid sinus NO,
suggesting that diffusion seems to be more critical to the NO emission, at least for these two
subjects under the current experimental scheme.

4. Discussion

Nitric oxide serves important physiological functions in the respiratory system. However,
despite the fact that the paranasal sinuses apparently serve as a major reservoir of NO

(with concentrations typically exceeding lower airway by 2-3 orders of magnitude), there

is limited understanding of how such a NO reservoir contributes to NO concentrations and
functions in the respiratory airway. Based on a few previous modeling studies of human
nasal airflow and sinus gas exchange, absent anatomical variants (e.g., accessory ostia in

the maxillary sinuses), natural sinus ventilation is remarkably limited and may be unable to
support the functional “reservoir” hypothesis. For example, Hood et al. (2009) constructed
a simple geometry consisted of a large truncated cone as a maxillary sinus, joined to a
rectangular channel as main airway by a short/straight tube representing the ostium. They
varied the ostium diameter, length and the presence or absence of an accessory ostium, while
validating the model using xenon as a tracer in a separate experiment (Rennie et al., 2011).
They showed that the natural single-ostium sinus ventilation is remarkably slow unless the
ostium is very large and concluded that diffusion from the maxillary sinuses alone could not
explain the observed nNO levels. They proposed that the physiological consequence might
be to preserve bacteriostatically high NO levels in the maxillary sinuses.

On literature review, we found no published studies in which individual anatomical models
were compared with individual measured nNO levels. Most previous modeling approaches
were largely theoretical without experimental data to validate, and mostly focused on the
maxillary sinus. A combined /n vivo (experimental) — /n vitro (CFD) study was therefore a
logical extension of existing work in this area. Here, we presented a computational modeling
study that carefully replicated a published experimental protocol, based on individual CT
scans from subjects upon whom nasal NO measurements were performed. In addition, rather
than concentrating exclusively on the dimensions of the ostiomeatal complex, all sinuses
were considered in the investigation. Two subjects were modeled, both females ranging in
age from their late 30’s to early 40’s (one with allergic rhinitis and the other non-allergic,
non-rhinitic). The simulation results matched extremely well with experimental data for both
subjects and accurately captured their exhaled NO peak differences, even though the initial
sinus NO concentration for both cases was set to the same 9000 ppb. While there is some
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published evidence that NO production may be increased with mucosal inflammation and
allergic rhinitis, this is an assertion that we could not address with an n=2 sample. However,
we showed here that even without postulating differing inflammatory NO production, an
accurate simulation of NO transport kinetics between the sinuses and the main nasal airway
based on anatomical differences alone may account for much of the observed differences
between subjects, regardless of rhinitis status. This finding reinforces the important role of
NO transport kinetics between the sinuses and main airway in our understanding of airway
NO dynamics.

As our simulation showed (Fig. 2 and 3), NO transport kinetics starts with NO diffusion
from the sinuses to the main nasal airway (which first occurs in the oral inhalation phase

in our experimental scheme), regardless of whether there exists nasal airflow. The NO
concentration then begins to build-up in the main nasal airway, which is quickly washed
out during the initial nasal exhalation phase and results in a sharp exhaled NO peak.
Subsequent expiratory airflow continues to wash NO out from the middle to superior part
of the nasal airway, regions where sinuses make connections with the main airway, which
may further enhance the diffusion transport. This later process likely produced the decaying
and plateau phase of the NO tracing at the nostril (Fig. 3A,B). Diffusion alone during

the 5s oral inhalation with no nasal air movement only contributed to a small percentage
(16-17%) of total NO sinus emission (see Table 1). However, we further showed that by
turning off diffusion, the total NO emission from the sinuses dropped by more than 60% for
both subjects. The reduction is more significant for frontal and sphenoidal sinuses (~97%)
than for ethmoid sinuses (~58%, see Table 1). Therefore, even though both diffusive and
convective transports are important components of NO sinus emission, we believe that the
diffusion process is likely a more critical step. Since we found no evidence that airflow
directly penetrates into the sinuses, in order for mass transfer to occur, NO needs to first
diffuse out of the sinus cavity, before convective air movement can further transport it away.
Since both subjects have un-operated narrow natural ostia, we speculate that for patients
with larger ostium or with an accessory ostium or after surgery, the situation may be very
different. If airflow can directly penetrate into sinuses, the convective transport may out-
weight the diffusive transport. We would further speculate that, if we had a longer inhalation
(or added a breath-holding phase), the longer initial diffusion would result in more NO
built-up in the main airway and result in higher peak during initial nasal exhalation, but the
plateau may be determined by different factors. In fact, we observed that even though the
peak nNO is higher in subject 1, the total NO emission for subject 2 (54.2 nL) is actually
higher than that of subject 1 (48.6 nL, see Table 1). This is also reflected in Figure 3 that
total sinus NO emission is actually higher in subject 2 than subject 1. So a high nNO peak
may only reflect a temporal emission dynamics but not necessarily the overall total nNO
emission. Furthermore, we also observed that the left side sinuses of subject 1contributed
more to NO emission, whereas right side of subject 2 contributed more. It is unclear why
different side contributed differently in different subjects. One possibility is the individual
nasal anatomical variations. Another possibility is the nasal cycle: the left side of subject 1
seems to be more open than the right side, while the right side of subject 2 is more open.
These hypotheses await future studies to be validated.
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Finally — and most importantly — our simulation surprisingly suggests that ethmoid sinus
NO concentration contributed far more to the total nasal NO emission than the rest of

the sinuses combined, which is confirmed by artificially turning off ethmoid sinus NO
concentration (to 0). As shown in Fig. 2A,B, turning off ethmoid NO concentration resulted
in significant reduction of NO peaks for both subjects (~60%). While this finding remains
to be confirmed in larger future studies, we started a search for a plausible explanation.
Reading the literature, we believe the reason of why most previous studies focused on
maxillary sinuses appears to be an intuitive assumption that the maxillary sinuses have the
largest volume, therefore they would have a bigger impact on overall upper airway NO
status. However, as we calculated the sinuses volume based on our two models, while indeed
maxillary sinuses volume is 4-6 times larger than the ethmoid sinuses, the ethmoid sinuses
surface area is actually not that much smaller than that of maxillary sinuses (see Table 1),
due to the numerous ethmoid cells. The surface-to-volume ratio of ethmoid sinuses (8.3

and 7.2, respectively) is actually 3—4 times higher than that of maxillary sinuses (2.2 and
2.6). Since NO is produced by the enzyme nitric oxide synthase on the mucosal surface,

one would argue that perhaps the high surface area or high surface-to-volume ratio may be
more predictive of the sinus contribution in NO production. A high surface-to-volume ratio
would translate to a unit volume being supported by a larger surface area in NO productivity.
Furthermore, while part of the ethmoid cells (anterior) shared the same ostiomeatal opening
with the maxillary sinuses to the main airway with multiple anterior ethmoid cells open into
this ostiomeatal complex, the posterior ethmoid cells have additional opening posteriorly to
the main airway. The size of combined ethmoid openings to the main nasal airway in our
models (1.08 and 1.26 cm? for Subjects 1 and 2, respectively) are significantly larger than
that of the maxillary sinuses (0.27 and 0.47 cm?). Their greater connection to the main nasal
airway may be another reason why the ethmoid sinuses contributed more to NO emissions.

In summary, our model verified the potential utility of CFD as a tool for predicting /n vivo
nNO levels, and suggested the importance of ethmoid sinuses contribution and diffusion
over convection. An obvious limitation of our study is the small sample size, rendering it

a proof-of-concept pilot study. Since NO has important functions in the respiratory system,
one would expect the /7 vivo NO level in the inspiratory airflow to be physiologically more
important for lower airway function than that in the expiratory airflow. However, in contrast
to the measurement of exhaled nNO (standardized by the ATS and ERS), techniques to
measure nasopharyngeal NO during inhalation are still not available. Thus, prediction of NO
level in inspiratory phase using CFD models may have potential future physiological values.

5. Conclusions

To our knowledge, this is the first study utilizing individual, anatomically based, CFD
models to predict the time course of nNO during nasal exhalation in human subjects,
comparing predictions with actual /n vivonNO measurements. Unexpectedly, we also found
that modeled NO flux from the ethmoid sinuses exceeded that from the maxillary and

other sinuses combined in both subjects and that diffusive transport contributed more to the
process. If replicated in a larger sample, these observations may fundamentally change our
view of nasal NO source allocation, dispersion and mixing, with corresponding implications
for sinus physiopathology in general.
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Highlights:
. A first simulation of Nitric Oxide emission from all sinuses based on
individual CT scans.
. The simulations match well with experimental measured nasal NO
concentrations.
. Surprisingly, ethmoid sinuses and diffusive transport dominate the NO

emission process.
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A) Experimental setup B) Modeling setup
Subject 1

I ! 5s I 15s ! ‘
4 ¥ v \
o Oral Nasal exhaled NO Rl 1 Nostril
Acclimation  inpalation measured at 5 L/min CT Scans — CFD
Coronal View Model
Figure 1.

A) Exhaled nasal NO tracings measured using a NO analyzer connected via a face mask.
After acclimation, subjects were instructed to first inhale orally, and then exhale nasally
through the mask with on-screen visual feedback to maintain a target flow rate of 5 L/

min. B) Individualized CFD nasal airway models were constructed based on CT scans

of one allergic rhinitic (subject 1) and one non-allergic, non-rhinitic subject (2). After
necessary segmentation (1st panel), a three-dimensional surface geometry of the nasal
airway was generated (2nd panel). Each sinus was separated from the main airway and
individually labeled (color coded) so that NO concentration within each of the sinuses could
be independently modeled or manipulated (3rd panel). Each nasal cavity was then filled with
~ 2 million hybrid finite elements.
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" Simulation
" Diffusion Set to 0
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C. NO concentrations during nasal exhalation
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A,B.) the comparison of simulated vs. experimental measured exhaled nasal nitric oxide
(nNO) tracings for both subjects Measured nNO concentrations rise sharply after the

onset of the exhalation with peaks reaching 319.6 ppb for Subject 1, and 196.9 ppb for
Subject 2. The CFD simulation matched well with experimental data for both subjects with
high correlation (r > 0.84, p<0.01) and accurately captured the peak differences. C.) NO
concentration contours plots in log scale in 3D and in a cross-sectional coronal plane that

cuts across the ostiomeatal complex.
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Figure 3.

The simulated NO concentrations in each sinus for A) Subject 1 and B) Subject 2, which
started to decrease during the oral inhalation (no nasal airflow) phase, presumably due to

diffusion, and then accelerated during the nasal exhalation phase when convective transport

enhances diffusive transport. On simulation, we surprisingly found that ethmoid sinus NO

concentration decreased far more than the rest of the sinuses, and C) contributed the most to
total nasal NO emission in both cases (>67%, other sinuses combined <33%, see also Table

1).
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Subject 1
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3D plots of airflow pathlines and 2D velocity contour plots in the coronal plane that cut
across the ostiomeatal complex. No visible pathline was observed that penetrated into any
of the sinuses for either of the subjects (i.e., airflow velocity in all sinuses is close to 0).
However the airflow velocity in the regions that connecting the sinuses to the main airway
was not 0.
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Table 1.

Nitric Oxide concentration in sinuses and volumetric data of sinuses

Page 17

Subject 1 Subject 2
Diffusion “Turned Diffusion “Turned
NO Emission (ppb*L or nL) Normal | off” & % reduction Normal | off” & % reduction
Inhalation 1.2 11
Left
Exhalation 7.8 4.4 4.3 0.5
Inhalation 0.5 1.1
Maxillary Right
Exhalation 2.7 0.4 7.9 1.4
Inhalation 20% -61% 25% -87%
L+R % of total
Exhalation 26% 25% 27% 12%
Inhalation 24 -63% 25 -55%
Left
Exhalation 16.6 7.01 9.8 5.6
Inhalation 3.6 -52% 2.8 -62%
Ethmoid Right
Exhalation 10.9 6.93 20.8 9.1
Inhalation 70% -58% 61% -59%
L+R % of total
Exhalation 69% 73% 67% 88%
Inhalation 0.4 0.3
Left
Exhalation 0.4 0.1 0.3 0.02
Inhalation 0.1 0
Frontal Right
Exhalation 0.8 0.2 0 0
Inhalation 6% -77% 4% -97%
L+R % of total
Exhalation 3% 2% 1% 0%
Inhalation 0.3 0.9
Exhalation 1.0 0.0006 2.3 0.09
Sphenoidal
Inhalation 4% -100% 10% -97%
L+R % of total
Exhalation 2% 0% 5% 1%
Inhalation 8.4 -61% 8.7 -69%
Exhalation 40.1 19.1 455 16.6
Total NO Emission
Inhalation % 17% 16%
Inhalation+Exhalation 48.6 54.2
Left 35 2.7
Ethmoid Volume (ml) Right 3.4 3.6
total 6.9 6.3
Left 233 24.3
Ethmoid Surface Area (cm?) Right 26.5 28.4
total 49.8 52.7
Left 13.8 21.1
Maxillary Volume (ml) Right 12.5 21.1
total 26.3 42.2
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Subject 1

Subject 2

Diffusion “Turned

Diffusion “Turned

NO Emission (ppb*L or nL) Normal | off” & % reduction Normal | off” & % reduction
Left 35.1 45.6
Maxillary Surface Area (cm?) Right 33.3 46.0
total 68.3 91.6
Ethmoid Surface Area to Volume Ratio 7.2 8.3
Maxillary Surface Area to Volume Ratio 2.6 2.2
Left 0.37 0.61
Ethmoid opening size (cm?) Right 0.71 0.65
total 1.08 1.26
Left 0.17 0.21
Maxillary opening size (cm?) Right 0.10 0.26
total 0.27 0.47
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