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Abstract

The primary goal of sinonasal surgery is to improve a patient’s quality of life, which is generally achieved by enhancing
drug delivery (eg, saline rinses, nasal steroids) and nasal airflow. Both drug delivery and nasal airflow are dependent
on the anatomic structure of the sinonasal cavity and the relationship between this anatomy and airflow and drug
delivery can be studied using computational fluid dynamics (CFD). CFD generally uses computed tomography scans and
computational algorithms to predict airflow or drug delivery and can help us understand surgical outcomes and optimize
drug delivery for patients. This study employs CFD to simulate nasal airflow dynamics and optimize drug delivery in
the nasal cavity to highlight the utility of CFD for studying sinonasal disease. Utilizing COMSOL Multiphysics software,
we developed detailed models to analyze changes in airflow characteristics before and after functional endoscopic
sinus surgery, focusing on pressure distribution, velocity profiles, streamline patterns, and heat transfer. This research
examines the impact of varying levels of nasal airway obstruction on airflow and heat transfer. In addition, we explore
the characteristics of nasal drug delivery by simulating diverse spray parameters, including particle size, spray angle, and
velocity. Our comprehensive approach allows for the visualization of drug particle trajectories and deposition patterns,
providing crucial insights for enhancing surgical outcomes and improving targeted drug administration. By integrating
patient-specific nasal cavity models and considering factors such as airway outlet pressure, this study offers valuable
data on pressure cross-sections, flow rate variations, and particle behavior within the nasal passages. The findings of this
research can be useful for both surgical planning and the development of more effective nasal drug delivery methods,
potentially leading to enhanced clinical outcomes in respiratory treatment.
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procedures, are commonly performed to alleviate nasal
congestion and sinus disease, respectively. While the pri-
mary goal of sinonasal surgery is to improve a patient’s
quality of life, this is generally achieved by improving drug
delivery (saline rinses, nasal steroids) and nasal airflow.
While this airflow is related to the radius of the airway, this
relationship is more complex within the anatomy of the
nasal cavity. In addition, different medical treatments likely
should be targeted to different anatomic locations within
the sinonasal tract (ie, allergic rhinitis—inferior turbinate,
nasal polyps—sinus cavity, olfactory dysfunction—olfac-
tory cleft). Despite understanding where therapeutics may
provide the most benefit, it is not well known how we can
deliver them to distinct anatomic targets.*”’

In light of these challenges, numerical simulations and
computational fluid dynamics (CFD) have emerged as pow-
erful tools for investigating nasal airflow and drug delivery.
CFD uses numerical analysis and algorithms to solve and
analyze problems involving fluid (including air) flows. It
simulates the behavior of liquids and gases by solving com-
plex mathematical equations (eg, Navier—Stokes equations)
that describe fluid motion. When related to the sinonasal cav-
ity, CFD generally utilizes a computed tomography (CT) scan
to construct the relevant anatomy and Ansys (ANSYS,
Canonsburg, PA, USA) or COMSOL Multiphysics
(COMSOL Inc., Burlington, MA, USA) can be used to model
predicted airflow and drug delivery.

These computational methods offer several advantages
over traditional experimental approaches, including the
ability to provide detailed, noninvasive visualizations of
airflow patterns and particle trajectories within patient-
specific nasal geometries.®'? By leveraging advanced soft-
ware such as COMSOL Multiphysics (COMSOL Inc.
Burlington, MA, USA), researchers can now create highly
detailed models that account for the intricate anatomical
features of the nasal cavity and simulate a wide range of
physiological conditions and drug delivery scenarios.'!*!2

CFD for Sinonasal Airflow

Lu et al'3 conducted a rigorous validation study of CFD

models for nasal airflow. Their research, involving 10 sub-
jects with normal nasal cavities, utilized CT scans, acoustic
rhinometry, and rhinomanometry to create and validate
3-dimensional (3D) models. The study confirmed the accu-
racy of CFD simulations in replicating nasal airflow char-
acteristics, particularly in capturing laminar flow patterns
and pressure distributions throughout the nasal cavity.
Calmet et al'* further expanded on these findings by com-
paring various CFD methodologies for simulating nasal air-
flow under diverse conditions. Their study evaluated laminar
models, Reynolds-averaged Navier—Stokes (RANS) turbu-
lence models, large eddy simulation (LES), and direct numer-
ical simulation (DNS) using an anatomically accurate nasal
model. Results indicated that while laminar models suffice

for restful breathing, more sophisticated approaches like LES
and DNS offer superior accuracy across a broader range of
conditions, albeit with increased computational demands.

These studies collectively demonstrate the potential of
numerical simulations to inform surgical planning and
enhance drug delivery strategies in otolaryngology, provid-
ing a foundation for further research and clinical applications
in this field. Croce et al'® conducted a comprehensive study
comparing in vitro experiments with CFD simulations to
analyze pressure-flow relationships in human nasal cavities
and maxillary sinuses. Their research compared plastinated
human nasal specimens to 3D reconstructions from CT
scans, tested flow rates up to 1500 ml/second using various
gases under in vitro conditions, and simulated inspiratory
airflow up to 353 ml/second using CFD. The study demon-
strated congruence between measured and simulated pres-
sure drops up to 250ml/second, validating the CFD
software’s capability to model physiologically realistic nasal
airflow. Key findings revealed that the nasal valve region is
the primary site of pressure drop, with airflow predominantly
occurring in the inferior medial region of the nasal cavities.

Van Strien et al'® conducted a comprehensive study on
nasal cavity fluid dynamics using time-dependent CFD
simulations. Employing a hybrid RANS-LES model, they
examined inhalation at flow rates ranging from 10 to 301/
minute. The study revealed significant pressure drops at
the level of the nasal valve and nasopharynx due to narrow
cross-sectional areas at these anatomical sites. At higher
flow rates (301/minute), disturbed laminar flow was
observed in the anterior nasal cavity, with turbulent activ-
ity observed in the posterior region. Conversely, lower
flow rates (151/minute) exhibited predominantly laminar
flow throughout the nasal tract.

Tretiakow et al'” aimed to develop a comprehensive
workflow for conducting CFD simulations of airflow
through the upper airways based on CT and cone-beam
computed tomography (CBCT) images of individual adult
patients. The research utilized CT images from 16 patients
to create 3D models of the nasal cavity and paranasal
sinuses using open-source and freeware software, primarily
3D Slicer for segmentation and Autodesk® Meshmixer™
(Autodesk, Inc. San Francisco, CA, USA) for further pro-
cessing. The finite volume method was employed to dis-
cretize the governing equations, which were then solved
using OpenFOAM software (open-source software which
is freely available and licensed under the GNU General
Public License). The study detailed the protocol for prepar-
ing 3D models and highlighted potential challenges for
future researchers. CFD results were demonstrated using
models from 2 patients, 1 with normal anatomy, and 1 with
pathological changes. This study emphasized the short
training time required for users without prior experience in
image segmentation and 3D mesh editing and noted that
while both CBCT and CT are useful for model building,
CBCT may be more limited.
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Figure |. The nasal cavity system of a patient before and after surgery is depicted. The red circles show the entrance of sinuses

which play an important role in breathing control.

Study Objectives

In this study, we aim to leverage advanced numerical simu-
lation techniques to comprehensively analyze nasal airflow
dynamics and optimize drug delivery strategies. Our pri-
mary objectives are 3-fold: First, we will investigate the
pressure distribution, velocity changes, and streamline pat-
terns of nasal airflow pre- and post-surgery, with particular
emphasis on identifying newly accessible airflow regions
following surgical intervention. Second, we will examine
airflow characteristics under various breathing pressures,
including scenarios of increased nasal airway obstruction,
to observe changes in turbulence and streamline patterns.
Finally, we will develop a COMSOL Multiphysics-based
numerical simulation model for nasal spray delivery,
enabling detailed visualization of drug particle trajectories
and deposition patterns under different spray parameters
and orientations. Through this multifaceted approach, we
seek to provide valuable insights that can inform surgical
planning, enhance postoperative care, and improve the effi-
cacy of intranasal drug delivery systems. The findings of
this study have the potential to contribute to the fields of
otolaryngology and pharmaceutical sciences, ultimately

leading to improved patient outcomes and more targeted
therapeutic strategies.

Problem Description

Preoperative surgical and postoperative surgical scans are
used to generate a 3D reconstruction of the airspace (Figure
1). Post-surgical scans can be generated using virtual sur-
gery, dicom exports from select navigation systems, or
actual post-surgical CT scans. The red circles indicate the
sinus entrances that have been enlarged following surgery.
These specifically represent the maxillary sinus ostium,
which has been widened through FESS to facilitate
improved sinus ventilation and drainage. These pre- and
post-surgical scans can be used to define pressure, stream-
lines, and velocity to understand the effects of surgery on
changes in the sinonasal cavity in a holistic manner.

Mathematical Modeling

The flow in the nasal cavity is considered to be 3D,
unsteady, incompressible, laminar, and isothermal.



Ear, Nose & Throat Journal 00(0)

Pre-surgery

Post-surgery

Pressure
(Pa)

Velocity
(m/s)
4

Figure 2. Pressure (top) and velocity distributions (bottom) within the nasal cavity for the pre- and post-surgery.

Governing Equations

The continuity equation for such a flow can be described
18.
as'®:

V.(i#)=0 (1)

where # is the 3D velocity field. The momentum conser-
vation (Navier—Stocks) equations can be written as'®:

p(ii.V )i =-Vp+pVii ()

Here, p is the density of air (=lkg/m?), p is the
pressure field (Pa), and M is the viscosity of air
(=1.81x107kg/ms)."” The Reynolds number will be
decided by the pressure difference and geometry of the
nasal cavity, which is around 2000. In this work, we
tested both laminar model and turbulent model while the
airflow, heat transfer, and drug delivery do not show sig-
nificant differences.

Results and Discussions

Airflow Improvement From Surgery

Preoperative analysis revealed substantial regions of
elevated pressure (denoted by warmer colors, yellow,

orange, and red) accompanied by zones of low airflow
velocity (indicated in dark blue; Figure 2). These find-
ings highlight severe airflow obstruction in the nasal
passages, resulting in significant aerodynamic resis-
tance. Post-FESS, the cross-sectional models of airflow
pressure and velocity reveal a pressure reduction and
velocity increase (Figure 2). These airflow improve-
ments primarily stem from the enlarged maxillary sinus
ostium, which substantially reduces airflow resistance
at the sinus entrance. The surgical intervention effec-
tively augmented the cross-sectional area of the nasal
passages, as evidenced by the more uniform pressure
gradients and improved flow characteristics. Moreover,
the postoperative state exhibited enhanced streamlined
continuity and stability, quantitatively confirming the
reduction in nasal airway resistance and the establish-
ment of more homogeneous airflow patterns throughout
the nasal cavity.

The 3D visualization of pressure distribution and
velocity streamlines within the nasal cavity system
revealed significant differences before and after surgical
intervention (Figures 3 and 4). Preoperative streamline
patterns showed pronounced flow restrictions through-
out the nasal cavity, particularly in the middle and poste-
rior regions, characterized by flow stagnation and
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Figure 3. 3D view of pressure distribution inside the nasal cavity of the patient before and after surgery. 3D, 3-dimensional.
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Figure 4. Streamlines and velocity magnitudes within the nasal cavity before and after surgery in a 3D view. 3D, 3-dimensional.
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Figure 5. Temperature distribution within the right (R) and left (L) parts of the nasal cavity after and before surgery.

low-velocity zones. By contrast, postoperative stream-
line patterns demonstrated markedly improved flow
characteristics, with more continuous and uniform pat-
terns, especially near the sinus ostia. This improvement
was evidenced by the transition in streamlined colors
from blue to yellow and red, reflecting a substantial
increase in local flow velocities.

The pressure distribution analysis further corrobo-
rates these improvements, showing that the preoperative
state was characterized by high-pressure regions that
impeded airflow, particularly in the constricted superior
and middle portions of the nasal cavity. Postoperatively,
these high-pressure zones were significantly alleviated,
resulting in a more homogeneous pressure distribution
throughout the nasal passages. The comparative analy-
sis of both pressure and velocity distributions provides
compelling evidence that the surgical intervention suc-
cessfully reduced airway resistance, leading to enhanced
airflow dynamics and improved ventilation efficiency
within the nasal cavity system. These improvements
suggest better physiological functioning of the nasal
airways, potentially contributing to enhanced patient
comfort and respiratory performance.

Thermal Transportation Improvement From
Surgery

While clinically most of our surgeries are designed to
reduce perceived pressure in the sinonasal cavity and
improve airflow, mechanistically the improved sensa-
tion is thought to come from changes in heat flux on the
mucosal surfaces. The increased airflow is to be sensed
through increased heat flux due to the cooling effects of
airflow. Analysis of the pre- and post-surgical thermal
distribution patterns demonstrates that surgical inter-
vention resulted in lower temperatures (as indicated by
cooler colors) throughout the nasal cavity, suggesting
enhanced airflow (Figure 5). Preoperatively, the nasal
airflow exhibited significant constriction, characterized
by heterogeneous distribution and regions of dimin-
ished velocity, particularly proximal to the turbinates
and cavity floor. These zones demonstrated inadequate
airflow mechanics and restricted thermal exchange,
yielding localized thermal readings substantially above
the physiological nasal mucosal temperature of 32°C.
The flow characteristics displayed notable irregulari-
ties, with evident turbulent structures and vortical
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formations, compromising aerodynamic efficiency and
generating regions of minimal air circulation. Moreover,
the incoming airstream at 24°C demonstrated insuffi-
cient thermal conditioning across the nasal passages due
to discontinuous flow trajectories, potentially compro-
mising respiratory comfort and physiological air-condi-
tioning function.

Post-surgical intervention, the anatomical optimiza-
tion of the nasal cavity yielded substantial improve-
ments in flow dynamics. The airflow patterns
demonstrated enhanced uniformity, with elevated
velocities in previously constricted regions and a
marked reduction in turbulent structures. The flow
streamlines exhibited increased regularity and continu-
ity, facilitating airflow penetration into previously inac-
cessible nasal regions. The thermal distribution analysis
revealed significant enhancement, with the majority of
regions approaching the physiological mucosal temper-
ature of 32°C, indicating superior heat transfer effi-
ciency. The reduced airway resistance and improved
flow distribution suggest optimization of both aerody-
namic performance and respiratory function, potentially
enhancing patient comfort and the physiological air-
conditioning capacity of the nasal cavity.

Drug Delivery Improvement From Surgery

CFD can be used to simulate nasal drug delivery. The
CFD model utilized in this study revealed how the spa-
tial distribution of particle deposition within the nasal
cavity is influenced by the position and directional con-
figuration of the intranasal spray tip (Figure 6a).
Furthermore, it demonstrates how particle size charac-
teristics affect their distribution patterns, based on a
logarithmic distribution'® (Figure 6b). By utilizing
COSMOL Multiphysics, a computation model was
developed to demonstrate the predicted shape and pat-
tern of a typical spray (Figure 6¢).

This spray model enabled the creation of a quantita-
tive comparison to predict the drug particle mass frac-
tion deposition in the ostiomeatal complex based on
spray angles (50° and 25°) and the nasal passage used
(left vs right; Figure 6d). In this study, we specifically
examined spray angles of 25° and 50°. The 25° angle
was selected as it represents the actual spray angle uti-
lized in a commercially available nasal spray device.
The 50° angle, representing twice the width of the stan-
dard angle, was chosen as a comparative parameter to
evaluate how broader spray dispersion affects drug
delivery patterns. These 2 distinct angles enable us to
systematically assess the impact of spray trajectory on
drug deposition efficiency within the nasal cavity. The

comparative analysis demonstrates that spray angle ori-
entation substantially influences particle delivery effi-
cacy, with the 25° configuration yielding markedly
enhanced particle deposition compared to the 50° orien-
tation. This enhanced performance can be attributed to
the improved alignment between the spray trajectory
and the anatomical architecture of the nasal cavity at the
decreased angle, minimizing off-target particle
deposition.

Furthermore, the analysis reveals significant bilateral
asymmetry in delivery efficiency between the nasal pas-
sages, with the right cavity demonstrating superior parti-
cle deposition characteristics. This bilateral variation may
be attributed to congenital anatomical asymmetry and
consequent differences in local flow dynamics. Among
the investigated parameters, optimal particle deposition
was achieved with the 25° spray angle configuration in
the right nasal passage, suggesting the potential advan-
tages of this specific delivery orientation.

These findings underscore the critical importance of
both spray angle optimization and anatomical consider-
ations in determining regional particle deposition patterns,
offering valuable insights for the development of patient-
specific nasal drug delivery protocols.

Conclusions

In conclusion, clinically relevant rhinologic questions can
be addressed using CFD. This study employed COMSOL
Multiphysics numerical simulation software to conduct a
comprehensive analysis of nasal airflow dynamics before
and after surgical intervention, with particular emphasis
on respiratory resistance modification and thermal trans-
portation improvement. The comparative analysis of pre-
operative and postoperative pressure and velocity
distributions demonstrated significant improvements in
nasal cavity airflow characteristics. These enhancements
were particularly pronounced at the sinus ostia, character-
ized by more uniform flow patterns, reduced pressure gra-
dients, and increased airflow velocities.

Under identical outlet pressure conditions, the effects
of FESS facilitated enhanced air entry into the respiratory
tract, resulting in reduced breathing resistance and
improved respiratory efficiency, which also lead to a valid
heat transfer enhancement.

We also highlight the utility of CFD to model COMSOL
Multiphysics software to simulate drug spray particle
dynamics under various parametric conditions, enabling
detailed visualization of drug delivery patterns. This com-
putational model serves as a valuable tool for investigat-
ing drug delivery efficiency across different nasal anatomy
and flow conditions, providing crucial insights for the



Ear, Nose & Throat Journal 00(0)

(a) (b)
1.0 m—
Z
7]
s
(7]
Q
) £ 05
2
©
E-1
2
4 (-
0 100 200
Particle Size (um)
tEJ 8 [ Lef channel 50°Spry angle
e} M Rignt channal 50°Spry angle
8 I Le& channel 25°Spryangle
E Right channs! 25°Spey angle
2
324
z
$
B
I | I |
e 0

Directionl

Direction2 Direction3  Direction4 Direction5 Direction6é

(d)

Figure 6. (a) The distribution of particles within the nasal cavity for different injection positions and directional configurations,
(b) particle size distribution, (c) computational spray model simulated in COMSOL Multiphysics, and (d) drug particle mass fraction
deposition in the OMC region at different spray angles (50° and 25°). OMC, ostiomeatal complex.

optimization of clinical spray treatments. The findings
presented in this study offer substantive scientific evi-
dence for both the evaluation of surgical outcomes and the
refinement of therapeutic drug delivery strategies in nasal
treatments. These results contribute significantly to the
advancement of clinical practice in both surgical

intervention and pharmaceutical administration within the
nasal cavity system.
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