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Abstract

Numerical simulations of the dispersion and depmsiof poly-disperse particles
in a patient-specific human nasal configuration g@erformed. Computed
tomography (CT) images are used to create a rieatisbfiguration of the nasal
cavity and paranasal sinuses. The OpenFOAM softismrased to perform
unsteady Large Eddy Simulations (LES) with the dgita sub-grid scale
Smagorinsky model. For the numerical analysis & ftarticle motion, a
Lagrangian particle tracking method is implementédo different nosepieces
with clockwise inclinations of 45° and 90° with pest to the horizontal axis are
connected to the nostrils. A sinusoidal pulsatimfioav profile with a frequency
of 45 Hz is imposed on the airflow which carrieg tharticles. Flow partition
analysis inside the sinuses show that ventilatibrthe sinuses is improved
slightly when the 45° nosepiece is used insteath@f90° nosepiece. The flow
partition into the right maxillary is improved fro.22 % to 0.25 %. It is
observed that a closed soft palate increases the@ealeposition efficiency (DE)
in the nasal cavity as compared to an open soéitg@alondition. The utilization
of pulsating inflow leads to more uniform depositipattern in the nasal airway
and enhances the DE by 160 % and 44.6 %, resplgctioe the cases with
clockwise 45° and 90° nosepieces, respectively.bittirectional pulsating drug
delivery with the same particle size distributiomdanflow rates as the PARI
SINUS device result in higher total DEs with 45%apiece than with the 90°.
Thus, the numerical simulation suggests the 45&piese is favorable in terms

of the delivered dose.

Keywords: Bi-directional aerosol delivery; Pulsatitrug delivery; Nasal cavity;

Computational fluid dynamics

1. Introduction

The inner cavity of the nasal airway located atupper respiratory system is a geometrically
complex structure which can be accessed via twtritsosThe cavity is separated into the left
and right parts by the nasal septum which are moessarily symmetric. The main nasal
passage is divided into different regions such estilvule, olfactory, and respiratory. The
vestibule resides at the anterior part of the raaseay and it ends at the narrow and constricted
region of the airway called nasal valve. The csesstional area of the nasal cavity significantly

increases after the nasal valve, this section @vknas respiratory region. Three meatuses
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(inferior, middle, and superior) are located in trespiratory region and are lined with
pseudostratified ciliated columnar epithelial c¢lls The main nasal airway is surrounded by
maxillary, ethmoid, frontal, and sphenoid sinuses aire air-filled bony cavities.

The nasal airway is a potential path for drug @giivto treat various diseases and became a
growing field of study for pharmaceutical delivgB}. Traditional nasal drug delivery leads to
deposition of particles mainly in the frontal pastsnasopharynx due to inertial impaction and
posterior regions of the nasal airway are not aibks[3]. However, novel nebulizers generate
smaller particles with a mass median diameter (MMDIgss than 5 um [4] and, in comparison
to nasal sprays, lead to a more uniform deposdafdhe particles in the nasal airway. In several
in-vitro [5-8] and in-vivo [9-12] studies, the diofv and particle dispersion and deposition
pattern in human nasal cavity was investigated. uéhe time consumption and technical
difficulties of in-vivo and in-vitro experiments,omputational fluid dynamic (CFD) is an
alternative to assess the airflow and particlegpatin the human nasal cavity.

The early CFD studies on the airflow profile in thealistic nasal cavity were performed by
Keyhani et al. [13] and Subramaniam et al. [14]l6w inlet flow rates. Inthavong et al. [15]
evaluated the influence of the angle of the napahys with the nostril on the deposition
efficiency of the particles. The connection angkesvdescribed as the angle of the nasal spray
with the horizontal plane from the sagittal viewooter-clockwise). For particles in the
micron-size range of 10 pm to 15 pm with uniformeation at the inlet cross section, the
highest deposition efficiency (DE) in the antemegion occurred with the insertion angle of
100° whereas the lowest DE at the frontal regios feand with the insertion angle of 70°. For
the particles with diameters of 20 um, the minimD#& occurred when the insertion angle of
45° was used which means that more particles movéhé posterior parts. Numerical
simulations show that high airflow rates and lapgeticles cause higher particle deposition
efficiencies in the nasal valve and the anterigiaes of the nasal cavity [16, 17]. Shi et al. [18]
found that particles with diameters between 1 pch&hum carried by flow rates of 7.5 L/min
to 20 L/min scarcely deposit in the inferior andaotory regions due to the anatomical
complexity of the nasal cavity. Shi et al. [19] sleal that approximately half of a percent of the
total amount of administered nanoparticles depnshe olfactory region [20]. Moreover, Shi et
al. [20] found that particle trajectory is signdiutly affected by turbulent dispersion. Covello et
al. [21] used large eddy simulation (LES) for thalmwvater transportation inside the nasal
cavity for the treatment of inflammatory disorde€simet et al. [22] resolved all the spatial and
temporal scales of the airflow in the human cadifying a rapid inhalation and concluded that
a very fine volume grid was required to capture tila@sitional features in the nasal cavity.
Calmet et al. [23] used three patient-specific hasaities to analyze the dispersion and

deposition of microparticles carried by low-to-madi flow rates. The regional deposition of
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the particles for three patients were very difféfenthe particle diameters of 2 um, 10 um, and
20 pm.

Innovative techniques have been developed to ingptbe distribution and deposition of the
particles inside the nasal airway during the dralivery process. OptiNose US Inc. developed
a bi-directional nasal drug delivery system thateases DE in the nasal airway. The individual
exhales into the mouthpiece and the device injigesparticles into the nasal cavity through
nostrils. By exhaling into the pipe which is conteetto the mouth, the connection between the
nose and throat is closed by the upwards movenfahieosoft palate. Therefore, the particles
enter through one side of the nasal airway andtlesatugh the other side of the nasal cavity [24,
25]. Kleven et al. [26] studied the bi-directiomllig delivery with the PARI SINUS nebulizer
using the flow rate of 6 L/min and particles witteam diameters of 3.5 um which showed a
total DE of 63.1 £+ 18.4% in nasal cavity. They atgoulated the DE of monodisperse particles
during bi-directional delivery and found that thdc s underestimated with computational
models simulated by Ansys Fluent.

Frank et al. [27] detected that after the surgéng, deposition of the particles with sizes
between 10 pm and 110 pm in the anterior regionsedsed by 13 %. The post-surgery results
depicted that the deposition of the particles ie flosterior regions increased by 118 %.
Furthermore, latest studies suggest that the gemeraf a pulsating airflow as a carrier phase
improves the ventilation of air in the meatused #ra connected to paranasal sinuses via ostia
[9, 11, 12, 28-30]. Xi et al. [31] experimentallptained a relation between the dosage inside
the nasal sinuses and the ostium diameter. Moredliey numerically depicted that the
maximum deposition in sinuses occur when the airflath pulsating frequency equal to the
resonance frequency is used which is dependenthenostium and sinus geometry and
independent of the main nasal cavity geometry. Xale [32] developed an electric-guided
delivery system which led to higher osteomeatal glemndose than standard nasal devices. Xi
et al. [33] concluded from their experimental andnerical study that the implementation of bi-
directional nasal drug delivery enhances the \atigih of the upper parts of the nasal cavity.
Furthermore, Xi et al. [34] experimentally studidés for the open soft palate and closed soft
palate conditions and reported that DE of 24 + 6o¥%the bi-directional drug delivery with
pulsating inlet airflow rate of 6 L/min. Their rdsushowed a two-fold enhancement in DE with
the utilization of the bi-directional drug delivetgchnique compared to the normal nasal drug
delivery. Mdller et al. [11] evaluated the ventitet of airflow and particles in three healthy
volunteers by utilization of non-pulsating and ptilsg flows with a frequency 45 Hz which
showed DEs of 58 + 17 % and 25 * 16 % with pulgatind non-pulsating airflow of the PARI
SINUS device. Leclerc et al. [35] studied the dffeicdifferent nebulization conditions such as
non-pulsating and pulsating aerosol delivery witliemuency of 90 Hz with both micro- and

nanoparticle injections. They found that more s deposit inside maxillary sinuses by
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utilization of nanoparticles and pulsating aerasslivery with a frequency of 90 Hz. Farnoud et
al. [36] compared two pulsating flow conditionstite main nasal airway where the connection
of the nasal cavity and the pharynx was open. Ttmypared the constant and dynamic
Smagorinsky turbulence models and their effecttherventilation of the air in the nasal cavity.
Moreover, they assessed the influence of one-wdyaa-way coupling between the gas phase
and the mono-disperse particles which showed aehi@dE when two-way coupling was
implemented. However, in their study, the sinusbigalse was simplified. The particle
deposition pattern in the nasal cavity is not umifaand particles mainly deposit in the nasal
valve and nasopharynx and the lower parts of thtycaresulting in very low access of the
particles in the olfactory region, middle and simemeatuses, and posterior regions of the
nasal cavity.

The present numerical investigation focuses oreffect of clockwise 45° and 90° nosepieces
during bi-directional pulsating aerosol on partidispersion and deposition, and the resulting
deposition pattern is compared to that of the garideposition of an equivalent non-pulsating

inlet airflow.

2. Methodology

A workflow is developed which starts from segment€@I images and subsequent
reconstruction of the three-dimensional geometipgu8DSlicer, see Fig. 1. The ICEM-CFD
Ansys was used for generating a tetrahedral meghtiiee layers of a prism mesh. Then the
generated mesh was imported into OpenFOAM for theerical simulation. The Euler-
Lagrange formulation was implemented for simulatihg fluid flow and the motion of poly-
disperse particles in the patient-specific nasedai including the non-ventilated paranasal

sinuses. A two-phase approach was used for coigjd@r and particles interaction.

The three-dimensional, intricate geometry of thesahaairway is reconstructed from the
sequence of CT images taken on an 80 years old padilent airway. The CT images have a
slice thickness of 1 mm, the resolution is 2.32efixper mm, and the pixel size is
0.4297%0.4297 mfn Figure 2 illustrates the CT images of the patiwhich depict a slight
septum deviation to the left and healthy inferimiddle, and superior meatuses. All of the
paranasal sinuses are healthy and the diameteinge ¢éft and the right ostia are 4.58 mm and
5.45 mm, respectively. The length of the nasaltgaigi 9.9 cm. It should be mentioned that
nasal cycling causes more congestion in one sideasél cavity compared to the other side
which could add some uncertainties to the mode]. [Bi7order to create a bi-directional drug
delivery condition, the patient was asked to keepipe in his mouth during the imaging
procedure, see Fig. 3. Therefore, the soft palaises the connection of the nasal airway and

the pharynx, and the airflow and the particles rethie nasal airway through one nostril and
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move out of the nasal passage through the otheriind$ie airflow and the particles change

their direction by 180° in the nasopharynx regeee Fig. 4.

Figure 1. The workflow from CT images to the surfacel volume grid cells in a patient-specific nasal
cavity.

The CT images originally are in DICOM format anéyhare processed in 3DSlicer [38] where
the region of interest is identified and artifadtge to filled teeth of the patient are removed.
Furthermore, the nasal cavity is reconstructedcebpmmended thresholding in Hounsfield units
for air segmentation by experts, and the STL fitess\extracted using 3DSlicer [38]. Due to very
high surface roughness and holes in the segmemechajry which is not suitable for CFD
simulations, further smoothing and improvement lo@ $urface resulting in smaller holes are
performed with the software package Blender [33] amew STL file is extracted. The STL
data file is imported into the commercial softwbE&M-CFD Ansys, and the extension pipes at
the nostrils are added to the geometry. Two differesepieces are connected to the nostrils
with clockwise inclinations of 90° and 45° with pest to the horizontal plane, see Fig. 4,
where the workflow from CT images to the mesh gatiem is depicted. For both geometries,
approximately 20 million unstructured tetrahedmlwith three prism layers are generated as
can be seen in Fig. 5.
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Figure 4. Geometry of the nasal cavity includingparanasal sinuses with clockwise 90° (left) asd 4
(right) nosepieces.
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Figure 5. Geometry and the generated mesh frorardift views.

2.1.Governing Equations

Three-dimensional, incompressible unsteady Naviekes equations are numerically solved
for isothermal condition. A LES turbulence modeDd][4s implemented for simulating the fluid
flow which may be laminar, transitional, or turbol. Furthermore, a two-phase flow model
was used for considering the interaction betweetfl@v and particles [41]. In the constant
Smagorinsky sub-grid scale (SGS) model, the giiterfiwidth of A is implemented in the

continuity and the momentum equations as
fO) = [ f(xNG(x,x)dx' 1)
Using an eddy viscosity hypothesis, the sub-griessttensor;; yields [42]

51 =
[ — (—’) Tk = —20,5,, (2)

Moreover, by implementation of the Smagorinsky &oeit Cs, the eddy viscosity is closed,

o = — oU, 0T, = —_— .
9, = (CD)?ISI, S, = Vz(%ﬁa_xi) and|S| = (S, S,,)'/? [42], leading to

8 e
Tlrj - (?]) Tlck ~ —2CA 2|S|Sl_] 3)

For the dynamic SGS model, the filtered equatiorseaposed to another so-called test filter
with filter width A

fGO = [ f(xNG(x, x")dx’ (4)

leading to double-filtered equations where thed=arotes the grid filter and the tilde the test
filter due to the Smagorinsky SGS model. Thus giverning equations for mass and

momentum result in
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ax; 0 (5)
ou, _ _9(UU) 9p 0Ty , 1 0°T, & ©6)
ot ax;j dx; Ox; Redxjx; bl

In equations (5) and (6), the Einstein summatiomveation is used, andj = 1,2,3 T;; is the
dynamic Smagorinsky stress tensor which is simdaher;; used in the constant Smagorinsky
SGS model. For considering the interaction betwienair and the particles, the following
source ternﬁ is implemented, cf. Eq. (6), with [41]

— mp i U ,i) ou -(U ,i) in
D v S "

tout—tin

Through the Germano identity [40], the sub-gricess$r tensor is a function of the resolved

turbulent stress. Finally, using the viscosity hyyesis the sub-grid stress tensor [40], yields

Ty — () T ~ —222| 315,, )

By substituting Eq. (2) and Eq. (7) in the Germatentity and multiplication b)S_U and finally

averaging the equatiof is derived as

(LitSk1)
Ci= 05— 9
s 8%(| S| Smn S1y)=82(| S| Spq Spq) ©)

For obtaining the position,, and velocity of the particlel,, the Lagrangian particle tracking

method is used as follows

dxp _
Z-v, (10)

avy 184 CpRe

@ ot 9= (U-Uy)+g (11)

In Eq. (11)Fp andg are drag and gravitational acceleration, respelgtivi he drag coefficient

can be obtained as follow [43]

= if Re, <1000

Re,
£(1 +0.15Re,7%)  if Re, <1000

where, |1, Rgandp, are the dynamic viscosity of the gas phase, the&dg number of the

particle, and the particle density, respectively, is calculated as [44, 45]

2 d
Cap=1+% |1.142 + 0.558exp(—0.999D)] (13)
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A is the mean free path of the gas molecules wigdlals 0.0653 pm at the sea level and at

room temperature [44].

2.2. Numerical Methods

The PISO method combined with SIMPLE solver (pirfjgi@am solver) is implemented for
numerical simulation [46-50] with OpenFOAM. The mileFoam solver is suitable for LES
simulations with the dynamic Smagorinsky SGS mqg#8g]. The dynamic Smagorinsky SGS
model is used since it covers the laminar andrdssitional turbulent-turbulent region so that it
is very suitable for the simulation of the pres#iotv which is predominantly laminar with
possible transitional and turbulent flow regimestHe dynamic Smagorinsky SGS modgljs
dynamically chosen depending on the time and spacerder to model the particle phase,
Lagrangian particle tracking is used which ideasfthe location of the particles by solving an
ordinary differential equation [52]. The Lagrandramcel library in OpenFOAM is used to
define the particle characteristics. Furthermdre,fgroperties of water are used for the particles,
because most of the drugs are aqueous solutiotigmstheir densities are very close to that of
water [53]. The simulations are run for a real tiofeone second. This time is chosen, since
after 1 s more than 99% of the particles are dégubsin the wall or are escaped from the nasal
cavity into the pharynx. The computer cluster “bwEaster MLS & WISO” is used to perform
the simulations with 256 CPUs and a constant titep ef 10° s. Based on Figure 4, the nasal
cavity was divided into three main parts: the wiallet and outlet. The nosepieces are extended
to represent the fully developed condition [18, .5&econd order central differencing
discretization schemes are used. The Dirichlet Bapncondition is used for the inlet velocity
which follows a sinusoidal velocity profile, cf.d=i6. The gas velocity at the inlet is equal to
0.94 m/s which corresponds to the airflow rate gateel by PARI SINUS compressor at an
inflow rate of 4.78 L/min. The following equatiomstribes the velocity profile at the inlet

U =Uy+ Uysin(Qnwt), (14)

where w is 45 Hz as prescribed by PARI SINUS. Thus, thésgiing gas velocity profile
displayed in Fig. 6 is considered for the inlet hdary condition.
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Figure 6. Pulsating velocity that is consideredthar inlet B.C.

10,000 particles are uniformly and randomly injdct@ one nostril and the experimental
particle size distribution is implemented that wasvided by PARI GmbH for the PARI
SINUS nebulizer. The MMD and the Sauter mean diametre reported as 3.33 um and 2.4

pum, respectively. Furthermore, the geometric stahdaviation (GSD) was 1.93 um.

3. Results and Discussion

For validating the numerical simulation, the sane®rgetry and boundary conditions of the
experimental study of Pui et al. [55] are generaded a particle-laden flow simulation is
performed. The particles and the airflow with Rdgso number of 1,000 enter the
computational domain through the horizontal pipd &mey exit from the vertical pipe with
diameter 5.03 mm. Different simulations for monepdirse particles with size 1-50 pm are
performed. Ten thousand particles are randomly anidormly injected at the inlet. The
curvature ratio of 5.7 is used for the pipe to rhatbe conditions of the experiments.
Furthermore, the properties of uranine are consdldior the particle phase as used in
experiments of Pui et al. [55]. Figure 7 showsghemetry of the 90° bend pipe and its mesh at

the inlet plane.
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Figure 7. The geometry of the 90° bend pip (lefti,face mesh of the 90° bend pipe (center), arfdcr
mesh of the inlet cross section (right).

With the definition of the Stokes number

St = CpPodsls (15)
18ua;

where Cjip, pp, dp, Uo, M, a, are the Cunningham slip correction fraction, teasity of the

particle, the particle diameter, the mean gas asdhicity in the bend, the dynamic viscosity of

the fluid and the radius of the tube, respectiyg8], the DE versus Stokes number is shown in

Fig. 8. The results show a good agreement betwhenntimerical simulations and the

experimental data. Figure 8 shows that the pressuits lie well within the regime of other

results which validates the present model.
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The pressure drop in the nasal cavity versus tle¢ flow rate is shown in Fig. 9 [56, 57]. The
results of the current simulations with two differenlet airflow rates of 4.78 L/min and 7.5
L/min are compared with the experimental and nucaéstudies available in the literature [56-
60]. There are slight differences in the resultsciwtare due to the differences in the patient-
specific geometry of these models. Furthermore,etkigerimental results are affected by the
undesirable roughness in the surface of the nasétycduring the construction procedure. In
the present simulations, the values of pressurp finoinlet flow rates of 4.75 L/min and 7.5
L/min are 5 Pa and 9 Pa, respectively. Although geemetries of the nasal cavities are
different, the present pressure drop in the cdsitg good agreement with those of Schroeter et
al. [57], model C, where the surface smoothness &dsmnced to obtain a more realistic
anatomical geometry. In model A [57], they appliedl surface smoothness to preserve all
attributes of the replica cast used by Kelly effs6] which leads to higher pressure drop for a
specific flow rate. The differences in the reswith other models shown in Fig. 9 is due to the

individual variability of the human nasal cavities.
100
80 ;

60 -

DE [%]

Present Simulations

Pui et al. (1987), Glass
Pui et al. (1987), Steel
Tsai and Pui (1990)
Breuer et al. (2006)
Nicolaou and Zaki (2016)
Inthavong (2019)
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Figure 8. Comparison between the present numesalations for a 90° bend and the experimental and
numerical deposition efficiency data on the sarmenggry available in the literature for the expenirad
setup of Pui et al. [55] with Re = 1,000 [55, 61-64
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Figure 9. Comparison of the pressure drop versasiilet airflow rate with the experimental and
numerical data available in the literature [56-6je effects of flow rates and patient-specificrgetries
on pressure drop (open soft palate condition) [36].
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Figure 10. Streamlines of the pulsating airflowidesthe realistic nasal cavity with 90° (left) aA8°
(right) nosepieces at= 0.02775 s.

Figure 10 shows the streamlines of the air veloaitythe nasal cavity with 90° and 45°
nosepieces at the maximum peak of the inlet velqguivfile corresponding to= 0.02775 s. In
contrast to the constant inlet velocity conditiohieth causes recirculation zones after the nasal
valve due to the sudden expansion of the airwayngéry [36], the pulsating inlet airflow
avoids recirculation zones after the nasal valuet A0.03885 s, the inlet velocity is zero and
the streamlines of the gas velocity show a verypmlerpattern in the nasal airway including

recirculation zones and swirling flow in differeeigions of the cavity, see Fig. 11.
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Figure 11. Streamlines of the pulsating airflowidiesthe realistic nasal cavity with 90° (left) aA8°
(right) nosepieces &at= 0.03885 s.

In order to study the amount of the airflow reagh@ach sinus, the concentration of a scalar
tracer is calculated in the computational domainctvishows the amount of air entering from
inlet in each region. The value of C lies betweerozand unity, where unity in a specific region
shows that the air from the inlet has reachedgpatific region. For C equals zero in a region,
there is no air ventilation in that specific regioh detailed analysis of the variable C is

performed in the right and the left maxillary ahd frontal and sphenoid sinuses.
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Figure 12. The contour plots and streamlines ofalde C for 45° (top) and 90° nosepieces (bottom)
nosepieces at=1 s.

The air from the inlet reaches to the entrancehefgaranasal sinuses, however, it does not
completely enter the sinuses, and the values df tBeasinuses are very low which reflect the
low air ventilation inside the sinuses with both® @hd 45° nosepieces after 1 s of real time
simulations, see Fig. 12. The flow partitions imsighch sinus are quantified by dividing the
integral of the variable C in the volume of eadhusi by the integral of C in the whole nasal
domain, and quantitative results are presentedgn1B. The quantitative analysis shows that

utilization of 45° nosepiece leads to a slight ioy@ment of the ventilation of the right and left
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maxillary and the sphenoid sinuses. In the righd keft frontal sinuses, the air ventilation is
approximately equal for 45° and 90° nosepieces.Wthe inlet pipe is inserted into the right
nostril (as done in this study), there is a remalkamprovement in the ventilation of right
maxillary and frontal sinuses compared to left hari and frontal sinuses for both 90° and
45° nosepieces. However, the flow fractions inléfesphenoid sinuses are higher than in the

right sphenoid sinuses in both 45° and 90° nosepiec

0.05
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I —— 0.00 . -
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0.010
0.008
0.006
0.004

0.002

0.000

W 45° nosepiece W 90° nosepiece W 45° nosepiece M 90° nosepiece
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Figure 13. The flow fraction in right and left mbary, sphenoid, and frontal sinuses with 45° afd 9
nosepieces.

Figure 14 displays the evolution of the particlegied by the pulsating airflow entered through
a 90° nosepiece. At= 0.00555 s, the inlet velocity is at the maximuatue of the first pulse
and the particles are still in the 90° nosepiecet A 0.0222 s, the first pulse ends and the
particles reach the vestibule and nasal valve angkgarts are still inside the 90° nosepiece. At
t = 0.0555 s which corresponds to the peak of thid fulse, the particles enter the main nasal
passage and some are in the nasal valve and aponédin already deposited in the vestibule.
At the end of the fifteenth pulse fat 0.333 s, some of the particles have reacheabtifner
nostril and exited the computational domain. Soradiges are still floating inside the nasal

cavity and some have deposited on the inner sudfadlee nasal cavity. The evolution of the
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particles depicts the general path of the partioheshe nasal passage. The particles move
through the right nasal passage and experiencédacttinge in the airflow direction in the
nasopharynx. Afterward, the particles pass thrahghother side of the cavity and finally exit
the nasal airway through the other nostril. Thesgtihg airflow supports the particles to pass
through the olfactory region since there is noroedation zone after the nasal valve at the
expansion of the cavity which occurs in the drulivdey with constant flow rate at the inlet.

Figure 14. Time marching of the poly-disperse pt (MMD =3.33 um, GSD = 1.93 um) carried by a
pulsating airflow entered through a 90° nosepiagte=a0.00555 st = 0.0222 st = 0.0555 s ant= 0.333
s (from top-left to bottom-right).
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Figure 15. Temporal evolution of the poly-dispepseticles (MMD =3.33 pm, GSD = 1.93 um) carried
by a pulsating airflow entered through a 45° nosepiat = 0.00555 st = 0.0222 st = 0.0555 s antl=
0.333 s (from top-left to bottom-right).

Similarly, Fig. 15 shows the evolution of the peds during pulsating, bi-directional drug
delivery with a 45° nosepiece. At 0.00555 s, the velocity at the inlet plane ishat peak of
the first pulse, the particles reside inside the Adsepiece. At = 0.0222 s, the inlet velocity is
at the end of the first pulse, particles enterrtagal valve and some particles still reside inside
the nosepiece. At= 0.0555 s, some particles enter the main nassage whereas others still
reside in the nasal valve region. At the nasalesahn air jet is created due to reduction of the
cross-sectional area of the cavity which causesethigancement of the gas velocity and
consequently increasing the velocity of the paeticlatt = 0.333 s, some patrticles still reside
inside the right cavity and some particles havehed the left nasal cavity and even exited
through the other nostril. Since the nasopharynx pimarynx are disconnected, the airflow
carries the particles from one cavity to the ottairity. The evolution of the particles during the

nasal drug delivery processes with 90° and 45° pieses show that the 45° nosepiece
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improves the deposition pattern of the particleghatupper parts of the cavity especially at the

downstream of the nasal valve, see Figs. 14 and 15.

Figure 16. Particle deposition pattern after 1 diedirectional pulsating drug delivery using 90&f{)
and 45° (right). Particles enter through the righstril and exit the domain from the left nostril.

Figure 16 shows the deposition pattern of the @agiusing 90° and 45° nosepieces atl s
which is the end of the simulation. The effectshaf angle of the nosepieces on the deposition
pattern of the particles are illustrated. The rssdepict that in both cases, deposition of the
particles in the nasal valve and middle turbinatesslightly higher than in the other regions of
the nasal cavity. However, the deposition pattdrthe particles in the whole nasal cavity is
relatively uniform. The main difference in the dsjtion pattern is observed behind the nasal
valve, where the deposition at the upper parth@hiasal cavity and turbinates is enhanced with
the 45° nosepiece. The utilization of 90° and 4&Sapieces result in total DEs 41.5% and
48.7 %, respectively, compared to the non-pulsatiinow, which is an improvement of the

DE by approximately 17 % for the 45° nosepiece camag to the 90° nosepiece. Mdller et al.
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[11] reported a DE of 58 + 17 % for the bi-direc@ pulsating aerosol delivery with PARI
SINUS in healthy volunteers. For the same devicBARI SINUS with inlet airflow rate of 6
L/min, the in vitro study of Xi et al. [31] give BE of 24 + 6 %. Furthermore, the very low
deposition rate of particles inside sinuses aragreement with the in-vitro study of Xi et al.
[31].

Figure 17. Particle deposition pattern after 1 sbéflirectional drug delivery with constant (non-
pulsating) inlet airflow of 4.78 L/min using 90%€{t) and 45° (right) nosepices. Particles enterctingty
through right nostril and exit the airway from tle& nostril.

These DEs of pulsating aerosol delivery may be @t to non-pulsating DEs. Figure 17
depicts the deposition pattern of the particlesiedrby a constant (non-pulsating) flow rate of
4.78 L/min which corresponds to the average vafufi® pulsating airflow in this study using
both the clockwise 90° and 45° nosepieces. In shigtion, particles mainly deposit in the
lower parts of the cavity and at the nasal valvéierAthe nasal valve where the geometry
expands, particles are not moving to the uppespdrthe nasal cavity for a constant inlet flow
which is greatly improved for the pulsating airfl@s seen in comparing Figs. 16 and 17. Due
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to the sharper bend in the case of 90° nosepieoeeg particles deposit in the nasal cavity
compared to the 45° nosepiece. The simulationeefion-pulsating inlet airflow result in DEs
of 28.7 % and 18.7 % for the nosepieces with 90d 4B° bending, respectively. It is
remarkable that for the steady inflow, the usehef20° nosepiece shows a higher total DE than
the 45° nosepiece, reversing the results of theaping airflow. For the steady inflow, the use
of the 90° nosepiece causes the flow to impingepanticles deposit directly to the wall of the
nasal valve (outer wall of the 90° curve), howewasing the 45° nose piece, the particle
impingement to the outer wall of the 90°curve a& tlasal valve is reduced. For the pulsating
condition, there is no strong impingement as in steady inflow since the oscillation of the
flow damps the impingement of the particles atrtheal valve that was observed in the case of
the steady airflow. This eventually leads to high#t for the 90° nosepiece for the steady
inflow and a lower DE for the pulsating airflow. BHor bi-directional non-pulsating and
pulsating aerosol delivery with clockwise 45° naeep arel8.7 % and 48.7 %, respectively,
which show approximately 160 % enhancement in DEerwthe pulsating airflow is used.
Moreover, DEs for bi-directional non-pulsating apdlsating aerosol delivery with 90°
nosepiece result in 28.7 % and 41.5 % depicting.& %o increase in DE with utilization of
pulsating inflow rates. The pulsating and non-purtgaresults are comparable to the in-vivo
data of Mdller et al. [11] who reported DEs of 58% % and 25 + 16 %, respectively, for drug
delivery in three healthy human volunteers withspting and non-pulsating airflow of the
PARI SINUS device. The differences in the resuttginate from the specific differences in the
nasal anatomies [23, 26], different MMD of the et and different inlet flow rates.

Moreover, the deposition pattern of the particlasied by a pulsating airflow driven from both
nostrils (open soft palate condition) for the sagsmmetry without resolving the paranasal
sinuses and using a 90° nosepiece lead to a DEsefthan 8 % [36]. The utilization of bi-
directional drug delivery (closed soft palate cdind) results in DEs of 41.5 % which shows a
remarkable enhancement of the DE by more thandtilifh comparison to the open soft palate
condition where both the airflow and the partickeser from both nostrils and exit through the

nasopharynx.

4. Conclusions

In the present study, a workflow has been develdpgatedict personalized human nasal drug
delivery efficiency for pulsating bi-directional rasol delivery (here: PARI SINUS). The
patient keeps the mouth open and pushes his tdogizeds the soft palate to create the closed
soft palate condition which enables the bi-direwlodrug delivery. The three-dimensional
geometric of the nasal cavity, which is reconseddrom CT images of a specific patient, is

used to perform numerical simulations of the intiaéflow and associated particle deposition.
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Calculations are performed for two different nosepi angles and the results are compared.
Results show that the utilization of the drug dativdevice with a clockwise inclination of 45°
with respect to the horizontal axis results in aenefficient drug delivery in comparison to the
clockwise 90° nosepiece. For the present situatibere the drug delivery is initiated from the
right nostril, the air ventilation in the right mfiary and in frontal sinuses is remarkably higher
than in the left maxillary and the frontal sinuséath both 45° and 90° nosepieces. In contrast,
the flow fraction in the left sphenoid sinus is lég than the right sphenoid sinus. The
utilization of the clockwise 45° nosepiece leadslightly better ventilation than the usage of a
clockwise 90° nosepiece in all paranasal sinusesmxrontal sinuses where approximately
equal flow fraction is observed. The flow partitianalysis show improvement in ventilation of
the right maxillary sinus from 0.22% to 0.25%. Ritilsg bi-directional drug delivery enhances
the DE and leads to a more uniform deposition patbé the particles inside the nasal airway.
Therefore, the utilization of bi-directional druglivery with a clockwise 45° nosepiece and a

pulsating airflow is recommended.
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