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ABSTRACT

Many studies suggest limited effectiveness of spray devices for nasal drug delivery due pri-
marily to high deposition and clearance at the front of the nose. Here, nasal spray behavior
was studied using experimental measurements and a computational fluid dynamics model of
the human nasal passages constructed from magnetic resonance imaging scans of a healthy
adult male. Eighteen commercially available nasal sprays were analyzed for spray character-
istics using laser diffraction, high-speed video, and high-speed spark photography. Steady-
state, inspiratory airflow (15 L/min) and particle transport were simulated under measured
spray conditions. Simulated deposition efficiency and spray behavior were consistent with
previous experimental studies, two of which used nasal replica molds based on this nasal
geometry. Deposition fractions (numbers of deposited particles divided by the number re-
leased) of 20- and 50-um particles exceeded 90% in the anterior part of the nose for most sim-
ulated conditions. Predicted particle penetration past the nasal valve improved when (1) the
smaller of two particle sizes or the lower of two spray velocities was used, (2) the simulated
nozzle was positioned 1.0 rather than 0.5 or 1.5 cm into the nostril, and (3) inspiratory airflow
was present rather than absent. Simulations also predicted that delaying the appearance of
normal inspiratory airflow more than 1 sec after the release of particles produced results equiv-
alent to cases in which no inspiratory airflow was present. These predictions contribute to
more effective design of drug delivery devices through a better understanding of the effects
of nasal airflow and spray characteristics on particle transport in the nose.

Key words: computational fluid dynamics, particle desposition, nasal spray, nasal value, spray
characteristics

INTRODUCTION tages of nasal drug delivery include a large sur-

face area for absorption,® relatively rapid deliv-

HE ADMINISTRATION of inhaled therapeutics via  ery to systemic circulation, and avoidance of the

the nasal mucosa can lead to enhanced drug gastrointestinal tract with first-pass metabolism
delivery both locally and systemically.!) Advan- in the liver.®) Intranasal delivery is noninvasive
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and is considered a potential replacement deliv-
ery method for some medications currently re-
quiring injection.(!*) This substitution should im-
prove patient compliance with prescription
instructions and is especially attractive for chil-
dren. In addition, the spectrum of potential ther-
apeutic areas is large, ranging from crisis man-
agement and vaccination to treatments for many
disease states involving the respiratory tract and
other organ systems.®

The delivery of drugs via the nasal passages
also faces some challenges. Experimental studies
indicate that many nasal spray devices deposit
most of their material in the anterior portion of
the nose,>>10 with little of the spray reaching
the turbinates.® To be efficacious, nasally deliv-
ered drugs must have a high potency, potentially
leading to side effects including nasal tissue irri-
tation® and taste aversion. Optimal intranasal
distribution of nasal sprays usually requires that
the delivered spray penetrate the nasal valve
area.!) In addition, the drug must survive mu-
cociliary clearance and pass through the enzyme-
rich nasal mucosa to reach systemic circulation.®
Therefore, nasal drug delivery will be improved
by efforts to understand both delivery and for-
mulation issues.

Quantitative data on device performance are
available that allow some comparisons to be
made among different delivery methods, spray
angles, particle sizes, and patient-related factors
such as inhaler orientation, head position, and in-
spiratory airflow rates (Table 1). These studies

TasBLE 1.

KIMBELL ET AL.

imply that nasal sprays result in fairly targeted
deposition patterns?? that cover more area, are
retained longer, and may penetrate the nose bet-
ter if spray velocity, spray angle, and particle size
are decreased.?”12) The studies also imply that
inhaler and patient positioning and the speed of
inspiratory airflow do not have much effect on
the regional deposition of nasal sprays.(©8101314)
However, no comprehensive study of the sensi-
tivity of nasal deposition patterns to a series of
different spray characteristics, particularly parti-
cle size, under normal use conditions is available,
in part because such a study is complex and the
associated experiments are expensive. Yet this in-
formation could provide a better understanding
of the interactions between nasal anatomy,
sprays, and spray devices that could be used to
improve nasal drug delivery.

The main obstruction to adequate delivery of
nasal sprays is the nasal valve,(1” the region of
maximum resistance to airflow located in the an-
terior part of the nose.1®) The nasal valve is de-
scribed in several different ways in the medical
literature. It is formed by the cartilaginous tissues
of the external area of the nose, the pyriform aper-
ture of the skull, and some medical descriptions
include the anterior aspects of the middle and in-
ferior turbinates.(171® Other sources define the
nasal valve in conjunction with acoustic rhinom-
etry as the part of the nose in which the cross-
sectional area of the nasal airways is mini-
mized.(1%1%) Nasal sprays intended to reach the
ciliated mucosa of the nose must penetrate the

EXPERIMENTAL STUDIES COMPARING METHODS OF NASAL DRUG DELIVERY

Delivery method

Experimental findings

Metered aerosol vs.
metered spray pump
Drops vs. spray

No differences in regional
deposition(®

Drops coated more nasal
surface and cleared faster®

Nebulizer vs. spray Nasal nebulizer enhanced

pump posterior and superior nasal
deposition®
Effect of spray angle Decreased angle lowered

particle retention and increased

deposition area”

Effect of particle size Increased size increased
anterior nose deposition?
Inhaler orientation

nose or initial distribution

No effects on quantity reaching

Variable delivery to
middle meatusV

Increased angle
increased anterior nose
deposition?

No effect on distribution No effect on distribution

pattern®)
Head position No effect on spray distribution(1?)
Effect of inspiratory No effect on regional deposition(ﬁ)
airflow

patterns(3 patterns(¥
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nasal valve region. More information on the roles
different spray characteristics play in enhancing
the penetration of the spray past the nasal valve
is needed in order to improve nasal drug deliv-
ery.

An alternative approach to studying the role
of spray devices and characteristics in nasal valve
penetration is to use three-dimensional com-
puter modeling. Anatomically accurate, three-
dimensional computer models of the human
nasal passages have been constructed from sec-
tioned casts,?%21) computed tomography (CT)
scans,?>2 and magnetic resonance imaging
(MRI) scans.?® Computational fluid dynamics
(CFD) methods have been used to simulate air-
flow(20-2326) a5 well as particle transport?%2% in
the lumen of the human nose.

In the present study, nasal spray behavior was
studied using the CFD model of Subramaniam
and colleagues,®® in-house particle transport
software,® and experimental studies character-
izing the sprays from 18 different commercially
available nasal spray devices.?® The nasal valve
region of the CFD model was identified to allow
calculation of the fraction of sprayed material that
was predicted to penetrate past this area. Exper-
imentally, spray angles ranged in size from 32°
to 79°, average spray velocities ranged from 1.5
to 14.7 m/sec, and droplet sizes averaged about
50 wm.?®) This information was used as the basis
for estimating the effects of three nozzle posi-
tions, two spray angles, two spray velocities, two
particle sizes, and the presence, delayed presence,
or absence of inspiratory airflow on the fraction
of sprayed material that penetrated the nasal
valve. The main purposes of this study were to
(1) confirm that the CFD model could capture
particle and spray behavior as described in pre-
vious experimental studies, (2) suggest reasons
for limitations evident in current drug delivery
via nasal sprays, and (3) suggest potential ways
in which spray penetration could be improved.

MATERIALS AND METHODS

In this section, overviews of the CFD and par-
ticle transport models are given with descriptions
of the major assumptions upon which the mod-
els and simulations are based. The simulation of
spray releases and estimated nozzle positions in
the nasal vestibule are described. The nasal valve
area of the model is defined and used to estimate

the fraction of particles that were predicted to de-
posit in the nose posterior to this location. The
predicted effects of multiple combinations of
spray characteristics on nasal valve penetration
are described by conducting a series of spray sim-
ulations under conditions described below. Com-
parisons of total nasal deposition efficiency and
spray behavior predicted using the CFD model
with experimental measurements are made.

Simulation of nasal airflow and particle transport

A three-dimensional, human nasal CFD model
provided the anatomical shape, computational
mesh, and inspiratory airflow patterns used in
the simulations conducted here. This CFD model
and a comparison of simulated airflow with ex-
perimental measurements were described in de-
tail by Subramaniam and colleagues.?® Briefly, a
finite-element mesh (Fig. 1A)?) was constructed
from 72 cross sections, spaced 1.5 mm apart,
based on MRI scans of a healthy, adult, non-
smoking male using in-house software®? and the
commercial CFD package FIDAP (Fluent, Inc.,
Lebanon, NH). The mesh was constructed of six-
sided, brick-shaped elements and contained ap-
proximately 156,000 nodes. FIDAP was also used
to simulate steady-state airflow in the inspiratory
direction at 15 L/min with a uniform velocity
profile (plug flow) imposed at the nostrils, ve-
locity set to zero at airway walls (no-slip condi-
tion), and the normal velocity gradients set to
zero at the outlet. Simulated airflow velocities
within the nose were confirmed using published
measurements. 26

The major patterns of inhaled airflow simu-
lated at steady-state were assumed to be similar
to those occurring during resting breathing based
on calculation of the Strouhal number, or fre-
quency parameter.?® Unsteady effects may be
considered insignificant when the frequency pa-
rameter is less than 1.4V The Strouhal number,
S = wL/u, where w, L, and u are the breathing
frequency, axial length of the nasal airway, and
the average velocity, respectively, is 0.02 in the
human, using w = 0.25 Hz, L = 11 cm, and u =
144 cm/sec, corresponding to a flow rate of 26
L/min and a cross-sectional area of 3 cm2.2¢) The
CFD model had rigid nasal walls, lacked mucus
movement and nasal hairs, and did not account
for gain or loss of heat or humidity. These mod-
eling constraints were assumed to contribute in-
significantly to error in airflow simulations.
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FIG. 1.

(A) Lateral view of the finite-element mesh used in the computational fluid dynamics simulations. Nostrils

are to the left at arrow, nasopharynx is to the right. Reprinted with permission from Ref. (29). (B) Ventral view of
nostrils (black) showing locations of passive particle release points (white dots) for prediction of nasal deposition ef-

ficiency.

Because particles measured in many nasal
spray products largely exceeded 5 um in diame-
ter, sedimentation, and inertial impaction are
likely to be the prevailing particle deposition
mechanisms. Thus, the equations of motion for
particle transport were solved numerically for the
case when inertial forces are dominant. Particle-
to-particle and particle-to-flow interactions were
assumed to be negligible, allowing airflow and
particle transport equations to decouple. These
interactions would become increasingly signifi-
cant if particle volume density in the breathing
air approached unity or if particle inertia became
large enough to affect surrounding airflow pat-
terns, conditions that did not apply to the simu-
lations presented here.

Airflow information was obtained from the FI-
DAP simulations described above. Single-particle
trajectories were calculated using the airflow in-
formation as input to software developed in-
house that solved the Lagrangian form of the
equations of particle transport numerically.?”) A

computer algorithm, developed in C++ and im-
plemented in Java, calculated particle trajectory
using a Runge-Kutta scheme with variable time
steps. The error in numerical simulations was cal-
culated at every particle location and checked
against a predetermined tolerance. The time step
was then either reduced to improve the accuracy
of the simulations or increased to shorten run-
time. Particle trajectories were calculated until the
particle deposited, exited the nasal airway pas-
sages, or the travel time exceeded a predeter-
mined time scale typically near the breathing time
or a multiple thereof (e.g., 4 sec based on 15
breaths per minute). The in-house particle solver
used to track particle movement has been vali-
dated and used in other studies involving aerosol
transport.(3?)

Simulation of nasal sprays

Particle trajectory calculations allowed the ini-
tial velocity of particles to be non-zero to simu-
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late launching via a spray device. Particle trajec-
tories from simulated spray releases were calcu-
lated both in the presence, at 15 L/min, and in
the absence of inspiratory nasal airflow. When
airflow was present, no spray device was de-
picted as present in the nasal vestibule and it was
assumed that there was no disruption of normal
inspiratory airflow patterns while particles were
being transported. To account for time between
spray activation and inspiration, trajectory calcu-
lations included the option to begin trajectory cal-
culation with no airflow present and introduce
normal inspiratory airflow vectors at a later time
point.

For each point of release, a group of particles
representing a spray cone was instantaneously
discharged with a specified spray cone angle and
spray velocity. The group of spray particles con-
sisted of a center particle launched from a release
point with up to three concentric rings of eight
particles each (subsprays) launched around the
center particle from the same release point. The
initial direction of the center particle’s motion
was determined by the ray from a fixed nostril
reference point to the particle release point (Fig.
2). The initial directions of the subspray particles’

motion were determined by evenly spaced rays
at angular intervals from 0° to the spray cone an-
gle. The spacing of the subsprays was such that
all sphere sectors formed by initial spray vector
tips were of equal area. The duration or lifetime
of the spray, potential effects of sprays on normal
inspiratory airflow patterns, and interactions of
spray particles with each other were not simu-
lated.

Three sets of particle release points, located 0.5,
1.0, and 1.5 cm into the left nostril, represented
possible nozzle tip locations. Comfortable use
limited the angle at which the spray nozzle was
tilted to between 55° and 75° from the horizontal
in the sagittal plane (Fig. 2). Each set of release
points consisted of a curved surface of evenly
spaced lattice of points lying between 55° and 75°
from the horizontal plane inside the nasal
vestibule, equidistant from a single reference
point located on the nostril surface (Fig. 3).

All release points at a given nozzle penetration
depth were considered equally representative of
potential spray release locations because of vari-
ability in patient use of spray devices. Results
from spray releases at all lattice points on a given
release surface were therefore aggregated to re-

55 degrees

FIG. 2. Side view of nasal model and inserted nasal spray device showing a simulated spray originating from a re-
lease point in relation to the nostril reference point (black dot), and the range of comfortable nozzle positions from
55° from the horizontal to 75° when the spray device is inserted 1 cm into nostril. Nostril reference point (black dot)
represents the intersection of the axis of the device with the nostril surface.



64

l 1.5cm

\\

y T Sy

1.0cm - ‘. y-
e, !w

FIG. 3. Locations of potential spray release points and
left nasal valve. White spherical pieces indicate all points
in left side of the nose that are located 0.5, 1.0, and 1.5 cm
from the nostril reference point (black dot). Areas of po-
tential spray release (black patches on white spherical
pieces) appear as subsets of the white spherical pieces
when the nozzle tip was allowed to vary between 55° and
75° from the horizontal. Closeups show the most coarse
lattice of spray release points (gray dots) used in the sim-
ulations.

Left Nasal Valve

duce effects of this variability on nasal valve pen-
etration.

The nasal valve

A planar section in the anterior portion of the
CFD model with minimum coronal cross-sec-
tional area was found by first sweeping a plane
perpendicular to the axial direction (90° from the
horizontal in the sagittal plane) through the
model and sampling cross-sectional area.®® This
plane was then tilted away from the top of the
head at 1° increments from 90° to 6° from the hor-
izontal in the sagittal plane and cross-sectional
area was sampled by sweeping each tilted plane
through the CFD model. Planes tilted from 90° to
65° were also tilted by 1° increments from 0° to
25° in the axial plane and swept through the
model to obtain cross-sectional area samples.
Minimum cross-sectional area was obtained sep-
arately for each side of the nose (Fig. 3).

To confirm model predictions of minimum
cross-sectional area for identification of the nasal
valve area, comparisons were also needed with
laboratory and clinical measurements. These
comparisons can be difficult to interpret because
human nasal anatomy differs significantly among
individuals. Therefore, two copies of hollow,
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plastic molds of the nasal passages were created
from the same geometry that underlies the CFD
model using a computer-aided design/com-
puter-aided manufacturing (CAD/CAM) tech-
nique called stereolithography.343¢)  Acoustic
rhinometry (Acoustic Rhinometer, Hood Labora-
tories, Pembroke, MA) was then used to measure
cross-sectional area in both sides of the nasal pas-
sage in both plastic molds for comparison with
the minimum cross-sectional area calculated in
the CFD model and with values reported in the
literature.

Predictions of nasal spray behavior

Particle transport simulations were based on
analyses of 18 nasal sprays for particle size dis-
tribution and spray characteristics.?® Particle
transport in the left-hand side of the nose under
measured spray conditions was simulated, and
effects of three nozzle positions, two particle
sizes, two spray angles, two spray velocities, and
the presence, delayed presence, or absence of in-
spiratory airflow on particle penetration past the
nasal valve area were calculated. Southall and
colleagues®) measured particle size distributions
and found that most particles were between 50
and 70 um (mass median aerodynamic diameter),
with sizes ranging from 20 to 150 um. Simula-
tions were conducted for 20- and 50-um particles
released from nozzle penetration distances of 0.5,
1.0, and 1.5 cm. These particle sizes were chosen
to better understand published studies (Table 1;
50 um) as well as to extend this understanding in
an attempt to improve nasal valve penetration (20
pum). Spray cone angles of 32° and 79° were used,
representing the extremes of the range of mea-
sured angles. Spray velocities were set to 1 and
10 m/sec, representative of sprays in the mea-
sured range from 1.5 to 14.7 m/sec. Simulations
also included either the presence or absence of
nasal inspiratory airflow at 15 L/min, resulting
in a total of 48 simulation cases. In addition, the
effect of time delays of 0.5 and 1.0 sec between
the release of particles and the presence of inspi-
ratory airflow was studied for several cases. Sim-
ulations were also conducted in which 20- and
50-um particles were passively released from the
left nostril inlet surface (Fig. 1B) with steady-
state, inspiratory airflow present at 15 L/min for
comparison with spray simulations. The effect of
30 L/min inspiratory airflow on left nasal valve
penetration of 20- and 50-um particles released
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from 1 cm into the nostril with a 1 m/sec, 79°
spray was also studied in an attempt to identify
conditions that improved nasal valve penetra-
tion.

The influence of the density of release points
and the density of particles released in each spray
cone on these results were examined for the case
where nozzle penetration distance was set to 1
cm. Three release point densities were used: a
base mesh (6 points X 8 points), a refined mesh
(9 points X 12 points), and a fine mesh (12
points X 16 points). Three spray densities were
used: a coarse spray (center particle and one sub-
spray released at the spray angle), a refined spray
(center particle and two subsprays), and a fine
spray (center particle and three subsprays).

The deposition fractions reported here were
calculated as aggregates over all release points on
a surface representing most potentially comfort-
able nozzle positions. In a study using a physical
model based on the same nasal geometry as the
CFD model used here, Cheng and colleagues(!?)
studied spray deposition patterns that were the
result of sprays released from one (unspecified)
nozzle position. In order to compare simulated
results with the Cheng study,? nasal valve pen-
etration predicted for the best 20- and 50-um sim-
ulation cases was also examined for each indi-
vidual release point.

Confirmation of particle deposition predictions

To confirm CFD model predictions, compar-
isons of simulation results with two types of ex-
perimental studies were made: measurements of
nasal spray deposition and measurements of
nasal deposition efficiency. Results from the sim-
ulation of nasal spray behavior as described
above for 20- and 50-um particles were compared
with the results reported by the studies cited in
Table 1. Because nasal deposition efficiency is ap-
proximately 100% for particles 20 um or greater
that are inhaled at 15 L/min,®”) comparisons of
predicted deposition efficiency with experimen-
tal studies were made for particle sizes less than
20 pm.

Most of the experiments that have been con-
ducted to measure nasal deposition efficiency in
vivo have produced estimates from inhalation of
particle-laden atmospheres.®44 In two of these
studies, air was drawn in through the nose from
the mouth at several flow rates while the subject
held their breath.®840 Measurements of the de-

position of either 1- to 9-um methylene blue so-
lution aerosols®® or radioactive polystyrene par-
ticles, approximately 2 to 8 um in aerodynamic
diameter,*?) were made using filters.

Nasal deposition efficiency was also measured
in copies of the hollow plastic replica molds used
for acoustic rhinometry, as described in the Nasal
Valve section above.®® In these experiments, lig-
uid droplets between 1 and 10 um in aerody-
namic diameter were drawn through the hollow
mold at several flow rates. Particle concentrations
were measured at the inlet and outlet of the nasal
mold and were used to calculate deposition effi-
ciency.

The present study focused on large particle
transport in which sedimentation and inertial
forces are dominant. Comparisons of model pre-
dictions with experimental measurements were
therefore confined to particles >5 um in diame-
ter. To compare model predictions with these
measurements, simulations were conducted in
which particles ranging from 6 to 10 um in di-
ameter were passively released from both nostril
inlet surfaces (Fig. 1B) with steady-state, inspira-
tory airflow present at 20 L/min. This flow rate
was selected as one used by all three of the Pat-
tle,®® Hounam,*? and Kelly®® studies that was
close to the flow rate of 15 L/min used in the sim-
ulations of nasal sprays. Deposition efficiency
was calculated by weighting each particle that de-
posited by the proportion of flow through the
nostril element from which the particle originated
and aggregating these results for all deposited
particles.

Data analysis

Predictions of the number of particles that de-
posited, deposition locations, and particle trajec-
tories were recorded. Deposition fractions, de-
fined as the number of deposited particles
divided by the number of particles released and
expressed as a percentage, were calculated for the
entire nasal passages and for the nasal vestibule
anterior to the nasal valve plane. Of the particles
predicted to deposit, those that passed the nasal
valve plane were identified.

An analysis was conducted to determine
whether there were statistically significant dif-
ferences among nasal valve penetration fractions
when individual simulation parameters were
changed. The simulation data represented a com-
pletely randomized design with five factors: dis-
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tance of the spray nozzle from the nostril, airflow
presence or absence, particle size, spray velocity,
and spray angle. Distance from the nostril had
three values whereas the other factors had two
each, resulting in a total of 48 factor combinations.
The outcome variable was the percent of de-
posited particles penetrating the nasal valve. An
arcsine transformation,*® which is commonly
used with percentage data, was applied to the
outcome variable to ensure adherence to the as-
sumptions needed for analysis of variance
(ANOVA). Given the large number of factor com-
binations of interest (48 cases), ANOVA methods
were preferable to less powerful nonparametric
methods. The ANOVA included all five main ef-
fects and all 10 first-order interactions.

RESULTS

Anatomical factors affecting spray deposition

Based on the geometric constraints on nozzle
position used in these studies, namely, that the
nozzle did not penetrate further than 1.5 cm into
the nose and that nozzle tilts in the sagittal plane
from 55° to 75° represented limits of a comfort-
able range of nozzle positions, CFD predictions
indicated that spray devices release particles
within very small, constricted regions in the nasal
vestibule (Fig. 3). The approximate surface area
of each the three release surfaces identified in this
study was less than 0.20 cm?.

The minimum cross-sectional area for the left
side of the nose, defined as the position of the
nasal valve for this study, was estimated to be
0.72 cm?, located on a plane tilted 90° toward
the top of the head in the sagittal plane and 7°
toward the left side of the nose in the axial
plane, at an average distance of about 3 cm from
the nostril surface (Table 2). The minimum
cross-sectional area for the right side of the nose
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was estimated to be 0.64 cm?, located on a plane
tilted 70° toward the top of the head in the
sagittal plane and 15° toward the left side of the
nose in the axial plane, at an average distance
from the nostril on the left side of about 3 cm.
Minimum cross-sectional area for the left side
as measured by acoustic rhinometry was 0.65
cm? in one stereolithography mold and 0.68 cm?
in the other, at an approximate distance of 2.3
cm from the nostril. Minimum cross-sectional
area for the right side as measured by acoustic
rhinometry was 0.64 cm? in one stereolithogra-
phy mold and 0.66 cm? in the other, at an ap-
proximate distance of 2.3 cm from the nostril.
The plane where cross-sectional area on the left
side of the nose was minimized was used to de-
fine the nasal valve for the purposes of the stud-
ies described here.

Predictions of nasal spray behavior

In all simulated cases described in this paper,
no particles were predicted to pass entirely
through the nasal passages, i.e., all spray deposi-
tion fractions of 20- and 50-um particles were
100% in the nasal passages, except in three cases
in which some of the released particles were pre-
dicted to fall out of the nose through the nostril
because of sedimentation (Table 3). Out of 48
spray simulation cases, 15 resulted in a non-zero
percentage of particles predicted to penetrate the
left nasal valve (Table 3). Deposition fractions in
the nasal vestibule exceeded 90% under most
simulated conditions. Most particles that pene-
trated the nasal valve were predicted to deposit
on the middle and inferior turbinates and the ad-
jacent lateral walls and septum. Simulations pre-
dicted that spray deposition patterns were gen-
erally dorsal when the spray nozzle was placed
1.5 cm into the nostril and showed ventral depo-
sition when the nozzle was placed at 0.5 cm into
the nostril (Fig. 4).

TABLE 2. MINIMUM CROSS-SECTIONAL AREA IN A CFD MoDEL AND PLasTiC MoLDs OoF THE CFD MODEL

Left side Right side
Distance from Distance from
Model Area (cm?) nostril (cm) Area (cm?) nostril (cm)
Plastic Mold A2 0.65 2.3 0.64 2.3
Plastic Mold B? 0.68 23 0.66 23
CFD Model® 0.72 0.64 3

aMeasured using an acoustic rhinometer.
PPredicted by planar cross-sectional area.
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TaBLE 3. PREDICTED PENETRATION OF NASAL VALVE BY PARTICLES RELEASED
FROM CURRENTLY MARKETED NASAL SPRAY DEVICES (NONZERO CASES)

Distance from Airflow rate Particle Spray velocity Spray angle % % Falling % Passing
nostril (cm) (L/min) size (i) (m/sec) (degrees) Deposition out nostril left NV
0 15 20 NA? NA 100 0 9
0 15 20 NA® NA 100 0 2
0.5 0 50 1 79 98 2 op
0.5 0 20 1 32 55 45 o°
0.5 0 20 1 79 52 48 (1
0.5 15 50 1 32 100 0 3
0.5 15 50 1 79 100 0 2
0.5 15 20 10 32 100 0 1
0.5 15 20 10 79 100 0 2
0.5 15 20 1 32 100 0 6
0.5 15 20 1 79 100 0 6
1 15 50 10 79 100 0 1
1 15 50 1 32 100 0 4
1 15 50 1 79 100 0 4
1 15 20 10 79 100 0 1
1 15 20 1 32 100 0 18
1 15 20 1 79 100 0 19
1.5 15 50 1 79 100 0 1
15 15 20 1 32 100 0 3
1.5 15 20 1 79 100 0 4

aNA, not applicable. These studies represent simulations of particles passively released from the left nostril
surface.
bThese cases are included to show predicted loss of sprayed particles through nostril by sedimentation.
NV, nasal valve.

FIG. 4. Examples of deposition patterns in cases for
which nasal valve penetration was high. The left nasal
valve is indicated as a black cross section in all views.
Steady-state, inspiratory airflow at 15 L/min was present,
spray velocity was 1 m/sec, and spray angle was 79° in
all cases shown here. (A) Nasal valve penetration, 19%
(highest case); particle size, 20 um; nozzle penetration dis-
tance, 1.0 cm. (B) Nasal valve penetration, 6%; particle
size, 20 um; nozzle penetration distance, 0.5 cm. (C) Nasal
valve penetration, 4%; particle size, 20 wm; nozzle pene-
tration distance, 1.5 cm. (D) Nasal valve penetration, 4%
(highest 50—um case); particle size, 50 um; nozzle pene-
tration distance, 1.0 cm.

More particles were predicted to pass the nasal
valve before depositing when the spray nozzle
was placed 1 cm into the nostril, airflow was pre-
sent, and 20-um particles were released with a
velocity of 1 m/sec and a cone ang]le of either 32°
or 79° than when sprays were simulated under
other combinations of conditions (Fig. 4; Table 3).
Simulations predicted that no more than about
20% of spray particles passed the nasal valve be-
fore depositing under the conditions of this study
(Table 3).

Predictions of the fraction of particles that
passed the nasal valve before depositing showed
statistically significant improvement (Fig. 5)
when (1) particle size and spray velocity de-
creased (p < 0.001), (2) nozzle penetration dis-
tance was equal to 1 cm (p < 0.002), and (3) air-
flow was present (p < 0.001). Effects of spray
angle on predicted nasal valve penetration were
not statistically significant, though there was gen-
erally a slight increase in the fraction penetrating
the nasal valve when spray angle increased. Of
all the simulation conditions studied, particle
penetration past the nasal valve was most sensi-
tive to the presence of inspiratory airflow, spray
velocity, and particle size.
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The statistically significant improvements in
predicted nasal valve penetration were repre-
sented graphically by grouping all 48 spray sim-
ulation cases by each of three variables: particle
size (Fig. 5A), spray velocity (Fig. 5B), and noz-
zle position (Fig. 5C). When the 48 cases in each
graph were further marked by whether inspira-
tory airflow was present (Fig 5, open circles) or
not (Fig. 5, closed circles), the advantage of hav-
ing airflow present was evident. Otherwise, each
graph showed the trend for one variable at a time.

The effect of a time delay of 0.5 sec between
the release of particles and the appearance of nor-
mal inspiratory airflow was studied for the cases
in which the number of particles predicted to pass
the nasal valve before depositing was highest.
The simulated time delay did not change the
number of particles predicted to pass the nasal
valve, but the predicted deposition sites of these
particles changed. With no time delay, approxi-
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FIG.5. Effects of (A) particle size, (B) spray velocity, (C)
nozzle penetration distance and nasal airflow (black cir-
cles = no nasal airflow present; open circles = 15 L/min
inspiratory airflow present) on nasal valve penetration.
Each graph shows all 48 spray simulation cases.

mately 1% of released particles were predicted to
deposit on the inferior turbinate and approxi-
mately 9% were predicted to deposit on the mid-
dle turbinate. With a 0.5-sec delay in the presence
of normal inspiratory airflow, 4% to 5% of re-
leased particles were predicted to deposit on the
inferior turbinate and no particles were predicted
to deposit on the middle turbinate (Fig. 6). A time
delay of 1 sec produced results equivalent to the
cases in which no inspiratory airflow was ever
present.

Simulation results for the 1-cm nozzle position
were unaffected by refinement of the density of
particle release points and were not sensitive to
the density of particles released in each spray
cone. Left nasal valve penetration fractions of 20-
and 50-um particles released from 1 cm into the
nostril in a 1-m/sec, 79° spray were predicted to
be 15% and 5% with 30 L /min inspiratory airflow
present, respectively.
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0.5 sec airflow delay

FIG. 6. Effect of a 0.5-sec time delay in the appearance
of inspiratory airflow at 15 L/min on the deposition pat-
tern of 20-um particles released from a nozzle placed 1
cm into the nostril with a velocity of 1 m/sec and a spray
angle of 32°.

Confirmation of particle deposition predictions

Simulations predicted that nasal sprays deposit
primarily in the anterior part of the nose and that
increased particle size decreased nasal valve pen-
etration, in agreement with most experimental
studies. Simulations also predicted that better

penetration of the nasal valve was achieved at
lower initial spray velocities, in agreement with
the finding that particles from a nasal nebulizer
deposited more posteriorly in the nose than par-
ticles from a spray pump.®

Simulations of the passive release of particles
at the nostril surface did not predict an improve-
ment in nasal valve penetration over low-veloc-
ity sprays for 20- and 50-um particles (Table 3).
However, previous simulations with the CFD
model used here predicted that the passive re-
lease of particles from locations inside the nasal
vestibule have greater turbinate deposition than
particles passively released at the nostril surface
under the same flow conditions.?”) In the nebu-
lizer vs. spray pump study, Suman and col-
leagues® used “a nasal adapter specifically de-
signed to simultaneously administer aerosol into
both nostrils without depositing activity on the
outside of the nose.” Particles emitted from this
adapter may have been released inside the nasal
vestibule, somewhat distal to the nostril surface.
If this were the case, then simulation results were

~ in general agreement with the Suman study find-

ings. However, in that study the nasal nebulizer
also produced much smaller particles (approxi-
mately 6 um) than the spray (approximately 79
um), which would contribute to the difference in
deposition patterns.

Simulations predicted a statistically significant
effect (p < 0.001) of the presence of inspiratory air-
flow at 15 L/min on the number of particles pen-
etrating the nasal valve, but this effect was con-
siderably smaller at the higher spray velocity of
10 m/sec. This result agreed with the observation
that the presence or absence of 10 L/min airflow
did not affect regional particle deposition in an ex-
perimental study in which spray velocities were
higher than 3 m/sec.©® The highest fractions of 20-
and 50-um particles that were predicted to pene-
trate the left nasal valve from 1 cm into the nos-
tril did not change appreciably when inspiratory
airflow was increased from 15 L/min to 30 L /min.
These results are in agreement with the observa-
tions that (1) there were no statistically significant
differences in nasal distribution patterns of budes-
onide particles inhaled at 30 or 45 L/min where
most particles were larger than 10 um,('® and (2)
spray deposition was unaffected by gentle or vig-
orous sniffing in a study where most particles
were likely to be larger than 50 um.(¥

Estimates of nasal deposition efficiency pre-
dicted by the CFD model for 6- to 10-um parti-
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cles inhaled at the nostrils at 20 L/min were also
compared with experimental measurements of
inhaled particles in the same size range at this
flow rate. CFD model predictions for the 6- to 10-
um size range agreed well with experimentally
measured values (Fig. 7).

Regional particle deposition using nasal spray
pumps was previously studied experimentally in
a hollow nasal mold constructed from a series of
computer-milled plates.1? Deposition of 50- to 60-
pm particles was higher in the turbinate region
than in the nasal vestibule for three out of four dif-
ferent spray pumps, and penetration into the nose
was generally observed to decrease with increas-
ing spray angle.01? A fixed nozzle position was
used, but no other position information was avail-
able. Simulations reported here predicted that the
aggregated deposition of 50-um particles was
highest in the nasal vestibule and that there was
no statistically significant effect of spray angle on
the number of particles penetrating the nasal valve.
However, when each release point was examined
individually, penetration fractions of 50-um parti-
cles were as high as 21% in the highest aggregate
penetration case where particles were released at
1 m/sec with inspiratory airflow present using a
spray cone angle of 79°. The highest individual
penetration value increased to 33% when the spray
cone angle was decreased to 32° (Fig. 8A).

Cheng and colleagues® used a polydisperse
aerosol, so we examined individual release point
penetration for the best 20-um cases as well. In-
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i
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2054 —e— Model
o X
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e 0.3 x Hounam et al., 1971
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FIG. 7. Comparison of experimentally measured nasal
particle deposition efficiency (open symbols)©03840) and
simulation results (black circles) for passive release of par-
ticles at the nostrils (see Fig. 1B) with 20 L/min steady-
state inspiratory airflow present.
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dividual penetration fractions of 20-um particles
were as high as 91% in the highest aggregate pen-
etration case, where particles were released at 1
m/sec with inspiratory airflow present using a
spray cone angle of 79°. The highest 20-um pen-
etration value increased to 100% when the spray
cone angle was decreased to 32° (Fig. 8B). If one
assumes that a combination of these monodis-
perse predictions may be used as a crude estimate
of actual polydisperse penetration, these results
are in agreement with the findings from the
Cheng study.(?

DISCUSSION

The CFD model study presented here provided
quantitative estimates of the effects that nasal
anatomy and different combinations of spray and
airflow characteristics may have on nasal valve
penetration. This study was undertaken to (1)
confirm that the CFD model could capture parti-
cle and spray behavior as described in previous
experimental studies, (2) suggest reasons for lim-
itations evident in current drug delivery via nasal
sprays, and (3) suggest potential ways in which
spray penetration could be improved. A CFD ap-
proach was used as a comprehensive way to ex-
amine nasal drug delivery in an anatomically cor-
rect environment.

The estimates obtained here were consistent
with measurements obtained experimentally. The
ability to compare calculations for multiple com-
binations of nozzle position and spray character-
istics allowed model results to augment existing
experimental measurements and provide addi-
tional context. Thus, additional interpretations of
experimental results were possible, as described
above, in the context of particle sizes, spray ve-
locities, inspiratory airflow rates, and spray noz-
zle positions other than those that had been phys-
ically examined.

Major factors limiting the effectiveness of nasal
spray devices were identified as (1) physical con-
straints on the release of particles, such as the
small size of areas where particles can be released
comfortably and the close proximity of the nasal
valve to the tip of the spray device; (2) spray char-
acteristics such as large particle size and high
spray velocity; and (3) delayed appearance of in-
spiratory airflow. Because the physical distance
to the nasal valve was only 1 or 2 cm from the
point of spray emission (Fig. 3), spray character-
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FIG. 8. Nasal valve penetration fractions predicted for each individual release point located 1 cm into the left nasal
passage for two sets of parameter values. Steady-state, inspiratory airflow at 15 L/min was present, spray velocity
was 1 m/sec, and spray angle was 32° in both cases shown here. (A) Plot for the simulated release of 50-um parti-
cles. (B) Plot for the simulated release of 20-um particles. Note that tall bars predict the presence of a “sweet spot”
from which a large fraction of released particles penetrate past the nasal valve.

izations measured in open air more than 2 cm
from the nozzle tip may be largely irrelevant in
the nasal passages. In addition, this study sug-
gested the existence of “sweet spots” for particle
release (Fig. 8), which may differ substantially
among individual patients.

Among the 48 spray cases simulated, the best
nasal valve penetration was predicted when the
particle size was 20 um, spray velocity was 1
m/sec, spray angle was 79°, the spray nozzle was
inserted 1 cm into the nose, and gentle inspira-
tory airflow was present. These results suggested
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that nasal valve penetration by nasal sprays could
be improved if smaller particles were generated,
lower spray velocities were used, particles were
released inside the nasal vestibule, and delays be-
tween the release of particles and the presence of
gentle inspiratory airflow were minimized. These
conclusions were based on aggregated results of
sprays released at multiple possible points for
each nozzle position in order to reduce patient
variation in the use of the spray device.

The CFD model also provided new insights
into the extent to which the presence and timing
of inspiratory airflow could affect nasal spray de-
position. For example, the CFD model predicted
that with no inspiratory airflow present, almost
50% of 20-um particles released from 0.5 cm into
the nostril at 1 m/sec fell out of the nose through
the nostril, with none of the remaining particles
penetrating the nasal valve. Under the same
spray conditions but with inspiratory airflow pre-
sent, the CFD model predicted that none of the
particles would fall out of the nostril and that 6%
of them would able to penetrate past the nasal
valve. In another example, a half-second delay in
the onset of simulated inspiratory airflow relative
to the spray release resulted in a predicted shift
of deposition sites from dorsal to ventral loca-
tions. Delays longer than 1 sec were predicted to
result in the same effects as the case when no air-
flow had ever been present.

Other information obtained from CFD model-
ing was the approximate size, shape, and posi-
tion of the nasal valve as a potential barrier to
particle transport. The nasal valve is best de-
scribed as an area or region in the anterior part
of the nose because its size and position can shift
with congestion and decongestion (personal
communication, Dr. David Wexler, M.D., Fallon
Clinic at Worcester Medical Center, Worcester,
MA). For the purposes of this study, a single
cross-sectional location was identified so that
nasal valve penetration could be defined quanti-
tatively, representing a snapshot in time of an in-
dividual’s nasal passages. The nasal valve cross
section used in this study was distal to the ante-
rior margin of the inferior turbinate. Particles pre-
dicted to deposit on approximately 0.75 cm of the
anterior portion of this turbinate were therefore
not included in estimates of the number of parti-
cles penetrating the nasal valve. Further study is
needed to determine the effects of normal nasal
cycling and other congestion on the size, shape,
and position of the nasal valve region.
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The minimum cross-sectional area (MCA) in
the left side of the CFD model was located ap-
proximately 3 cm from the left nostril, probably
in the vicinity of the pyriform aperture, in agree-
ment with a physiological study that placed the
locus of maximal nasal airflow resistance at this
region.(”) This location does not compare as well
with the distance of 2.3 cm estimated by acoustic
rhinometry (AR) in hollow replicas of the CFD
model. However, comparisons of distances esti-
mated using AR and MRI or CT scans can be dif-
ficult because the axes of sound waves and scans
do not generally coincide.#® MCA predicted by
planar cross sections in each side of the CFD
model showed reasonable agreement with AR
measurements in plastic replicas of the same
geometry (Table 2). Total MCA (both sides of the
nose added together) was predicted by the CFD
model to be 1.36 cm? and was in agreement
with measurements reported by Millqvist and
Bende®”) who used AR to show that MCA in
males ranged from 0.40 to 1.00 cm? per side, with
a mean value of 1.56 cm? for total MCA.

The computational mesh underlying the CFD
model used here was able to predict total nasal
deposition for 20- and 50-um particles relatively
accurately. However, it is possible to skew or
grade the distribution of nodes in a CFD mesh to-
ward the walls to improve the accuracy of esti-
mates made at the walls such as regional pre-
dicted particle deposition sites. To test the effects
of mesh grading on spray simulations, the nasal
CFD mesh was truncated just posterior to the
nasal valve. More nodes were added to this mesh
of the nasal vestibule alone, and the mesh was
graded toward the lateral and septal walls. Pre-
dicted penetration of the nasal vestibule was un-
changed for 50-um particles and decreased by
about 14% for 20-um particles, suggesting that ef-
fects of mesh grading may become more signifi-
cant as particle size decreases.

With regard to the assumptions underlying the
CFD and particle transport models presented
here, further study is needed to understand the
potential effects of mesh refinements, time-de-
pendent airflow, nonuniform airflow velocity
conditions at the nostril, regional heat and hu-
midity conditions, and interindividual differ-
ences in nasal anatomy on the nasal spray sensi-
tivity analyses. In the methods used to simulate
nasal sprays, the effects of the time dependence
of particle size, spray density (temporal evolution
of concentration), cone angle, and spray velocity
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during spray duration on the sensitivity analyses
require more study, as do the potential effects of
sprays on inspiratory airflow patterns and inter-
actions of spray particles with each other.

In this study, CFD modeling was used to vi-
sualize, quantify, and analyze (1) the role of the
nasal valve as a barrier to nasal spray deposition,
(2) the very small physical size of likely comfort-
able particle release areas and their close prox-
imity to the nasal valve, (3) the effects of delay-
ing the presence of inspiratory airflow after
particles are released, and (4) the large effects that
the presence of inspired airflow as well as smaller
particle size and slower spray velocity have on
nasal valve penetration. The study suggests that
devices that produce large particles at high ve-
locity with no inspiratory airflow present during
actuation will have very limited if any nasal valve
penetration. Further studies are needed to deter-
mine the effects of particle sizes less than 20 um
and of abnormal airway geometry. Along with
experimental measurements in hollow molds and
human subjects, these predictions contribute to
more effective design of drug delivery devices
through a better understanding of the interac-
tions between nasal anatomy, sprays, and spray
devices and the effects of these interactions on
particle transport in the nose.
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