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ABSTRACT: Effective targeting of nasal spray deposition
could improve local, systemic, and CNS drug delivery;
however, this has proven to be difficult due to the anatomical
features of the nasal cavity, including the nasal valve and
turbinate structures. Furthermore, nasal cavity geometries and
dimensions vary between individuals based on differences in
their age, gender, and ethnicity. The effect of patient-specific
administration parameters was evaluated for their ability to
overcome the barriers of targeted nasal drug delivery. The
nasal spray deposition was evaluated in 10 3D-printed nasal
cavity replicas developed based on the CT-scans of five
pediatric and five adult subjects. Cromolyn sodium nasal
solution, USP, modified with varying concentrations of
hypromellose was utilized as a model nasal spray to evaluate the deposition pattern from formulations producing a variety of
plume angles. A central composite design of experiments was implemented using the formulation with the narrowest plume angle
to determine the patient-specific angle for targeting the turbinate region in each individual. The use of the patient-specific angle
with this formulation significantly increased the turbinate deposition efficiency compared to that found for all subjects using an
administration angle of 30°, around 90% compared to about 73%. Generally, we found turbinate deposition increased with
decreases in the administration angle. Deposition to the upper regions of the replica was poor with any formulation or
administration angle tested. Effective turbinate targeting of nasal sprays can be accomplished with the use of patient-specific
administration parameters in individuals. Further research is required to see if these parameters can be device-controlled for
patients and if other regions can be effectively targeted with other nasal devices.
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■ INTRODUCTION

Targeting nasal spray deposition in the nasal cavity has been a
long-standing issue but could significantly improve local,
systemic, and CNS delivery via this route. A major obstacle
for effective targeting of nasal deposition is the anatomy of the
nasal cavity itself. Nasal cavity geometries can have significant
variations between individuals based on factors such as age,
gender, and ethnicity. Given this variation, it is unclear whether
specific administration angles, spray formulations, and actuation
parameters, based on personalized or patient specific
parameters, may give rise to improved targeting within the
nasal cavity. This study evaluates the use of patient-specific
administration angles on targeting deposition within the nasal
cavity and variability between individual subjects.
Drug administration by the nasal route can lead to improved

local, systemic, and central nervous system delivery. The

relatively high surface area, vascularization, and ability to
mitigate the first-pass effect make the nasal route an effective
route of delivery for certain medications intended for systemic
delivery. Furthermore, the pathways for drugs to be directly
transported from the nasal cavity to the brain without crossing
the blood-brain barrier may overcome the limitations of other
routes of delivery. The regions of interest within the nasal
cavity for local and systemic delivery versus central nervous
system delivery are different and, therefore, can be enhanced by
selectively targeting the drug to its preferred site. The nasal
mucosa located in the turbinate region of the nasal cavity is
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richly vascularized with a relatively low barrier to drug
permeation, making it a relevant target for systemic drug
delivery.1−3 This mucosa is often referred to as the respiratory
region of the nasal cavity. The olfactory region of the nasal
cavity uniquely provides direct contact of neurons with the
external environment, which allows drugs to be directly
transported to the brain after targeting intranasal delivery to
this region compared to a more diffuse nasal delivery.4−6

However, targeting of the turbinates and the olfactory region is
hindered by the nasal valve, which is the region of the highest
airflow resistance located in the anterior portion of the nasal
cavity.7

To study nasal deposition mechanisms, several in vitro tests
have been developed using nasal cavity replicate models based
on the nasal cavities of various individuals. The nasal cavity
replicate model is a physical model designed to reflect the
anatomical features of the human nasal cavity. The use of these
models allows investigators to study drug deposition when
systematically controlling individual aspects of nasal delivery,
such as differences in inspiratory airflow rates, particles sizes,
and nasal spray velocities and plume angles.8−10 The develop-
ment of the nasal cavity replicas has often been derived from
medical images, such as CT-scans and MRI images, providing
an accurate representation of the nasal cavity. For this reason,
we chose to study nasal deposition using nasal replicate models
based on CT-scans that were manufactured by 3D printing,
however, instead of limiting our results to the findings from a
single nasal replicate model, we have developed 10 models
based on different individuals, including pediatric and adult
subjects. We utilized multiple casts representing different
patients in order to study patient-specific drug delivery as
well as the variability in deposition patterns between individuals
with different nasal geometries.
Targeting nasal deposition to a specific region of the nasal

cavity has been the focus of several previous studies, but they
are limited by the lack of testing in different nasal cavity
anatomies. Spray plumes with varying characteristics can be
developed by changing nasal spray formulations, actuation
parameters, and devices, and this allows for the investigation of
spray deposition.11,12 The influence that differing spray
characteristics have on nasal deposition patterns has been
reported by Cheng et al.13 Cheng et al. concluded that narrow
plume angles and smaller droplets promote deposition to the

turbinate regions.13 Foo et al. further supported turbinate
targeting by nasal sprays with narrow plume geometry angles.
However, this was only found to hold true at particular angles
of administration.10 Both Cheng et al. and Foo et al. were
limited to a nasal cast replica from a single individual. Guo et al.
studied nasal spray deposition patterns in a separate single nasal
cast reproduced from a human cadaver and found, to the
contrary, that a wider plume angle enhanced turbinate
targeting.14 These conflicting findings from nasal casts
developed from different individuals supports the need for
further research using different nasal cavities. One aspect of
targeted nasal delivery that has not been widely reported is the
influence of the variability between different individual’s nasal
cavity geometries on resulting outcomes. Swift et al. studied the
deposition of particles in an adult and a child nasal replica cast
and found differences in the deposition efficiency in the adult
compared to the child.15 The dimensions of the nasal cavity
increase with age and are, on average, larger in adult males
compared to females.16 Additionally, changes in nasal
deposition efficiencies can be influenced by the ethnicity of
the subject.17 All of these factors, gender, age, and ethnicity,
may influence the deposition patterns for targeting nasal drug
delivery systems. One method, reported by Liu et al. to address
the limitations of studying nasal deposition in a cast developed
from a single individual, was to standardize the nasal cavity
geometry by averaging several subject’s nasal cavities.18

However, the use of an average nasal cavity hides whether or
not targeting is preferred or hindered in a particular group of
subjects.
The purpose of this study was to determine if optimization of

the nasal deposition to the turbinates in each individual would
result in an overall higher targeting efficiency with decreased
variability. The decision to focus the study toward targeting the
deposition to the turbinate region opposed to the upper region
of the nasal cavity came from the results discussed in detail
below, showing poor upper region deposition from the tested
nasal sprays regardless of the administrationion angle or
formulation tested. We hypothesize that by determining the
patient-specifc angle that produced the highest turbinate
deposition efficiency, the average deposition in this region of
interest would be improved compared to all individuals being
limited to the same admininstration angle. First, to assess the
targeting and variability of nasal spray deposition, five pediatric

Table 1. Characteristics of the Nasal Replica Casts Included in This Studya,b

cast age gender areamin (mm2) lengthn−t (mm)

C1 12 female 258.3 75.9
C2 7 female 114.0 59.2
C3 7 female 217.2 59.8
C4 9 female 173.5 63.6
C5 14 female 299.2 69.0
C6 48 male 249.2 88.0
C7 33 male 279.3 86.7
C8 44 female 218.7 80.7
C9 48 male 249.3 86.0
C10 31 female 213.2 78.2

pediatric (n = 5) adult (n = 5)
age (yr) 9.8(3.1) 40.8(8.2)
areamin (mm

2) 212.4 (72.2) 242.0(26.8)
lengthn−t (mm) 65.5(7.0) 83.9(4.2)

aAreamin= minimum coronal cross-section area; lengthn−t= length from nostrils to the end of the turbinates. bAverages presented as mean (standard
deviation).
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and five adult nasal replica casts were developed and used for
deposition experiments with each individual cast receiving the
same actuation parameters. Cromolyn sodium was selected as
the model drug in the study to quantitate deposition within the
nasal cavity, since it is a solution nasal spray product indicated
for children and adults ages 2 years and older. Pediatric, as
defined in this study, means any subject less than the age of 18
years.

■ MATERIALS AND METHODS
Cromolyn sodium (>98% purity) was purchased from Letco
Medical (Decatur, USA). Cromolyn sodium nasal solution,
USP (Bausch and Lomb, Tampa, USA), was purchased from
38th Street Pharmacy (Austin, USA). Hydroxypropyl methyl-
cellulose E4M was kindly donated by The Dow Chemical
Company (Midland, MI). Disodium edetate dihydrate and
benzalkonium chloride 50% solution were purchased from
Sigma-Aldrich (St. Louis, USA).
Nasal Replica Casts. Ten anatomically accurate nasal

models were developed based on anonymized CT-scans
obtained from The University of Texas Health San Antonio.
The University of Texas Health San Antonio Institutional
Review Board determined that approval was not required for
the following study since it was not considered as human
research. Nasal models were developed by segmenting the nasal
cavity from the CT-scans in a 3D slicer (http://www.slicer.org)
according to automated and manual techniques to accurately
convert the coronal cross sections of the CT-scan into a 3D
model.19 The 3D model was printed by W. M. Keck Center for
3D innovation (El Paso, USA) using a Viper HA SLA system
(3D Systems Corp., Valencia, USA) with a build layer thickness
of 0.004 in. and a resolution of 0.010 in. using Somos
Watershed XC 11122 (DSM Somos, Elgin, USA) as the
material. Information available for each cast, including age,
gender, and geometric parameters, are reported in Table 1. The
measurements used to depict the geometric parameters of the
nasal cast replicas are presented in Figure 1. The minimum

cross-section area was determined using Fiji (https://imagej.
net/Fiji)21 by calculating the nasal cavity area in each slice of
the nasal cavity and selecting the minimum area value.
In order to quantitate the drug deposition in different regions

of the nasal casts, they were each divided into five separate parts
based on anatomy (Figure 2). The anterior portion of the nasal
cavity included the vestibule and the nasal valve area and was
defined as the region from the beginning of the nostrils to the
start of the inferior turbinate. The nasopharynx region, located
after the turbinates, was modified to fit the tubing to connect

the cast to a vacuum pump, allowing airflow through the nasal
replica casts. The turbinate region was divided into three
sections, the upper, middle, and lower sections. The upper
section of the turbinates included a large part of the superior
turbinates and the region associated with olfaction. The middle
and lower turbinate regions were then sliced such that they
could be accurately printed without loose artifacts not
connected to the cast divisions. Pins were placed on each
part to ensure proper alignment of the five separate parts.

Preparation of Cromolyn Sodium Nasal Spray
Formulations. Five aqueous nasal spray formulations were
tested in 95.5 μL VP7 spray devices (Aptar Pharma, Le
Vaudreuil, France) with increasing hypromellose content.
Cromolyn sodium nasal solution was transferred from its
original device to a VP7 spray device. Formulations with
hypromellose were prepared by dissolving disodium edetate
and benzalkonium chloride in a solution of either 0.1, 0.2, 0.4,
or 0.8% hypromellose E4M followed by dissolution of
cromolyn sodium at a concentration of 40 mg/mL.

Characterization of Cromolyn Sodium Nasal Spray
Formulations. Nasal solution viscosity was measured in an
AR-G2 rheometer (TA Instruments, New Castle, USA) using
cone−plate geometry with a radius of 40 mm and an angle of
1° 59′31′′ operated in continuous flow mode with shear rates
from 1 to 50 s−1 at 20 °C. The viscosity of each formulation
was tested three times. The droplet size from the sprays was
measured with a Malvern Spraytec (Malvern Instruments,
Malvern, UK). The spray device tip was placed at 4.5 cm below
the center of the laser beam and actuation was performed using
a MightyRunt automatic actuator (InnovaSystems, Inc.,
Moorestown, USA). The selection of the actuation settings
was chosen based on average actuation parameters for adults
reported by Doughty et al.20 The actuation force was 5.8 kg, the
force rise time was 0.3 s with a hold time of 0.1 s, and the force
fall time was 0.3 s. The droplet size was taken as the average of
three separate sprays. Spray actuation was performed in a
compartment with walls lined with black-flocked paper
(Thorlabs, Inc., Austin, USA). The same actuation parameters
used for the droplet size analysis were used for the plume
geometry angle measurements. The plume was visualized using
a laser sheet aligned at the center of the spray device. The
emitted plumes were captured using a camera at around 350
frames/second. Image analysis of the plume and curve fitting
measurements were performed using Fiji.21 All of the captured
frames including the plume were compiled together and then
processed in the same manner to define the boundaries of the

Figure 1. An example of the nasal geometry measurements obtained
for comparison between the 10 nasal casts. The length of the nasal
cavity (A) and the minimum coronal cross-section area (B).

Figure 2. An illustrative example of the anatomically correct nasal cast.
Nasal cast models were developed based on CT-scans of patients (left)
followed by 3D printing (right). The casts were segmented into five
different sections (A = anterior, U = upper turbinate region, M =
middle turbinate region, L= lower turbinate region, and N =
nasopharynx) to quantitate the deposition pattern within the nasal
cavity.
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plumes accurately. The boundaries of the plumes were output
as Cartesian coordinates, and the left and right boundary points
were separately fit to a linear curve. The plume geometry was
determined by calculating the angle formed between the two
curves based on the slopes of the two lines. The plume
geometry angle was measured five times for each formulation.
Deposition with the Nasal Replica Casts. Actuation of

the nasal sprays in the nasal casts was performed with the same
actuation settings as described in the Characterization of
Cromolyn Sodium Nasal Formulations Section. The nasal
sprays were inserted into the nasal casts with an insertion depth
of 5 mm. The nasal casts were maintained upright without any
forward or backward tilting for each of the experiments. The
angle of the nasal spray was controlled by adjusting the angle of
the automated actuator with the use of a 360° vice (PanaVise,
Reno, USA). In order to test the effect of inspiratory airflow on
the deposition of the spray within the nasal cavity, the casts
were assembled and attached to a vacuum pump, which drew
air at 0, 10, or 60 L/min through the casts, and was performed
with the commercial cromolyn sodium nasal formulation.
Differences in deposition based on nasal spray formulation
were studied at a nasal spray actuation angle of 60° from
horizontal in the sagittal plane and 0° in the coronal plane with
one spray in each nostril and without nasal airflow. The effect
of nasal administration angle on the deposition within the casts
was assessed with the 0.8% hypromellose E4M cromolyn
sodium nasal solution formulation at an angle of 30, 45, 60, and
75° from horizontal in the sagittal plane without airflow. The
coronal angle was maintained at 0° for these experiments.
The patient-specific angle for each cast was determined by

using a central composite design of experiments. Each of the
experiments in the design was tested with the 0.8%
hypromellose E4M cromolyn sodium nasal solution and with
a single actuation in the left nostril of each cast at each
experimental condition. The output variable measured was the
percent of cromolyn sodium detected in the turbinate region.
The inputs studied were the coronal plane and sagittal plane
angles of administration of the nasal spray device (Table 2).
The range of the sagittal plane angles tested in each cast was
selected based upon the angle associated with the highest
turbinate efficiency found in the previous experiments testing

the effect of administration angle on deposition. The central
composite design was developed with an axial value that
allowed the design to be rotatable and contained three central
points. Central composite designs are a form of a response-
surface design and allow estimation of curvature by the addition
of axial points, often selected past the boundaries of the
experiment. The matrix of the generated central composite
design is depicted in Table 3. The statistical design of the

experiment was generated and analyzed by standard least-
squares regression using JMP Pro 13 (SAS Institute, Inc., Cary,
USA). The predicted angle for each cast that maximized the
turbinate deposition efficiency was tested and considered the
patient-specific angle.
Quantification of the cromolyn sodium deposition within the

nasal casts was accomplished by disassembling the casts into
their five individual parts and then washing each part with 5 mL
deionized water. The concentration of cromolyn sodium from
the obtained wash was analyzed by UV absorbance at a
wavelength of 326 nm. The limit of quantification of cromolyn
sodium was 6.25 μg/mL, which corresponds to 0.164% of a
single actuation. The percentage of cromolyn sodium deposited
in the turbinate region was calculated from the addition of the
amount measured in the upper (U, Figure 2), middle (M,
Figure 2), and lower turbinate (L, Figure 2) regions divided by
the total amount of cromolyn sodium measured.

Table 2. Independent Factor Ranges Tested in the Central Composite Design of Experiments

Table 3. Example Matrix of the Central Composite Design
Experimental Run for One of the Nasal Replica Casts

run number pattern sagittal angle coronal angle

1 −− 30 0
2 −+ 30 20
3 +− 45 0
4 ++ 45 20
5 a0 26.9 10
6 A0 48.1 10
7 0a 37.5 −4.1
8 0A 37.5 24.1
9 00 37.5 10
10 00 37.5 10
11 00 37.5 10
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Statistical Analysis. Statistical analysis of the results was
performed in JMP Pro 13. Significant results between multiple
groups were performed by ANOVA when no differences in
variation were apparent. Otherwise, Welch’s ANOVA test was
used. Multiple comparison tests used included the Tukey−
Kramer method for comparing all means or Dunnett’s test
when comparing against a control. A p value of less than 0.05
was considered significant for all statistical tests. Data are
presented as the mean ± the standard deviation. Error bars in
the figures depict the standard deviation.

■ RESULTS

Characterization of Nasal Formulations Developed
Using Different Hypromellose E4M Concentrations. The
resulting viscosities of the cromolyn sodium nasal spray
formulations with increasing content of hypromellose E4M is

presented in Figure 3. As the amount of hypromellose E4M
increased, so did the resulting viscosity range, from 1 to about
53 cP. The formulations behaved as Newtonian liquids across
the tested shear rates from 0 to 50 s−1, as evident by a linear
increase in shear stress (data not shown).
The increase in viscosity resulted in a respective increase in

the measured droplet size and a decrease in the plume angle.
The Dv50 is presented in Figure 3. Similar trends were
observed for the Dv10 and Dv90 of the droplet size
distributions (data not shown). Particle size analysis results
for the 0.4% hypromellose and 0.8% hypromellose formulations
are presented in Figure 3. These measurements were obtained
using laser diffraction analysis and are limited by the
observation that the resulting plume was a stream rather than
a diffuse plume of droplets.

Figure 3. Characterization of nasal spray formulations and spray performance from nasal sprays with increasing hypromellose content. Values
presented as the mean ± the standard deviation.

Figure 4. Percentage of cromolyn sodium deposited in the anterior, turbinate, and upper turbinate region from 10 nasal casts with changes in the
administration angle after administration with 0.8% hypromellose cromolyn sodium nasal spray. Error bars depict the standard deviation.
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The increase in viscosity resulted in narrower plume angles
ranging from about 48 to 24°. The plume geometry angle
results from five individual sprays are presented in Figure 3,
alongside an illustrative example of the analyzed nasal spray
plume for each formulation. Comparison of the resulting plume
geometry angles by ANOVA with a post hoc Tukey−Kramer
method test indicated that all plumes were significantly
different (p value < 0.05) from each other, except that between
the cromolyn sodium nasal solution, USP, and 0.1%
hypromellose cromolyn sodium formulation and between the
0.4% hypromellose and 0.8% hypromellose formulations.
Deposition Patterns of Nasal Sprays in 3D-Printed

Nasal Casts: Effect of Hypromellose Concentration. The
turbinate and upper turbinate region deposition efficiencies
were evaluated at flow rates of 0, 10, and 60 L/min with the
cromolyn sodium nasal solution, USP formulation. Neither 10
nor 60 L/min produced a significantly different percentage of
cromolyn sodium deposition in the turbinate or upper turbinate
region deposition compared to that without flow (data not
shown). For this reason, subsequent experiments were
performed without any added airflow.
The deposition of nasal spray formulations, as a function of

plume geometry angle, was tested by adjusting the concen-
tration of hypromellose in each of the evaluated nasal spray
formulations. When looking at the average deposition in all 10
casts with the formulations containing between 0.0 and 0.8%
hypromellose, we found no statistically significant differences in
the anterior, turbinate, or upper turbinate region deposition.
The lack of a significant difference was due to variability in the
results, as the effect of increasing hypromellose concentration
on the turbinate deposition differed between individuals. In cast
C1 for example, the turbinate deposition efficiency with the
0.1% hypromellose formulation was 15.6 and 14.9% with the
0.8% hypromellose formulation, showing a marginal decrease in
the turbinate deposition. The cast C4 had much larger increases
in the turbinate deposition, from 38.8 to 62.7% with the 0.1 and
0.8% hypromellose formulation, respectively. Additionally,
when comparing the averages from all of the casts, no
significant differences in the upper turbinate region deposition
were observed. The maximum upper region deposition was
observed for the 0.8% hypromellose formulation with only 2.2
± 3.8% cromolyn sodium deposition.
Deposition Patterns of Nasal Sprays in 3D-Printed

Nasal Casts: Effect of Administration Angle. The effect of
the administration angle differences on the turbinate and upper
turbinate region deposition efficiencies measured using the
0.8% hypromellose cromolyn sodium nasal spray solution is
depicted in Figure 4. With an increase in the administration
angle from 30 to 75°, there was a corresponding decrease in the
percentage of cromolyn sodium deposited in the turbinate
region, from 72.9 ± 12.4 to 10.6 ± 9.3%. No significant
differences in the upper turbinate region deposition were
observed with increases in the administration angle. Addition-
ally, these results were found to be highly variable with only
some casts achieving any detectable cromolyn sodium
deposition in this region.
Determination of Patient-Specific Angles and Their

Effect on Turbinate Deposition. The central composite
design of experiments was conducted for each cast to determine
the optimal administration angle that maximized the percentage
of cromolyn sodium deposited in the turbinate region of the
nasal cavity after administration with a narrow plume angle
formulation, the 0.8% hypromellose cromolyn sodium nasal

spray. The administration angle which optimizes turbinate
delivery in each individual cast is hence forth referred to as the
patient-specific angle. The design space for the sagittal-plane
and coronal-plane angles used in each cast is presented in Table
2. The results of the experimental design study are presented in
Table 4, depicting the patient-specific angle found for each

subject along with the predicted and observed percentage of
cromolyn sodium deposited in the turbinate region with the use
of the patient-specific angle.
The use of personalized nasal drug delivery with the

incorporation of a patient-specific angle for each patient
resulted in significantly higher turbinate targeting when
compared to any of the previously tested administration angles
by ANOVA with a post hoc Dunnett’s test using the patient-
specific angle as control, increasing the % deposited in the
turbinate region from 72.9 ± 12.4% found for the 30°
administration angle to 90.5 ± 8.3% with patient-specific
angles. The average of the turbinate deposition between the 10
individual casts is presented to facilitate statistical comparisons
of the extent and the variability in the deposited amounts when
an individualized approach is used compared to administering
the nasal spray to all of the casts in the same manner. Table 5
shows the turbinate deposition efficiency in each individual
with changes in the administration angle. The patient-specific
angle resulted in a higher turbinate deposition efficiency for
each individual except one, C6 whose turbinate deposition
values were relatively similar using the patient-specific angle or
the 30° from horizontal administration angle. When comparing
the data further for differences in the effect of patient-specific
angles on the tested pediatric and adult casts, we found
significantly lower variance in turbinate efficiency with the
patient-specific angles compared to any of the previously tested
administration angles in the pediatric casts. However, in the
adult casts, we did not observe any differences in the variance
(Figure 5). The angles of administration which presented a
significant difference in turbinate deposition compared to the
patient-specific angle were found to be different when
separately comparing the pediatric and adult casts. Adequate
comparison of the turbinate deposition efficiencies between the
patient-specific angle of administration and 30 or 60° in the
adult casts was constrained by low statistical power due to the

Table 4. Resulting Optimal Angle from the Central
Composite Design of Experiments for Each Cast as well as
the Predicted Turbinate Deposition Using the Patient-
Specific Angle from the Design of Experiments Compared
with the Experimentally Observed Result Using the 0.8%
Hypromellose Cromolyn Sodium Nasal Spray

patient-specific angle

cast
coronal
angle

sagittal
angle

predicted turbinate
deposition

observed turbinate
deposition

C1 20.0 30.0 102.5% 97.1%
C2 20.0 34.4 100.6% 93.8%
C3 20.0 35.0 102.7% 97.8%
C4 20.0 35.0 112.7% 97.0%
C5 15.7 30.0 84.9% 95.8%
C6 18.5 35.3 100.5% 86.9%
C7 14.7 35.0 91.2% 75.7%
C8 0.0 35.0 94.4% 81.5%
C9 10.3 35.0 77.4% 81.4%
C10 14.0 35.0 99.4% 97.7%
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variation in the results found for the adult casts. No significant
differences in the turbinate deposition efficiency using the
patient-specific angle were found between the pediatric and
adult groups in the current study. A significant difference in
turbinate deposition efficiency between pediatric and adults was
found when using the 60° administration angle with the 0.8%
hypromellose cromolyn sodium nasal spray.

■ DISCUSSION
Patient-Specific Nasal Administration Improves Tur-

binate Targeting. The present study shows the utility of
patient-specific administration parameters to increase the
turbinate targeting efficiency of a nasal spray with a narrow
plume angle, as evident by the significant increase in turbinate
deposition efficiencies from patient-specific administration
angles compared to any other angles tested in the 10 tested
casts. Interestingly, the increase in the turbinate deposition was
associated with a decrease in variability compared to the tested
comfortable use position, 60° administration angle. Inter-
individual variability in nasal drug delivery and deposition
efficiencies have been observed for subjects of different ages
and disease states and other conditions resulting in changes to
the anatomical features of the nasal cavity, such circadian
patterns and local inflammation. The influence of anatomical
variations between individual has been shown to explain
differences in nasal cavity depositions.22−24 The turbinate
deposition found at an administration angle of 30°, the angle
which resulted in the highest turbinate deposition without

patient-specific parameters, ranged between 46.4 and 87.9%,
while when patient-specific angles were used the range
decreased to between 75.7 and 97.8%, which further supports
the improved targeting of delivery with patient-specific
administration angles. Personalized medicine is currently a
rapidly expanding field of research. Research in personalized
therapeutics and a shifting paradigm away from the “one
therapy treats all” and instead focusing treatments for the
individual patients are increasing.25 For years, personalized
medical devices have been used for dental procedures, such as
braces and Invisalign, due to the differences among individual’s
teeth. Personalized medical devices have also been used in
other medical fields as well, such as joint replacement. Since the
nasal cavity geometries differ between individuals just as joints
and mouths do, patient-specific nasal drug delivery has the
potential to improve deposition from nasal devices in the nasal
cavity.
The effect of administration angles, including the individu-

alized patient-specific angle, was only evaluated using the
formulation which resulted in a relatively narrow plume angle,
the 0.8% hypromellose cromolyn sodium nasal spray. The
rationale for using this formulation for testing was based on
previous literature by Foo et al. and Cheng et al. that teaches
toward using narrower plume geometry angles for targeting the
turbinate regions. Many current commercial products do not fit
the bill for patient-specific delivery, as they are less sensitive to
changes in the administration angle and less effective at having
higher turbinate deposition due to their relatively larger plume
geometry angles.10,13

Inhalation Air Flow Had No Significant Effect on the
Deposition Pattern. Before we determined the patient-
specific angles for each subject, we characterized nasal spray
deposition from formulations of increasing viscosity and at
various administration conditions in our set of 10 nasal casts to
compare to previous studies completed in vivo and in single
nasal casts. The actuation parameters controlled by the
automatic actuation device can significantly influence the
spray characteristics.11,26 To provide results that would be
relevant to human actuation of nasal sprays, the actuation
settings determined by Doughty et al. were used in this study.20

Doughty et al. reports both average actuation settings for
pediatrics and adults; however, only the actuation settings for
adults were used in this study as we found the shot weight was
not reproducible for the higher viscosity formulations using the
pediatric settings (data not shown). The influence of
inspiratory airflow on the deposition of the nasal sprays was

Table 5. Turbinate Deposition Efficiency in Each Individual Cast Using 0.8% Hypromellose Cromolyn Sodium Nasal Spray at
Different Administration Anglesa

turbinate deposition efficiency (%)

cast identification patient-specific angle (coronal/sagittal angle) patient-specific angle 30° 45° 60° 75°

C1 (20.0/30.0) 97.1% 73.0% 63.6% 14.9% 6.9%
C2 (20.0/34.4) 93.8% 85.8% 62.9% 79.2% 14.4%
C3 (20.0/35.0) 97.8% 76.8% 89.8% 76.9% 10.9%
C4 (20.0/35.0) 97.0% 69.9% 78.8% 62.7% 19.9%
C5 (15.7/30.0) 95.8% 81.7% 67.1% 56.0% 24.0%
C6 (18.5/35.3) 87.0% 87.9% 77.3% 16.7% 0.0%
C7 (14.7/35.0) 75.7% 46.4% 55.0% 9.6% 8.1%
C8 (0.0/35.0) 81.5% 62.9% 71.5% 17.0% 0.0%
C9 (10.3/35.0) 81.4% 65.5% 67.6% 44.4% 22.1%
C10 (14.0/35.0) 97.7% 79.5% 83.3% 38.7% 0.0%

aResults are from a single administration into the left nostril of each individual cast.

Figure 5. Comparison of turbinate deposition efficacy in pediatric (n =
5) and adult (n = 5) nasal casts using 0.8% hypromellose cromolyn
sodium nasal spray at consistent angles of administration or with the
use of the patient-specific angle. Error bars represent the standard
deviation. *p value < 0.05; ** p value < 0.001.
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evaluated to determine if a particular airflow influenced the
targeting of the nasal spray to either the turbinate or upper
turbinate region of the nasal cavity. The airflows of 10 and 60
L/min were selected to simulate shallow breathing and forceful
sniffing during actuation. The rationale for selecting 10 L/min
originated from Guo et al.,14 who found a higher deposition of
a low viscosity nasal spray in the upper region of the nasal
cavity with 10 L/min airflow compared to 0 or 20 L/min. The
only formulation tested in this study was the commercial
cromolyn sodium nasal solution, USP in the VP7 pump, as this
formulation was shown to have to the smallest droplet size of
the tested formulations, which would be influenced the most by
the changes in the airflow. The present study found no
difference in the turbinate or upper region deposition with the
different airflows compared to no flow. Foo et al.10 reported
similar findings, changes in the inspiratory flow had no
significant effects on the turbinate deposition efficiency.
Effect of Plume Geometry Angle on Deposition

Efficiencies. The influence of the plume geometry angle on
the targeting of the nasal spray was evaluated by altering the
concentration of hypromellose in the cromolyn sodium nasal
sprays to produce formulations of increasing viscosity and
decreasing plume angle. Previous literature has shown increased
turbinate deposition with formulations and devices which
produce narrower plume angle.10,13,27 The present study
studied the effects of the different formulation nasal sprays
on deposition under normal use conditions at a 60°
administration angle. This administration angle was selected
based on the reports by Kimbell et al. stating that comfortable
use of nasal sprays is limited to angles between 55 and 75°.28

Furthermore, this was the same angle of administration used by
Xi et al. to quantitate olfactory delivery by nasal sprays, allowing
us to assess both the targeting to the turbinate as well as the
upper turbinate region with the different formulations.29 No

differences were found between the formulations for the
turbinate or upper region deposition at this particular
administration angle. With any of the formulations tested
using the normal use administration angle (e.g., those angles
between 55 and 75°), average turbinate deposition did not
exceed 50%. Targeting nasal sprays to the posterior regions of
the nasal cavity cannot be overcome with changes in the
formulations alone. This further supports the need for nasal
delivery systems to control the administration parameters for
patients outside the traditional comfortable use angles when the
goal of the nasal spray is to target the delivery to the turbinates.

Effect of Administration Angle on Deposition
Efficiencies. The effect of the changes in the administration
angle on the nasal deposition pattern was studied to assess
which angles provided the highest average turbinate and upper
turbinate region targeting. The results were also used to
determine, for each cast, the range of angles which improved
targeting to these regions for use in the response surface design
of experiments. As the angle of administration decreased from
75 to 30°, we found an increase in the percentage of cromolyn
sodium in the turbinate region. The 75° administration angle
led to near-complete deposition in the anterior region. We
limited our study to a minimum angle of 30° because
administration below this angle required either decreasing the
insertion depth or flexibility of the nostrils, which was not
possible with the current 3D-printed material. The use of
subject specific sagittal angle ranges in the central composite
design originated from the observations in this experiment; that
some individuals resulted in higher turbinate deposition
efficiencies at a 45° administration angle and others at the
30° administration angle.

Effect of Anatomical Variables on Deposition Effi-
ciencies. Optimization of drug delivery to the turbinate region
using patient-specific angles was superior to all individuals using

Figure 6. Comparison between the percentage of cromolyn sodium deposited in the nasal region using 0.8% hypromellose cromolyn sodium nasal
spray and geometric factors from the nasal casts. Correlation between the turbinate deposition and the minimum cross-sectional area of the nasal
casts, areamin, using patient-specific administration angles (A). Correlation between the turbinate deposition and the length of the nasal casts,
lengthn−t, using patient-specific administration angles (B). Correlation between the turbinate deposition and the minimum cross-sectional area of the
nasal casts, areamin, using the comfortable use administration angle of 60° (C). Correlation between the turbinate deposition and the length of the
nasal casts, lengthn−t, using the comfortable use administration angle of 60° (D).
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the same angles, however, variability in the turbinate deposition
was still observed. The differences in the turbinate deposition
efficiencies between individuals after optimization was further
evaluated by correlating the deposition with the anatomical
features presented in Table 1. The minimum cross-sectional
area quantitatively represents the nasal valve area in each
individual. The nasal valve area is the region of the highest
resistance to airflow in the nasal cavity and is a significant
barrier for nasal drug formulations to penetrate into the nasal
cavity to their targeted tissue.30 The minimum cross-sectional
area in each individual was correlated with the optimized
turbinate deposition efficiencies produced by the patient-
specific angle to assess if the differences in deposition were
related to the size of the nasal valve region. Interesting, as
depicted in Figure 6A, no correlation was observed between
these two variables. The differences in the minimum cross-
sectional area between the individuals had no observable
influence on the turbinate deposition when the patient-specific
angle was being tested. The optimization of the administration
angle to target the turbinate region would be expected to
decrease the influence of the nasal valve region area on the
turbinate deposition efficiency as the angle of the device is
optimized to minimize impaction with this region delineating
between the anterior and posterior sections of the nasal cavity.
This is supported by the decrease in the coefficient of
determination between the patient-specific angle and the use
of the comfortable use angle, 60° (Figure 6A,C). Interestingly,
the correlation between the turbinate deposition efficiency and
the minimum cross-sectional area remained low even when the
comfortable use administration angle was used. This evidence
supports that improved turbinate targeting with lower
administration angles compared to that of the comfortable
use position is predominantly influenced by the structure of the
nasal valve area and the nasal cavity rather than the size of the
nasal valve opening.
The length of the nasal cavities of each individual was plotted

against the turbinate deposition efficiency to evaluate if the
differences in deposition could be explained based on the sizes
of the nasal cavities. Figure 6B,D depicts the influence the
length of the nasal cavity has on the percentage of drug
deposited in the turbinate region. A strong correlation was
observed between the two variables. In each of the experiments,
the insertion depth of the nasal device was maintained constant
regardless of the size of the nasal cavity. We speculate that the
observed decrease in the turbinate deposition with increasing
length of the nasal cavity may be due to the differences in the
device position relative to their distance away from the
turbinate region.
Targeting the Upper Posterior Region with Nasal

Sprays. The original purpose of this study was to study the
effect of patient-specific angles for the targeting of nasal sprays
to both the turbinate and the upper turbinate regions of the
nasal cavity. We hypothesized that a nasal spray with a narrow
plume at the optimized administration angle would improve the
amount of nasal spray delivered to the upper turbinate region
for targeted CNS drug delivery. However, in agreement with
studies performed by Foo et al. and Xi et al., we found nasal
sprays to be an inadequate device for efficient upper nasal cavity
delivery.10,29 In addition to the nasal valve, the upper region
drug delivery is hindered by the inferior and middle
turbinates.30 The highest average upper region deposition was
found for the 75° administration angle but was only detected in
three of the 10 casts. The angle that produced deposition in the

greatest number of cast’s upper regions was at an angle of 60°,
detecting the drug in 6 of the 10 casts. Some of the casts never
exhibited any upper region deposition at any angle tested, and
therefore efforts to determine the optimal angle for targeting
the upper turbinate region were not performed.

Limitations of the Study. One of the limitations of this
study is the relatively limited number of subjects studied. For
this reason, any conclusions we could draw between pediatric
and adults or male and females cannot be made, as a large
enough population that resembles the general population was
not available for testing. The anatomical accuracy of 3D-printed
nasal casts is limited by the CT-scans and printing materials
used in the study. Kelly et al. as well as Schroeter et al. have
reported the significant effects of surface smoothness on the
deposition of ultrafine and micron (0−20 μm) sized particles in
nasal models.31−33 The effect of these differences on nasal spray
deposition has not yet been shown but could result in some
differences between nasal cast results and those found in vivo.
However, as the deposition pattern with the nasal sprays was
not affected by the airflow in the casts, it is unlikely that the
differences in surface smoothness affects the deposition of nasal
sprays in 3D-printed nasal cast replicas. An additional limitation
of using 3D-printed nasal casts based on medical image, is that
it is a snapshot of the individual’s nasal cavity at the time of
imaging. Around 80% of individuals observe cyclic changes in
the congestion and decongestion between their nasal passages,
referred to as the nasal cycle.34 The influence of changes in
nasal patency due to disease states and the nasal cycle on the
patient-specific angle presents an opportunity for future
research. The present study uses a design of experiments
approach to determine the optimal administration angle for a
single nostril in each cast. The nasal cavity is noticeably
different between nostrils of a single individual cast, which
could result in a different optimal administration angle for each
nostril of the same patient. The decision to focus the research
on a single nostril was made to provide a straightforward
comparison between a personalized administration approach
and one in which all casts are treated the same.

Future Directions for Research. Future research is
required to determine if the benefits of patient-specific nasal
drug delivery found for turbinate targeting of nasal sprays
translates to other targeting nasal devices for targeting both the
turbinate and olfactory region of the nasal cavity. In the present
study, the optimal angle for each subject was determined with
the use of a response surface design of experiments. Currently,
we have found no evidence before this article to encourage
research into personalizing administration parameters for the
nasal route of delivery. The use of a design of experiment
approach after 3D printing a nasal cast may not be a viable
approach for the treatment of every disease using nasal therapy.
However, for particularly serious medical indications (e.g.,
oncology and severe neurological disorders), the time and
resources for the completion of this process are warranted.
Further study is required to determine if the optimal angle can
be predicted based on attributes of the patient’s nasal cavity
geometry without the need for experimental determination.
This study’s conclusions further support the importance of
controlling the administration angle for targeted nasal delivery.
Research must be dedicated to developing devices that remove
the burden of administration parameters from the patients.
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■ CONCLUSIONS
In conclusion, the use of patient-specific angles improves the
targeting efficiencies of nasal sprays to the turbinate region.
Nasal cavity geometries intuitively vary between individuals, age
groups, and ethnicities, and then the optimal angle for each
individual to target the drug delivery past the nasal valve area
differs for each individual as well. The optimal angle for
targeting the turbinate region in the left nostril was found in 10
separate casts, and the deposition patterns were compared
between using the patient-specific angles and all casts using the
same angle to demonstrate the enhanced targeting using the
patient-specific administration angles. The increase in deposi-
tion targeting provided by using individualized administration
parameters may be of particular use in emerging therapeutics
with medications indicated for life-threatening diseases as well
as those with a narrow therapeutic index.
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