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ABSTRACT

Conductive olfaction and nose to brain drug delivery are important processes that remain limited by inadequate
odorant or drug delivery to the olfactory airspace. Primary challenges include anatomic barriers and poor tar-
geting to the olfactory region. This study uses computational fluid dynamics to investigate the effects of nasal
midvault surgery on olfactory drug delivery with intranasal sprays. Soft tissue elevation, spreader flaps, and
spreader grafts were performed on two fresh cadaveric specimens, using computed tomography for airway
reconstruction. Nasal airflow and drug particle transport simulations were performed under these conditions:
inhalation rate (15, 30 L/min), spray velocity (1, 5, 10 m/s), spray location (top, bottom, center, medial, lateral),
head position (upright, supine, forward, backward), and particle size (1-100 um). Simulation results were used to
calculate drug particle deposition to the olfactory airspaces and bulbs. Total olfactory deposition was < 5% but
attained a maximum of 36.33% when sorted by particle size. There was no association between nasal midvault
surgery and olfactory deposition. No single parameter or technique demonstrated superior olfactory deposition,
but smaller particle size, slower spray velocity, and higher inhalation rate tended to optimize olfactory depo-
sition, providing important implications for future intranasal spray and drug design to target the olfactory

airspace.

1. Introduction

Conductive olfaction and nose to brain drug delivery are two
important processes that share the challenge of drug particle delivery to
the olfactory airspace. While olfactory dysfunction has recently been
linked to poorer quality of life and increased morbidity (Athanassi et al.,
2021; Croy et al., 2014; Gopinath et al., 2012; Kohli et al., 2016; B. Liu
et al.,, 2019), nose to brain (N2B) drug delivery has been shown to
provide access to the central nervous system while avoiding systemic
toxicity and bypassing the blood brain barrier (Jeong et al., 2023; Keller
et al., 2022; Trevino et al., 2020; Z. Wang et al., 2019). Thus, under-
standing the mechanisms behind these processes has been of growing
research interest.

During conductive olfaction (CO), odorant molecules are transported
from the nasal vestibule through the complex anatomy of the nasal
cavity into the olfactory airspace where they bind to specialized neurons
of the olfactory epithelium (Choi & Goldstein, 2018). During N2B drug
delivery, a similar process occurs, but upon reaching the olfactory

airspace, drug particles have the additional option of traveling along one
or more proposed pathways to reach the brain. Direct routes include
drug transfer (1) directly along neurons of the olfactory nerve through
the cribriform plate, (2) through olfactory epithelial cells at the pe-
riphery of the olfactory nerve, and (3) via diffusion, carrier-mediated
transport, or other cellular and paracellular mechanisms (Jeong et al.,
2023; Trevino et al., 2020). Indirect routes are thought to play a smaller
role, as these mechanisms suffer from the same limitations of systemic
circulation (Jeong et al., 2023).

Despite multiple potential routes to the brain, N2B drug delivery
remains hampered by anatomic challenges and absorptive barriers. Ef-
forts to improve the reliability of N2B delivery have focused on
improving delivery devices (e.g., intranasal sprays), drug formulations
(e.g., emulsions, mucoadhesive formulations), and drug bioavailability
(e.g., permeation enhancers, nanocarriers). Overall, some preliminary
studies have been promising, but there is a consensus that inability of
sufficient drug particles to reach the olfactory airspace remains a pri-
mary challenge (Jeong et al., 2023; Trevino et al., 2020; Yokel, 2022).
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Nose-to-Brain Interface

Fig. 1. Schematic of nose-to-brain (N2B) drug delivery using intranasal sprays. Drug particles enter the central nervous system via the nose-to-brain interface.
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Fig. 2. Example of left nasal cavity model after soft tissue elevation (STE) is shown in A, with anatomic regions of interest labeled: olfactory airspace and olfactory.
Effects of nasal midvault reconstruction on left and right anterior nasal anatomy are shown in B, for soft tissue elevation (STE), spreader graft (SG), and spreader

flat (SF).

During normal respiration, drug particles are thought to predomi-
nantly travel along respiratory airflow streamlines. Previous studies
using computational fluid dynamics modeling have found these airflow
streamlines and patterns to be heavily dependent on global as well as
locoregional nasal anatomy (Brandon et al., 2020; Farzal et al., 2019;
Frank-Ito et al., 2019; Lee et al., 2009; Li et al., 2021; Moghaddam et al.,
2020), of which the anterior nasal cavity (i.e., nasal vestibule) and nasal
midvault are especially important (Garcia et al., 2010; Na et al., 2022;
Shadfar et al., 2014; Sicard & Frank-Ito, 2021; T. Wang et al., 2016).
However, the effects of nasal anatomy on drug delivery—particularly to
the olfactory region—remain poorly characterized. As surgical correc-
tion of the anterior nasal cavity and nasal midvault via septoplasty,
inferior turbinate reduction, and rhinoplasty are known to improve
nasal airflow and relieve nasal obstruction, these anatomic changes are
likely to affect drug delivery as well. Intranasal sprays additionally
introduce a multitude of factors that can affect drug delivery, including

but not limited to nasal spray angle, spray release velocity, and patient
position during administration (Basu et al., 2020; Gao et al., 2020;
Popper et al., 2022; Schroeter et al., 2006; Xi et al., 2016). An improved
understanding of the effects of nasal anatomy and intranasal spray
technique on drug delivery to the olfactory airspace (as shown in Fig. 1)
could allow for improved intranasal spray device design, refined patient
education for optimal spray technique, and individualized assessment of
the likelihood of success with topical therapy as well as options for
surgical intervention.

This study aims to use computational fluid dynamics to (1) charac-
terize the effects of nasal anatomy on drug particle deposition to the
olfactory airspace using two well established midvault nasal recon-
struction techniques (spreader grafts and spreader flaps) as a model for
controlled variations in nasal anatomy, and (2) identify optimal intra-
nasal spray parameters for targeting drug particles to the olfactory
airspace.
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Fig. 3. Schematic of all parameters for particle deposition simulations. All
combinations of parameters were tested.
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2. Materials and methods
2.1. Nasal midvault reconstruction and imaging

Two fresh frozen cadaveric specimens were included in the study
(United Tissue Network, Norman, OK, USA). These specimens had no
known history of head or neck cancer, trauma, or prior surgery. Tissue
preparation was performed using established methods to remove airway
debris and rehydrate the nasal mucosa (Coan et al., 2009). In brief,
frozen specimens were defrosted to 65° F and nasal passages were
sequentially irrigated with water, rehydrated with isotonic saline, and
dried with compressed air (Avashia et al., 2023). For each specimen, a
series of three procedures were performed sequentially followed by
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computed tomography (CT) scan after each procedure. These three
procedures were soft tissue elevation (STE) to establish a control for the
effects of soft tissue manipulation, spreader grafts (SG), and spreader
flaps (SF).

STE was first performed with an open rhinoplasty approach using
marginal and transcolumellar incisions. The superficial muscu-
loaponeurotic system (SMAS) was identified, and the soft tissue enve-
lope was elevated to the nasal bones in a sub-SMAS plane. The soft tissue
was then re-draped and the skin sutured closed. At this point, CT scan
was obtained with the STE stage completed.

SG was then performed using fresh frozen 2 mm cartilage sheet al-
lografts (MTF Biologics, Edison, NJ, USA). These grafts were trimmed to
the length of the nasal midvault, as measured from the anterior septal
angle to the caudal tip of the nasal bones. The skin was reopened, upper
lateral cartilages and dorsal septum were exposed, and the grafts were
secured 1 mm below the dorsal septum using two interrupted horizontal
mattress 4-0 polydioxanone (PDS) sutures bilaterally. The upper lateral
cartilages were then placed over the grafts and sutured to the septum.
Soft tissue was re-draped, the skin sutured closed, and CT scan obtained
with the SG stage completed.

Lastly, SF was performed. The skin was reopened, the upper lateral
cartilages were freed from the septum, and the cartilage grafts were
removed. The medial margins of the bilateral upper lateral cartilages
were folded inferiorly thus creating spreader flaps and secured using two
interrupted horizontal mattress 4-0 PDS sutures. The soft tissue was re-
draped, the skin sutured closed, and CT scan once again obtained with
the SF stage completed.

2.2. Airspace reconstruction

CT images after each procedure were imported into Avizo Lite™
9.5.0 (Thermo Fisher Scientific, Waltham, MA, USA) to generate three
dimensional reconstructions of the nasal airspaces. Using previously
established methods, the nasal airspaces were segmented using the
appropriate thresholds with manual tune-up as appropriate (Avashia
et al.,, 2023; Popper et al.,, 2022; Sicard & Frank-Ito, 2021). Three
dimensional models were imported into ICEM-CFD™ 19.0 (ANSYS,
Canonsburg, PA, USA) to define anatomic regions of interest in the nasal
cavity, and in particular, the olfactory airspace and the olfactory bulb
(Fig. 2A). The olfactory airspace was defined as the region from the
anterior aspect of the middle turbinate to the anterior face of the
sphenoid sinus, from the skull base to 10 mm inferior. The olfactory bulb
was defined as the superior surface of the olfactory airspace. Fig. 2B
shows the effects of midvault construction on anterior nasal anatomy. At
this point, the relevant portions of the nasal airspace were identified,
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Fig. 4. Maximal total deposition in the olfactory airspaces (O) and olfactory bulbs (Ob) regardless of particle size for specimen 1 (top) and specimen 2 (bottom) for
soft tissue elevation (STE), spreader grafts (SG), and spreader flaps (SF), at 15 L/min (left) and 30 L/min (right) inhalation. Gray curve indicates an axis break.



H. Chiang et al.

Table 1

Maximal particle deposition in the olfactory airspaces (O) and olfactory bulb (Ob) for each specimen after soft tissue elevation (STE), spreader grafts (SG), and spreader flaps (SF), with corresponding inhalation flow rate,

spray release location, head position, particle size, and particle velocity.
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and the models were ready for airflow and particle delivery simulation.

2.3. Simulation of airflow and olfactory particle delivery

Approximately four million unstructured tetrahedral elements were
generated in the nasal airways using ICEM-CFD™ to solve the dis-
cretized governing equations of particle fluid dynamics. A four-layer
prism-element was created near the walls of the nasal airway. Mesh
quality analysis performed to confirm that distorted elements would not
impact the accuracy of numerical simulations. Mesh refinement analysis
was deferred as the mesh density was chosen based on a detailed mesh
sensitivity analysis previously reported (Frank-Ito et al., 2016). With the
mesh completed, simulation of particle deposition via intranasal spray
was then performed.

Nasal airflow simulation was performed at 15 L/min to simulate
resting inspiration and 30 L/min to simulate deep inhalation. For
simulation of intranasal spray delivery at 15 L/min, steady laminar
incompressible conditions were imposed on the nasal models, and the
following boundary conditions were specified: a “mass-flow-outlet”
condition at the outlet to target 0.0003 kg/s (15 L/min), atmospheric
conditions at the inlet with zero-gauge pressure, and no-slip conditions
at the nasal walls as they were considered stationary. For simulation of
intranasal spray delivery at 30 L/min, similar boundary conditions were
specified, but the “mass-flow-outlet” was specified to target 0.0006 kg/s
(30 L/min).

Particle deposition patterns were calculated by simulating the tra-
jectories of spray particles entering the nasal airspace while exchanging
mass and momentum with the inspiratory airflow. In Fluent™ 19.0
(ANSYS, Inc., Canonsburg, Pennsylvania, USA), the Euler-Lagrange
approach was used for the simulations, assuming unit density of 1000
kg/m?®, spherical particles, and ignoring particle-particle interactions.
As outlined in Fig. 3, simulations were performed under all combina-
tions of the following parameters: spray release location (top, bottom,
center, medial, lateral), spray velocity (1 m/s, 5 m/s, 10 m/s), head
position (upright, supine, forward, backward). Spray release locations
were defined as equidistant points along the circumference of a curved
surface at a depth of 15 mm (top, bottom, medial, lateral), and the center
location as the intersection between lines joining these equidistant
points. Monodisperse particles were released at a plume angle of 68° for
particle sizes from 1 um to 100 ym (in 1 um increments), and 3,500
particles were released into the airway per particle size for a grand total
of 350,000 particles. Head positions were defined as upright (in a
neutral standing position), supine (lying on the back), forward (tilted
forward 45°), and backward (tilted backward 45°). Particles were fol-
lowed until they either deposited onto a nasal wall or reached the
nasopharynx. Each particle was subsequently grouped into the anatomic
region of deposition with attention to the olfactory airspace and olfac-
tory bulb. Drug particle deposition percent was calculated as:

DP,
DF; = — x 100%,
TP

where DF; is deposition fraction in anatomic region i (olfactory
airspace or olfactory bulb), DP; is number of drug particles deposited in

anatomic region i, and TP is the total number of drug particles released
into the airway.

3. Results
3.1. Total olfactory particle deposition

Maximal total olfactory depositions across all particle sizes are
shown for each specimen and procedure in Fig. 4. Deposition percent
was calculated targeting (1) the olfactory airspace walls where olfactory
epithelium is located, to study olfaction and (2) the olfactory bulb,
defined as the superior aspect of the olfactory airspace where direct
routes to the brain occur, to study N2B delivery. In general, total particle
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Fig. 5. Airflow streamlines (top) and particle deposition (bottom) for a representative specimen. Note the bilateral notched nasal vestibular phenotypes, where light
gray demonstrates nasal airspace with dark gray shadow indicating olfactory airspace.

deposition to each unilateral olfactory airspace and olfactory bulb was
low, <5% across both specimens and all procedures. The percentage
particle deposition also varied by procedure and all tested parameters:
intranasal spray release position, head position, and spray velocity.

For specimen 1 at 15 L/min inspiration to simulate nasal breathing at
rest, maximal particle deposition on the left olfactory airspace for each
procedure was STE = 0.50%, SG = 3.25%, and SF = 1.63%; for the left
olfactory bulb, this was STE = 0.05%, SG = 0.91%, and SF = 0.71%.
Maximal particle deposition on the right was generally lower than on the
left. Maximal deposition on the right olfactory airspace was STE =
0.00%, SG = 0.22%, and SF = 0.89%; for the right olfactory bulb, this
was STE = 0.00%, SG = 0.00%, SF = 0.03%. At 30 L/min inspiration to
simulate deep inspiration or sniffing, maximal particle deposition on the
left olfactory airspace for each procedure was STE = 2.23%, SG =
1.87%, and SF = 1.50%; for the left olfactory bulb, this was STE =
0.62%, SG = 0.73%, and SF = 0.65%. Maximal deposition on the right
was again generally lower than on the left. Maximal deposition on the
right olfactory airspace was STE = 0.04%, SG = 1.03%, and SF = 1.23%;
for the right olfactory bulb, this was STE = 0.01%, SG = 0.00%, and SF
= 0.01%.

For specimen 2 at 15 L/min inspiration, maximal particle deposition
on the left olfactory airspace for each procedure was STE = 0.00%, SG =
0.73%, and SF = 0.07%; there was no deposition on the left olfactory
bulb for all procedures. Maximal particle deposition on the right was
comparable to that on the left. Maximal deposition on the right olfactory
airspace was STE = 0.86%, SG = 0.10, and SF = 0.02%; for the right
olfactory bulb, this was STE = 0.03%, SG = 0.04%, and SF = 0.00%. At
30 L/min inspiration, maximal particle deposition on the left olfactory
airspace for each procedure was STE = 2.10%, SG = 0.30%, and SF =
0.00%; there was no deposition on the left olfactory bulb for all pro-
cedures. Maximal deposition on the right olfactory airspace was STE =
2.00%, SG = 0.76, and SF = 0.30%j; for the right olfactory bulb, this was
STE = 1.32, SG = 0.36, and SF = 0.00%.

3.2. Particle size distribution

Deposition in the olfactory airspace and olfactory bulb across the
following particle size bins was determined: 1-5 pm, 6-10 um, and then
in groups of 10 pm for the remainder of particle size ranges (i.e., 11-20
um, 21-30 pm, ..., 91-100 um). For specimen 2, optimal delivery to the
olfactory airspace and olfactory bulb tended to occur for smaller parti-
cles (<20 pm) in 10 out of 11 cases, but this pattern was not as clearly
seen for specimen 1 (8 out of 12 cases with < 20 um), as shown in
Table 1. No particles reached the left olfactory bulb in specimen 2 for all
procedures, and no particles reached either left or right olfactory bulbs
in specimen 2 SF. Representative distribution of particle deposition with
airflow streamlines in the nasal cavity by size is shown in Fig. 5.

3.3. Optimal parameters for olfactory particle delivery

When identifying optimal delivery parameters while factoring in
particle size, percentage deposition to the olfactory airspace and olfac-
tory bulb varied more widely across specimens, ranging 0.00-36.33%.
The optimal parameter combinations leading to maximal deposition are
shown in Table 1. Overall, there was no single surgical procedure,
inspiratory rate, release location, head position, particle velocity, or
particle size, that was consistently associated with increased particle
delivery to the olfactory airspace for either specimen, although smaller
particles tended to reach the olfactory regions more readily than larger
particles, as described in Section 3.2. With narrow particle size bins of
range 10 um or less, the deposition efficiency was notably increased,
compared to with wide particle size bins of 1-100 um (Fig. 6). This effect
was observed both in drug delivery to the olfactory airspaces and to the
olfactory bulbs across all experiments except those with no olfactory
deposition. In many cases, the deposition efficiency was increased by 1
or more order of magnitude.

There also appeared to be a predilection for slower particle velocity
of 1 m/s (17 out of 23 cases) and for higher inspiratory rate of 30 L/min
(17 out of 23 cases). Optimal spray release location and head position
varied widely across specimens and procedures. Notably, in several
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Fig. 6. Optimal deposition efficiency to the olfactory airspaces (O) and olfactory bulbs (Ob) with wide particle size range of 1-100 um (blue), and narrow particle
size bins of 10 um or less (red) for each specimen after soft tissue elevation (STE), spreader grafts (SG), and spreader flaps (SF).

cases, the optimal inspiratory flow rate, release location, head position,
particle size, and particle velocity were different for delivery to the ol-
factory airspace versus the olfactory bulb despite the same anatomy
(same specimen and procedure group).

4. Discussion

The relatively low rates of olfactory particle deposition < 5% in this
study are consistent with the challenging nature of drug delivery to the
olfactory region (Garcia et al., 2015; Schroeter et al., 2006; Xi et al.,
2016). Previous studies using CFD simulation and experimental models
have estimated olfactory particle deposition during inhalation to be <
1-4% (Si & Xi, 2016; Vachhani & Kleinstreuer, 2021), but with the use
of intranasal sprays, deposition efficiency can be greatly enhanced,
albeit with more variable results (Kiaee et al., 2018). Olfactory deposi-
tion efficiency has been shown to range widely across patients, up to 2
orders of magnitude (Kiaee et al., 2018). These discrepancies are largely
attributed to the highly sensitive interactions between nasal anatomy
and olfactory delivery. In the present study, particle deposition using
intranasal sprays (when arranged by particle size) attained a maximum
of 36.33% to the unilateral olfactory region at 6-10 ym, and 26.34% to
the olfactory bulb at 1-5 ym. However, the optimal spray parameters to
achieve these deposition rates for each specimen and each procedure
group varied widely and were thus dependent on the individual nasal
anatomy. Moreover, the optimal spray parameters to achieve maximal
deposition to the olfactory regions were also in several cases different
from the optimal parameters to achieve maximal deposition to the ol-
factory bulb. Thus, even the nuanced anatomical differences within the

olfactory region are likely to play a role in N2B delivery, further high-
lighting the sensitive interactions between nasal anatomy and olfactory
delivery. In summary, there was no single set of intranasal spray
administration parameters that consistently improved particle delivery
to either the olfactory region or the olfactory bulb.

Nonetheless, some trends were found to be associated with increased
olfactory delivery. Smaller particles (<20 um) tended to have a higher
likelihood of reaching the olfactory space, while larger particles (greater
than50 pm) tended to be captured by the anterior nasal cavity. This
trend has been seen in other studies as well (Kiaee et al., 2018; Kimbell
et al., 2007; Vachhani & Kleinstreuer, 2021). Moreover, narrow particle
size ranges (with smaller particles) were associated with dramatically
increased deposition efficiency over wide particle size ranges, often by
more than an order of magnitude. The significance of this finding is that
current commercially available sprays tend to produce a wide range of
particle sizes, and that the mean droplet size is typically on the order of
50-70 um in diameter (Si & Xi, 2016). Moreover, particles < 10 um are
thought to risk entry into the lower airway, potentially causing harm to
the lungs. Thus, current spray devices at the outset are at a disadvantage
for olfactory delivery due to (1) large particle trapping in the anterior
nasal cavity and (2) limited particle size ranges that can efficiently reach
the olfactory epithelium while avoiding pulmonary toxicity (Ehrick
et al., 2013; Gisle Djupesland et al., 2004; Kiaee et al., 2018). Slower
spray velocity also tended to increase olfactory delivery. Intranasal
spray velocity from commercially available products has been previ-
ously researched using a variety of methods and have been found to
range from ~ 5-20 m/s (X. Liu et al., 2011). These velocities are greater
than 1 m/s, which in general, delivered particles to the olfactory region
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most effectively in this study. Droplet size and spray velocity are both
parameters that are dependent on actuation pressure from hand-
generated aerosols (Inthavong et al., 2015) and should be considered
in future device design.

Although the current models do not capture the effects of nasal
midvault reconstruction on dynamic nasal valve collapse, spreader
grafts and spreader flaps do not appear to strongly influence particle
delivery to the olfactory region. It is also important to note that the
cadaveric population selected for this study are not the typical patients
with internal nasal valve dysfunction undergoing these procedures;
thus, the benefits of the spreader grafts and spreader flaps may not be
fully captured by the associated change in anatomy for the basis of the
model. However, recent comparisons between CT images of preopera-
tive and postoperative rhinoplasty subjects have similarly been unable
to identify differences in internal nasal valve angle and internal nasal
valve area despite improved postoperative NOSE scores (Shafik et al.,
2020). This suggests that the primary means of improving internal nasal
valve function with rhinoplasty and midvault reconstruction may be the
increased support to the soft tissue, rather than the widening of the valve
angle. Therefore, the primary utility of this model is studying controlled
variations in nasal anatomy of cadaveric specimens rather than repre-
senting the dynamic effects of surgery in vivo. Further exploration of
different nasal procedures including virtual surgeries will improve un-
derstanding of the effects of anatomic variations on olfactory deposition.
Indeed, virtual surgeries are a primary advantage of CFD analysis due to
the ability to digitally simulate postoperative nasal anatomy, whereas
experimental models of aerosol delivery provide a means for validating
computational results. During intranasal spray in vivo, there is also the
additional effect of stenting at the external nasal valve with the spray tip.
Though this model does not account for nasal valve stenting, it simulates
an insertion depth of 15 mm to bypass the anterior-most aspect of the
nasal vestibule. For future work, the effects of increased nasal valve ri-
gidity during spray delivery would better be characterized with a dy-
namic model, and surgical procedures that produce other static
anatomic changes should be investigated as well. In addition, CFD can
be used to investigate the impact of spray pattern or plume geometry,
which is likely to affect olfactory deposition patterns (Ehrick et al.,
2013).

5. Conclusions

This study used computational fluid dynamics to investigate the
impact of nasal midvault reconstruction on olfactory drug delivery using
intranasal sprays. There was no change in olfactory deposition from the
static effects of spreader grafts and spreader flaps. There was also no
single intranasal spray parameter or technique that was consistently
associated with increased olfactory deposition, but smaller particle size,
slower spray velocity, and higher inhalation rate during administration
tended to optimize olfactory deposition.
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