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ABSTRACT 

 
Optimal management of chronic rhinosinusitis (CRS) endotypes includes post-operative 

application of topical formulations. There is little evidence regarding the ideal aerosol delivery 
characteristics and techniques to achieve the most efficient deposition on affected sinus mucosa. 
Nebulisers provide an alternative to nasal sprays by producing smaller particle sizes at lower 
velocities. We applied a reverse-particle-tracking simulation using computational fluid dynamics 
(CFD) to evaluate the ideal aerosol characteristics from a nebuliser to target the post-operative 
maxillary sinus mucosa. A CT scan of a CRS patient was used to create a pre-operative and virtual 
post-operative model. Particles of diameter 2 to 30 µm were tracked through the sinonasal cavity 
at 5, 10 and 15 L min–1 flow rates using CFD. Reverse particle simulations demonstrated that the 
optimised combination of parameters were 20 µm particles, delivered at 5 m s–1 (or 14 microns, 
delivered at 15 m s–1) at an inhalation rate of 5 L min–1, released from a nozzle in an elliptical 
oblique-superior direction into the superior half of the nasal valve significantly improved the 
maximum deposition efficiency (from 3% up to 55%) in the post-operative maxillary sinus mucosa. 
The nebulised spray (without optimisation) demonstrated negligible particle deposition within 
the sinuses of the pre-op model, while it increased marginally in the post-op model for smaller 
diameter particles at lower inhalation rates. The ideal combination of parameters to achieve 
targeted medication deposition on specific sinus mucosal surfaces can guide the development of 
new nasal drug delivery devices that produce the desired deposition regions for clinical applications 
in post-operative CRS patients. 
 
Keywords: Sinonasal cavity, Spray atomisation, Aerosol deposition, Inhaled aerosol, CFD 
 

1 INTRODUCTION 
 

Chronic rhinosinusitis (CRS) is a constellation of heterogeneous conditions, including various 
phenotypes and endotypes, causing disordered and excessive inflammation of the sinonasal 
mucosa, resulting in symptoms such as facial pain, nasal congestion, and nasal discharge. Treatment 
paradigms for CRS include topical corticosteroids (Luk and DelGaudio, 2017). However, the ideal 
delivery vehicle and method has not been established. The current literature examining the efficacy 
of nasal sprays of corticosteroids have yielded inconsistent results, largely due to the variability 
in the ability of sprays to reach the affected mucosa (Saijo et al., 2004; Kimbell et al., 2007;
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Snidvongs et al., 2013; Djupesland et al., 2019; Siu et al., 2019). 
The complex nasal cavity geometry creates an enormous challenge for targeted drug delivery, 

with specific anatomical projections at the nasal valve, turbinates and sinus ostia impeding spray 
distribution. This is similar to the upper respiratory airway that is exposed to aerosols (Mutuku 
et al., 2020; Chen et al., 2021) during breathing. Additionally, in the diseased sinonasal cavity, 
obstruction can occur secondary to pathological causes such as the presence of nasal polyps, 
septal deviation and obstruction of the ostiomeatal complex. The nature and properties of nasal 
sprays themselves create further obstacles to effective topical medication distribution.  

Nasal sprays typically deliver particles with a mean aerodynamic diameter size of 50 µm 
travelling at initial velocities of 15–20 m s–1 (Kimbell et al., 2007; Fung et al., 2013; Siu et al., 2020), 
producing high inertia properties. This leads to spray deposition by inertial impaction onto the 
anterior nasal cavity (Cheng et al., 2001; Djupesland and Skretting, 2012; Lam et al., 2013), thereby 
failing to navigate through the narrowed passages and reach the affected sinus mucosa. To 
improve medication delivery to the paranasal sinuses, alternative delivery mechanisms have been 
suggested, such as pulsed nebulisation (Winfried et al., 2014), and bidirectional flow applicators 
(Djupesland et al., 2004) that can be tuned to produce aerosol conditions that are more conducive 
for targeted sinus delivery. 

A parametric study applying different combinations of aerosol delivery can be performed 
efficiently using Computational Fluid Dynamics (CFD), by modelling air and particle flow through 
the sinonasal tract. The technique has provided reproducible and detailed data leading to clinically 
relevant outcomes (Lee et al., 2016; Sanmiguel-Rojas et al., 2018; Inthavong, 2020). CFD simulations 
have offered detailed insight into the cause of sprayed particle deposition in the anterior nasal 
cavity due to high particle inertia (Chen et al., 2010; Inthavong et al., 2011; Frank et al., 2012). 

Studies of inhalation exposure have used a ‘reverse-simulation technique’ that tracked indoor 
airborne particles to locate their release sources (Kleinstreuer et al., 2008; Zhang et al., 2012) and 
similarly particles that deposited in the lungs were traced back to their original source locations 
(Inthavong et al., 2012, 2013). This technique was later applied in Dong et al. (2018) who identified 
the optimal release locations of inhaled drug particles to target olfactory deposition.  

This study is aimed at using the ‘reverse-simulation technique’ to identify the optimal particle 
size, and initial release locations in the nasal vestibule that enhances maxillary sinus deposition. 
This proof-of-concept study is expected to facilitate further studies examining the efficacy of drug 
delivery devices in multiple patient models with various anatomical and physiological features. 
We characterised the spray produced from a mesh nebuliser to provide a range of realistic values 
for the initial particle conditions as an alternative to nasal sprays. The nasal valve region is the 
most constrictive cross-sectional area of the nasal cavity. It is hypothesised that by narrowing the 
spray plume, improved drug delivery efficacy could be achieved to penetrate the nasal valve 
region. Furthermore, spray deposition variations are expected from different inhalation flow 
rates, particle size and velocity, nozzle angle and patient-specific anatomy. 

 

2 MATERIALS AND METHODS 
 

2.1 Nebuliser Spray Characterisation 
An ultrasonic vibrating mesh nebuliser (Tekceleo® at 1 Mhz, 3 W power input, response time of 

1 ms) was used to deliver a saline solution commonly used in nasal irrigation therapy. The aerosol 
head contained a mesh size targeting particles of 12 µm and a flow rate of 3 mL min–1. The aerosol 
head was fitted with a custom-made nostril adapter piece that could be optimised for targeted 
spray plume geometries to direct the nebulised particles into the nasal cavity. High-speed 
imaging using the experimental test station diagram shown in Fig. 1 was used to characterise the 
spray plume and approximate particle velocities. A dark-field illumination method was used by 
illuminating the nebulised particles from the same direction as the camera. A black image 
background was created by providing sufficient space behind the particles, and lighting targeting 
the aerosol is contrasted in white. The high-speed imaging was performed with a field of view of 
approximately 33 mm × 24 mm, at a frame rate of 10,000 frames per second. 

For particle size distributions, a Malvern Spraytec® laser diffraction system and the accompanying 
Spraytec 3.20 software was used for analysis. Since laser diffraction is a point measurement, the 
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Fig. 1. High speed imaging setup demonstrating the nebuliser and a sample image taken at 10,000 
frames per second. A zoomed view of the nebulised spray is shown. 

 
measured data was taken at 15 mm from the nozzle tip (following Dayal et al. (2004)) and 
sampled for a minimum of 5 seconds at a rate of 1 sample per second, repeated three times.  

 
2.2 Nasal Geometry Reconstruction 

A CT scan was performed on a 75-year-old male with a confirmed diagnosis of CRS. The scan 
was performed on a Philips 128 slice Ingenuity machine taking 64 × 0.625 mm slices in the supine 
position. Written informed consent was obtained from the patient and the Central Adelaide 
Health Ethics Committee. The scanned images were imported into 3D Slicer (Fedorov et al., 2012) 
where the nasal airway was determined and exported as the ‘Pre-Op’ model in stereolithography 
(STL) file format ready for computational modelling. In 3D Slicer, virtual surgery was performed 
by removing the regions typically addressed in real-life surgery by trained clinicians. Virtual 
surgery was used to avoid ethical concerns associated with radiation exposure from a clinically 
unnecessary post-op CT scan. Virtual surgery allowed the pre- and post-op models to be identical 
in all respects, other than the virtual surgery performed, and was performed by a trained clinician 
with expertise in anatomy and surgery. The surgical interventions performed incorporated bilateral 
radical antrostomy of the maxillary sinus, complete anterior and posterior ethmoidectomies, 
wide sphenoidotomies and Draf 2a frontal sinusotomy, which was prescribed for the patient. 
Regions of excessive mucosal thickening, such as maxillary sinus mucous retention cysts, were 
excised, as would be routinely performed during sinus surgery. 

Fig. 2 shows a geometry comparison of the pre-operative (blue) paranasal sinuses (blue) and 
post-operative (red) models, with both 3D reconstructions and coronal slices shown. Regions of 
the sinonasal cavity incorporated into each model included the nostrils, nasal cavity, paranasal 
sinuses, nasopharynx and outer face. 

The commercial software ANSYS-Fluent®-ver19.2 was used to create a computational polyhedral 
mesh with five prism layers applied in near-wall regions. The advantage of poly-hexcore meshing 
is that it uses fewer elements, approximate 3.5× fewer than tetrahedral meshing (with the same 
size functions) while achieving negligibly different results. The mesh strategy was based on a size 
functions evaluated in an earlier study in Inthavong et al. (2018) which found that a minimum 
scoped mesh cell size of 0.45 mm in the nasal cavity region but a much larger, coarse mesh in the 
outer ambient air region was optimal. A mesh independence test was performed on polyhedral 
meshes of 0.8 mil, 1.47 mil, and 2.6 mil by comparing the laminar velocity magnitude in coronal 
planes resulting in an optimised mesh of 1.47 million polyhedral and prism cells (7.4 mil faces, 
and equivalent to 3.8 million tetrahedral cells, see Supplementary Material). A schematic of the 
pre-op model and the computational mesh is shown in Fig. 3. 
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Fig. 2. Nasal geometry models extracted from CT scans using 3D-Slicer of a Pre-Op and Post-Op 
model. (a) Oblique 3D view of pre-op (blue) and post-op (red) models (right side is anterior), 
showing location of coronal slices. (b) Oblique 3D cut view of models showing coronal slices taken 
at level y2. (c) Coronal slices taken at identical levels, as indicated in 3D models in (a). 

 

2.3 Fluid-particle Simulation 
Three steady flow rates were used (5, 10, and 15 L min–1), with a laminar, incompressible flow 

model. The 15 L min–1 flow rate is representative of tidal breathing in adults (Chung, 2006), while 
the lower flow rates were used to determine if steady, shallow breathing could assist in reducing 
particle inertia, slowing down the drug particles delivered into the nasal cavity. The Lagrangian 
method to track individual particle trajectories was used. In this method, the airflow field was 
simulated first, and then the trajectories of individual particles were determined by integrating 
the particle force balance equation, accounting for the drag and gravity forces. The motion of 
particles with the gravity and drag force in Cartesian coordinates was given as: 

 
( )

1
g pp g
i ii

i p
r

u udu
g

dt
ρ

τ ρ
 −

= + − 
 

 (1) 

 
where g

iu  is the fluid velocity, p
iu  is the particle velocity, ρg is the fluid density, ρp is the density  
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(a) 3D geometry with initial particle locations (b) Zoomed view of the polyhedral surface mesh 

 
(c) Internal polyhedral mesh for the coronal slice y2 

Fig. 3. (a) Geometry of the pre-op sino-nasal airway. (b) Zoomed view of the polyhedral mesh elements used for the simulations. 
Surfaces coloured by region—frontal sinus (Green); maxillary sinus (Blue); sphenoid sinus (Orange); nasal cavity (Yellow) and 
ethmoid sinuses (Purple). The rectangular dots outside the nose were the initial particle locations for particle uptake influenced 
by inhalation flow rates. (c) Internal volume mesh using polyhedral elements and five prism layers taken at the coronal slice y2 
for the pre-op and post-op models. 

 

of the particle, 
( )g p

i i

r

u u
τ
−

 is the drag force per unit mass of particle, τr is the particle relaxation 

time, calculated by 
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where μ is the molecular viscosity of the fluid, dp is the particle diameter, and Re is the relative 
Reynolds number, which defines as 
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The drag force FD is dependent on the drag coefficient CD, which was defined in Morsi and 
Alexander (1972)’s work: 
 

( )
2 3

1 221 Re Re
2

D
D

g g p

F a a
C a

u u Aρ
= = + +

−
 (4) 

 
where a1, a2 and a3 are empirical constants for smooth spherical particles.  

The simulations involved tracking 60,000 particle streams of a single particle diameter just 
outside the nose (depicted in Fig 3(a)) so that the particles were naturally inhaled under the 
influence of the inhalation flow rates. This was repeated for every even-numbered particle 
diameter in a range (2–30 µm) determined by the particle size distributions found from the 
nebuliser measurements (reported in the Results section). Thus, a total of 15 mono-dispersed 
particle diameter simulations of 60,000 individual particle streams were released from outside 
the face, and its deposition location was recorded (i.e., 900,000 particle streams). By reverse 
tracking the particles from the final deposition location, clusters of regionally deposited particles 
were identified for any location within the nasal cavity along their trajectory. This suggests that 
targeted drug delivery could be achieved by introducing particles to specific regions of the nostril 
that lead to the targeted deposition region, e.g., in this case, the paranasal sinuses. 

 

3 RESULTS 
 

3.1 Nebulised Spray Characterisation Deposition 
The particle size distribution is shown in Fig. 4 where the particle diameters ranged between 1 to 

approximately 30 µm. Although particles larger than 30 µm influence the volume by percentage, 
it’s particle number count contributed very little to the overall number of particles. The size 
distribution was evaluated for the nebuliser with and without the nasal adapter nozzle piece 
attached shown in Fig. 4(a). When the adapter nozzle was attached, there was a slight decrease 
in the larger diameters and an increase in the smaller diameter sizes. High-speed imaging captured 
the spray, and the velocity was determined. The nozzle diameter was a known quantity along 
and the distance travelled by a fluid particle per pixel was estimated through image processing 
by using Python OpenCV. This, in combination with the time per frame, was used to overlay a 
cross-hair on the video footage at a given 'velocity' using a Python script. A trial and error method 
was used to find the cross-hair velocity that matched the flow of the droplets. This manual visual 
approach was checked against Trackpy (Python Particle-Tracking Toolkit), which gave similar 
results of the averaged velocity of ~5 m s–1. 

 
3.2 Inhaled Particle Deposition 

Particle deposition was subdivided into three distinct regions; nasal cavity, sinuses (inclusive 
of all frontal, sphenoid, maxillary), and nasopharynx. Sinus and nasal cavity regions were further 
divided into left and right. In contrast, the nasopharynx was considered as a single region. Particles 
that passed through the nasopharyngeal outlet into the lower airway without depositing on any 
walls were considered not-deposited. The deposition efficiency per particle diameter was calculated 
as the sum of the particle deposit in a region (per diameter) divided by the number of particles 
inhaled (per diameter). Fig. 5 shows the deposition efficiency in each of the three areas for all 
three inhalation flow rates, which includes the effects of surgery on deposition by the ‘net-change’ 
deposition plot. Higher inhalation flow rates increased total deposition. Larger particle sizes 
increased total deposition and resulted in fewer particles passing through the nasopharyngeal 
outlet.  

There was negligible deposition in the sinuses (< 0.1%) in the Pre-Op model for all flow rates. 
At the lowest flow rate, 5 L min–1, the total deposition efficiency gradually increased from 2% for 
2 µm particles to 70% for 30 µm particles. At 10 L min–1, a big increase in deposition was found 
between 20 µm to 22 µm particles, while for 15 L min–1, this occurred between 14 µm and 18 µm 
particles. More deposition was found in the left chamber than the right for particles smaller than 
14 µm for all flow rates due to different sizes of asymmetric airway volumes during nasal cycling. 
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(a) Particle size distribution 

 
(b) Detection of particle velocity 

Fig. 4. Nebuliser spray charactersiation including (a) particle size distribution by volume for the 
nebulizer with an attached 6nozzle (labelled ‘withNoz’), and without any attachment (labelled 
‘withoutNoz’). (b) High speed imaging of the spray showing the progression of the spray. 

 
At the higher flow rates of 10 and 15 L min–1, there was more deposition in the right chamber for 
particles greater than 24 µm.  

In the Post-Op model total deposition efficiency was similar to the Pre-Op model, but the 
distribution across the regions was different. In particular, there was increased deposition in the 
left and right nasal cavities of up to 10% predominantly for 14-30 µm particles (shown in the net 
change image of Fig. 5), while in the sinuses, increased deposition of up to 3% was found for 4–
20 µm particles. The latter was more evident in the left nasal cavity, and at lower flow rates. 

 
3.3 Particle Deposition Distribution 

Particle deposition distribution in the Post-Op model was analysed for the three inhalation 
flow rates (Fig. 5). Larger particles were deposited on the superior nasal walls and the nasal valve 
region primarily due to high particle inertia. Large particles were found on the floor of the nasal 
cavity for 5 L min–1 inhalation due to gravitational sedimentation but were absent for 15 L min–1. 
Sinus deposition in the left chamber was primarily found in the maxillary, ethmoid, and frontal 
sinuses, while in the right chamber was mostly found in the maxillary, ethmoid, and sphenoid 
sinuses. For both chambers, the amount of sinus deposition diminished with increasing flow rate. 

 
3.4 Identifying Particle Locations of Sinus Deposition 

A cross-sectional plane was created near the nasal valve region (see Fig. 7), and reverse particle 
tracking was performed for every particle that deposited within a sinus. The location of each  
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(a) Deposition efficiency for flow rate of 5L min–1 
 

 
 

(b) Deposition efficiency for flow rate of 10L min–1 
 

 
 

(c) Deposition efficiency for flow rate of 15L min–1 
Fig. 5. Deposition efficiency in the Pre-op and Post-op models for individual particle sizes from 2 µm to 30 µm at steady inhalation 
rates of 5, 10, 15 L min–1. The ‘net change’ sub-figure represents deposition change due to surgery (i.e., post-op deposition minus 
pre-op deposition). 

 
sinus-deposited particle passing through the nasal valve plane was identified by its spatial 
location (x, y, z positions) and mapped onto the diagram shown in Fig. 7(b), colored by particle 
size and Fig. 7(c) colored by deposition region. The results suggest that, in order to reach the 
sinuses, particles introduced into the nasal entrance need to be in the superior half of the plane. 
Larger particles (> 20 µm) were only found to reach the sinuses for a flow rate of 5 L min–1, while 
particles < 16 µm were able to reach the sinuses for all flow rates. 
 
3.5 Drug Delivery Targeting Maxillary Sinus Deposition 

To evaluate the effectiveness of this technique for targeted drug delivery, an injection of 
particles directed towards the superior half of the nasal valve plane (based on the results of Fig. 7) 
was performed. The thin, vertical plane of the nasal valve was extracted through a plane slice in 
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5 L min–1 10 L min–1 15 L min–1 

(a) Deposition in Post-op model Left Chamber 

 
5 L min–1 

 
10 L min–1 

 
15 L min–1 

 
(b) Deposition in Post-op model Right Chamber 

Fig. 6. Particle deposition distribution in the (a) left chamber and (b) right chamber of the Post-op model for each flow rate. 
Deposited particles were colored by particle size. 

 
Fluent that outputted the coordinates. The superior half of the nasal valve plane shape resembled 
a thin ellipsoid pattern. Fig. 8(a) shows the particles introduced from a single location with an 
ellipsoidal spray cone with a width of 1 mm, height of 3 mm, and thickness of 1 mm (Fig. 8(a)). 
As a reference, the orientation angles at the 0.5 mm, 1.5 mm, and 2.5 mm of the ellipsoid were 
63.4°, 69.4°, and 76.0° in the anterior-posterior axis (0° = horizontal and 90° = vertical); while the 
lateral direction was kept constant at 78.7° to the septum wall, (0° = horizontal/perpendicular to 
the septum and 90° = vertical/parallel with the septum). This arrangement was chosen as it most 
accurately represented the particle pattern identified while still conforming to the insertion 
characteristics of a handheld spray device. Atomised droplets from a nasal spray device showed 
velocities of up to 20 m s–1 (Inthavong et al., 2015). For this study, two spray particle velocities 
were used, 5 m s–1 and 15 m s–1. An inhalational flow rate of 5 L min–1 was used since the problematic 
issue of high particle inertia leads to early impaction onto the anterior nasal cavity region.  

Particle trajectories for representative particles of 10, 14, 18, and 22 µm showed the initial 
particle velocity of 5 m s–1 (red coloured stream) dissipates within a short distance and becomes 
entrained in the inhaled flow stream (Fig. 8(b)). The particles reach the middle turbinates before 
turning at the surgically altered ostia and entering the maxillary sinus. Some particles continue 
the circular trajectory inside the sinus before exiting out of the sinus and re-entering the main 
nasal passage, before finally exiting through the nasopharynx. 

The deposition efficiency increased remarkably from a maximum of 3% for the naturally 
inhaled particle depositions to a maximum of 55% for targeted delivery using 22 µm particles. 
The deposition patterns within the maxillary sinus showed posterior wall deposition for all 
particles, and additional inferior floor deposition for 14, 18, and 22 µm. 
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(a) plane near the nasal valve 

 

5 L min–1 

 

10 L min–1 

 

15 L min–1 

 

 
(b) particles colored by size 

5 L min–1 

 

10 L min–1 

 

15 L min–1 

 
blue = maxillary; green =frontal; orange = sphenoid; purple = ethmoid 

(c) particles colored by deposited region 
Fig. 7. Reverse-tracked locations of particles that pass through (a) a plane near the nasal valve entrance, that eventually deposit 
in the sinuses. The particles passing through the plane were colored by (b) particle diameter, and (c) deposited regions. 

 
For many commercial nasal sprays, the initial particle velocity is closer to 15 m s–1 which was 

used in Fig. 9. The initially high particle velocity was evident by the linear paths coloured by red 
particle trajectories (Fig. 9(a)), which persisted longer (higher inertia for larger particles). Maxillary 
sinus deposition for 10 and 14 µm was greater while for 18 and 22 µm was less, when compared 
to the previous case for initial particle velocity of 5 m s–1. The deposition patterns showed more 
significant deposition in the inferior region of the maxillary sinus, while there was posterior 
maxillary deposition for 10, 14, and 18µm but not for 22 µm particles. 

 
3.6 Maxillary Sinus Deposition Fractions with Targeted Drug Delivery 

The deposition variation with respect to particle diameter (Fig. 10) showed an increase in 
maxillary sinus deposition, reaching a peak before decreasing, while the total deposition in all 
regions increased with increased particle size. This resulted in a similar trend for the sinus to total 
deposition fraction. High peak values close to 100% suggest all deposited particles were attributed 
to the maxillary sinus and nowhere else. Peak maxillary sinus deposition was 63% for 20 µm at 
5 m s–1 particle injection and 39% for 14 µm at 15 m s–1 particle injection.  
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(a) Targeted nasal drug delivery release locations 

 
10 µm (9% deposition) 

 
14 µm (28% deposition) 

 
18 µm (52% deposition) 

 
22 µm (55% deposition) 

 
(b) particle trajectories released at 5 m s–1, with inhalation rate of 5 L min–1 

 
10 µm (9% deposition) 

 
14 µm (28% deposition) 

 
18 µm (52% deposition) 

 
22 µm (55% deposition) 

(c) particle deposition distribution at 5 m s–1, with inhalation rate of 5 L min–1 

Fig. 8. (a) Nasal drug delivery release orientation into the main nasal passage targeting the maxillary sinuses; (b) particle trajectories 
of 10, 14, 18, and 22 µm, released at 5 m s–1. Trajectory lines coloured by velocity magnitude (capped at 1.5 m s–1), and its 
deposition efficiency in the maxillary sinus is given; (c) deposition distribution coloured by location, red = maxillary; black = all 
other deposited regions. 

 

4 DISCUSSION 
 
Several nasal spray devices with varying nozzle designs are available for patient use. However, 

there is little evidence to differentiate one design from another. This study provided objective 
insights into the behaviour of particles that could be delivered from a nebuliser as an alternative 
to nasal sprays. From the different combinations of parameters, at least in this patient model, the 
optimal size, and speed of particles, combined with optimised targeted initial positions at a gentle 
inhalational flow rate of 5 L min–1 can significantly enhance targeted maxillary sinus deposition.  

The main finding of this study is that the movement of particles depends on inertia, and that 
maxillary sinus deposition requires these particles to be aimed superiorly within the nasal valve 
region, to then slow down superiorly in the nasal cavity and deposit via sedimentation. 

Very small particles, when directed into the nose, follow the airflow through to the nasopharyngeal 
outlet, bypassing the sinonasal cavities, or circling within the maxillary sinus and back out through 
the ostium. On the other hand, larger particles that were able to reach the middle turbinate 
were then able to be carried by inhaled air further into the upper nasal cavity. From there,  
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10 µm (16% deposition) 

 
14 µm (39% deposition) 

 
18 µm (19% deposition) 

 
22 µm (5% deposition) 

 
(a) particle trajectories released at 15 m s–1, with inhalation rate of 5 L min–1 

 
10 µm (16% deposition) 
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(b) particle deposition distribution at 15 m s–1, with inhalation rate of 5 L min–1 
Fig. 9. (a) Particle trajectories of 10, 14, 18, and 22 µm, released at 15 m s–1. Trajectory lines coloured by velocity magnitude 
(capped at 1.5 m s–1), and its deposition efficiency in the maxillary sinus is given; (b) deposition distribution coloured by location, 
red = maxillary; black = all other deposited regions. 

 
sedimentation of these particles would then allow final deposition into the various sinuses. This 
challenges a long-standing mantra in surgical practice that the optimal spray technique for 
delivery to the sinuses should have the nozzle aimed posterolaterally (although the postero-lateral 
recommendation is generally based on non-operated patients with allergic rhinitis). This suggests 
that nasal sprays intended for the maxillary sinuses may be better aimed superiorly under gentle 
breathing (inspiration) conditions. 

Additionally, to reach the maxillary sinus, the posterior maxillary wall and the posterior margin 
of the maxillary ostium were significant structures in this model that facilitated sinus deposition, 
evident from the particle trajectories (Figs. 8(b) and 9(a)). This suggests that if one of the aims of 
surgery is to facilitate the use of post-operative topical spray medications, a critical area that 
needs to be addressed in maxillary sinus surgery is the posterior fontanelle. 

Ultimately, the optimal nasal spray will, of course, still depend on its intended use. That is, the 
most effective particle size, spray velocity, spray trajectory and breathing condition will depend 
upon the location of the nasal cavity or sinus mucosa that needs to be addressed. Fig. 10 
demonstrates the relationship between particle diameter and deposition for spray velocities of 
5 m s–1 and 15 m s–1. The blue lines represent particle deposition in the maxillary sinus, while the 
orange lines demonstrate total deposition within the sino-nasal cavity (all regions of the nose 
and sinuses, as opposed to deposition at the nasopharynx or outflow without deposition).  

Typically, a combination of both nasal cavity and sinuses is desired. A higher total deposition 
into the nasal cavity would mean that less medication is “wasted” into the lower airway, while 
effective sinus deposition is self-explanatory. Therefore, it appears that particles of approximately 
20 microns at a spray velocity of 5 m s–1 and an inhalation velocity of 5 L min–1 seem to demonstrate 
acceptable deposition at both sites in this model. From this baseline, increasing the particle size 
slightly may tend more toward nasal cavity deposition, perhaps more helpful in patients where 
rhinitis is the predominant phenotype. Wofford et al. (2015) demonstrated that maxillary sinus  
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(a) Deposition for particles with injection velocity of 5 m s–1 

 
(b) Deposition for particles with injection velocity of 15 m s–1 

Fig. 10. Deposition profiles for (a) initial particle velocity of 5 m s–1; and (b) initial particle velocity 
of 15 m s–1. The blue line represents deposition in the maxillary sinus, orange line is total deposition 
within all regions, and grey is the proportion or fraction of maxillary sinus to total deposition. 

 
ventilation and drug delivery increased following FESS, where particles within a 5–20 µm size 
range led to peak maxillary sinus deposition for sprayed particles, while Chen et al. (2012) found 
approximately 10 µm particles should improve intranasal medication deposition into the 
maxillary sinus cavity following FESS. 

Several limitations exist with this proof-of-concept study. Firstly, the results of this study are 
based on only a single patient model, and findings may differ in other anatomical configurations 
or surgical states. Naturally, future studies examining multiple patient models with different 
anatomical features and incorporating several physiological features such as the nasal cycle will 
be explored in subsequent studies. The deposition values were under a steady-state flow, and 
while this is relevant for a short space of time found in nasal spray application (< 2 secs of inhalation), 
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a cyclic inhalation may provide variation in the results. Furthermore, atomised spray particles are 
produced with high momentum and wide spray plumes. In contrast, the results had relied on an 
optimised spray plume condition—thereby providing opportunities for new novel drug delivery 
devices. 

In addition to multiple patient models incorporating varying anatomy and degree of surgical 
intervention, future studies will aim to identify the optimised characteristics for other targeted 
sinonasal locations and conditions, such as the frontal region following Draf III procedures or the 
sphenoid sinus following treatment of fungus ball. By determining the optimised set of variables 
using CFD techniques, confirmatory physical experiments can be performed using a significantly 
reduced number of parameters. Patient testing of optimised device designs may then be 
undertaken to provide the final validation of experimental outcomes. The results of such studies 
will have a significant translational impact in the ideal management of CRS and other sinonasal 
conditions. 

 

5 CONCLUSION 
 
A nasal cavity model underwent virtual surgery by removing the regions typically addressed in 

real-life sinus surgery. Particles from the external environment were introduced within the 
breathing region of the nose. Under steady inhalation rates of 5, 10, 15 L min–1, the particles, 
initially at rest, were inhaled and their deposition recorded. Using a reverse particle-tracking 
technique, optimised spray entry locations were determined, which targeted the superior half of 
the nasal valve plane. The spray particles need to be directed within a narrow ellipsoidal column 
to match the nasal valve plane. If this could be achieved, a remarkable 55% deposition efficiency 
into the maxillary sinus could be achieved. The mechanism for increased deposition was locating 
the optimised entry position that allowed the particles to be transported by the inhaled airflow 
into the maxillary sinuses. A low shallow inhalational flow of 5 L min–1 with injected 20 µm 
particles at 5 m s–1 was ideal. This proof-of-concept single patient study provides the basis for 
future research incorporating multiple patient models with varying anatomy to optimise spray 
devices and techniques to target specific post-operative sinonasal locations and improve the 
management of CRS other mucosal conditions. 
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