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A B S T R A C T   

Administering aerosol drugs through the nasal pathway is a common early treatment for children with adenoid 
hypertrophy (AH). To enhance therapeutic efficacy, a deeper understanding of nasal drug delivery in the 
nasopharynx is essential. This study uses an integrated experimental, numerical modelling approach to inves
tigate the delivery process of both the aerosol mask delivery system (MDS) and the bi-directional delivery system 
(BDS) in the pediatric nasal airway with AH. The combined effect of respiratory flow rates and particle size on 
delivery efficiency was systematically analyzed. The results showed that the nasopharyngeal peak deposition 
efficiency (DE) for BDS was approximately 2.25–3.73 times higher than that for MDS under low-flow, resting and 
high-flow respiratory conditions. Overall nasopharyngeal DEs for MDS were at a low level of below 16 %. For 
each respiratory flow rate, the BDS tended to achieve higher peak DEs (36.36 % vs 9.74 %, 37.80 % vs 14.01 %, 
34.58 % vs 15.35 %) at smaller particle sizes (15 µm vs 17 µm, 10 µm vs 14 µm, 6 µm vs 9 µm). An optimal 
particle size exists for each respiratory flow rate, maximizing the drug delivery efficiency to the nasopharynx. 
The BDS is more effective in delivering drug aerosols to the nasal cavity and nasopharynx, which is crucial for 
early intervention in children with AH.   

1. Introduction 

Adenoids (nasopharyngeal tonsils) are masses of lymphoid tissue 
located at the junction of the roof and the posterior wall of the naso
pharynx, constituting a part of Waldeyer’s ring (Niedzielski et al., 2023). 
Research has shown that the etiology of adenoid hypertrophy (AH) is 
associated with abnormal immune responses, infections, environmental 
exposure, and hormonal or genetic factors (Niedzielski et al., 2023; 
Ahmad et al., 2023). Common clinical symptoms include runny nose, 
nasal congestion, snoring, mouth breathing, sleep apnea, speech disor
ders, and developmental delays. Some affected children may also exhibit 
adenoid facies, characterized by a narrow or “V”-shaped maxillary arch, 
a retropositioned hyoid bone, and a retrocontractioned mandible (Koca 
et al., 2016; Pawlowska-Seredynska et al., 2020). Timely detection and 

early treatment are crucial for AH, which can help prevent further 
complications. Intranasal corticosteroid therapy has consistently been 
the most common treatment method for AH and its associated symptoms 
(Zwierz et al., 2023). However, the effectiveness of nasal aerosol therapy 
largely depends on how much medication can reach the infected nasal 
mucosal surfaces. Therefore, improving the delivery performance of 
drug aerosols to ensure precise targeting of the nasopharynx is crucial 
for the treatment efficacy of AH. 

Commonly used delivery devices today are nasal spray pumps, 
aerosol mask delivery systems (MDS), and breath-powered bi-direc
tional delivery systems (BDS). Spray pumps are traditionally widely 
used in nasal administration due to their ease of operation. However, the 
high ejection speed and relatively large particle size associated with 
spray pumps typically lead to the deposition of most particles in the 
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anterior nasal cavity, with only a small fraction of the particles pene
tratinge through the nasal valve (Bateman et al., 2002; Kimbell et al., 
2007; Inthavong et al., 2011), ultimately leading to poor treatment ef
ficacy for AH. An additional challenge associated with the use of spray 
pumps is the positioning of the nasal spray bottle. The direction and 
depth of insertion of the nasal spray bottle nozzle can significantly 
impact the delivery efficiency to the target area, as indicated by Tong 
et al. (2016), thereby increases the uncertainty of therapeutic efficacy. 
In this study, our primary research focus is on evaluating the aerosol 
delivery performance using MDS and BDS approaches. Compared to 
spray pumps, nebulizer inhalation therapy can provide the concurrent 
administration of multiple drug types and offers user comfort as in
dividuals only need to exhibit tidal breathing when using the devices. 
Lin et al. (2012) studied in vitro the effect of nebulizer type, actuation 
mechanisms and different aerosol masks on lung deposition perfor
mance in spontaneously breathing children and showed that aerosol 
mask design can affect inhaled drug dose across the tested nebulizers. 
Subsequently, Lin et al. (2015) investigated the impact of two aerosol 
masks connected to the vibrating mesh nebulizer on aerosol delivery 
performance in a pediatric lung model at different flow rates under a 
high-flow humidity system. They demonstrated that the flow of gas 
entering the mask and breathing patterns affect aerosol delivery, inde
pendent of the mask used. Recently, Chiang et al. (2023) assessed the 
impact of three face masks designed for a jet nebulizer, including an 
aerosol mask, a modified non-rebreathing mask (without vent holes), 
and an AerosoLess mask, on fugitive aerosol concentration during 
nebulization using a lung simulator. The results indicated that a filtered 
mask had an advantage in reducing the concentration of fugitive aero
sols in the environment. Hosseini et al. (2019) compared the efficacy of 
nasal sprays and Mucosal Atomization Device (MAD) atomizer in terms 
of regional delivery in nasal airway replica of 2-, 5- and 50-year-old 
subjects. The results showed that nasal sprays are not suitable for pe
diatric populations because of narrower nasal passages and greater 
anterior deposition (~60 %); whereas MAD atomizer resulted in 
significantly less anterior deposition (~10 %-15 %). 

In recent years, a novel breath-powered bi-directional drug delivery 
concept has been proposed, which takes advantage of the posterior 
connection between the two nasal passages persisting when the soft 
palate automatically closes during oral exhalation. The exhalation 
airflow carrying the aerosol enters one side of the nasal cavity through a 
sealed nosepiece and exits the other. Compared to traditional nasal 
inhalation nebulizers, bi-directional delivery technology significantly 
minimizes the risks and issues associated with lung deposition (Dju
pesland et al., 2004). Farnoud et al. (Farnoud et al., 2020; Farnoud et al., 
2021) investigated the impact of nosepiece tilt angles (45◦ and 90◦) on 
intranasal aerosol dispersion and deposition during bi-directional pul
satile flow administration and compared it with bi-directional admin
istration with non-pulsatile flow. The study revealed that nosepiece with 
clockwise inclination of 45◦ was more advantageous for drug-aerosol 
delivery, and pulsatile flow minimized the deposition imbalance be
tween the left and right nasal chambers. Xi et al. (Xi et al., 2017; Xi et al., 
2018) quantitatively compared drug deposition in the nasal cavity and 
olfactory region under normal and bi-directional breathing modes and 
analyzed the impact of nasal dilation on deposition. The results indi
cated that bi-directional delivery resulted in higher deposition in both 
the nasal cavity and olfactory region, while nasal dilation led to a 
reduction in the total nasal deposition for both delivery methods but an 
increased dose in the olfactory region. Hosseini and Golshahi (2019) 
evaluated nasal and paranasal drug delivery with nebulizers, with and 
without pulsating airflow, in nasal airway replicas of 2-, 5- and 50-year- 
old human subjects, considering normal and bi-directional breathing 
techniques. The results showed that paranasal delivery was significantly 
enhanced using pulsating nebulization under bi-directional breathing 
administration technique for all subjects and airway morphology 
resulted in significantly different drug delivery efficiency. Dong et al. 
(2017) compared the delivery efficiency of mask administration and bi- 

directional administration in the olfactory region of a 60-year-old 
healthy male and reported that the bi-directional delivery method 
could promote olfactory region deposition. While extensive research has 
been conducted, previous studies have primarily focused on adult sub
jects and often involved one case, with very limited studies of nasal 
deposition in children. Due to the unique anatomical structure of the 
pediatric nasal cavity, which is not merely a scaled-down version of the 
adult nasal cavity, previous research findings are unlikely applicable to 
children. 

Wilkins et al. (2021) used the MAD Nasal™ device to perform local 
intranasal vaccine delivery in nasal replicas of five subjects aged 3–24 
months and measured their delivery efficiency. The results showed no 
significant differences in total delivery efficiency between the five 
models; however, regional deposition patterns differed. Subsequently, Li 
et al. (2023) investigated the correlation between spray characteristics 
and local deposition efficiency of four intranasal delivery devices in 
nasal airway replicas of infants aged 3–24 months. They reported that all 
four devices performed consistently in terms of spray characteristics and 
were able to deliver more than 80 % of the candidate vaccine to the 
target area. In addition, the delivery efficiency was affected by either the 
spray droplet size distribution or the distance between the nozzle tip and 
the internal nasal valve. It is evident that these studies have focused 
mainly on the nasal cavity of healthy infants, with significantly fewer 
studies on the nasal cavity of children suffering from pathological 
changes. Two of our previous studies numerically simulated the depo
sition of Artemisia pollen and 1–20 μm particles, respectively, in the 
nasal airways of children with AH (Hu et al., 2023b; Sun et al., 2023), 
focusing on the deposition behaviour of the particles under voluntary 
respiration. In order to more effectively alleviate clinical symptoms in 
children with AH, it is necessary to understand the delivery effects of 
commonly used drug administration devices in the nasopharynx. 

This study aims to understand the factors influencing aerosol depo
sition in the nasopharynx of children with AH and further enhance the 
delivery efficiency to the nasopharynx. To this end, we compared the 
drug aerosol delivery performance between the breath-powered BDS 
and the aerosol MDS in five anatomically accurate nasal airway models 
of children with AH reconstructed from CT scans, and systematically 
elucidated the integrated impact of respiratory flow rate and particle 
size on delivery efficiency. This study results can provide scientific 
guidance for intranasal administration in children with AH, ultimately 
facilitating improvements in clinical treatment outcomes. 

2. Materials and methods 

2.1. Three-dimensional models and aerosol delivery systems 

Anatomically accurate three-dimensional models of the pediatric 
airway were reconstructed from computed tomography (CT) scan im
ages in the Digital Imaging and Communications in Medicine (DICOM) 
format. The CT image pixel size was 0.39 × 0.39 mm, the image di
mensions were 512 × 512, and the slice thickness was 0.5 mm. CT im
ages in DICOM format were imported into the Mimics software 
(Materialise, Belgium) to reconstruct the nasal airway (including the 
nasal cavity, nasopharynx, and maxillary sinuses). Further details on 
model reconstruction and validation can be found in previous works (Hu 
et al., 2023a; Hu et al., 2023b; Dong et al., 2016). A total of 5 pediatric 
models were constructed, consisting of four males and one female, with 
an average age of 5 ± 1.58 years (Fig. 1). Important model information 
on the five subjects has been included in Table 1. The size of adenoids 
and the patency of the nasopharyngeal airway can be reflected by the 
adenoidal nasopharyngeal (AN) ratio (Fujioka et al., 1979). An AN ratio 
above 0.6 is an indication of AH (Elwany, 1987). In this study, the AN 
ratios for the five children were 0.89 (Subject A), 0.86 (Subject B), 0.81 
(Subject C), 0.76 (Subject D) and 0.77 (Subject E), with an average AN 
ratio of 0.818 ± 0.056. Detailed method for AN ratio measurement can 
be referred to our previous work (Hu et al., 2023a; Hu et al., 2023b). 
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According to the AN ratio, Adedeji et al. (2016) classified the degree of 
nasopharyngeal airway obstruction by adenoids as mild (0.60 ~ 0.69), 
moderate (0.70 ~ 0.79) and severe (0.80 ~ 0.89). The five children in 
this study were categorised as having moderate AH for Subject D (0.76) 
and Subject E (0.77); severe AH for Subject A (0.89), Subject B (0.86), 
and Subject C (0.81) based on the AN ratio. This study obtained approval 
from the Institutional Review Board of the Second Affiliated Hospital of 
Xi’an Jiaotong University (Approval No. 2021–186) and obtained 
informed consent from the parents of the pediatric patients. 

We selected the standard aerosol mask connected to the nebulizer 
and the breath-powered bi-directional device for data analysis and 
performance comparison. The principle of the MDS is illustrated in 
Fig. 2A. Aerosol medication is nebulized into the mask at a controlled 
concentration, and both nasal chambers simultaneously inhale aerosol 
particles that pass through the choana into the nasopharynx, with some 
particles escaping into the lower respiratory tract. The principle of the 
BDS is illustrated in Fig. 2B. The intraoral pressure generated during oral 
exhalation elevates the soft palate, thereby closing off the nasopharynx; 
consequently, our three-dimensional model extends only up to the 

Fig. 1. Three-dimensional children nasal airway models with adenoid hypertrophy.  

Table 1 
Key model information about the subject.  

Subject Age Sex Nasopharyngeal 
surface area (cm2) 

Nasopharyngeal 
volume (cm3) 

AN 
ratio 

Subject 
A 

3- 
year- 
old 

Male  9.55  1.47  0.89 

Subject 
B 

4- 
year- 
old 

Male  9.92  1.64  0.86 

Subject 
C 

5- 
year- 
old 

Male  11.31  1.89  0.81 

Subject 
D 

6- 
year- 
old 

Female  10.96  2.35  0.76 

Subject 
E 

7- 
year- 
old 

Male  10.48  2.29  0.77  

Fig. 2. Schematic representation of aerosol mask (A) and bi-directional (B) delivery methods.  
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nasopharynx to simulate the closure of the soft palate during BDS de
livery. It is imperative that the nosepiece of the drug delivery device is 
inserted tightly into one nostril (left nostril in this study) during oper
ation to ensure that there is no air leakage between the nosepiece and 
the anterior nostril interface. Exhaled airflow carrying aerosol particles 
first enters the left chamber (LC), then passes through the choana into 
the nasopharynx, and finally exits through the anterior nostril of the 
right chamber (RC) into the surrounding environment. During exhala
tion, the elevation of the soft palate seals off the nasopharynx, pre
venting small particles from entering the lower respiratory tract. The 
black dashed line and the red thick arrows represent the aerosol flow 
path and direction of the two methods, respectively. 

Based on anatomical structure and functional considerations, the 
delivery device and pediatric model were divided into 11 regions 
(Fig. 3), with the nasopharynx as the target for drug delivery in this 
study. In this study, the average surface area of the nasopharynx in the 
five children with AH was 10.44 ± 0.72 cm2, and the average volume 
was 1.93 ± 0.39 cm3. 

2.2. Mesh generation and boundary conditions 

ANSYS Fluent Meshing (Ansys Inc., Canonsburg, Pennsylvania) was 
used to generate polyhedral meshes. The mesh size in the nosepiece 
region ranged from 0.05 to 0.1 mm, expected to be sufficient for the 
dense spray to fluid momentum exchange. Five layers of prism mesh 
were attached to the nasal wall, with the first layer having a height of 
0.02 mm and a growth rate of 1.1 (Fig. 4). The final mesh number of 
each model was approximately 2.3 to 2.5 million elements, equivalent to 
approximately 8.05 to 8.75 million tetrahedral elements. Previous 
works (Hu et al., 2023a; Hu et al., 2023b) from the authors have 
demonstrated that the above mesh quality ascertained a balance be
tween computational efficiency and accuracy. 

The tidal volume and respiratory rate for children aged 3–7 years 
were obtained from data reported by Hofmann (1982), and the duration 
of the respiratory cycle was obtained from data reported by Thiriet 
(2014). The resting respiratory flow rates for children aged 3–7 years 
were 7.84, 9.03, 9.77, 10.72, and 11.47 L/min, respectively. Table 2 
presents the respiratory parameters under quiet breathing conditions 
based on the literature. Under low-flow respiratory conditions (half the 
resting flow rate), the respiratory flow rates were set at 3.92, 4.52, 4.89, 
5.36, and 5.74 L/min, respectively. Under high-flow respiratory condi
tions (double the resting flow rate), the respiratory flow rates were set at 
15.68, 18.06, 19.54, 21.44, and 22.94 L/min, respectively. 

For the MDS, the inlet of the mask was set as a “pressure inlet” with a 
gauge pressure of zero, assuming that the mask was exposed to the at
mosphere. The outlet of the nasopharynx was set as a “velocity outlet,” 
with velocity magnitude calculated by dividing the volumetric flow rate 
by the outlet area. For the BDS, the outlet of the nasopharynx was closed 
and treated as a wall. The “velocity inlet” was set at the annular region 
around the nosepiece tip. The cross-sectional profile of this region is 
circular with an area of 8.49 × 10-5 m2. The inlet velocity was calculated 
using the exhalation flow rate and the cross-sectional area. The spray is 
introduced into the nasal cavity from the nosepiece tip located inside the 
nostril. The outlet of the other nostril was set as a “pressure outlet” with 
a gauge pressure of zero. The boundary conditions for particle–wall 
interactions were set to “trap”. A no-slip, stationary boundary condition 
was applied to the nasal walls. The respiratory airflow is considered as 
steady and incompressible. 

2.3. Airflow simulation and particle tracking 

The k-ω SST model was chosen to simulate the characteristics of 
airflow dynamics in the nasal airways of children with AH. The mo
mentum and turbulence equations were discretized using the First Order 
Upwind format, and the SIMPLE method was used for pressure–velocity 
coupling. 

The Lagrangian Discrete Phase Model (DPM) was utilized to predict 
the transport and deposition characteristics of particles within the nasal 
airway, considering gravity, drag force, and Brownian forces (Inthavong 
et al., 2016; Inthavong et al., 2009). For the low volume fraction 
dispersed phase (drug particles in this study), a one-way coupled 
Lagrangian approach was employed, 

dup
i

dt
= FD + FG + FB# (1)  

where up
i is the particle velocity, FD is the drag force per unit particle 

mass described as: 

FD =
18μ(ug

i − up
i )

Ccd2
pρp

# (2)  

where ug
i is the airflow velocity, μ is the air viscosity, dp is the particle 

diameter, ρp is the particle density, and Cc is the Cunningham correction 
factor given by: 

Fig. 3. Surface partitioning of delivery systems: Left – aerosol mask system (MDS), Right – bi-directional delivery system (BDS).  
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Cc = 1 +
2λ
dp

(
1.257 + 0.4e−

1.1dp
2λ

)
# (3)  

where λ is the air molecular mean free path, assumed to be 67 nm. 
Brownian force (FB) is of the form ξi

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(πSo)/Δt

√
, where ξi are zero- 

mean, unit-variance-independent Gaussian random numbers, and Δt is 
the particle integration time-step. So is a spectral intensity function: 

So =
216vkBT

π2ρd5
p

(
ρp
ρ

)2
Cc

# (4) 

The aerosol particles were assumed to be spherical with a unit den
sity (ρp) of 1000 kg/m3, while the air density (ρ) was 1.225 kg/m3. v is 
the kinematic viscosity, T is the Kelvin temperature of inhaled air (293 
K), kB is the Boltzmann constant, and Cc is the Cunningham correction 
factor. 

The target region of this study is the nasopharynx in children with 
AH. If the diameter of the aerosol particles was too large, the particles 
were mainly deposited in the anterior part of the nasal cavity due to 
inertia, which had minimal impact on the nasopharynx. In addition, 
previous studies have shown that typical aerosol sizes produced by 
commonly used nebulizers, metered-dose inhalers, and dry-powder in
halers are generally below 20 µm (Groneberg et al., 2003; Wang et al., 
2017). Hence, we chose particles ranging from 1 to 20 µm for the sub
sequent numerical simulation and deposition analysis of this study, 
aiming to explore deposition patterns and determine optimal particle 

sizes for delivery drug aerosols specifically to the nasopharyngeal re
gion. For each particle size, 50,000 particles were released from the inlet 
plane of the device. Deposition efficiency (DE) = the mass of drug 
deposited in a specific region / the total mass of drug released from the 
device × 100 %. In this study, DE is presented as mean ± standard de
viation. The deposition of inhaled particles in the nasal cavity depends 
on the geometric shape of the nasal cavity, respiratory flow rate, and 
particle properties such as size, shape, and density (Kesavan et al., 2000; 
Cheng, 2003). It is acknowledged that the drug delivery process is 
influenced by multiple factors simultaneously. However, in order to 
narrow the research scope to a manageable level, the present study has 
chosen to focus on examining the impact of aerosol particle size and 
respiratory flow rate on drug delivery efficiency. 

2.4. Model validation methods 

Two approaches were used to validate aerosol particle deposition to 
ascertain the fidelity of the models. The first validation approach is 
achieved by comparing the results with depositional data from the 
literature. The impact parameter (d2 aeQ) is widely used to determine 
the particle DE, which takes into account both particle size and flow 
rate, where dae is the aerodynamic equivalent diameter (μm) and Q is the 
volumetric flow rate (L/min). We compared the deposition results for 
flow rates ranging from 7.8 to 11.5 L/min and particle diameters ranging 
from 1 to 30 μm with published data for children. 

The second validation was performed using in-vitro deposition ex
periments. Physical replicas of the children’s nasal airways were fabri
cated using a stereolithography (STL) 3D printer. The 3D-printed model 
was sectioned into seven parts to allow for disassembly (Fig. 5). The 
outer nose (Fig. 5) was created as a separate component using liquid 
silicone rubber, which provides a tight interference fit with the device to 
prevent air leakage. The irregular nasopharyngeal outlet was designed 
as a cylinder (Fig. 5) to enable connection to a low-volume pump (LCP 5, 
COPLEY, UK). To seal each part of the model together, we affixed sealing 
strips and used screws to connect each pore (Fig. 5). 

The experimental platform for the MDS is shown in Fig. 6A. Each 
component of the model and the outer nose were assembled and fixed on 
the model stand before the experiment. The mask connected to the 
nebulizer (PHILIPS, China) was secured around the outer nose and the 
nasopharyngeal outlet of the model was connected to a low volume 
pump (LCP 5, COPLEY, UK) to simulate respiratory airflow. The 
experimental platform for the BDS is shown in Fig. 6B. The nasopha
ryngeal outlet of the model was sealed with Blu-Tack to simulate closure 
during BDS administration. The nosepiece of the bi-directional drug 

Fig. 4. Mesh preview results: Left – internal polyhedral mesh, Right – near wall prism mesh.  

Table 2 
Respiratory parameters under quiet breathing conditions.  

Subject Tidal 
volume 
(mL) 

Respiratory 
rate 
(breaths/ 
min) 

Minute 
ventilation 
(mL/min) 

Inspiration- 
to- 
expiration 
time ratio 

Inhalation 
flow rate 
(L/min) 

3-Year- 
Old 

121 24 2904  1:1.7  7.84 

4-Year- 
Old 

152 22 3344  1:1.7  9.03 

5-Year- 
Old 

181 20 3620  1:1.7  9.77 

6-Year- 
Old 

209 19 3971  1:1.7  10.72 

7-Year- 
Old 

236 18 4248  1:1.7  11.47 

The parameters were obtained from the reference (Hofmann,1982; Thiriet, 
2014). 
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delivery device was inserted into one nostril of the model, and care was 
taken to ensure no air leakage. The drug delivery device was connected 
to the trigger (DH-ROBOTICS, China) to simulate drug delivery. The 
model was disassembled after each experiment, and the drug deposited 
in each region was eluted. The deposited dose in each region was then 
quantified using the high-performance liquid chromatograph (HPLC, 
Waters e2695, WATERS, USA). The in vitro deposition experiments were 
performed in a 3D printed nasal airway replica of Subject D. Budesonide 
(AstraZeneca Pty Ltd., 2 ml:1 mg) was used for the mask drug delivery 
trial and mometasone furoate (Merck & Co., lnc., 0.05 %) was used for 
the bi-directional drug delivery trial, both of which are commercially 
available and commonly used drugs. Particle size distributions of mask 
nebulised budesonide and bi-directionally administered mometasone 
furoate nasal sprays were measured by laser particle sizer (HELOS IA- 
019, SYMPATEC, Germany). The measurement principle is to use the 
diffraction phenomenon of light, i.e. large particles produce small 
diffraction angles and small particles produce large diffraction angles, to 
give the particle size and size distribution of the particles by calculating 
the light intensity distribution of the different diffraction figures 
collected on the detector. Subsequently, numerical simulations were 

carried out under resting and high-flow respiratory conditions, 
respectively. 

2.5. Quantification of regional deposition 

The nasal airway model was carefully disassembled after each 
deposition experiment. To ensure that all drugs on each module were 
washed off, we eluted budesonide from the surface of each module into a 
50 ml volumetric flask using diluent (acetonitrile: phosphate buffer =
35:65 (v/v)). For mometasone furoate, the same thorough elution was 
performed with diluent (glacial acetic acid: acetonitrile: water =
5:1000:1000 (v/v/v)). The volumetric flask was then sonicated for 5 min 
to better dissolve the eluted down sample. Prior to HPLC analysis, 
samples and standards were filtered through syringe filters (PTFE 
membrane, 0.45 µm pore size, 02036331-TYLQ-0014, Titan). Finally, 
HPLC was used to quantify the regional deposition of nasal airway 
replicas. Table 3 provides all HPLC settings for the analytical quantifi
cation of budesonide and mometasone furoate. 

To calculate the total delivered dose for the in vitro deposition test, 
the drug administration device was weighed before and after each test 

Fig. 5. 3D printed bionic model that consists silicone outer nose and internal major components of the nasal airway.  

Fig. 6. In vitro experimental rig for measuring the drug aerosol delivery performance of both approaches: the mask delivery system (A), the bi-directional delivery 
system (B), High-Performance Liquid Chromatograph (C), and Laser Particle Sizer (D). 
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using an analytical laboratory balance (XSE205DU, METTLER TOLEDO) 
with an accuracy of 0.01 mg. Drug recovery efficiency = total dose 
recovered in the whole nasal model / total delivered dose × 100 %. 
Regional delivery efficiency = recovered dose in the region of interest / 
total recovered dose × 100 %. 

3. Results and discussion 

3.1. Model validation 

As illustrated in Fig. 7, deposition data obtained from this work are in 
good agreement with the in vivo deposition data of Becquemin et al. 
(1991) and Bennett et al. (2008). While the DE within the nasal replicas 
of Golshahi et al. (2011) and Zhou et al. (2013) is slightly higher than 
ours. This deposition discrepancy is mainly due to the fact that our 
model does not retain the larynx, thus resulting in a relatively low DE. In 
addition, the inhalation flow rate of our model is relatively low, which 
also results in a lower number of particles deposited by direct impaction. 

With our experimental method, the recoveries of the tested samples 
were all above 90 %, indicating that the method can accurately elute 
down the samples. The median particle size (D50) of budesonide was 
7.61 μm and that of mometasone furoate was 39.5 μm as measured by 
laser particle sizer. The deposition results of the in vitro experiments for 
MDS and BDS delivery approach are shown in Table 4. Fig. 8A shows the 
comparison between the experimental and simulation results of the 
MDS, and Fig. 8B shows the comparison between the experimental and 

simulation results of the BDS. It can be observed that the experimental 
results are in good agreement with the simulation results. The above 
provides evidence that the present computational models are capable of 
producing reliable and accurate results. 

3.2. Particle deposition patterns 

3.2.1. Particle deposition pattern of MDS 
All the results of this study are shown schematically by model D. The 

spatial deposition pattern using the MDS is shown in Fig. 9, and five 
particle sizes, 1 μm, 5 μm, 10 μm, 15 μm and 20 μm, were selected as 
representative particle sizes. Under low-flow inhalation conditions, an 
extensive deposition pattern was observed in the nasal cavity and 
nasopharynx, except in the vestibule. 1 μm particles were hardly trapped 
in the nasal cavity, suggesting that most inhaled particles escaped from 
the nose into the lower respiratory tract. The recovery of 15 μm and 20 
μm particles was significantly higher in the nasal cavity, and were 
mainly deposited in the middle and inferior meatus. Under resting 
inhalation conditions, the captured particles, in general, were somewhat 
uniformly distributed in the nasal cavity and nasopharynx, and the 
deposition intensity was increased compared to low-flow inhalation 
conditions. Very few 1 μm particles were trapped in the nasal cavity, 
showing a relatively dispersed distribution pattern. Deposition of 15 μm 
and 20 μm particles was increased and concentrated, forming deposition 
spots in the nasal cavity, as illustrated in the black square in Fig. 9. 
Under high-flow inhalation conditions, the deposition distribution 
within the nasal cavity was significantly concentrated. The deposition 
intensity of 1 μm, 5 μm, and 10 um particles in the nasal cavity and 
nasopharynx was significantly higher compared to low-flow and resting 
inhalation conditions, with the formation of multiple isolated deposition 
spots. The deposition spots formed by 15 μm and 20 um particles were 
enlarged and significantly shifted anteriorly, mainly in the anterior 1/3 
of the nasal cavity, and no significant deposition was seen in the naso
pharynx. In all the cases, there were slight differences in the number of 
particles deposited between the right and left nasal chambers, and this is 
mainly attributed to the inter-chamber geometry difference. 

3.2.2. Particle deposition pattern of BDS 
The spatial deposition patterns of 1 μm, 5 μm, 10 μm, 15 μm and 20 

μm particles using the BDS are shown in Fig. 10. Due to the unilateral 
property of the exhaled airflow, aerosol particles establish initial 
deposition in the left and right chambers sequentially. Under low-flow 
exhalation conditions, 1 μm and 5 μm particles showed a relatively 
dispersed distribution with low deposition intensity. The deposition of 
15 μm particles increased and was mainly concentrated in the middle 
and inferior meatus of the LC, with a decrease in the RC. The 20 μm 
particles were mainly concentrated in the anterior part of the LC, with a 
significant reduction in deposition in the nasopharynx and RC. Under 
resting exhalation conditions, 1 μm particles were evenly distributed. 
Deposited 10 μm particles began to form deposition spots in the LC, with 

Table 3 
Summary of methods used for High Performance Liquid Chromatography 
(HPLC).  

Models Budesonide (MDS) Mometasone Furoate 
(BDS) 

Mobile phase Anhydrous ethanol: acetonitrile: 
phosphate buffer = 2:35:65 (v/v/v) 

Acetonitrile: water =
47:53 (v/v) 

Injection 
Volume 

50 µl 20 µl 

UV detection 240 nm 254 nm 
Column 120 EC-C18 4.6 × 100 mm, 2.7 µm C18 4.6 × 75 mm, 2.7 

µm 
Column 

temperature 
50 ◦C 40 ◦C 

Flow rate 1.0 ml/min 2.0 ml/min 
Retention time 8.5 min, 9.5 min 3.6 min  

Fig. 7. Comparison of deposition results from this study with literature data. 
Deposition efficiency (DE) = the mass of drug deposited in a specific region / 
the total mass of drug released from the device × 100 %. 

Table 4 
Deposition results from in vitro experiments for MDS and BDS delivery 
approaches.  

Regions MDS BDS 

Resting 
inhalation 
(%) 

High flow 
inhalation 
(%) 

Resting 
inhalation 
(%) 

High flow 
inhalation 
(%) 

Vestibule  10.33  4.12  9.69  10.35 
Turbinate  8.76  4.18  11.76  7.97 
Septum  11.21  10.26  28.79  26.54 
Olfactory  1.11  1.35  0.05  0.16 
Maxillary 

sinus  
2.53  1.97  0.65  0.07 

Nasopharynx  5.21  6.11  3.15  2.01 
Total  39.15  27.99  54.09  47.1  
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increased deposition in the nasopharynx and decreased deposition in the 
RC. Deposited 15 μm and 20 μm particles formed sheet-like aggregation 
in the anterior 2/3 of the LC, with significantly lesser deposition in the 
nasopharynx and RC. Under high-flow exhalation conditions, 1 μm and 
5 μm particles were widely distributed and the deposition intensity was 
significantly higher than low-flow and resting exhalation conditions. 10 
μm particles exhibited sheet-like aggregation in the anterior 2/3 of the 
LC, with a noticeable lower deposition in the nasopharynx and RC. The 
sheet-like aggregation formed by 15 μm and 20 μm particles was 
significantly shifted anteriorly, and no significant deposition was 
observed in the nasopharynx and RC. 

3.3. Drug delivery efficiency analysis for the MDS 

This section analyses the total and regional DEs for the MDS at low- 
flow, resting and high-flow inhalation conditions. 

3.3.1. Analysis of the total DE for MDS 
The total DE curve is shown in Fig. 11A. The total DE increased with 

the increase in particle size under low-flow inhalation conditions. The 
DE for 20 μm particles reached a peak (42.16 % ± 9.37 %), whereas for 
the low-inertia 1 μm particles, the DE was only 2.49 % ± 0.82 %. Under 
resting and high-flow inhalation conditions, the total DE exhibited an 
initial rise followed by a subsequent drop. The peak DEs were observed 
at 19 μm (Resting: 54.51 % ± 5.36 %) and 12 μm (High-flow: 43.18 % ±
13.28 %), respectively, while the lowest DEs were both found at 1 μm 
(Resting: 4.26 % ± 1.41 %; High-flow: 6.05 % ± 2.12 %). The studies by 
Shi et al. (2007) and Inthavong et al. (2009) have also shown that with 
an increase in particle diameter and flow rate, the deposition of inertial 
particles within the nasal cavity increased, and deposition hotspots 
notably shift anteriorly, primarily in the nasal valve area. Therefore, 
when the particle diameter and flow rate are sufficiently large, it may 
lead to the deposition of inertial particles before they even entered the 
nasal cavity, resulting in a decrease in DE within the nasal cavity. For the 

Fig. 8. Comparison of numerical simulation results and in vitro experimental results for the MDS (A) and BDS (B) delivery approach.  

Fig. 9. Spatial deposition patterns of the MDS delivery approach at three inhalation flow rates. 1 μm, 5 μm, 10 μm, 15 μm and 20 μm were selected as representative 
particle sizes. 
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Fig. 10. Spatial deposition patterns of the BDS delivery approach at three exhalation flow rates. 1 μm, 5 μm, 10 μm, 15 μm and 20 μm were selected as representative 
particle sizes. 

Fig. 11. Comparison of numerical simulation results for the MDS delivery approach at three inhalation flow rates: A: total DE, B: DE in the mask, C: chamber specific 
DE, and D: nasopharyngeal DE. 
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three inhalation flow rates, higher inhalation flow rate showed higher 
DEs when the particle diameter was less than 13 μm. For particles with 
diameters greater than 13 μm, the highest DE was observed during 
resting inhalation. For particles with diameters greater than 16 μm, the 
lowest DE was observed during high-flow inhalation. A higher inhala
tion flow rate led to greater deposition losses incurred by inertial par
ticles passing through the mask (Fig. 11B). 

3.3.2. Analysis of the chamber DE for MDS 
Fig. 11C compares the DEs of the left and right chambers. Under low- 

flow and resting inhalation conditions, the DEs in the left and right 
chambers increased with increasing particle size, both reaching peaks at 
20 μm (Low-flow: 14.58 % ± 8.63 % vs 19.13 % ± 2.33 %; Resting: 
22.38 % ± 13.37 % vs 27.70 % ± 13.94 %). Under both of these inha
lation conditions, higher inhalation flow rates showed higher DEs. 
Under high-flow inhalation conditions, the DEs in the left and right 
chambers exhibited an initial increase followed by a decrease, reaching 
peaks at 12 μm (13.85 % ± 9.16 %) and 13 μm (20.42 % ± 14.45 %), 
respectively. A common observation that applies to all three inhalation 
conditions was that the DE in the RC was higher than that in the LC, and 
this deposition difference was likely attributed to anatomical disparities 
between the chambers. Furthermore, the difference in peak DEs between 
the left and right chambers increased with higher inhalation flow rate 
(Low-flow: 4.55 %; Resting: 5.32 %; High-flow: 6.57 %). 

3.3.3. Analysis of nasopharyngeal DE for MDS 
The DE curve for the nasopharynx is shown in Fig. 11D. For all three 

inhalation conditions, the DE exhibited a trend of initial increase fol
lowed by a decrease, reaching peaks at 17 μm, 14 μm, and 9 μm, 
respectively (Low-flow: 9.74 % ± 4.85 %; Resting: 14.01 % ± 6.84 %; 
High-flow: 15.35 % ± 6.36 %). Under low-flow and resting inhalation 

conditions, the minimum DEs were observed at 1 μm (Low-flow: 1.92 % 
± 0.82 %; Resting: 2.86 % ± 1.33 %). Under high-flow inhalation con
ditions, the minimum DE was nearly zero and occurred at 20 μm (0.06 % 
± 0.07 %). When the particle diameter was less than 11 μm, higher 
inhalation flow rates showed higher DEs. Within the particle size range 
of 11–17 μm, the DE was at its highest during resting inhalation. For 
particles larger than 17 μm, higher inhalation flow rates showed lower 
DEs. 

3.4. Drug delivery efficiency analysis for the BDS 

This section analyses the total and regional DEs for the BDS under 
low-flow, resting and high-flow exhalation conditions. 

3.4.1. Analysis of the total DE for BDS 
The total DE curves are shown in Fig. 12A. Under three exhalation 

flow rates, the total DE curves all exhibited a trend of initially rapid 
increase followed by a slow decrease. The higher the exhalation flow 
rate, the DE peak tend to appear at small particles, and the DE decreased 
more rapidly after reaching the peak. Under three exhalation conditions, 
the total DE reached its peak at 17 μm (Low-flow: 95.11 % ± 0.72 %), 
13 μm (Resting: 93.10 % ± 1.77 %), and 8 μm (High-flow: 90.23 % ±
2.08 %), respectively. Higher exhalation flow rates showed lower peak 
DEs. The lowest DEs were observed at 1 μm for three conditions (Low- 
flow: 4.23 % ± 2.22 %; Resting: 8.97 % ± 4.84 %; High-flow: 15.56 % ±
7.08 %). When the particle diameter was less than 9 μm, the higher the 
exhalation flow rate, the higher the DE. Within the particle size range of 
9–14 μm, the DE was highest during resting exhalation. For particles 
larger than 14 μm, the higher the exhalation flow rate, the lower the DE. 
As the particle size increased, the deposition losses generated by inertial 
particles in the bi-directional device nosepiece gradually increased 

Fig. 12. Comparison of numerical simulation results for the BDS delivery approach at three exhalation flow rates: A: total DE, B: DE in the nosepiece, C: chamber 
specific DE, and D: nasopharyngeal DE. 
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(Fig. 12B). The higher the exhalation flow rate, the more pronounced the 
increase in deposition loss. 

3.4.2. Analysis of the chamber DE for BDS 
Fig. 12C compares the DEs between the LC and the RC. In this study, 

the bi-directional drug delivery device was connected to the left nostril; 
consequently, the majority of inhaled aerosols were initially captured by 
the LC, with only some residual particles passing through the naso
pharynx into the RC. As a result, the DE in the LC was significantly 
higher than that in the RC. Under low-flow and resting exhalation 
conditions, the DE in the LC increased rapidly with increasing particle 
size, both reaching the peak at 20 μm (Low-flow: 66.36 % ± 15.24 %; 
Resting: 79.56 % ± 4.56 %). Under high-flow exhalation conditions, the 
DE in the LC first increased rapidly and then decreased slowly, reaching 
its peak at 14 μm (76.69 % ± 5.01 %). When the particle diameter was 
less than 17 μm, higher exhalation flow rates showed higher DEs in the 
LC. For particles larger than 17 μm, the DE in the LC was highest during 
resting exhalation. In comparison, the DE curves in the RC under the 
three exhalation conditions all exhibited a trend of initial increase fol
lowed by a decrease, remaining at low DE levels (less than 30 %). This is 
likely because most particles were deposited in the LC, resulting in few 
or no particles subsequently depositing in the RC. However, this depo
sition imbalance between the left and right chambers was significantly 
minimised for the low inertia particles, such as those with diameters that 
range between 1 and 4 μm. For 1–4 µm particles, it can be observed that 
the DEs in both the right and left chambers remain low at less than 20 %, 
and the RC has a slightly higher DE than the LC. One plausible expla
nation is that microparticles with smaller diameters have extremely low 
inertia, which makes them more susceptible to change direction 
following the main airflow, so that the majority of particles can follow 
the airflow into the RC and escape into the atmosphere through the right 
nostril. The study by Yarragudi et al. (2020) also demonstrated that 
microparticles with smaller diameters are more likely to reach the 
deeper nasal cavity and escape from the nasal passages, which provides 
some supporting evidence to the findings of this study. 

3.4.3. Analysis of nasopharyngeal DE for BDS 
The DE curve for the nasopharynx is shown in Fig. 12D. For all three 

exhalation conditions, the DE exhibited a trend of initial increase fol
lowed by decrease, forming three distinct deposition peaks. The higher 
the exhalation flow rate, the deposition peaks tend to appear at small 
particles, reaching peak DEs at 15 μm, 10 μm, and 6 μm, respectively 
(Low-flow: 36.36 % ± 11.06 %; Resting: 37.80 % ± 6.63 %; High-flow: 
34.58 % ± 10.87 %). This is related to the deposition of large particles in 
the anterior part of the nasal cavity due to inertial impaction. In a nu
merical study of the nasal cavity in three healthy adult subjects con
ducted by Yarragudi et al. (2020), the deposition trend in the 
nasopharynx for the bi-directional delivery method was similar to ours 
but exhibited relatively lower DEs. This deposition difference is likely 
attributed to anatomical disparities between the adult and pediatric 
nasal cavities and differences in respiratory flow rates. Under low-flow 
and resting exhalation conditions, the DE at 1 μm was the lowest 
(Low-flow: 0.90 % ± 0.75 %; Resting: 1.54 % ± 0.82 %). Under high- 
flow exhalation conditions, the DE at 20 μm was close to zero (0.50 % 
± 0.74 %). When the particle diameter was less than 7.5 μm, higher 
exhalation flow rates showed higher DEs. Within the particle size range 
of 7.5–12.5 μm, the DE was highest during resting exhalation. For par
ticles larger than 12.5 μm, higher exhalation flow rates showed lower 
DEs. 

3.5. Comparison of delivery efficiency of BDS and MDS 

This section compares the total and regional DEs for the two delivery 
systems under low-flow, resting and high-flow inhalation and exhalation 
conditions. 

3.5.1. Comparison of total DEs for MDS and BDS 
The quantitative comparison of the total DEs for the two delivery 

systems is shown in Fig. 13. Overall, the BDS exhibited superior drug 
delivery performance for all particle sizes. Compared to the BDS, the 
MDS generated more deposition losses within the mask, significantly 
reducing the total DE in the nasal airway. Under low-flow and resting 
respiratory conditions, the difference in total DEs between the two de
livery systems showed a trend of initially increasing and then 
decreasing. Under high-flow respiratory conditions, the deposition 
trends for both delivery systems were similar. For all three respiratory 
conditions, the smallest difference in total DEs was observed at 1 μm 
(Low-flow: 1.71 %; Resting: 4.71 %; High-flow: 9.51 %), and higher 
respiratory flow rates resulted in larger differences in total DEs. Under 
three respiratory conditions, the differences in total DEs between the 
two delivery systems were most pronounced at particle sizes of 14 μm, 9 
μm, and 6 μm. In these cases, the BDS case consistently outperformed the 
MDS case, exhibiting DE enhancements of 69.23 % (Low-flow), 68.16 % 
(Resting), and 66.47 % (High-flow). Under three respiratory flow rates, 
the peak DEs for the BDS were approximately 1.71 to 2.26 times higher 
than those for the MDS (Low-flow: 95.11 % vs 42.16 %; Resting: 93.10 % 
vs 54.51 %; High-flow: 90.23 % vs 43.18 %), further confirming its 
superior drug delivery performance. However, the BDS showed greater 
inter-subject variability regarding DEs for most particle sizes. 

3.5.2. Comparison of chamber DEs for MDS and BDS 
The quantitative comparison of the chamber specific DEs for the two 

delivery systems is shown in Fig. 14. Given that LC is the chamber of 
interest, only the deposition results of the LC were compared for the 
BDS. Compared to the MDS, the BDS exhibited significantly higher 
chamber (target chamber) deposition for all particle sizes at three res
piratory flow rates, greatly enhancing the delivery efficiency of drug 
aerosols. In a numerical study of adult nasal drug delivery conducted by 
Dong et al. (2017), the bi-directional delivery method similarly exhibi
ted superior drug delivery performance, further corroborating our 
findings. At each respiratory flow rate, the chamber deposition trends 
for the two delivery systems were similar. Under all three respiratory 
conditions, the smallest DE difference was consistently observed at 1 
μm. The higher the respiratory flow rate, the greater the difference in DE 
at 1 μm (Low-flow:1.00 %; Resting:1.55 %; High-flow: 2.83 %). 

3.5.3. Comparison of nasopharyngeal DEs for MDS and BDS 
As shown in Fig. 15, in comparison, the BDS exhibited better naso

pharyngeal delivery performance, while the MDS showed overall 
nasopharyngeal DEs at a low level of below 16 %. An apparent reason is 
that the mask presents a larger surface area that traps particles before 
they can be entrained into the nasal airway. In addition, it is difficult for 
inertial particles to penetrate the nasal valve area to reach the naso
pharynx deep in the nasal cavity when using the MDS. For low-inertia 
particles in the range of 1–3 μm, the BDS exhibited slightly lower DEs 
compared to the MDS, with the maximum DE difference being only 1.32 
%. The higher the respiratory flow rate, the superior delivery perfor
mance of the BDS tends to cover all particle sizes. 

3.5.4. Optimal particle size of MDS and BDS deposition peaks in the 
nasopharynx 

The comparison of peak DEs in the nasopharynx for the two delivery 
systems is depicted in Fig. 16. Under three respiratory conditions, the 
BDS tended to be first to reach deposition peak at smaller particle sizes 
(15 μm vs 17 μm, 10 μm vs 14 μm, 6 μm vs 9 μm), and its peak DEs were 
substantially higher than those of the MDS (Low-flow: 36.36 % vs 9.74 
%; Resting: 37.80 % vs 14.01 %; High-flow: 34.58 % vs 15.35 %). The 
BDS exhibited peak DEs in the nasopharynx that were 2.25 to 3.73 times 
higher than those of the MDS, providing strong evidence of its superior 
aerosol delivery performance. The higher the respiratory flow rate, the 
gap in peak DEs between the two delivery systems becomes smaller 
(Low-flow: 26.62 %; Resting: 23.79 %; High-flow: 19.23 %). 
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Furthermore, the higher the respiratory flow rate, the deposition peaks 
tend to occur at smaller particle sizes; conversely, with lower respiratory 
flow rates, deposition peaks tend to occur at larger particle sizes. 
Therefore, for drug aerosols with different particle size distributions, 
drug delivery efficiency can be improved by adjusting the respiratory 
flow rate. 

3.6. Effect of various AH on peak DEs in the nasopharynx 

As shown in Fig. 17, the peak DE in the nasopharynx of children with 
severe AH was higher than that of those with moderate AH in all three 
respiratory conditions, in both MDS and BDS. This suggests that the 
greater the obstruction caused by adenoids in the nasopharyngeal 
airway, the more susceptible it is to the deposition of aerosol particles 
through impaction in the nasopharynx. For the disparity in nasopha
ryngeal deposition rates due to different degrees of AH, the disparity was 

Fig. 13. Comparison of numerical simulation results for total DE between the MDS and the BDS delivery approach under low-flow (A), resting (B), and high-flow (C) 
respiratory conditions. 

Fig. 14. Comparison of numerical simulation results for chamber specific DE between the MDS and the BDS delivery approach under low-flow (A), resting (B), and 
high-flow (C) respiratory conditions. 

Fig. 15. Comparison of numerical simulation results for nasopharyngeal DE between the MDS and the BDS delivery approach under low-flow (A), resting (B), and 
high-flow (C) respiratory conditions. 
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more pronounced for BDS than for MDS, which may be related to the 
different delivery principles of the two delivery systems. For children 
with moderate and severe AH, there were differences in the particle size 
corresponding to the peak deposition of MDS in the nasopharynx under 
the three respiratory conditions, suggesting that the changes in 
anatomical structure play a role in determining the optimal particle size. 
However, the peak deposition of BDS in the nasopharynx occurred at the 
same particle size across all considered respiratory conditions, with 
optimal particle size of 15 µm, 10 µm, and 6 µm for low-flow, resting and 
high-flow respiratory conditions, respectively. Both the high Peak DEs 

(~27 % - ~42 %) and consistent optimal particle sizes for moderate and 
severe AH provide BDS with a distinct advantage in treating children 
with varying degrees of AH. The peak DE results of MDS and BDS for 
subjects with varying levels of AH are anticipated to provide valuable 
insights for pharmaceutical industries in refining current inhalation 
devices. Additionally, current study offers practical guidance for phy
sicians in selecting suitable devices when treating pediatric patients 
with AH. 

This study is the first to compare the delivery efficiency of MDS and 
BDS in the nasopharynx of children with AH, which holds significant 
implications for improving aerosol therapy effectiveness in this distinct 
group. Similar to previous research findings (Dong et al., 2017; Shi et al., 
2007; Schroeter et al., 2015; Kleven et al., 2005), we found that respi
ratory flow rate, particle size, and delivery method can significantly 
affect the transport and deposition of aerosol particles. For BDS and 
MDS, low-inertia particles in the range of 1–3 μm exhibited lower DEs in 
the nasal cavity and nasopharynx, with less inter-subject variability. In 
contrast, there was greater inter-subject variability in deposition in the 
nasal cavity and nasopharynx for larger inertial particles. The increase in 
respiratory flow rate and particle diameter did not increase the depo
sition dose in the nasopharynx. A plausible explanation is that the larger 
particles with higher inertia may have deviated from the main airflow 
and deposited in the anterior part of the nasal cavity by impaction. 
Overall, higher total and regional delivery efficiencies were obtained 
using BDS compared to MDS, but with relatively greater inter-subject 
variability at most particle sizes. These findings are significant for 
clinical applications as they offer insight into the depositional variability 
that may be encountered when using these two systems. This helps 
healthcare professionals better understand and plan treatment strategies 
to ensure that aerosol drug deposition within the patient’s nasal cavity 
reaches the desired level. 

Fig. 16. Comparison of numerical simulation results for peak DEs in the 
nasopharynx between the MDS and the BDS delivery approach. 

Fig. 17. Numerical simulation results of peak deposition in the nasopharynx of children with moderate AH versus severe AH.  

Z. Hu et al.                                                                                                                                                                                                                                       



International Journal of Pharmaceutics 653 (2024) 123906

14

4. Conclusion 

This paper used an experimentally validated numerical model to 
investigate MDS and BDS’s drug aerosol delivery performance. The two 
drug delivery methods’ total and regional particle DEs were quantita
tively compared. Compared to the MDS, the BDS can yield superior 
deposition in the nasal cavity and nasopharynx. For all three respiratory 
flow rates, the BDS consistently achieved higher nasopharyngeal depo
sition peaks at smaller particle sizes. The higher the respiratory flow 
rate, the deposition peaks tend to occur at smaller particle sizes; 
conversely, with lower respiratory flow rates, deposition peaks tend to 
occur at larger particle sizes. Therefore, drug delivery efficiency can be 
improved for aerosol drugs of different particle sizes by adjusting the 
respiratory flow rate. Furthermore, an optimal particle diameter exists 
for each respiratory flow rate, which maximises the drug delivery effi
ciency to the nasopharynx. The present study contributes to an in-depth 
understanding of air-particle flow characteristics under the interaction 
of the nasal drug delivery device with the pediatric nose. The findings of 
this study contribute to guiding early intervention in children with AH to 
enhance drug delivery efficiency, ultimately improving clinical treat
ment outcomes and effectively preventing the occurrence of 
complications. 
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