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Abstract

To understand inhaled nanoparticle transport and deposition characteristics in pediatric
nasal airways with adenoid hypertrophy (AH), with a specific emphasis on the olfactory
region, virtual nanoparticle inhalation studies were conducted on anatomically accurate
child nasal airway models. The computational fluid-particle dynamics (CFPD) method
was employed, and numerical simulations were performed to compare the airflow and
nanoparticle deposition patterns between nasal airways with nasopharyngeal
obstruction before adenoidectomy and healthy nasal airways after virtual
adenoidectomy. The influence of different inhalation rates and exhalation phase on
olfactory regional nanoparticle deposition features was systematically analyzed. We
found that nasopharyngeal obstruction resulted in significant uneven airflow
distribution in the nasal cavity. The deposited nanoparticles were concentrated in the
middle meatus, septum, inferior meatus and nasal vestibule. The deposition efficiency
(DE) in the olfactory region decreases with increasing nanoparticle size (1 to 10 nm)

during inhalation. After adenoidectomy, the pediatric olfactory region DE increased
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significantly while nasopharynx DE dramatically decreased. When the inhalation rate
decreased, the deposition pattern in the olfactory region significantly altered, exhibiting
an initial rise followed by a subsequent decline, reaching peak deposition at 2 nm.
During exhalation, the pediatric olfactory region DE was substantially lower than
during inhalation, and the olfactory region DE in the pre-operative models were found
to be significantly higher than that of the post-operative models. In conclusions,
ventilation and particle deposition in the olfactory region were significantly improved
in post-operative models. Inhalation rate and exhalation process can significantly affect

nanoparticle deposition in the olfactory region.

Keywords: Olfactory region, Nanoparticle exposure, Virtual surgery, Computational

fluid-particle dynamics, Nasal airway

1. Introduction

The nasal cavity is a complex anatomical structure with important physiological
functions, including ventilation, heating and humidification, cleaning and filtration,
immune defense and olfaction, etc [1]. The olfactory area, located at the uppermost of
the nasal cavity, is the sole region in human body where the central nervous system
(CNS) is in direct contact with the environment. Air pollution and occupational
exposure are probably the two main sources of exposure to airborne nanoparticles. Solid
proof indicates that ultrafine particles (nanoparticles) in air pollution can reach the brain
through the olfactory pathway, and that this is a key mechanism for the
neurodegenerative effects of air pollution [2-4]. Once the toxic nanoparticles reach the
brain, a variety of negative effects can be observed, including oxidative stress,
inflammation, and neurodegeneration [5,6]. While this route of exposure from the nose
to the brain has not been confirmed in humans, it has been proven in non-human
primates [7]. As part of the investigation of this potential exposure pathway, it is
necessary to quantify the dose of inhaled nanoparticles deposited in the human olfactory
region.

Compared to adults, children have smaller nasal cavity volumes, relatively
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simpler and immature nasal turbinate structures, and narrower nasopharynges, resulting
in a relatively higher proportion of airflow being directed towards the olfactory region
[8]. The adenoids, commonly referred to as "nasopharyngeal tonsils," are healthy
lymphatic tissues at the roof of the nasopharynx that act as a barrier against upper
respiratory illnesses [9]. As reported, 42-70% of children and adolescents experience
adenoid hypertrophy (AH), with adenoids typically reaching their maximum size
between the ages of 2 and 6 years, after which adenoid tissue gradually regresses
[10,11]. AH is associated with decreased appetite and potential growth disturbances,
and some affected children may exhibit adenoid facies. Furthermore, AH is also a
common etiological factor for olfactory loss in children [12,13]. This is due to the fact
that AH can significantly affect nasal airflow and nasal mucosal physiology in children,
thereby negatively affecting olfactory function. Adenoidectomy is the most common
surgical treatment in the clinic [14]. In fact, subtle variations in nasal anatomical
structures can lead to significant differences in odor perception [15]. However, the
impact of alterations in airflow and its associated particle transport and deposition
characteristics caused by AH on olfactory perception has not yet been fully
comprehended. This is of significant importance for therapeutic decisions of
adenoidectomy and the improvement of olfactory function. Therefore, there is a great
need for a comprehensive understanding of the impact of nasopharyngeal obstruction
caused by AH on airflow and nanoparticle transport and deposition characteristics in
the pediatric olfactory region.

Currently, some researchers have investigated the airflow distribution and particle
deposition characteristics in the nasal cavity of children. Corda et al. [16] conducted a
numerical study on the nasal airflow patterns in newborns, infants, and adults,
demonstrating that neonates have underdeveloped nasal cavities with the absence of the
inferior meatus, resulting in a notably uneven airflow distribution. Cheng et al. [17]
investigated the DE within nasal replicas of 1.5-year-old, 2.5-year-old, and 4-year-old
children and reported that intranasal deposition decreased with increasing age in the
particle size range of 1-200 nm. Golshahi et al. [18] researched the particle deposition

with aerodynamic diameters of 0.5 - 5.3 um in nasal replicas of children aged 4 - 14



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

years using in vitro experimental methods. Their research demonstrated that particle
deposition increased with an increase in particle size and flow velocity, with impaction
being the primary deposition mechanism. Zhou et al. [19] performed in vitro
experiments and computational fluid dynamics (CFD) analyses of particle deposition
(1-20 pm) in the nasal cavity of a 5-year-old child. Results showed that the total
deposition from the in vitro experiments and CFD predictions matched to a high degree.
Xi et al. [20] evaluated the transport and deposition of aerosols ranging from 0.5 to 32
um in a nasal-laryngeal airway model of 5-year-old children. The results indicated
significant differences between children and adults in the deposition of inhaled aerosols,
which should be considered as a factor in the risk assessment of airborne toxicants.
Subsequently, the effect of age on intranasal airflow and ultrafine aerosol particle
deposition were numerically assessed by Xi et al. [21] in a 10-day-old neonate, a 7-
month-old infant, a 5-year-old child, and a 53-year-old adult, and the differences in
airway physiology, breathing resistance, and aerosol filtering efficiency among the four
models were quantified and compared. Results showed that the nasal-laryngeal airways
at different ages, albeit differ significantly in morphology and dimension, do not
significantly affect the total deposition fractions or maximum local deposition
enhancement for ultrafine aerosols. It is not difficult to find that these previous studies
have focused primarily on the nasal cavity among healthy children, or the effects of
anatomical and physiological variation between children and adults on particle
transport and deposition. There is a significant paucity of research on the nasal cavity
of children with pathological changes. Therefore, previous research findings may not
be applicable to the nasal airways of children with severe pathological alterations, since
any minor lesion can impact nasal airway patency and its associated particle transport
and deposition characteristics.

Furthermore, Feng et al. [22] classified 35 children aged 9-15 years into two
groups based on their adenoidal nasopharyngeal (AN) ratio (Group 1 with AN ratio <
0.6; Group 2 with AN ratio > 0.6) and conducted numerical simulations of the
aerodynamic characteristics in their upper airways. The study revealed that the

maximum velocity in the nasopharynx was the most sensitive aerodynamic parameter,
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and an AN ratio greater than 0.6 may be associated with a significant increase in
maximum velocity. Two of our recent articles respectively reported the effect of
different degrees of AH on pediatric upper airway aerodynamics and the deposition
distribution and influencing factors of Artemisia pollen (21.0 um) in various anatomical
sites of the upper airways of children with AH [23,24]. We found that when the AN
ratio is > 0.7, there is a significant flow-limiting effect in the nasopharynx. There are
noticeable differences in the deposition hotspots and DE of Artemisia pollen within the
nasal cavities between children and adults. The motion and deposition of microparticles
are driven by inertia and drag forces, whereas for nanoparticles, it is driven by diffusion
resulting from Brownian motion. Due to the different particle motion mechanisms, our
previous research findings cannot be applied to nanoparticles. Sun et al. [25]
numerically investigated the effect of nasopharyngeal obstruction on the transport and
deposition of nanoparticles in the nasal airways of children and reported that the flow
field in the nasal cavity was normalised after adenoidectomy, and better nanoparticle
transport was obtained in the affected region. However, this study included only one
child and did not consider other influencing factors.

Due to ethical concerns and the difficulty in distinguishing particles deposited in
the olfactory region from those deposited elsewhere in the nasal cavity, in vivo
measurements of olfactory region dosages pose a challenge. Conducting in vitro studies
using nasal replicas is also challenging as regional analysis is required to differentiate
olfactory region deposition from non-olfactory region deposition. Currently, there is no
literature reporting quantitative experiments on nanoparticle deposition in the human
olfactory region. However, computational models of airflow and particle transport are
an attractive tool for assessing the deposition of nanoparticles in the human olfactory
region. Computational Fluid Dynamics (CFD) can be employed to simulate airflow
patterns and quantify the dose of inhaled particles deposited in the olfactory region.
Therefore, we conducted a virtual nanoparticle inhalation study using CFD, which is
needed for the pre-evaluation of surgical outcomes in children with AH.

Quantitative comparisons of airflow and particle deposition characteristics before

and after virtual surgery in children with AH can provide deeper insights into the impact
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of nasopharyngeal obstruction on olfactory function, thus effectively guiding clinical
treatment decisions. To date, research in this area remains limited. In addressing this
research gap, this study conducted a detailed comparative analysis from a fluid-particle
dynamics perspective on the nasal airways of 4 anatomically precise children with AH
and the nasal airways of 4 children after virtual surgery. The effects of inhalation rate
and exhalation processes on airflow and nanoparticle deposition in the olfactory region
were systematically elucidated. The aim was to provide a scientific basis for evaluating
the relationship between nasopharyngeal obstruction and olfactory function, ultimately
promoting the improvement of clinical treatment outcomes. For the nasal airways after
virtual surgery, there was a significant improvement in ventilation and particle
deposition in the olfactory region, suggesting that olfactory loss may be of value in
deciding whether to perform adenoidectomy in children with nasopharyngeal
obstruction.
2. Methods
2.1. Study subjects

Computed tomography (CT) images (Digital Imaging and Communications in
Medicine format, DICOM) of 4 children diagnosed with AH were retrospectively
collected. There were 3 males and 1 female with an average age of 4+0.82 years. The
CT image resolution was 512 x 512 pixels with a slice interval of 0.5 mm. The AN ratio
is defined as the ratio of adenoid thickness to nasopharyngeal width, reflecting both the
size of the adenoids and the patency of the nasopharyngeal airway [26]. The reported
AN ratio for healthy children is 0.5834+0.0741 [27]. In this study, the AN ratio for the
four children were 0.86, 0.79, 0.84, and 0.80, with an average AN ratio of 0.82+0.03.
The specific measurement method for the AN ratio is detailed in our previous work
[23,24]. The study by Adedeji et al. [28] demonstrated that children aged 3-5 years
with AH often exhibit severe nasopharyngeal obstruction, with AN ratio ranging from
0.80 to 0.89, indicating the representativeness of the AN ratio in this age range in our
study. The children had no obvious abnormalities in the anatomy and morphology of
the nasal cavity, and no previous history of severe nasal deformity, nasal trauma, septal

perforation, nasal tumors or nasal surgery. This study was authorized by the Institutional
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Review Board and Medical Ethics Committee of the Second Affiliated Hospital of Xi'an
Jiaotong University (No. 2021-186), and the parents of the children all signed written
informed consent form and were completely aware of the pertinent facts and risks.

2.2. Airway reconstruction for pre- and post-operative models

The reconstruction of the pediatric airway structures of interest (facial features,
nasal cavity, and larynx) was performed using the free open-source software package,
3D Slicer, from CT images. Since the paranasal sinuses have a neglectable effect on the
airflow inside the nasal cavity [29-31], they were excluded from the reconstruction
process except for the maxillary sinuses. The specific reconstruction process of the
pediatric nasal airways is illustrated in Fig. 1. Each respiratory tract model is connected
through the nostrils, forming a continuous pathway from the external space to the end
of the larynx. We achieved virtual surgery by adjusting the degree of segmentation of
the adenoid region (Fig. 2). Notably, the post-operative model was essentially identical
to the pre-operative model, except for the nasopharyngeal obstruction area where
virtual surgery was performed. After removing the enlarged adenoid tissue by virtual
surgery, the nasopharyngeal airway structure was restored to normal state. A total of 8
models were constructed, including 4 original AH models and 4 health models after
virtual surgery (Fig. 3).

All reconstructed models underwent the surface smoothing process, and
subsequently, the nasal surface of each model was divided into 10 distinct regions based
on anatomical structure and functional considerations (Fig. 4). To accurately capture
the unevenly distributed airflow patterns around the nostrils, a hemispherical breathing
zone with a radius of 10 cm was created which encompassed the external nose and its
surrounding facial regions. Besides, in order to precisely establish airway outflow
conditions and to advance numerical stability and convergence, the laryngeal area was
additionally preserved.

Specific details of model validation can be found in our previous work [23]. In the
previous study, a 1:1 scale model of a child's upper airway was fabricated by three-
dimensional stereolithography (STL) technology. Nasal resistance of the 3D printed

model was measured (Equipment Model NR6, GM Instruments) and compared the
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measurements with numerical results. The results showed that there was a positive
correlation between pressure drop and flow rate regardless of experimental
measurement or numerical simulation. The experimental data exhibited good
agreement with the numerical results, confirming the reliability of the numerical model.

With the advancement of CT scanning technology, we can obtain authentic and
accurate image data [32]. These data are acquired from clinical scans of actual children
to ensure that the anatomical structures of the models match those of real children. The
nature of our work as otolaryngologists makes us very aware of the anatomical
structures and characteristics of the nasal cavity. This allows us to accurately remove
unneeded structures and preserve the target airway of interest. Furthermore, our
previous work [23] performed nasal resistance measurements on 3D-printed pediatric
models and compared them with numerical results. The findings indicated a strong
agreement between experimental and numerical results, further confirming the
reliability of our model. However, there are individual differences in the shape and size
of the pediatric nasal cavity, and as such, our model may not cover anatomical variations
in all children. The accuracy of the model is limited by the resolution of the CT scans,
and fine structures may not be fully reproduced in the model.
2.3. Mesh Generation

ANSYS Fluent Meshing (ANSYS, Inc., Canonsburg, Pennsylvania, USA) was
employed to generate polyhedral meshes with mesh sizes ranging from 0.05 to 0.3 mm.
Five layers of highly dense prism mesh were attached to the nasal wall to resolve the
viscous flow characteristics at the near-wall surface (Fig. 5). The first prism layer was
set to 0.02 mm and the growth rate was 1.1. Compared to traditional tetrahedral mesh,
polyhedral mesh prevails in all aspects, such as improved numerical convergence,
reduced susceptibility to stretching, and higher calculation efficiency [33]. After the
grid independence tests incorporating coarse, medium and fine mesh numbers, the final
mesh numbers of all pre- and post-operative models were 2.0-2.2 million, achieving a
balance between computational efficiency and accuracy.
2.4. Boundary conditions

During inhalation, the hemisphere of the breathing zone was defined as the
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"pressure inlet" with zero-gauge pressure, and the outlet of the model was defined as
the "velocity outlet", and the velocity magnitude was calculated by dividing the
volumetric flow by the outlet area (Fig. 6A). Tidal volumes and respiratory rates for
children of different ages were obtained from data reported by Hofmann [34]. 2.7s was
set as one breathing cycle in this study [35]. The calculated inhalation flowrates of 3 to
5 years old children were 7.84, 9.03 and 9.77 L/min, respectively, which can satisfy the
resting state. Table 1 shows the literature-based, quiet-breathing respiratory parameters.
Under low-flow inhalation conditions (flow rate halved), the inhalation flowrates were
set to 3.92, 4.52, and 4.89 L/min, respectively. During exhalation, the outlet of the
airway model was set as the "velocity inlet" and the respiratory hemisphere was defined
as the "pressure outlet" with zero-gauge pressure (Fig. 6B). The velocity value was
calculated based on volume flow and outlet area. The boundary condition for the
particle-wall interaction was set as "trapped wall," indicating that the inhaled particles
would deposit at initial contact with the airway surface. Non-slip, stationary wall
boundary conditions were applied to the face and nasal surfaces. The inhaled airflow
was assumed to be stable and incompressible.
2.5. Airflow simulation

The k-0 SST model was applied to solve the unique aerodynamic characteristics
of the pediatric nasal airway. The incompressible Navier-Stokes equation was
determined to be the control equation, and the Second Order Upwind algorithm was
used to calculate the nasal cavity airflow during steady-state inhalation. The pressure-
velocity coupling was handled through the SIMPLE method. ANSYS Fluent 2021 R1
software (ANSYS, Inc., Canonsburg, Pennsylvania, USA) was applied to solve the
correlated algebraic equations, and the governing equations were discretized using the
finite volume approach.
2.6. Particle tracking

The one-way coupled Lagrangian approach was implemented for a dispersed
phase with low volume fraction (nanoparticles in present study). This method involves
simulating the airflow field first and then tracking the trajectories of individual particles

by integrating the particle force balance equation. The drag force, gravity, and
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p

dt" =Fp+F, +Fp (1D

where uf is the particle velocity, Fj, is the drag force per unit particle mass described

as:

_ 18u(uf — up)

Fp = (2)
? Cedgpp

where u;g is the airflow velocity, u is the air viscosity, d,, is the particle diameter,

pp is the particle density, and C, is the Cunningham correction factor given by:

1.1dp

22
C.=1+ d—<1.257 + 0.4e 21 ) (3)
P

where A is the air molecular mean free path, assumed to be 67nm.

Brownian force (Fg) isofthe form &;./(mS,)/At, where &; are zero-mean, unit-

variance-independent Gaussian random numbers, and At is the particle integration time-

step. S, i1s a spectral intensity function:

216vkgT
So = s (Po 2 (4)
wlpdy (F) C.

In present study, the nanoparticles were assumed to be spherical shapes with a

particle density (p,) of 1000 kg/m? and the air density (p) was set to 1.225 kg/m>. v is
the kinematic viscosity, 7 is the Kelvin temperature of inhaled air (in this case 300 K),
kg is the Boltzmann constant, and C. is the Cunningham correction factor. The
simulated particle diameter ranges from 1 to 10 nm with 1nm incrementation. During
inhalation, for each particle size, 100,000 particles were released uniformly from a
spherical surface (3 cm in radius) centered on the nose tip, which completely
encompasses the nasal cavity and its surrounding facial area (Fig. 6A). Once the
nanoparticles entered the nasal cavity, Fluent's Discrete Phase Model (DPM) mode was
used to track them until the particles were "trapped" by the nasal airway mucosa or
particles outflew the airway. In fact, what we refer to as "taste" refers to the stimulating

effect of food volatiles on olfactory epithelial cells when food fragments pass through
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the nasopharynx during mastication and deglutition [36]. Therefore, during exhalation,
a cross-section was set up in the nasopharynx from which nanoparticles were uniformly
and passively released to mimic nanoparticle transport and deposition during exhalation
(Fig. 6B). In the exhalation process, we primarily observed the particle deposition
within the olfactory region, without further analysis of particle deposition in other
anatomical regions of the nasal cavity. Since the mucus layer covers the surface of the
nasal airway, particle deposition was considered to occur when the particles strike the
surface of the nasal airway, and therefore rebound was not taken into account.
2.7. Statistical analysis

Statistical analysis was performed using SPSS 21.0 software. The differences in
particle deposition before and after surgery, at different inhalation rates, and separately
in inhalation and exhalation were compared by paired t-test. Differences were

considered statistically significant when P< 0.05.

3. Results
3.1. Airflow analysis

The results of this study are schematically represented by nasal model B. The
distribution of airflow streamlines in the pre- and post-operative models during
inhalation and exhalation is shown in Fig. 7. Overall, the airflow streamlines of the two
nasal airway models during inhalation were mainly distributed in the inferior and
middle meatus, with less airflow entering the anterior upper part of the nasal cavity.
Specifically, the AH model showed sudden airflow acceleration near the
nasopharyngeal obstruction site, with peak velocity up to 5.17 m/s. Compared with the
AH model, the local peak velocity in the nasopharynx of the post-operative model was
about 2.21 m/s, which is only about 43% of the obstructed airway in the nasopharynx.
At the same time, the airflow streamlines in the post-operative model were more
dispersed, with more streamlines entering the upper part of the nasal cavity. During
exhalation, the airflow streamlines of both nasal airway models were predominantly
distributed in the inferior and middle meatus, with a relatively more airflow entering
the anterior upper part of the nasal cavity. Obvious vortex formation can be seen at the
olfactory region of the post-operative models. Compared with the inhalation phase,

peak velocities in the nasopharynx were increased in both models during exhalation,
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and were especially pronounced in the post-operative model (increased by 117%).

Fig. 8 shows the flow patterns at the olfactory interface (an artificial location at
the bottom of the olfactory region used to extract velocity data) for pre- and post-
operative models during inhalation and exhalation phases. These results directly reflect
the ventilation status of the olfactory region. During inhalation, relatively limited
airflow entered the olfactory region of the pre-operative model, with a peak local
velocity of 1.19 m/s occurring at the posterior end of the left chamber. The olfactory
ventilation status was slightly improved in the post-operative model, with a peak local
velocity of 1.71 m/s observed at the posterior end of the left chamber side. During
exhalation, the flow patterns at the olfactory interface experienced abrupt changes in
both direction and magnitude. Specifically, the pre-operative model exhibited a
predominant anterior-to-posterior flow direction with a local peak velocity of 1.93 m/s
in the left chamber. In contrast, the post-operative model displayed a posterior-to-
anterior flow direction with a local peak velocity of 2.59 m/s in the left chamber.

3.2. Model validation

To validate the accuracy of our models, the DE (mean + standard deviation) of 1-
10 nm particles from the current models of 8 children was compared with pediatric
deposition data from the published literature. An in vitro nasal replica of a 4-year-old
child by Cheng et al. [17] and a nasal model of a 5-year-old child by Xi et al. [21], both
of which were similar in age to our children, were used for data comparison. Cheng et
al. [17] measured the DE of monodisperse NaCl or Ag aerosols (0.0046-0.20 um) in
pediatric nasal casts at respiratory flow rates of 3, 7, and 16 L/min. The nasal cast
extended from the nasal tip to the junction of the nasopharynx and pharynx, and
monodisperse aerosols were released from the nostril entrance. Xi et al. [21]
numerically simulated the transport and deposition of 1-100 nm particles in a child's
nose-throat model under conditions ranging from resting to vigorous activity (i.e., 2-45
L/min). Ultrafine particles were introduced into the nasal cavity from the nostril inlet
plane.

As can be observed from Fig. 9, our pre- and post-operative models showed slight
changes in particle DE due to nasopharyngeal obstruction. Specifically, the
nasopharyngeal obstructed model showed a slightly higher DE, while slightly fewer
nanoparticles were deposited in the model that underwent virtual surgery. Overall, our
current models agreed well with the deposition results of the Xi et al. [21] for most

particle sizes. Compared to the in vitro experimental measurements by Cheng et al.
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[17], our models had a similar deposition trend with a relatively low DE. This variation
is largely attributable to differences in respiratory flow rates and exposure patterns. The
higher inhalation flow rate (7.8-10 L/min) in our models resulted in a lower DE of
nanoparticles, for which diffusion plays a dominant role. Unlike the inhalation
environment of our models, the models of Xi et al. [21] and Cheng et al. [17] did not
include an outside hemispherical breathing zone, and the nostrils were directly
connected to the uniformly released aerosol. As a result, more particle deposition was
observed in the nasal airways, especially diffusion-dominated particles. In addition,
other factors contributing to the variability of the available data could be anatomical
differences between subjects, as well as nanoparticle aggregation in the experiments.
3.3. Nasal cavity particle deposition during inhalation

The following equation was applied to calculate the DE of each anatomical region:
DE=local deposition particle number /total released particle number x 100%. Escape
rate=number of particles escaping from larynx /total released particle number x 100%.
The total DE of nanoparticles in the pre- and post-operative models are shown in Fig.
10. The total DE gradually decreases with the increase of nanoparticle sizes due to the
diminished particle diffusion effect. Pre- and post-operative models showed the same
depositional trend. The total DE peaked for highly diffuse 1nm particles at
72.67%+5.26% and 70.01%+4.89% pre- and post-operatively, respectively; whereas it
dropped to the minimum for 10 nm particles at 9.35%=+1.41% and 8.54%+1.33% pre-
and post-operatively, respectively. In addition, the total DE was reduced in the post-
operative models compared to the pre-operative models (t=7.122, p=0.000). Two
particle sizes, 1 nm and 10 nm, were selected as representative particle sizes, and their
spatial deposition patterns are shown in Fig. 11. Overall, 1 nm particles had a stronger
diffusion effect and therefore a higher overall DE (around 70%-73%). In contrast, for
10 nm particles, the overall DE was significantly lower to 8.5%-9.5% due to
significantly weaker particle diffusion.

The DE of nanoparticles in each anatomical site of the model before and after
surgery is shown in Fig. 12. 1-10 nm particles were mainly deposited in the middle
meatus, septum, inferior meatus and nasal vestibule in the nasal cavity. The DE
decreased with increasing nanoparticle size in all anatomical sites except the maxillary
sinus. Deposition trends were similar between the pre- and post-operative models. After
adenoidectomy, the DE in the nasopharynx was significantly lower in children (t=6.335,

p=0.000). On the contrary, the escape rate of nanoparticles at the outlet gradually
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increased with increasing particle size (Fig. 13). The escape rate at the outlet was
higher in the post-operative models than that in the pre-operative models (t=-9.200,
p=0.000).

3.4. Olfactory region particle deposition during inhalation

The DE of nanoparticles in the olfactory region of the model before and after
surgery is shown in Fig. 14. The DE in the olfactory region decreased with increasing
nanoparticle sizes during resting inhalation. Deposition trends were similar between the
pre- and post-operative models, with the olfactory region DE peaked for the smallest 1
nm particles (2.33%+2.04% vs 2.78%+2.04%), while the olfactory region DE was
minimum for the largest 10 nm particles (0.25%=+0.16% vs 0.27%=+0.12%). In addition,
the olfactory region nanoparticle DE of the post-operative models was generally higher
than that of the pre-operative models (t=-2.538, p=0.032).

When the inhalation flow rate was reduced (flow rate halved), the deposition trend
in the olfactory region was altered significantly, showing an initial rise followed by a
subsequent decline trend. For highly diffuse 1 nm particles, olfactory region DE was
significantly reduced both before and after surgery (1.42%=1.35% vs 1.70%= 1.48%);
whereas for 2 nm particles, the olfactory region DE peaked (1.98%+1.27% vs
2.28%+1.53%). For particles sized 1-6 nm, the olfactory region DE of the post-
operative models was higher than that of the pre-operative models, whereas 7-10 nm
particles showed almost the same DE in the pre- and post-operative olfactory regions.
The olfactory region DE of 2-10 nm particles generally increased when the inhalation
flow rate was halved compared to resting inhalation; and the DE gradually decreased
with increasing particle size.

3.5. Olfactory region particle deposition during exhalation

The direction of the exhalation airflow is not simply the opposite of that of the
inhalation. The airflow during exhalation was closer to the side of head causing by the
shape of the nasopharynx and the back of the turbinate. In order to gain a comprehensive
understanding of the factors affecting the nanoparticle DE in the olfactory region, we
analyzed the deposition of nanoparticles in the olfactory region during exhalation.

As shown in Fig. 15, the deposition trend of nanoparticles in the olfactory region
of children during exhalation was similar to that during inhalation. For particles in the
range of 1-10 nm, the DE in the olfactory region decreased gradually with increasing
particle sizes. The olfactory region DE of the smallest 1 nm particles peaked at

1.56%=+1.08% and 0.63%+0.32% for the pre- and post-operative models, respectively;
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whereas the olfactory region DE of the largest 10 nm particles decreased to the
minimum (approaching to 0), with 0.09%=+0.11% and 0.02%=+0.03% for the pre- and
post-operative models, respectively. The DE of nanoparticles in the children's olfactory
region was generally reduced during exhalation compared to the inhalation phase
(t=4.396, p=0.002; t=3.991, p=0.003), with the most pronounced reduction observed in
1 nm particles (less than 1.6%). In addition, the gap between the DEs of the olfactory
region in the pre- and post-operative models during exhalation increased further,
especially in the post-operative models, where the DE in the olfactory region was
generally at its lowest level. Notably, unlike the deposition pattern during inhalation,
the olfactory region DE of the pre-operative models was significantly higher compared
to the post-operative models during exhalation (t=4.270, p=0.002). Overall, the overall
DE in the children's olfactory region was very low (less than 3%) in all of our

considered scenarios.

4. Discussion

The morphology of the nasopharynx was significantly altered before and after
adenoid surgery, and this resulted in significant changes in nasal airflow dynamics. For
the models with AH, the local airflow velocity at the nasopharyngeal obstructed region
during inhalation could reach 5.17 m/s. Due to the obvious airflow limiting effect of
the nasopharyngeal obstruction area, it is expected that the children will have to exert
considerable effort to maintain normal respiratory activity. In the post-operative models,
the abnormal airflow dynamics changes in the nasopharynx disappeared, and the local
peak velocity was significantly reduced (2.21 m/s), which could alleviate the
uncomfortable symptoms of the children to a certain extent. This is consistent with the
authors' previous findings [23]. This relationship between the morphology and
aerodynamics of the airway can be explained by the Bernoulli effect [37], which states
that as the fluid travels through a narrowing portion of a tube, the increase in the
velocity of the fluid corresponds with the reduction in pressure. On exhalation, the peak
velocity at nasopharyngeal obstruction site in the pre-operative model increased further
(5.69 m/s), exacerbating the degree of dyspnea among children, and mouth breathing
may occur. This high speed was mainly due to the inherited upstream jet flow (the
narrowest area within the pharynx). During inhalation and exhalation, the olfactory
region airflow velocity of the post-operative models was significantly higher than that

of the pre-operative models, which may be related to the fact that the removal of the
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nasopharyngeal obstruction led to an increase in airflow into this region.

The total DE in the nasal cavity decreases gradually with increasing nanoparticle
sizes (1-10 nm). Overall, the diffusion effect of 1 nm particles was stronger and
therefore the total DE in the nasal cavity was higher. The same deposition trend was
reported by Sun et al. [25] in a study of nanoparticle deposition in the nasal cavity of a
3-year-old child. In addition to particle sizes, nasopharyngeal obstruction has an
indispensable effect on local DEs alterations in the nasal cavity. More nanoparticles are
deposited in the nasopharynx due to the presence of AH. This is due to the fact that for
the untreated models with severe obstruction in the nasopharynx, the airflow is
significantly accelerated and becomes fully turbulent, preventing Brownian diffusion
from occurring. For models after virtual surgery, however, the particle diffusion effect
plays the dominant role. Lou et al. [38] have also noted that AH may lead to the
accumulation of allergen (e.g., dust, pollen) particles in the nasal cavity and
nasopharynx, which can exacerbate the symptoms and duration of allergic rhinitis.
However, because the nasopharyngeal obstruction site is located downstream of the
nasal airway, the number of particles captured by the main nasal cavity are relatively
unaffected, and thus there is less variability in the DE within the main nasal cavity,
although particles deposited in the post-operative models are more dispersed.

The DE in the olfactory region of children during resting inhalation decreased with
increasing nanoparticle sizes, mainly due to a gradual weakening of the particle
diffusion effect. Studies by Dong et al. [39,40] have also reported that for 1 nm
particles, the highest deposition dose in the olfactory region was found in the adult
model, whereas no significant olfactory region deposition was found for 10 nm particles.
In addition, we found that the deposition intensity in the olfactory region between the
pre- and post-operative models was significantly different. This is due to the flow-
limiting effect of the nasopharyngeal obstruction, which restricts most of the airflow in
the pre-operative model to the middle and inferior meatus, with ventilation in the upper
part of the nasal cavity being greatly compromised. In contrast, surgical removal of the
nasopharyngeal obstruction resulted in a more even distribution of airflow in the model,
with more airflow into the upper part of the nasal cavity, resulting in improved
ventilation of the olfactory region and superior meatus. Particle deposition in the
olfactory region of the post-operative model was significantly enhanced due to
improved ventilation of the olfactory region. A clinical study by Fornazieri et al. [41]

similarly demonstrated significant improvement in olfactory function after



© o0 ~N o o b~ w N

W W W W W NN NN DN DNDNDDND NN R R R, R R, R, R, R,
A W NP O © 0O N OO o0k 0N BB O OV 0o N o 0o >~ w N -, o

adenoidectomy in children with pre-operative nasopharyngeal obstruction greater than
50%.

The main deposition mechanism of nanoparticles is diffusion. At lower flow rates,
the smaller the particle sizes, the more it is deposited [17]. In present study, it was found
that when the inhalation flow rate was reduced (3.92-4.89 L/min), the largest deposited
dose in the olfactory region of children corresponded to a particle size of 2 nm rather
than at 1 nm, showing an initially increasing and then decreasing deposition trend. This
is mainly because the olfactory region was located at the upper posterior part of the
nasal cavity and the consideration of inhalation exposure environment of our models.
As a result, 1 nm particles with the strongest diffusion effect tend to incur more
deposition losses as they pass through the hemispherical breathing zone outside the
model and the anterior part of the nasal cavity when the inhalation flow rate is
significantly reduced. As a result, the olfactory region deposition intensity of 1 nm
particles was observed to be relatively small. In general, the overall DEs in the pediatric
olfactory region were very low (<3%), which is related to the deep location of the
olfactory region and the fact that most of the inhaled aerosol particles were captured by
the anterior nose. Garcia et al. [42] studied the deposition of nanoparticles in the nasal
cavity of adults with inhalation rates of 15-30 L/min and reported that olfactory dose
of inhaled nanoparticles is highest for 1-2 nm particles, with approximately 1% of
inhaled particles deposited in the olfactory region. The main reason for this difference
in deposition may be related to differences in the anatomical structure of the nasal cavity
and differences in inhalation flow rates between children and adults.

Ingham [43] reported that the diffusion parameter (A=L/Pe*d.) can be introduced
to quantify nanoparticle deposition, where L indicates the characteristic length, and d.
stands for the characteristic diameter of the nasal airway. Pe is of the form d.U/D, U
denotes the characteristic airflow velocity, and D stands for the molecular diffusivity of
particles in the air. During inhalation, the length coverage of effective flow in the post-
operative olfactory region was broader than that pre-operation (as depicted in Fig. 7,
in the left side of the pre-operative model, the velocity fields approach zero at the
interface of the olfactory region), so the characteristic length (L) of nanoparticle
exposure was longer, and the diffusion effect of nanoparticle was enhanced.

During exhalation, the deposition trend in the children's olfactory region was
similar to that of the inhalation period, but the DE in the olfactory region was

significantly lower. This is due to the L of the olfactory exposure scenario during
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exhalation is essentially the same before and after surgery (as depicted in Fig. 7,
velocity fields are well above 0.3 m/s at the interfaces of the olfactory region in both
models), and the determining factor becomes the characteristic airflow velocity (U).
The U in the olfactory region was significantly higher during exhalation than during
inhalation, resulting in a significantly weaker diffusion effect of nanoparticles. In
particular, the U of the post-operative olfactory region increased dramatically, so that
its DE was significantly lower than that of the pre-operative olfactory region. It is worth
noting that the changes in flow direction along the olfactory interface are attributed to
the presence of the sagittal flow recirculation (Fig. 7). Flow recirculation patterns are
generally reduced in the post-operative model, as the length coverage of the bulk flow
direction along the interface (anterior-to-posterior for inhalation, posterior-to-anterior
for exhalation) is generally longer than in the pre-operative model. This demonstrates
that the post-operative model achieves better rearranged flow patterns with reduced
flow recirculation in the superior olfactory regions.

In general, the impact of nasopharyngeal obstruction resulting from AH on
olfactory function has received little attention from clinicians. Through a comparative
study of airflow-particle dynamics before and after surgery in children with AH, we
observed that ventilation and particle deposition in the olfactory region were
significantly improved after adenoidectomy. This discovery contributes to a better
determination of the necessity and optimal timing of surgery for physicians, which is
crucial for the healthy growth and improved quality of life in children. Understanding
the deposition patterns of nanoparticles contributes to the development of more
effective pollutant prevention and control measures, thereby reducing the likelithood of
environmental toxin exposure in the olfactory region of children. Furthermore, our
model can be utilized for postoperative monitoring, aiding physicians in assessing the
degree of surgical success and the recovery status of children's olfactory senses. This
facilitates treatment plan adjustments, optimizes patient care, and ensures the best
possible recovery outcomes. The findings of this study may hold potential value for the
design and optimization of drug delivery systems. By gaining insights into the
deposition characteristics of nanoparticles within the nasal airways of children,
improvements can be made to nasal drug delivery systems to more effectively transport
drugs to the olfactory region.

This study provides a detailed methodology description, including data collection,

model construction, parameter settings, boundary conditions, and the principles of
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airflow-particle dynamics, sufficient to ensure that other researchers can replicate the
study using the same approach. Furthermore, our research findings are consistent with
previous relevant studies, which further support the replicability of our research. Other
researchers can refer to these related studies to validate our findings. In summary, our
study was conducted using standardized methods, which ensures the credibility and
replicability of our research.

The study also has some limitations. Firstly, this study focused on children with
AH aged 3-5 years, a small age range and a limited sample size. Future studies need to
continue to expand the sample size and use more realistic nasal airway models at larger
age spans to further confirm these findings. Second, the widely used assumption of
stable airflow may have slight impact on the results. In realistic human bodies, the nasal
cavity airflow incorporate acceleration and deceleration of a wide range of flow rates,
it is not always stable. Shi et al. [44] demonstrated that cumulative effects lead to the
changed of particle concentration fields and compared with steady flow status, the
cyclic airflow has more inhaled nanoparticles closer to the posterior nasal cavity during
deceleration phase, resulting a higher nanoparticle concentration. Jiang and Zhao [45]
claimed that despite such differences between steady and cyclic airflows, the steady
assumption of the nasal airflow field is still valid over 70% of the cycle period, and the
averaged nanoparticle deposition results during breathing cycles can be estimated based
on steady cases using empirical correlations, which greatly reduces the computational
costs. We analyzed the effects of different inhalation rates and exhalation process on
nanoparticle deposition in the olfactory region. Future research can further investigate
the mechanisms underlying these effects, particularly the physical and biological
mechanisms of nanoparticle deposition in the olfactory region. In addition to inhalation
rate and exhalation process, other factors such as age, gender, and disease status may
also influence airflow and particle deposition in the olfactory region. Future research

can undertake a more comprehensive multi-factor analysis.

5. Conclusion

In this study, a detailed comparative study of the nasal airways before and after
virtual surgery in anatomically precise children with AH was performed from the
perspective of fluid-particle dynamics. The comprehensive impact of surgical excision,
inhalation rate, and exhalation process on airflow and nanoparticle deposition in the

olfactory region was systematically elucidated. The results indicate that after
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adenoidectomy, the nasopharyngeal morphology returns to normal, and the airflow
distribution within the nasal cavity becomes more uniform. For the nasal airways after
virtual surgery, there was a significant improvement in ventilation and particle
deposition in the olfactory region, suggesting that olfactory loss may be of value in
deciding whether to perform adenoidectomy in children with nasopharyngeal
obstruction. When the inhalation rate decreased, the deposition intensity of 2-10 nm
particles in the olfactory region significantly increased. During exhalation, the
deposition intensity in the olfactory region noticeably decreased. The results of this
study are expected to provide a scientific basis for adenoidectomy planning and
protection against pollutant exposure in the olfactory region, thereby promoting
improvements in clinical treatment outcomes and the healthy growth of children. Due
to variability among different individuals, future research may require the analysis of
deposition characteristics in a larger number of pediatric subjects to continuously

validate these findings.
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‘ Collecting CT images of children with AH, the image resolution is
512 X512 pixels, with a slice interval of 0.5 mm

,-7

‘ CT images in DICOM format were imported into the 3D-Slicer
software to reconstruct the airway structures of interest

‘ The constructed 3-D model was imported into Geomagic Studio for
surface smoothing and region segmentation

| |
vV
Generation of polyhedral meshes with 5 prism layers through
ICEM-CFD and ANSYS Fluent Meshing

‘ CFPD simulation and model validation

V

‘ Data analysis

Fig. 1. The specific steps for creating the pediatric nasal cavity model.


https://doi.org/10.1016/j.jaerosci.2010.06.005

O N oo o b w

10
11
12
13
14
15

Adenoid tissue

Pre-operative model

Nasopharyngeal
obstruction site

Post-operative model

Nasopharynx after
irtual surgery

Fig. 2. Pre- and post-operative nasal airway models by virtual surgery to remove the enlarged

adenoid tissue.
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Fig. 3. All pre- and post-operative nasal airway models in this study.




O N o oMW

9
10

11
12
13

Left front view Top view

@ vestibule

@ atrium

® septum

@ inferior meatus
(® middle meatus
® olfactory

@ superior meatus
maxillary
(® nasopharynx

@ larynx

e

Fig. 4. Diagram of the different anatomical regions of the nasal cavity.

olfactory

Fig. 5. Cross-sections of mesh showing the polyhedral mesh elements and near wall prism layers.
The highlighted region was the targeted olfactory region.
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Table 1
Respiratory parameters under quiet breathing conditions.
) ) ) o Inspiration- Inhalation
Tidal volume Respiratory rate Minute ventilation o
Age . . to-expiration  flow rate
(mL) (breaths/min) (mL/min) . ] ]
time ratio (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

7 The parameters were obtained from the reference [34,35].
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