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• Impact of age-related anatomical
changes on nasal particle deposition was
studied.

• Deposition equations were developed
using the combined diffusion parameter.

• Filtration efficiency in the main respi-
ratory remains consistent across age
groups.

• It paves the way for inhalation studies
involving individuals across the life
span.
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A B S T R A C T

The airflow and particle dynamics in adult nasal airways have been extensively investigated, but the impact of
age-related anatomical changes in children and the elderly remains underexplored. This study systematically
investigates age-related anatomical variations and associated influence on nasal airflow dynamics and ultrafine
particle deposition characteristics by using Computational Fluid-Particle Dynamics (CFPD) approach. Numerical
simulations were conducted for 9 healthy nasal subjects spanning a wide age range. 6 Nasal subjects from the
Development Group were used as the primary models for data analysis and deposition correlation development,
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Deposition efficiency
Inter-subject variation

while 3 subjects from the Validation Group were used to validate the reliability of the derived total and sub-
regional deposition correlations. Our results reveal distinctive variations across age groups. Specifically, the
elderly and children exhibit unique patterns that differ from those of young adults. While total deposition ef-
ficiency differs significantly between children and adults, filtration efficiency in the subregion with most
deposition, main respiratory, remains consistent. Lastly, overall and subregional empirical equations for depo-
sition efficiency were developed by incorporating the combined diffusion parameter, ScaΔb, corroborating the
use of geometrical characteristic parameters for each specific subject in predicting nasal deposition efficiency
across different age groups. Our findings are expected to improve the predictive nanoparticle exposure analysis
in nasal airways across different age groups, thereby improving the respiratory health for individuals throughout
the life span.

1. Introduction

With advancement of engineering and nanotechnology, nano-
particles have been incorporated into diverse environmental settings,
from industrial workplaces to urban environments (Vaquero et al., 2016;
Khezri et al., 2018). Extensive toxicological studies have demonstrated
that exposure to nanoscale toxic aerosols can lead to a spectrum of
health issues, encompassing sinusitis, nasal obstruction, alveolar
inflammation, cardiovascular disease, and even mortality (Seaton et al.,
1995). Given the growth in nanotechnologies and associated potential
for airborne exposures to potentially toxic nanoparticulates, the in-
tricacies of their deposition within the human respiratory system have
garnered significant attention (Rahman et al., 2021; Seaton et al., 2010).
To address the concern, a comprehensive exploration of nanoparticle
deposition within the human nasal airway is imperative, as it serves as
the primary line of defence in the human respiratory pathway, filtering
airborne particulates (Noback et al., 2011; Elad et al., 2008). Inhaled
airborne particles that are captured within the nasal airways are sub-
sequently directed toward the mouth and oesophagus through the
mucociliary clearance mechanism, which plays a pivotal role in
reducing the risk of pulmonary exposure to toxic environments
(Munkholm and Mortensen, 2014). The pronounced reliance of airborne
particle exposure on this clearance mechanism and the anatomical
structure emphasizes the pressing need for an in-depth investigation into
nasal anatomy and its affected airflow behaviours.

While there have been extensive studies delving into the deposition
of airborne nanoparticles within the human nasal cavity, a conspicuous
gap exists in understanding variations in deposition patterns among
distinct age groups. As numerous studies have clarified, age contributes
to continuous morphological and physiological modifications in both
the interior and exterior structures of nasal passages, which may alter
the nasal airflow dynamics and associated filtration performance. Dur-
ing childhood and adolescence, growth and maturation can be the prime
factor affecting nasal anatomy, such as in nasal height, philtrum length,
and nasal tip protrusion-to-nasal height ratio, as frequently revealed in
craniofacial measurements (Edelstein, 1996; Zankl et al., 2002; van der
Heijden et al., 2008; Sforza et al., 2011). Besides external changes,
statistically significant growth rates of intranasal space parameters in
individuals under 17 years old was reported by Samoliński, et al.
(Samoliński et al., 2007). Conversely, within the elder age group, studies
in otolaryngology have commonly cited the phenomenon of a drooping
nose tip, attributed to the loss of fibroelastic support (Parkes and Kamer,
1973; Cochran et al., 2007), which may shift the external environment
as airflow enters the nasal pathway. Moreover, in addition to these
changes over a lifetime, the physiological nasal environment also un-
dergoes age-related shifts. Sakakura, et al. (Sakakura et al., 1983) re-
ported that 31 % of 42 volunteer subjects aged over 60 years old did not
achieve the expectedmucociliary transport observed in younger subjects
(aged under 60 years old) in their nasal mucociliary clearance mea-
surements. Similarly, several studies have reported diminished muco-
ciliary clearance performance in connection with the aging process (Kim
et al., 2007; Proença de Oliveira-Maul et al., 2013). The age-related
anatomical and physiological transformations may hold the key to dif-
ferential nanoparticle exposure performance within the human nasal

cavity, emphasizing the necessity of comprehending aerosol transport
characteristics across age groups to enhance the tailoring of respiratory
healthcare.

The investigation of fluid dynamics and ultrafine particle behaviour
in the human nasal cavity has been the subjects of numerous in vivo and
in vitro studies. Cheng, et al. (Cheng et al., 1996a) measured nasal airway
dimensions and extra-thoracic deposition for ultrafine particles ranging
from 4 to 150 nm in ten healthy adult volunteers. The results suggested a
correlation between inter-subject variability in particle deposition and
individual nasal dimensions, including total surface area, minimum
cross-sectional area, and complexity. This emphasizes the significance of
considering biological variability when developing population-wide
dosimetry for inhaled ultrafine particles. In vitro experiments provided
an alternative approach that allowed for more detailed and unlimited
measurement of fluid and particle dynamics while avoiding the risk of
hazardous aerosols exposure present in in vivo experiments. Cheng, et al.
(Cheng et al., 1988) evaluated monodisperse NaCl aerosols ranging from
4.6 to 200 nm in an adult polyester nasal-larynx cast. They described the
theoretical estimation of the nasal deposition efficiency based on the
airflow rate and the diffusion parameter derived from the turbulent
diffusion process in a straight pipe, indicating that turbulent diffusion
dominated the mechanism for ultrafine particle deposition. In a subse-
quent in vitro study, this group expanded their number of replicas to
four, including a 1.5-year-old child replica, in order to gain an initial
assessment of age-related influences and to improve the estimation of
deposition fraction in human nasal airway. This was achieved by
reducing the dependence on the diffusion parameter in the equation
(Swift et al., 1992). While most in vitro experiments focused on adult
samples, this study extended the research scope to child subjects. Other
researchers have also shifted their focus to morphological features of
infant and child samples, as well as associated airflow and particle dy-
namics (Swift et al., 1992; Golshahi et al., 2010; Cheng et al., 1995a). By
employing 10 infant replicas, Golshahi, et al. (Golshahi et al., 2010)
reported significant deposition results for ultrafine particles ranging
from 13 to 100 nm under both constant and tidal breathing conditions.
They provided predictive correlations for infants, taking into account
non-dimensional dynamical parameters, including Reynolds, Schmidt,
and Womersley numbers, which incorporate geometrical features of
nasal airways.

In addition to the in vivo and in vitro experiments, the growth in the
development and application of computational fluid dynamics (CFD)
modelling of human airways have contributed to our understanding of
overall and local respiratory airflows and particle transport for a variety
of ventilation and exposure conditions (Huang et al., 2001; Zamankhan
et al., 2006; Wen et al., 2008; Inthavong et al., 2011; Moghadas et al.,
2011; Garcia et al., 2015; Shang et al., 2022). Nevertheless, very few
studies have considered the impact of anatomical variations due to
growth in children and aging in the elderly on flow fields and particle
motion. Xi, et al. (Xi et al., 2012) quantified the age-related impact on
airway physiology, breathing resistance, and ultrafine aerosol filtering
efficiency, both in total and in sub-regions, using a 10-day-old newborn,
a 7-month-old infant, a 5-year-old child, and a 53-year-old adult. Despite
significant differences in morphology and dimensions, no significant
effects were observed on total deposition fractions or maximum local
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deposition enhancement, while inter-subject differences were observed
in the deposition in sub-regions of interest. Additionally, the child
subjects pool was extended to unhealthy subjects due to the unique
airway structure occurring in common diseases, providing more
convincing evidence for importance of airway morphology in paediatric
respiratory health care. Yang, et al. (Yang et al., 2024) investigated the
impacts of severity levels of paediatric acute epiglottitis (AE) on aerosol
transport characteristics. The angle of the epiglottis was artificially
increased in a geometry from a healthy individual, mimicking severe AE.
Their results indicated that the ideal particle size for drug treatment at
the epiglottis region gradually decreased with larger angle of the
epiglottis. Similarly, by comparing a severely obstructed nasal airway of
a 3-year-old child with adenoid hypertrophy and that of a healthy child,
Sun, et al. (Sun et al., 2023) reported that ideal particle size for increased
site-dose at the adenoid area was 6–15 μm, the same in both healthy and
diseased models. However, the healthy model showed higher regional
dose than the diseased model.

Overall, these studies underscore the importance of accounting for
significant biological variability across all age groups to gain a deeper
understanding of nasal fluid dynamics and the associated risk of expo-
sure to airborne particles in different age groups. In this study, we
conduct a comprehensive analysis of age-related anatomical variations
across three distinct age groups: children, young adults, and the elderly.
We employed six nasal models: two 5-year-old children, a 21-year-old
male, a 24-year-old female, a 77-year-old male, and an 80-year-old

male, to offer a systematically comparison of airflow characteristics
and a refined, age-specific particle filtration analysis, incorporating
geometrical parameters into derived numerical models. This approach
gives a method for predicting dosimetry in individuals for all age groups,
both in terms of overall deposition and subregional deposition.
Furthermore, three additional nasal models (a 5-year-old female, a 32-
year-old female, and an 87-year-old male) were included for each age
group to further justify and demonstrate the reliability of the developed
total and subregional correlations. Our research not only provides
invaluable insights into the complexities of deposition processes, but
also paves the way for future studies aimed at population-wide dosim-
etry of airborne particles. This is especially important for informing risk
assessment, particularly in vulnerable populations such as children and
the elderly.

2. Method

2.1. Nasal airway models reconstruction

In this study, computed tomography (CT) images of nine human
subjects across distinct age groups were adopted to reconstruct nasal
cavity models. As shown in Fig. 1, the CT image data with a spatial
resolution of 0.3 mm × 0.3 mm × 1.2 mm was employed to build the
nasal models of adult individuals (a 21 years old Asian male, a 24 years
old Asian female, a 77 years old Asian male, and an 80 years old

Fig. 1. Development Group nasal models for a 5-year-old female, a 5-year-old male, a 21-year-old male, a 24-year-old female, a 77-year-old male, and an 80-year-old
male, with height and length marked in the lateral view and width marked in the top view. A spherical breathing zone is attached to the exterior facial features of
each nasal geometry, with a diameter of 50 mm for child subjects and 80 mm for adult subjects.
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Caucasian male). CT images with a spatial resolution of 0.3 mm × 0.3
mm × 0.5 mm were used to reconstruct the child models (a 5-year-old
Asian female and a 5-year-old Asian male). These 6 nasal models were
treated as the Development Group, where were used for flow and
inhalation exposure data analysis and correlation development. In
addition, three nasal models (a 5-year-old female, a 32-year-old female,
and an 87-year-old male) were reconstructed from CT images as the
Validation Group to assess the reliability of the developed overall and
subregional deposition correlations. These additional nasal models are
presented in Appendix Section, Fig. A3 and their demographic infor-
mation is listed in Table A1 in Appendix. All models were based on
existing medical data from the research team's previous projects, which
were formally reviewed and approved by the human research commit-
tees at the Second Affiliated Hospital of Xi'an Jiaotong University and
Pacific Northwest National Laboratory. All selected nasal airway sub-
jects were healthy and had no diagnosed nasal conditions.

The sets of image data (DICOM format) were imported into 3D slicer
version 5.0.3 (open-source platform [available http://www.slicer.org])
for nasal airway segmentation and smoothing. During rebuilding three-
dimensional surface models, the external nose and surrounding facial
details were retained and enclosed by spherical breathing zones. With
addition of computational domain external to the face, more accurate
fluid flow that transports particles could be simulated as discussed in
previous studies (Shang et al., 2015a). A hemispheric breathing zone
was established with an 80 mm radius for adult and elderly subjects, and
a 50 mm radius for children. Meanwhile, an artificial extension was
attached to the end of nasal pharyngeal region to obtain the fully
developed airflow profiles in the pharynx with improved computational
convergence. It should be mentioned that the larynx region of the 5-
year-old (b) and the 80-year-old were preserved rather than using arti-
ficial extension (Fig. 1) and were not specifically considered in the
aerosol deposition calculations as this falls outside of the current
research scope and does not affect the analysis in this paper. The
detailed model reconstruction process appears in our previous work
(Inthavong et al., 2011; Inthavong et al., 2009; Dong et al., 2021a).

2.2. Mesh generation

Ansys Fluent Meshing (Ansys Inc., Canonsburg PA) was used to
generate a polyhedral mesh for flow field solving. Compared with
tetrahedral elements, a polyhedral mesh is more economical for
computational resources since it generates far fewer cells and gives more
accurate predictions at the same time (Wang et al., 2021). Fig. 2 is a
preview of the internal mesh configuration of 5-year-old child model for
example, with two typical cross-sectional views at nasal vestibule and
main nasal passage. Maximum element sizes of 0.5 mm and 8.0mmwere
used respectively for main nasal airway and external breathing zone,
resulting in a polyhedral mesh containing 0.29 million polyhedral ele-
ments for the main nasal area and 0.05 million polyhedral elements for
the external breathing zone. Mesh independence tests were conducted
by generating three different mesh configurations: coarse mesh with
0.59 million grids, medium mesh with 1.03 million grids, and fine mesh
with 1.3 million grids (Fig. A1 in Appendix Section). To balance
computational cost and numerical prediction accuracy, medium mesh
was employed in this study. This resulted in 8 prism layers of hexahedral
elements being attached to the nasal wall and external nose area to
better resolve the near-wall region flow behaviour with reducing
skewness and non-orthogonality. This increased the size of the
polyhedral-prism mesh for the main nasal area to 1.03 million elements.
Based on the nasal anatomical and epithelial features, the nasal surface
was divided into 4 subregions: nasal vestibule (dry squamous epithe-
lium), main passage (mainly respiratory epithelium & transitional
epithelium), olfactory (olfactory epithelium) and nasopharynx
(Harkema et al., 2006; Schroeter et al., 2012; Shang et al., 2015b).

2.3. Boundary conditions and numerical modelling

Fig. 3 illustrates the measurement method of anatomical parameter,
characteristic length, and the boundary conditions configuration. The
characteristic length is the arc length measured from nostrils to the end
of the nasopharynx (marked by the dashed red curve). It is used to

Fig. 2. Preview of a hybrid prism-polyhedral mesh: 5-year-old (a) female model was selected for example with internal mesh configurations at nasal vestibule, and
main respiratory airway. Nasal airway was partitioned into vestibule, main passage, olfactory, and nasopharynx.
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calculate the combined diffusion parameter (Section 3.5) and will be
detailed discussed in later section. As shown in Fig. 3, the boundary of
the breathing zone is defined as the inlet at atmospheric pressure to
simulate the real inhalation environment. Exit flow rate is specified at
the end of the artificial extension pipe at the nasal pharynx. Steady
inhalation is assumed for all models and a wide range of inhalation flow
rate is simulated for varied breathing conditions. According to ICRP
(ICRP, 1994), the recommended parameters including tidal volume and
respiration frequency for children and adults were listed in Table 1,
based on which the inhalation flow rate under light exercise activity
level were set as 9.5 LPM (Litre per minute) and 25 LPM respectively for
children and adults in the current study.

Taking inter-subject variation into consideration, the individual
outlet boundary flow velocity was determined by recommended volume
rate divided by the outlet area of each model. Similarly, 3.1 LPM and
14.5 LPM are configured to represent the resting activity condition
respectively for children and adults, with heavy exercise activity being
assigned 9 LPM and 45 LPM for children and adults. All nasal surfaces
were assigned the no-slip wall condition at room temperature.

The airflow was assumed as steady and incompressible, which was
fundamentally governed by the incompressible Navier-Stokes equations.
The continuity and momentum equations of the fluid flow are:

∇ • v→= 0 (1)

(∇ • v→) v→= −
∇p
ρair

+
μ

ρair
∇2 v→ (2)

where v→ represents the air velocity vector, p represents the static air
pressure, and ρair is the density of air and μ is the air viscosity.

Though the specified flow rates provided moderate laminar flow in
the main passage, the irregular intranasal structure contributes to
complex flow regimes where the cross-sectional slice drastically
changes, such as nasal valve or nasopharynx, or where the turbinate
bones curl up to form convoluted pathways. In this study, the Shear-
Stress Transport (SST) k-ω Model was employed for turbulence model-
ling. The SST form could effectively blend the accuracy of the k-ω model
in the near-wall region and the robustness of the k-ε model in the outer
part of the boundary layer (Yu and Thé, 2016; Rahman et al., 2019). It
gradually transforms from the standard k-ω model in the inner region of
the boundary layer to a high-Reynolds number version of the k-ε model
in the far field (The standard k-ω model and the transformed k-ε model
are blended by a function. The blending function is designed to be one in
the near-wall region, which activates the standard k-ω model, and zero
in the far field, which activates the transformed k-ε model.). More
importantly, it accounts for the transport of the turbulence shear stress
in the definition of the turbulent viscosity. Thus, it fits well with the
characteristics for laminar-turbulent flow regimes in the nasal cavity.

As illustrated in Fig. 3, mono-dispersed particles with diameter of 1,

Fig. 3. Illustration of boundary conditions configuration and measurement of anatomical parameter: A spherical boundary serves as the inlet with atmospheric
pressure, and the airway terminal serves as the velocity outlet. Airborne particles were uniformly released on the spherical surface with the centre at nose tip. The arc
length from nostrils to the end of nasopharynx is the characteristic length (L), which used to calculate the combined diffusion parameter.

Table 1
Respiratory parameters under general light exercise activity level for children, adult and elderly subjects.

5-year-old (a) 5-year-old (b) 21-year-old 24-year-old 77-year-old 80-year-old

VT (L) 0.244 0.244 1.25 1.25 1.25 1.25
fR (min− 1) 39 39 20 20 20 20
Aoutlet (m2) 3.84e-05 7.17e-05 1.10e-04 3.19e-04 6.33e-05 1.27e-04
Voutlet (m/s) 4.12 2.21 3.78 1.31 6.58 3.29
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1.2, 1.4, 1.6, 2, 3, 5, 7, 10, 30, 100 nm were passively released from a
hemispherical surface with a radius of 30 mm centred at nose tip that
fully overlays exterior nose. A particle number independence test was
conducted using particle counts of 20,000, 50,000, and 100,000. The
results indicated that the deposition efficiency curve for 50,000 particles
closely overlaps with that for 100,000 particles (Fig. A2 in the Appen-
dix). Consequently, 50,000 particles were released for each size at zero
velocity and inhaled along airflow streamlines. Inertial impaction,
gravitational sedimentation, and Brownian diffusion were considered as
contributing mechanisms for particle deposition within the nasal cavity
(Darquenne, 2020). Unlike the larger particles (> 0.5 μm) where inertial
trajectories can deviate from airflow streamlines that change direction
and impact on airway surfaces, Brownian diffusion, resulting from the
random motions of the particles caused by their collisions with gas
molecules, becomes the dominant mechanism of airway deposition for
the ultrafine particles smaller than 200 nm (Cheng et al., 1988). Grav-
itational sedimentation is more efficient in the small airways and alveoli
where lower flow rates, higher residence times and shorter travel dis-
tance contribute to particle deposition. For the predicted particles with
size ranged between 1 and 100 nm, Brownian diffusion is considered as
the dominant mechanism in the following discussion.

In this study, a one-way coupled Lagrangian discrete phase model
(DPM) with low volume fraction was used to determine individual
particle trajectories. The presence of swirls and eddies may contribute to
a stronger mixing effect in turbulent flow, causing changes in both
magnitude and direction of particle velocities and eventually causing
nasal deposition. Taking the turbulent impact into consideration, the
Discrete Random Walk (DRW) model was employed for particle simu-
lation. Accounting for the drag force, gravity force, and Brownian force,
the individual particle acceleration was determined by following force
balance equation:

duPi
dt

= fD + fG + fB (3)

where uPi represents the particles velocity with p referring to the particle
phase, fD is the drag force per unit particle mass defined by Stokes' drag
law:

FD =
18μ

(
ugi − upi

)

Ccd2pρp
(4)

here ugi represents gas flow velocity, μ is the air viscosity, dP is the
particle diameter, ρP is the particle density and Cc is the Cunningham
correction factor calculated by:

Cc = 1+
2λ
dP

⎛

⎜
⎝1.257+ 0.4e

(

−
1.1dp
2λ

)⎞

⎟
⎠ (5)

Here λ is the air molecular mean free path (67 nm at body temper-
ature of 310 K).

The Brownian force fB, takes the form of a Gaussian white noise
process defined as ξi√((πSo)/Δt ), where Δt is the particle integration
time-step and ξi is a zero-mean, unit-variance-independent Gaussian
random number. So is a spectral intensity function:

So =
216vkBT

π2ρd5p
(

ρP
ρ

)2
Cc

(6)

where v is the kinematic viscosity, kB is the Boltzmann constant, T is the
Kelvin temperature of inhaled air set as 310 K in this study. The current
study employed Ansys Fluent 2020 R2 (Ansys Inc., Canonsburg PA) to
perform numerical simulations.

Particles impacting the nasal surface were statistically counted as
trapped and the particle deposition efficiency (DE) was calculated as
follows:

DE =
#particles trapped by nasal wall
#particles entering nasal airway

× 100% (7)

2.4. DPM model verification

To verify the reliability of present prediction models, rigorous vali-
dation was conducted by employing existing datasets collected from the
literature. Fig. 4(A) depicted the datasets of deposition performance
within paediatric subjects closely matched in age to our current child
models. In addition to the resting condition (3.1 LPM), an additional
inhalation flow rate of 7 LPM was simulated to facilitate comprehensive
comparative analysis. First, a set of deposition data of a 5-year-old child
was collected from a study by Xi, et al. (Xi et al., 2012), due to its
remarkable congruence, both in age and nasal development process,
with our current child models. At the flow rates of 3 LPM, our current
results exhibited an impressive alignment with the reference data.
Nevertheless, slightly wider gaps occurred for higher inhalation flow
rate. This may be because of differences in data collection coverage,
where Xi's study measured the region from nostrils to the laryngeal. In
another study conducted by Cheng, et al. (Cheng et al., 1995a), upper
airway deposition outcomes were ascertained by multiple clear
polyester-resin casts generated from photographs. These cast featured
paediatric individuals aged 1.5 years, 2.5 years and 4 years. Current
results for high diffusion particles of 1 nm diameter highly agreed with
the literature data, while the literature exhibited higher deposition ef-
ficiency for larger particle diameters. This may be attributed to the
younger and smaller sized replica of a 4-year-old child that was used in
the literature.

Fig. 4(B) presents validation for our adult subjects with 25 LPM
inhalation flow rate. An in-vitro study by Cheng, et al. (Cheng et al.,
1995b) assessed head deposition using replicas, which encompassing
the nasal cavity, an oral passage, and a laryngeal-tracheal section,
during both inspiratory and expiratory phases. Our current data
exhibited excellent agreement under both 10 LPM and 20 LPM inhala-
tion rates. Good agreement also was observed with a numerical study by
Shi, et al. (Shi et al., 2008) that employing a 53-year-old model, as well
as a study by Xi, et al. (Xi et al., 2012) that using a 53-year-old nasal
laryngeal model. A minor gap was found between numerical data from
Dong, et al. (Dong et al., 2018), who aiming to investigating the impact
of vestibule phenotypes. Overall, current results achieve a high-level
agreement with the literature data both in trend and magnitude,
providing convincing evidence for the reliability of the following anal-
ysis and numerical models.

3. Results and discussion

3.1. Nasal airway morphological and dimensional analysis

Table 2 lists surface area in total and subregions, and the percentage
in brackets defined as ratio of subregional area over total area. Overall,
the child subjects showed smaller surface area and minor inter-subject
discrepancy both in subregion and in total. For the surface area of ves-
tibule, no significant difference was found in regional proportion.
Notably, compared to children and young adults, the elderly exhibited
the largest proportion (over 81 %) of airway in the main respiratory
region, which may be attributed to the reduction of their nasopharynx
surface area.

Table 3 lists intranasal volume and regional volume of enclosed
vestibule, main passage (including olfactory region) and nasopharynx
region. As expected, child subjects had much smaller volume than adult
subjects both in total and in regions. Meanwhile, large inter-subject
variability was observed between adult subjects. Literature data was
presented for comparison purpose. Loftus, et al. (Loftus et al., 2016)
reported that the average intranasal volume containing vestibule and
main passage was 15.73 cm3 (ranged between 11.13 and 24.25 cm3)
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among 22 subjects from age group of 20–30 years and 18.38 cm3

(ranged between 13.64 and 25.04 cm3) among 20 subjects from age
group over 70 years. The measurement data showed consistency with
elder subjects in this study, yet slightly smaller than that of young adult
subjects in this study, especially the 21-year-old subject. Results of this
study indicated slightly larger main passage volume in young adults
than that of in elder adults. It should be noted that the elderly showed
much smaller nasopharynx volume (3.73 cm3 and 4.50 cm3) than that of
young adults (7.48 cm3 and 15.10 cm3), supporting the idea that a
contracted nasopharynx likely to occurs in the elderly.

Fig. 5 quantifies the cross-sectional area (mm2) aligning with the
curvature of nasal geometry from nostrils to the start of nasopharynx.
The first three data points were taken within vestibule, forming a curve
that slightly increased and then decreased to a minimum at the nasal

valve that contributes around half of the airway resistance of total
amount across the whole nasal cavity due to its narrow cross-section
(Cole and Roithmann, 1996). With its narrow shape, the vestibule
serves as the primary filtration portal for inhaled airborne particulates.
In this region the child subjects exhibited a flatter cross-sectional area
curve than in adult subjects. This indicates immature nasal vestibule
shape with a more cylindrical-like and narrower pathway for inhaled
airflow and particles among children. According to the reported data
based on 25 adult subjects by Çakmak, et al. (Çakmak et al., 2003),
bilateral nasal valve area ranged from 97 to 204 mm2. Another mea-
surement reported average unilateral minimal cross section area for
different age group based on 165 participants, where 116 mm2 for male
and 90 mm2 bilaterally for female under 50 years, and 128 mm2 bilat-
erally for male over 80 years (Kalmovich et al., 2005). In this study, the
average value was respectively 77.9 mm2 for child models and 153.1
mm2 for young adult models and 107.5 mm2 for elderly adult models.
Our results indicated a proportionately larger nasal valve area within
young adult subjects in comparison to that of the elderly group (without
considering mucosal engorgement). With nasal height elongating and
the turbinate bone folding to develop into a lateral scroll-shape slit that
connects the paranasal sinuses, cross sectional area in the main passage
experienced a steady increase, where child subjects showed obviously a

Fig. 4. Total deposition efficiency (%) and its comparison with existing literature data for (A) child subjects and (B) adult and elderly subjects.

Table 2
Detailed information of nasal surface area [cm2].

5-year-
old (a)

5-year-
old (b)

21-year-
old

24-year-
old

77-year-
old

80-year-
old

Vestibule 5.79
(4.8 %)

5.45
(4.7 %)

14.67
(6.4 %)

9.64
(4.8 %)

12.83
(6.2 %)

9.53
(4.6 %)

Main
passage

96.34
(79.3
%)

90.08
(77.8
%)

176.23
(77 %)

142.75
(70.5 %)

166.81
(81.1 %)

169.81
(81.5 %)

Olfactory 12.38
(10.2
%)

13.36
(11.6
%)

15.93
(7 %)

14.86
(7.3 %)

14.62
(7.1 %)

15.77
(7.6 %)

Naso-
pharynx

6.96
(5.7 %)

6.84
(5.9 %)

22.13
(9.7 %)

35.36
(17.5 %)

11.43
(5.6 %)

13.36
(6.4 %)

Total
area

121.47 115.72 228.96 202.62 205.68 208.47

Table 3
Detailed information of nasal regional volume [cm3].

5-year-
old (a)

5-year-
old (b)

21-year-
old

24-year-
old

77-year-
old

80-year-
old

Vestibule 0.94
(7.2 %)

0.88
(7.1 %)

3.40
(9.4 %)

1.65
(4.0 %)

2.78
(11.6
%)

2.13
(7.1 %)

Main
passage

10.60
(82 %)

9.91
(79.7
%)

25.39
(70.0
%)

24.58
(59.5
%)

17.48
(72.9
%)

23.51
(78.0
%)

Naso-
pharynx

1.40
(10.8
%)

1.65
(13.3
%)

7.48
(20.6
%)

15.10
(36.5
%)

3.73
(15.6
%)

4.50
(14.9
%)

Total
volume

12.94 12.45 36.27 41.33 23.99 30.14

Fig. 5. Comparison of cross-sectional area along the nasal airway arc-length
extending from the nostril to the nasopharynx.
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narrower pathway than adult subjects. For adult subjects, no significant
age impact is observed but the 77-year-old showed a much narrower
airway than other adults. Interestingly, in the last two slices, where two
chambers merged into the nasopharynx, the adult's curves showed an
upward trend relative to the main airway, while the opposite occurred in
the child group.

Internal structure through coronal slices was also analysed by hy-
draulic diameter defined as 4 times the ratio of cross-sectional area to
perimeter of each coronal slice as shown in Fig. 6. This dimensionless
parameter indicates an equivalent radius of cross-sectional nasal airway
space, where smaller hydraulic diameter reveals narrower channels with
higher rates of deposition of particles by diffusion. A distinguishing
characteristic between children and adults could be observed in the
vestibule region, where most adult subjects showed a consistent
decrease from a peak value of around 10.7 mm, yet child subjects tended
to be stable between 6.17 mm and 7.42 mm. As for the abnormal stable
profile for the 24-year-old, it maintained a positive correlation with its
smaller cross-sectional area of vestibule. In the main passage, the hy-
draulic diameter gradually decreases to a steady minimum level
throughout turbinate region, following by a rapid increase in the pos-
terior section especially in adult subjects. It is worth noting that young
adult subjects showed slightly larger hydraulic diameter above 4.2 mm
than that of children and elder subjects, indicating a wider diffusion
equivalent diameter for particles.

In Fig. 7, complexity, is defined by the ratio of the square of the
perimeter to the area of coronal slices throughout the nasal airway, with
higher values suggesting more irregular and complex shapes. The
complexity kept a very low value in the vestibule. Then in posterior
region, it climbed to a peak value in the middle of main passage. The
significant increase suggested more complex structure produced by the
turbinate bone that curled toward the airway. It is noted that highest
magnitude was achieved by the elderly group, which reflected much
higher pathway complexity than that of children and young adult sub-
jects. The normalized arc distance of reaching maximum value for the
elderly was at 0.5–0.6, which is shorter than 0.7–0.8 in the children and
young adult group.

3.2. Comparative analysis of airflow characteristics

Fig. 8 presents a comparative insight of airflow streamlines at the
light exercise activity level. The velocities were normalized for clarity,

as the inhalation flow rates varied across different age groups. In gen-
eral, main flow undergoes significant directional changes within nasal
airway, forming a nearly 90-degree bend from nostrils to the naso-
pharynx. High-velocity regions are typically observed in the anterior
and posterior of airways, where the nasal airway constricts abruptly. In
the child models, much of the turbinate surface was in direct contact
with the prevalent flow currents. High-velocity streams occurred near
the vestibule in both child models, with peak velocities of 3.4 m/s and
3.6 m/s, respectively. Notably, child models exhibited amore organized,
unidirectional downstream in the nasopharynx region, with no recir-
culation, distinguishing them from adult subjects. In the young adult
models, the airflow was predominantly directed through the widest
meatus of the nasal cavity – the middle meatus. Compared with the 21-
year-old model, the 24-year-old model presented high-speed flows near
the vestibule, with a peak velocity of 7.3 m/s. In contrast to the airflow
patterns observed in children and young adults, peak airflow velocity in
the elderly was detected in the extremely constricted nasopharynx re-
gion, with a peak velocity at 16.1 m/s. Furthermore, significant inter-
subject variations were observed between the elderly. A unique notch
at the top of the vestibule region occurs in the 77-year-old model, which
restricted the downstream airflow direction and contributed to a pro-
nounced recirculation zone at the anterior portion of the main passage.
It may prolong the residence time for particles in that region and in-
crease the possibility for particles to be captured by the nasal surface.

Fig. 9 illustrates the comparison of Wall Shear Stress (WSS) distri-
bution on the bilateral nasal surfaces for all six considered models under
the light exercise activity level. As expected, the patterns of WSS dis-
tribution closely align with the velocity profiles of the adjacent airflow
fields. EvaluatedWSS occurred in the regions characterized by increased
near-wall velocity gradients.

Specifically, areas of high WSS trend to manifest in the nasal vesti-
bule and nasopharynx due to abrupt airway obstructions. For the 5-year-
old models (a) and (b), high WSS was observed in nasal vestibule,
spreading across the inferior turbinate, and peaking in nasopharynx at
0.56 Pa and 0.78 Pa, respectively. Conversely, notable inter-subject
variations of WSS distribution were discerned among the adult
models. The inferior turbinate region experienced relatively high WSS,
extending into the nasopharynx with a peak value of 0.85 Pa for the 21-
year-old subject. In the contrast, the 24-year-old subject exhibited
increased WSS primarily in the anterior airway, including the vestibule
and anterior middle turbinate, especially in the right chamber, with a
relatively higher value of 1.60 Pa. For the elder-adult subjects,Fig. 6. Comparison of hydraulic diameter along the arc-length of nasal airway

from the nostril to the nasopharynx.

Fig. 7. Comparison of complexity along the arc-length of nasal airway from the
nostril to the nasopharynx.
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Fig. 8. Comparison of airflow streamlines with normalized velocity under light exercise activity level (9.5 LPM for children and 25 LPM for adults) in left and
right cavities.
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Fig. 9. Distribution of wall shear stress in the left and right nasal cavities under light exercise inhalation condition (9.5 LPM for children and 25 LPM for adults).
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dramatically elevated WSS was observed near nasopharynx, owing to
the severe airway constriction. The maximum magnitudes reached 3.18
Pa for the 77-year-old and 3.61 Pa for the 80-year-old. It is noteworthy
that the observed high WSS values in elder subjects were roughly four
times higher than those of the child subjects and triple those of the
young adult subjects.

3.3. Spatial distribution of deposited particles

Fig. 10 illustrates the comprehensive spatial deposition visualization
for nanoparticles with diameters of 1 nm and 10 nm under light exercise
breathing conditions. In general, there was a pronounced tendency for
extensive dispersion throughout the nasal cavities in all considered
models. Relatively dense deposition occurred in the vicinity of primary
airflow, particularly conspicuous on the vestibule and main passage.

Significantly, while noticeable inter-subject disparities of deposition
patterns were found among adult subjects, similar deposition tendencies
were evident in child subjects. Specifically, highly diffusive particles
tended to deposit spread across all subregions of the slender nasal air-
ways in children, particularly accumulated within the vestibule and
middle turbinate. In the 21-year-old model, substantial amounts of
particles were filtered by the vestibular region and subsequently trans-
ferred into the middle turbinate region, extending into the nasopharynx.
However, in the 24-year-old, areas of heightened deposition were pri-
marily concentrated within the anterior regions of the main passage,
with minimal capture occurring within the nasopharynx.

For the elderly, particles exhibited concentrated deposition within
the vestibular region like the younger adult subjects. However, in the
elder subjects, deposition primarily concentrated on the upper wall of
the nasal vestibule which can be attributed to the sharper turns under-
gone by the entering airflow. Notably, higher deposition was observed in
the middle turbinate region where high-speed inhaled flow jets occurred
in the 77-year-old model, while wide-spread patterns occurred across
middle and upper turbinate regions for the 80-year-old model. Since
inertial deposition is minimal for 1 nm or 10 nm particles, higher
deposition is not due to the high-speed flow but is due to the low hy-
draulic diameter (which occurs where flow speed is high).

As anticipated, substantially reduced deposition patterns were

observed when the particle diameter was increased tenfold to 10 nm,
whereas the preferred deposition area for each individual model did not
undergo obvious changes compared to the deposition patterns observed
with 1 nm particles.

3.4. Overall and regional deposition efficiency

Respiratory activities vary dynamically in daily life. In Fig. 11, we
show results of deposition efficiency under three activity levels as a
function of particle diameter, encompassing resting, light exercise, and
heavy exercise. In general, the function curves displayed a consistent
trend, which declined with larger particle diameter and higher inhala-
tion flow rates. This phenomenon can be attributed to the optimal
interplay of Brownian force, which is maximized at lower flowrates
where residence time is greater than that provided by more moderate
convection flow.

Fig. 11(A) illustrates the results for the child group. The peak
deposition value was unsurprisingly observed at 1 nm under the lowest
inhalation flow rate (resting) and ranged between 83 % - 87 %. Notably,
when transitioning from resting to light or heavy exercise conditions, a
significant reduction was observed in the functional curves, which was
not as great among adults. It should be specifically noted that as particle
diameter increases, all deposition curves cross over and become higher
for faster flow than for slower flow (as emphasized in the partial
enlargement diagram). This reflects the trade-off between the enhanced
inertial impaction promoted by higher flow rates and the diminished
Brownian motion due to increasing particle diameter. At higher flow
rates, the increased inertial impaction resulting from larger particle di-
ameters suppresses the decline in deposition curves caused by reduced
Brownian motion. Therefore, the curves tend to be plateau at the higher
flow rate, rather than show a downward trend at the lower flow rate.

Fig. 11(B) represents the four adult subjects: the 21-year-old, the 24-
year-old, the 77-year-old, and the 80-year-old models. Remarkably, with
increasing inspiratory flow rates, a significant trend became evident: the
gap between the peak deposition values of each individual progressively
narrows, which was not found in paediatric models. Specifically, the
deposition efficiency curves for the 21-year-old and the 80-year-old
models displayed remarkable similarity across all particle sizes and

Fig. 10. Spatial nanoparticles deposition locations under light exercise inhalation conditions (9.5 LPM for children and 25 LPM for adult elderly subjects). Particle
diameter of 1 nm and 10 nm were selected to preview deposition patterns respectively for higher-diffusion and weaker-diffusion situations.
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flow rates. In contrast, the 77-year-old and the 24-year-old subjects
exhibited distinctive deposition efficiency curves. Slightly higher
deposition levels (around 17.5 %) were evident in the 24-year-old and
77-year-old models for larger particle size under heavy exercise activity.
This is attributed to the more promoted inertia impaction resulting from
the greater curvature and narrower hydraulic diameter of their anterior
nasal passages.

Following a thorough examination of deposition results respectively
in child group and adult group, Fig. 11(C) provides a clear comparison
between child and adult groups under the resting activity level. The
selection of resting condition is deliberate, as it allows for the distinct
revelation of inter-subject disparities, with Brownian-influenced parti-
cles benefiting from sufficient residence time under the lowest inhaled
flow rate. In general, a substantial discrepancy was discernible between
children and adults, while young adults and elder adults displayed
similar results. It may highlight that the findings related to nanoparticle
deposition based on adults may not be directly applicable to children. To
illustrate, for the smallest particles at 1 nm, child models achieved an
approximately 36 % higher deposition efficiency (ranging from 83 % to
87 %) compared to adult models (ranging from 60 % to 65 %).

Compared to adult models, the immaturely narrow intranasal space in
child subjects may promote the potential for highly diffusible particles
to be captured by nasal surface. Additionally, it was observed that for
larger particles (10 nm – 100 nm), around 2% of particles were captured
in child nasal cavities, a slightly lower proportion than in all selected
adult models (approximately 6 %).

Fig. 12 compares deposition efficiency in subregions including ves-
tibule, olfactory, main passage, and nasopharynx under light exercise
flow rate conditions. Particles with diameter of 1 nm, 5 nm, and 100 nm
were selected to represent the diffusion phenomenon varied from
strongest to weakest.

In vestibule region, young adults exhibited stronger filtration per-
formance than that of the elderly, which is more obvious for the 24-year-
old subject. As discussed earlier, this subject has smaller hydraulic
diameter in the vestibule and slightly higher complexity in the middle
part of the vestibule. It led to non-uniform vortex flow in that area,
enhancing the mix of particles and increase the possibility of particles
colliding with the nasal surface. For child models, distinct inter-subject
difference was observed for 1 nm, with deposition efficiency of 4.3 % for
5-year-old (a) and nearly doubled to 7.2 % for the other. It is not sur-
prising since relatively pronounced vortices were observed in 5-year-old
(b). Interestingly, in the phenomenon of low-level deposition efficiency
for 100 nm particles, vestibule region of adult subjects seems to
contribute considerable deposition. Compared to children, the mature
nasal vestibule in adults is more effective at filtering particles before
they enter the main passage. In the olfactory region, children exhibited
apparently higher deposition efficiency for all particle size (value as
high as around 5.5 % at 1 nm), while lower but varied results was found
among adult groups. The data was consistent with proportionately more
flow passing through the upper passage where olfactory located as seen
in Fig. 7. Our previous study also provided quantitative evidence of
fractional flow in olfactory region (Dong et al., 2021b). The main res-
piratory region, with largest area among four subregions, undertakes the
primary filtering task since high level deposition efficiency was observed
here, with values fluctuated between 36.3 % to 43.9 %. Consistent with
the higher complexity of middle passage observed earlier in the elderly,
their deposition efficiency in main passage was relatively higher than
that of young adult. The nasopharynx, situated in the posterior of nasal
airway, captured very few particles because of the limited number of
untrapped particles entering that region.

3.5. Nasal deposition prediction with combined diffusion parameter

For the highly diffusional particles (< 200 nm) dominated by
Brownian forces, extensive studies have developed several numerical
models to predict the deposition efficiency. To achieve this, existing
studies introduced different non-dimensional dynamics parameters to
establish empirical models, and assessed its correlation with deposition
efficiency. Cheng, et al. (Cheng et al., 1988) mentioned that the depo-
sition data can be well fitted by a theoretical model based on a circular
straight pipe which incorporated the inhalation flow rate Q and diffu-
sion parameter coefficient D that considered was to be a fundamental
parameter to express the diffusive process in precipitation kinetics (Eq.
(10)). Then other studies paid efforts to analyse the dependence of
deposition efficiency on the particle diffusion coefficient and the inha-
lation flow rate by utilizing different models (Cheng et al., 1995a; Xi
et al., 2012; Cheng et al., 1995b). However, the deposition differences
caused by the distinct age and apparent inter-subject variation of nasal
airways has been shown to be important by previous studies, so that
nasal geometrical dimensions, such as cross section area, mean perim-
eter, and total surface area, were used to try to correlate nasal deposition
efficiency (Cheng et al., 1996a; Cheng et al., 1996b).

Notably, Schroeter, et al. (Schroeter et al., 2013) proposed a solution,
that using the diffusion parameter Δ containing geometrical terms and
Schmidt number SC, to solving the impact of age-related geometry
variation on deposition efficiency based on rhesus monkey nasal models.

Fig. 11. Total deposition efficiency comparisons across varying inhalation flow
rates corresponding to different activity levels: resting, light exercise, and heavy
exercise - (A) child subjects; (B) adult and elderly subjects. Additionally, (C)
presents a comparison of total deposition efficiency across age groups (children,
adults, and the elderly) under a resting inhalation condition. Partial enlarge-
ment for A and B is to present more details for particles larger than 10 nm.
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Their effectiveness on representing deposition data on other monkey
nasal models with inter-subject anatomical variation was later empha-
sized by Dong, et al. (Dong et al., 2021a). These quantified terms were
earlier assessed in the study by Ingham (Ingham, 1991), which reported
they can well predict the nanoparticle deposition efficiency for a circular
pipe. Thus, the terms, that containing geometrical features as well as
particle diffusivity and airflow rate, were considered to be reasonable to
assess if the age-related impact on human nasal deposition can be
quantified.

The diffusion parameter Δ is defined as:

Δ =
L̃
Pe

• d̃C (8)

where L̃ = L/L0 is nondimensionalized characteristic length of nasal
airway, L is characteristic length of nasal airway. L is measured by an arc
curve from nostrils to the end of nasopharynx, which can be referred to
Fig. 3 for more details. L0 is standard measurement unit of 1 m. d̃C =

dC/L0 is nondimensionalized inner characteristic diameter of nasal
airway, dC is inner characteristic diameter of nasal airway, dC =

2
̅̅̅̅̅̅̅̅̅̅̅
V/πL

√
, where V is volume. Pe is Peclet number defined by:

Pe = dC •
U
D

(9)

where U stands for characteristic airflow velocity across nasal airway, D

denotes the molecular diffusivity of particles in the air,

D =
kBTCC
3πμdP

(10)

here kB is Boltzmann's constant, T is absolute room temperature, CC is
Cunningham slip correction factor defined in the Method section, μ is
viscosity of air (1.85× 10− 5 kg/m•s), and dP is particle diameter.

It is noted that to develop an accurate correlation between deposition
efficiency and parameters, characteristic airflow velocity U was calcu-
lated based on 17 cross-sectional slices along arc-length throughout
nasal passage for each model.

Also, the Schmidt number SC is represented by:

SC =
v
D

(11)

where v is the kinematic viscosity of air at the room temperature (1.5×
10− 5 m2/s).

Then a combined diffusion parameter, expressed as ScaΔb, was
employed as the x-axis to correlate the deposition efficiency. Coefficient
a and b are constant power index to describe the dependence on the
parameters, which is distinguish by fitted conditions for total and each
subregion.

The prediction for total deposition efficiency can be well represented
with the combined diffusion parameters as presented in Fig. 13. It

Fig. 12. Regional deposition efficiency at light exercise flow rates with selected particle diameter of 1 nm (high diffusion), 5 nm (weaker diffusion), and 10 nm
(weakest diffusion). Subregions include vestibule, olfactory, main passage, and nasopharynx region.
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should be mentioned that dataset of each modal considered all inhala-
tion flow rates for three activity levels, to provide convincing evidence if
the correlation is universal for real life situations. This correlation fitted
best when exponent coefficients were chosen as a = − 0.2099 and b =

0.3925 with a R-squared value of 0.78. The correlation for the best
fitting curve is:

DEtotal = 100×
(
1 − 0.9708× e− 19.3278×Sc− 0.2099Δ0.3925

)

Overall, the combined X-axis ranged between 1× 10− 4 to 0.1, where
larger X-axis value represents smaller particle size. It can be seen that the
deposition data trend to be noisier and less well represented by the fitted
curve when the combined diffusion parameter is smaller than 0.01. This
is the region where the deposition is less well represented by the theo-
retical model of Brownian diffusion as the deposition efficiency is at a
low level for these lower values of the combined diffusion parameter.
Moreover, larger combined diffusion parameter near 0.1 data points
were all contributed by child models. It can be explained by the nar-
rower characteristic diameter and moderate flow rate for children nasal
airway, which contributed to larger diffusion parameter Δ. Although
huge anatomical differences existed between age groups, results for each
model appear to collapse into one curve. The results emphasized that the
combined parameter had a good capability in bridging age-related
anatomical differences due to distinct age, encouraging further explo-
ration in important subregions.

Three subjects from the Validation Group—a 5-year-old female
child, a 32-year-old female adult, and an 87-year-old elderly mal-
e—were used to further validate the robustness of the developed cor-
relation. The same meshing method and numerical model were
employed for simulations of these additional models. In Fig. 14, the
particle deposition efficiencies for these three models were overlaid onto
the total deposition efficiency curve originally developed from the six
subjects in the Development Group. The deposition data showed strong
alignment with the prediction curve, suggesting that the combined

diffusion parameter can adequately accommodate age-related anatom-
ical differences.

As discussed earlier, nasal epithelium, including squamous epithe-
lium (vestibule), respiratory epithelium (main passage), and olfactory
epithelium (olfactory), may experience airborne toxicant-induced
epithelial lesions, which are generally dependent on site-specific dose
and the sensitivity of epithelium to the chemicals. Thus, the correlations
for total deposition efficiency are also applied to subregional prediction
and modified for a site-specific prediction (Fig. 15). The most sufficient

Fig. 13. Total deposition efficiency (%) as a function of the combined diffusion parameter: Sc− 0.2099Δ0.3925.

Fig. 14. Comparison of total deposition efficiency (%) of additional models
from the Validation Group with the derived total deposition efficiency curve
based on the original six models from the Development Group.
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exponents for the combined diffusion parameter in each region are: (I)
Main respiratory region: a = − 0.2231, b = 0.422 (II) Vestibule region: a
= − 1.0975, b = 0.1953 (III) Nasopharynx region: a = − 2.5105, b =

2.0134 (IV) Olfactory region: a = − 0.073, b = 0.3478.
Main respiratory region contributing the most of deposition effi-

ciency in both children and adults, and the results almost collapse into
each other both in children and adults. To achieve the best-fit perfor-
mance, the exponent b increased to 0.422, which reflected a higher
dependence on diffusion parameter, Δ, compared to that of the total
deposition efficiency. As discussed earlier, the shape complexity of the
main respiratory region exhibited a significant increase, promoting
vortex and recirculation flow streams which contribute to particle
deposition. In that situation, higher dependence on Δ that incorporates
geometrical parameters may be reasonable. In contrast, the vestibule
correlation exhibited weaker dependence on Δ but higher dependence
on Sc. This suggests that Brownian motion of particles is the dominant
phenomenon influencing vestibular filtration, rather than geometric

factors. It should be noted that olfactory region was highly influenced by
the airflow velocity and geometry due to the extremely large exponent b.

Similarly, the subregional deposition data of models from the Vali-
dation Group was compared with the prediction curves extracted earlier
(Fig. 16). Overall, good agreement was achieved for the predictions in
the main passage, vestibule, nasopharynx, and olfactory regions.
Although the results for the 5-year-old (c) model showed minor de-
viations from the prediction curve, they remained within an acceptable
range. This comparison supports that the combined diffusion parameters
can effectively address age-related anatomical differences. However, as
noted in the limitations of the current study, these correlations may need
to be refined with a larger subject pool in future studies.

4. Conclusions

This study provides comprehensive analysis of the age-related
anatomical differences in human nasal airways and their effects on
airflow behaviour and ultrafine particle transport. By reconstructing
nasal cavity models across various age groups – children, adults, and the
elderly - we gained substantial insights into how anatomical variations
affect inhalation toxicology.

1) Anatomical variations: The nasal cavities of children, with the
cylindrical-like vestibules and narrower passages, facilitate a more
uniform airflow, markedly differing from the complex airways of
adults. Notably, the nasal anatomy becomes more intricate among
the elderly, peaking in complexity in the middle of passages, which
influences vortex formation and associated regional particle
deposition.

2) Precise deposition analysis: Our findings highlight the inter-subject
disparities in both overall and subregional deposition across age
groups, particularly between children and adults. However, overall
deposition profiles remain relatively similar. Further exploration in
different functional subregions reveals that the adult nasal structure
in the vestibule is more conducive to capturing particles. Addition-
ally, olfactory deposition, exhibiting high sensitivity to local flow, is
more pronounced in children than in adults.

3) Prediction and cross-age extrapolation: The intricate interplay be-
tween anatomical variations from childhood to adulthood and
deposition efficiency is critical for predictions of nasal deposition. A
novel approach is provided for predicting nasal ultrafine particle
deposition efficiency across age groups, by introducing combined

Fig. 15. Subregional deposition efficiency (%) of main passage, vestibule,
nasopharynx, and olfactory region. Regional data and associated fitted curve
were plotted respectively as a function of the combined diffusion parameters:
Sc− 0.2311Δ0.422, Sc− 1.0975Δ0.1953, Sc− 2.5105Δ2.0134, and Sc− 0.073Δ0.3478.

Fig. 16. Comparison of subregional deposition efficiency (%) of additional models from the Validation Group with the prediction curves for subregions, including the
main passage, vestibule, nasopharynx, and olfactory regions.
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diffusion parameters (expressed as ScaΔb). To express age-related
anatomical variations, geometrical terms, including volume,
length, and inner diameter, are accounted for as characteristic di-
mensions for each nasal cavity. Incorporating correlations based on
target regions, this approach performs reliably for prediction across
subjects of different ages. It paves the way for future research in
inhalation toxicology and respiratory drug delivery in populations of
varied ages.

4.1. Limitations of current study

We acknowledge several limitations of current study. Firstly, po-
tential variations in nasal dimensions due to physiological factors, such
as nasal cycle or congestion, were not considered. Additionally, the in-
fluence of gender or ethnic differences was not considered at this stage
of investigation. These might influence the BMI (based on height/weight
ratio) or the respiratory parameters (e.g., tidal volume), which are
important for understanding human inhalation activity. Apparently,
obtaining high-quality CT scans for CFD research studies in human
volunteers presents significant challenges. Distributing subjects across
categories such as age, sex, race, or health status (e.g., healthy vs.
diseased) is particularly difficult due to the high costs and the need for
regulatory approvals to justify X-ray dose. Securing approval from
funding agencies, especially for studies that require recruiting volun-
teers categorised by age and ensuring sufficient sample sizes in each
group, adds further complexity. While we acknowledge these inherent
limitations, building a comprehensive nasal subject model collection
that encompasses diversity in age, sex, ethnicity, and health status falls
outside the scope and capacity of the present project. Like most re-
searchers in this field, we are limited to using existing data, which makes

it impossible to include African American samples in this study. Addi-
tionally, the use of steady inhalation flow rates simplified the effects of
realistic breathing waveforms and focused on time-averaged outcomes
of particle deposition. Future studies will consider a larger and more
diverse subject pool, as well as realistic unsteady inhalation flow con-
ditions, to further improve the present research findings.

CRediT authorship contribution statement

Qinyuan Sun: Writing – original draft, Visualization, Validation,
Formal analysis, Data curation, Conceptualization. Ya Zhang: Re-
sources, Methodology, Conceptualization. Lin Tian:Writing – review &
editing, Supervision, Conceptualization. Jiyuan Tu:Writing – review &
editing, Supervision, Methodology, Conceptualization. Richard Corley:
Writing – review & editing, Resources, Conceptualization. Andrew P.
Kuprat: Writing – review & editing, Resources, Conceptualization.
Jingliang Dong: Writing – review & editing, Visualization, Validation,
Supervision, Project administration, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This study was funded by the Australian Research Council [Project
ID: DE210101549].

Appendix

Fig. A1. The mesh independent test with three mesh configurations: coarse mesh with 0.57 million grids, medium mesh with 1.03 million grids, and fine mesh with
1.3 million grids.
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Fig. A2. Independent test of particle released number. 20,000, 50,000, 100,000 number of particles were respectively released uniformly at the hemisphere surface.

Fig. A3. Geometry of additional nasal models: a 5-year-old (c) female, a 32-year-old female, and an 87-year-old male. Height and length of each nasal cavity were
marked in the lateral view and width were marked in the top view. A spherical breathing zone is attached to the exterior facial features of each nasal geometry, with a
diameter of 50 mm for child subjects and 80 mm for adult subjects.

Table A1
Demographic information of additional subjects.

Label Age (years) Gender

5-year-old (c) 5 Female
32-year-old 32 Female
87-year-old 87 Male

Data availability

The data that support the findings of this study are available on
request from the corresponding author. The data are not publicly
available due to privacy or ethical restrictions.
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assessment to engineered nanoparticles handled in industrial workplaces: the case of
alloying nano-TiO2 in new steel formulations. J. Aerosol Sci. 102, 1–15. https://doi.
org/10.1016/j.jaerosci.2016.08.011.

Wang, W., Cao, Y., Okaze, T., 2021. Comparison of hexahedral, tetrahedral and
polyhedral cells for reproducing the wind field around an isolated building by LES.
Build. Environ. 195, 107717. https://doi.org/10.1016/j.buildenv.2021.107717.

Wen, J., Inthavong, K., Tu, J., Wang, S., 2008. Numerical simulations for detailed airflow
dynamics in a human nasal cavity. Respir. Physiol. Neurobiol. 161 (2), 125–135.
https://doi.org/10.1016/j.resp.2008.01.012.

Xi, J., Berlinski, A., Zhou, Y., Greenberg, B., Ou, X., 2012. Breathing resistance and
ultrafine particle deposition in nasal-laryngeal airways of a newborn, an infant, a
child, and an adult. Ann. Biomed. Eng. 40 (12), 2579–2595. https://doi.org/
10.1007/s10439-012-0603-7.

Yang, F., Wang, Y., Ma, R., Hu, Z., Zhao, J., Sun, S., Ren, H., Chen, X., Chen, J., Zheng, G.,
Ren, X., Tong, Z., Dong, J., Zhang, Y., 2024. Numerical investigation of
corticosteroid aerosol transport characteristics for pediatric acute epiglottitis at
different severity levels. Powder Technol. 433, 119175. https://doi.org/10.1016/j.
powtec.2023.119175.
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