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Abstract 25 
Croup is the most frequent cause of pediatric upper airway obstruction characterized by 
spindle-shaped stenosis in the subglottis mucosa. Inhaled corticosteroids (ICSs) serve as the first-line 
therapy for croup. Traditional ICS particles (1-4 μm in diameter) are primarily designed for trachea 
and lung diseases and show extremely low larynx deposition. Moreover, the specific correlation 
between airway minimal cross-sectional area (CSA) and airway resistance has not been fully 30 
understood. In this study, three healthy pediatric upper airway models with commercial nebulizer 
masks attached to their faces were reconstructed from computed tomography (CT) scans. Virtual 
mild, moderate, and severe croup were incorporated into these healthy models. To enhance the 
performance of conventional nebulizing drug delivery, the aerodynamic properties of croup with 
different degrees of stenosis were quantitatively analyzed, and the respiratory transit and deposition 35 
of ICS particles sized between 1 to 20 μm in our target area (glottis+subglottis) were modeled 
utilizing the Computational Fluid Particle Dynamics (CFPD) method. Results showed that in all 
models, maximum deposition fractions (DF) can be reached when the ICS particle sizes are 7-8 μm, 
and for particles sized at 8 and 9 μm, all models can achieve effective target area delivery (≥75% of 
the maximum DF), whereas the majority of traditional nebulizers produce smaller particles than 40 
what we recommended. Pediatric upper airway resistance is negatively correlated with the minimum 
airspace CSA (R ∝ CSA−1), which is in good agreement with the Bernoulli Obstruction Theory. 
Furthermore, when the constriction of the subglottis reaches a specific level (≥70% obstruction), the 
upper airway pressure drop abruptly surged and the dyspneic respiration symptoms of patients 
develop instantly.  45 
Keywords: Computational fluid particle dynamics (CFPD), croup, inhaled corticosteroids (ICS), 
particle deposition, pediatric upper airway 

1. Introduction
Croup, also known as acute laryngotracheitis, or subglottic laryngitis, is one of the most50 
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prominent causes of acute respiratory distress in young children[1], affecting about 15% of children 
at some point [2]. It most commonly occurs in pediatric between 6 months and 5 years of age[3]. As 
a result of the upper airway constriction, croup is distinguished by its transient onset of a 
characteristic barky cough that is typically coupled with stridor, hoarse voice, and even respiratory 
distress, with endoscopic examination showing subglottic stenosis (SGS)[4,5]. Many treatments are 55 
available, including nebulized epinephrine, corticosteroid therapy, oxygen administration, analgesics, 
decongestants, antibiotics, antipyretics, short-acting β2 agonists, antitussives, and even 
tracheotomy[1,6]. Regardless of the clinical severity, corticosteroids are the cornerstone of croup 
therapy[7] as an effective method and are advised by all specialists[8-10]. Treatment with 
corticosteroids reduces the need for intubation in children with severe croup and impending 60 
respiratory failure by about five times, and if they are intubated, they stay intubated for about a third 
less time and are seven times less likely to necessitate reintubation than kids who are not given this 
medications[11]. 

 The effectiveness of corticosteroid therapies, including intramuscular dexamethasone[12], oral 
prednisolone[11], and nebulized budesonide[13], in patients hospitalized for croup, has been firmly 65 
established and verified. Inhaled corticosteroids (ICS), especially budesonide, performed remarkably 
in lowering inflammatory cytokines in the blood and enhancing life quality while maintaining a 
favorable safety profile in children with croup[14]. It begins to act as early as one hour after 
administration[15] and is broadly accepted and frequently used as a topical non-invasive approach. 
Aerosol treatment shows the fundamental privilege of delivering highly concentrated localized 70 
medication right to the site of action[16]. The aerosolized medications can be delivered to the human 
airway through several methods: face mask, mouthpiece, nasal mask, and high-flow nasal cannula. 
However, the mouthpiece achieves low efficiency for young children due to their poor compliance, 
and aerosol delivery using the nasal mask was tested to be less effective than using the facemask in 
an in vitro study among simulated young children who breathed spontaneously[17], therefore the 75 
face mask is the most widely used device during pediatric aerosol therapy. It is believed that the inlet 
cross-section of a nebulizer, the inhaled particle sizes, the airway diameter, and inhalation rates all 
have impacts on where the deposited inhaled particle located along the airway. [18-21]. Surprisingly, 
there have no numerical simulation ever explored the application of face masks in the human airway. 
In consequence, this study looked especially into the delivery of aerosolized using the face mask, 80 
and investigated the effect of inhaled particle sizes and the airway diameters on drug delivery 
efficiency. 

Tracking particle deposition and their trajectories along the respiratory tract was made possible 
by numerical simulations that employ the Computational Fluid Particle Dynamics (CFPD) approach. 
The effectiveness of medication delivery and the spatial distribution of particle deposition is 85 
significantly influenced by their aerodynamic diameter. Small particles (<2 μm) tend to deposit 
mostly in the pulmonary alveoli district, large particles (>6 μm) deposit primarily in the upper airway, 
while medium particles (2-6 μm) deposit most in small and central airways[22,23]. Superior 
olfactory deposition[24] was studied utilizing the breath-powered drug delivery approach and 
peaking deposition fraction (DF) could be reached with 1 nm diffusive particles and 10μm inertial 90 
particles. Sun, QY et al.[25] focused on nanoparticle aerosol delivery in pre-and post-operative nasal 
airway models of a child with adenoid hypertrophy. Perkins EL et al.[26] utilized the CFPD 
approach to simulate the inhaled drug particles treating, especially vocal fold granulomas and 
identified the effective particle sizes for large, medium, and small granulomas are 7-14, 7-13, and 
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6-10 μm, respectively, implying that inhalers generating larger sizes of particles may result in more 95 
effective laryngeal drug deposition. When it comes to laryngotracheal stenosis, it was discovered 
that for all kinds of stenosis, the maximal deposition could be obtained when particle sizes were 6-10 
μm, except for one-level tracheal stenosis[27]. By proposing the point-source aerosol release (PSAR) 
method, Wang et al.[28] managed to target drug delivery to deeper small airways in different lung 
lobes in pediatric patients with bronchopneumonia. Nevertheless, topical ICS particle delivery aimed 100 
at the subglottis region for the treatment of croup has not yet been documented. The aerodynamic 
diameters of the particles in commercially prescribed nebulizers range between 1 to 4 μm. To date, 
the ideal qualitative and quantitative features of nebulizers targeting the croup treatment have not 
reached any consensus. Data evaluating the laryngeal deposition as well as the most effective inhaled 
particle sizes are necessitated due to the growing clinical usage of ICS drugs. Therefore, a thorough 105 
understanding of the respiratory flow pattern and how inhaled particles move through the respiratory 
tract plays a fundamental role in illness management and associated inhalation therapy. Additionally, 
most pediatric medications in use today were not created or developed specifically for children, and 
little was known about pediatric targeted drug delivery. Children are not adults in miniature, they 
differ tremendously from adults in terms of physiological characteristics, airway anatomy, and 110 
breathing patterns[29]. Children also have unique needs for dosage forms and medical delivery 
systems. To obtain the optimum efficacy drug delivery targeting the croup, we must design the 
nebulized device specifically for pediatrics with the ideal size of the ICS particles. 

Within the larynx, the glottis constricts the upper airways to a minimum transitional 
cross-section, and mucosal oedema in this site will result in a considerable reduction in 115 
cross-sectional area (CSA), manifesting with higher airway resistance (R) and the resulting increased 
breathing efforts in moderate to severe croup[10,30]. Croup is characterized by spindle-shaped SGS. 
Clinical assessment is necessary to evaluate the severity of the disease, the existing grading criteria 
rely solely on the subjective clinical symptoms[1], and there is no quantitative evaluation of croup. 
The Cotton-Myer classification system[31], which uses laryngoscopy to quantify the percent area of 120 
obstruction (% AO) of the lumen at the subglottis and categorizes obstruction severity as: Grade 1, 
<50% AO; Grade 2, 51–70% AO; Grade 3, 71–99% AO; and Grade 4, total obstruction, is the 
prevalent criterion assisting the grading and therapy of SGS. However, airway resistance and 
airspace CSA has a complex interaction that is yet not fully understood. In the context of croup, we 
attempt to examine the association between disease severity (various degrees of SGS) and pediatric 125 
upper airway resistance. Several earlier studies employed the assumption that the Hagen-Poiseuille 
equation[32] can best explain the human upper airway pressure-flow relationship in the presence of 
SGS, which states that airflow resistance is negatively correlated with the quartic of the airway 
lumen diameter, suggesting the resistance was negatively correlated with the quadratic of the airway 
minimum CSA (R ∝ CSA−2). On the contrary, other studies demonstrate that the Bernoulli 130 
Obstruction Theory[33,34] can explain the upper airway resistance in a more accurate manner, which 
states that airflow resistance is negatively correlated with the minimum airway CSA (R ∝ CSA−1).  

On top of the existing Cotton-Myer classification system, this study stepped further and 
virtually simulated three degrees of spindle-shaped SGS: mild croup (30% AO); moderate croup (50% 
AO); and severe croup (70% AO). Based on the subjects with three levels of stenosis (three 135 
severities of croup), the correlation between the resistance of pediatric upper airway and airway 
minimum CSA was systematically investigated. Further, the CFPD approach was employed to model 
and assess ICS deposition in the targeted glottis and subglottis regions over a broad scope of particle 
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sizes (1-20μm) so as to explore particle size ranges that may lead to effective deposition in the target 
area (glottis+subglottis). In most former studies, the cylindrical segments with varying diameters 140 
were constructed to simulate various degrees of airway obstruction, the other studies directly 
inserted a plane to block the airway, and most of them studied a single case. It is worth noting that 
our study established spindle-shaped stenosis in three healthy children which is more consistent with 
clinical conditions and more statistically significant. 

 145 
2. Materials and Methods 
2.1. Construction of Base Models 

This study was authorized by the medical ethics council and institutional review board of the 
Second Affiliated Hospital of Xi'an Jiaotong University (batch number: 2022186). We recruited 
children volunteers aged 4-5 years who were physically fit and had not experienced any respiratory 150 
illnesses recently (six months prior to this research), such as pneumonia, rhinitis, tracheobronchitis, 
tonsillitis, or any other upper airway diseases. Finally, three healthy children were eligible for 
inclusion in the study. Siemens Dual Source photon computed tomography (CT) scanning was 
performed on them for an airway scope extending from the mouth to the trachea. During the 
scanning procedure, the participants had to keep their mouths open and retain their end-inspiratory 155 
position with nebulizer face masks attached to their faces. The CT images were then transported, 
edited, and de-identified in Mimics 19.0 software to reconstruct three-dimensional (3D) models of 
healthy pediatric upper airways (base models), and then exported in stereolithography (STL) format. 
Smoothing and regional division were achieved using Geomagic Wrap 2015 software, then each 
model was divided into 14 parts according to the anatomical structures (Fig. 1A), including face, oral 160 
cavity, teeth+cheek, tongue, soft palate, tonsil, nasopharynx, oropharynx, hypopharynx, epiglottis, 
supraglottis, glottis, subglottis (the area where stenosis occurred), trachea. The airway geometries 
were imported into ANSYS ICEM-CFD 2021 R1 and Fluent-Meshing 2021 R1 software to produce 
hexahedral cells with five prism layers (Fig. 1B). Glottis and subglottis regions were combined to be 
regarded as the “targeted area” to determine the optimal ICS particle sizes. To better describe the 165 
procedure for base model construction and data collection, a flow chart was plotted (Fig.2). 
 
2.2. Construction of the stenosis models with various severities of croup 

The subglottis from the base models were rescaled to form spindle-shaped stenosis as a way to 
simulate airway obstruction. Three different croup severities were modeled: mild, moderate, and 170 
severe, with 30%, 50%, and 70% AO, respectively, for 30%-70% AO encompassing the Grade 1 to 
Grade 3 stenosis defined by the Myer-Cotton system. Patients with Myer-Cotto’s Grade 4 SGS (total 
obstruction) generally necessitate tracheotomy or open airway reconstruction, therefore the OA over 
70% was not studied in the present study for lack of clinical application value. The length of the 
obstructed subglottis was unified to be 5mm in each model as it represents the most common 175 
situation clinically. Other lengths of stenosis were not further investigated because previous study 
have proved that the obstruction length showed no significant influence on tracheal resistance with 
various obstruction diameters at the % AO values analyzed in this study[34]. Detailed processes and 
methods to construct virtual stenosis are illustrated in Fig. 3.  
 180 
2.3 CFPD Simulations 
   Fluent 2021 R1 software (ANSYS, Inc.) was employed to implement steady-state airflow that 
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was comparable to resting respiratory conditions. The tidal volume and respiratory rate of children 
were obtained based on published respiratory parameters [35]. 2.7s was set as one breathing cycle in 
this study[36], and the inspiratory breathing rates of children aged 4-5 years at steady-state breathing 185 
were calculated to be 9.03, and 9.77L/min, respectively. To precisely represent the transitional 
airflow in the pediatric upper airways, a robust turbulent model is absolutely vital. In this community, 
the Reynolds-Average Navier-Stokes (RANS) approach is generally employed [37]. When it comes 
to simulating the laminar-transitional-turbulent airflow, the low-Reynolds number k-omega model 
was proven to be outstanding based on the research of Zhang and Kleinstreuer et al.[38], which 190 
evaluated the transitional flow in a restricted tube using four distinct RANS turbulence models, and 
it was verified to be able to assess the velocity profiles, pressure drop, and shear stress from 
transition to turbulent flows in a precise manner [36,39]. Therefore, the transition shear stress 
transport (SST) k-omega model with low Reynolds number correction was used in this study to 
simulate the aerodynamic characteristics of the pediatric upper airways. The boundary conditions in 195 
this article were as follows: 1) Outlet velocities were computed using the flow rate and the trachea 
CSA of each model. 2) The inlet pressure at the inhalation face mask's entry was set to 0 Pa with the 
assumption that it was exposed to the atmosphere. 3) The "trapped wall" was determined to be the 
boundary condition for the particle-wall interaction, suggesting the airway surface would catch 
particles at initial contact. 4) The models' boundaries were set as no-slip conditions, which meant 200 
that the wall's velocity was zero. The airflow during steady-state inhalation was calculated with a 
second-order upwind algorithm, and the governing equations were incompressible viscous fluid 
Navier-Stokes equations.  

Three degrees of % AO were constructed based on three base models to generate nine unique 
airway models with virtual stenosis, plus three base models representing non-pathologic airways (12 205 
airway models in total). The detailed demographics, inhalation rate, airway minimal CSA, and 
pressure drop information of the 12 models were illustrated in Table 1. 

  
2.4. Airway resistance 

The definition of airway resistance was R = ΔP/Q, where Q is the inhalation rate and ΔP is the 210 
pressure drop from the inlet of the face mask to the outlet in our study.  

The pressure-flow connection of the upper airway was explained by two opposing hypotheses in 
humans with SGS: the Hagen-Poiseuille equation and the Bernoulli Obstruction Theory.  

Hagen-Poiseuille equation[32,40] predicts that when fluid in the horizontal circular tube to do the 
laminar flow movement, its volume flow rate Q follows the equation: 215 

Q=π×r^4×Δp/(8ηL)                                     (1) 
Where the tube's radius is denoted by r, the pressure drop between two terminals of the tube is 
denoted by Δp, the fluid viscosity coefficient is denoted by η, and the length of the tube is denoted 
by L. R is conversely correlated with the quartic of the tube diameter (R=8ηL/πr^4), that means the 
resistance is conversely correlated with the quadratic of the minimum airway CSA (R ∝ CSA−2).  220 

According to Bernoulli Obstruction Theory[33,34], the upper airway resistance is conversely 
correlated with the minimum airspace CSA (R ∝ CSA−1), meaning that a 4-fold drop in CSA could 
lead to a 4-fold rise in the resistance of the upper airway. The Bernoulli equation for steady 
frictionless incompressible flow and the continuity equation suggests that: 

                  Q=A1V1=A2V2                                             (2)             225 
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Q=ܥ஽ܣට ଶ݌߂ఘ|ଵିఉర|                                            (3) 

where A is CSA at the constriction, V is air velocity, ρ = 1.225 kg/m3 is the density of air. CD is a 
function of the geometry (ratio β) and the Reynolds number (Re), and experimental measurements 
were used to determine its value. The numbers 1 and 2 denote two distinct locations along the 
airflow streamline, one located at the upstream of the stenosis area and the other in the middle. On 230 
the basis of the above equations, we discovered that the Bernoulli Obstruction Theory implies a 
negative correlation between the upper airway resistance and the obstructed airspace minimum CSA 
under the limitation of severe obstruction, that is: 

RTotal = RStenosis= ଵ஼ವ ටఘ݌߂ଶ ଵ஺ (severe constriction)           (4) 

The equation (4) was simplified by assuming severe constricted conditions (β → 0), resulting in 235 
limβ→0(1 – β4) = 1. Assuming that the coefficient CD is relatively constant throughout the pharynx in 
diverse individuals, this equation implies that the resistance of the pharyngeal is conversely 
correlated with the airway minimal CSA (R ∝ CSA−1). This equation (5) is a power law utilized to 
fit the correlation between the airspace minimum CSA and airway resistance in order to test this 
hypothesis, namely: 240 

R = a(CSA)b                                                                         (5) 
where a and b are fitting constants. 

 
2.5. Particle Transport Simulations 

 The Solution mode’s Lagrangian discrete phase model (DPM) of ANSYS FLUENT 2021 R1 245 
follows the Euler Lagrange approach. A continuum phase was applied to the fluid phase in this 
study. ICS particles were assumed as spherical shapes with a unit density (1,000 kg/m3). Simulated 
ICS particles were released evenly and passively from a planer cross-section at the face mask inlet, 
and the particle diameters ranged from 1 to 20 μm with 1 μm incrementation. Due to the dilute 
nature of the particle flow (the particle’s volume fraction < 0.1%), the interaction between particles 250 
is neglected, and one-way coupling between the airflow fields and the particles is assumed.  

The definition of particle DF is the ratio of the particles deposited in an anatomic site to the total 
number of particles entering the entire model. The particles that reached beneath the target area were 
considered to enter the lower airway (trachea and lung), and the particles deposited on the target area 
and above were considered to deposit in the upper airway. 255 

Fluent's DPM mode was applied to follow ICS particles once they were introduced into the mouth, 
the tracking was ended till the particles were “trapped” by the airway mucosa or particles outflew the 
upper airway. Since the mucus layer covers the surface of the airway, particle deposition was thought 
to occur when it hit the airway surface, hence rebounding was not taken into account. Results of 
particle deposition were subsequently exported as coordinate positions of deposition for further 260 
analysis. The subglottis and glottis are collectively referred to as the “targeted area” in this article, 
and the particles with the highest DF in this area were considered particles with ideal particle sizes. 
 
3. Results: 
3.1. Model validation 265 

Preliminary particle deposition model validation analyses were carried out by releasing particles 
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with sizes ranging from 1 to 20 μm into the oral-pharynx model. For a comprehensive consideration 
of the varied inhalation flow rates and diverse particle sizes, the impaction parameter (I=d2 

aeQ) was 
introduced here to collapse the series of results into one data set, in which d2 

ae is the diameter of the 
aerodynamic particle, Q (cm3/s or L/min) is the inhalation flow rate, and then the results were 270 
compared against experimental results from the previous researches. Fig. 4A indicates that the 
predicted upper airway DF presents an S-shaped curve, and the outcomes of our simulation highly 
coincide with the in vivo measurement studies of Lippmann, M. et al. [41] Stahlhofen, W. et al.[42] 

and the CFD model studies of Yousefi M et al.[43], Zhou et al[44]. However, due to anatomical 
differences and varied inspiratory flow rates to maintain a resting state between children and adults, 275 
the pediatric upper airway DF is higher when the inertia parameter is over 10,000 μm2L/min. Fig. 4B 
compared the upper airway resistances between our mouth-throat model (aged 3- to 5-year-old) and 
previous nose-throat models[34] (containing 19-month-old, 38-month-old, 93-month-old, and adult 
models). Our results are basically in accordance with the previous CFD simulations, variation might 
exist due to the following reasons: 1) children are in the growth and development stage, and their 280 
body anatomy undergoes drastic changes every year; 2) the models breathing via mouths in our 
study might be a bit different from those breathing via noses in the previous study. 

 
3.2. Airway Resistance 

In three healthy children’s models and 12 croup models with simulated SGS created by virtual 285 
5mm-long spindle-shaped obstructions, the airway resistance was depicted as a function of subglottis 
minimum airspace CSA. We fitted the CFD findings with a power law curve to examine the 
association between the minimal CSA at the subglottis and airway resistance.  
   Our fitting equation is as follows: 
                             R = a(CSA)b 290 
where a and b are constants: a=0.06, b=-1.07, |r|=0.97. (Fig. 5) The results demonstrated that airway 
resistance is negatively correlated with CSA at the subglottis (RTOTAL ∝  CSA−1), which is in 
accordance with the Bernoulli Obstruction Theory.  

The pressure gradient from the mouth to the trachea progressively rose in the healthy pediatric 
upper airway models, while the croup models showed a more abrupt rise in pressure developing 295 
around the glottis. As the stenosis getting worsen, the resistance of the target area made up an 
increasing percentage of the overall upper airway resistance. To be more specific, there was an 
increase in the ratio of the obstruction resistance to the entire upper airway resistance (average
standard deviation) from 12.21% 8.14% in the base models, to 21.39% 5.19% in mild croup 
models (30%AO), 53.72% 9.29% in moderate croup models (50%AO), 79.41% 9.29% in severe 300 
croup models (70%AO). Therefore, as the stenosis grew more and more severe, the pediatric upper 
airway pressure drop was getting progressively more restricted to the obstruction site at our target 
area, validating our assumption that, at the limitation of extremely severe stenosis, the stenosis’s 
resistance is noticeably more prominent than the resistance of upstream. 
     We plotted the graph to illustrate the detailed correlation between the severity of croup and the 305 
pressure drop of the upper airway ( P) (Fig. 6), and found that only after 70% or more airway 
lumen was obstructed did P start to rise substantially and sharply. Under the resting state, the 
average P of our models increased from 25 Pa for the base models to, respectively, 33, 40, and 77 
Pa for 30%, 50%, and 70%AO. 
 310 
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3.3. Airflow streamlines 
The effects of SGS on laryngeal airflow streamlines are depicted in Fig. 7. From the model of the 

healthy child (Fig. 7A), moderately distributed velocities and equally distributed airflow streamlines 
can be observed, and the highest airflow velocity occurs from supraglottic to subglottic areas. The 
mainstream airflow turned directly into the pharynx after passing through the oral cavity. Cast 315 
whirling airflow formed when the airflow impacted the posterior pharyngeal wall, and more vortices 
were generated in the hypopharynx. The dramatically decreased airway diameter in the glottis and 
subglottis led to an abrupt acceleration of airflow, and the airflow was relatively flat and straight, 
with few vortices to be observed. 

The overall direction and course of the airflow streamline above the target area were nearly the 320 
same in healthy children’s models and models with various degrees of the crop, proving that stenosis 
had little effect on the airflow above the stenosis area. Compared to the base model, in the croup 
models, the airstream instantly transformed to an extremely speedy airflow while entering the glottis 
and subglottis region before progressively decelerating within the trachea. Moreover, it was observed 
that inferior to the obstructed area the airflow seemed to be whirling massively, and the more severe 325 
the stenosis is, the more severe the swirling flow becomes. 
 
3.4. Ideal ICS particle size for croup 

In the base model, smaller ICS particle sizes (1-5μm) were more likely to escape into the 
trachea and lungs (DF 90%), medium ICS particles (6-15μm) were more dispersed throughout the 330 
airway, while larger ICS particles (16-20 μm) were expected to be trapped and deposit above the 
hypopharynx (oral cavity, nasopharynx, oropharynx, etc) (DF 70%). The ICS particle deposition 
patterns of the inhaled particles in varied sizes were shown in Fig. 8. The 3rd quartile (Q3), also 
referred to as the 75th percentile, was employed to demonstrate effective deposition. The target area 
DF of no less than seventy-five percent of the maximum DF was assumed as effective deposition. 335 
For target drug delivery aiming the base models’ simulated target area, the effective ICS particle 
diameters ranged between 8 to 10 μm. A maximum average DF in the target area of 4.63% was at 8 
μm size. (See Fig. 9) 

  The average target area DF in the mild croup models was lower than that in the base models, 
while the average target area DFs in the moderate and severe models were greater than that in the 340 
base models. In the mild croup models, a maximum DF in the target area of 3.2% was at 8 μm, and 
the effective deposition particle sizes range from 8 to 10μm. In the moderate croup models, a 
maximum DF in the target area of 5.36% was at 8 μm, and the effective deposition particle sizes 
range from 8 to 10 μm. In the severe croup models, a maximum DF in the target area of 12.73% was 
at 7 μm, and the effective deposition particle sizes range from 6 to 9 μm. Fig. 9 shows the average 345 
target area DFs in the base models, mild croup models, moderate croup models, and severe croup 
models, separately. The intersection of the effective particle sizes of all the models were 8 and 9 μm. 
Particles produced from traditional nebulizers are predominantly in a range around 1-4 μm, and the 
average maximum target area DFs within this range was 1.08%, 1.15%, 2.51%, 5.84%, respectively, 
for healthy children, mild croup children, moderate croup children, and severe croup children. 350 

  ICS particle trajectories of different sizes (2μm, 5μm, 8μm, 10μm, 15μm, 20μm) in the base 
model are shown in Fig. 10. The tendency of particle trajectories was basically consistent with the 
airflow streamlines. As the ICS particle size gets larger, more and more particles collide on the 
model surfaces while fewer enter the lower airway. As we can see, when the particle size exceeds 15 
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μm, almost all particle trajectories collide and terminate at the posterior pharyngeal wall while rare 355 
can reach below the hypopharynx. 
 
4. Discussion 

Croup is a type of respiratory infection that is typically caused by viruses[45]. The infection 
normally causes spindle-shaped stenosis in the subglottis, which obstructs breathing and causes the 360 
characteristic symptoms of a "barking/brassy" cough, stridor, and a hoarse voice. In a straight pipe 
experiment, Choi.Y et al. [46] examined circular and triangular glottal constriction and demonstrated 
that the flow pattern completely varied in each case. The airflow field in the upper airway was 
explored by Brouns et al.[47] and Chen et al. [48] while taking into account glottal folders with 
various cross-sectional sizes and different shapes. Their findings demonstrate that the glottal 365 
aperture's shape and CSA have profound effects on the flow pattern rather than breathing capacity. 
Therefore, the virtually constructed spindle-shaped stenosis in this study is more precise and closer 
to the actual clinical condition than ever before. Former studies tended to directly implant a plane to 
block the airway or utilize cylindrical segments of varying diameters to simulate various degrees of 
SGS, which was detached from the actual clinical situation and might result in an altered airflow 370 
field in the upper airway. Based on the Myer-Cotton classification system, we modeled mild croup 
with 30%AO, moderate croup with 50% AO, and severe croup with 70%AO. The obstruction area 
over 70% was not simulated because at that time, the patients' lives were under emergency, and 
much more effective methods such as tracheotomy may be required. Though this study mainly 
focused on the glottis area and subglottis area, each of our upper airway models was divided into 14 375 
parts according to the anatomical structures, which is not only anatomically accurate and can display 
the whole upper airway clear at a glance, but also serves as an aerosolized medication deposition 
CFD database in the pediatric upper airway which may facilitate further study of inhaled pollution 
deposition and drug delivery in other anatomical sites. 

Given that the symptoms of many croup children experience an abrupt onset and progression, a 380 
prompt and reliable approach to assess the degree of airway restriction would be instrumental in 
guiding therapeutic decisions. Additionally, according to our research, the upper airways 
flow-pressure correlation of children with croup could be appropriately described by the Bernoulli 
Obstruction Theory, which claims that airway resistance and airway minimum CSA show a negative 
correlation (R A 1), can explain the flow-pressure relationship of the upper airway in children with 385 
croup. The inapplicability of the Hagen-Poiseuille equation here may because this equation is only 
valid in fully-developed, laminar flow in straight circular tubes, while the 
laminar-transitional-turbulent airflow in the human upper airway, the entrance effects as well as the 
curving structure combined to invalidate this assumption. In constricted upper airway models, the 
majority of the pressure drop of the total upper airway is generated by the constriction (Fig. 6). As a 390 
result, even slight changes in the minimal CSA would exert a substantial impact on the upper airway 
resistance, and R and minimum CSA show a strong connection (Fig. 5). Contrarily, a more uniform 
distribution of resistance can be observed along the upper airway in models with less severe 
constrictions and healthy pediatric models.  

In the current work, pressure drops across the upper airway with various constrictions in 395 
realistic upper airways was examined. The findings predicted, in keeping with what is witnessed in 
clinical practice, that once the stenosis has progressed to a rather severe degree, patients will 
experience a relatively dramatic and immediate surge in respiratory distress. The pediatric upper 
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airway models' (between mouths and the end of subglottis) pressure-flow relationship showed a 
power law relationship, that the simulated P began to surge drastically only until no less than 70% 400 
of the upper airway lumen was obstructed, which is in accordance with the study of Brouns et al. that 
focused on the tracheal stenosis[49]. The average P of our models rose from 25 Pa for the base 
models to 33, 40, and 77 Pa for 30%, 50%, and 70% stenosis, respectively. This finding is consistent 
with the research showing that individuals with tracheal stenosis typically experience a surprisingly 
instant onset of dyspnea, which can typically be observed at the period of clinic admission when 405 
there has been a loss of no less than 75% of the airway lumen[50]. Together, these results 
demonstrated that, while there obviously was time for airway stenosis to progress progressively 
before the patient experiences clinically significant breathing impairment, however, once the severity 
of stenosis exceeded a specific degree, the upper airway pressure drop ( P) abruptly got serious and 
the dyspneic respiration developed instantly, and intervention should be carried out in an emergency 410 
situation. The degree of laryngeal obstruction in the croup is divided according to the patients’ 
clinical manifestation, while objective methods to gauge the seriousness of obstruction and the 
prediction of therapeutic responses remain absent. The close relationship between airway CSA and 
airway resistance, and its consistency with clinical manifestation may suggest that the degree of 
airway obstruction in croup can be assessed by calculating the AO% under the laryngoscope. When 415 
the AO% exceeds 70%, early aggressive therapy such as intravenous injection of glucocorticoids as 
well as sedatives may be indispensable, and may even turn to tracheotomy if all the conservative 
treatments failed. 

 Typically, a single oral dosage of steroids is prescribed to treat croup[45,51]. To imitate the 
realistic treatment procedure, models of children with nebulizer masks attached to their faces were 420 
constructed to simulate the actual treatment process. Our study employed CFPD methodology to find 
out the ideal ICS particle sizes for topical target area (glottis+subglottis) deposition in healthy 
children's upper airway models and children with mild, moderate, and severe croup. Based on 
numerical simulations, we spotted that the moderate and severe croup (more than 50% AO) generally 
facilitated localized target area DF of the inhaled particles, while the mild croup (30% AO) reduced 425 
localized target area DF.   

Since the inhalation flow rate is at a low to moderate level in resting conditions, the related 
airflow field is typically believed to be laminar flow across the majority of the upper airway area. 
However, for limiting regions of airflow, such as the glottis, flow velocity accelerates to become 
transitional and turbulent flow due to significantly narrowed passage space, and the glottis's narrow 430 
CSA will result in great turbulent kinetic energy[48]. The turbulence intensity and the shear stress 
are both amplified by the high velocity gradient produced by the small CSA.  In the trachea, the 
geometric model with the larger glottis exhibits fewer vortices than the model with the smaller 
glottis[48]. Our results were consistent with these earlier interpretations. In our study, compared to 
the base model, in the croup models, the airstream instantaneously converted to an extremely rapid 435 
flow in the glottis before progressively decelerating within the trachea and the airflow was seen to be 
whirling below the obstructed area. Moreover, the intensity of the whirling flow increases with the 
severity of the stenosis, which is also the same as the study of Chen et al[48]. Airflow vortices lead 
to particle deposition by impacting the airway mucous, which may explain why the target area DFs 
of the inhaled particles in moderate and severe croup models were greater than that in the healthy 440 
models. But why the target area DFs in the mild croup models were lower than that in the healthy 
models? The narrowest portion of the laryngopharynx is the glottis, where the vocal cord is attached. 
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The mild croup (30%AO) narrowed the subglottis to be as wide as the glottis, which means the 
target area becomes a cylinder with constant width. The inhomogeneity of the incoming flow 
velocity is the primary cause of turbulence, therefore cylinders with constant-width lead to fewer 445 
vortexes inside this area. The onset of turbulence and laryngeal jet are the main reasons for this high 
deposition rate in the large segments, inertial impaction is the dominant deposition 
mechanism[52,53], and these combined to result in high DF in the croup model target areas. 

Since oral aerosol deposition is far less than that in the nasal passages, aerosol medications are 
typically administered to the larynx and lower airway by inhalation via the oral passages, so that 450 
more drugs can reach the lesion location. In all of the models, the maximum target area DF can be 
achieved when the ICS particle sizes range over 7-8μm. As shown in Fig. 8, the intersection of the 
effective particle sizes of all the models are 8 and 9 μm, meaning that at this time, the aerosol 
therapy is most effective for all croup severity. The particle sizes that are released by the 
routinely prescribed inhalers (1-4 μm) were aimed at the tracheobronchial and alveolar-interstitial 455 
region[20], which are smaller than the ideal sizes we predicted based on our models, and the 
maximum target area DFs of these commercially available nebulizers are awfully small. These 
findings suggest that the available nebulizers may be not suitable for croup treatment in pediatrics, 
inhalers with larger ICS particles are needed to improve the curative effect. Even if our results are 
preliminary, they are persuasive and demand further research. These discoveries can contribute to 460 
our understanding of the dynamic nature of the human airway and may potentially lead to the 
creation of innovative inhalers that release particles specifically suited for therapeutic laryngeal 
administration. 

In this study, a simplification, steady-state condition was identified as a solid 
approximation for the brief single-cycle inspiratory duration. Our previous studies and 465 
numerous investigations have concluded and tested that under resting breathing conditions, the 
nasal airflow can be considered quasi-steady flow [54,55]. Experimental evidence demonstrates 
that oscillatory effects do not appear until Womersley numbers ( ) are higher than 4 [56]. It 
was also determined that a Strouhal number (St)  0.2 was an appropriate criterion when the 
differences between solutions of the unsteady and steady flow field can be neglected, and the 470 
assumption of steady airflow was reasonable under these conditions [57-59]. For the glottis 
region in present study, the Strouhal number was calculated as: St=fd/U, where U is the average 
airflow velocity through the subglottis plane, d is the hydraulic diameter of the subglottis plane, 
and f is the respiratory frequency in Hz. Womersley number was calculated as: α=d/2*(2πf/vg), 
where vg denotes the kinematic viscosity of air. In this study, the d was 7.64mm, 6.86 mm, and 475 
7.23mm, and U was 3.317m/s, 3.51m/s, and 3.53m/s for the three children accordingly. The 
calculated St numbers were 8.5×10-4, 7.2×10-4, and 7.6×10-4, and the calculated α numbers were 
1.38, 1.23, and 1.30, respectively. Therefore, based on calculated Strouhal and Womersley 
numbers, it can be concluded that all case studies considered in this paper satisfy the criterion 
for quasi-steady flow. Although the quasi-steady airflow assumption can reasonably reflect the 480 
airflow characteristics in examined airways, the instantaneous deposition of microparticles 
because of unsteady accelerating and decelerating flow is ignored in the present study. 
Nevertheless, neglecting the instantaneous deposition features is an approximation that is used 
in the present analysis, which may be considered as a limitation of our research and can be 
addressed in future studies. 485 

The considerably small cohort analyzed in this study is inevitably one of our limitations, 
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and the stenosis was virtually constructed based on the healthy model rather than the CT from 
the actual children with croup. This is because laryngoscopy is the preferred approach for 
diagnosing croup, and CT scanning is not typically performed on children. Second, though we 
validated our model predictions with the outcome of experimental measurements and 490 
simulations, part of the presented comparative data refers to adults and nose-throat models. This 
is because though there are several numerical estimates in the published literature focusing on 
the quantification of deposition in pediatric airways, virtually no one focus on the glottis area or 
subglottis area. Third, the particles were also not presumed to interact with one another, modify 
the inhalational airflow, or re-enter the airflow after impacting the boundary of the airway. 495 
Fourth, even though CFPD studies utilizing geometries based on CT have been confirmed to be 
faithful and valid as ways to forecast particle delivery and airflow, all these techniques can only 
generate simulations in static, while the airway is dynamic[60,61]. Finally, in vivo validation 
was not performed in this study, making it a purely computational investigation. In vitro and in 
vivo experiments need to be carried out in the future as a way to support or contradict our 500 
theories. 
 
5. Conclusions 

In this study, CFPD modeling of pediatric upper airway airflow, inhalation drug delivery, and 
airway resistance in healthy children and children with various degrees of croup was performed to 505 
understand the underlying particle transport and deposition mechanism. The results showed that the 
resistance of the pediatric upper airway is conversely proportional to airway minimum CSA (R ∝ 
CSA-1), and when the constriction of the subglottis reaches a certain value (≥70% obstruction), the 
upper airway pressure drop abruptly surged and the dyspneic respiration symptoms of patients 
develop instantly. Moreover, in all considered models, the maximum target area DF can be reached 510 
when the ICS particle sizes are 7 or 8 μm, all models can achieve effective target area delivery when 
the ICS particles size are 8 and 9 μm, whereas almost all commercial and medical nebulizers 
produce smaller particles (1-4μm) than what we suggested. These may provide guidance for the 
evaluation of the croup severity, and promisingly, may help develop novel nebulizers, especially for 
pediatric targeting the glottis and subglottis so as to achieve superior croup curative effect.  515 
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Grade (% obstructed) Age (years) Gender Inhalation 
rate(L/min) 

Minimum 
CSA (cm2) 

Pressure 
Drop (Pa) 

Participant 1 
Healthy (0%)  

5 
 

F 
 

9.77 
0.49 25.29 

Mild crop (30%) 0.34 30.95 
Moderate crop (50%) 0.25 48.21 

Severe crop (70%) 0.15 74.90 
Participant 2 

Healthy (0%)    0.43 27.05 
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Mild crop (30%) 4 F 9.03 0.30 28.83 
Moderate crop (50%) 0.22 41.23 

Severe crop (70%) 0.13 75.60 
Participant 3 

Healthy (0%)  
5 

 
F 

 
9.77 

0.46 21.26 
Mild crop (30%) 0.32 23.59 

Moderate crop (50%) 0.23 33.98 
Severe crop (70%) 0.14 80.79 
Table 1 Demographics, inhalation rate, airway minimal cross-sectional area (CSA), and pressure 
drop from the inlet of the face mask to the outlet at steady-state breathing conditions for the models 
of healthy children and children with croup.   700 
M = male, F = female. 
 
Figure legends 
Fig. 1. The three-dimensional (3D) reconstruction model (base model) of a 4-year-old healthy child’s 
upper airway with a nebulization face mask attached to the face. A total of three base models were 705 
constructed, while only one was displayed throughout this article for clearance and readability. (left 
view) (A) The different anatomic sites of the pediatric airway were colored in different colors, and 
the magnified area in the black frame is our target area (the upper part is the glottis and the lower 
part is the subglottis). (B) The hexahedral cells with five prism layers of the base model in the 
sagittal position.  710 
 
Fig. 2. The flow chart of base model construction and data collection. 
 
Fig. 3. The construction process of virtual croup models. (A) The origin subglottis of the base model 
was split into two parts based on the mid-line (the straight red dotted line), the left and the right part 715 
simultaneously move towards the mid-line. The blue dotted curve denotes the mile croup, the green 
dotted curve denotes the moderate croup, the orange dotted curve denotes the severe croup, and then 
each of them was slightly modified to be more realistic. The final virtual mild, moderate and severe 
croup models are shown in (B), (C), (D), respectively. Figures in the upper row were the top view, 
and figures in the lower row were the front view. 720 
 
Fig. 4. (A) Deposited fraction (DF) in the mouth-throat area of adults as a function of the impaction 
parameter (I), expressed as d2 

aeQ from a series of CFD studies and in vivo measurement studies, and 
compared with the results in our models. (B) Comparison of upper airway resistances in our 
oral-pharynx model and previous nose-throat models. 725 
 
Fig. 5. Airway resistance in simulated croup (stenosis) models and base models as a function of 
airspace cross-sectional area. 
 
Fig. 6. The relationship between the average pressure drop of the pediatric upper airway (ΔP) and 730 
the severity of airway obstruction (left view). (A): healthy child model (base model), (B): mild croup 
model (30% AO); (C): moderate croup model (50% AO) and (D)severe croup model (70% AO). 
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Fig. 7. Airflow streamline patterns in the upper airway models colored by various velocities in (A): 
healthy child model (base model), (B): mild croup model (30% AO); (C): moderate croup model 735 
(50%AO) and (D)severe croup model (70% AO). The figures in the upper row are in the left view, 
the figures in the lower row are in the back view. 
 
Fig. 8. Particle deposition pattern in the pediatric upper airways. (A) healthy child (base model), (B) 
mild croup model (30% AO); (C) moderate croup model (50% AO) and (D) severe croup model (70% 740 
AO). ICS particles of different sizes are shown in different colors. The figures in the left row with 
face masks are in the left view, the figures in the right row without face masks are in the left rear 
view. 
 
Fig. 9. The average target area deposited efficiency of ICS particles ranging between 1 to 20 μm in 745 
base models and croup models. The shaded area manifests the effective deposition (DF 75% of 
maximum deposition). The red line shows the overlapped particle size for all considered upper 
airway models (8 and 9 μm). 
 
Fig. 10. ICS particle trajectories of different sizes in the base model, the figures in the upper row are 750 
the left view and the bottom row are the back view. Different particle velocities are displayed in 
different colors.   
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