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Abstract: The primary cause of death in extremely pre-
maturely born infants is acute respiratory distress syndrome
(ARDS). To manage this condition, both invasive ventilation
and less invasive methods like continuous positive airway
pressure (CPAP) are employed. Recently, there has been grow-
ing interest in delivering aerosolized medication directly to the
lungs as a non-invasive therapeutic option. However, the ef-
fectiveness of such aerosol delivery in extremely premature
infants remains poorly understood due to their unique airway
anatomy. To address this gap, a three-dimensional model of
the upper airway geometry of an extremely prematurely born
neonate was segmented from an MRI scan. This model was
used to perform computational fluid dynamics (CFD). The
analysis aimed to evaluate airflow behavior and aerosol depo-
sition patterns under CPAP ventilation conditions. The results
demonstrate velocity and pressure contours that are consistent
with previous CFD studies in adults and older infants, while
revealing new quantitative insights specific to the narrow and
delicate airways of extremely premature neonates. Notably,
the simulations capture the presence of a laryngeal jet even at
this early developmental stage. Furthermore, particle tracking
analyses highlight specific regions prone to frequent aerosol
deposition, which may limit the uniform delivery of inhaled
medication to the lower lungs. These findings suggest that
CFD modeling can play a crucial role in optimizing aerosol-
based therapies for this vulnerable population. Further work is
needed to validate the results against in-vitro experiments and
to expand the model to include the oral cavity, enabling future
investigation of oral inhalation strategies.
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1 Introduction

Acute respiratory distress syndrome (ARDS) remains a pri-
mary cause of morbidity and mortality in extremely premature
infants. Due to the underdeveloped nature of their lungs and
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airways, these infants are highly susceptible to severe respi-
ratory complications. While invasive ventilation has been the
standard care for long, less invasive methods such as high-
frequency oscillator ventilation and continuous positive air-
way pressure (CPAP) have emerged as promising alternatives,
reducing the risk of ventilation-induced lung injury. However,
CPAP is indicated only when the preterm neonate is sponta-
neously breathing. [6, 7] In parallel, the targeted delivery of
aerosolized medications, such as surfactant therapies and other
inhalable drugs, could further improve respiratory outcomes
by directly addressing pulmonary diseases. Although neonates
can sustain spontaneous oral breathing in situations of nasal
occlusion, they are predominantly nasal breathers [3, 9], which
further underscores the importance of understanding nasal air-
flow dynamics and aerosol deposition patterns in this popula-
tion.

Previous research employing computational fluid dynam-
ics (CFD) to analyze neonatal airflow patterns has primar-
ily focused on comparing infant airflow dynamics to those of
adults [3], investigating the impact of spherical and anatom-
ically designed masks on airflow and wall stress in neonatal
upper airways during resuscitation [4], examining airflow dy-
namics as well as the deposition and hygroscopic growth of
PM2.5 particles in both an adult and a 5-year-old boy [12], and
studying airflow characteristics including particle deposition
patterns, velocity, and pressure in simplified models of chil-
dren’s upper airway tracts [8]. Additional work on the breath-
ing patterns of preterm infants relied on data gathered from
ventilatory support devices [10], which do not permit the fine-
grained visualization and analysis offered by CFD. To the best
of the authors’” knowledge, there has been no investigation into
airflow and particle deposition mechanics in an anatomically
accurate model of an extremely preterm infant, reconstructed
from MRI data, using CFD.

This work aims to analyze the velocity, pressure, and par-
ticle deposition patterns occurring during nasal breathing in
a preterm neonate using computational fluid dynamics (CFD)
simulation with a realistic geometry obtained from a 7 Tesla
MRI scan.
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2 Materials & Methods

2.1 Model acquisition

The three-dimensional (3D) model of the preterm neonatal up-
per airway geometry was acquired through segmentation of
an MRI scan of a neonate at 23 weeks postmenstrual age. At
this development stage, the fetus is classified as "extremely
preterm” by the World Health Organization (WHO).[11]The
original image data, stored in a DICOM format, was imported
into 3D Slicer for model creation.

The segmentation process was performed manually by an-
notating the structures of interest on a slice-by-slice basis us-
ing a combination of level-tracing, paint, and drawing tools.
At this stage, only the airway lumen was segmented, as it con-
stitutes the primary domain for the subsequent computational
fluid dynamics (CFD) analysis.

Following segmentation, the model was post-processed in
3-matic (Materialise NV, Leuven, Belgium). As the presence
of issues in the geometry, such as holes, overlapping edges,
or duplicate triangles, compromise the quality of the mesh,
they had to be corrected. In addition, the geometry was gently
smoothed, a uniform wall thickness of 0.5 mm was assigned,
and openings were created at the nostrils and trachea to allow
realistic airflow during simulations.

2.2 CFD Simulation

Airflow dynamics and particle deposition within the nasal cav-
ity, nasopharynx, and larynx were simulated using Ansys Flu-
ent 2024 Academic (Ansys Inc., Pennsylvania, USA). The
STL files generated from the post-processed model were im-
ported into Fluent 2024, where a computational mesh was gen-
erated to enable a stepwise numerical solution of the flow field.

Due to the small-scale geometry, featuring narrow pas-
sages and sharp bends, convergence of the simulation was
achieved through a two-step approach. Initially, a steady-state
simulation was performed, and convergence was achieved af-
ter approximately 200 iterations. The steady-state solution
served as the initial condition for a subsequent transient simu-
lation to capture the dynamic nature of neonatal airflow better.
Afterwards, a transient simulation was performed with the set-
tings visible in Table 1. The time step sizes and velocity mag-
nitude parameters were calculated following the values pro-
vided in [10].

The boundary conditions for the nasal inlets velocity was
calculated from the 0.2-0.3 L/min/kg average reported in [1]
and the surface area of the inlets. The preterm infant analyzed
in this study weighed 520 grams.

422

Tab. 1: Settings used for meshing and simulation in Ansys Fluent

2024

Setting Name

Value

Volume Mesh

Fill

Cell Amount

Boundary Conditions

Nasal Inlet Velocity Magnitude
Trachea Outlet Gauge Pressure
Wall DPM Condition

Inlet & Outlet DPM Condition
DPM Settings

Injection Velocity Magnitude
Diameter Distribution

Diameter Range

Inject Using Face Normal Direction
Steady-State Stage
Initialization

Solver

Transient Stage

Initalization

Time Step Size

Calculation Duration

poly-hexcore
1,624,299

0.62 m/s
0 Pa
Trap
Escape

0.62 m/s
Rosin-Rammler
1to 10um

On

Hybrid
SIMPLEC

from Steady-State
10~%s
approx. 14 hrs

The particles were injected along the normal surface vec-
tor at the inlets with an injection velocity equal to the local
airflow velocity, with a simultaneous injection (0 s injection
time) to mimic the initial phase of aerosol administration.

Finally, cross-sectional planes were created along the en-
tire geometry and labeled with letters from A to V. The finished
model obtained after post-processing, including the planes se-
lected for visualization of contours and calculation of particle
deposition in the airways, Figure 1.

Ansys

2024R2

q  Oropharynx

Larynx

Trachea i

Fig. 1: 3D model obtained from MRI segmentation depicting key
anatomical structures along with the cross-sectional planes used
for flow and pressure contours, and particle deposition measure-
ments.
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3 Results

The velocity profile depicted in Figure 2 shows that after
initially entering the nasal cavity, the overall flow speed de-
creases. Slightly higher velocities are observed along the inner
walls of the nasal cavity compared to the outer walls. In the
nasopharynx, the flow velocity begins to increase slightly, a
trend that continues through the laryngopharynx and into the
larynx. The highest flow velocity occurs in the larynx.

The pressure contours extracted from the simulation,
shown in Figure 3, exhibit a pattern that is inversely related
to the velocity curves (Figure 2). The highest pressure is ob-
served shortly after the air enters the nasal cavity, correspond-
ing to the region of lowest flow velocity. As air progresses
through the upper airway, pressure gradually decreases, reach-
ing a minimum at the laryngeal jet. A slight pressure increase
is then observed at the end of the larynx.

The particle deposition patterns reveal that most larger
particles (> 7,um) deposit shortly after entering the nasal
cavity. Subsequently, medium-sized particles (approximately
5, um) tend to deposit in the lower regions of the nasal cavity,
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Fig. 2: Velocity distribution across various model sections, de-
picted by a color gradient from 0 m/s (blue) to 3.5 m/s (red).
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Fig. 3: Pressure contours illustrated by a gradient from 0 Pa (blue)
to 13 Pa (red), highlighting the variation in pressure levels across
different sections.
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Fig. 4: Particle deposition within the neonatal airway model, de-
picted by a color gradient from 0 pm (blue) to 10 pm (red).

as shown in Figure 4. In the nasopharynx and laryngopharynx,
particle deposition continues predominantly among medium-
sized particles, with accumulation mainly on the dorsal side,
particularly behind the sharp bend in the nasopharynx.

Figure 5 shows the cumulative percentage of particle de-
position across the cross-sectional planes. Planes A through
K span the nasal cavity, where approximately 20% of particles
deposit early. In the nasopharynx, covered by planes K through
0, the cumulative deposition increases by only one percentage
point, indicating minimal particle loss in this region. This trend
of negligible deposition continues through the laryngopharynx
(planes O to S).

A significant increase in deposition is observed in the la-
ryngeal region, between planes S and T. Here, cumulative de-
position rises sharply from 21% to 37%, being the second most
critical region for particle deposition in the preterm neonatal
upper airways.

In the final segment of the model, the upper part of the tra-
chea, represented by planes T through V, deposition decreases,
with only a negligible increase in cumulative deposition, sug-
gesting limited particle loss in this region.

4 Discussion

The airflow and particle deposition patterns in the upper air-
ways of a preterm neonate were analyzed using an anatomi-
cally accurate model segmented from an MRI scan. The veloc-
ity profile shows a decrease in flow speed as air enters the nasal
cavity, followed by a gradual increase through the nasophar-
ynx and laryngopharynx, with the peak velocity occurring in
the larynx. This acceleration is attributed to the constriction
caused by the vocal cords, creating a laryngeal jet [2]. Con-
versely, the pressure contours show an inverse relationship to
the velocity profile, as expected.
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Fig. 5: Deposition of aerosol particles along observed planes in
comparison to the first plane.

The velocity and pressure contours presented in Figures 2
and 3 closely resemble those reported by Corda et al. [3], who
conducted simulations on a model of an 11-day-old infant and
compared the results to adult cases. While the absolute veloc-
ity values differ, the overall patterns remain consistent, sug-
gesting that airflow dynamics in extremely premature neonates
and 11-day-old infants follow similar trends.

The aerosol particle deposition shows that most large par-
ticles (> 7, um) deposit early in the nasal cavity due to inertial
impaction. Medium-sized particles (around 5, um) further de-
posit in the lower nasal cavity and on the dorsal side of the
nasopharynx, particularly at sharp bends. Although minimal
deposition occurs in the nasopharynx and laryngopharynx, a
significant increase is seen in the laryngeal region, where cu-
mulative deposition increases sharply by 16%. (see Figure 5).
In the upper trachea, deposition is minimal, suggesting most
particles have already settled upstream. The dominant particle
deposition mechanism in these neonates appears to be inertial
impaction, strongly influenced by the anatomical features and
flow dynamics of the airway. This finding is consistent with
existing literature [5].

Future research will focus on aerodynamic behavior oc-
curring during oral inhalation, as current research suggests
that neonates can sustain spontaneous oral breathing as well
as nasal breathing. [3, 9] Additionally, the simulation results
could be validated against in-vitro data.
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