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ABSTRACT
Purpose To evaluate the efficiency of a new technique for
delivering aerosols to intubated infants that employs a new
Y-connector, access port administration of a dry powder, and
excipient enhanced growth (EEG) formulation particles that
change size in the airways.
Methods A previously developed CFD model combined with
algebraic correlations were used to predict delivery system and
lung deposition of typical nebulized droplets (MMAD=4.9 μm)
and EEG dry powder aerosols. The delivery system consisted of a
Y-connector [commercial (CM); streamlined (SL); or streamlined
with access port (SL-port)] attached to a 4-mm diameter
endotracheal tube leading to the airways of a 6-month-old infant.
Results Compared to the CM device and nebulized aerosol, the
EEG approach with an initial 0.9 μm aerosol combined with the
SL and SL-port geometries reduced device depositional losses by
factors of 3-fold and >10-fold, respectively. With EEG powder
aerosols, the SL geometry provided the maximum tracheobron-
chial deposition fraction (55.7%), whereas the SL-port geometry
provided the maximum alveolar (67.6%) and total lung (95.7%)
deposition fractions, respectively.
Conclusions Provided the aerosol can be administered in the
first portion of the inspiration cycle, the proposed new method
can significantly improve the deposition of pharmaceutical
aerosols in the lungs of intubated infants.
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ABBREVIATIONS
ACI Andersen Cascade Impactor
AS Albuterol sulfate
B# Airway bifurcation number
CDC Centers for Disease Control
CFD Computational fluid dynamics
CM Commercial
DE Deposition efficiency
DF Deposition fraction
ED Emitted dose
EEG Excipient enhanced growth
ETT Endotracheal tube
FR Fraction remaining
GSD Geometric standard deviation
ID Internal diameter
LL Left lower (lung lobe)
LPM Liters per minute
LRN Low Reynolds number
MDI Metered dose inhaler
MMAD Mass median aerodynamic diameter
RH Relative humidity
SIP Stochastic individual path
SL Streamlined
TB Tracheobronchial

INTRODUCTION

Infants receiving mechanical ventilation with an endotracheal
tube (ETT) may benefit from the delivery of a number of
current and envisioned aerosolized medications (1–3).
However, it is well known that current aerosol delivery systems
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for administering medications to ventilated infants are highly
inefficient (1,2,4,5). As a result, it is not clear if aerosolized
medications that do not provide a clear clinical benefit to
infants fail because of a lack of drug efficacy or poor drug
delivery to the lungs (2). Improved aerosol delivery systems are
needed so that drugs that are known to be effective, such as
bronchodilators, can be delivered safely and at prescribed
dosages to the airways of ventilated infants. Increasing deliv-
ery efficiency of aerosolized medications will also allow for the
effective development of future therapies by providing con-
trolled doses to the lungs in a reliable and reproducible
manner.

Commonly used devices for delivering aerosolized medica-
tions to ventilated infants are jet nebulizers and metered dose
inhalers (MDI). Challenges associated with aerosol delivery to
the lungs of infants include low tidal volumes, short inhalation
periods, high breathing frequencies (1,4), complex flow paths
from the aerosol generator to the end of the ETT (6), and
ETTs with very small internal diameters (3–4 mm) (7).
Commercial nebulizers and MDIs, which are typically de-
signed for delivering aerosols to adults, are often implemented
for administering aerosol therapy to children. As a result, a
majority of the drug dose intended for the pediatric airway is
lost in the aerosol generation device, connective tubing, ven-
tilator Y-connector, and ETT (1,2,7). For a jet nebulizer or
MDI used to administer aerosols to premature infants, Fok
et al. (5) reported <1% lung deposition fraction in vivo. These
results are representative of delivery efficiencies for ventilated
pediatric patients based on subsequent animal and in vitro
models (1,2,8). In vitromodel results tend to predict marginally
higher lung delivery efficiencies compared with in vivo results
due to a lack of a complete lung model, exclusion of the
exhaled aerosol fraction, and sometimes the absence of airflow
humidification (1,2). However, lung delivery efficiencies for jet
nebulizers and MDIs based on in vitro models of ventilated
infants still remain below approximately 10% and near 1%. It
is noted that in vitro models typically evaluate lung delivery
efficiency, which is the fraction of the initial aerosol reaching
the lungs and is often captured on a filter. In vivo and some
numerical models provide lung deposition fractions, which
describe the fraction of the initial aerosol that enters the lungs
and deposits.

It is often suggested that at an approximately 1% lung
deposition fraction, an infant receives equal or more dose
per kg of body weight of the aerosolizedmedication compared
with an adult (1). A concern with this approach is that de-
creasing delivery efficiency is typically associated with in-
creased dose variability. This inverse relationship has been
proven for lung delivery of orally inhaled products (9), and is
expected to also be true for aerosol delivery during mechan-
ical ventilation due to a wide variety of available aerosol
generation devices, ventilation circuits, ETT sizes, and venti-
lation parameters. Very low delivery efficiency along with

high drug loss and high variability may be clinically acceptable
for low dose medications with wide therapeutic windows and
minor side effects. However, better control of inter- and intra-
subject dose variability is likely required for the effective
delivery of next generation inhaled medications, like non-
steroidal anti-inflammatory medications, and medications
with high required dosages, like inhaled antibiotics and
surfactants.

Compared with other modes of aerosol generation, vibrat-
ing mesh nebulizers have demonstrated improved aerosol
lung delivery efficiency based on infant models of mechanical
ventilation (2,3,10). These nebulizers employ a vibrating mesh
with apertures of a defined size and do not require additional
airflow to form the droplets, thereby minimizing deposition in
the ventilation system. The vibrating mesh nebulizer is typi-
cally attached to the ventilator inspiratory arm using a T-
connector and delivers aerosol either continuously or synchro-
nized with the inspiratory cycle. Using an infant ventilation
model based on 2.6 kg macaques and a 3 mm (internal
diameter; ID) ETT, Dubus et al. (11) demonstrated lung
deposition fractions with continuous and synchronized mesh
nebulizers of 12.6% and 14.0%, respectively, as a percentage
of nebulizer charge. Sidler-Moix et al. (12) demonstrated a
similar delivery efficiency using a mesh nebulizer in an in vitro
model; however, continuous operation delivered 13.3% of the
aerosol to the end of the ETT whereas synchronized opera-
tion delivered only 5.4%. In an in vitro study of adult and
pediatric ventilation, Ari et al. (13) demonstrated that for
pediatric patients, placement position of the nebulizer in the
inspiratory arm of the ventilation circuit did not produce a
statistical difference in aerosol delivery efficiency; however, a
mesh nebulizer consistently delivered higher doses to the end
of the ETT compared with a jet nebulizer. As a result of these
studies with infant models, mesh nebulizers typically display
the best performance of commercially available devices with
lung delivery efficiencies for ventilated infants typically in the
range of 10%.

Several advances have recently been reported for the de-
livery of aerosolized medications to infants. Mazela et al. (14)
describes a newly designed Y-connector, referred to as the VC
connector (also known as Afectair), that separates nebulizer
and ventilation gas bias flows thereby improving the lung
delivery efficiency of a jet nebulizer when used with infants.
Based on an in vitro model of ventilated premature infants,
Mazela et al. (14) reported delivery efficiency at the exit of a
commercial Y-connector to be approximately 1% or less vs. a
maximum of approximately 7% with the VC connector.
Pohlmann et al. (15) developed an aerosol device for delivering
high concentrations of a spray dried surfactant formulation to
infants through a nasal cannula interface. The powder was
aerosolized using a new pulsed air device, coated with water in
a separate chamber, and then delivered to the patient
interface. Pohlmann et al. (15) stressed that for high aerosol
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doses delivered to infants, it is important for powders to have
some water content prior to deposition to avoid airway injury.
Delivery efficiency at the system outlet leading to an interface
device, but not including the nasal prongs, was approximately
55% (15). The study of Laube et al. (16) is one of the first to
describe the delivery of dry powder aerosols to infants.
Powder aerosols were formed in a bag spacer and delivered
to a nasal model of a 9 month old infant using a face
mask. For an inhaled tidal volume of 100 ml, drug
delivery to a filter at the end of the nasal model was
1.14% of the aerosol, which is representative of other tidal
volume conditions. In adults, Everard et al. (17) developed a
DPI system that delivered aerosols into a ventilation circuit
and produced delivery efficiency at the end of a 9 mm ETT of
approximately 20%.

In a previous study, Longest et al. (7) considered optimal
aerosol delivery conditions for a newborn full-term infant
receivingmechanical ventilation through anETTusing in vitro,
CFD, and whole-lung modeling techniques. With a mesh
nebulizer, commercial Y-connector, and a 3 mm ETT, the
predicted lung deposition fraction was found to range from
6.8 to 13.5%, which was similar to the in vivo animal model
predictions of Dubus et al. (11) with a lung deposition fraction
range of 12.6–14%. Aerosol deposition in infant lungs was
then optimized by Longest et al. (7) for mesh nebulizer aerosols
with the use of a new streamlined (SL) Y-connector, delivery
of the aerosol during the first half of inspiration, and selection
of optimal droplet sizes from the aerosol generator. Lung
deposition was shown to be a balance between selecting
aerosols that were small enough to reduce deposition in the
ventilator components and large enough to foster lung depo-
sition. Optimal lung deposition was achieved with the stream-
lined Y-connector and synchronized delivery resulting in 45%
and 60% lung deposition of polydisperse (MMAD~1.8 μm)
and monodisperse (~2.5 μm) droplets, respectively.

Based on the findings of Longest et al. (7), as well as the
development of other recent technologies, it appears that the
lung deposition efficiency of aerosols in ventilated infants can
be further enhanced. In addition, the development of a dry
powder delivery system for ventilated infants will be useful
based on advantages associated with improved formulation
stability, convenience, and low device cost. In developing a
new dry powder delivery system, the use of the streamlined Y-
connector of Longest et al. (7) should be retained. Compared
with a commercial version, the streamlined Y-connector re-
duced aerosol loss in the Y-connector geometry by factors as
large as 9-fold (7). The optimized delivery conditions devel-
oped in Longest et al. (7) were based on a fixed particle size
analysis. In separate research, the concept of excipient
enhanced growth (EEG) delivery has been described in which
combination aerosol particles consist of a drug and hygroscop-
ic excipient (18,19). These submicrometer combination
particles minimize deposition in the delivery device and

extrathoracic region (20–23). Size increase of the aerosol
particles due hygroscopic growth in the respiratory airway
humidity then ensures lung deposition and potential targeting
of the site of drug delivery (24,25). As a novel method to
further improve respiratory drug delivery to intubated infants,
the EEG approach may provide the advantages of efficient
lung delivery and potentially targeting the site of deposition
within the airways. This approach will allow for the delivery of
dry powder aerosols to infants on mechanical ventilation and
ensure that the aerosols have a high water content before
deposition, which will avoid exposing the airway surfaces to
the direct deposition of dry particles.

The objective of this study is to evaluate the efficiency of a
new technology for delivering aerosols to intubated infants
that employs a new streamlined Y-connector, access port
administration of a dry powder aerosol, and an EEG ap-
proach based on a previously tested CFD model that includes
the ventilation circuit and extends through the conducting
airways. For EEG delivery, initial aerosol particle sizes of 0.9
and 1.8 μm are considered consisting of a 50:50 by mass
combination of albuterol sulfate (AS; as a model drug) and
NaCl (as a hygroscopic excipient). The infant model is based
on ventilation parameters and anatomy of a 6-month-old
child intubated with a 4 mm ETT. Comparisons are made
for the EEG delivery approach with the aerosol administered
through a port on the SL Y-connector (port delivery) or with
the aerosol administered in the ventilation circuit inspiratory
line (line delivery). CFD simulations are conducted to evaluate
aerosol transport, size change, and deposition in the ventila-
tion delivery system, including the ETT, and throughout the
conducting airways. A previously developed stochastic indi-
vidual path (SIP) modeling approach is implemented to allow
for CFD simulations of conducting airway transport through
the 15th respiratory bifurcation of an infant.

MATERIALS AND METHODS

Aerosol Delivery Systems

In this study, three separate delivery systems are considered
that represent a portion of the circuit employed for the me-
chanical ventilation of an approximately 6-month-old male
infant. The systems include inspiratory and expiratory lines of
tubing with 10 mm ID and lengths of 10 cm, a Y-connector,
and an ETT with a 4 mm ID (Fig. 1). The ETT includes a
2.8 cm radius of curvature to represent passage through the
oropharynx with the end of the ETT extending to the middle
of the trachea. The three delivery systems considered differ
based on the design of the Y-connector geometry and the
administration method of the aerosol. The first system repre-
sents a control and consists of a commercial (CM) Y-connector
(Teleflex Medical, Research Triangle Park, NC) with the
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inspiratory and expiratory arms forming a 60° angle at the Y-
connector (Fig. 1a). In this system, aerosol administration
occurs in the inspiratory line at the inlet to the Y and is
typically achieved with a T-connector, as presented and ana-
lyzed by Longest et al. (6,26). The second system consists of a
newly designed streamlined (SL) Y-connector for adults (6)
and pediatric patients (7). In the SL design, sharp changes in
flow direction are replaced with more gradual changes
(Fig. 1b). The centerline radius of curvature between the
inspiratory/expiratory lines and ETT for the infant SL design
is approximately 1 cm. The ETT is aligned with the end of the
junction region opposite the inspiratory/expiratory lines
(Fig. 1b), which is important to avoid further changing the
direction of the gas flow as it enters the ETT. With this setup,
the aerosol is again administered in the inspiratory line of the
circuit at the inlet to the Y geometry. The division between the
inspiratory arm and Y geometry is illustrated in Fig. 1 with a
dark line. The third delivery system implements the infant SL
Y-connector. However, in this case a port is added to the top
of the Y-connector directly above the ETT for the delivery of
the aerosol (Fig. 1c). With this configuration, hygroscopic
growth of EEG particles is likely delayed until just before
entering the ETT. Furthermore, the delivery port allows the
aerosol to be correctly positioned in the flow stream in order

to reduce deposition in the ETT, which remained consistently
high in the study of Longest et al. (7).

The transport and deposition of multiple aerosols is con-
sidered for the three delivery systems. For a control case, a
previously measured aerosol from a mesh nebulizer is consid-
ered. To provide the best possible performance of the control,
the Aeroneb Lab mesh nebulizer (Aerogen Limited, Galway,
Ireland) is employed, which is known to produce a smaller
aerosol than the frequently employed Aeroneb Pro device
(27). The mesh nebulizer was operated with a 0.2% w/v
solution of AS in deionized water. For size determination,
the Aeroneb Lab device was placed in a neonatal T-connec-
tor, humid air was passed through the device at approximately
5 LPM, and the aerosol along with humidifiedmakeup air was
passed through an Andersen Cascade Impactor (ACI;
Graseby-Andersen Inc., Smyrna, GA) (7). The measured
aerosol MMAD was 4.9 μm with a bimodal distribution
characterized by 30% of the aerosol above a droplet diameter
of 6 μm (7). The control aerosol case was compared with three
different dry particle aerosols with smaller discrete phase
diameters as described in Table I. The first of these dry
powder aerosols had a geometric diameter of 0.9 μm and
was composed of AS model submicrometer particles without
hygroscopic excipients. The remaining two aerosols

Fig. 1 Three delivery systems (a) commercial (CM), (b) streamlined (SL), and (c) streamlined with port (SL-port) are connected to an endotracheal tube (ETT)
leading to the conducting airways; and (d) an expanded view of the stochastic individual path (SIP) model extending from the fourth bifurcation (B4) to the terminal
bronchioles (B15) in the left lower (LL) lung lobe.
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implemented EEG powders composed of a 50:50 combina-
tion of AS and NaCl with initial geometric diameters of 0.9
and 1.8 μm. These sizes are smaller than the optimal fixed
particle sizes identified by Longest et al. (7) for delivery to
infants because, with EEG, water uptake and droplet size
increase are expected within the airways due to the inclusion
of the hygroscopic excipient.

The effects of aerosol deposition in the commercial and SL
Y-connectors were previously analyzed by Longest et al. (6,26).
In the current study, the aerosols administered to the inspira-
tory arm of the circuit are initialized in the circular cross
section between the inspiratory arm and Y-connector with a
parabolic spatial distribution. In contrast, particles delivered
to the SL Y-connector with port access are initialized in the
4 mm circular port that is positioned on the top of the Y. The
three evaluated delivery systems are referred to as the CM,
SL, and SL-port Y-connectors, which are each attached to an
identical ETT with a 4 mm ID. Due to the bimodal distribu-
tion of the 4.9 μm control aerosol (7), the full initial polydis-
perse distribution of the aerosol is considered in the simula-
tions. In contrast, dry powder aerosols generated from a
mixer-heater (28) or nano-spray dryer (21) and aerosolized
with new powder inhalers (22,29,30) are monomodal with
relatively small geometric standard deviations (GSD).
Therefore, the 0.9 and 1.8 μm dry powder aerosols are
initialized as monodisperse in the simulations. Hygroscopic
growth of these initially dry powder monodisperse aerosols
causes them to take up water, become droplets, and grow in
size at different rates forming a polydisperse aerosol with low
GSD (25). For the control CM system, only the mesh nebu-
lizer generated droplet aerosol with a 4.9 μm MMAD was
considered. All four aerosols (4.9 μm droplets, 0.9 μm AS
particles, 0.9 μm AS:NaCl particles, and 1.8 μm AS:NaCl
particles) were then evaluated for the SL and SL-port delivery
devices.

Infant Physiology

The airway model was representative of a 6-month-old child
with an average (50th percentile) weight and height of 8 kg
and 67 cm, respectively, based on the CDC growth chart (31).
Dimensions of the tracheobronchial (TB) airways were deter-
mined from the study of Phalen et al. (32), which provides
correlations for pediatric airway lengths and diameters based

on subject height. The Phalen et al. (32) dataset was developed
from infant airway cast measurements with ages ranging from
0.03 to 21 years.

The CFD model of the airways was complete through the
lobar bronchi based on the measured dimensions of Phalen
et al. (32) and a typical upper airway bifurcation pattern
including curvature of the main bronchi, asymmetrical
branching, and out of plane rotation as described by
Walenga et al. (33) for adults. To simulate aerosol transport
and deposition beyond the lobar bronchi, the previously de-
veloped stochastic individual path (SIP) modeling approach
was employed. Using this method, one branch of each bifur-
cation is randomly selected for continuation and one branch is
ended with an outflow boundary. In the SIP geometry of B4–
B15, symmetric bifurcations were assumed with symmetric
outflow and successive bifurcations were rotated at 90°
around the parent longitudinal axis. Dimensions of the bron-
chi were again determined from the anatomical cast measure-
ments reported by Phalen et al. (32) for the left lower (LL) lobe
of a 6-month-old. A single path into each lung lobe was
previously shown to represent regional deposition in that lobe
(34). Furthermore, the LL lobe was previously found to ap-
proximate mean lobar lung deposition in an adult airway
model (35). Use of a single lobe in the current study is an
approximation. Considering that there are five lung lobes,
regional lobar deposition for the entire lung was approximat-
ed as the LL lobe value multiplied by a factor of 5.

Ventilation characteristics of the 8 kg newborn infant were
based on the recommendations of Walsh et al. (36). Time-
based parameters were a breathing frequency of 40 br/min,
breathing period of 1.5 s, and inspiratory time of 0.5 s. Tidal
volume per weight was set to 7 ml/kg, resulting in an inhaled
volume of approximately 56 ml. Bias flow and a breath pause
were not included. The resulting minute ventilation (breath-
ing frequency times tidal volume) and mean tracheal inspira-
tory flow were 2.24 and 6.72 LPM, respectively.

The previous study of Longest et al. (7) considered cyclic
ventilation within a complete lung model of an infant to
calculate deposition as well as drug dose exhaled from the
ventilation circuit (which never reached the lungs) and dose
exhaled from the lungs. By administering the aerosol over the
first half of inspiration compared with the entire inspiration
time, circuit expired dose was reduced from approximately
30% of the total aerosol to <10% for aerosols in the size range

Table I Aerosol Characteristics for
Single Component and Multicom-
ponent Particles and Droplets at the
Point of Delivery into the Flow Field

Geometric
diameter (μm)

Components and form Density (kg/m3) MMAD (μm) Polydisperse/
Monodisperse

4.9 0.2% AS droplets 1,000 4.9 Polydisperse

0.9 100% AS particles 1,340 1.04 Monodisperse

0.9 AS:NaCl (50:50) particles 1,650 1.16 Monodisperse

1.8 AS:NaCl (50:50) particles 1,650 2.3 Monodisperse
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of 800 nm to 5 μm. Lung expired dose was more dependent
on particle size; however, for particles that were approximate-
ly 5 μm, the lung expired dose was approximately 5% or less.
These values will likely be further reduced with access port
aerosol administration, due to a reduced travel distance into
the lungs, and for larger tidal volumes. In the current study,
the optimal delivery scenario (7) of aerosol administered dur-
ing approximately the first half of inspiration is applied. Due
to port delivery and a larger tidal volume, the administration
period is marginally increased to 0.3 s. With port delivery it is
envisioned that the aerosol is formed using 3 ml of air deliv-
ered over a time period of 0.3 s, which results in a delivery of
an additional 0.6 L/min into the flow stream. This is a
small additional flow rate compared with the average
tracheal flow rate of 6.72 LPM during inspiration. Based the
previous estimates described above, expired dose is not pre-
dicted in the current study. However, with delivery over the
first 0.3 s of inspiration and EEG aerosols that increase in size
to 3–5 μm, total expired dose is expected to be less than 15%
(7).

Simulations of steady state airflow were conducted through
the geometry beginning with the 10 mm diameter inspiratory
air line of the ventilator circuit and continuing to the exit of
the B15 bifurcation in the infant LL lobe. Inlet conditions for
the inspiratory arm of the circuit and aerosol delivery port are
summarized in Table II. To capture inspiratory transport, the
mean tracheal inlet flow rate of 6.72 LPM was implemented.
The inspiratory air was fully humidified with RH=100% and
warmed to 37°C, which represents conditions downstream of
the humidifier in the ventilation circuit. Walls of the ventila-
tion circuit, ETT, and airways were also assumed to be
wet (RH=100%) and at body temperature (37°C). For
administration of the aerosol in the SL port device, it is
envisioned that an active dry powder inhaler will be
implemented using a syringe containing ambient room
air. Therefore, air delivered through the aerosol deliv-
ery port has an RH=50% and temperature of 25°C. As
the air surrounding the aerosol delivered from the port
mixes with humid air from the inspiratory line, growth
of the hygroscopic powders begins. Timing of this
growth is important such that the aerosol can move through
the ETT with minimal deposition and then significantly in-
crease in size in the lungs to ensure deposition and prevent
exhalation of the drug.

Flow Field Solution

A CFD model was implemented that can accurately simulate
local temperature and humidity fields, together with droplet
trajectories, size change, and deposition within the ventilation
circuit and TB model during aerosol delivery. To effectively
address both laminar and turbulent flow conditions, a low
Reynolds number (LRN) k-ω turbulence model was selected
(37). This model has previously been well tested and found
to provide good estimates of aerosol transport and de-
position in airway models provided that near-wall cor-
rections are included (38–42). To evaluate the variable
temperature and RH fields in the conducting airway geome-
try, interconnected relations governing the transport of heat
and mass (water vapor) were also included. These governing
equations were presented in detail by Longest and Xi (43) and
Longest et al. (44).

Particle Transport

To model droplet trajectories, growth, and deposition, a pre-
viously developed and tested combination of a commercial
code (ANSYS Fluent 12, ANSYS Inc.) and user func-
tions was implemented. User routines were employed to
better model near-wall conditions and to simulate mul-
ticomponent aerosol condensation and evaporation in
the complex three-dimensional temperature and humid-
ity fields. Previous studies have shown that the isotropic
turbulence approximation, which is assumed with the
LRN k-ω model, can over predict aerosol deposition (45).
As a result, a user routine was employed to account for
anisotropic near-wall turbulence, as described by Longest
et al. (44). Other additions to the particle tracking model
included (i) a correction to better predict the Brownianmotion
of submicrometer aerosols and (ii) improved near-wall inter-
polation of fluid velocities (46).

A user routine was employed to model interconnect-
ed droplet temperature and size change resulting from
condensation and evaporation. This droplet model ac-
counts for the Kelvin effect, hygroscopicity arising from
multiple soluble components, and the effect of droplet
temperature on surface vapor pressure (18,25,47). In
simulating aerosol evaporation and growth, the effect
of the droplets on the continuous phase was neglected,
resulting in a one-way coupled approach. One-way
coupled simulations are expected to be accurate in this study
due to the use of submicrometer aerosols and wetted walls
(25).

The deposition efficiency (DE) of particles in the alveolar
region was established using the approximation of sedimenta-
tion in an inclined tube with a fully developed laminar profile
(Poiseuille flow). The Poiseuille flow approximation was se-
lected because it provided a conservatively low estimate of

Table II Inlet Conditions for All Systems

Flow rate (L/min) Temperature (°C) Relative humidity

Inspiratory line 6.72 37 100%

Delivery port 0.6 25 50%
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alveolar deposition compared to the plug flow approximation
and was used to define alveolar DE as (48,49)

DEalveolar ¼ 2
π

2κ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1−κ2=3
p

−κ1=3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1−κ2=3
p

þ arcsin κ1=3
� �h i

ð1Þ

where κ ¼ 3
4
vsettling
D

trescosθ: ð2Þ

In the expression for κ,D is the tubular geometry diameter, tres
is the time that the particles spend in the geometry, θ is the
angle relative to the horizontal plane, and the setting velocity
is defined as

vsettling ¼ ρdroplet gd
2=18μ: ð3Þ

Terms in the vsettling expression are the droplet density (ρdroplet),
acceleration due to gravity (g), droplet diameter (d), and abso-
lute viscosity of air (μ). The diameter of alveolar ducts varies
by a large amount between the inner flow passage diameter
and the outer diameter that includes the airspace added by the
attached alveoli. In this study, a value of 0.3 mm was selected
for the approximate diameter of infant alveolar ducts and sacs
based on the studies of Hofmann et al. (50) and Dunnill (51).
The alveolar residence time was equal to the time spent in the
alveolar airway evaluated as the mean time to reach the exit of
the TB airways (tB15 exit), from CFD estimates, subtracted from
the total inhalation time (0.5 s) as follows

tres ¼ 2 0:5−tB15 exitð Þ ð4Þ

A factor of 2 was applied to tres to account for the fact that
airborne particles or droplets remained in the alveolar air-
space an approximately equal amount of time during the
inhalation phase and the beginning of the following exhalation
phase. Times to reach the alveolar airways (tB15 exit) for the
CM, SL, and SL-port devices were approximately 0.1, 0.1,
and 0.075 s, respectively. As implemented by Heyder and
Gebhart (48) and described by Finlay (49), Eq. (1) was imple-
mented to capture the alveolar deposition fraction including a
inclined tube angle of θ=38.24°, which provides a statistical
average of all possible alveolar duct angles in the airways.
Once DE of the droplets in the alveolar region is calculated,
the alveolar DF is calculated as

DFalveolar ¼ DEalveolar⋅FR ð5Þ

where FR is the fraction of the inhaled aerosol (initial drug
mass) remaining at the exit of bifurcation B15.

Numerical Methods

In performing the CFD simulations, previously established
best-practices were implemented to provide a high quality
solution (41). To solve the transport governing equations,
the CFD package ANSYS Fluent 12.0, (ANSYS Inc.) coupled
with user-defined functions was employed. All transport equa-
tions were discretized to be at least second order accurate in
space. For the convective terms, a third order QUICK
scheme was used to interpolate values from cell centers to
nodes. The diffusion terms were discretized using central
differences. The outer iteration procedure was stopped
when the global mass residual had been reduced from
its original value by five orders of magnitude and when
the residual-reduction-rates for both mass and momentum
were sufficiently small. To ensure that a converged solu-
tion had been reached, residual and reduction rate factors
were decreased by an order of magnitude and the results
were compared. The stricter convergence criteria pro-
duced a negligible effect on both velocity and particle
deposition fields. To improve accuracy, all calculations
were performed in double precision.

The computational meshes in the ventilation circuit region
for the CM, SL, and SL-port geometries contained 600k,
610k, and 680k elements, respectively. These computational
meshes consisted of hexahedral cells except for the port inlet
geometry of the SL-port configuration, which required tetra-
hedral cells for effective mesh construction. Computational
meshes of the upper TB geometry and SIP model consisted of
320k and 880k hexahedral control volumes, respectively.
Mesh construction software ICEM and Gambit 2.4
(ANSYS, Inc.) were used to build the grids. Grid density was
increased near the walls of all regions. Grid converged results
based on negligible change in the velocity and water vapor
concentration fields (<1%), as well as negligible differences in
the total deposition fractions (<3%), were established for a
mesh consisting of approximately 30% fewer control volumes.
In order to produce convergent aerosol deposition results, 9k
initially monodisperse particles were delivered at the aerosol
inlet for each case considered. To improve numerical efficien-
cy and accuracy, the SIP geometry was divided into segments
B4–B7 and B8–B15. Flow fields were interpolated between
the upstream outlets and the inlets of each of these sections.
90k particles were delivered at the inlet of the SIP section. The
MMAD of the polydisperse distributions of the upstream
outlets were used to define particle deliveries at the inlet of
each SIP section including local droplet water and solute mass
fractions, density, and hygroscopic properties. Mass median
aerodynamic diameters after growth were calculated based on
the midpoint diameters of a standard Andersen Cascade
Impactor (52). Doubling the number of droplets considered
had a negligible impact on both total and sectional deposition
results for all model sections considered.
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Validation Case Studies

The CFD model implemented in this study for particle trans-
port, growth, and deposition has been extensively developed
and validated compared with in vitro drug deposition data
using pharmaceutical aerosols. Considering deposition in ven-
tilator components including infant ETTs, CFD model pre-
dictions matched in vitro deposition results for three different
aerosol sizes within the reported experimental standard devi-
ations in almost all cases (6). The CFD model also accurately
predicted the deposition of both conventional droplet aerosols
and EEG particles with growth compared with in vitro
experiments in models of orally administered spray aerosols
(20) and nasally administered aerosols from a mesh nebulizer
(23). The study of Longest et al. (25) compared CFD predic-
tions and in vitro results of aerosol growth in a coiled tube
geometry used to produce a 2 s residence time under lung
airway thermodynamic conditions. CFD results of size in-
crease matched the in vitro predictions to within 10% and
highlighted a gradual and steady size increase of the aerosol
droplets. One-way coupled solutions, where the aerosol does
not affect the gas phase, were shown to be accurate for realistic
pharmaceutical aerosols through a final MMAD of approxi-
mately 3 μm. Beyond 3 μm, two-way coupling effects began to
gradually appear for the coiled tube geometry setup (25),
which had an internal diameter of 22 mm. However, due to
smaller air passages in the lower lung, Tian et al. (24) demon-
strated that two-way coupling was not significant (<10% effect
on diameter) for final aerosol sizes approaching 5 μm.

RESULTS AND DISCUSSION

Flow Field Characteristics

Contours of velocity magnitude and velocity vectors on select-
ed planes in the Y-connectors, ETT and airway model are
illustrated in Fig. 2. As described previously (7), significant
flow disruption occurs in the CM Y-connector, which is illus-
trated by the unaligned velocity vectors in the expanded view
of this region (Fig. 2a). In contrast, the SL designs provide a
smooth connection between the inspiratory line and ETT,
which reduces flow disruption and results in aligned velocity
vectors and gradual changes in flow direction (Fig. 2b and c).
Including the aerosol delivery port (Fig. 2c) is observed to
result in little additional flow disruption compared to the base
SL design (Fig. 2b). In the TB region, the presence of the
4 mm ID ETT results in a jet of airflow that strikes the main
carina, likely leading to particle impaction, and is then dis-
persed (Fig. 2d). In contrast, previous simulations of the nat-
urally occurring laryngeal jet without an ETT indicate that
the jet structure attaches to the tracheal walls before reaching

the main carina (40). Contours within the bifurcating respira-
tory geometry illustrate reduced flow velocities as the flow rate
is decreased by a factor of 2 with each bifurcation. As the
velocity is reduced in each successive bifurcation beyond B3,
particle residence time is increased allowing more time for
aerosol hygroscopic growth and an increased probability for
deposition by impaction and sedimentation.

Relative humidity contours are provided in Fig. 3 for the
SL Y-connector with port geometry. As described in Table II,
flow enters from the inspiratory line at 100% RH and
6.72 LPM, and flow from the delivery port has an RH of
50% with a flow rate of 0.6 LPM.Wall conditions were 100%
RH and 37°C throughout. The delivery port airflow is ob-
served to reduce the RH of the combined flow stream in the
vicinity of the Y-connector, which delays the size increase of
the aerosol. However, the flow quickly returns to 100% RH
within the ETT due to the wet wall condition and larger flow
rate from the inspiratory line. The delay in aerosol growth
associated with powder administration through the delivery
port may reduce depositional losses in the ETT. In contrast,
when the aerosol is introduced into the inspiratory line growth
occurs throughout the Y-geometry, which will most likely
increase the deposition in the connector and ETT.

Aerosol Size Change

The MMAD of the evolving aerosols is provided at the exit of
three airway regions in Table III. In the case of the nebulized
droplets with an initial diameter of 4.9 μm, the initial aerosol
was simulated as polydisperse due to a bimodal particle dis-
tribution. This significantly increased its deposition within the
Y-connector and ETT resulting in a lower MMAD entering
the airways. The resulting MMADs at the exit of B3 (end of
the upper TB model) are reported in Table III and the
particle distributions were observed to be monomodal at this
location. Due to the low concentration of drug (0.2%) in the
nebulized droplets and 100% RH in the remainder of the
geometry, theMMAD of the nebulized droplets was then held
constant during transport through the rest of the lungs. In all
other cases, size evolution of the aerosols was simulated due to
condensational growth throughout the TB airways.
Considering the particles composed of AS and AS:NaCl,
significant size increase is observed at the exit of B3 with
diameter growth ratios, defined by the current MMAD divid-
ed by the initial geometric diameter (dgeo), of 2 or more
(Table III). Inclusion of the hygroscopic excipient and use of
a larger initial particle size clearly increase the aerosol size at
the exit of B3. Similarly, the size of all powder aerosols
increased with progression through the airways. For the SL-
port geometry, trends in growth are similar to those with the
SL design. Overall, the aerosol size is smaller with the SL-port
case at all locations compared to the SL case due to a reduced
exposure time of the aerosol to high humidity associated with
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the location of aerosol delivery. These reduced aerosol sizes
with port delivery are expected to decrease deposition in the
ETT and increase deposition in the lower airways and alveo-
lar region.

Particle trajectories contoured by local droplet size in the
SL-port design and either AS (dgeo=0.9 μm initial size) or

AS:NaCl (dgeo=1.8 μm) aerosols are displayed in Fig. 4. As
predicted by Longest and Hindle (18), some growth is ob-
served for the case of AS alone with a final aerosol size exiting
B15 of approximately 2 μm. This is due to the hygroscopic
nature of AS, which has a hygroscopic parameter of 4.9 (18).

Fig. 2 Contours of velocity magnitude and velocity vectors on selected planes for the (a) CM, (b) SL, and (c) SL-port geometries; as well as (d) velocity contours
in the upper TB and the LL lobe SIP model for the SL system at steady state inhalation conditions.

Fig. 3 Contours of relative humidity (RH) on selected planes for the SL-port
system at steady state inhalation conditions.

Table III Mass Median Aerodynamic Diameter (MMAD) of the Aerosol at
the Exit of Various Geometric Regions for All Device and Particle (or Droplet)
Combinations

MMADB3 (μm) MMADB7 (μm) MMADB15 (μm)

CM

4.9 μm AS 2.48 2.48 2.48

SL

0.9 μm AS 1.80 2.10 2.40

0.9 μm AS:NaCl 2.65 3.54 4.35

1.8 μm AS:NaCl 4.0 4.97 5.79

4.9 μm AS 2.72 2.72 2.72

SL-port

0.9 μm AS 1.53 1.80 2.07

0.9 μm AS:NaCl 2.19 3.05 3.90

1.8 μm AS:NaCl 3.35 4.25 4.96

4.9 μm AS 2.28 2.28 2.28

Delivery of Aerosolized Medications to Infants 329



However, addition of the hygroscopic excipient provides a
large increase in the aerosol size exiting B3 and B15, where
MMADs at both of these locations are more than two times
greater than with AS alone. In comparison to AS, NaCl has a
hygroscopic parameter of 77.9 (18), indicating a significantly
larger potential for hygroscopic growth. Both the Stokes num-
ber and settling velocity of the aerosols are proportional to the
droplet diameter squared. As a result, increasing the droplet
diameter by a factor of 2 will result in even larger increases in
deposition due to impaction and sedimentation in the airway
model.

Aerosol Deposition

Deposition of the nebulized 4.9 μm aerosol is illustrated with
the three delivery systems in Fig. 5. As demonstrated by
Longest et al. (7), the SL infant configuration significantly
reduces deposition in the Y-connector (14.1% vs. 23.7%).
With the newly proposed delivery port design, depositional
loss in the SL Y-connector is nearly eliminated (DF<0.9%).
However, reductions in Y-connector deposition result in
higher delivery and deposition fractions in the ETT.
Nevertheless, the SL designs still increase deposition fraction
in the airways compared to the CM design. Fractions remain-
ing at the exit of B15 and delivery to the alveolar region are
similar with a slightly lower value for the SL-port design due to

the increased combined flow rate and resulting higher net TB
deposition.

Device deposition for all aerosols considered is reported in
Table IV. For the SL design, the 0.9 μmEEG aerosols did not
largely increase deposition compared to the 0.9 μm AS aero-
sol in the device (15.8% vs. 13.7%), which indicates that
excessive growth has not occurred in the ETT. Compared
with the 4.9 μm droplet aerosol in the SL design, the 0.9 μm
EEG aerosol reduced device deposition by a factor of 3x and
the 1.8 μm reduced device deposition by a factor of 2x. The
SL-port geometry provided further reduction in device depo-
sition. With the EEG aerosols, the SL-port device produced
total depositional losses of 4.3–7.8%, which was a factor
of 4–5x lower than with the SL configuration.

For the 1.8 μm EEG aerosol, Fig. 6 compares regional
deposition between the SL and SL-port devices. The SL-port
design is observed to reduce depositional loss by an order of
magnitude in the Y-geometry and a factor of 2-fold in the
ETT compared with the SL connector. This reduction is due
to the smaller aerosol sizes in the ETT associated with the port
administration and delayed condensational growth. Because
the aerosol is smaller in the upper airways with the port
device, deposition is also lower in the upper TB region of
B1–B3 (27.3% vs. 36.7%; Fig. 6). However, deposition is then
equal between the devices in the mid-TB level of B4–B7
(~16%) and higher with the port device in B8–B15 (4.7% vs.
2.8%). As a result, the port device appears to waste less

Fig. 4 Droplet trajectories colored
according to diameter in the SL-port
system and TB geometries for
initially monodisperse (a) 900 nm
AS (minimum growth) and (b)
1.8 μm combination particles of
AS:NaCl (maximum growth).
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medication in the Y-geometry and ETT, and shifts deposition
toward themore distal airways and alveolar region. This effect
is largely due to administering the aerosol within the Y-
geometry such that growth is delayed and the aerosol has a
smaller size in the ETT and upper TB airways.

Deposition fractions of the aerosol as a percentage of
aerosolized dose are provided for all cases in Table V

including FR at the exit of B15 and the associated DF in the
alveolar region. Lung DF is the sum of total TB (DFTB) and
alveolar (DFalveolar) deposition. The aerosol fraction that is not
deposited, which is the difference between the FR and
DFalveolar, may be exhaled or may be deposited in the TB
region during exhalation. However, the model does not cur-
rently account for TB deposition during exhalation. It is noted
that differences between the FR and DFalveolar only occur for
the cases that are not EEG aerosols. For the case of 4.9 μm
initial droplets, this difference is approximately 15%.

Maximum deposition fraction in the TB region was 55.7%,
which was provided by the SL device and the 1.8 μm
AS:NaCl EEG aerosol. This value was 4–5 fold greater than
the CM delivery system with a nebulized aerosol. Maximum
fractions remaining and delivered to the alveolar region were
66–80% provided by the 0.9 μm AS aerosol, due to the
combination of low device and low TB deposition.
However, predictions of alveolar deposition using Eq. (1) for
the 0.9 μm AS aerosol (not including a hygroscopic excipient)
were approximately 25% indicating a high fraction of the
aerosol was likely exhaled with the implemented tidal breath-
ing waveform. In contrast, the 0.9 μm EEG aerosol with both
delivery devices penetrated to the alveolar region at a high
fraction and had sufficient size to fully deposit during the
available time. As a result, the maximum alveolar deposition
fraction was approximately 68% provided by the SL-port

Table IV CFD Predictions of Drug Deposition Fraction (DF) in the Device as
a Percentage of the Aerosolized Dose for All Delivery System and
Particle (or Droplet) Combinations.

Aerosols DFinlet+Y DFETT DFTotal device

CM

4.9 μm AS 23.7 28.7 52.4

SL

0.9 μm AS 9.4 4.3 13.7

0.9 μm AS:NaCl 9.7 6.1 15.8

1.8 μm AS:NaCl 12.4 14.5 26.9

4.9 μm AS 14.1 32.3 46.4

SL-port

0.9 μm AS 0.7 2.8 3.5

0.9 μm AS:NaCl 0.7 3.6 4.3

1.8 μm AS:NaCl 0.8 7.0 7.8

4.9 μm AS 0.9 46.6 47.5

Fig. 5 Particle deposition locations and regional DFs for initially polydisperse particles (MMAD=4.9 μm) in the (a) CM, (b) SL, and (c) SL-port systems.
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delivery approach and 0.9 μmEEG aerosol. Considering total
lung deposition fraction, the 0.9 μm EEG aerosols provided
maximum values of 84.2 and 95.7% for the SL and SL-port
devices, respectively. It is noted that these predictions include
evaluation of residence time in the TB and alveolar airways.
To implement Eq. (1), alveolar residence times in the TB
region were predicted from the CFD model as described in
the Methods. Use of these single average residence times for

each system is an approximation compared with simulating
the individual residence times of every particle in the TB and
alveolar airways. Moreover, particles near the walls may have
higher residence times thereby reducing the FR that is as-
sumed to enter the alveolar airways.

As described by Longest et al. (7), the exhalation of aerosol
dose remaining in the device and TB airways can be very large
with infants. The study of Longest et al. (7) implemented

Fig. 6 Particle deposition locations
and regional DFs for 1.8 μm
combination particles of AS:NaCl in
the (a) SL and (b) SL-port systems.

Table V CFD Predictions of Drug
Deposition Fraction (DF) in the
Lungs as a Percentage of Aerosol-
ized Dose for All Delivery System
and Particle (or Droplet) Combina-
tions. Regional Predictions Include
the Total TB Deposition (DFTB),
Fraction of Aerosol Remaining (FR)
at the Exit of B15 (Inlet of the Alve-
olar Region), Total Alveolar Depo-
sition (DFalveolar), and Total Lung
Deposition (DFlung).

Aerosols DFB1–B3 DFB4–B7 DFB8–B15 DFTB FR DFalveolar DFlung

CM

4.9 μm AS 9.7 1.8 0.5 12.0 35.6 14.9 26.9

SL

0.9 μm AS 17.7 1.4 1.1 20.2 66.1 25.5 45.7

0.9 μm AS:NaCl 22.8 8.7 3.5 35.0 49.2 49.2 84.2

1.8 μm AS:NaCl 36.7 16.2 2.8 55.7 17.4 17.4 73.1

4.9 μm AS 14.3 4.7 0.9 19.9 33.7 16.6 36.5

SL-port

0.9 μm AS 13.8 1.0 0.8 15.6 80.9 25.7 41.3

0.9 μm AS:NaCl 18.9 6.6 2.6 28.1 67.6 67.6 95.7

1.8 μm AS:NaCl 27.3 16.3 4.7 48.3 43.9 43.9 92.2

4.9 μm AS 17.5 2.3 0.6 20.4 32.1 11.7 32.1
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delivery during the first half of inspiratory flow to reduce the
circuit exhaled dose by a factor of approximately 3-fold and
increase the lung dose by 2-fold compared with dose delivered
over the entire inhalation cycle. In the current study, lung
exhaled dose is reduced due to the close proximity of the
delivery port to the ETT, increase in aerosol size in the lungs,
and larger inhaled volume associated with patient age com-
pared to Longest et al. (7). Still, lung exhaled doses of 5–10%
may occur due to some aerosolized droplets remaining in the
device and TB airways, which are not captured by the current
CFD model.

Trends in regional and total TB deposition fraction are
illustrated in Fig. 7 for the CM device vs. the SL and SL-port
geometries. For the commercial device, a majority of the
aerosol is deposited in the Y-connector and ETT with a small
fraction in the airways. This trend is reversed with both SL
designs and powder aerosols with a small amount of loss in the
device and a majority of the aerosol depositing in the lungs.
Considering TB deposition fraction and the SL designs, de-
livery with the 0.9 μm AS powder aerosols is nearly equal to
delivery with the 4.9 μm nebulized droplets. This is because
the nebulized droplet aerosol decreases in size entering the
lungs and the submicrometer particles increase in size such
that both aerosols are near 2 μm entering the alveolar air-
space. The 0.9 μmAS aerosol also has significantly less device
deposition than the 4.9 μm nebulized aerosol. For EEG
aerosols, the larger initial size particles increase regional and
total TB deposition fraction with only a small increase in total
device deposition. However, if initial size is increased further,
higher device losses will start to diminish lung delivered dose.

Trends in alveolar and total lung deposition fraction are
displayed in Fig. 8 with the addition of an experimentally
generated aerosol administered with the SL Y-connector from
the study of Longest et al. (7). In this previous study, a new
mixer-heater device was used to generate and deliver an
aerosol with a MMAD=1.78 μm directly to the inspiratory
arm of the SL Y-connector (without a port) over the first half
of the inspiratory period. The aerosol was composed of dried

AS particles and did not contain a hygroscopic excipient. The
system flow rate was 5 LPM and a 3 mm ID ETT was
considered for the delivery of aerosols to a newborn infant.
As displayed in Fig. 8, the resulting lung delivery rate was
greater than 40%.

As described in the Introduction, previous studies have
reported lung delivery efficiencies with mesh nebulizers of
approximately 10% for infants. Lung deposition predictions
of approximately 30% with the CM system and current
simulations (Fig. 8) are likely due to the use of the Aeroneb
Lab nebulizer, which produces a smaller aerosol than the
commercial mesh nebulizers used in previous studies, and
exclusion of the exhaled dose from the device and lung, which
were shown to result in approximately 30–40% aerosol losses
when synchronization with inspiratory flow was not employed
(7). Furthermore, the current study also excluded the infant T-
connector, which was previously shown to result in an addi-
tional 40% loss of the aerosol (26). Use of the SL design with
the mesh nebulizer 4.9 μm aerosol increases the lung dose to
approximately 40%, but is also subject to reductions in deliv-
ered dose associated with continuous nebulization and inclu-
sion of the infant T-connector. Results with the 1.78 μm
aerosol from the study of Longest et al. (7) cannot be directly
compared with the results of the current study, because these
systems were based on different size ETTs and different flow
rates. However, the lung deposition fraction from this previ-
ous study is similar to values provided with the 0.9 μm AS
aerosol and nebulized droplets with the SL models. In con-
trast, lung deposition fraction with the EEG approach appears
significantly higher with values in the range of 70–85% for the
SL device and 90–95% for the SL-port device. As with
Longest et al. (7), each of these high delivered doses will require
administration of the aerosol over the first half of inhalation to
avoid large exhaled doses from the device and upper TB
airways.

Limitations of the current study include the assumption
that LL lobe deposition fraction is a representative average
of all airway lobes, the exclusion of ventilator bias flow, and

Fig. 7 Predictions of DFs in the
device and TB regions for (a) CM
vs. SL and (b) CM vs. SL-port
delivery.

Delivery of Aerosolized Medications to Infants 333



estimates of exhaled dose based on a previous study. As
described, the assumption regarding LL lobe dose was based
on a standing adult (35), which may not be applicable to
ventilated infants. Some previous studies on the delivery of
aerosols to ventilated infants have included a ventilator bias
flow (13). Furthermore, exhaled dose will reduce the predicted
lung deposition fractions (7). However, it is estimated that
these limitations will not largely affect the deposition fraction
predictions and the relative comparison of the delivery
systems.

A number of parameters were held constant in the current
study that could have an effect on regional deposition charac-
teristics within the lungs. For example, results are based on
fixed ventilation parameters, a constant initial hygroscopic
excipient loading and a single hygroscopic excipient material.
The effect of varying these parameters on regional deposition
fractions should be explored. However, consistently high de-
livery efficiency to the lungs is expected based on the use of
initially small particles and the observed rate of droplet size
growth (Fig. 4).

In this study, AS was selected as a model drug and NaCl
was the only hygroscopic excipient that was considered. The
EEG aerosols were observed to achieve large increases in TB
and total lung deposition fractions. Compared with conven-
tional aerosols, EEG provides increases in upper and lower
TB deposition fractions (Fig. 7) with maximum deposited dose
in the upper TB airways (B1–B7). This targeted deposition of
the dose aligns with the expected receptor locations for a
bronchodilator like AS, based on airway response to particles
of different sizes in adults (53). However, the EEG approach
also increases the alveolar delivered dose. Increases in total
lung dose and alveolar exposure should be considered when
administering EEG aerosols and the total dose should be
adjusted appropriately. In contrast with AS, a number of
existing and new inhaled medications are intended for alveo-
lar delivery. Examples of alveolar targeted inhaled medica-
tions include aerosolized surfactants and antibiotics. These
medications can be effectively deposited in the alveolar region

using an EEG approach by adjusting the initial particle size,
hygroscopic excipient type, and hygroscopic excipient loading
as described in previous studies with adult airways (18,19,24).

CONCLUSIONS

In conclusion, EEG powder aerosols were compared with a
mesh nebulized droplet aerosol in CM and SL Y-connectors,
an ETT, and a lung model. Use of the SL configuration
(without a port) with EEG powder aerosols reduced total
device depositional loss with the CM system of 52.4% to a
minimum value of 15.8%. The SL configuration maximized
TB deposition fraction with a value of 55.7% compared to the
CM system value of 12%. Employing the aerosol delivery port
on the SL configuration provided several additional key ad-
vantages related to the associated delay in EEG particle
growth. With the port design and EEG aerosols, the CM
system depositional loss of 52.4% was further reduced to
<10% (1.8 μm AS:NaCl) with a minimum value of <5%
(0.9 μm AS:NaCl). The SL-port configuration also shifted
the lung deposition toward the lower TB airways and provid-
ed the maximum observed alveolar deposition fraction
(67.6%) and total lung deposition fraction (95.7%), both
achieved with the initial 0.9 μm AS:NaCl aerosol. These
predictions include cyclic breathing in the alveolar region.
Due to hygroscopic growth, all EEG droplets reaching the
alveolar region were fully deposited, i.e., DE in the alveolar
region was 100%. However, minimizing exhaled dose from
the TB airways and delivery system requires delivering the
dose over the first half of inhalation. As demonstrated by
Longest et al. (7) for an infant model, a majority of the drug
dose of particles in the size range of <2 μm is lost due to
exhalation with tidal infant breathing. The combination of
EEG aerosols and port delivery, which reduces the distance to
the lungs and increases the aerosol size once in the lungs, will
reduce the exhaled dose fraction. Future studies are required

Fig. 8 Predictions of DFs in the
alveolar regions and total lung for (a)
CM vs. SL and (b) CM vs. SL-port
delivery.
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to develop the devices that can achieve the prescribed delivery
of combination EEG aerosols over a fraction of the inhalation
time period and test the simulation results with in vitro models
before testing in animals and humans can begin.
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