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Abstract

Purpose: The objective of this study was to determine optimal aerosol delivery conditions for a full-term (3.6 kg)
infant receiving invasive mechanical ventilation by evaluating the effects of aerosol particle size, a new wye
connector, and timing of aerosol delivery.

Methods: In vitro experiments used a vibrating mesh nebulizer and evaluated drug deposition fraction and
emitted dose through ventilation circuits containing either a commercial (CM) or new streamlined (SL) wye
connector and 3-mm endotracheal tube (ETT) for aerosols with mass median aerodynamic diameters of 880 nm,
1.78 um, and 4.9 um. The aerosol was released into the circuit either over the full inhalation cycle (T1 delivery) or
over the first half of inhalation (T2 delivery). Validated computational fluid dynamics (CFD) simulations and
whole-lung model predictions were used to assess lung deposition and exhaled dose during cyclic ventilation.
Results: In vitro experiments at a steady-state tracheal flow rate of 5L/min resulted in 80-90% transmission of
the 880-nm and 1.78-um aerosols from the ETT. Based on CFD simulations with cyclic ventilation, the SL wye
design reduced depositional losses in the wye by a factor of approximately 2—4 and improved lung delivery
efficiencies by a factor of approximately 2 compared with the CM device. Delivery of the aerosol over the first
half of the inspiratory cycle (T2) reduced exhaled dose from the ventilation circuit by a factor of 4 compared with
T1 delivery. Optimal lung deposition was achieved with the SL wye connector and T2 delivery, resulting in 45%
and 60% lung deposition for optimal polydisperse (~1.78 um) and monodisperse (~2.5 um) particle sizes, re-
spectively.

Conclusions: Optimization of selected factors and use of a new SL wye connector can substantially increase the
lung delivery efficiency of medical aerosols to infants from current values of <1-10% to a range of 45-60%.

Key words: respiratory drug delivery, mechanical ventilation, neonate, aerosols, streamlined wye, nebulization,
CFD simulations, Monte Carlo modeling

Introduction lung delivery efficiencies, poorly controlled dosing, and high
dose variability are partly responsible for these inconsistent

and mixed clinical results.®?

IN ADULT PATIENTS receiving mechanical ventilation, a
number of current and newly proposed aerosolized medi-
cations have demonstrated measurable benefits.("? However,
the use of inhaled pharmaceutical aerosols with neonates and
infants receiving mechanical ventilation has yielded mixed
outcomes. Some clinical studies of respiratory drug delivery
in ventilated infants have demonstrated reduced need for
systemic glucocorticoids,® improved oxygenation, and in-
creased fluid resorption.(s) In contrast, other studies of inhaled
pharmaceutical aerosols in infants have demonstrated no
measurable benefits.®”) It is currently hypothesized that low

The delivery efficiency of pharmaceutical aerosols to the
lungs of infants is known to be low and highly variable.®)
Aerosol drug depositional loss occurs in the aerosol gener-
ator, interface device, and ventilation circuit including the
endotracheal tube (ETT), which has an internal diameter (ID)
of approximately 3mm in ventilated newborn infants. Ad-
ditional challenges to lung deposition of pharmaceutical
aerosols in infants include low tidal volumes, short inhala-
tion periods, which increase inertial effects, high breathing
frequencies, and small inspiratory:expiratory (L:E) ratios.®?

lDeparhnent of Mechanical and Nuclear Engineering, Virginia Commonwealth University, Richmond, VA.
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With conventional jet nebulizers and metered dose inhalers
(MDIs), delivery efficiency to the lungs of intubated infants
is typically 1% and below."™* This extremely low delivery
efficiency has been consistently demonstrated based on
in vitro experiments(ls’m) and animal models,"'%'® and in
humans.® Newer vibrating mesh and ultrasonic nebuliz-
ers have significantly increased lung delivery efficiency of
aerosols for ventilated infants to a value of approximately
10% in some cases."171® For example, in a macaque ani-
mal model of infant mechanical ventilation with a 3-mm
ETT, continuous and inhalation synchronized mesh nebu-
lizers resulted in 12.6% and 14% lung delivered doses,
respectively.!)

New aerosol generation technologies, like vibrating mesh
nebulizers, provide a clear improvement in dose delivery to
infants on mechanical ventilation. However, the cost of these
devices is significantly more than that of jet-based technol-
ogies, and frequent cleaning is required. Even with recent
improvements in delivery efficiency,"'® waste of the
aerosolized medication remains high with 6-9 times more
drug lost in the ventilation circuit than delivered to the
lungs. These high losses may limit the use of expensive
medications as an aerosol and increase delivery time. Fur-
thermore, dose variability is high for all systems used to
deliver aerosols to infants.®'® For example, animal models
with all nebulizer types result in 0.05% to approximately 15%
delivery efficiency, representing a 2-3 order of magnitude
difference in lung dose.®'") High depositional losses in the
ventilation circuit can dramatically change the lung deliv-
ered dose if the system is modified by a small amount, e.g.,
use of a 3.5- vs. 3.0-mm ID ETT. Finally, it is not clear where
aerosolized medicines are delivered within the airways of
ventilated infants. From in vivo studies, Fok et al.1® reported
a high fraction of the delivered 1% dose resides in the central
airways. Using an MDI and rabbit model, Everard et al.*?
demonstrated three- to fivefold more dose in the trachea and
main bronchi than in the remainder of the lungs. Effective
aerosol therapy requires that the medication be delivered to
its intended site of action within the airways at a controlled
dose.

Aerosol size is known to have a significant effect on lung
delivery efficiency. Deposition mechanisms in both the
ventilation circuit and lung for typical medical aerosols are
impaction, sedimentation, and turbulent dispersion, all of
which are decreased by reducing the aerosol particle or
droplet size. Depositional losses in the ventilation circuit can
therefore obviously be reduced by using a smaller aerosol.
For example, Ahrens et al."”) implemented an in vitro model
of aerosol delivery during mechanical ventilation with a
range of ETT sizes and demonstrated that lung delivery ef-
ficiency could be increased 9 times by using an aerosol with a
mass median aerodynamic diameter (MMAD) of 0.54 um
compared with a conventional size of approximately 4 um.
The limit to the minimum aerosol size that can be used for
effective lung delivery is the need to have particles with
sufficient mass for lung deposition. In vitro models often
neglect the exhaled drug fraction and assume that the dose
exiting the ETT is deposited in the lungs. However, particles
smaller than approximately 2 um are often exhaled at a high
fraction in adults.***? Previous whole-lung simulations of
aerosol deposition in children indicate that, for typical mi-
crometer particles, infants have higher lung deposition

LONGEST ET AL.

fractions (DFs) than adults.®* However, this is a complex
problem involving both dimensions of the airways and in-
spiration rates along with multiple aerosol deposition
mechanisms. Selection of an optimal particle size for drug
delivery to infants receiving mechanical ventilation should
seek to both minimize ventilation circuit losses and maxi-
mize deposition and retention in the lungs.

Sites of high aerosol depositional losses in the ventilation
circuit are typically the wye connector and ETT. The size of
the ETT is limited by the patient’s anatomy; however, larger
tubes are known to transmit more aerosol.**!?) Few studies
have attempted to modify the wye geometry for improved
aerosol delivery. Ivri and Fink*® proposed low angles (<15°)
in ventilation circuit components to minimize depositional
losses. However, this approach may not be practical for
modifying the wye connector where a 90° change in flow
direction is required. In a recent study by Mazela et al.,"® a
redesigned wye, referred to as the VC connector, was shown
to increase emitted dose (ED) in a premature neonate in vitro
model. As an alternative approach, Longest et al.*”) recently
described streamlined (SL) designs of mechanical ventilation
components to minimize aerosol losses. In this approach,
sudden changes in flow direction and cross-sectional area are
replaced with components that include gradual changes and
a minimum radius of curvature. Longest ef al. demonstrated
that a SL design reduced depositional loss in the T-connector
for a mesh nebulizer from approximately 30% to 5% during
adult noninvasive ventilation.*”

The timing of aerosol release or delivery into the ventila-
tion circuit along with positioning of the generation device
may have an effect on lung delivery efficiency in ventilated
infants. Synchronizing aerosol delivery with inhalation is
known to reduce exhalation losses in adults.®® However,
synchronization has resulted in varying delivery outcomes
for infants. Turpeinen and Nikander®” demonstrated im-
proved lung delivery using synchronization in an in vitro
model of neonatal ventilation with the nebulizer positioned
below the wye connector. However, this configuration may
increase ventilator dead space and the rebreathing of expired
CO, during the ventilation process. Other studies with mesh
nebulizers have indicated that synchronization had no sig-
nificant effect on delivery"" or a negative effect on aerosol
delivery efficiency."” Given the low tidal volumes delivered
during infant ventilation, positioning of the aerosol source
also determines the amount of aerosol entering the lungs
during inhalation. However, a recent study by Ari et al."®
showed a nebulizer position effect only in adults and not in a
pediatric in vitro model of aerosol delivery.

As described, appropriate selection of nebulizer type,
aerosol particle size characteristics, circuit components, and
delivery timing may all have an impact on lung delivery and
deposition of aerosols in ventilated patients. Currently, the
best performing systems implement a mesh nebulizer and
can achieve approximately 10% delivery efficiency to infant
lung models."'” However, a systematic evaluation of mul-
tiple relevant factors may further increase the lung deposition
efficiency and reduce variability of aerosols administered to
ventilated infants. Furthermore, the distribution of deposited
drug within the lungs of ventilated infants is currently not
known. Considering the low tidal volumes associated with
infant ventilation in conjunction with previous findings,>*®)
aerosol may not reach the alveolar airspace.
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The objective of this study is to determine optimal aerosol
delivery conditions for an infant receiving invasive me-
chanical ventilation by evaluating the effects of a new wye
connector, aerosol particle size, and timing of aerosol deliv-
ery. A full-term infant is considered with a tidal volume of
approximately 25 mL, inspiratory time of 0.3 sec, and a 3-mm
ID ETT. Aerosol delivery efficiency of a commercial (CM)
wye is compared with a new SL design. Methods include a
combination of in vitro experiments, computational fluid
dynamics (CFD), and whole-lung deposition modeling. The
strengths of each method are leveraged to determine optimal
delivery and lung deposition conditions, including the effect
of aerosol exhalation. The in vitro experiments are first im-
plemented to evaluate effects of the SL wye designs over a
range of aerosol particle sizes and to validate the CFD model.
The CFD simulations evaluate the effects of cyclic ventilation
waveforms and aerosol delivery timing across a range of
particle sizes. Results of the CFD model are then used as
input for a whole-lung Monte Carlo model that predicts
deposition throughout the lung airways as well as the ex-
haled fraction. Both particle size and delivery timing are
considered in order to determine optimal conditions that
maximize lung aerosol deposition, minimize aerosol exha-
lation, and deliver a high fraction of the aerosol to specific
lung regions.

Materials and Methods
Aerosol generation and ventilation circuit components

Aerosols were generated using a vibrating mesh nebulizer
based on the improved performance of this approach com-
pared with other aerosol sources in previous studies.''®
The Aeroneb Lab mesh nebulizer (Aerogen Limited, Galway,
Ireland) was implemented in all cases; it was previously
characterized and shown to produce a smaller aerosol than
the typically implemented Aeroneb Pro device.®? A range of
realistic aerosol particle sizes was then generated by con-
necting the nebulizer with either a custom mixer-heater de-
vice or a CM neonatal T-connector (Aerogen Limited). The
mixer-heater was previously developed and optimized by
Longest et al.®V to modify aerosol particle size with con-
trolled heat and humidity conditions along with low (<10%)
depositional loss of the drug. As described by Longest
et al.,®V the mixer-heater operates with air flow rates in the
range of 5-30L/min and aerosol nebulization rates of
approximately 0.2-0.4 mL/min, but can be extended to other
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flow rates by adjusting the heating controls. Based on theo-
retical calculation, albuterol sulfate (AS) concentrations in
the nebulizer solution were selected as 0.2% and 5% w/v to
produce approximate aerosol particle sizes exiting the mixer-
heater of 900nm and 2 um, respectively. The Aeroneb Lab
nebulizer was also used in the neonatal T-connector, which
has a 10-mm outlet, to provide a larger and more conven-
tional aerosol particle size of approximately 4-5 um. For the
small and intermediate aerosol particle sizes generated with
the mixer-heater, the aerosol exited the device in a heated
airstream that was humidified through droplet evapora-
tion.®) For the larger aerosol generated in the neonatal T-
connector, humid air [>90% relative humidity (RH)] was
supplied to the device at a temperature of 25°C from a Va-
potherm 2000i unit (Vapotherm Inc., Stevensville, MD). For
both the mixer-heater and neonatal T-connector aerosol
generation setups, a 10-cm length of infant ventilator tubing
(ID of 10mm) served to transport the aerosol to the wye
connectors.

CM and SL wyes were compared to determine their
aerosol delivery efficiencies. The CM device was included in
a neonatal conventional ventilation circuit (Teleflex Medical,
Research Triangle Park, NC) with connections for inspiratory
and expiratory 10-mm lines, which form a 60° angle with
each other (Fig. 1a). The 10-cm inlet tubing and start of the
wye connector are marked in the figure. To improve aerosol
delivery, a new SL wye was constructed based on the ap-
proach of Longest et al. and preliminary CFD simulations
(Fig. 1b).%*”) In the SL design, sharp changes in flow direction
were replaced with more gradual changes. The centerline
radius of curvature between the inspiratory/expiratory lines
and ETT was approximately 1cm. The ETT was 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 high-speed flow as it enters the
ETT. Sigmoidal curves were then used to connect the wye
junction region with the ETT (Fig. 1b). Specifically, the junc-
tion is designed such that fluid moving along the outside
of the wye connector experiences a smooth 90° bend.
The mismatch in diameters between the inspiratory/expira-
tory lines and ETT is accommodated using a sigmoidal curve
in which the ends of the curve are tangent to each other. Radii
of curvatures describing the two ends of the sigmoidal curve
in the midplane of the geometry are approximately 1 cm. The
resulting SL geometry does not increase the overlapping
inspiratory—expiratory volume or the dead space of the

FIG. 1. Invasive mechanical
ventilation circuits for neo-
nates with 10-mm inspiratory
and expiratory tubing, the (a)
commercial (CM) and (b)
streamlined (SL) wye con-
| nectors, and an endotracheal
' tube (ETT) with a 3-mm in-
ternal diameter. The division
between the 10-mm diameter
inlet tubing and wye connec-
tors is marked with a dark
line.

10 cm inlet
tubing

10 mm tubing

ETT (3 mm ID)
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ventilation circuit. Preliminary CFD simulations demon-
strated a low level of flow separation and disruption during
both inspiration and expiration with the SL design. Both wye
geometries were connected to an ETT with a 3-mm ID (Ped-
Soft, Hudson RCI/Teleflex Medical) and uncut length of
146 mm. The ETT was curved through a 90° bend to represent
passage through the oropharyngeal region. The centerline
radius of curvature for the ETT bend was 30mm, and the
straight section downstream of the bend had a length of
78 mm.

Infant lung model and ventilation parameters

The airway model was based on a full-term newborn in-
fant with an average weight and height of 3.6 kg and 50 cm,
respectively, based on the Centers for Disease Control and
Prevention growth chart.®? Dimensions of the tracheo-
bronchial (TB) airways were determined from the study of
Phalen et al.,*® which provides correlations for pediatric
airway lengths and diameters based on subject height. The
Phalen et al.*® dataset was developed from infant airway
cast measurements with ages ranging from 0.03 to 21 years.
The alveolar model was based on the study of Hofmann
et al.,*® who used anatomical data from Dunnill.®® Due to a
mismatch in the two datasets, the alveolar model was scaled
in length and diameter so that the inlet of airway bifurcation
16 (B16; start of the alveolar region) matched the outlet of
B15 (end of the TB region). Infants have fewer alveolar bi-
furcations than adults, and the final alveolar sacs were as-
sumed to occur approximately at the outlet of B20.?* The
alveolar sacs had a diameter of 0.26 mm available for flow
and were not assumed to move with respiration in this
study. Total airway volume was 68cm® with the total TB
volume (through B15) equal to 16.7 cm®.

Ventilation characteristics of the 3.6-kg newborn infant
were based on the recommendations of Walsh and Di-
Blasi.®® Time-based parameters were a frequency of 40
breaths/min, period of 1.5sec, and inspiratory time of
0.3sec. Tidal volume per weight was set to 7mL/kg, re-
sulting in an inhaled volume of approximately 25mL. The
transient flow rate was approximated with a sine wave
pattern having maximum inspiratory and expiratory flows of
7.8 and 2.0 L/min, respectively. Bias flow and a breath pause
were not included. The resulting minute ventilation
(breathing frequency times tidal volume) and mean tracheal
inspiratory flow were 1L/min and 5L/min, respectively.

It is expected that timing of the aerosol delivery may im-
prove delivery efficiency in mechanically ventilated infants.
However, aerosol delivery over a portion of the inspiratory
waveform has not previously been considered during me-
chanical ventilation. In this study, two aerosol injection
strategies were considered. In the first delivery approach
(T1), the aerosol delivery was synchronized with inhalation
and occurred over the full inhalation cycle. The second
strategy (T2) only injected the aerosol over the first half
(0.15sec) of the inhalation phase. The T2 approach is
expected to transport a higher fraction of the aerosol deeper
into the airways and minimize exhalation of the particles.

In vitro experiments

In vitro experiments were conducted to evaluate initial
aerosol particle sizes and deposition within the CM and SL
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wye systems, including a 3-mm ETT, at a steady-state flow
rate of 5L/min. This flow rate is consistent with the tra-
cheal inspiratory flow rate of a ventilated newborn infant as
described in the previous section. To form the three target
aerosol sizes, the drug formulation was aqueous-based
with AS concentrations in deionized water of 0.2% w/v
(small aerosol and mixer-heater), 5% (intermediate aerosol
and mixer-heater), and 0.2% (large aerosol and neonatal
T-connector). The Aeroneb Lab nebulizer was operated for
2 min for the small and intermediate experiments, resulting
in mean [standard deviation (SD)] nominal doses of ap-
proximately 308 (56) ug and 2,357 (183) ug, respectively.
For the large aerosol, the nebulizer was operated for 30 sec
with a mean (SD) nominal dose of 604 (161) ug. These
nominal doses are the drug mass that was delivered to the
10-cm inlet tubing leading to the CM or SL wye connectors
(Fig. 1).

To determine the aerodynamic droplet size distribution
exiting the mixer-heater and exiting the Aeroneb Lab nebu-
lizer, an Andersen Cascade Impactor (ACI; Graseby-Andersen
Inc.,, Smyrna, GA) was used operating at 30L/min and
housed in an environmental cabinet (Espec, Hudsonville, MI).
For the aerosols that were generated from the mixer-heater,
aerosol flow rates of 30L/min for the 0.2% AS formulation
and 5L/min for the 5% formulation, respectively, were used.
These aerosols were sampled via 50cmx10mm diameter
ventilator tubing positioned with a gap of 10mm to the inlet
of the ACL Decreasing the aerosol flow rate entering the im-
pactor allows a higher fraction of entrained air to enter the
ACI from the cabinet, which may affect the measured particle
size distribution. However, during each particle sizing ex-
periment, no changes in the cabinet temperature were ob-
served and the humidity remained above 90% RH. The
temperature of the aerosol exiting the ventilator tubing was
37°C. In order to minimize evaporative or condensation size
changes of the aerosols exiting the mixer-heater, the aerosols
were sized with the impactor held at isothermal conditions
compared with the aerosol. The impactor was equilibrated in
the environmental cabinet for at least 20 min prior to sizing.
The mixer-heater—generated aerosols were then sampled into
the ACI held at 37°C. The humidity of the environmental
cabinet was >90% RH in order to minimize size change of the
aerosols arising from unwanted evaporation and condensa-
tion during measurement.

The aerosols that were generated from the Aeroneb Lab
nebulizer were sampled directly into the ACI. A gap distance
of approximately 10 mm separated the Aeroneb outlet and
the ACI inlet, allowing for the entrainment of humidified air
at a rate of 30 L/min. The nebulizer and impactor, as well as
the ACI, were placed in the environmental cabinet (Espec)
and equilibrated at 25°C for at least 20min, ensuring iso-
thermal conditions during sizing. The humidity of the envi-
ronmental cabinet was >90% RH in order to again minimize
size change of the aerosols arising from unwanted evapo-
ration and condensation during measurement.

Drug deposition on the ACI collection plates for the ini-
tial size experiments was determined following washings
using appropriate volumes of deionized water (10-20mL).
The solutions were then assayed using a validated high-
performance liquid chromatography-ultraviolet (HPLC-
UV) method for AS. The mass of AS on each impaction
plate was determined and used to calculate the
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aerodynamic particle size distribution of the drug. The
MMAD was defined as the particle size at the 50th per-
centile on a cumulative percent mass undersize distribution
(D50) using linear interpolation. The mass of formulation
nebulized was determined by weighing the nebulizer be-
fore and after each experiment. The solution AS concen-
tration and the mass of formulation nebulized were used to
determine the nominal dose of AS delivered.

To determine aerosol deposition in the SL wye, a rapid
prototyping process was used to create a physical model of
the wye. The wye design that was developed from prelimi-
nary CFD simulations was given a wall thickness of ap-
proximately 1mm in a solid modeling program. A Viper
SLA system (3D Systems, Valencia, CA) was used to con-
struct the SL wye design using Accura 60 clear plastic resin.
The resolution of the prototyper was 0.1 mm, and the final
surface finish of the SL components was smooth.

In vitro experiments were conducted to determine aerosol
drug deposition within individual components of the delivery
system, as well as ED exiting the ETT at a steady-state flow
rate of 5 L/min. The mixer-heater was operated at 30 L /min to
provide an aerosol that was consistent with the sizing ex-
periments. This aerosol stream was split using an SL con-
nector with 25L/min directed to a waste filter and 5L/min
flowing to the inspiratory arm of the wye connector. For the
neonatal T-connector aerosol, a Vapotherm 2000i (Vapotherm
Inc.) humidification unit was implemented to supply steady-
state airflow with RH of >90% and temperature of 25°C at a
flow rate of 5 LPM. The in vitro models were tested under
ambient room conditions (23-25°C). One limitation of this
approach is that the aerosol exiting the mixer-heater at 37°C
may cool during passage through the experimental setup,
which may lead to condensational growth of the aerosol as
the temperature decreases during passage through the tub-
ing. However, such cooling is expected to be minimal due to
the short flow paths and relatively high velocities encoun-
tered by the aerosol prior to deposition on the final filter.
This effect was avoided by using 25°C air in the neonatal
T-connector, which produced an approximate thermally
neutral system and prevented condensation of the high-
humidity airflow. In the experiments, the expiratory side of
the wye connector was closed to allow for only inspiratory
airflow. The dose emitted from the ETT was captured on
a high-efficiency filter (Pulmoguard II, Quest Medical,
Brockton, MA).

Drug deposition in the nebulizer, individual system
components, and on the outlet filter was determined with
a validated HPLC-UV assay method. As with the particle
sizing experiments, the mass of nebulized formulation
was determined by weighing the nebulizers. Drug depo-
sition in the Aeroneb Lab device was below 5%. Drug
deposition and ED were calculated as percentages of the
drug mass leaving the mixer-heater for the small and in-
termediate aerosols (900nm and 2um) and the mass
leaving the nebulizer for the conventional aerosol particle
size (4-5 um). At least four replications of each experiment
were performed.

CFD simulations

CFD simulations were performed to validate the model
under steady-state conditions, evaluate deposition and ED
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during cyclic breathing, and provide input conditions for the
whole-lung Monte Carlo model. Isothermal, incompressible,
and constant-property flow was assumed in all cases. For an
inlet flow rate of 5L/min, the Reynolds numbers in the
10-mm inlet tubing and 3-mm ETT were 689 and 2,300, re-
spectively, which indicates laminar through turbulent flow
conditions in the complex ventilation circuit geometry.

The flow fields in the wye geometries were solved using
Fluent 12 (Ansys Inc., Canonsburg, PA) with a steady or
transient solution and the low Reynolds number (LRN) x-o
two-equation turbulence model. This turbulence model was
selected based on a combination of its accuracy and high
efficiency, compared with more complex methods, such as
large eddy simulation. Considering aerosol transport, the
LRN x-w model was previously shown to accurately predict
particle transport and deposition for both monodisperse
and polydisperse aerosol distributions in airway models
and delivery devices on a regional and highly localized
basis.®>®

Computational grids of the airflow passages were con-
structed based on previously established best practices.®**?)
The resulting meshes representing the wye connectors with
ETTs for the CM and SL designs contained approximately
774,000 and 829,000 cells, respectively. Grid convergence of
these meshes was established by comparing with meshes
containing at least 30% fewer cells in each case. These com-
parisons indicated that there were minimal differences (<5%
relative error) in the maximum velocity and particle depo-
sition values between the grids initially established in this
study and the ones with 30% fewer cells. As a result, the finer
meshes (more cells) were considered sufficient and used in
all subsequent simulations.

Droplet trajectories and deposition were determined in the
CM and SL wye connectors using a previously developed
Lagrangian tracking algorithm.*'*? Factors affecting parti-
cle motion included in the transport equations were drag,
gravity, and turbulent dispersion. Previously developed
near-wall corrections for interpolating velocity and direc-
tionally-dependent turbulence were included.*'*® Due to
the use of humidified airflow in the experiments, droplet
evaporation was not included in the model, resulting in the
simulation of particle trajectories with unchanging diame-
ters. Specifically, AS particles, when inhaled with environ-
mental air, are known to increase in size due to the drug
being mildly hygroscopic.***? However, the RHs exiting
both the mixer-heater and Aeroneb nebulizer were high such
that additional size change of the particles was not expected
to be significant. The overall MMAD of the polydisperse
aerosol changes as the polydisperse particles move through
the system and are selectively filtered by deposition.

CFD simulations of deposition are based on both the
polydisperse particle distributions measured in the experi-
ments and monodisperse individual particle sizes. The
polydisperse size distributions are used to validate the CFD
predictions and to provide a realistic approximation of de-
livery efficiency that can be achieved with current mesh
nebulizers. However, aerosols produced by most current
mesh nebulizers in a humidified airstream are known to be
bimodal, such that the larger size in the distribution limits
delivery efficiency through the wye and ETT. To determine
optimal particle size conditions for aerosol transmission
through the wye system, monodisperse aerosols with
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individual sizes ranging from 200nm to 10um were also
considered. CFD predictions of DF are based on initial drug
mass of the polydisperse or monodisperse aerosol entering
the geometry, unless otherwise noted. To resolve the poly-
disperse aerosol distribution, 27,000 representative particles
were simulated with 3,000 particles used to resolve nine
discrete size fractions selected as the midpoint diameters of
the ACI stages. Simulation of monodisperse particle sizes
implemented 3,000 particles. It was determined that in-
creasing the number of representative polydisperse and
monodisperse particles had a negligible effect on the pre-
dicted particle DFs. Particles were initialized over the circu-
lar cross-section of the 10-mm inlet tubing using a parabolic
inlet profile, as described by Longest and Vinchurkar.®”)

Whole-lung Monte Carlo model

To simulate aerosol transport and deposition through the
infant airway geometry, a whole-lung Monte Carlo model
was implemented, similar to the approach described by
Koblinger and Hofmann.“”*® Either a monodisperse aerosol
or the polydisperse distributions predicted by CFD simula-
tions exiting the ETT were initialized in the trachea. The re-
lease time of the aerosol was based on CFD predictions of the
time distribution that the particles exited the ETT. Cyclic
breathing was simulated consistent with the infant inspiratory
profile described previously, which has a 0.3-sec inhalation
and 1.2-sec exhalation period. Mean inspiratory and expiratory
flow rates were 5 and 1.24 L/min, respectively. In the Monte
Carlo approach,”*?) a randomly generated path through the
lung airways is defined. Branch diameters, lengths, and bi-
furcation angles are statistically determined based on mean
values and SDs using a random-number generator and as-
suming a normal distribution. Transport and deposition
through this path is simulated based on deposition correlations
for impaction, sedimentation, and diffusion. Additional ran-
dom pathways are then simulated until deposition within each
lung region and bifurcation converges within a specified range.
Simulations for 50,000 particles with 1,000 particles per path
were conducted, and doubling this number of particles and
paths had a negligible impact on deposition predictions. Al-
though model predictions provide branch-averaged deposi-
tion results, regional deposition is reported with B1-B15
defining the TB region and B16-B20 representing the alveolar
airways. Previous comparisons of model results with the
in vivo fast-clearance and slow-clearance data of Heyder
et al.?” for adults showed very good agreement.

Results
In vitro measurements of particle size distributions

Polydisperse size distributions for the three target sizes
based on cascade impaction measurements are reported in
Figure 2 in terms of mass fraction per micrometer and
midpoint sizes of the ACI stages. Measured MMADs (and
SDs) for the small, intermediate, and conventional aerosol
particle sizes were 880 (20) nm, 1.78 (0.07) um, and 4.90 (0.3)
um, respectively. These values are very close to the target
sizes, indicating that solution concentration can be used to
control aerosol particle size exiting the mixer-heater. The
4.9-um aerosol (produced with the neonatal T-connector) is
observed to be bimodal with 30% of the aerosol mass in the
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FIG. 2. Initial polydisperse size distribution of the aerosol

in terms of mass fraction per micrometer (bin size) based on
measurements with the ACI (~30L/min) at the inlet of the
delivery system.

larger size mass fraction above 6 yum. In contrast, use of the
mixer-heater produces monomodal small and intermediate
aerosols with geometric standard deviations (GSDs) of 1.9
and 1.7, respectively.

In vitro measurement of drug deposition

DFs in individual system components are presented in
Table 1 from in vitro measurements at the tracheal inlet flow
rate of 5L/min. The inlet DF is determined in the 10-cm
tubing length leading from the mixer-heater or neonatal
T-connector to the wye geometry. DF in the device is the sum
of values in individual components and includes the addi-
tional fraction deposited in the neonatal T-connector used for
the conventional 4.9-um aerosol. Values of DFgy, represent
the ED from the ETT entering the lungs. For the CM wye,
aerosol particle size (880nm and 1.78 um) was shown to
significantly (p<0.05; t test) reduce DF in all components
compared with the conventional 4.9-um diameter aerosol
(Table 1). Values of DF in the CM wye and ETT decrease by a
factor of 3-20 as MMAD decreases from 4.9 um to 880 nm. As
a result, the filter DF (ED) is 12.3% for the 4.9-um aerosol and
increases to 87.6% for the 880-nm aerosol. With the SL wye,
there was no significant change in device DF between the
880-nm and 1.78-um aerosols (p=0.112; t test). For these
small and intermediate aerosol particle sizes and the SL ge-
ometry, total DF is approximately 10%, with DFgy, equal to
approximately 90%. Considering the 1.78-um aerosol, the SL
wye system reduces total device deposition by a factor of 2
compared with the CM system.

CFD predictions of flow-field characteristics

CFD predictions of the velocity field and turbulent vis-
cosity ratio are presented in Figures 3 and 4, respectively, at a
steady-state inspiratory flow of 5L/min. Considering the
velocity field, the CM wye geometry displays a high degree
of vortical mixing and flow disruption in the junction region
and a high-velocity jet entering the ETT. Strong turbulent
dissipation reduces the maximum velocity in the ETT of the
CM wye geometry. In contrast, the SL wye provides a
smooth transition between the inlet and ETT with reduced
flow disruption and recirculation. With the SL design, higher
velocities are observed on the outside of the bend region,
which could increase deposition by impaction. Velocity
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TaBLE 1. DEPOSITION FRACTION AS A PERCENTAGE OF EMITTED DOSE
Aerosols DFinlet DFwye DFETT DFdevicea DFﬁlterb
CM wye
MMAD =880 nm 3.1 (1.1 7.2 (3.5)¢ 2.1 (0.5)¢ 12.4 (4.2)¢ 87.6 (4.2)¢
MMAD=1.78 um 29 (1.2)¢4 8.0 (4.5)¢ 9.3 (1.7)4 20.2 (5.0)¢ 79.8 (5.0)¢
MMAD=4.9 yum 5.6 (1.75) 25.6 (0.9) 40.7 (2.1) 87.7° (2.1) 12.3 (2.1)
SL wye
MMAD =880 nm 3.7 (1.7) 1.6 (1.0)° 1.9 (0.5) 7.2 (2.9)° 92.8 (2.9)°
MMAD=1.78 yum 2.5 (1.4) 1.6 (0.9)° 6.7 (0.7) 109 (2.2)¢ 89.1 (2.2)°

The table presents mean (SD) deposition fraction (DF) as a percentage of dose emitted from the mixer (880-nm and 1.78-um aerosols) or
nebulizer (4.9-um aerosol) at a steady-state flow rate of 5L/min for the commercial (CM) and streamlined (SL) cases based on in vitro

experiments.
“Total device DF.
quual to the emitted dose (ED) from the ETT.

“Value includes a DF of 15.9% in the neonatal T-connector, which was not present in the other aerosol cases.
ClStatistically significant difference in DF compared with the DF observed for the 4.9-um MMAD aerosol (p<0.05; ¢ test).
“Statistically significant difference in DF for the SL setup compared with the DF observed for the same sized aerosol delivered through the

CM setup (p<0.05; t test).

fields for the CM and SL systems are similar in the region
distal to the ETT bend, as expected.

Turbulent viscosity ratio is calculated as turbulent plus
laminar viscosity divided by laminar viscosity and repre-
sents the effects of turbulence on the flow field. Prevalent
values of this ratio near 10 indicate that turbulence has in-
creased the effective viscosity of the flow field by 10-fold
compared with laminar flow. As a result, turbulence has a
strong influence on flow in both the CM wye and SL wye
geometries. Elevated values of turbulent viscosity ratio
throughout the ETTs indicate the potential for aerosol de-
position from turbulent fluctuations (i.e., dispersion).

CFD predictions of deposition with steady-state flow

CFD predictions of polydisperse aerosol DFs based on
drug mass are compared with experimental results at a
steady inlet flow of 5L/min in Figure 5. Comparisons are
made on the basis of individual components. To match ex-
perimental results of DF partitioning between the wye and
ETT, the narrow 2-mm channel at the exit of the CM wye
design was considered to be part of the ETT in the CFD
simulations. This is reasonable considering that liquid
droplets depositing in this region will likely flow into the

a CM-wye 10 mm ventilator line

Fﬁix

¥

Flow in junction region

Velocity
(m/s)

ETT due to high shear. A similar correction was not needed
for the SL model. In almost all cases, model predictions of DF
are within the SD range of the experimental results. A few
exceptions are observed in terms of wye and ETT partition-
ing of drug mass for the CM case. However, total device and
ED results match very well between the predictions and
experiments in all cases. As a result, model predictions are
considered accurate for evaluating both steady-state and
cyclic ventilation results. Furthermore, the agreement pro-
vides verification that experimental filter deposition is not
the result of re-aerosolization of deposited liquid or liquid
flowing along the surface of the ETT.

As with the in vitro data, the steady-state polydisperse
CFD results illustrate a dramatic reduction in filter DF as the
aerosol particle size is increased for the CM wye system.
With the SL design, DFs in each component remain low
(10%) for both the 880-nm and 1.78-um aerosols, and filter
DF is approximately 80-90% for these sizes. Results of the
4.9-um aerosol in the SL geometry are evaluated for cyclic
breathing based on CFD predictions in the next section.

Monodisperse aerosols can be used to investigate ideal
particle sizes for delivery through the wye and ETT venti-
lation components. CFD predictions of DF in the wye and
total device are presented in Figure 6 based on monodisperse

b SL-wye

Velocity
(mis)
18
14
10

Flow in junction region

FIG. 3. Contours of velocity magnitude and velocity vectors on selected planes for the (a) CM wye and (b) SL wye systems

at a steady-state inlet flow of 5L/min.
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FIG. 4. Contours of turbulent viscosity ratio on selected planes for the (a) CM wye and (b) SL wye systems at a steady-state
inlet flow of 5L/min. The turbulent viscosity ratio represents the amount of viscosity increase occurring in the flow due to

turbulent effects.

individual particle sizes and a steady-state inspiratory flow
rate of 5 L/min. Considering deposition in the wye (Fig. 6a),
a rapid rise in DF is observed with the CM device for aero-
sols greater than 4 um. For the SL wye, depositional loss
remains low and within a range of 10-20% for conventional-
sized aerosols (4-7 um). With a characteristic nebulizer par-
ticle size of 5.25 um, DF in the wye geometry is reduced by a
factor of sevenfold for the SL design (11.6%) versus the CM
(68.2%). With the SL model, some of the additional trans-
mitted dose is lost in the ETT. Therefore, it is important to
consider the overall or total DF of the wye and ETT system.
Figure 6b illustrates that the SL design reduces overall DF by
a factor of approximately 2 in the range of 2—6-um particles.
Below 2 um, total DF from both devices with monodisperse
aerosols is less than 20%.

ACMB880nm M Inlet +wye

CFD predictions of deposition with cyclic ventilation

Cyclic ventilation using a transient inspiratory and expi-
ratory sinusoidal waveform was simulated with the CFD
model to capture both deposition and the aerosol fraction
lost to the expiratory line (circuit exhaled dose). Particles
were initialized at the inlet to the wye geometry and
were delivered during either the full inspiration time (T1) or
the first half of inspiration (T2). Considering deposition in
the inlet and wye, cyclic results with T1 injection typically
doubled DF for the smaller two aerosol particle sizes
(Table 2) compared with the steady state (Table 1). Inlet-
plus-wye deposition of the 4.9-um aerosol is similar between
the steady-state and transient simulations with the CM set-
up. In the ETT, steady-state versus T1 deposition results are

b cM1.78 um W Inlet + wye C CM49um M Inlet+wye
ETT ETT

ETT
M Total device W Total device M Total device
100¢ Filter 100r Filter 100 Filter
80F 80F 80
3? 60F g 60 g‘,“ 60
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FIG. 5. In vitro measure- & 40l & 401 a a0}
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CFD results at a steady-state 20k 20- 20f
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d e ] wy
and 49um, (d) SL and . $'D"t'2| Sl BETT
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very similar for all aerosol particle sizes considered and with
both the CM and SL cases. ED for both the CM and SL setups
with cyclic inhalation is largely reduced from steady-state
predictions due to the circuit exhaled dose, especially for T1
conditions. With T1 delivery, circuit exhaled dose is ap-
proximately 30-40% of the AS drug mass entering the system
for all sizes. Implementing the T2 delivery strategy, the cir-
cuit exhaled dose decreases by approximately fourfold to a
value of 6-10%. As with the steady-state results, the SL wye
geometry reduces total device DF by a factor of approxi-
mately 2, except for the 4.9-um aerosol case, where deposi-
tion is consistently above 50%. With cyclic ventilation
conditions, the minimum device deposition (7.3%) and
maximum ED (80.3%) are observed for the 880-nm aerosol
and SL wye T2 conditions. However, this delivery scenario
does not represent maximum lung deposition, as a portion of
the 880-nm aerosol will likely be exhaled from the lungs.
As indicated in Table 2, the dose exhaled from the wye
geometry (circuit exhaled dose) decreased by a factor of 4

Particle diameter (um)

when T2 delivery was used compared with T1. The reason
for this reduction is illustrated in Figure 7, which depicts
locations of airborne particles at the end of inspiration for T1
and T2 delivery. With T1, a large fraction of particles is
suspended in the ventilation system at the end of inhalation
and subsequently exhaled through the expiratory line. In
contrast, with the T2 delivery, a majority of the aerosol has
passed out of the ETT and only a small residual is left air-
borne. Approximately one half of the inhalation cycle ap-
pears adequate to clear a majority of the aerosol from the SL
wye and ETT system, which reduces circuit exhaled dose to
approximately 10% and below.

Predictions of lung deposition

Predictions of lung deposition based on the Monte Carlo
whole-lung model and polydisperse aerosol distributions
are reported in Table 3 for cyclic ventilation conditions. In-
itial delivery conditions in terms of aerosol particle size

TaBLE 2. CFD PRrREDICTIONS OF PERFORMANCE DURING CycLIC BREATHING

Aerosols DF et +wye DFgrr DF jovice ED Circuit exhaled dose®
CM wye T1
MMAD =880 nm 224 3.2 25.6 42.3 32.1
MMAD=1.78 um 23.1 10.3 33.4 344 32.2
MMAD=4.9 ym 29.7 32.0 61.7 10.3 28.0
CM wye T2
MMAD =880 nm 10.3 52 15.5 77.4 7.1
MMAD=1.78 um 10.3 17.3 27.6 65.9 6.5
MMAD=4.9 ym 16.0 56.5 72.5 19.9 7.6
SL wye T1
MMAD =880 nm 5.8 2.4 8.2 54.5 37.3
MMAD=1.78 um 7.9 6.9 14.8 48.0 37.2
MMAD=4.9 ym 17.3 36.4 53.7 18.3 28.0
SL wye T2
MMAD =880 nm 3.7 3.6 7.3 80.3 124
MMAD=1.78 um 5.7 11.2 16.9 72.2 10.9
MMAD=4.9 ym 15.1 55.6 70.7 26.0 3.3

The table presents CFD predictions of performance during cyclic breathing including deposition fractions (DFs) in the 10-cm tubing
inlet+wye, ETT, and total device, emitted dose (ED) from the ETT, and exhaled dose lost from the ventilation circuit during expiration.

“Fraction of dose (as %) lost from the delivery circuit during the exhalation phase of cyclic breathing. This fraction does not include the
fraction of dose lost from the lung during exhalation, which is calculated in Table 3.
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a  T1 Injection

distribution and timing of the aerosol exiting the ETT were
determined from the CFD simulations. The calculated
MMAD:s of the aerosol exiting the ETT and entering the
trachea are also reported in Table 3. As an example, aerosol
deposition in the CM wye design with T1 and T2 delivery
reduced the 4.9-um aerosol to an MMAD of 1.5um. For
comparison, the 4.9-um aerosol when passed through the SL
geometry was reduced to approximately 2.0 um. As for lung
DFs and lung exhaled dose, the values reported in Table 3
are in terms of initial dose delivered at the circuit inlet.
Therefore, the lung DFs (TB and alveolar) plus the lung ex-
haled dose equal the ED from the ETT reported in Table 2.
For total lung DF, maximum values occur at the intermediate
1.78-um polydisperse aerosol in all cases, due to high lung
exhaled doses for the smallest aerosol particle size and
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FIG. 7. Positions of airborne particles at the end of the inspiratory phase for the SL wye geometry and MMAD =1.78-um
aerosol with (a) T1 and (b) T2 injection strategies.

ventilation system depositional losses for the 4.9-um aerosol
(Table 3). The SL design increases the maximum polydis-
perse lung DF by a factor of 1.2-1.4. Aerosol delivery timing
has an even larger effect with T2 delivery increasing DFjung
by twofold compared with T1. Maximum TB and lung DFs
are 28% and 45.2%, respectively, which are achieved with SL
wye T2 and the 1.78-um aerosol. However, maximum alve-
olar DF (20%) is achieved with the 880-nm aerosol and SL
wye T2 conditions.

Plots of lung deposition for a range of monodisperse
aerosol particle sizes are provided in Figure 8 based on the
whole-lung model predictions. As with the polydisperse
aerosols, both T2 delivery and the SL design are shown to
increase DF in all regions considered (lung, TB, and alveolar).
For a monodisperse aerosol and cyclic inhalation with the SL

TABLE 3. MODEL PREDICTIONS OF LUNG DELIVERY DURING CycCLIC BREATHING

Aerosols MMAD lung inlet (um) DFrg? DF siveotar DFjyng” Lung exhaled dose®
CM wye T1
MMAD =880nm 0.70 8.7 9.0 17.8 24.5
MMAD=1.78 um 1.23 12.5 7.3 19.7 14.7
MMAD=4.9 um 1.46 4.6 2.2 6.8 3.5
CM wye T2
MMAD =880 nm 0.70 15.6 17.3 329 44.5
MMAD=1.78 um 1.24 24.1 14.1 38.2 27.7
MMAD=4.9 um 1.53 9.2 4.3 135 6.4
SL wye T1
MMAD=880nm 0.70 10.8 11.3 22.1 324
MMAD=1.78 um 1.28 18.3 9.5 27.8 20.2
MMAD=4.9 yum 2.00 10.1 3.3 13.3 5.0
SL wye T2
MMAD =880 nm 0.70 16.4 20.0 36.4 43.9
MMAD=1.78 um 1.28 28.0 17.2 45.2 27.0
MMAD=4.9 um 1.90 13.9 5.7 19.6 6.4

The table presents model predictions of lung delivery during cyclic breathing, including the MMAD of the polydisperse aerosol entering
the lungs, deposition fraction (DF) in the TB, alveolar, and total lung, as well as exhaled dose exiting the lungs.
?All DFs are in terms of initial dose injected at the delivery circuit inlet and therefore take into account losses in the delivery system (wye

and ETT).

PPercentage of aerosol that enters the lungs and is then exhaled back into the delivery system and out the expiratory line.
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wye and T2 delivery, total lung DF near 60% can be achieved
with a 2.5-um aerosol. Maximum TB and alveolar DFs of 43%
and 21% can be achieved with 2.8-um and 1.9-um size
aerosols. These values take into account depositional losses
in the delivery circuit, reasonable tidal volume for an infant
(25mL), cyclic inhalation, and exhaled dose fractions.

Discussion

In this study, a new combination of in vitro experiments,
CFD simulations, and whole-lung modeling was im-
plemented to assess the optimal delivery of aerosols to the
lungs of a newborn infant on mechanical ventilation. The
approach leverages the strengths of each method in order to
predict the transport and deposition of aerosols through the
delivery system and into the lungs under cyclic ventilation
conditions. In vitro experiments of aerosol delivery typically
consider steady-state or cyclic conditions and assume that
the particles or droplets exiting the ETT deposit in the lungs.
This approach neglects the exhaled fraction of the aerosol
such that aerosol size optimization is not possible. Calcula-
tion of the expired dose during mechanical ventilation de-
livery previously required either human subject experiments,
which are challenging to perform with infants, or animal
model studies. In contrast, the CFD approach implemented
in this study captures deposition within the ventilation cir-
cuit, as well as lung deposition and exhaled dose. As dem-
onstrated in Tables 2 and 3, combinations of ventilator circuit
and lung exhaled doses were as high as 70% for the 880-nm
aerosol. Even for the 4.9-um aerosol, total exhaled dose was
35% in the infant lung model. By considering both deposition
and exhaled dose, the new approach used in this study can
approximate optimal delivery conditions for depositing
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aerosols in the lungs of infants. In the current study, optimal
delivery conditions were evaluated in terms of aerosol par-
ticle size (for polydisperse distributions and monodisperse
particles), design of the wye component, and aerosol deliv-
ery timing.

With regard to the selection of an aerosol particle size for
maximum delivery efficiency of medications to infants, both
in vitro and CFD predictions indicated an increase in ED
from the ETT as aerosol particle size decreased, which was
expected. However, it was surprising how well the smaller
aerosol particle sizes penetrated the ventilation circuit and
were available to enter the lungs. With the small and inter-
mediate aerosols, steady-state predictions of ED from the
ETT were in the range of 80-90% for the CM and SL wye
systems. In contrast, delivery of the more conventional
4.9-um size resulted in steady-state ED values of approxi-
mately 10%. The effect of aerosol particle size is best illus-
trated in Figure 6b, where both wye devices have total DFs
below 20% for monodisperse aerosols less than 2 um. In-
creasing the aerosol particle size to the conventional range of
4-7 ym results in a dramatic increase in total ventilation
circuit DF. The ED from the ETT was significantly reduced
with cyclic inhalation conditions due to high exhaled dose
from the circuit (Table 2). However, circuit exhaled dose is
not largely affected by particle size. Fortunately, the small
and intermediate size aerosols were found to deposit effi-
ciently in the TB and alveolar airways of an infant (Table 3).
For the polydisperse distributions, an optimal total lung
deposition efficiency of 45.2% was achieved with the 1.78-um
aerosol, SL wye, and T2 delivery (Table 3). With this con-
figuration, the smallest aerosol (880nm) had a high total
exhaled dose (56.3%), but also the highest alveolar delivery
efficiency with a value of 20%. Considering monodisperse
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aerosols allowed for the selection of optimal particle sizes
with a maximum lung DF value of 60% for a 2.5-um aerosol,
and a size range of 1.9-2.8 um for maximizing aerosol de-
position in the alveolar and TB regions.

The SL wye geometry played an important role in
achieving the high lung delivery efficiencies reported in this
study. Compared with the CM wye system, the SL design
typically reduced deposition in the wye by two- to fourfold,
but reductions as large as sevenfold were also observed. As
delivery through the wye improves, depositional loss in the
ETT also increases, which limits the overall performance of
the delivery system. However, total device deposition was
typically reduced by a factor of 2 with the SL system for the
small and intermediate particle sizes. With the 4.9-um aero-
sol, DFs were typically above 50% for both wye connectors,
but the SL design still reduced depositional losses. Another
benefit of the SL wye concept was the size distribution of the
aerosol exiting the ETT. Based on CFD simulations, poly-
disperse aerosols exiting the ETT and entering the lungs
were either larger or the same size with the SL wye design
compared with the CM wye. Larger aerosols entering the
lungs are expected to deposit and be retained at a higher rate
than smaller particles.

Timing of the aerosol delivery is an important issue, with
current studies reporting mixed results in terms of lung de-
livery and deposition."'”??) Due to very low tidal volumes,
aerosol synchronization effects are strongly influenced by the
position of the nebulizer within the ventilation line. In this
study, a CFD approximation of synchronization was used
with the aerosol either delivered during inhalation (T1) or
only delivered over the first half of the inhalation waveform
(T2). Previous studies have not considered timing the de-
livery over a portion of the inspiratory cycle during invasive
mechanical ventilation. Based on the low tidal volume used,
it is important for the aerosol to clear the ventilator circuit
and be moved into the lungs before exhalation occurs. With
synchronized T1 delivery, approximately 30-40% of the
aerosol remains in the ventilator circuit and is then exhaled.
In contrast, delivering the aerosol with T2 delivery decreases
the ventilator exhaled dose by a factor of 4 and increases
lung deposition of the aerosol by a factor of 2. Therefore,
delivering the aerosol over only a portion of the inspiratory
flow appears to be an important strategy for improving re-
spiratory drug delivery to infants on mechanical ventilation.
Successful implementation of this approach requires that the
aerosol be delivered close to the wye so that the ventilation
system can be cleared of aerosol during the inspiratory cycle.

This study seeks to maximize delivery efficiency and de-
fines optimal delivery as the approach that provides the
lowest aerosol loss and highest lung deposition relative to
the nominal dose at the inlet of the circuit. However, it is
critically important to also consider the mass of drug that
each technique delivers to the lungs. It is known that dif-
ferent size particles deliver different masses of drug when
deposited. For example, a single dry AS particle with a
4.9-ym diameter will deliver approximately 173 times more
drug mass than a single 880-nm dry particle. However, in
this study, both the 4.9-um and 880-nm aerosols were formed
using the same nebulizer and same initial AS solution con-
centration. The 4.9-um aerosol was delivered as droplets, and
the 880-nm aerosol was formed by passage through the
mixer-heater and delivered as dry particles. Therefore, the
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maximum and minimum aerosol sizes considered provided
approximately the same nebulized dose. In this study, the
reduced nominal dose associated with the smallest aerosol
was due to the experimental setup where the 880-nm aerosol
stream exiting the mixer-heater was split to create a 5L/min
flow rate, whereas splitting was not needed for the 4.9-um
aerosol. A future version of the small aerosol generator will
allow for the direct delivery of 5L/min flow, eliminating the
need for splitting the aerosol stream and providing equal
nominal doses for both the small 880-nm and conventional
4.9-pum aerosols. With these equal nominal doses, the use of
the SL wye and T2 delivery then provides 5 times more drug
mass to the lungs compared with the CM wye, T1 delivery,
and the conventional 4.9-um aerosol based on improved ef-
ficiency (Table 3). This significant increase in lung dose
should be taken into consideration and the administered
dose adjusted accordingly for implementation of the opti-
mized system in human subjects.

Drug mass deposited in the lungs should also be consid-
ered for T1 versus T2 delivery. Injecting the aerosol over the
first half of the inspiratory cycle was found to be 2 times
more efficient in terms of lung deposition; however, this
approach only delivers one half the nebulized dose in a set
amount of time. Therefore, although T1 delivery wastes a
larger fraction of the nebulized dose, lung deposition of drug
mass is equal between T1 and T2 delivery. As a result, T1
and T2 approaches may be equally acceptable for medica-
tions with mild side effects, wide therapeutic windows, and
low cost. However, for more advanced respiratory medica-
tions, it becomes important to minimize loss and have better
knowledge of the lung deposited dose. Furthermore, it is
expected that variability in lung delivered dose increases
with increasing depositional loss in the ventilator circuit.
Therefore, T2 delivery may be preferred for many aerosol-
ized medications as a means to reduce drug waste, better
control the lung delivered dose, and reduce variability as-
sociated with different mechanical ventilation circuits.

In delivering aerosols to ventilated infants, it is critical to
consider the tidal volume, dead space in the ventilation cir-
cuit, and airway volume. In the current study of a 3.6-kg
infant, the tidal volume was 25cm?®, dead space between
aerosol delivery and the end of the ETT was 5.7cm®, and
airway volume through B15 (TB airways) was 16.7 cm’. Based
on mean flow rates in each component, the aerosol should
only reach the upper part of the alveolar airways. However,
nonuniform velocity profiles and flow through the bifurcation
structure enhance aerosol transport and increase delivery to
the lower airways.(SO) As a result, sufficient alveolar deposi-
tion is realized with the current delivery approach. Delivery
efficiency to the lower lung will significantly decrease for
smaller infants using the same system. For example, a preterm
1.5-kg neonate has a tidal volume of approximately 9mL.®
In this case, once the aerosol is past the ETT (6.7 cm?®), there is
only 2.3mL of volume to move the aerosol through the lungs.
Assuming the Phalen et al.*® lung correlations apply to pre-
term infants, the aerosol would only reach approximately B10
and would likely not reach the alveolar airways. Delivery
efficiency to the entire lung could be improved in this case
with an SL wye geometry that further reduces ventilation
dead space.

Results of the current study for conventional-sized aero-
sols and the CM wye are in general agreement with previous
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in vitro and in vivo studies. For example, Dubus et al b

employed a 3-mm ETT in a ventilated infant model using
macaques with an average weight of 2.6 kg. The Aeroneb Pro
nebulizer was used in synchronized and continuous modes
producing MMADs of 2.8 and 4.6 um, respectively. The re-
sulting lung delivery efficiencies were 12.6-14%, with no
statistical difference between the two modes of ventilation. In
comparison, the conventional aerosol particle size of 4.9 um
used in this study resulted in lung DFs of 6.8-13.5%. Dif-
ferences in deposition may be due to the larger tidal volume
and higher flow rates used in the current study, which
reduced exhaled dose compared with that of Dubus et al.®"

Limitations of the current study include evaluation of de-
livery to a single average full-term infant with one set of
ventilation conditions, the need to interface model results be-
tween the ETT and lung, a lack of wall motion in the alveolar
region, and a need to further validate the numerical in vivo
predictions. Aerosol delivery to infants is highly variable and
depends heavily on ventilator settings, disease state, and lung
volume. Additional studies are needed to determine optimal
delivery conditions across a range of ventilator settings and
patient variables. The approach selected in this study inter-
faces validated CFD predictions with a whole-lung model of
aerosol deposition. There may be some information lost at this
interface, such as deposition in the ventilator circuit of aerosols
exhaled from the lung. However, this fraction does not influ-
ence the lung deposition estimates. Finally, whole-lung one-
dimensional models have a number of known limitations. In
the current model, propagation of the aerosol through the
airways was based on mean velocities and the alveolar walls
did not move. Both of these assumptions are expected to
provide conservatively low estimates of alveolar deposition.
Furthermore, comparisons of the whole-lung model predic-
tions are needed with in vivo data of infants receiving me-
chanical ventilation. The current model is based on a long
history of well developed whole-lung deposition approxima-
tions.##9°1 Nevertheless, until further validation with in vivo
data is performed, the current results may best serve to com-
pare expected delivery rates based on the factors of wye
component selection, delivery timing, and aerosol particle size.

Conclusions

In conclusion, optimal delivery conditions can signifi-
cantly increase the deposition of aerosol in the lungs of in-
fants receiving mechanical ventilation compared with the
current standard of care. The delivery of aerosols smaller
than those typically delivered to adults significantly im-
proved transport through the ventilation system, with de-
positional losses lower than 10% for some cases. Due to small
airway sizes, small (880nm) and intermediate (1.78 um)
aerosols are then effectively retained in the infant lungs.
Implementation of an SL wye design reduced depositional
losses in the wye by a factor of approximately 2—4 and im-
proved lung delivery efficiency by a factor of approximately
2 compared with a CM device. Delivery of the aerosol over
the first half of the inspiratory cycle reduced exhaled dose
from the ventilation circuit by a factor of 4. Optimal lung
delivery was achieved with an SL wye configuration and T2
delivery of the aerosol. Maximum lung deposition of ap-
proximately 50% was achieved with a realistic polydisperse
aerosol produced with a custom mixer-heater and having an
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MMAD of 1.78 um. An analysis of idealized monodisperse
aerosol particle sizes indicted that optimal lung, TB, and al-
veolar delivery could be achieved with an aerosol particle
size range of 1.9-2.8 um. The new approach used in this
study appears to be an effective way to predict both depo-
sitional losses in the delivery circuit and lung deposition
prior to costly and difficult to perform human subjects or
animal model testing. Future studies are needed to evaluate
a broader set of pediatric patients, include a range of venti-
lation conditions, develop a method for controlled aerosol
delivery during a portion of the inspiration phase, generate
the new target aerosol particle sizes at low flow rates, and
test delivery in vivo.
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