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Abstract

Background: Aerosol drug delivery during noninvasive ventilation (NIV) is known to be inefficient due to high
depositional losses. To improve drug delivery efficiency, the concept of enhanced condensational growth (ECG)
was recently proposed in which a submicrometer or nanoaerosol reduces extrathoracic deposition and subse-
quent droplet size increase promotes lung retention. The objective of this study was to provide proof-of-concept
that the ECG approach could improve lung delivery of nasally administered aerosols under conditions con-
sistent with NIV.
Methods: Aerosol deposition and size increase were evaluated in an adult nose–mouth–throat (NMT) replica
geometry using both in vitro experiments and CFD simulations. For the ECG delivery approach, separate
streams of a submicrometer aerosol and warm (398C) saturated air were generated and delivered to the right and
left nostril inlets, respectively. A control case was also considered in which an aerosol with a mass median
aerodynamic diameter (MMAD) of 4.67 mm was delivered to the model.
Results: In vitro experiments showed that the ECG approach significantly reduced the drug deposition fraction
in the NMT geometry compared with the control case [14.8 (1.83)%—ECG vs. 72.6 (3.7)%—control]. Aerosol size
increased from an initial MMAD of 900 nm to a size of approximately 2 mm at the exit of the NMT geometry.
Results of the CFD model were generally in good agreement with the experimental findings. Based on CFD
predictions, increasing the delivery temperature of the aerosol stream from 21 to 358C under ECG conditions
further reduced the total NMT drug deposition to 5% and maintained aerosol growth by ECG to approximately
2 mm.
Conclusions: Application of the ECG approach may significantly improve the delivery of pharmaceutical
aerosols during NIV and may open the door for using the nasal route to routinely deliver pulmonary medi-
cations.

Key words: respiratory drug delivery, nanoaerosols, hygroscopic droplet growth, high flow therapy, noninvasive
positive pressure ventilation, adult nasal–mouth–throat (NMT) model, in vitro deposition experiments, CFD
modeling

Introduction

Noninvasive ventilation (NIV) is currently a form of
standard care for patients suffering from respiratory

insufficiency, sleep apnea, chronic obstructive pulmonary
disease (COPD), and more severe acute and chronic respira-
tory failure. For patients requiring high levels of NIV com-
parable to the inspiratory flow rate, current options are

noninvasive positive pressure ventilation (NPPV)(1) and high
flow therapy (HFT).(2) With NPPV, a mask or other interface
supplies positive pressure flow to the nose and mouth.(3)

Extensive reviews have indicated the benefits of NPPV in
adults(1,4–6) and children.(7) In HFT, air or blended oxygen is
preconditioned with heat and water vapor (humidity) to
allow continuous delivery through a nasal cannula up to flow
rates of 40 L/min.(2) This approach is currently being applied
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to treat pulmonary edema, COPD, bronchiectasis, and acute
respiratory distress syndrome (postintubation).(2) In adults,
HFT has been shown to significantly increase exercise toler-
ance and reduce dyspnea,(8,9) as well as to significantly im-
prove quality of life scores.(10) Based on these clinical
successes, the use of NIV is currently increasing in both critical
care units(11–13) and home care settings.(14)

Patients receiving NIV typically have underlying respira-
tory and systemic conditions that could be effectively treated
with pharmaceutical aerosols.(3,15) Aerosol delivery during
NIV can be very convenient for patients, especially when
high doses and relatively long nebulization times are re-
quired or for short-acting medicines that require frequent
administration.(16) Historically, bronchodilators were rou-
tinely given during NPPV;(17) however, a reduction in usage
followed the observation that drug delivery was inefficient
due to high aerosol losses.(18) Based on more recent studies,
patients with asthma and COPD who received bronchodi-
lators delivered through a NPPV system showed significant
improvement.(19–21) Infants receiving invasive and noninva-
sive ventilation also showed a positive response to bron-
chodilators.(22) However, both in vivo and in vitro studies
have illustrated that high aerosol losses occur in NIV sys-
tems, resulting in very low delivery rates, which are on the
order of <1–10% in adults and children.(3,22) The success of
bronchodilator therapy despite very low delivery rates oc-
curs because of a wide therapeutic window with these types
of drugs coupled with low side effects. However, adverse
side effects of bronchodilators and ipratropium bromide
depositing on the face and in the eyes during NIV have
recently been reported.(23,24)

Very low delivery rates of aerosols during NIV occur be-
cause of depositional losses in the aerosol generator, con-
nective tubing, and patient interface, as well as in the narrow
and thin nasal passages. Previous studies have focused pri-
marily on evaluating aerosol deposition in NPPV systems.
In vitro studies with NPPV indicate that deposition losses
within the delivery system are approximately 90% or greater,
resulting in only 10% of the aerosol reaching the inlet of the
extrathoracic airways.(3,25,26) Similar in vivo NPPV studies
report delivery to the face mask on the order of 1–6%.(19) The
study of Sangwan et al.(27) considered facial aerosol deposi-
tion with a NPPV system and found that it was comparable
to or greater than the inhaled dose. The only available study
on aerosol deposition in a HFT system was performed by
Bhashyam et al.,(16) who considered delivery output from a
nasal cannula operating at 3 L/min intended for infant re-
spiratory support. Total drug output ranged from approxi-
mately 8 to 25% as a function of cannula size. Surprisingly,
no previous studies report on nasal or extrathoracic losses
during NIV aerosol delivery. Based on predictions for nasal
deposition with standard aerosol sizes of 2–7mm,(28,29) the
nasal airways are likely to further reduce the lung dose from
NIV systems by an additional 40 to 99%. Mesh nebulizers
that are synchronized to generate aerosol during inspiratory
flow have been shown to improve drug delivery during in-
vasive mechanical ventilation.(15,30) However, significant
deposition of these relatively large-sized medical aerosols in
the nasal passages will be a problem for NIV applications.

As described, bronchodilators and corticosteroids deliv-
ered during NIV may be clinically effective, but deposition
efficiencies are very low and side effects are prevalent. A

recent review of orally inhaled products by Borgstrom
et al.(31) indicated that high drug losses in the inhaler and
extrathoracic airways correlated directly with high variabil-
ity in lung delivery. It is reasonable that high delivery system
and nasal losses during NIV will also produce high vari-
ability in the amount of drug aerosol reaching the lungs.
Based on previously observed low lung deposition rates
coupled with high dose variability, existing systems used for
delivering aerosols during NIV may not be appropriate for
many next-generation medications. Moreover, these next-
generation inhaled medications may fail clinically because of
a lack of knowledge regarding the actual dose reaching the
patient. Examples of inhaled medications that may bene-
fit patients receiving NIV include prostanoids [for acute
respiratory distress syndrome (ARDS), pneumonia, and
pulmonary hypertension], antibiotics (for lung infections),
surfactants (for neonatal respiratory distress syndrome and
ARDS) and mucolytics (for cystic fibrosis).(15) Compared
with existing therapies, most of these proposed inhaled
medicines have a narrow therapeutic range, serious potential
side effects, and are more expensive. As a result, for these
medicines to be successfully administered to NIV patients,
efficient and reproducible lung delivery is essential.

To improve drug delivery efficiency for orally inhaled
pharmaceutical aerosols, the concept of enhanced conden-
sational growth (ECG) was recently proposed.(32–35) In this
approach, separate streams of submicrometer aerosol and
saturated or supersaturated warm air are delivered to the
mouth–throat (MT). Mixing of these two streams in the
upper airways or cooling from the airway walls results in
supersaturated conditions and condensational growth of the
aerosol at a controlled rate. Due to the initial submicrometer
size, the aerosol has negligible deposition in the MT and
extrathoracic airways resulting in high lung delivery rates.
Condensational growth as the aerosol enters the lungs in-
creases droplet sizes to approximately 2 mm or greater with
the intent of fostering lung deposition and preventing ex-
halation of the aerosol. Previous studies have suggested that
hygroscopic growth should be taken into account in deter-
mining the lung deposition of drug aerosols(36–38) and can be
used for the formation of an aerosol.(36,39) However, the de-
livery of relatively small particles or droplets with the intent
of reducing extrathoracic deposition followed by intentional
and controlled growth to ensure lung retention is unique to
the ECG approach.

Longest et al.(34) recently demonstrated the ECG delivery
concept in a simple tubular model and found that size in-
creases from approximately 500 nm to 3mm were possible
under typical inhalation conditions. Longest and Hindle(32)

developed a computational fluid dynamics (CFD) model that
accurately simulated aerosol size increase compared with
experimental results. Hindle and Longest(35) considered a
model of the MT and tracheobronchial (TB) respiratory air-
ways through generation G5 and found that the ECG ap-
proach greatly reduced upper airway losses (5% ECG vs.
70% control) and resulted in significant droplet size increase
(approximately 500 nm to 3mm). The CFD model was also
found to accurately match the experimental deposition re-
sults in the MT–TB geometry.

Based on preliminary findings for orally inhaled medicines,
ECG is proposed in the current study as a method to signifi-
cantly improve the lung delivery of nasally administered
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aerosols during NIV. Submicrometer aerosols are expected to
significantly reduce depositional losses in the delivery lines
and patient interfaces of NIV systems.(40) Moreover, sub-
micrometer aerosols are known to have very low depositional
losses in the nasal airways.(28,41,42) One possible approach for
applying the ECG concept to improve aerosol delivery during
HFT is proposed in the current study in which a sub-
micrometer aerosol is provided to one nostril at slightly sub-
saturated conditions. A humidified airstream that is saturated
with water vapor is delivered to the other nostril with a
temperature a few degrees above in vivo wall conditions. The
nasal septum physically separates the two streams allowing
for the submicrometer aerosol to remain small and not deposit
in the torturous nasal passages. Upon entry into the naso-
pharynx, the aerosol and now supersaturated airstream are
combined resulting in condensational growth as the mixture
continues downstream and enters the lungs. It is anticipated
that this approach can reduce aerosol deposition and loss
from the current standard of 90% to 10% or less. As a result,
the delivery of conventional inhaled medications or next
generation inhaled drugs during NIV can potentially become
more effective with less variability and decreased side effects,
producing a net reduction of overall expense and improved
patient outcomes.

The objective of this study is to provide initial proof of
concept that the ECG approach can be used to improve the
lung delivery of nasally administered aerosols. As an initial
case study, aerosol delivery through an adult nose–mouth–
throat (NMT) model will be evaluated under flow conditions
similar to HFT, which has not previously been considered.
Aerosol deposition and size will be assessed for a standard
nebulized aerosol and for ECG delivery conditions. The
airway model considered includes the nasal passages
through a portion of the trachea. In vitro experiments and
CFD simulations will be used to investigate the flow field
dynamics, aerosol size change, deposition, and outlet aerosol
size conditions for the NMT geometry. Once tested in com-
parison with the in vitro results, the CFD model will also be
used to investigate the effects of additional inlet tempera-
tures and airway wall conditions on the performance of ECG
delivery.

Methods

NMT geometry

To assess aerosol delivery during NIV, a representative
model of the NMT extending through a portion of the tra-
chea was constructed, as shown in Figure 1. The nasal ge-
ometry was based on the MRI data set originally reported in
the study of Guilmette(43) for an adult male and subse-
quently used in a number of in vitro experiments(29,44–46) and
CFD simulations.(41,47,48) The surface area to volume ratio of
this model is approximately 1, which is consistent with
population mean values for healthy adults.(49–51) Further
details related to the construction of this model can be found
in the previous studies of Xi and Longest.(41,42) The nasal
cavity model was connected to the realistic MT geometry
described by Xi and Longest.(52) Critical dimensions of the
MT geometry are a glottal cross-sectional area of 0.87 cm2

and a tracheal cross-sectional area of 2.0 cm2, which are
consistent with commonly used values for adults.(52) The
nasal and MT models were joined in the nasopharynx re-

gion based on anatomical images and an existing NMT
geometry.(42)

The NMT surface model shown in Figure 1 was used to
construct a hollow geometry for the in vitro experiments. The
hollow model was built using an in-house Viper SLA ma-
chine (3D Systems, Valencia, CA), which uses a 100-mW
solid-state laser to selectively harden clear Accura 60 plastic
resin. For the NMT geometry, the build layer thickness was
0.15 mm and the laser spot diameter was 0.25 mm. In this
preliminary study, deposition with a cannula interface po-
sitioned in the nose was not assessed. Instead, inlets were
added to each nostril with a diameter of approximately
7 mm, which is consistent with the size of adult cannula
nasal prongs. Using a similar diameter provides an inlet
Reynolds number and turbulence profile that is consistent
with cannula delivered flow. However, the effect of the
cannula jet on local deposition in the nasal vestibule is not
directly assessed in this study.

The NMT surface model was also used to construct a
computational mesh that was identical to the experimental
geometry. For cases in which the CFD results were compared
directly to the in vitro data, the 7-mm inlet extensions were
included in the model. However, additional CFD simulations
were also conducted in the absence of the inlet extensions.

Experimental overview

Separate streams of aerosol and humidified air were
generated and delivered to the right and left nostril inlets,
respectively. The outlet of the NMT was connected directly
to the inlet of the Andersen cascade impactor (ACI, Graseby-
Andersen Inc, Smyrna, GA) operating at a flow rate of 30 L/
min, which determined the particle size distribution of the
aerosol after passage through the nasal airway model. A
modified compressed air-driven humidifier system (Va-
potherm 2000i, Stevensville, MD) was employed to generate
saturated heated air that entered the airway model geometry
at a flow rate of 20 L/min. The temperature of the humidi-
fied air at the nasal inlet was 258C for the control and 398C
for ECG. The aerosol was generated at room temperature
and delivered to the nasal model using a 7-mm diameter
tube. To maintain the NMT geometry and impactor tem-
perature, they were housed in a controlled environment
chamber (Espec Environmental Cabinet, Grand Rapids, MI)
and maintained at 378C and 99% relative humidity (RH). The
nasal model was preconditioned with supersaturated air and
allowed to equilibrate in the chamber to ensure that the
airway walls within the model were wetted prior to each
experiment. Temperature and relative humidity measure-
ments were made using a HUMICAP Handheld Meter
(HMP75, Vaisala, Helsinki, Finland). Details related to
aerosol generation, deposition, and size assessments are
provided below.

Experimental aerosol generation

For the ECG experiment, nano-sized aqueous-based drug
aerosols were generated using a small particle aerosol gen-
erator (SPAG- 6000, ICN Pharmaceuticals, Costa Mesa, CA).
Albuterol sulfate solutions were nebulized to produce an
aerosol with an initial mean (SD) measured size of 900 (32.7)
nm and a geometric standard deviation (GSD) of 1.82. The
aerosol was generated using a 0.5% albuterol sulfate in water
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solution with a nebulizer gas flow rate of 7 L/min and a
drying gas flow rate of 3 L/min. Previous analysis indicated
that the droplets of the 900 nm aerosol produced by the
SPAG retained an aqueous component and contained 49%
albuterol sulfate by mass.(34) Aerosols were generated and
delivered into the nasal airway model for 30 sec, which was
sufficient to produce quantifiable drug deposition in both the
nasal geometry and the cascade impactor.

For the control experiment, a commercially available
hand-held nebulizer was employed to deliver a standard
medical aerosol to the nasal model. A Fisoneb ultrasonic
nebulizer (Fisons Corp., Rochester, NY) was used to generate
an aerosol with a 4.67-mm mass median aerodynamic di-
ameter (MMAD) using a 0.5% albuterol sulfate in water so-
lution for 20 sec, which was sufficient to produce quantifiable
drug deposition in both the nasal geometry and the cascade
impactor. The GSD of the initial Fisoneb aerosol was 1.73.

Experimental drug deposition
and aerosol size assessment

Following each aerosol generation experiment, the NMT
model was disassembled and wall washings were taken.
Appropriate volumes of water (25–50 mL depending on the
expected final albuterol concentration) were used to collect
albuterol sulfate deposited on the walls of the model. The
mean (SD) amount of drug deposited in the NMT was de-
termined by quantitative HPLC albuterol sulfate analysis of
washing obtained from the model surfaces. The NMT depo-
sition fraction was reported as a percentage of the total de-
livered dose of albuterol sulfate. The particle size distribution
and mass of drug delivered to the impactor were also deter-
mined following aerosol generation. Washings were collected
from the impaction plates to determine the drug deposition
using appropriate volumes of water. The solutions were then

FIG. 1. Surface model of the nose, mouth, and throat (NMT) geometry extending through approximately midway the
trachea. For all cases considered, the aerosol was delivered to the right nostril and the humidity was delivered to the left
nostril. Flow rates used in the experiments (Qexp) are shown for each nostril. For Cases 1 and 2, inlet extensions were included
in the experimental and CFD models to deliver the aerosol and humidity to the nostril inlets.
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assayed using the quantitative HPLC method. The mass of
drug on each impaction plate was determined and used to
calculate the final aerodynamic particle size distributions of
the drug aerosols. Aerosol droplet size distributions were re-
ported as albuterol sulfate mass distribution recovered from
the impactor. The mass median aerodynamic diameter
(MMAD) was defined as the particle size at the 50th percentile
on a cumulative percent mass undersize distribution (D50)
using linear interpolation. The mean (SD) total delivered dose
was determined as the sum of the drug recovered from the
nasal model and the cascade impactor.

CFD simulations

A CFD model was implemented that can accurately sim-
ulate local temperature and humidity fields, together with
droplet trajectories, size change, and deposition within the
NMT model during the ECG process. Considering the flow
field, laminar, transitional, and turbulent conditions are ex-
pected. To effectively address this broad range of flow con-
ditions, a low Reynolds number (LRN) k�o turbulence
model was selected. This model has previously been well
tested, and found to provide good estimates of aerosol
transport and deposition in upper airway models.(52–54) To
evaluate the variable temperature and RH fields in the NMT
model, interconnected relations governing the transport of
heat and mass (water vapor) were also included. These
governing equations were previously presented in detail by
Longest and Xi(37) and Longest et al.(55)

To model droplet trajectories, growth, and deposition, a
previously developed and tested combination of a commer-
cial code (Fluent 6.3, ANSYS Inc., Cannonsburg, PA) and
user functions was implemented. User routines were em-
ployed to better model near-wall conditions and to simulate
aerosol condensation and evaporation in the complex three-
dimensional temperature and humidity fields. Previous
studies have shown that the isotropic turbulence approxi-
mation, which is assumed with the LRN k�o model, can
overpredict aerosol deposition.(56) As a result, a user routine
was employed to account for anisotropic near-wall turbu-
lence, as described by Longest et al.(55) Other additions to the
particle tracking model included (1) a correction to better
predict the Brownian motion of submicrometer aerosols and
(2) improved near-wall interpolation of fluid velocities.(57)

A user routine was employed to model interconnected
droplet temperature and size change resulting from conden-
sation and evaporation. This droplet model accounts for the
Kelvin effect, hygroscopicity arising from the dissolved drug,
and the effect of droplet temperature on surface vapor pres-
sure. Experimental measurements were made to accurately
predict activity coefficients for albuterol sulfate dissolved in
water through a range of concentrations. A rapid mixing
model approach was employed to simulate droplet heat and
mass transfer, which assumes spatially constant temperature
and concentration values within each droplet. Application of
the RMM approach to inhaled respiratory aerosols was pre-
viously validated by Longest and Kleinstreuer.(58) The droplet
heat and mass transfer relations are described in detail by
Longest and Hindle.(32) In simulating aerosol evaporation and
growth, the effect of the droplets on the continuous phase was
typically neglected, resulting in a one-way coupled approach.
To assess the validity of this assumption, the effect of the

discrete aerosol phase on the continuous heat and water vapor
fields was also included in some simulations, which is referred
to as two-way coupling. An experimentally measured con-
centration of 2.8�105 particles/cm3 for the 900-nm aerosol
(after mixing with the humidity stream) was employed to
assess the two-way coupling effects. Aerosol concentration
was measured (CPC 3022A, TSI Inc, Shoreview, MN) after
mixing with the humidity stream and sampled at 25 cm3/sec
following passage through a condensational growth tube, as
reported by Longest and Hindle.(34)

The CFD model employed in this study has previously
been tested in comparison with experimental deposition re-
sults. For both constant-sized particles and evaporating
droplets, the CFD model was shown to accurately predict
local and sectional deposition profiles in comparison with
in vitro experiments.(53,59,60) Good agreement with experi-
mental deposition results has been shown for both nano- and
micrometer aerosols.(52,57) Longest and Hindle(32) recently
presented a CFD model of ECG aerosol delivery in detail. In
this study, excellent agreement was found between experi-
mental measurements of final particle size after condensa-
tional growth and CFD predictions. Hindle and Longest(35)

compared in vitro results and numerical predictions of
aerosol drug deposition in a MT and TB geometry extending
to the fifth respiratory generation. Good agreement was
found between the experimental and numerical predictions
of deposition for both control and ECG conditions on a
sectional basis and for the entire MT–TB geometry.

In performing the CFD simulations, previously estab-
lished best practices were implemented to provide a high
quality solution. All transport equations were discretized to
be at least second order accurate in space and time. The
computational mesh was constructed in Gambit 2.4 (ANSYS,
Inc.) and consisted entirely of tetrahedral grid elements
surrounded by a near-wall layer of high-resolution penta-
hedral cells. Previous studies by Xi and Longest(41,42) and Xi
et al.(54) have demonstrated that this grid configuration can
provide a good match to experimental aerosol deposition
data in the upper respiratory airways. Convergence of the
flow field solution was assumed when the global mass re-
sidual had been reduced from its original value by five or-
ders of magnitude and when the residual reduction rates for
both mass and momentum were sufficiently small. To im-
prove accuracy and to better resolve the significant change in
flow scales during deposition, all calculations were per-
formed in double precision. For the NMT model, grid con-
vergent results were found to occur with meshes consisting
of approximately 2.4 million control volumes. In order to
produce convergent deposition results for all droplet sizes
considered, groups of 3000 droplets were released to repre-
sent each of the 9 size bins considered, resulting in 27,000
tracked elements. The final mass deposition results were
scaled to reflect the experimentally determined initial aerosol
size distribution for comparison with the measured deposi-
tion fractions of drug mass and final MMAD. Doubling the
number of droplets considered had a negligible impact on
both total and sectional deposition results.

Delivery conditions

Both in vitro experiments and CFD simulations were
used to compare standard nebulizer aerosol delivery (Case
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1—control) and the ECG approach (Case 2). Flow field and
aerosol conditions for these cases are based on experimental
measurements made at the NMT model inlets and are re-
ported in Table 1. For all cases considered, the aerosol stream
was delivered to the right nostril and humidity was deliv-
ered to the left nostril. The mouth opening of the model was
sealed so that there was no inlet or outlet flow. Steady flow
conditions were considered with a combined flow rate of
approximately 30 L/min passing through the geometry.
Considering the control case, the Fisoneb ultrasonic nebu-
lizer produced an aerosol with a MMAD (standard devia-
tion) of 4.67 (0.05) mm and a concentration of 3�105

particles/cm3 entering the NMT model. To avoid evapora-
tion and drying of the nebulized aerosol, it was transported
to the nasal inlet using heated and humidified co-flow air
(T¼ 378C and 99% RH) at a flow rate of 10 L/min. Humi-
dified but unheated air was delivered to the other nostril for
the control case. The experimental ECG conditions (Case 2)
consisted of the 900 nm aerosol delivered to the right nostril
at a flow rate of 10 L/min under subsaturated conditions
(T¼ 218C and 97.5% RH). The humidified airstream was
delivered to the left nostril at saturated conditions (100% RH)
and a temperature of 398C.

In addition to Cases 1 and 2, CFD simulations were also
used to investigate the effects of the initial aerosol size
(MMAD¼ 560 nm and 900 nm) and increasing the delivery
temperatures (Table 1). For Case 3, ECG conditions were
employed for both 560 and 900 nm particles with aerosol and
humidity airstream temperatures of 35 and 398C, respec-
tively. Case 4 was identical to Case 3, but with the temper-
ature of the saturated airstream increased to 428C, which
delivers significantly more water vapor mass to the airways.
For Cases 3 and 4, the flow rate of the aerosol and humidity
streams were also matched at 15 L/min each.

Wall temperatures were maintained at 378C in all cases, to
approximate in vivo conditions. For the ECG cases, the air-
way walls in the experiments were preconditioned with su-
persaturated air to produce an initially wet surface. Wet
airway walls were also assumed in the ECG simulations,
which were implemented as a saturated mass fraction of
water vapor at the boundary (RHwall¼ 100%). However, the
airway walls of the control case were not prewetted in the
experiments and simulations. Walls of Case 1 were dry to
foster aerosol evaporation and thereby minimize deposition,
resulting in the best possible performance of the control. For
the numerical simulation of Case 1, the walls were assumed
dry to best approximate the experimental conditions. In the
experiments, aerosol deposition can wet the walls leading to
subsequent evaporation; however, this level of complexity
was not included in the model. An additional case was also
considered to evaluate the effects of variations in nasal wall
temperature.

Results

Continuous field variables

Mid-plane and cross-sectional contours of temperature
profiles based on CFD predictions are shown in Figure 2 for
the four inlet cases considered. For all inlet conditions, the
narrow nasal passages are observed to quickly equilibrate
the air temperature to wall conditions (i.e., 378C). As a result,
temperatures in the pharyngeal and laryngeal portions of the
geometry only vary from wall boundary conditions by a
maximum of several degrees. Case 1 is observed to have the
lowest MT temperatures, which range from 34–378C, and are
due to the humidified airstream entering the model at 20 L/
min and 258C (Table 1). Introducing warm saturated airflow
in Case 2 raises the MT temperatures to the range of 36–388C.

Table 1. Airflow, Aerosol, and Wall Conditions of the Four Cases Considered

Cases Aerosol inlet (right nostril) Humidity inlet (left nostril) Wall conditions

1 (EXP/CFD) Q: 10 L/min Q: 20 L/min Twall : 378C
T: 378C T: 258C RHwall : 0%a

RH: 99% RH: 100%
MMAD¼ 4.67 (0.05) mm
n¼ 3.0�105 part/cm3

2 (EXP/CFD) Q: 10 L/min Q: 20 L/min Twall : 378C
T: 218C T: 398C RHwall : 100%
RH: 97.5% RH: 100%
MMAD¼ 900 (32.7) nm
n¼ 2.8�105 part/cm3

3 (CFD)b Q: 15 L/min Q: 15 L/min Twall : 378C
T: 358C T: 398C RHwall : 100%
RH: 95% RH: 100%
MMAD¼ 560 (11.4) nm
and 900 (32.7) nm

4 (CFD)b Q: 15 L/min Q: 15 L/min Twall : 378C
T: 358C T: 428C RHwall : 100%
RH: 95% RH: 100%
MMAD¼ 560 (11.4) nm
and 900 (32.7) nm

aHumidified air was insufficient to wet the airway walls in the experiment for Case 1. Dry walls were included in the CFD simulation to
match the in vitro conditions.

bCFD simulations were used to explore the effects of modifying the aerosol and humidity inlet conditions.
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Finally, heating both the aerosol and humidity streams
(Cases 3 and 4) results in MT temperatures in the range of
37–388C, with a region greater than 388C observed in the
nasopharyngeal section of Case 4.

Predicted contours of RH are displayed for midplane and
cross-sectional slices in Figure 3 based on CFD simulations.
Considering the control scenario (Case 1), heating of the
initially cool humidified airstream and dry walls produce
subsaturated conditions. Relative humidity values in the MT
region are less than 10%, which is expected to result in sig-
nificant aerosol evaporation for Case 1. In contrast, cooling of
the humidified airstream under ECG conditions is observed

to produce supersaturation with RH values above 100%. As
with temperature, the nasal passages quickly equilibrate the
air phase relative humidity to near wall boundary conditions
(i.e., RHwall¼ 100%). However, zones of supersaturation are
observed in the MT region with all ECG cases. Surprisingly,
higher RH values are observed in the MT region of Case 2
compared to Case 3. This is likely because mixing of the
initially 218C aerosol stream and 398C humidified air in the
nasopharynx produces higher supersaturation values for
Case 2, which progress downstream. For both Case 2 and
Case 3, supersaturated RH values remain in the range of
100–101%. Only for a humidified inlet temperature of 428C

FIG. 2. Contours of temperature at the midplane and selected cross-sectional locations for the inlet conditions of (a) Case 1,
(b) Case 2, (c) Case 3, and (d) Case 4. The inlet and wall conditions for each case are described in Table 1. Left and right nostril
conditions are abbreviated in the figure as LN and RN, respectively.
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(Case 4) are RH values greater than 101% observed. Al-
though these supersaturation levels may appear low, Long-
est and Xi (37) and Longest et al.(34) demonstrated that
fractional increases in RH above 100% can dramatically in-
crease the rate of condensational growth for an aerosol in the
size range of 1 mm.

Trajectories and size increase

To illustrate droplet size change in the calculated RH en-
vironments, trajectories of droplets contoured according to
size are displayed in Figure 4 for each of the four cases

considered. To illustrate trajectories, approximately 200
monodisperse droplets were seeded with a diameter equal to
the measured MMAD in each case (4.67 mm—control vs.
900 nm—ECG). As expected with Case 1, the low RH con-
ditions produce significant evaporation until only dried drug
particles with a diameter of approximately 0.8 mm remain. In
contrast, appreciable droplet size increase is observed for
each of the ECG conditions. With Case 2, growth begins
within the nasal cavity airway as a result of airstream heat-
ing and concurrent mass transfer. This growth continues in
the nasopharynx and MT regions as the supersaturated hu-
midity and aerosol streams mix. For Cases 3 and 4, growth is

FIG. 3. Contours of relative humidity at the midplane and selected cross-sectional locations for the inlet conditions of (a)
Case 1, (b) Case 2, (c) Case 3, and (d) Case 4. The inlet and wall conditions for each case are described in Table 1.
Supersaturated conditions are observed in the nasopharyngeal and more distal regions of Cases 2–4.
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distinctively absent in the nasal passages due to the in-
creased aerosol temperature. Growth then begins in the
nasopharynx region and continues downstream. Some ad-
ditional growth is visible from the trajectory contours with
Case 4 compared to Case 3. Furthermore, it is observed that a
very small fraction of the aerosol enters the oral cavity, even
for the relatively wide mouth opening included in the NMT
model.

Experimental and numerical predictions of outlet MMAD
aerosol sizes and GSD are provided in Table 2 for Cases 1
and 2. The numerical predictions of MMAD are based on
simulations that employed the experimentally measured

initial size distributions as the starting aerosol conditions.
Additional CFD estimates of aerosol size are also provided at
the sectional division between the nasal and MT regions,
shown in Figure 1. For Case 1 conditions, good agreement is
observed between the experimental measurements and nu-
merical predictions [0.8 (SD¼ 0.3) mm vs. 0.73 mm]. This
finding confirms that significant evaporation occurs under
Case 1 conditions, which include warm dry walls. Con-
sidering Case 2, the experimentally measured outlet MMAD
(SD) was 1.88 (0.09) mm compared with a CFD prediction
of 2.29 mm. The difference between these two values results
in a relative error of 20%, which is acceptable considering

FIG. 4. Representative trajectories of initially monodisperse droplets for the inlet conditions of (a) Case 1, (b) Case 2, (c)
Case 3, and (d) Case 4. Initial droplet sizes were 4.67 mm for Case 1 and 900 nm for the remaining ECG cases. Significant
evaporation is observed for Case 1 due to dry model walls and subsaturated airfield conditions. In contrast, significant
aerosol growth is observed for the remaining cases where cooling of the airstream and wet airway walls produce super-
saturated conditions.
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the complexity of the system. In this study, relative per-
cent errors of, for example, MMAD are calculated as
(|MMADCFD�MMADExp.|/MMADExp.)�100.

As described, the computational predictions in this study
are based on a one-way coupled assumption, which neglects
the effects of the discrete phase on the continuous field. As
shown by Longest et al.,(34) this assumption may be re-
sponsible for overpredicting the aerosol growth rate and
final aerosol size. However, two-way coupled simulations of
Case 2 produced a final aerosol size of 2.25 mm, which is
approximately equal to the one-way coupled result (Table 2).
Therefore, the effects of two-way coupling do not appear to
be significant in the current system, potentially due to the
presence of wetted airway walls and the amount of water
mass supplied by the humidity stream.

Predictions of MMAD and GSD for Cases 3 and 4 are
presented in Table 3 based on CFD calculations. In addition
to the 900 nm aerosol, an aerosol with an initial MMAD of
560 nm was also considered, which was generated and re-
ported in the experimental study of Longest et al.(34) For
Cases 3 and 4, the initial size difference between the two
aerosols of approximately 340 nm is maintained at the sec-
tional division and model outlet as growth occurs (Table 3).
Little difference in the aerosol MMAD is observed between
the two cases at the nasal outlet, for each initial size. How-
ever, the MMADs at the NMT model outlet for Case 4 are
approximately 300 nm greater than with Case 3. Both Cases 3

and 4 with an initial 900 nm aerosol produce an outlet
MMAD near 2mm or greater.

Further details of the predicted aerosol growth for Cases 3
and 4 are presented in Figure 5 as size distributions. It is
observed that a portion of the exiting aerosol size distribu-
tion is in the submicrometer range in some cases. This sub-
micrometer fraction may be due to the Kelvin effect, which
slows the condensational growth of the smallest nano-
particles in the system. For Case 3, the submicrometer frac-
tion decreases between the sectional division and model
outlet, but remains present. It is not clear if this sub-
micrometer fraction will be eliminated with further growth
downstream. Under Case 4 conditions, a submicrometer
fraction is observed at the sectional division, but is elimi-
nated at the model outlet.

Deposition

Deposition fractions in terms of drug mass based on CFD
predictions and experimental results are presented in Figure
6 for Cases 1 and 2. The division between the nasal and MT
regions is shown in Figure 1. With Case 1 conditions, the
CFD model predicts approximately 59.2% drug deposition in
the nasal cavity and 6.5% in the MT region. The total pre-
dicted deposited dose of 65.7% is in relatively good agree-
ment with the experimental value (SD) of 72.6 (3.7) %. For
ECG conditions (Case 2), the predicted nasal deposition
fraction is reduced to 13.4% with 2.5% deposition in the MT.
The total predicted deposited dose of 15.9% provides an
excellent estimate of the in vitro value of 14.8 (1.83)%. As a
result, it is concluded that ECG conditions largely reduce the
total extrathoracic deposition compared with the control case
and that the CFD model accurately predicts the total de-
posited drug mass.

Predictions of aerosol deposition on a local basis for Cases
3 and 4 are provided in Figure 7. For both cases, significantly
less aerosol deposition is observed in the nasal cavity com-
pared with Case 2, and is between 1 and 2%. This reduction
is likely because of the delayed aerosol growth observed
with Cases 3 and 4 (Fig. 4), even though the flow rate of the
aerosol stream is increased to 15 L/min. Aerosol deposition
in the MT region increases by approximately 1% for Cases 3
and 4 compared with Case 2, which is a negligible change.
As a result, the total deposition fraction for these ECG cases

Table 2. Comparison of Experimental and CFD-Predicted Aerosol Size for Cases 1 and 2

Size at sectional divisiona Size at model outlet

Case 1 MMAD mm GSD MMAD (SD) mm GSD
Experiment 4.67b mm aerosol NA NA 0.8 (0.3)c 2.49
CFD 4.67 mm aerosol 0.74 2.26 0.73d 2.27

Case 2
Experiment 900 nm aerosol NA NA 1.88 (0.09) 1.65
CFD 900 nm aerosol
(one-way coupling)

1.91 1.53 2.29 1.35

CFD 900 nm aerosol
(two-way coupling)

1.85e 1.55 2.25e 1.37

aDivision between the nasal and pharyngeal sections of the model (see Fig. 1).
bInitial MMAD of the aerosol at the model inlet.
cValues representing experimental standard deviations (SD) are reported in parentheses.
dCFD predictions within� 1 SD of the experimental value.
eThe inclusion of two-way coupling did not significantly affect the final MMAD.

Table 3. CFD Predictions of Aerosol Size

for Cases 3 and 4

Size at sectional
divisiona

Size at
model outlet

Case 3 MMAD mm GSD MMAD mm GSD
CFD 560b nm aerosol 1.04 1.74 1.42 1.39
CFD 900 nm aerosol 1.44 1.35 1.89 1.52

Case 4
CFD 560 nm aerosol 1.09 1.65 1.70 1.45
CFD 900 nm aerosol 1.50 1.34 2.10 1.45

aDivision between the nasal and pharyngeal sections of the model
(see Fig. 1).

bInitial MMAD of the aerosol at the model inlet.
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is approximately 5%, which provides a significant reduction
in deposition compared to Case 2 conditions. From Figure 7
it is observed that a majority of the deposited droplets are
approximately 1–3 mm, which likely contact the wall due to
turbulent dispersion and impaction. Droplets in the size
range of 2–3mm are observed on the wall near the outlet for
Case 3 and at a higher frequency for Case 4.

Effects of nasal wall temperature

It is expected that the airway wall temperature will be
below 378C in a portion of the nasal cavity and then increase
to core body temperature at some point along the flow
passages. To investigate the effects of variable wall temper-
ature on ECG delivery, an additional case was considered in
which the temperature of the nasal airways was 358C, and
the wall temperature was increased to 378C at the sectional
division inlet to the MT. Delivery conditions were otherwise
equal to those of Case 3, as shown in Table 1. Due to the
reduced wall temperature, RH values are highest in the na-
sopharyngeal region (Fig. 8b) compared with the previous

three results. However, the outlet MMAD of 1.8 mm is es-
sentially unchanged from the constant wall temperature
condition. Figure 8b also illustrates continued aerosol
growth beyond the NMT geometry outlet. At the approxi-
mate location of the first bifurcation, the median aerosol size
is now approximately 2 mm. Finally, the variable wall tem-
perature case results in a total drug deposition fraction in the
NMT model of 5.6%, which is not appreciably changed from
the constant wall temperature case.

Discussion

In this study, ECG was explored as a method to improve
aerosol delivery through the complex nasal passages and MT
geometry during NIV. In vitro experiments showed that the
ECG approach could significantly reduce the drug deposi-
tion fraction in the NMT geometry compared with the con-
trol case [14.8 (1.83)%—ECG vs. 72.6 (3.7)%—control].
Aerosol size was also shown to increase from an initial
MMAD of 900 nm to a target size of approximately 2mm at
the exit of the NMT geometry. Results of the CFD model
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were in good agreement with the experimental findings,
which provided confidence that the model was sufficiently
accurate for the simulation of ECG aerosol delivery. Speci-
fically, CFD predictions of aerosol growth were within a 20%
relative error of the experimental findings and predictions of
ECG deposition fractions produced relative errors as low as
approximately 5%. The CFD model was then used to explore
the effects of additional delivery conditions. By increasing
the delivery temperature of the aerosol stream from 21 to

358C, total deposition in the NMT geometry was reduced to
approximately 5% and outlet aerosol size remained at ap-
proximately 2mm or greater, based on CFD predictions.
Differences in initial aerosol size (560 vs. 900 nm) were
maintained through the model during aerosol growth, which
in comparison to the results of Longest et al.(34) indicates that
size increase is not complete at the model outlet. Reducing
the airway wall temperature of the nasal passage from 37 to
358C did not appreciably affect the outlet aerosol size or the
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FIG. 7. Deposition locations and final aerosol diameters of initially 900 nm monodisperse droplets for (a) Case 3 and (b)
Case 4 inlet conditions. Very little deposition is observed in the nasal cavity. The reported deposition fractions (DF) are
expressed as percentages of the delivered dose and are based on the experimental aerosol size distribution.
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total deposition fraction, which remained around 2mm and
5%, respectively.

This study demonstrates that ECG may substantially im-
prove pharmaceutical aerosol delivery through the complex
nasal and extrathoracic airways. Expected high deposition in
the nasal passages has previously been a barrier to the ef-
fective delivery of aerosols through the nose and into the
lungs. However, depositional losses were not assessed in the
delivery system as with the study of Bhashyam et al.,(16) and
a typical patient interface used with NIV systems was not
included. Moreover, flow conditions consistent with HFT
ventilation were employed. Although depositional losses in
the aerosol generation and delivery lines were not assessed,
it is expected that the use of submicrometer aerosols will
greatly reduce inertial deposition, gravitational settling, and
turbulent dispersion.(40,61,62) As a result, depositional losses
in the aerosol generation and delivery systems will be greatly
reduced. Submicrometer aerosols are also expected to largely
eliminate deposition in the NIV patient interface, which may
be a nasal cannula or face mask. Therefore, the ECG ap-
proach may significantly improve aerosol depositional losses
associated with delivery using HFT and NPPV systems.
Considering application of ECG during NPPV, temperatures
and RH may need to be increased to match the values con-
sidered in this study in order to foster sufficient size growth
for pulmonary deposition. The total flow rate of 30 L/min is
typical for adult HFT,(2) but will need to be reconsidered for
low-flow therapy and NPPV systems. Hygroscopic excipi-
ents may potentially be included if the growth of the aerosol
is insufficient to foster full lung deposition.(63) Delivery of the
aerosol to the more patent nostril of an individual should
also be considered. Additional studies are needed to better
assess deposition in the delivery system and patient inter-
face, as well as to tailor the condensational growth approach

to individual NIV systems. However, the results of the cur-
rent study coupled with these observations suggest that the
ECG approach may be a practical method to deliver aerosols
to the lung during NIV with the potential for less than 10%
depositional loss and 90% or greater pulmonary retention.

One initially unexpected finding of the current study was
that condensational growth occurred in the right nasal pas-
sage under Case 2 delivery conditions, before mixing with
the supersaturated airstream. In Case 2, the aerosol was
delivered at 218C with 97.5% RH. Typically, supersaturation
is expected to occur during the cooling of saturated or near-
saturated air. However, results of this study show that su-
persaturation can also occur for a cool humid airstream
passing through a channel with warm wet walls. This phe-
nomena was previously observed in aerosol growth studies
and is the working principle behind many current water-
based condensation particle counters.(64) Moreover, previous
computational studies by Ferron et al.(65) and Zhang et al.(66)

have observed mild supersaturation in the upper airways
during the inhalation of cool saturated air. The results of this
study indicate that increasing the inhaled temperature of the
aerosol to near airway wall conditions (Cases 3 and 4) can
reduce aerosol growth in the nasal passages prior to mixing
with the supersaturated airstream. This provides one expla-
nation of why aerosol deposition in the nasal passages was
reduced for Cases 3 and 4 (1–2%) compared with the Case 2
CFD result (*13%). Therefore, it is recommended that the
aerosol stream be near body temperature conditions to
maximize the effectiveness of ECG delivery.

In this study, good agreements were found between the
experimental results and numerical predictions; however,
some differences were observed. Considering total deposi-
tion fractions of drug in Case 1, the relative error between the
experimental and numerical values [72.6 (3.7)%—experiment

FIG. 8. Characterization of aerosol growth for a nasal temperature of 358C and a temperature of 378C in the remainder of
the geometry under Case 3 conditions in terms of (a) relative humidity, (b) trajectories of initially monodisperse 900 nm
droplets, and (c) deposition locations of 900 nm droplets.
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vs. 65.7%—CFD] was 9.5%. This difference may arise from
wall roughness effects in the in vitro model, which increase
the deposition of larger aerosols as reported by Kelly et al.(29)

and Shi et al.(67) For Case 2 conditions, which started with a
smaller aerosol size of 900 nm, the numerical predictions of
drug deposition fraction were within the SD range of the
experimental result.

Considering predictions of final aerosols size, the numer-
ical values were generally higher than the experimental re-
sults with a maximum relative error of 20%. Based on the
previous results of Longest and Hindle,(32) it was expected
that aerosol growth had reduced the amount of water vapor
in the air and limited the final size increase, that is, two-way
coupling. However, including two-way coupling effects in
the simulation had a negligible impact on final aerosol size in
this study. This is likely because the combination of pre-
wetted walls and supersaturated airflow provide sufficient
water mass for unrestricted growth within the NMT geom-
etry. Instead, differences in the experimental and numerical
results may be primarily due to experimental difficulties
associated with assessing final aerosol size. Some size in-
crease may occur in the impactor, which is expected based on
the observation that growth is continuing at the model out-
let. However, assessing flow conditions in the complex im-
pactor geometry, as shown by Vinchurkar et al.,(68) was
beyond the scope of this study. Furthermore, the airway
walls were prewetted in the experimental ECG case. Drying
of this initially wet boundary condition over the course of the
experiment may have limited the final aerosol size compared
to the CFD simulations. Considering these complexities,
agreements between the CFD model and experimental re-
sults appear quite good.

In addition to the limitations described above, other as-
sumptions include the use of a single idealized NMT geom-
etry, steady flow conditions, and a two-equation turbulence
model. The NMT geometry used in this study is intended as
an idealized representation of adult airways, which is a
combination of representative MT and nasal models. Theo-
retically, reduced extrathoracic deposition associated with
ECG delivery should largely decrease variability in deposi-
tion associated with the geometry.(31) However, further
studies are needed in patient specific extrathoracic models
developed from individuals to assess the effects of the
current approximate model, intersubject variability, and to
extend the ECG delivery approach to children and infants.
Furthermore, the airflow through commercially available
nasal cannula may introduce flow field artifacts that are
different from the simple models considered in this study.
Current cannula designs will likely need to be modified to
allow for efficient delivery of even submicrometer aerosols.
In this study, only steady flow conditions were considered.
For effective aerosol delivery, intermittent aerosol genera-
tion during inspiratory flow will be necessary, which is
currently employed with administration during invasive
mechanical ventilation. Transient inspiration is expected to
more significantly influence the deposition of larger aerosols
compared with submicrometer droplets, as delivered with
ECG.

In conclusion, an ECG delivery approach was shown to
significantly reduce aerosol depositional losses in a NMT
geometry compared to a control case and produce an aerosol
of approximately 2 mm or greater entering the lungs. Future

studies are needed to evaluate aerosol depositional losses in
the delivery system and patient interface, and to develop an
aerosol generation system that can provide intermittent
submicrometer droplets during NIV. Studies are also needed
to assess the continuing growth and deposition of the aerosol
as it passes through the tracheobronchial and alveolar air-
ways. Sensitivity analyses are needed to assess the effects of
intersubject variability, flow rates, and initial aerosol condi-
tions to optimize delivery for a range of NIV platforms.
Ultimately, this approach is envisioned to increase lung
aerosol delivery and deposition rates during NIV from the
current standard of less than 10% to values of 90% or greater.
The ECG approach could also allow the nasal airways to
become a preferred aerosol delivery route for pulmonary
medicines that require long generation times or frequent
applications, which is more convenient and better tolerated
than oral inhalation.
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