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Objective: The objective of this study was to characterize aerosol droplet size and distribution with laser

Keywords: diffraction for nebulized 3% sodium chloride, albuterol, and epoprostenol sodium (containing glycine) de-
Epoprostenol livered via Aeroneb Solo Mesh Nebulizers (Aerogen, Mountain View, California).
Flolan Methods: A series of functional flow tests were run on each of 8 Solo mesh nebulizers before the study

Inhalation devices
Nebulizer
Particle size

to verify accuracy of flow rates in milliliters per minute. Aerosolized droplets exiting the nebulizer heads
were then measured using a phase Doppler particle analyzer. Data collected during delivery of 3% sodium
chloride, albuterol, and epoprostenol sodium included aerosol droplet size distribution, mass median
aerodynamic diameter (MMAD), and geometric standard deviation. For each Solo nebulizer, droplet size
measurements were taken 2 cm away from the nebulizer head and 2 cm away from the wye of a heated,
humidified adult ventilator circuit. For measurements taken at the wye, 4 distinct, continuous flow rates
(2, 10, 20, and 40 L/min) were generated by an air pump to simulate inspiratory flows delivered with
mechanical ventilation. The expiratory limb was capped, and the nebulizer head was inserted into the
breathing circuit upstream of the humidifier.
Results: Each Solo nebulizer met Aerogen’s recommended minimum flow rate of 0.2 mL/min, ranging
from 0.23 to 0.31 mL/min. The MMAD of the 3 tested aerosols was several times smaller when measured
at the wye outlet of the heated/humidified breathing circuit (0.82-2.73 pm) compared with droplets mea-
sured directly at the nebulizer outlet (MMAD, 4.6-7.3 pm). There was also significant variability across
Solo heads with some ventilator flow rates. The mean MMAD at the wye for the 3% sodium chloride
solution, albuterol, and epoprostenol test solutions was 1.62 pm, 1.09 um, and 1.18 pm, respectively. The
mean MMAD at the nebulizer for the 3% sodium chloride solution, albuterol, and epoprostenol test solu-
tions was 5.37 pm, 5.73 pm, and 6.73 pm, respectively.
Conclusions: Results from this study suggest that particle size of aerosolized drugs administered via a
commonly used setup for delivery of in-line aerosols to mechanically ventilated patients may be several
times smaller than expected and may result in less drug being delivered to the patient than previously
realized.
(Curr Ther Res Clin Exp. 2021; 82:XXX-XXX)
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Introduction

Aerosolized drug therapy administered to mechanically ven-
tilated patients is a routine part of pulmonary critical care
medicine.! The chemical and physical properties of the aerosolized
drug, the type of nebulizer, and patient-specific factors (eg, extent
of lung damage or disease and changes in lung compliance) can
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Fig. 1. Experimental setup. HEPA = high-efficiency particulate air; IV =intravenous; PDPA = phase Doppler particle analyzer.

influence the success of delivering aerosol therapy to the lungs.!~*
For example, the size of aerosolized drug particles, as well as tem-
perature and humidity within the inhalation ventilatory circuit,
contributes to the pattern of distribution in the lungs.! Large par-
ticles (6 pum) tend to be deposited in the upper airways, small
particles (<2 pm) mainly penetrate deep in the lung and alveoli,
and particles >2 to <6 pm in size are typically deposited in the
central and smaller airways.*>

Particle size can be influenced by the formulation of the
drug(s) and the type of aerosol device used.!>5 For example,
epoprostenol, a pulmonary vasodilator, is commonly administered
off-label using the Aeroneb Solo Mesh Nebulizer (Aerogen, Moun-
tain View, California) in the acute care setting as a continu-
ously nebulized medication.” Uninterrupted delivery of inhaled
pulmonary vasodilators is critical to avoiding complications, in-
cluding rebound pulmonary hypertension.8-!! It has been reported
that formulations of inhaled epoprostenol containing glycine can
clog ventilator filters and impair ventilation to the patient'2-# and
potentially cause abrupt interruption of therapy.

The type of nebulizer used also influences drug deposition.'-®
For example, residual volume, the volume of drug remaining in the
nebulizer after aerosol therapy, can vary across different types of
nebulizer.! Jet nebulizers have greater residual volume (ie, less ef-
ficient aerosol delivery) compared with mesh nebulizers (0.8-2.0
mL vs <0.2 mL)."3 Also, placement of the nebulizer within the in-
halation ventilatory circuit can influence drug deposition.®

The objective of this study was to characterize aerosol droplet
size and distribution with laser diffraction for nebulized 3% sodium
chloride, albuterol, and epoprostenol sodium (Flolan [GlaxoSmithK-
line, Research Triangle Park, North Carolina] reconstituted with pH
12 sterile diluent) using Aeroneb Solo Mesh Nebulizers.

Methods
Experimental setup

A simulated inspiratory limb system was designed to evaluate
aerosol droplet size distribution, the mass median aerodynamic di-
ameter (MMAD) (defined as the diameter above and below which
lies 50% of the mass of the particles), and the geometric standard
deviation using 8 Aeroneb Solo vibrating mesh nebulizers. The mist
formed by the Aeroneb Solo nebulizer is created by the pumping
action of a plate containing 1000 apertures vibrating at a high fre-
quency (128 kHz), forcing the liquid through the apertures in the
plate creating a low-velocity, fine-particle aerosol.'>~'7 Mesh neb-
ulizers are characterized as being very efficient (ie, low residual
volume) and are associated with short-treatment times.>16

As illustrated in Fig. 1, the experimental setup consisted of an
air pump connected by a piece of 22-mm diameter tubing to a
high-efficiency particulate air filter, which was connected to a dig-
ital flow meter (TSI Alnor 4000 Series, TSI Incorporated, Shore-
view, Minnesota). An Aeroneb Solo nebulizer with Pro-X controller
(Aerogen) was inserted upstream of a Fisher & Paykel heated hu-
midifier (Fisher & Paykel Healthcare, East Tamaki, Auckland, New
Zealand) and inspiratory limb of a heated-wire adult ventilator cir-
cuit.

Before the start of the study, functional testing was performed
on each Aeroneb Solo nebulizer to ensure minimal flow rates and
proper function in accordance with manufacturer’s guidelines. This
procedure involved placing 0.6 mL saline in the medication cup of
the nebulizer, turning on the nebulizer, and recording the time it
took for the saline to completely nebulize. The minimum flow rate
for the Aeroneb Solo nebulizer is 0.2 mL/min.'8

Doppler testing procedure

Three testing solutions were used for this study: continuous 3%
sodium chloride infusion delivered to the Aeroneb Solo nebulizer
at 0.2 mL/min (12 mL/h); a 3-mL ampoule of albuterol in the nebu-
lizer; a 1.5-mg vial of epoprostenol mixed with 50 mL pH 12 sterile
diluent for a concentration of 30 pg/mL. The epoprostenol solution
was covered in foil due to its light sensitivity, and delivered to the
Aeroneb Solo nebulizer at 0.2 mL/min (12 mL/h). Aerogen’s recom-
mended input rate of medication into the Aeroneb Solo nebulizer
during continuous nebulization is up to a maximum of 12 mL per
hour.’® The same 8 nebulizer heads were used for each study solu-
tion. The nebulizer was rinsed by nebulizing 0.5 mL sterile water.
The testing of each solution was done on different days to allow
for adequate drying time between trials.

For each nebulizer head, droplet size measurements were taken
at 2 locations: 2 cm away from the nebulizer head (Fig. 2A) and
2 cm away from the wye of a heated, humidified adult ventila-
tor circuit to mitigate droplet evaporation (Fig. 2B). For measure-
ments taken at the wye, 4 distinct, continuous flow rates (2, 10,
20, and 40 L/min) were generated by an air pump to simulate in-
spiratory flows delivered with mechanical ventilation. Flows had to
be within +0.2 L/min and heated to within +2°C of 37°C after flow
changes before data recording commenced. The expiratory limb
was capped for the duration of testing, and the nebulizer head was
inserted into the breathing circuit upstream of the humidifier for
collection of droplet size measurements. Aerosolized droplets from
the nebulizer head and at the wye were measured using a phase
Doppler particle analyzer (receiver model RV2100, analyzer model
FSA4000-1P; TSI Incorporated).



Droplet Size and Distribution of Nebulized Aerosols

Current Therapeutic Research 94 (2021) 100623

Fig. 2. (A) Aerosol droplet size measurement setup at nebulizer. (B) Aerosol droplet size measurement setup at wye.

MMAD and geometric standard deviation were calculated us-
ing MATLAB software (MathWorks, Natick, Massachusetts) and the
methodology of Lefebvre.'® Geometric standard deviation (sg) was
obtained from a lognormal distribution fit to the data:

2
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where D is diameter, p is In(Dng), and Dpg is geometric number
mean drop size.

MMAD is the drop diameter such that 50% of total liquid volume
is in drops of smaller diameter. This was calculated both directly
from the measured diameters and by fitting the data to the Rosin-
Rammler distribution. The Rosin-Rammler volume-based probabil-
ity distribution function was fit to the data:

Yo e[ (2)'
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where V is volume, X is size parameter, and q is spread parame-

ter (large q indicates monodisperse drops). From this distribution,
MMAD was calculated using parameters:

f(D) =

1
MMADgr = X(0.693) 4

and error estimate of MMAD was calculated using error propaga-
tion:

2 2
oy — (0 Y (000

Results

Functional test results showed that each Aeroneb Solo nebulizer
met Aerogen’s recommended minimum flow rate of 0.2 mL/min,
ranging from 0.23 to 0.31 mL/min.

The MMAD of the 3 tested aerosols was several times smaller
when measured at the wye outlet of the heated/humidified breath-
ing circuit (0.82-2.73 pm) compared with droplets measured di-
rectly at the nebulizer cup outlet (MMAD, 4.6-7.3 pm). There was
also significant variability across Solo heads with some ventilator
flow rates (Fig. 3). The mean MMAD at the wye for the 3% sodium
chloride solution, albuterol, and epoprostenol was 1.62 pm, 1.09
pm, and 1.18 pm, respectively. The mean MMAD at the nebulizer
for the 3% sodium chloride solution, albuterol, and epoprostenol
was 5.37 pum, 5.73 pm, and 6.73 pm, respectively. The MMAD for
each Solo nebulizer by solution are summarized in Table 1 and il-
lustrated in Fig. 4. These distributions show a general trend favor-
ing decreases in particle size measured at the wye as the inspi-
ratory flow from the air pump increases. In all cases, the MMAD
measured at the wye was several times smaller than those mea-
sured at the nebulizer, with significant variability in droplet size
across the different nebulizer heads.

Discussion

The objective of this study was to describe aerosol droplet
size and distribution with laser diffraction for nebulized solu-
tions of 3% sodium chloride, albuterol, and epoprostenol using
the vibrating mesh Aeroneb Solo nebulizer. Phase Doppler parti-
cle analysis from this simulation study showed that aerosol size
at the wye was several times smaller than expected, with sig-
nificant variability across Solo heads with some ventilator flow
rates. We observed that most particles >3 pm in diameter ap-
peared to be trapped in the inspiratory circuit before they could
be theoretically delivered to the patient. This observation, along
with the fact that aerosol droplets that are up to 1 pm may be
exhaled before diffusion takes place,? suggests there may actu-
ally be less drug delivered to the patient than previously real-
ized. However, other studies have shown that extra-fine particles of
inhaled corticosteroids (eg, hydrofluoroalkane-flunisolide and bec-
lomethasone), with an MMAD of 1.0 to 1.2 pm, reduced measures
of peripheral and small airway inflammation (bronchial and alveo-
lar exhaled nitric oxide, eosinophilic and interleukin-5-mediated
inflammation).2"22 If small particles were simply removed with
exhalation, no change in inflammatory mediators would be ex-
pected. In our study, the average MMAD at the wye was <2 pm
(1.09 pm and 1.18 um for albuterol and epoprostenol, respectively).
Based on our study, the actual fate of large particles and very
fine aerosol particles remains unclear as does the potential influ-
ence of the reduced deliverable mass on outcomes in the clinical
setting.23

Estimates of particle size vary based on the equipment used
to measure it. Previous studies using cascade impactors to evalu-
ate MMAD indicated that vibrating mesh nebulizers should be ex-
pected to generate fine-particle aerosol droplets <3.3 pm in diam-
eter.:> Evaluation of Aeroneb Solo nebulizers in high-flow nasal
cannulas, using low-pressure cascade impactors, shows that more
than 80% of the inhalable mass were fine particles between 0.4
and 4.4 ym.?* Another in vitro study evaluated 4 different nebu-
lizers, including the Aeroneb Solo nebulizer, by comparing aerosol
characteristics of albuterol as assessed by laser diffraction.2> That
study showed that the mean (SD) mass median diameter of al-
buterol using the Aeroneb Solo was smaller than with jet and
ultrasonic nebulizers (4.60 [0.54] um, 5.00 [0.36] pum, and 5.80
[0.07] pm, respectively). Also, the percentage of particles <5 pm
and respirable fraction of aerosol and albuterol were higher with
the Aeroneb Solo than with either ultrasonic or jet nebulizers. The
current study indicates that aerosols delivered by in-line nebu-
lizers to mechanically ventilated patients may reflect a narrower
range (only very fine particles), especially at higher inspiratory
flows.

The results of our study are supported by the strengths of the
test setup used for this analysis. Specifically, the use of an inspi-
ratory limb allowed for objective assessments across the simulated
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Fig. 3. Mass median aerodynamic diameter (MMAD) and geometric standard deviation (GSD) for 3% sodium chloride (NaCl), albuterol, and epoprostenol.? ?For the MMAD
plots, circle markers show measured data and diamond markers show fit data. Republished with permission from Daedalus Enterprises Inc., for Respiratory Care: the official
science journal of the American Association for Respiratory Care, Droplet size and distribution of nebulized 3% NaCl, Albuterol, and Epoprostenol by Phase Doppler Particle
Analyzer, Kelly McDermott, Jason G. Oakley, American Association for Respiratory Care, American Association for Respiratory Therapy, American Association for Inhalation
Therapy, volume 64, supplement 10, © 2019; permission conveyed through Copyright Clearance Center, Inc.

Table 1
Mass median aerodynamic diameter for (MMAD) each Aeroneb Solo Mesh nebulizer (Aerogen, Mountain View, Cali-
fornia) by solution.

Solo Nebulizer MMAD Measurement at nebulizer (um)  MMAD Measurement at the Wye (um)

2 L/min 10 L/min 20 L/min 40 L/min

3% Sodium chloride

1 5.66 2.29 2.14 1.14 0.90

2 5.44 2.73 1.89 1.36 0.92

3 6.06 2.35 2.73 2.34 0.96

4 456 2.12 1.98 1.42 0.93

5 5.46 1.83 2.41 1.42 0.96

6 5.02 1.54 1.88 1.18 1.00

7 5.38 1.27 2.02 1.22 1.03

8 5.38 1.51 1.93 1.26 1.06

Albuterol

1 6.25 1.11 1.78 1.00 0.91

2 5.95 1.14 1.23 0.98 0.93

3 5.97 1.12 2.00 1.03 0.91

4 485 1.22 1.07 0.98 0.87

5 5.88 1.08 1.12 1.06 0.87

6 5.35 1.11 1.06 0.98 0.87

7 5.87 1.36 1.08 1.05 0.87

8 5.70 1.15 1.05 0.99 0.92

Epoprostenol

1 6.48 1.24 1.21 1.08 0.86

2 7.08 1.17 1.24 1.16 0.89

3 7.31 1.12 1.14 1.21 0.89

4 6.44 1.11 1.14 1.04 0.90

5 6.77 1.04 1.14 1.02 0.94

6 6.22 1.08 1.64 1.68 0.85

7 6.64 1.19 1.16 1.76 0.87

8 6.88 1.10 1.95 2.03 0.87
ventilator inspiratory flow rate range tested. Laser Doppler stud- water condensation inside a cascade impactor may lead to erro-
ies such as ours allow for assessment of particle size in real time neously measured larger droplets). Unlike cascade impactors that
rather than approximation as with estimates using cascade im- can only measure droplet size categories, laser diffraction analyz-
pactors. Also, laser diffraction is less dependent on flow rate than ers measure actual droplets. The use of vibration mesh nebuliz-
cascade impaction and is not affected by water condensation (eg, ers also has several advantages in that mesh nebulizers have a
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Fig. 4. Summary of nebulizers 1-8 for: (A) 3% Sodium chloride (NaCl) (all Aeroneb Solo nebulizer data [Aerogen, Mountain View, California] 1-8 combined); (B) Albuterol (all
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very low residual volume, high respiratory fraction, do not change
medication temperature during nebulization, have rapid treatment
times, and are considered more convenient to use than jet nebu-
lizers.>-26 Qur study had several limitations. An inspiratory limb
with simulated inspiratory flow rates across a range of poten-
tial inspiratory flows was used for testing rather than dynamically
changing ventilator flow rates or an upper airway model. Also, our
study model did not account for anatomical considerations that
may affect amounts of drug delivered in the clinical setting; it is
unclear exactly what happens to the larger particles that are mea-
sured directly out of the Solo head as they are transported to the
wye.

Conclusions

Phase Doppler particle analysis from this simulation study
showed that aerosol size at the wye was several times smaller than
expected, with significant variability across Solo heads with some
ventilator flow rates. Our results significantly differ from those ob-
served in studies using cascade impactors, and suggest that parti-
cle sizes of aerosolized drugs administered via a commonly used
setup for delivery of in-line aerosols to intubated patients may
be several times smaller than expected, which may result in less
drug being delivered to the patient than previously realized. These
observations are relevant to the clinicians who deliver therapeu-
tic aerosols and the researchers who study them, but our find-
ings must be validated in other adult ventilator models before
changes in nebulizer placement and/or dose adjustments can be
recommended.
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