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BACKGROUND: For delivery of inhaled aerosols, vibrating mesh systems are more efficient than
jet nebulizers are and do not require added gas flow. We assessed the reliability of a vibrating mesh
nebulizer (Aerogen Solo, Aerogen Ltd, Galway Ireland) suitable for use in mechanical ventilation.
METHODS: An initial observational study was performed with 6 nebulizers to determine run time
and efficiency using normal saline and distilled water. Nebulizers were run until cessation of aerosol
production was noted, with residual volume and run time recorded. Three controllers were used to
assess the impact of the controller on nebulizer function. Following the observational study, a more
detailed experimental protocol was performed using 20 nebulizers. For this analysis, 2 controllers
were used, and time to cessation of aerosol production was noted. Gravimetric techniques were used
to measure residual volume. Total nebulization time and residual volume were recorded. Failure
was defined as premature cessation of aerosol production represented by residual volume of > 10%
of the nebulizer charge. RESULTS: In the initial observational protocol, an unexpected sporadic
failure rate was noted of 25% in 55 experimental runs. In the experimental protocol, a failure rate
was noted of 30% in 40 experimental runs. Failed runs in the experimental protocol exhibited a
wide range of retained volume averaging � SD 36 � 21.3% compared with 3.2 � 1.5% (P � .001)
in successful runs. Small but significant differences existed in nebulization time between controllers.
CONCLUSIONS: Aerogen Solo nebulization was often randomly interrupted with a wide range of
retained volumes. Key words: nebulizer; mechanical ventilation; aerosol; efficiency; residual volume;
run time. [Respir Care 0;0(0):1–•. © 0 Daedalus Enterprises]

Introduction

Our group is interested in the delivery of inhaled drugs
to intubated mechanically ventilated patients.1-3 Treatment
algorithms require a device that is efficient and reliable

with repeated use. Historically, jet nebulizers have been
the standard delivery system for aerosolized medications.4

They suffer from being relatively inefficient and require
an external air source to operate. Further, there are no
regulatory standards for nebulizer delivery during mechan-
ical ventilation, resulting in limited control of the dose to
the patient.5 For patients receiving bronchodilator therapy,
the treatment effect is quickly clinically apparent, and the
dose can be titrated at the bedside. Bronchodilators are potent
drugs (micrograms delivered to the patient) and safe with
relatively flat dose-response curves.3 For less potent agents
such as antibiotics (milligrams needed), clinical effects are
dependent on drug levels, and unlike bronchodilators, re-
sponse is not apparent when simply observing the patient. To
maximize the success of a clinical trial and ensure adequate
control of dosage, external controls of aerosol delivery may
be required, such as the type of ventilator, control of breath-
ing patterns, breath actuation, and humidification. Aerosol
output can be measured directly, for example, by using a
radioactive tracer or drug assay. Devices can also be screened
using gravimetric techniques before embarking on more de-
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tailed studies.6 Failure to pretest delivery systems for function
and efficiency often leads to failure of a clinical trial.7,8

An additional factor affecting reproducibility of drug
delivery is inter- and intra-device variability. That is, in a
clinical trial does each example of the device deliver the
same aerosol with repeated use? Is the technology robust
(intra-device variability)? In published studies of jet neb-
ulizer technology, pretesting of devices before clinical tri-
als has revealed that jet nebulizers can be robust, perform-
ing reproducibly over time in terms of both drug output
and particle distribution.9-11 However, jet nebulizers have
significant inter-device variability. A comparison of 23
nebulizer/compressor combinations showed that particle
distribution and output varied greatly between devices.12

This gives further evidence that rigorous testing of a neb-
ulizer should be done before any pharmacologic study is
conducted so that baseline characteristics are understood.

Vibrating mesh technology is an alternative to jet neb-
ulization. Mesh devices are reported to be more efficient
than jet nebulizers are and do not contribute added gas to
the ventilator circuit. On the other hand, compared with jet
nebulizers, vibrating mesh devices can be more sensitive
to contaminant,13 and device orientation14 and have sen-
sitive electronic controls. Before defining a human study
protocol, we decided to test available mesh technology for
reliability in delivering a repeated dose. To our knowledge
the Aeroneb Solo (Aerogen, Galway, Ireland) is currently
the only stand-alone, single-patient mesh device commer-
cially available for use in mechanically ventilated patients.
Previous studies have reported delivery efficiency
(54.5 � 0.4%) and particle distributions (mass median
aerodynamic diameter 4.6 � 0.5 �m to 5.9 � 5.1 �m) for
the Solo.16-21 However, those reports tested limited exam-
ples of the device with limited numbers of experimental
runs. The Aerogen Solo has also been reported by the
manufacturer to have residual volumes of � 0.1 mL with
normal use (http://www.aerogen.com, Accessed February
25, 2016). Our group has tested other forms of mesh tech-
nology and found significant variability in device function
compared with the function of jet nebulizers.14 In addition, a
recent report demonstrated variability from different manu-
facturers using the same dose of tobramycin.15 It therefore
remains uncertain whether mesh technology provides repro-
ducible drug delivery for repeated use in a typical clinical
trial. The primary objective of this study was to determine the
reliability of the Aerogen Solo vibrating mesh nebulizer to
repeatedly deliver the expected dose of a test aerosol.

Methods

Observational Protocol

First, we designed an observational study to determine
the function of new devices to assess possible study pa-

rameters to be used in a more intensive follow-up study. In
the initial observational study, 6 nebulizers were tested
along with different controllers, solutions, and fill volumes
(see supplemental file at http://www.rcjournal.com). To
standardize our test runs, the devices were suspended via
a ring stand at the angle and direction specified by the
manufacturer and visually observed. Different volumes of
test formulations (normal saline or distilled water) were
used. The aerosol cloud was readily apparent, and the
duration of nebulization was recorded (run time, min:s) at
the time aerosol production ceased. In addition, visual re-
sidual volume, if any, was noted. Our first assumption was
that each device would empty completely and repeatedly
(a measure of reproducible high efficiency). Failure to
empty would result in the visual observation of a residual
volume, which was quantified by extracting the liquid with
a syringe. We initially tested 3 nebulizer controllers, an
older version used in studies of other Aerogen prototypes
(Controller “A,” Aerogen PRO) and 2 new controllers
specified for use with the Solo (Controllers “B” and “C,”
Aerogen PRO-X). A functions check of the power cord
and controller was performed before the start of nebuliza-
tion, and the controller was operated in accordance with
manufacturer’s instructions for normal operation.

Experimental Study and Protocol

In the observational study, the nebulizers were found to
have significant inter- and intra-device variability. We de-
cided to perform a more detailed experimental study to
further quantify the variables defining device reliability.
The test solution was fixed at 3 mL of normal saline, a
suitable surrogate for multiple water-soluble drugs.3,11,22,23

Twenty nebulizers were studied, including 4 from the ob-
servational protocol and 4 previously used nebulizers from
our own laboratory supply. Twelve additional new nebu-
lizers were added to the test protocol. The protocol utilized
2 new Aerogen Pro-X controllers (Controllers B and C).

QUICK LOOK

Current knowledge

Standards regulating the function of nebulizers are lim-
ited. Vibrating mesh devices are known to be conve-
nient and efficient, but limited data are available re-
garding reliability with repeated use.

What this paper contributes to our knowledge

The Aerogen Solo, the only single-patient use mesh de-
vice available for use during mechanical ventilation was
efficient but frequently failed to deliver the expected dose.
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We did not include Controller A used in the observational
protocol, because it is not currently commercially avail-
able. To compare nebulization times for each controller,
we examined devices that had successful runs (no prema-
ture cessation of aerosol production) with both controllers
(B and C). A statistical comparison was performed using
the Wilcoxon matched-pairs signed rank test, (GraphPad
Prism, GraphPad Software, San Diego, California). Change
in weight was used to define nebulizer output. At the first
cessation of nebulization, the nebulizer was moved from
the ring stand and weighed (Mettler-Toledo AT 261 Delta
Range Scale, Columbus, Ohio). Failure was defined as
having � 10% residual volume after cessation of nebuli-
zation or a pre- and postnebulization weight difference
of � 2.7 g. Percentage of the retained nebulizer charge (%
residual volume) at the cessation of nebulization was also
analyzed for both successful and failed runs using the
Mann-Whitney, nonparametric test (GraphPad Prism,
GraphPad Software, San Diego, California).

Results

Supplementary Table 1 shows the results of the initial
observational protocol (see the supplementary table at
http://www.rcjournal.com). It includes total time of nebu-
lization for each device, controller used, and residual vol-
ume remaining if nebulization prematurely terminated. All
6 of the devices tested in the observational protocol had
sporadic failures during experimental runs. For example,
Figure 1A shows an Aerogen Solo nebulizer before use
with a 3-mL fill volume of normal saline. Figure 1B shows
visible residual volume (0.4 mL) after premature cessation
of nebulization, and Figure 1C shows the same nebulizer
after another run where it emptied as expected with min-
imal residual volume. Using our criteria for device failure,
we found that premature cessation of nebulization occurred,
with significant residual volume on 14/55 (25%) of ex-

perimental runs. Total time (min:s) to cessation of neb-
ulization appeared to vary widely (5:11 to 18:51) as did
residual volume (0.2 mL to 1.2 mL). Premature cessa-
tion of nebulization did not appear related to the con-
troller used.

Tables 1 and 2 show the results of data obtained from
the experimental protocol. Failure to empty was noted on
12/40 (30%) of experimental runs. Devices demonstrated
random failure with significant variability in the retained
residual volume (failure mean �SD residual volume
36 � 21.3%) compared with runs nebulized to completion
(3.2 � 1.5%) (P � .001). Small but significant differences
were noted in total time of nebulization, depending on the
controller used (Controller B [11.3 � 2.7 min] vs C
[9.6 � 2.4 min, P � .001]).

Discussion

The objective of this study was to assess the reliabil-
ity of the Aerogen Solo with repeated use. Our findings
indicate that the nebulizer will often randomly stop neb-
ulizing. For a 3.0-mL dose, the manufacturer has stated
that residual volumes with normal use should be on
average � 0.1 mL. Therefore, we expected each device
to empty nearly completely in our test protocols. Failed
devices often restarted if moved or behaved differently
in subsequent experiments. In addition, the residual volumes

Fig. 1. Example of Aerogen Solo Nebulizer before use with a fill volume of 3 mL normal saline (arrow 1) (A); the same nebulizer after random
premature cessation of nebulization, with residual volume of 0.4 mL (arrow 2) (B); the same nebulizer after a successful run with minimal
residual volume (C).

Table 1. Controller Times

Study Controller
Runs
(no.)

Time (min)
P

Mean � SD

Experimental B 20 11.3 � 2.7 .001*
C 20 9.6 � 2.4

* Wilcoxon matched-pairs signed-rank test.
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varied widely from run to run, indicating significant inter-
and intra-device variability. Table 1 indicates that differ-
ences between controllers although significant were small.
Residual volumes for the completed runs were consistent
with those reported by the manufacturer. These observa-
tions suggest that failure was not in the electronics or due

to the mesh but indicated a problem with the gravitational
feed. Currently marketed mesh devices rely on gravity to
maintain contact between the liquid column and the vi-
brating mesh. In designing our protocol, we accepted a
more liberal residual volume (0.3 mL, 3 times the ex-
pected) but much less than the usual residual volume for a
jet nebulizer. This is equivalent to 10% residual of the
initial nebulizer charge (eg, the expected weight change
for a 3-mL fill volume should be at least 2.7 g) between
the pre- and poststoppage weights (2.7 g being equivalent
to 2.7 mL of normal saline). As opposed to other nebulizer
technologies, the Aerogen device expresses significant ran-
dom variability. Direct numeric comparisons with other
devices are therefore difficult.

Gravimetric analysis has been previously used as a sur-
rogate method for assessing nebulizer output. For jet neb-
ulizers, it has been reported to overestimate aerosol pro-
duction.6 However, the gravimetric method was sufficient
to demonstrate variability in nebulizer output. Had the
device functioned reproducibly, then more direct measure-
ments of aerosol output and particle size would have been
possible.

The available literature suggests that the mesh nebulizer
is a reliable, efficient delivery device suitable for a venti-
lator circuit. In addition, there are no competing nebulizer
devices for drug delivery that are formally marketed for
ventilator use. Therefore, in recent years, mesh technology
has become commonly accepted for use with mechanical
ventilation. In our hands, older versions of this technology
were more reliable but, according to the manufacturer,
they are no longer supported. We have a need for a well-
characterized reliable delivery system for drug delivery,
and, if selected, a given device must be commercially
available, hence our study. Our in vitro laboratory-testing
algorithm commonly includes repetitive measurement of
drug delivery and particle distribution. The present study,
however, was limited, because the tested devices would
not reliably empty, and we could not perform consistent
output studies; therefore, we cannot comment on overall
device efficiency or particle delivery.

What does our study mean to the practicing clinician? In
general, clinicians should be aware that, at present, no
nebulizer/drug combinations are cleared for use with me-
chanical ventilation, and it is the clinician’s responsibility
to ensure adequate delivery. Our study reveals the possi-
bility that the Aerogen device may abruptly stop before all
drug has been delivered. With this information, clinicians
should monitor patients during treatment for interruption
of nebulization to minimize variability of dosing. The pres-
ent study was not designed to compare different devices or
technologies. However, as summarized in the introduction,
many studies have been published that report drug deliv-
ery using jet nebulization and, for bronchodilators, the
metered-dose inhaler.24 These devices are, in general, re-

Table 2. Experimental Protocol: Residual Volumes

Neb. Controller Run No.
Residual Volume (%)

�10% (28 runs) �10% (12 runs)

3 B 17 2.3
3 C 18 2.9
4 B 7 2.8
4 C 8 3.4
5 B 6 3.1
5 C 7 3.5
6 B 3 2.7
6 C 4 2.0
7 B 3 21.1
7 C 4 35.3
8 B 3 2.1
8 C 4 4.7
9 B 3 84.6
9 C 4 49.6
10 B 3 3.9
10 C 4 8.8
11 C 1 18.2
11 B 2 3.1
12 B 1 5.1
12 C 2 31.8
13 B 2 1.8
13 C 1 3.9
14 B 1 2.2
14 C 2 1.8
15 B 2 3.7
15 C 1 1.7
16 B 1 0.4
16 C 2 4.8
17 B 2 2.3
17 C 1 2.8
18 B 2 21.9
18 C 1 56.5
19 B 1 3.8
19 C 2 53.6
20 B 2 3.4
20 C 1 11.8
21 B 1 30.3
21 C 2 17.6
22 B 2 4.5
22 C 1 2.2

Mean 3.2 36.0
SD 1.5 21.3
P * � .001

* Mann-Whitney rank-sum test.
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liable, but they vary markedly in efficiency and particle
distribution, and successful investigator-driven clinical tri-
als require that the devices be well characterized before-
hand.

Conclusions

Our aim was to assess the Aerogen Solo for inter- and
intra-device reliability. We found that nebulization was
often randomly interrupted with a wide range of retained
volumes.
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