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BACKGROUND: A new holding chamber was designed to be used with the Aerogen Solo nebulizer
to increase the aerosol emitted that reach the patient. The aim of this study was to evaluate the
efficacy of this holding chamber with Solo nebulizer and determine its usability with other nebu-
lizers. METHODS: The study was divided into 2 parts. In the first part, aerosol emitted of 1 mL
respirable solution (nominal dose of 5000 �g salbutamol), delivered by using the Solo nebulizer, Pro
nebulizer, and jet nebulizer, connected to a T-piece or a holding chamber, was determined by using
a breathing simulator set to provide a tidal volume of 500 mL, frequency of 15 breaths/min, and the
inspiratory-expiratory ratio of 1:1 for adults as the quiet breathing pattern. Aerodynamic particle
size characterizations were determined by using a cooled cascade impactor at an inhalation flow of
15 L/min. In the second part of the study, 12 healthy nonsmoking subjects (6 females) >18 y, with
an FEV1 > 90% were enrolled. Inhaled aerosol of 1 mL respirable solution (5,000 �g salbutamol)
was delivered through the Solo nebulizer–holding chamber and an Solo nebulizer–T-piece using
normal tidal breathing. The subjects provided urine samples 30 min after dosing and cumulatively
collected their urine for 24 h. The samples were analyzed for salbutamol content. RESULTS: The
holding chamber significantly increased aerosol emitted by the 3 nebulizers compared with the
T-piece (P < .01) and relatively decreased the mass median aerodynamic diameter but with no
significant difference. The Solo nebulizer–holding chamber resulted in significantly higher aerosol
emitted compared with any other delivery method tested (P < .01). Also, Solo nebulizer–holding
chamber resulted in higher urine samples 30 min after dosing (as an index of lung deposition) and
cumulatively collected urine for 24 h (as an index of systemic absorption) compared with the Solo
nebulizer–T-piece (P < .05). CONCLUSIONS: The use of the holding chamber with a jet nebulizer,
Pro nebulizer, and the Solo nebulizer significantly increased the aerosol delivery. The Solo nebu-
lizer–holding chamber had the highest aerosol emitted compared with all nebulizer-adapter com-
binations and higher urine samples 30 min after dosing and cumulatively collected urine for 24 h
compared with the Solo nebulizer–T-piece. Key words: jet nebulizer; nebulizer holding chamber;
T-piece; Anderson cascade impactor; vibrating mesh nebulizer. [Respir Care 0;0(0):1–•. © 0 Daedalus
Enterprises]

Introduction

At present, there are many types of nebulizers with
different mechanisms and designs.1,2 Inhaled aerosols can
be delivered to patients by using nebulizers with different
adapters, for example, a T-piece, holding chamber, mouth-

piece, or oronasal mask.3-5 A newly designed holding cham-
ber for use with the Aerogen Solo vibrating mesh nebu-
lizer (Aerogen, Galway, Ireland), is designed to improve
effectiveness and decrease the loss due to exhalation and
condensation. This Solo–holding chamber combination
could result in much higher aerosol delivery to patients in
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need of frequently administered nebulized medication.5,6

However, the high price of the Solo compared with jet
nebulizers could be a barrier for some patients. This pro-
posed beneficial effect of the holding chamber with the
Solo, in addition to the cost issues, raises a question about
the possibility of holding chamber use with a jet nebulizer
or design of similar holding chambers for a jet nebulizer.
The aim of the present study was to evaluate the efficacy
of using the holding chamber and a T-piece with a jet
nebulizer and the Aerogen Pro vibrating mesh nebulizer,
and to compare their results with those of the Solo.

Methods

Amount of Aerosol Emitted

The nebulizers studied were the Solo, the Pro, and the
Oxycare jet nebulizer (Ceren Uretim, Istanbul, Turkey)
attached to a PortaNeb compressor (Philips Respironics,
Murraysville, PA). The PortaNeb compressor provides an
air flow of 6 L/min into the jet nebulizer to aerosolize the
liquid. The nebulizers were connected to either the stan-
dard nebulizer T-piece with a mouthpiece adapter or to the
Aerogen Ultra as a holding chamber. The holding chamber
adapter connections to the 3 different nebulizers studied
are shown in Figure 1.

A lung simulator (model 5600i; Michigan Instruments,
Grand Rapids, MI) was used to provide spontaneous breath-
ing, with a tidal volume of 500 mL, frequency of 15 breaths/
min, and inspiratory-to-expiratory ratio of 1:1, which rep-
resent adults with a quiet breathing pattern, in accordance
with the European Standard EN 13544–16 (CEN method-
ology).7 An electrostatic filter enclosed within a filter holder
(Pari, Starnberg, Germany) was attached to the simulator
from one side and the nebulizer-adapter combination from
the other side, as shown in Figure 2. This filter traps all the
aerosol produced during the inhalation period of a breath-
ing cycle and thus provides a good measure of the in vitro
emitted aerosol available for inhalation.8,9 The lung sim-
ulator was switched on 30 s before delivering the aerosol.
The salbutamol respirable solution, 5,000 �g in 1 mL
(Farcolin respirator solution, �g/mL; Pharco Pharmaceu-
ticals, Alexandria, Egypt), was nebulized to sputtering for
the jet nebulizer and to dryness for the Solo and Pro neb-
ulizers.

For each nebulizer-adapter combination, 5 determina-
tions were made. The amounts of salbutamol deposited on
the filter, left in the nebulizer reservoir chamber, and de-
posited inside the adapters used were recovered by rinsing
with 20% acetonitrile. The amounts deposited on the filter
were sonicated with 20% acetonitrile before rinsing. High-
performance liquid chromatography with ultraviolet detec-
tion was used to identify the amounts of salbutamol. This
method used a 25 mm � 4.6 mm ZORBAX Eclipse Plus
C18, ODS1 column (Agilant, Santa Clara, CA) through
which a mobile phase that consisted of a mixture of ace-
tonitrile and water (which contained 0.1% phosphoric acid)
(90:10, v/v), which was pumped at 1 mL/min by using an
Agilent 1260 Infinity preparative pump (G1361A). An Agi-
lent 1260 Infinity Diode array detector VL (G131SD) was
set at 225 nm, with an injection volume of 100 �L. Cal-
ibration solutions ranged from 4 to 100 �g/mL (weight
/volume). The limit of detection was 0.35 �g/mL, and the
lower limit of quantification was 2.55 �g/mL.

Particle Size Distribution of the Aerosol Emitted

A cooled Anderson cascade impactor (Copley Scien-
tific, Nottingham, United Kingdom) was used to deter-
mine the particle droplet size distribution of the aerosol-
ized medication delivered. The Anderson cascade impactor,
with its plates in situ, was placed in a refrigerator at 5°C
for 60 min before use.10 Immediately after removing the
Anderson cascade impactor from the refrigerator, the in-
halation flow was adjusted to 15 L/min and the induction
port of the Anderson cascade impactor was connected di-
rectly into the mouthpiece of the nebulizer-adapter com-
bination and was tested, as shown in Figure 3. The vacuum
flow through the Anderson cascade impactor was provided
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QUICK LOOK

Current knowledge

Aerosol delivery by nebulizer results in a great loss of
the drug into the surrounding, which results in less
delivery to the patient. A new holding chamber was
designed to be used with the Aerogen Solo nebulizer to
increase the total inhalable doses that reach the patient.

What this paper contributes to our knowledge

The holding chamber with the jet nebulizer, Aerogen
Pro vibrating mesh nebulizer, and Aerogen Solo vibrat-
ing mesh nebulizer increased the aerosol delivery more
than with the T-piece. Aerogen Solo with the holding
chamber had the highest delivery compared with all
nebulizer-adapter combinations.
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Fig. 2. Schematic diagram of the experimental setting for the determination of the amount of aerosol emitted.

Fig. 1. The holding chamber connected to the Aerogen Solo vibrating mesh nebulizer (A), jet nebulizer (B), and Aerogen Pro vibrating mesh
nebulizer (C).
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by a Gast pump (Brook Crompton, Huddersfield, United
Kingdom). The flow was measured by using an electronic
digital flow meter (MKS Instruments, Andover, MA). The
salbutamol respirable solution, 5,000 Â�g/mL, was neb-
ulized to sputtering for the jet nebulizer and to dryness for
the Solo and Pro nebulizers. For each nebulizer adapter
combination, 3 determinations were made.

Salbutamol deposited onto each plate of the Anderson
cascade impacter, nebulizer reservoir chamber, and adapt-
ers was recovered by rinsing with 20% acetonitrile. Sim-
ilarly, the mass entrained in the filter was recovered by
sonication and rinsing. High-performance liquid chroma-
tography was used as previously described. The fine-par-
ticle dose, fine-particle fraction, and the mass median aero-
dynamic diameter were determined by using Copley Inhaler
Testing Data Analysis Software (CITDAS; Copley Scien-
tific) impactor data.

In Vivo Study

Hindle and Chrystyn11 developed a urinary pharmaco-
kinetic method to determine relative lung and systemic
bioavailability of salbutamol after inhalation.11 This method
used the amount of drug excreted in the first 30 min as an
index of lung deposition and the amount of drug excreted
over a 24-h period after inhalation as an index of the
systemic absorption.11 This noninvasive pharmacokinetic
method has been used to detect lung deposition of an
aerosolized drug to healthy volunteers,12 subjects admitted
with an exacerbation of either asthma or COPD,13 and

subjects who were on ventilation.14-18 Similarly, we used
this methodology to compare lung deposition and systemic
absorption.

This study was conducted in accordance with the amended
Declaration of Helsinki. Local institutional review boards and
independent ethics committees approved the protocol, and
written informed consent was obtained from all the subjects.
Twelve non-smoking healthy subjects (6 females) �18 y
with an FEV1 � 90% agreed to inhale a nebulized aerosol of
salbutamol respiratory solution when using normal tidal
breathing. They were first trained on how to inhale through
the nebulizers. The subjects were trained to place the mouth-
piece between their lips and breathe in and out gently through
their mouth. Each subject randomly inhaled 1 mL of salbu-
tamol respirable solution (5,000 �g/mL) from the holding
chamber and the T-piece with the nebulizer that resulted in
the greatest aerosol emitted in the in vitro part of the study.
The dose was loaded into the nebulizer for the subject before
use according to the patient information leaflet.

Both the volumes of the drug excreted in the first 30 min
and the drug excreted over a 24-h period after inhalation
were measured and then assayed by using high-perfor-
mance liquid chromatography. Bambuterol hydrochlo-
ride was added as the internal standard to the collected
urine samples. Salbutamol and bambuterol were ex-
tracted from the urine sample by using solid-phase ex-
traction.16 The eluent was then injected into the high-
performance liquid chromatography system, which was
composed of an ODS 5 �m, (4.6 � 250 mm; ZORBAX
Eclipse) C-18 high-performance liquid chromatography

Holding chamber

A cooled Anderson cascade impactor

15 L/min

Nebulizer

Fig. 3. Schematic diagram of the experimental setting for the determination of particle-size distribution of the aerosol emitted.
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column with a (4 � 3 mm, Agilent) C-18 (ODS) guard
column. The mobile phase, composed of acetonitrile
water that contained 0.1% orthophosphoric acid (90:10,
v/v), was pumped through the columns at a flow of
1 mL/min, maintained with a 25–photodiode-array de-
tector set at 220 nm. The lower detection limit and
lower quantification limit for salbutamol were 0.36 and
1.00 �g/mL, respectively.15

Statistical Analysis

All data are expressed as mean � SD. One-way analysis
of variance with the application of least significant differ-
ence correction was used to compare the 6 different neb-
ulizer adapter combinations. The urine samples were com-
pared by using the Kruskal-Wallis analysis of variance,
followed by the Mann-Whitney test for pairwise compar-
ison by using SPSS V15.0 (SPSS, Chicago, Illinois).

Results

A summary of the in vitro results is provided in Table 1.
The holding chamber significantly increased the emitted
aerosol deposited onto the filter delivered by the 3 nebu-
lizers compared with the T-piece (P � .01). The 2 tested
vibrating mesh nebulizers (Solo and Pro) used, had sig-
nificantly higher aerosol emitted (P � .001) and lower
residual volume (P � .001) compared with the jet nebu-
lizer. The Solo–holding chamber resulted in a significantly
higher aerosol emitted compared with any other nebulizer
adapter combination tested (P � .01). No significant dif-
ference was found between the amount deposited in the
T-piece and the holding chamber when using the jet neb-
ulizer. However, when using the Solo or Pro, the amount
deposited inside the holding chamber was significantly
higher than in the T-piece (P � .05 and P � .001, respec-
tively).

The aerodynamic droplet-size distributions from the
6 different nebulizer-adapter combinations are shown in
Table 1. The mass median aerodynamic diameter of the
holding chamber with the 3 nebulizers was relatively
lower compared with those with the T-piece, but no
significant difference was found. The Pro– holding cham-
ber resulted in significantly higher fine-particle fraction
(P � .001) compared with the Pro–T-piece. However no
significant difference was found in the MMAD.

From the in vitro results, the Solo resulted in the highest
aerosol emitted and so we chose it for the in vivo part of
the study. Twelve subjects (6 females) with a mean � SD
age, weight, and height of 33.3 � 5.6 y, 82.7 � 7.4 kg,
and 168.0 � 4.9 cm, respectively, completed the study.
The FEV1 of all the subjects were �90% of predicted
value, with a mean � SD of 95.4 � 4.0% of the predicted
value.

The mean � SD salbutamol excreted after inhalation
from the Solo– holding chamber and Solo–T-piece dur-
ing the 30 min after the start of the inhalation and
cumulatively pooled for the next 24 h are presented in
Table 2. The amount of drug excreted in the first 30 min
and amount of drug excreted over a 24-h period after
inhalation from the Solo– holding chamber were signif-
icantly higher than from the Solo–T-piece (P � .034
and .02, respectively).

Discussion

The performance of 20 disposable jet nebulizers had
previously been evaluated to help the Aerosol Group of
the French Cystic Fibrosis Society recommend a jet neb-
ulizer for use in real life.19 However, any chosen jet neb-
ulizer would deliver much lower aerosol emitted com-
pared with vibrating mesh nebulizers.8,10,20,21 We found
similar results in our study. The Solo and the Pro resulted

Table 1. Results of Aerodynamic Characterization of 1 mL Respirable Solution (5,000 �g nominal dose) Delivered By Using Solo, Pro, and Jet
Nebulizers With the T-Piece and Holding Chamber Adapter (N � 5)

Jet Nebulizer Solo Pro

With
Holding Chamber

With
T-Piece

With
Holding Chamber

With
T-Piece

With
Holding Chamber

With
T-Piece

Aerosol emitted, mean � SD �g 956.7 � 155.1 451.2 � 207.3 2197.7 � 470.7 1351.6 � 198.8 1639.8 � 115.3 1304.4 � 144.5
Nebulizer residual, mean � SD �g 3467.1 � 300.3 3387.0 � 216.5 186.8 � 74.0 261.1 � 98.0 400.0 � 69.5 448.4 � 93.0
Connections, mean � SD �g 262.1 � 92.7 210.3 � 70.7 820.7 � 114.9 603.2 � 76.5 1385.7 � 257.1 688.7 � 86.1
Fine-particle fraction, mean � SD % 74.1 � 7.6 67.6 � 5.6 64.5 � 3.6 67.9 � 1.7 64.4 � 3.0 49.9 � 4.0
MMAD, mean � SD �m 1.7 � 0.5 2.1 � 1.1 2.3 � 1.2 2.9 � 0.5 3.0 � 0.6 3.8 � 0.4

Solo � Aerogen Solo vibrating mesh nebulizer
Pro � Aerogen Pro vibrating mesh nebulizer
Jet nebulizer � Oxycare jet nebulizer
MMAD � mass median aerodynamic diameter
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in a much higher aerosol emitted than jet nebulizer
(P � .001).

Use of the holding chamber resulted in significantly
higher amounts of delivered aerosol compared with the
T-piece (P � .01) with all the nebulizers studied. Hence,
the holding chamber saved some of the exhaled aerosol
when using the T-piece and decreased the fugitive aero-
sol.22 The holding chamber significantly increased
(P � .001) the aerosol emitted to double from the Solo.5

Also, the use of the holding chamber with a jet nebulizer
significantly increased (P � .01) the aerosol emitted to
double that of the jet nebulizer–T-piece. These results ex-
tended the benefit of the tested holding chamber as an
aerosol saver to the jet nebulizer. So, the patient who
cannot afford the vibrating mesh nebulizers could use the
present holding chamber or a similar holding chamber
with the jet nebulizer for better delivery. Even though
the aerosol emitted of jet nebulizer–holding chamber was
0.75 that of the Solo–T-piece, the use of the holding cham-
ber with jet nebulizer would be beneficial in aerosol de-
livery compared with the T-piece or mouthpiece adapters.
Furthermore, to increase the benefit of the holding cham-
ber with a jet nebulizer, health-care providers would be
asked to increase the fill volume by diluting the respirable
dose placed in the jet nebulizer’s nebulizer reservoir cham-
ber, which was previously proven to increase the inhalable
mass.22

The Pro–holding chamber also showed an increase in
the aerosol emitted (1.25-fold) but not as much as when
the holding chamber was used with the Solo or jet nebu-
lizer. This might be due to the placement of the holding
chamber below the Pro, as shown in Figure 1C. This setup
could allow some condensation to occur on the walls of
the holding chamber, with the help of aerosol inertial im-
paction and gravity, which would not occur with the Solo
because the holding chamber and the Solo were placed
side by side, as shown in Figure 1A. With the jet nebulizer,
the position of the holding chamber was above the jet
nebulizer, as shown in Figure 1B, so any condensation on
the walls will return to the nebulizer reservoir chamber to
be re-nebulized.8,9,23,24 The significant increases (P � .001)

of the amount left in the holding chamber compared with
that in the T-piece with the Pro support this rationale and
suggest that the 25% increase in the aerosol emitted with
the Pro–holding chamber was from the exhaled aerosol
not the condensate.24

The Solo–holding chamber resulted in much better de-
livery than the Pro and the jet nebulizer or even the Solo
itself with its T-piece.5,25 These results might have oc-
curred because the holding chamber studied was designed
for the Solo, with which it gives maximum advantage.

The uses of the holding chamber with the 3 nebulizers
did not have much effect on the aerodynamic character-
ization. A relative insignificant decrease in the mass me-
dian aerodynamic diameter with the use of the holding
chamber with all the nebulizers and a very slight increase
in the fine-particle fraction were observed in the study.
This was due to the nature of the nebulized aerosol, which
does not contain propellant, like the metered-dose inhaler,
which allows evaporation to take place when using a hold-
ing chamber or spacers.7,24 However, the main effect of
the holding chamber is not to decrease the particle size of
the aerosolized medication but to hold the nebulized aero-
sol from release to the surrounding area.26

The urinary data from the in vivo study showed similar
results. The Solo–holding chamber significantly increased
the amount of drug excreted over a 24-h period after in-
halation by 1.8-fold (P � .02) and the amount of drug
excreted in the first 30 min by 1.3-fold (P � .034) com-
pared with the Solo–T-piece. Suggesting that the aerosol
emitted determines the whole amount delivered to the pa-
tient but not the fraction deposited into the lungs.5,27,28

The holding chamber would deliver more medication to
the patient, as presented here by the significant increase of
the aerosol emitted, amount of drug excreted in the first
30 min, and amount of drug excreted over a 24-h period
after inhalation. These increases would be accompanied by
a reduction of the aerosol lost to the atmosphere that may
be inhaled by the health-care provider in the vicinity of the
patient.22,29 Hence, we recommend the use of the holding
chamber with the jet nebulizer and the Pro for better aero-
sol delivery or the development of a holding chamber
similar to that studied here for use with such nebulizers.
Because the tested holding chamber with the Solo, the
nebulizer designed to be used with the holding chamber
had the greatest aerosol emitted (P � .01). However, this
should be done with caution, and a dose adjustment to
avoid any possible adverse effects of the increase in sys-
temic absorption.

Conclusions

The holding chamber did not have much effect on the mass
median aerodynamic diameter and the fine-particle fraction.
The use of a holding chamber with the jet nebulizer, Pro, and

Table 2. Salbutamol Excreted After Inhalation From Solo–Holding
Chamber and Solo–T-Piece

Solo

Salbutamol
With Holding

Chamber
With T-piece P

Drug excreted (30 min),
mean � SD �g

110.1 � 82.7 84.8 � 45.3 .034

Drug excreted (24 h),
mean � SD �g

906.1 � 572.6 517.5 � 332.6 .02

Solo � Aerogen Solo vibrating mesh nebulizer
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Solo significantly increased aerosol delivery compared with
the T-piece. Therefore, the holding chamber could be of ben-
efit when used with a jet nebulizer or Pro. It would be much
better to develop a special holding chamber for the Pro and
jet nebulizer, such as the holding chamber studied here be-
cause the Solo–holding chamber had the highest aerosol emit-
ted compared with all nebulizer-adapter combinations and
higher amount of drug excreted in the first 30 min and amount
of drug excreted over a 24-h period after inhalation compared
with the Solo–T-piece.
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