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Aerosolized medications are routinely used for the treatment of critically ill patients. This paper
reviews aerosol delivery devices with a focus on issues related to their performance in pulmonary
critical care. Factors affecting aerosol drug delivery to mechanically ventilated adults and spontaneously breathing patients with artificial airways are reviewed. Device selection, optimum device
technique, and unmet medical needs of aerosol medicine in pulmonary critical care are also
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Introduction
Aerosol therapy is routinely used in pulmonary critical
care. Although patients in ICUs are usually ventilatordependent, patients receiving noninvasive ventilation and
spontaneously breathing patients with artificial airways are
also treated in critical care. The success of delivery of
aerosolized medications to critically ill patients is dependent upon the type of aerosol device and the technique
used during therapy, as well as factors affecting delivery
efficiency of aerosol devices. This paper reviews aerosol delivery devices with a focus on issues related to the
performance of each device used in critical care. Factors
affecting aerosol drug delivery to mechanically ventilated adults and spontaneously breathing patients with
artificial airways are reviewed. Device selection, optimum device technique, and unmet medical needs of
aerosol medicine in critical care are also discussed. Aerosol drug delivery during noninvasive ventilation is not
covered here because this is being reviewed in a separate paper in this issue of RESPIRATORY CARE.
Aerosol Devices
Aerosol devices used in pulmonary critical care can
be categorized as nebulizers and pressurized metereddose inhalers (pMDIs). Nebulizers used for the treatment of critically ill patients can be divided into 3 categories: jet, ultrasonic, and mesh. Table 1 lists the
characteristics of the aerosol devices used in critical
care.
Nebulizers
Jet nebulizers convert liquids into aerosols that can be
inhaled by patients into the lungs. They are pneumatic and
incorporate baffles into their design to produce aerosols,
whereas mesh and ultrasonic nebulizers use electricity to convert liquid into respirable aerosols. Using pressurized gas, the
liquid solution or suspension in the cup of a jet nebulizer is
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entrained into the gas stream and sheared into a liquid stream
that is unstable and breaks into droplets due to surface tension.1-7 Baffles in the aerosol stream of jet nebulizers redirect the formulation back to the nebulizer cup to produce
smaller particles. Liquid in the cup of the jet nebulizer
cools during aerosol therapy and becomes concentrated
due to evaporative loss within the nebulizer. Aerosol output and particle size thus vary directly with the temperature of the solution.8,9
Ultrasonic nebulizers use a piezoelectric transducer that
produces ultrasonic waves that pass through the liquid medication in the nebulizer cup and generate aerosols at the surface of the solution. Aerosol particles are then delivered to
the patient either through a fan in the ultrasonic nebulizer or
by the inspiratory flow of the patient. The frequency of ultrasonic waves is inversely related to the particle size of aerosols produced by ultrasonic nebulizers, whereas the amplitude of crystal vibration is directly related to drug output
delivered by the nebulizer.10,11 Several factors affect output
from ultrasonic nebulizers: the characteristics of the liquid
solution (viscosity, density, surface tension, and vapor pressure), the piezoelectric transducer (vibration frequency, vibration amplitude, and transducer configuration), the medication chamber (size and baffles), coupling of the medication
chamber to the transducer, and flow from fans used with
ultrasonic nebulizers. Ultrasonic nebulizers are not efficient
in nebulizing suspensions.12 Just like jet nebulizers, the concentration of solutions increases during aerosol therapy via
ultrasonic nebulizers. However, unlike jet nebulizers, they
increase the solution temperature up to 15°C after 10 min of
nebulization.8,13 Although small ultrasonic nebulizers are
available for use in ventilator-dependent patients, the cost and
size of ultrasonic nebulizers and their inefficiency in nebulizing suspensions make them undesirable for aerosol therapy
in critical care.14
Mesh nebulizers can be divided into 2 categories: active
and passive (static). Although active mesh nebulizers have a
vibrating mesh with multiple apertures, passive (static) mesh
nebulizers use a vibrating horn to generate aerosols.15-17 Active mesh nebulizers with a vibrating mesh contract and expand a vibrational element, moving a domed aperture plate
with ⬎ 1,000 tapered holes that are larger on the liquid side
and smaller on the side that the droplets emerge. The drug is
placed in the reservoir of the nebulizer, which is above the
aperture plate. Particle size and aerosol flow are determined
by the exit diameter of the holes on the aperture plate. Passive
mesh nebulizers with a vibrating horn system use a piezoelectric crystal that vibrates a transducer horn interacting with
the liquid formulation and a static aperture plate, pushing
fluid through the mesh. Previous research has shown that the
mesh nebulizer is superior to the jet nebulizer in aerosol drug
delivery due to the small residual drug volume and ability to
operate without adding gas to the circuit.18-20 Mesh nebulizers have very low residual volume, fast treatment time, and
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Characteristics of Aerosol Devices Used in Critical Care
Feature

Jet Nebulizers

Ultrasonic Nebulizers

Mesh Nebulizers

pMDIs

Power source
Portability
Noise level
Aerosol temperature
Residual volume (mL)
Performance variability
Drug preparation
Emitted dose
Combination of therapies
Treatment time
Output rate
Contamination
Device cost

Compressed gas or electrical mains
Restricted
Noisy
Low
0.8–2.0
High
Needed
High
Possible if drugs are compatible
Long
Low
Common
Very low

Electrical mains
Restricted
Quiet
High
0.8–1.2
Low
Needed
High
Possible if drugs are compatible
Intermediate
High
Common
High

Batteries or electrical mains
Portable
Quiet
Ambient
⬍0.2
Low
Needed
High
Possible if drugs are compatible
Short
High
Less common
High

NA
Portable
Quiet
Ambient
NA
Low
Not needed
Low
Impossible
Short
High
Impossible
Medium

pMDIs ⫽ pressurized metered-dose inhalers
NA ⫽ not applicable

the ability to nebulize a variety of solutions and suspensions.
Aerosol delivery can be optimized with adjustment of the
size of the pore in the mesh, the aerosol chamber, the reservoir, and the output rate of mesh nebulizers. However, like jet
and ultrasonic nebulizers, these nebulizers have some disadvantages. For example, the pores of the nebulizer can become
clogged with some suspensions or viscous drugs, and it may
be difficult to determine this from the output of the device.
Although the cost of mesh nebulizers is similar to that of
ultrasonic nebulizers, they are both much more expensive
than jet nebulizers. However, expensive aerosol devices such
as mesh nebulizers may be more cost-effective over time.
Differences in delivery efficiency between mesh and jet nebulizers may be ⬎ 3-fold; therefore, drug doses may need to
be adjusted to eliminate adverse effects that may occur due to
overdose.
Pressurized Metered-Dose Inhalers
pMDIs are small, portable, convenient, multi-dose devices that use a propellant under pressure to deliver a
metered dose of an aerosol through an atomization nozzle.
There are several components of pMDIs, including the
canister, propellant, drug formulation, metering valve, and
actuator. The pMDI canister is made of aluminum, which
helps prevent adhesion of drug particles and chemical degradation of drugs through a coating on the canister’s inner
surface. A pressurized mixture in the canister includes
propellants (chlorofluorocarbon [CFC] or hydrofluoroalkane [HFA]), preservatives, flavoring agents, and active
drugs. Although most pMDIs used CFC propellants, CFC
pMDIs have been phased out in the United States, and
newer-generation pMDIs include HFA propellants.21,22 The
formulations of pMDIs can be solutions or suspensions.23
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Spacers/Adapters
Because pMDIs are not designed for delivery of inhaled
medications to critically ill patients who are ventilatordependent, spacer/adapters have been developed after substantial innovation and experimentation. Spacers/adapters
are add-on devices that allow a pMDI to be used in a
closed pressurized circuit during mechanical ventilation.24-26 The types of spacers/adapters that are used in
critical care can be divided into 3 categories: unidirectional adapters, bidirectional adapters, and chamber spacers. Unidirectional adapters direct the aerosol plume in one
direction, whereas bidirectional adapters release the aerosol in 2 opposite directions. Chamber spacers vary in volume from 50 to 150 mL. They are larger than unidirectional and bidirectional adapters. Figure 1 shows
commercially available spacers that are used to connect
pMDI canisters in the ventilator circuit.27
Delivery Efficiency of Aerosol Devices in Pulmonary
Critical Care
In the past, administration of aerosolized medications in
critical care has been associated with relatively low delivery
efficiency and high intra- and inter-patient variability. In 1985,
MacIntyre et al28 published an important study showing that
pulmonary deposition of a radiolabeled aerosol in ventilatordependent subjects was much lower than in ambulatory subjects. Later, Fuller et al29 confirmed that the efficiency of
aerosol delivery with both pMDIs and nebulizers was lower
in ventilator-dependent subjects than in ambulatory subjects.
However, the delivery efficiency of aerosol devices in critical
care has significantly improved over the years due to greater
understanding of the scientific basis of aerosol therapy in

RESPIRATORY CARE • JUNE 2015 VOL 60 NO 6

AEROSOL THERAPY

IN

PULMONARY CRITICAL CARE

Fig. 1. Commercially available spacers that are used to connect pressurized metered-dose inhaler canisters in the ventilator circuit.
ID ⫽ inner diameter; OD ⫽ outer diameter; DHD ⫽ Diemolding Healthcare Division; MDI ⫽ metered-dose inhaler. From Reference 27.

critically ill patients, increased knowledge about optimum
techniques for aerosolized medication delivery, and development of newer and more efficient aerosol devices. Previous
research showed that the efficiency of pMDIs ranged from
0.3 to 97.5%19,30-37 compared with 0 – 42% for nebulizers.14,18,19,32,34,38-42 There are significant differences in the
delivery efficiency of aerosol devices due to many factors,
which can be divided into 6 categories: (1) effect of particle
size, (2) effect of drug formulations, (3) factors affecting
aerosol device performance, (4) factors affecting aerosol drug
delivery to ventilator-dependent patients, (5) factors affecting
aerosol delivery to spontaneously breathing patients with artificial airways, and (6) effect of disease state and severity.
Effect of Particle Size
The size of an aerosol particle has a major impact on
aerosol deposition in critically ill patients. It is known that a
higher proportion of aerosol particles in a respirable fraction
of 1–5 m are deposited in the lung. Large particles generated by any aerosol device are trapped in the ventilator circuit
and artificial airways. Moreover, the percentage of the emitted drug that is delivered past artificial airways as aerosol is
lower with larger particle size. Therefore, aerosol devices
producing particles of ⬍ 2 m are more efficient than those
generating large particles during mechanical ventilation.33,43
Both pMDIs and nebulizers have equivalent aerosol delivery
beyond the endotracheal tube (ETT) during mechanical
ventilation.34 Although the size of aerosol particles with
mesh nebulizers varies,44,45 a significant proportion are
⬍ 3.3 m.45,46 The vapor pressure of the propellant mixture,
ambient temperature, design of the valve stem and actuator
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orifice, and drug concentration affect aerosol particle size
produced from the pMDI.47,48 For example, high vapor pressure of propellants generates finer aerosol particles, whereas
a higher drug concentration increases the size of aerosol particles produced from the pMDI.
Effect of Drug Formulation
Inhaled ␤ agonists and anticholinergics are widely used in
ICUs. However, there are other aerosolized medications that
are used for the treatment of critically ill patients. Table 2 lists
the classes of medications currently administered as aerosols
in critical care.4,49 Previous research has shown that drug
formulations influence the efficiency of aerosol devices.27,50-53
For example, Rau et al27 compared aerosol delivery via an
albuterol and flunisolide CFC pMDIs using 5 different spacers and found that aerosol delivery with flunisolide was lower
than with albuterol with all spacers tested (Table 3). Although
newer drug solutions have been approved for specific nebulizers, clinicians may be confused about the best choice of
aerosol device if the label does not specify which nebulizer to
use for aerosol therapy or whether the same clinical outcome
will occur if a nebulizer other than those used in clinical trials
is used. Moreover, mixing drug formulations in the same
nebulizer cup can be an issue if the combined formulations
are not compatible.54-57
Factors Affecting the Performance of Aerosol Devices
Nebulizer-Related Factors
Nebulizer Type. Previous studies reported that both
nebulizer type and different batches of the same brand of
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Class of Medications Administered as Aerosol to Intubated
Patients

Table 3.

Effect of the Type of pMDI and Spacer on Drug Delivery
Efficiency

Drug Class

Examples

Drug

Anti-infective agents

Amikacin
Amphotericin B
Ampicillin
Cefazolin
Colistin
Gentamycin
Imipenem and cilastatin
Netilmicin
Pentamidine
Ribavirin
Vancomycin
Tobramycin
Heparin
Albuterol
Atropine
Epinephrine
Fenoterol
Formoterol
Ipratropium
Magnesium
Terbutaline
Beclomethasone
Budesonide
Dexamethasone
Fluticasone
Hydrocortisone
Lasix
Acetylcysteine
Ambroxol
Bromhexine
Dornase Alfa
Gomenol
Mesna
Tyloxapol
Hypertonic sodium chloride
Isotonic sodium chloride
Sodium bicarbonate
Insulin
Epoprostenol
Iloprost
Treprostinil
Synthetic
Bovine-derived
Porcine-derived

Albuterol
Flunisolide

Anticoagulants
Bronchodilators

Corticosteroids

Diuretics
Mucolytics

Ionic solutions

Hudson RCI MiniSpacer AeroVent ACE MediSpacer
12.0
5.0

17.2
11.4

17.7
12.4

30.0
13.1

31.8
21.0

Values are expressed as the percent nominal dose. From Reference 27.
pMDI ⫽ pressurized metered-dose inhaler

mesh and ultrasonic nebulizers are more expensive than jet
nebulizers, they provide higher rates of nebulization in a
shorter period of time.9,16,17 There are other disadvantages
of using jet nebulizers in ventilator-dependent patients.
For example, jet nebulizers may cause circuit contamination,62 reduce patient ability to trigger the ventilator,63 and
change ventilator parameters such as tidal volume (VT)
and airway pressure if they are not powered by the ventilator. Jet nebulizers are cheap, mass-produced, and for
single-patient use, but they vary in performance, which is
an important issue for the delivery of inhaled medications
to critically ill patients.
Residual Volume. Residual volume, also known as
dead volume, refers to the amount of drug that remains in
the nebulizer at the end of aerosol therapy. Residual volume ranges from 0.5 to 2.5 mL depending on the type of
nebulizer used. As residual volume increases, aerosol delivery to patients receiving mechanical ventilation decreases. The residual volumes of jet nebulizers are greater
than those of ultrasonic and mesh nebulizers.14,44,64-67 This
is a major factor associated with the lower aerosol delivery
efficiency of jet nebulizers.

From References 4 and 49, with permission.

Fill Volume. Previous studies have reported that fill
volume impacts aerosol delivery.41,68 Fill volume and aerosol output from jet nebulizers are directly related. Because
nebulizers have a fixed residual volume, increasing the fill
volume reduces the proportion of residual volume within
the nebulizer cup and improves aerosol delivery. However, treatment time increases with a greater fill volume.
Jet nebulizers do not function well with fill volumes of
⬍ 2 mL unless they are specifically designed for smaller
fill volumes; therefore, a fill volume of 4 –5 mL is recommended to increase output from jet nebulizers.41

nebulizer caused variability in aerosol drug delivery to
ventilator-dependent subjects.41,58-61 Output characteristics
of jet nebulizers such as nebulization time and percent
output in a respirable range vary greatly, affecting the
delivery efficiency of the device during mechanical ventilation.58,59 It is well known that jet nebulizers are less
efficient than mesh and ultrasonic nebulizers. Although

Intermittent or Continuous Nebulization. Although
jet nebulizers are usually operated continuously using pressurized gas from a 50-psi wall outlet or gas cylinder, it is
also possible to operate them intermittently by driving
pressure and gas flow from the ventilator. Intermittent
nebulization generates aerosols only in inspiration and eliminates changes in ventilator parameters during aerosol therapy. However, it is important to note that the delivery

Proteins and peptides
Prostanoids

Surfactants

Perfluorocarbons
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efficiency of nebulizers may be affected by the lower driving pressure provided by the ventilator and the time gap
between the powering of the nebulizer and aerosol generation.69
Previous research has produced some conflicting results
on the effects of intermittent and continuous nebulization
in aerosol delivery during mechanical ventilation. For example, both Miller et al70 and Hughes and Saez71 found
that intermittent nebulization during mechanical ventilation provided as much as 4-fold greater inhaled dose compared with continuous nebulization in simulated adult lung
models of mechanical ventilation. However, Sidler-Moix
et al72 reported that in a pediatric ventilator circuit, continuous nebulization was greater than intermittent nebulization during inspiration, but less than intermittent expiratory nebulization. Wan et al73 compared 3 nebulization
modes (inspiratory intermittent, continuous, and expiratory intermittent) on aerosol delivery using adult and pediatric in vitro lung models with a jet nebulizer placed
proximal to the ventilator. They found no significant differences in aerosol deposition among the 3 modes in either
lung model. Due to conflicting results in previous research,
there is a significant need for more clinical research on this
subject.
Nebulizer Placement in the Ventilator Circuit. Previous in vitro studies in adult and pediatric models found
that jet nebulizer placement in the inspiratory limb farther
away from the subject improved aerosol delivery during
mechanical ventilation due to the reservoir effect of ventilator tubing, which accumulates aerosol between
breaths.19,40,71,74 Moraine et al75 showed that the placement of a mesh nebulizer near the ventilator before the
humidifier did not affect the urinary excretion of ipratropium bromide compared with its attachment to the Yadapter in the inspiratory circuit. However, both Berlinski
and Willis74 and Ari et al18,19 showed that in the presence
of bias flow, placement of a vibrating mesh nebulizer at
the ventilator improved delivery efficiency in adults and
children. This may not be the case with infant ventilator
circuits.
Gas Flow and Density. Each model of jet nebulizer
has different specifications for the flow that needs to be
used for the operation during aerosol therapy. It ranges
from 2 to 10 L/min and is stated on the device label.
Increasing gas flow to power the jet nebulizer improves
aerosol output and decreases particle size, whereas a lower
gas flow decreases nebulizer performance during therapy
while increasing treatment time. When additional gas flow
is used to operate the jet nebulizer during mechanical ventilation, the ventilator settings and alarms should be adjusted for patient safety. This is more of a factor in infants
and pediatric circuits. Unlike jet nebulizers, mesh and ul-
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trasonic nebulizers are powered by electricity and are not
affected by gas flow.
A gas that has a lower density than air or oxygen will
decrease turbulent or transitional flow, which will lead
to an increase in aerosol deposition in ventilator-dependent patients. According to Fink et al,31 the use of heliox (80:20 helium-oxygen mixture) in a dry ventilator
circuit increases aerosol delivery by 50% compared with
100% oxygen.
Pressurized Metered-Dose Inhaler-Related Factors
Priming and Shaking pMDIs. Although there have
been improvements in the valve design of pMDIs, all manufacturers still suggest priming pMDIs before first use and
after specified periods of time between uses.76 Therefore,
priming the pMDI before first treatment and every time
when it has not been used for ⬎ 24 h is suggested.5 Shaking pMDIs before actuation is also important for efficient
treatment. Even with HFA propellants, some pharmaceutical companies manufacturing pMDIs still suggest shaking the pMDI before aerosol therapy. According to Everard et al,77 total and respirable doses with pMDIs are
reduced by 26% and 36%, respectively, if the pMDI is not
shaken before use. When a pMDI stands overnight, the
medications in the pMDI formulation separate from their
propellants, leading to a decrease in emitted and respirable
doses. Also, storing pMDIs stem-down decreases the dose
given with the first actuation by 25%, despite shaking the
pMDI before use. When the pMDI canister is kept in
the inverted position, with the valve below the container,
the force of gravity helps refill the metering valve before
next actuation. Thus, clinicians should shake a pMDI before the first actuation, and then they can continue to use
the same pMDI for up to 8 actuations because sequential
use of the pMDI over a short time period does not cause a
reduction in emitted dose.31
Timing of pMDI Actuation. Delay between a pMDI
actuation and inspiration decreases aerosol deposition due
to sedimentation and electrostatic charge.78-80 Therefore,
pMDI actuation must be synchronized with the onset of
inspiration for successful aerosol drug delivery to critically ill patients. The timing of pMDI actuation is very
important for the dose of aerosolized drugs delivered.
Failure to synchronize pMDI actuation with inspiration
decreases aerosol delivery by 35%.34 Although pharmaceutical companies usually recommend a 1-min wait
period between pMDI actuations, it has been reported
that actuation of pMDIs at 15-s intervals results in emitted doses similar to those at 1-min interval.31 However,
2 or more rapid actuations of a pMDI may lead to a
decrease in drug delivery due to turbulence and coalescence of particles.77
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Spacer. Several spacers with different designs and
sizes are used for aerosol drug delivery to ventilator-dependent patients (see Fig. 1). Previous research has shown
that differences in spacer designs and sizes impact aerosol
deposition during mechanical ventilation.27,35,81,82 Aerosolized medications can build up on the walls of plastic
spacers due to inertial impaction, gravitational sedimentation, and electrostatic charge. Large-volume spacers retain
more of the aerosols delivered by pMDIs compared with
small-volume spacers, decreasing the amount of aerosol
available from the pMDI.83 If a spacer is manufactured
from a non-electrostatic material, aerosols remain suspended for longer periods within the spacer. Thus, there is
no substantial loss of drug to the walls of metal or nonelectrostatic spacers even when inhalation is delayed by
2–5 s.
Rau et al35 compared the efficiency of 3 different spacer
setups: (1) an elbow adapter attached to an ETT, (2) an
in-line spacer between an ETT and a Y-adapter, and (3) a
chamber spacer (AeroVent, Monaghan Medical, Plattsburgh, New York) connected to a Y-adapter in the inspiratory limb. Aerosol depositions obtained with these settings
were 7.3%, 29%, and 32.1%, respectively. According to
other studies in the literature, chamber-shaped in-line spacers increased aerosol drug delivery by up to 6-fold compared with either an elbow adapter or a unidirectional
spacer.35,81,84 Aerosol delivery with a bidirectional spacer
is greater than with a unidirectional spacer during mechanical ventilation.27 Also, it is important to match the size
of the pMDI canister stem with the spacer required to
connect to the ventilator circuits because the size of the
canister stem differs for each pMDI, and the efficiency
of aerosol delivery is influenced by its placement in the
spacer.
Placement of pMDI in the Ventilator Circuit. Aerosol device position in the ventilator circuit impacts the
efficiency of the device during mechanical ventilation. Ari
et al19 compared 3 pMDI positions in a heated/humidified
ventilator circuit in a simulated adult lung model: (1) between the ETT and Y-adapter, (2) 15 cm from the Yadapter, and (3) before the humidifier. Deposition efficiencies obtained with the pMDI in these positions were 7.6%,
17%, and 2.5%, respectively. Therefore, placement of the
pMDI spacer 6 inches from the ETT was suggested because delivering aerosolized medications with the pMDI at
this position not only increased aerosol delivery to ventilator-dependent subjects but also produced improved clinical responses.19,30,35,85,86 A chamber spacer placed 6 inches
from the ETT provided efficient drug delivery in ventilator-dependent subjects and led to a significant response to
bronchodilator administration via a pMDI.85 Although the
best location for aerosol devices should be confirmed by
well-designed clinical studies, the available in vitro studies

864

have found that inhaled dose was greater with the placement of a jet nebulizer before the humidifier, whereas a
spacer with a pMDI can be placed 6 inches from the Yadapter in the inspiratory limb during mechanical ventilation. Also, placing the pMDI spacer 6 inches from the
artificial airway increased aerosol delivery,18,86 which may
lead to good clinical response in ventilator-dependent patients.
Factors Affecting Aerosol Drug Delivery to
Ventilator-Dependent Patients
Although aerosol therapy is commonly employed for
critically ill patients, many factors influence aerosol drug
delivery to ventilator-dependent patients, and it is important to understand the effect of these factors on aerosol
drug delivery in critical care. Previous studies showed that
the ventilation mode, breathing parameters, heat and humidity, gas density, and artificial airways influenced aerosol delivery to critically ill subjects.18,19,31,87-89 The following section describes contributing factors that affect
aerosol drug delivery during mechanical ventilation: ventilation mode, ventilator parameters, heat and humidity,
gas density, artificial airways, and right-angle elbow
adapters.
Ventilation Mode. Previous research has shown that
ventilator parameters impact aerosol drug delivery during
mechanical ventilation.31,89,90 Fink et al31 compared the
effects of different ventilation modes, including controlled
mechanical ventilation, continuous mandatory ventilation,
pressure support, and CPAP, on aerosol drug delivery using a pMDI with a chamber in an in vitro lung model.
They found more aerosol deposition within the lower respiratory tract with CPAP than with controlled mechanical
ventilation. According to Andersen and Klausen,90 the use
of PEEP during aerosol therapy improved lung function in
spontaneously breathing adults more than administering
therapy without PEEP. Hess et al89 compared pressure
control and volume control ventilation in albuterol delivery using an in vitro adult lung model. They found that
aerosol delivery via a nebulizer in the mode of continuous
aerosol generation was influenced by inspiratory time and
inspiratory flow pattern, whereas aerosol deposition obtained from a pMDI synchronized with onset of inspiration
was not influenced by these parameters.
Ventilator Parameters. VT is not directly proportional
to aerosol drug delivery during mechanical ventilation as
long as the VT is greater than the internal volume of the
ventilator tubing and artificial airways.6,31 Moreover, it is
essential to note that a VT of ⬎ 8 –10 mL/kg can result in
volutrauma and should not be used to improve the delivery
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efficiency of aerosol devices during mechanical ventilation.88
Inspiratory time is directly related to aerosol deposition
in ventilator-dependent patients.31,87,91 Increasing inspiratory time leads to increases in aerosol delivery. However,
the impact of inspiratory time is more apparent with the
use of nebulizers that continuously generate aerosols than
with pMDIs, which generate aerosol over a very short
period of time. Also, increasing the duty cycle during mechanical ventilation improves aerosol deposition in ventilator-dependent patients.31,92 Although the use of a duty
cycle ⱖ 0.3 is suggested for aerosol therapy during mechanical ventilation, it is important to monitor the degree
of intrinsic PEEP and exercise caution with this practice
because it may worsen dynamic hyperinflation in patients
with air-flow limitation.6,88
According to Fink et al,31 decreasing inspiratory flow
from 80 to 40 L/min improved aerosol deposition by ⬎ 2fold in subjects receiving ventilatory support. Using high
inspiratory flow during mechanical ventilation creates transitional and turbulent flows in the airways that make aerosols deposit in the ventilator circuit and in the artificial
airway. Because lower inspiratory flows increase aerosol
delivery to ventilator-dependent patients, peak inspiratory
flows should be decreased as much as possible if this is
tolerated by the patient. Although improving aerosol delivery to ventilator-dependent patients is possible with an
inspiratory flow of 40 –50 L/min, it is also essential to
minimize the intrinsic PEEP that may result from using
lower inspiratory flows.6,88
Inspiratory waveform also affects aerosol drug delivery
to patients receiving mechanical ventilation. For example,
when the same peak flow is used, a sinusoidal or descending waveform delivers more aerosols than a square waveform as a result of the sudden onset and duration of peak
flow associated with turbulence.
Bias flow is the breath-triggering mechanism used during mechanical ventilation to decrease the patient work of
breathing. An in vitro study conducted by Ari et al19 showed
that increasing bias flow from 2 to 5 L/min decreased
albuterol delivery with jet and mesh nebulizers in an
adult mechanical ventilation model. Using a bias flow of
2 L/min or less is recommended during continuous nebulization of ventilator-dependent patients because bias flow
dilutes the aerosol in the ventilator circuit and increases
washout of the aerosol during expiration. In contrast to
nebulizers, aerosol delivery with a pMDI is not impacted
by bias flow when pMDI actuation is synchronized with
the beginning of inspiration.31
Heat and Humidity. It is well known that heat and
humidity impact aerosol drug delivery during mechanical
ventilation. In vitro studies have reported up to 40% less
aerosol deposition with heated and humidified gas com-
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pared with unheated and non-humidified ventilator circuits.19,31,32,87,91,93 However, although using an unheated
and non-humidified ventilator circuit leads to a significant
improvement in aerosol deposition in the lung, ventilatordependent patients need heated and humidified gas to avoid
drying airway mucosa and to promote mucus clearance
during mechanical ventilation.94,95
The decrease in aerosol deposition with a heated and
humidified ventilator circuit is due to changes in aerosol
particle size during mechanical ventilation. For example,
Miller et al70 found that providing humidity during aerosol
therapy in ventilator-dependent subjects increased particle
size from 1.5 ⫾ 0.1 to 2.3 ⫾ 0.2 m. However, Lange and
Finlay96 reported that the reduction in aerosol deposition
was directly related to the mole fraction of water vapor in
the inspired air instead of the heat and humidity of the
inhaled gas. According to their hypothesis, the main reason for excessive drug loss during mechanical ventilation
is not hygroscopic growth but an interaction between the
water molecules in the air and the surfactant (pMDI) present in the propellant/drug suspension.
Lin et al97 studied aerosol delivery via a pMDI with a
spacer during mechanical ventilation using a heated-wire
circuit attached to a heated humidifier. They operated
the humidifier for 3 h during mechanical ventilation and
found that pMDI delivery efficiency did not decrease
for ⬎ 1 h after turning on the humidifier. They also
found that turning off the humidifier for 10 min before
aerosol therapy did not improve aerosol delivery via a
pMDI attached to a spacer. According to their findings,
there was a reduction in aerosol delivery when substantial condensation formed in the ventilator tubing and the
pMDI spacer.
Although humidity has been associated with reduced
aerosol delivery to ventilator-dependent patients, neither
removing the heated humidifier from the circuit nor turning off the humidifier before aerosol therapy is recommended.4-7,97 Delivery efficiency can be increased by
achieving optimum technique during aerosol therapy and
increasing the dose when a heated humidifier is used. Although using a dry circuit may be cost-effective with expensive drugs such as antibiotics, it is important to complete aerosol therapy in ⬍ 10 min to minimize the effect of
dry gas on the airway mucosa.65 Therefore, clinicians should
consider increasing the dose instead of turning off the
heated humidifier when they use inexpensive drugs such
as bronchodilators for aerosol therapy during mechanical
ventilation.
Heat-and-moisture exchangers (HMEs) are also used to
provide heat and humidity to mechanically ventilated patients. Because the filter in the HME acts as a barrier to
drug delivery, HMEs should not be placed between the
artificial airway of the patient and the aerosol device. Disconnection of the ventilator circuit to remove the HME
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Gas Density. Previous studies have reported that heliox
improves aerosol deposition by creating laminar flows in
the airways and decreasing impaction losses caused by
air-flow turbulence.37,98,100 According to Goode et al,37
80:20 heliox improved aerosol delivery by 50% over oxygen alone. The delivery efficiency of aerosol devices
during mechanical ventilation and the gas density in the
ventilator circuit are inversely related. Although using a
lower gas density increases aerosol delivery, it must be
noted that this also impacts the performance of a jet nebulizer during inhalation therapy. Because heliox has lower
density, it is not effective in generating aerosols with jet
nebulizers. Therefore, heliox should not be used to power
jet nebulizers.37,101 Tassaux et al102 reported that aerosol
delivery to the lower airways increased by up to 50% with
a jet nebulizer attached to a ventilator circuit containing
heliox that was powered with oxygen at 6 – 8 L/min. It is
also important to note that heliox may impact the function
of the ventilator, and clinicians should test the ventilator
with heliox to detect any malfunction before use to ensure
patient safety during mechanical ventilation.37,101

Fig. 2. Heat-and-moisture exchangers (HMEs) designed for aerosol delivery during mechanical ventilation. A: CircuVent HME/hygroscopic condenser humidifier bypass with an HME, courtesy
Hudson RCI. B: Humid-Flo HME, courtesy Hudson RCI. C: AirLife
bypass HME, courtesy CareFusion.

from the circuit before aerosol therapy interrupts the ventilation of critically ill patients and may cause derecruitment of the lungs, which might take considerable time to
re-establish. To overcome issues with the use of standard
HMEs during inhalation therapy, new HMEs have been
designed for aerosol delivery (HME-AD) to ventilatordependent patients. Figure 2 shows the different types of
HME-ADs available on the market. Although HMEADs differ in design, they all have 2 configurations: (1)
HME configuration and (2) aerosol configuration. The
HME configuration functions like a standard HME,
whereas the aerosol configuration bypasses the HME
configuration to deliver aerosolized medications during
mechanical ventilation. However, an in vitro study
showed some variation in drug delivery depending on
the design and composition of HME-ADs.98 Further research is thus needed to determine the delivery efficiency of HME-ADs with different aerosol delivery devices during mechanical ventilation.
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Artificial Airways. Artificial airways affect aerosol drug
delivery to ventilator-dependent patients. For example,
aerosol deposition has been found to be significantly lower
with smaller ETTs.92,103 Crogan and Bishop92 found that
metaproterenol delivery through an ETT using a pMDI
decreased with reduction of the inner diameter of the ETT.
The percentage of aerosols exiting the ETT was 3% for a
6.0-mm ETT compared with 6.5% for a 9.0-mm ETT.
Because the inner diameter of an ETT is narrower than
that of the oropharynx and trachea, aerosol drug deposition
is decreased with reduction of the ETT inner diameter.
This is especially significant in pediatric ETTs with inner
diameters of 3– 6 mm.82,104 The delivery efficiency of a jet
nebulizer with a 7-mm inner diameter ETT was similar
compared with a 9-mm inner diameter ETT in ventilatordependent subjects.105
The majority of studies evaluating the impact of artificial airways on aerosol delivery have been on ETTs; aerosol deposition via tracheostomy tubes has not been studied
as much. However, O’Riordan et al87 examined aerosol
delivery to mechanically ventilated subjects with a tracheostomy using a radiolabeled aerosol in vivo. They reported
that the tracheostomy tube was not a barrier to lung deposition because ⬍ 3% of aerosols deposited on the tracheostomy tube.
Right-Angle Elbow Adapter. Many ventilator circuits
include a right-angle adapter that is positioned between the
artificial airway and the Y-adapter of the circuit. Research
has shown that removing the right-angle adapter from the
circuit improves aerosol delivery during mechanical ventilation.33 However, the efficiency gained by this practice
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might be lost farther down the airway of ventilator-dependent patients.

electrostatic charge on aerosol drug delivery with artificial airways.

Factors Affecting Aerosol Delivery in Spontaneously
Breathing Patients With Artificial Airways

Inner Cannula of the Tracheostomy Tube. Tracheostomy tubes with an inner cannula are commonly used in
critically ill patients. Pitance et al115 studied the effect of
inner cannulas on aerosol delivery in an adult lung tracheostomy model using cannulas with inner diameters of 6.5,
8, 8.5, and 10 mm. They found a negative correlation
between the cannula inner diameter and aerosol lost in the
cannula. Because removing the inner tracheostomy cannula improved aerosol delivery by up to 31%, they recommended removing the tracheostomy cannula before
aerosol therapy in patients with tracheostomy.

Although artificial airways are used for drug delivery
either by administration of aerosolized drugs or by instillation of liquid medications, aerosol drug delivery to spontaneously breathing patients with artificial airways is not
well understood. Only a few in vitro studies have been
done on aerosol delivery through a tracheostomy tube,106-109
along with a few case reports on methods used to adapt
pMDIs to patients with tracheostomies.110-112 Previous studies found that a measurable amount of aerosol was delivered through the tracheostomy tube regardless of the type
of aerosol device used, and aerosol delivery through the
tracheostomy tube ranged from 1 to 45% depending on a
variety of measurement conditions.106-109
Factors affecting pulmonary deposition of aerosols in
patients receiving mechanical ventilation are different from
those in spontaneously breathing patients. Previous studies
have reported that albuterol delivery through artificial airways is influenced by the type and material of artificial
airways, electrostatic charge, inner cannula of the tracheostomy tube, type of aerosol device, type of patient interface, and use of bias flow in spontaneously breathing subjects with artificial airways.106-109,113-115
Type of Artificial Airway. Two types of artificial airway are commonly used for long-term airway management of critically ill patients. Although ETTs are used for
initial airway management in patients receiving mechanical ventilation, tracheostomy tubes are used in patients
requiring long-term mechanical ventilation and in special conditions that preclude the use of an ETT. Ari
et al107 compared the delivery of albuterol through an
ETT and a tracheostomy tube in simulated spontaneously breathing adults. Their study showed that aerosol
delivery through a tracheostomy tube was greater than
that through an ETT due to the shorter length of the
tracheostomy tube.
Material of Artificial Airways. Artificial airways are
made of different materials. For example, tracheostomy
tubes are made of polyvinyl chloride, silicone, or silver,
whereas ETTs are usually made of polyvinyl chloride and,
less frequently, silicone. Because artificial airways made
of polyvinyl chloride have the ability to attract aerosol
particles to the inner walls of the tubes, electrostatic
charge may be an issue. Although it is assumed that the
material used to manufacture artificial airways affects
aerosol deposition in critically ill patients, no research
has been reported on the impact of the tube material and
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Type of Aerosol Device. Piccuito and Hess106 compared
in vitro aerosol delivery via a jet nebulizer and pMDI
using different interfaces in an adult lung tracheostomy
model. In their study, the delivery efficiency of a pMDI
with a valved holding chamber was greater than with a jet
nebulizer. However, they also reported that the absolute
dose obtained with the jet nebulizer was more than with
the pMDI because of the greater nominal dose placed in
the nebulizer cup. If a large dose is needed, the jet nebulizer might be a better option than a pMDI. Alternatively,
clinicians can increase the number of actuations given by
a pMDI.
Pitance et al115 examined the delivery efficiency of 3 jet
nebulizer configurations: vented, unvented alone, and unvented with corrugated tubing attached to the expiratory
limb of the T-piece. They found that an unvented jet nebulizer with corrugated tubing was the best configuration
among those tested. They recommended using corrugated
tubing attached to the T-piece with the jet nebulizer to
increase aerosol delivery through a tracheostomy tube.
Type of Patient Interface. There are different types of
patient interfaces used for patients with artificial airways.
Although a jet nebulizer can be used with a tracheostomy
tube, T-piece, and manual resuscitation bag, a pMDI with
a valved holding chamber can be combined with a T-piece
and manual resuscitation bag. Piccuito and Hess106 tested
a jet nebulizer with a T-piece and tracheostomy tube and
found that the most efficient aerosol interface was the
T-piece in a spontaneously breathing adult lung tracheostomy model. Likewise, Ari et al107 reported greater aerosol
delivery with a jet nebulizer attached to a T-piece compared with a tracheostomy mask. When higher levels of
drug delivery are needed, as in patients with severe
bronchoconstriction, clinicians may consider capping
one end of the T-piece and using a manual resuscitation
bag attached to the other end for spontaneously breathing patients with tracheostomy. Ari et al107 also found
that this method of aerosol delivery was associated with
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a 3-fold increase in drug delivery with a manual resuscitation bag, regardless of the type of artificial airway
tested.
Comparing 3 different setups used for pMDIs (in-line
spacer, valved T-piece with valve distal to spacer, and
valved T-piece with valve proximal to spacer), Piccuito
and Hess106 found that the pMDI was most efficient when
used with a valved T-piece with the valve proximal to the
spacer. Moving the valve from the distal to proximal position increased aerosol delivery by 2-fold.
Use of Bias Flow. Patients with a tracheostomy routinely use a high-flow oxygen delivery device. Piccuito
and Hess106 found that the amount of aerosol deposition
was significantly reduced when the jet nebulizer was connected in-line with a high-flow oxygen delivery device
due to aerosol waste to the ambient air. Turning off the
high-flow oxygen device before aerosol therapy resulted
in an increase in drug delivery of up to 3-fold. Therefore,
they suggested using a jet nebulizer without additional gas
flow given by the oxygen system for spontaneously breathing patients with a tracheostomy.
Effect of Disease State and Severity
Critical care departments provide intensive treatment
and monitoring for patients in critically ill or unstable
conditions. The efficiency of aerosol devices used in pulmonary critical care is influenced by a number of factors
that are explained above. Previous in vitro studies have
had significant impact on the knowledge of clinicians by
exploring the effects of these factors on aerosol drug delivery to critically ill patients. However, although current
inhaler devices are designed to generate aerosol particles
in the respirable range and consistent amounts of drug can
be delivered to a test lung or lung model in bench studies,
clinicians may still fail to deliver aerosolized medications
to the lungs of critically ill patients because of disease
state and severity. Thus, patients may receive little or no
benefit from the device. Clinical research is needed to
understand the effects of disease state and severity on
aerosol drug delivery in critical care, but unfortunately,
there has been little such research.
Device Selection
Previous studies have reported that nebulizers and pMDIs
have equal therapeutic effects in subjects when the drug is
available in both formats and administered properly.116,117
However, it is important to note that such studies are
largely based on bronchodilators, and the delivery efficiency of all devices and interfaces is not the same
under all conditions. Therefore, clinicians should consider a series of factors that are explained below when
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Fig. 3. Flow diagram showing steps for the selection of an aerosol
device in critical care.

selecting the best aerosol device for their ventilatordependent patients (Fig. 3).
Goal of Therapy
The indications for aerosol therapy in pulmonary critical care have rapidly expanded over the years. Aerosol
therapy has several advantages, including direct delivery
of drug to the site of action, rapid onset of action, lower
dose required than with systemic administration to produce desired clinical outcomes, and minimum systemic
adverse effects. The selection of an aerosol device depends
upon the needs of the patient and the intent of the clinician.
Once clinicians are clear about the goal of aerosol therapy
in critically ill patients, they can determine the desired
therapeutic outcomes that are patient-specific.
Availability of Drug and Dosage
A variety of drugs are available for the treatment of
critically ill patients. Although pMDIs are largely limited
to bronchodilators and corticosteroids, nebulizers are used
to deliver, in addition, antibiotics, surfactant, mucolytics,
and prostaglandins. If a drug formulation is available only
with one type of aerosol device, aerosol device selection is
simple because there is no other choice. When drugs such
as bronchodilators and corticosteroids can be administered
with both nebulizers and pMDIs, selection of the device
should be made based on the precision and consistency of
dosing as well as the efficiency of the device. Also, if a
patient needs higher doses, clinicians have 2 choices: they
can use a nebulizer, or they can deliver multiple doses with
a pMDI attached to a spacer.118
Cost of Device and Dosing
Cost of dosing is an important factor in device selection.
In the current climate of cost containment, a device that is
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expensive is less likely to be used in critical care. Although previous studies have found that bronchodilator
administration is more cost-effective with pMDIs than with
nebulizers, this may no longer hold true due to the transition from CFC pMDIs to HFA pMDIs. For example, 4
puffs of albuterol delivered from an HFA pMDI ($140 for
200 puffs) costs $2.80, whereas a unit dose of albuterol
given by a jet nebulizer costs less than $0.25. It is also
important to note that the time spent by respiratory therapists on aerosol therapy is a major consideration for cost
analysis.119 Nevertheless, the drug options available with
pMDIs are limited; pMDIs are a great option when the
prescribed drug/dosage is available because they provide
the desired clinical response.
Precision and Consistency of Dosing
Achieving a clinical response to an aerosolized medication depends on the amount of drug delivered to the
lower airways,120,121 and this is affected by the precision
and consistency of dosing. Although the total amount of
drug delivered to the lungs with each device is important,
the precision and consistency of dosing with an aerosol
device need to be considered when selecting the best device and interface for critically ill patients.120 Loss of medications in the upper respiratory tract, ventilator circuit,
and artificial airways can reduce the precision of dosing;
therefore, it is important to reduce this drug loss while
achieving targeted aerosol deposition in specific regions of
the lung, such as peripheral airways and lung parenchyma.
Consistency of dosing requires uniformity in the drug delivered with each aerosol device every time it is used with
critically ill patients.
Efficiency of the Device
As mentioned previously, aerosol delivery devices are
equally efficient if they are used correctly.4,5,88,101,116,117,122
It is well known that the efficiency of an aerosol device
depends on the size of drug particles generated. Both pMDIs
and nebulizers generate aerosol particles in the range of
1–5 m. Although the aerosol delivered from the distal
end of an ETT has a mass median aerodynamic diameter
of ⬃2 m,34 nebulizers that produce aerosols with a diameter of ⬍ 2 m are more efficient than nebulizers that
generate larger particles.36,87,92 Also, ⬃5% of aerosols produced by a pMDI33 are exhaled during mechanical ventilation compared with 7% of the nominal dose of aerosols
generated by a nebulizer.87 It is important to note that an
efficient device not only delivers a high proportion of
the drug placed in the device to the lung of the patient
but also minimizes waste of the expensive drugs used in
critical care.16
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Risk to Patients and Providers
Aerosol therapy with inhaled medications may create
blockages in expiratory filters in ventilators and interfere
with vital ventilator functions such as breath sensing. Moreover, aerosols given to ventilator-dependent patients may
escape to the environment and create risks to health-care
professionals, caregivers, and other patients. Aerosols generated by patients may also pose a greater risk of transmission of airborne diseases such as H1N1, severe acute
respiratory syndrome, and tuberculosis. Therefore, it is
important to use some form of high-efficiency particulate
air filter in the expiratory limb of the ventilator circuit to
reduce the escape of aerosols generated by the patient or
an aerosol device. Also, the capability of a device to minimize the risk to patients and providers must be considered
during the device selection process.
Preference of Clinicians
The time required for therapy, device cleaning, device
portability, and ease of drug administration to critically ill
patients determine the utilization of an aerosol device in
critical care. Any aerosol device that is difficult to use or
requires prolonged administration or frequent monitoring
will not be preferred by clinicians. Despite the increasing
use of pMDIs, nebulizers have been used in clinical settings for many years. Previous research has also shown
that the majority of adult ICUs prefer pMDIs for the administration of bronchodilators in critically ill patients.49,123
According to a survey conducted in 70 countries,49 43% of
participants used nebulizers, whereas 55% used pMDIs for
aerosol drug delivery in ICUs. This may be because of
their convenience, consistent dosing, and reduced chance
of bacterial contamination.124-126 Reported uses of jet, ultrasonic, and mesh nebulizers were 55%, 44%, and 14%,
respectively. Although 87% of participants believed that
ultrasonic nebulizers outperform jet nebulizers, 69% did
not have any ideas about mesh nebulizers.49
Optimum Technique
Successful delivery of aerosolized medications to critically ill patients depends upon the type of aerosol device
and the technique utilized during therapy. Therefore, physicians and health-care professionals working in pulmonary critical care must be adequately trained in the proper
use of each aerosol device. Otherwise, patients will receive a suboptimal dose that will not be beneficial. Much
has been published about aerosol delivery through ETTs in
mechanically ventilated patients. Therefore, the optimum
technique for aerosol therapy in ventilator-dependent patients is clear. A variety of methods are used to deliver
aerosolized medications via a nebulizer or pMDI to spon-
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Common Errors in Aerosol Device Use in the Treatment of Critically Ill Patients
Nebulizers

pMDIs

Spacers

Failure to assemble device correctly
Incorrect flow
Incorrect fill volume
Loss of dose during preparation

Failure to prime
Failure to shake
Incorrect assembly of device
Multiple actuations during inhalation
Use of pMDI beyond rated capacity

Incorrect assembly of device
Failure to remove electrostatic charge
Delay between actuation and inspiration
Firing multiple doses into device

pMDIs ⫽ pressurized metered-dose inhalers

Table 5.

Problems, Causes, and Solutions During Aerosol Drug Delivery With Jet, Ultrasonic, and Mesh Nebulizers
Problem

Absent or low aerosol with jet nebulizers

Causes

Solutions

Loose or unattached connections
Inappropriate flow-meter setting
Obstruction in the orifice of the jet nebulizer

Mesh or ultrasonic nebulizer does not operate

Incorrect battery installation
Disconnection in external power source
Overheated unit
Malfunctioning electronics

Check the connections and make sure they are
properly attached
Check the flow-meter setting and adjust the flow
accordingly
Check the orifice of the jet nebulizer and clear
obstructions when needed
Check the battery installation and reinstall, if needed
Check the connection with the AC adapter and
electrical output
Turn off the unit, wait until it cools down, and restart
Replace the unit

From Reference 15, with permission.
AC ⫽ alternating current

taneously breathing patients with tracheostomy tubes. Unfortunately, there is no standard practice for delivering
aerosols to this patient population. The optimum technique
for administering aerosols in spontaneously breathing patients with artificial airways has not been well described.
Table 4 lists common errors in aerosol device use in the
treatment of critically ill patients, and Table 5 lists problems, causes, and solutions during aerosol drug delivery
with nebulizers and pMDIs in critical care.
Unmet Needs of Aerosol Medicine in Pulmonary
Critical Care
Although administration of aerosolized drugs in critical care has significantly improved over the years, unmet needs in this important treatment still exist. This
can be divided into 3 categories: (1) drug development,
(2) research on clinical outcomes, and (3) standards of
practice.
Drug Development
Efficient delivery of aerosolized medications to critically ill patients has always been desirable. However, the
aerosolized medications used in critical care are approved

870

based on treatment of ambulatory patients. No medical aerosols have been approved specifically for administration to
very sick patients who are ventilator-dependent and/or have
artificial airways. Thus, there are opportunities for development of drugs to treat critically ill patients.
Research on Clinical Outcomes
Previous research has focused on understanding factors
that affect aerosol delivery and techniques of mitigating
their negative effects during aerosol therapy in critically ill
patients. Clinical studies in support of previous in vitro
research are limited. Therefore, it is important to conduct
clinical research to confirm the benefits of aerosolized
medications in both ventilator-dependent patients and spontaneously breathing patients with artificial airways. In addition, we need more information on the effect of inhaled
drugs on physiologic variables, cardiovascular and metabolic effects, and clinical outcomes such as duration of
mechanical ventilation and stay in ICUs. A cost-benefit
analysis should be done for each inhaled drug and aerosol
technologies if patient outcomes show improvement after
aerosol therapy.
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Standards of Practice
Research to determine the effectiveness of aerosolized
medications and the best dosing schedule is needed to
establish standards of practice for aerosol therapy in not
only ventilator-dependent patients but also spontaneously
breathing patients with artificial airways. Although there
are some studies on bronchodilators, the effectiveness of
other aerosolized medications, such as surfactants, antibiotics, and mucolytics, needs to be established through randomized controlled trials in critically ill patients. Effective
aerosol therapy in critical care may require modifications
in the configuration of device, dose, and frequency of
aerosolized medications prescribed, but there is currently
little guidance or information on standards of practice in
aerosol therapy. With insufficient information on indication, dose, frequency, and optimum method of administration of different inhaled medications, there is a need for
the development of standards of practice in pulmonary
critical care.
Summary
Aerosol therapy is commonly used in pulmonary critical
care. Although inhaled ␤ agonists and anticholinergics are
widely used in ICUs, other aerosolized medications are
available for the treatment of critically ill patients. Previous studies have demonstrated that many factors influence
aerosol deposition in the lower respiratory tract, and the
effectiveness of aerosol therapy is technique-dependent.
When clinicians understand the scientific basis of aerosol
therapy and use a proper technique during the therapy,
they can provide effective, consistent, and precise delivery
of aerosolized medications. Future research should focus
on drug/device development, clinical data on patient
outcomes, and standards of practice in critical care to
provide adequate information on drug and dosing regimens for critically ill patients, which will help clinicians achieve effective and safe delivery of aerosolized
medications in critical care.
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Discussion
DiBlasi: I want to thank you for doing a lot of the initial work with many
of the new aerosol delivery devices in
conjunction with mechanical ventilation; this research has definitely guided
our practice in the ICU. You mentioned placing the nebulizer back before the humidifier, and I think that
practice is now widespread thanks to
your research. We were doing that for
quite a while in our ICU, and we were
using a ventilator that had a slightly
lower bias flow. Like all devices that
come into our institution, we went on
to test the delivery of albuterol using
a newer ventilator that uses, especially
in the neonatal mode, a bias flow of
around 6 L/min, and we found that
there was hardly any drug being delivered to the filter, whereas before,
there was a significant amount of drug
provided at lower bias flows. You’ve
established drug delivery in the pediatric and adult populations, at least on
a lung model, but I think we need to
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look a little bit closer at the neonatal
population because what I’m finding
is that you get greater drug delivery
when you place the nebulizer up the
inspiratory limb closer to the patient
Y-piece. I think a lot of this has to do
with the fact that the bolus of drug
that’s being emitted into the circuit,
due to the low inspiratory times and
the high breathing frequency, may take
3 or 4 breaths to reach the patient, and
in that time, a lot is being flushed out
into the expiratory limb. So there’s
negligible drug being delivered to an
infant lung model. I think it’s important for people to realize that we may
not necessarily be able to extrapolate
from those adult and pediatric data and
expect that we’re going to have similar effects in neonates. I think it would
be wonderful for all of us to come
together at some point and agree that
we realize that aerosol delivery devices are more efficient, but what about
the ventilator you’re using? With identical settings, what is the delivery like
between different ventilator types? I

think it’s important that we develop
tables for adult, neonatal, and pediatric populations using all of these available devices to really find what the
best solution is for aerosol delivery.
Ari: First, thanks so much for your
kind thoughts about our previous research. The work that I presented today is based on the adult and pediatric
in vitro studies that were conducted in
our research lab at Georgia State University (GSU). The findings of our
studies with the adult and pediatric
lung models may not be applicable to
neonates. I am also familiar with your
study on nebulizer placement using an
infant lung model that you presented
at the AARC Congress 2 years ago.
We all know that aerosol delivery to
adults, pediatrics, and neonates may
differ significantly; therefore, clinical
research is warranted for us to understand differences in aerosol drug delivery to different patient populations.
I also agree with you about preparing
a table or a guideline that will help
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educate clinicians on the best way to
deliver aerosolized drugs to adult, pediatric, and neonatal populations.
Berlinski: Thank you for the nice
review. I want to comment about 2
things. First, you did not discuss pMDI
adapters that require removal of the
canister from the manufacturer’s actuator and placement in a universal
actuator/nozzle. At least in our hands,
in agreement with previously published data, they’re extremely inefficient, so I’d like to know your opinion
on that. Second, I would like to challenge the notion that increasing VT
positively affects drug delivery. I think
the only data I’ve seen published is
from Jim Fink,1 but that was with
CPAP. In the pediatric range (100 –
300 mL), we do not see any benefit.
There’s an adult study from a Greek
group2 that publishes a lot on COPD
that went from 8 to 12 mL/kg— don’t
quote me on the exact number— but
with a significant increase in VT. They
did not see a difference in outcome,
and if I remember correctly, they were
measuring airway resistance. So I think
that we probably need to revisit the
notion that increasing VT is crucial to
delivery.
* Fink: The articles we published
did not say the bigger the volume, the
better the delivery; we said that there
are some low VT limits at which the
delivery might fall off. That’s different than saying you should go from 4
or 5 mL/kg up to 20 or 30 mL/kg to
get more aerosol into your patients.
What we did say was that with no bias
flow, if you have a volume that’s less
than the volume in the circuit between
the nebulizer to the patient, it could
reduce delivery, and that was with a
pMDI for that particular study. So I
totally agree with you that bigger isn’t
better in terms of volume in aerosol
delivery, but in the study Rob [DiBlasi]
did with neonates, where you have 150
or 200 mL of tubing and a half-liter of
flow going through it, it can take you
5–10 breaths to get that bolus of aero-
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sol to the patient airway if it’s back at
the ventilator. Bigger volumes may
have an effect in the neonatal realm
that’s more obvious than what it might
potentially be for adults or even pediatrics. That speaks to your issue that
we need to catalogue a whole range of
different systems that we have out
there because I get calls every day
from therapists saying, “give me a simple answer—where should I put this
nebulizer?” Well, you need to know
what vent you’re using, what’s your
bias flow, and what your conditions
are. It’s not a simple one-answer-fitsall, and if it were, we wouldn’t need
respiratory therapists (RTs) to be
trained in ventilation and aerosols. The
academic community can help by getting this characterization for us with
neonates, pediatrics, and adults.
† MacIntyre: I get very confused
on this issue despite the fact that you
all write this wonderful stuff. What if
you had no bias flow— does this make
sense? Since the best place to put your
aerosols is at the beginning of the
breath, the front part of your breath,
wouldn’t it make more sense to bring
your nebulizer down closer to the Ypiece? You want some charging volume if it’s continuous.
* Fink: I think I got it. With no bias
flow, yes, it’s good to put it closer to
the patient, but if you have it too close,
like right on the Y-piece, and you give
something that’s a bolus like ultrasonic
or vibrating mesh, as you fire the ventilator before you start pushing air into
the patient, you fill the expiratory limb
with compressible volume. This means
that you might lose one third to one
half of that bolus. That’s one reason
that some bias flow going back to the
ventilator may actually increase delivery. In the case of Arzu’s paper,3 it
went from 17% to up to 27%.
† MacIntyre: I guess the point I was
making is you make these sort of blanket recommendations; there’s only one
sentence for placement of the nebu-
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lizer, which was closest to the vent.
And what I’m trying to get straight in
my brain…
Ari: In my presentation, I made a
suggestion on the placement of jet nebulizers during mechanical ventilation.
As I said earlier, aerosol delivery via
jet nebulizers was greater when they
were placed close to the ventilator.
† MacIntyre: Okay, it wasn’t clear
to me that it was a jet nebulizer. But if
it’s a non-jet nebulizer and there’s no
bias flow, then that recommendation
doesn’t hold true.
Ari: Exactly! In one of our studies,
we found that aerosol drug delivery
with pMDIs and mesh and ultrasonic
nebulizers was greater when they were
attached to the Y-adapter. I also talked
about it during my presentation today.
* Fink: Just a quick point regarding
these nebulizers and different placements and what the efficiency is—the
efficiency isn’t the issue. The issue is
how much drug do you want to get
into the patient. Neil, your article in
1985 where you had 3% on the vent
and 12% with the same nebulizer off
the vent is so critical because, as Arzu
mentioned earlier, all of our drugs approved for inhalation aren’t for very
sick patients at home. So if you’re going to give a drug for which the dose
matters, which isn’t true of albuterol
or maybe ipratropium, but is for everything else (such as antibiotics, mucokinetics, and anti-inflammatory
agents), you want to make sure that
you have the same lung dose on the
ventilator as off the ventilator to get
an effect.
Hill: I wonder if you could clarify
one thing for me. I thought I heard
you say that volume-limited has some
advantages compared with pressurelimited ventilation. I’m surprised that
you could make that kind of blanket
statement because I would think, especially based on the discussion just
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now, that it depends on a lot of factors.
Ari: The point that I was trying to
make during my presentation is that
aerosol delivery during mechanical
ventilation is dependent upon many
factors. One of the factors we may
need to consider is ventilator mode
used during aerosol therapy in ventilator-dependent patients. Dr Hess conducted a study in 20034 to evaluate
delivery of albuterol from a pMDI and
jet nebulizer in 2 different ventilator
modes, including volume control
ventilation and pressure control ventilation. The findings of his study
showed that aerosol delivery by a
pMDI was the same regardless of
which ventilator mode, inspiratory
time, and ventilator settings were used.
However, the efficiency of nebulizers
differed across conditions tested in his
study. Dr Hess may want to talk about
the findings of his study for us.
Hess: When the nebulizer was used
in our study, there was a complex interaction between aerosol delivery
with flow pattern, inspiratory time, and
simulated lung mechanics. With use
of a pMDI, the flow pattern didn’t matter much because the dose was frontloaded.
† MacIntyre: Arzu, didn’t you just
quote Jim Fink that descending flow
patterns were better? Did I miss something?
Hess: I don’t think that was necessarily the case.
† MacIntyre: So the square one was
better?
Ari: No, as I mentioned in my presentation, the square waveform has
lower aerosol deposition than the descending flow waveform during mechanical ventilation.
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† MacIntyre: Is it fair to say that
you can’t make blanket recommendations? There are so many variables in
play here that I’m not sure that a simple one-sentence statement can be
made.
Hess: I will agree with that; I was
going to raise my hand earlier to make
the point that outside of where you
place the device in the circuit, I’m not
convinced that we should be messing
with the ventilator settings while we’re
delivering aerosolized drugs because
there are so many competing factors.
Let’s assume that with a larger VT,
you will deliver more drug, but you
injure the lung by doing that. Lower
flow delivers more drug, but it prolongs the inspiratory phase, and you
get more air trapping. Dry gas delivers more drug, but it dries out the endotracheal tube. Having done some
work in this area, I don’t think the
added benefit and the potential risks
warrant changing the ventilator settings.
* Fink: So why do we need this information?
Hess: Good question. I think that if
we were doing a dosing study for a
new drug, maybe it’s important that
it’s all done the same way. Or maybe
not because in the real world, people
are just going to put the nebulizer
where they want.
* Fink: This goes to what you talked
about with high-flow nasal cannula.
We know when we’re at 10 versus 30
versus 60 L/min, the inhaled dose is
very different. One of the important
things about this type of discussion to
my mind is that you don’t change the
person to fit the suit; you change the
suit to fit the person. So you adjust
the administered dose to deliver the
effective dose to the lungs in light of
the parameters, systems, and patient
conditions that you’re treating. You
can control the types of aerosol generator, but for those other issues, like

the flow you’re ventilating with, you
should understand the implications of
what you’re doing to the patient and
what you should be dosing.
Hess: If you’re delivering albuterol,
which is probably the most commonly
delivered aerosolized drug during mechanical ventilation, and you’re trying
to maximize the amount that goes into
the lung, albuterol solution is cheap,
so just double the dose instead of messing around with all these different factors.
DiBlasi: I’d like to add to that. Arzu
showed very nicely that the residual
volume of the most common nebulizer that we’re currently using during
mechanical ventilation is about
0.2 mL. So why are we diluting our
albuterol with normal saline? Why
can’t we give pure drug or add the 0.2
extra to that and get maximum efficiency or somewhere close to what
we would like to have? Is there a reason we dilute albuterol?
Ari: According to Dr Hess’ study
that was published in 1996,5 increasing fill volume with jet nebulizers improves delivery efficiency of the nebulizer. Dr Hess may want to comment
on that.
Hess: In my study, we were looking
at jet nebulizers, and I think Rob is
referring to a mesh nebulizer. And I
don’t use the multi-dose bottles anymore; I use the unit doses and just
squirt the whole thing in. Particularly
with the mesh nebulizer, that’s just
fine.
Ari: Yes, my comment was on jet
nebulizers, not mesh nebulizers. I also
believe that using the standard unit
dose with mesh nebulizers should be
fine. We don’t need to increase the fill
volume of the mesh nebulizer to increase delivery efficiency of the nebulizer. Unlike jet nebulizers, mesh nebulizers have a very small residual
volume. Therefore, they are efficient
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in aerosol drug delivery without increasing the fill volume by diluting
albuterol with saline.
Berlinski: I just want to make a comment about Dean’s statement that
shows you cannot make blanket statements. If you apply your theory of not
messing with the ventilator, you have
to say that is for adults because if
you’re working in pediatrics, and your
VT is 50 mL, and you put 8 L/min on
a nebulizer, you’ll have to turn the set
VT to almost zero volume…
Hess:
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to trigger the ventilator, which can be
an issue in patients who have autoPEEP and obstructive lung disease.
They have difficulty triggering to begin with, and then you add that additional bias flow and make it even more
difficult to trigger the ventilator.
There’s at least one study7 in the literature showing subjects on pressure
support who did not trigger when the
nebulizer flow was added into the vent
circuit. We converted just within the
last year to mesh nebulizers, and it
was to get around some of these issues.

Or use a mesh nebulizer.

Berlinski: That’s right, but not everybody has access to that technology. I agree that that’s the only condition where you need to modify the
ventilator parameters so you don’t
harm your patient. There also are issues associated with cost that have not
been part of the discussion here. When
we published our study, one of the
reviewers came back and said, “show
me how much this is going to cost.”
For a drug like albuterol, is it worth
it? So we had to go back and calculate
for 1, 7, and 28 days of use whether it
was worth using that very expensive
technology to deliver albuterol as opposed to using an inexpensive lowvolume nebulizer.6 You don’t need a
super-efficient nebulizer for every single situation. I think it’s important that
we have great devices to deliver very
specific drugs, but for albuterol, we
can get by with using an inefficient
device with 2 doses instead of one at
very low cost.
Hess: Actually, your point about VT
augmentation with a jet nebulizer is, I
would argue, just as important in adults
as it is in pediatrics because we now
use much lower VT in adults. I think a
common error that’s made in everyday practice is to not consider that
with use of a jet nebulizer. The other
thing that I don’t think you mentioned
is that with a jet nebulizer, it can significantly impact the patient’s ability

Rubin: I’m impressed by the astounding number of high-quality
bench studies looking at different
ventilation modes, patient sizes, depositions, nebulizers, and aerosol devices—the data are remarkable.
What’s entirely unimpressive are the
lack of data showing that these medications are worth a damn to most of
the patients we give them to in the
ICU. Whether it’s inhaled steroids, albuterol, or dornase, we give loads of
nebulized medication, and there are
very few data suggesting that they are
of any benefit at all.
† MacIntyre: The ARDSNet got off
on a tangent and thought that pushing
albuterol in patients with ARDS might
help lung water clearance. It was a
study8 that was unfortunately sort of
ill-designed because the goal was to
put enough albuterol in the lungs to
do this, and most of the investigators
were reluctant to push the dose to the
levels that might have had an effect
on lung water clearance. So we ended
up under-dosing these patients, finding no effect (not that you could guarantee an effect even if we had dosed
properly), and at the end of the day,
we came away with the conclusion
that the albuterol really did nothing.
Hill: There may be a very good reason why this isn’t listed anywhere, and
it may be out of bounds, but did you
want to comment at all on high-fre-
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quency oscillatory ventilation (HFOV)
and aerosols?
Ari: Well, we conducted a study on
aerosol delivery during HFOV.9 It was
one of our student’s thesis. I know
that Rob conducted another study on
this after our project was completed
and published as an abstract. I would
like to give him a chance to describe
his study before explaining the study
we conducted at GSU.
DiBlasi: We attempted to enroll a
number of patients in a clinical trial a
few years back to evaluate the success
of weaning from inhaled nitric oxide
using iloprost. At the time, we were
going to use the Aerogen nebulizer,
and we did not enroll one patient. The
main reason was that they were being
supported by HFOV, and nobody in
their right mind at the time would have
considered giving an inhaled drug
through an oscillator simply because
there are high turbulent flows, fast
rates, and very low VT. So I took the
question back to the bench, and we
evaluated drug delivery in a neonatal
lung model, and we’ve since done it
in pediatric and adult lung models. We
compared efficiency and drug delivery between different placements
within the circuit using conventional
ventilation and HFOV, and I was very
amazed to find that, in all these studies, there was a nearly 2–3-fold increase in drug delivery in neonatal and
pediatric models but not adult models
during HFOV. I think a lot of it has to
do with the higher rate, potentially the
smoother bore tubing. I can’t quite exactly put my finger on it, but every
single study we’ve done (except adult)
comparing conventional ventilation
and HFOV, HFOV provided much
more drug, and it really does depend
on circuit placement. Placing the nebulizer proximal to the airway resulted
in, I think, a 3-fold greater increase in
drug delivery. With it placed between
the ventilator and humidifier, the drug
delivery was negligible. So now we
feel more comfortable providing that
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drug to our patients who are receiving
HFOV.
Ari: One of our graduate students
compared aerosol delivery difference
between conventional mechanical
ventilation and HFOV using a ventilator-dependent adult lung model.9
The findings of his thesis showed that
albuterol deposition with a pMDI was
more than 2 times greater with HFOV
than with conventional mechanical
ventilation. We also determined the
effect of lung compliance on aerosol
delivery and found that lung compliance and aerosol delivery are directly
related. Increasing lung compliance
from 20 to 40 mL/cm H2O increased
aerosol delivery during conventional
mechanical ventilation and HFOV.
Changing lung compliance had an almost 2-fold impact on aerosol delivery during both modes of ventilation.
I would also like to ask Jim if he wants
to comment on that because he worked
with us on this project.
* Fink: We used a bi-directional
adapter right on the ETT and heated
humidity, and we compared that to
conventional ventilation, and we found
that instead of the 15% or 17% we
expected from conventional ventilation as found in our previous work,
we delivered 30%. And I think the
point of the study wasn’t so much how
to deliver albuterol—we used albuterol
because it was there and ready— but
that you can get up to 30% of drug
into an adult during HFOV with a
pMDI (or any aerosol device) when
everyone thought you couldn’t get it
in. Now if we actually had drugs that
made a difference in a pMDI, to Dr
Rubin’s point, then this type of information really helps to know whether
we should be doing it or not. If you
are giving aerosol during HFOV,
you can deliver a lot of aerosol, but
you just need to position the pMDI
between the circuit and the patient,
not back at the humidifier.
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DiBlasi: I wonder if the mechanism
through which more drug is delivered
to the lung model may have something to do with the active exhalation?
Drug is being placed into the expiratory limb, but the piston’s moving
backward, so could that drug be dispersed closer to the airway so that the
bolus on inhalation is twice as large
rather than being rinsed out through
the expiratory limb?
Restrepo: We have a room full of
experts, but how about if you’re starting out in an ICU, you need to buy
equipment, and you need to invest and
find out from a practical purpose,
which device do you use and how do
you tell RTs to use it tomorrow? What
would your answer be?
Ari: Well, that’s a great question,
and its answer is a little complicated
due to all the factors that influence
aerosol delivery during mechanical
ventilation and characteristics of aerosol devices on the market. The decision should be based on the type of
patients you will be treating in your
unit, the type of drugs, and the doses
you need to use for treatment. Also, I
hesitate to say choose this device over
another because I would like to keep
my reputation as an unbiased scholar.
Hess: I’ll stick my neck out. I would
buy ventilators that have a mesh nebulizer-powering unit built into the ventilator. And I would also have very
clear guidelines as to when inhaled
drugs should be used during mechanical ventilation because I think they’re
overused.
Restrepo: How would you use albuterol? Albuterol is the thing that every single patient with pneumonia— or
anyone else— gets in an ICU. What
would you recommend?
Hess: That would point to the guidelines I talked about. Why would you
use albuterol in a patient with pneu-

monia? But that’s another discussion.
The other issue that has come up that
we touched on a little but did not talk
about a lot is that the HFA formulations of albuterol are much more expensive than the generic CFC albuterol inhalers of a few years ago. Many
pharmacies and hospitals have pushed
respiratory care departments not to use
pMDIs because it turns out that using
the solution, even with a more expensive nebulizer like the mesh nebulizer,
is cost-effective over time.
* Fink: As an alternative view, my
message is that if I don’t have access
to the mesh, which many clinicians
around the world don’t at this point in
time, I need to know what dose can
get into the lungs with the technology
I have available. We need to adjust
dosing to fit the technology and conditions to get a target dose that is going to be effective, which is very important with antibiotics, but probably
not so much with albuterol. Alex Duarte did a study10 a number of years
ago in RESPIRATORY CARE comparing 4
puffs with a pMDI with a standard
albuterol dose in stable COPD subjects: they all got bronchodilation, and
they all had about the same duration
of effect.
Ari: Thank you very much for all
your comments, suggestions, and
questions about aerosol drug delivery
in critical pulmonary care. Although I
would like to hear more of your
thoughts on this important topic, I am
afraid we must now move on from
this discussion and continue with the
next speaker. Thank you!
* James B Fink PhD RRT FAARC,
James B Fink LLC, San Mateo, California, and Division of Respiratory
Therapy, Georgia State University, Atlanta, Georgia, representing Aerogen.
† Neil R MacIntyre MD FAARC,
Division of Pulmonary and Critical Care
Medicine, Duke University, Durham,
North Carolina, representing InspiRx.

RESPIRATORY CARE • JUNE 2015 VOL 60 NO 6

AEROSOL THERAPY
REFERENCES
1. Fink JB, Dhand R, Duarte AG, Jenne JW,
Tobin MJ. Aerosol delivery from a metered-dose inhaler during mechanical ventilation: an in-vitro model. Am J Respir
Crit Care Med 1996;154(2 Pt 1):382–387.
2. Mouloudi E, Katsanoulas K, Anastasaki M,
Hoing S, Georgopoulos D. Bronchodilator
delivery by metered-dose inhaler in mechanically ventilated COPD patients: influence of tidal volume. Intensive Care Med
1999;25(11):1215–1221.
3. Ari A, Areabi H, Fink JB. Evaluation of
aerosol generators at 3 locations in humidified and nonhumidified circuits during
adult mechanical ventilation. Respir Care
2010;55(7):837–844.

IN

PULMONARY CRITICAL CARE

4. Hess DR, Dillman C, Kacmarek RM. In
vitro evaluation of aerosol bronchodilator
delivery during mechanical ventilation:
pressure-control vs volume-control ventilation. Intensive Care Med 2003;29(7):
1145–1150.
5. Hess DR, Fisher D, Williams P, Pooler S,
Kacmarek RM. Medication nebulizer performance. Effects of diluent volume, nebulizer flow, and nebulizer brand. Chest
1996;110(2):498–505.
6. Berlinski A, Willis JR. Albuterol delivery by
4 different nebulizers placed in 4 different
positions in a pediatric ventilator in vitro
model. Respir Care 2013;58(7):1124–1133.
7. Beaty CD, Ritz RH, Benson MS. Continuous in-line nebulizers complicate pressure
support ventilation. Chest 1989;96(6):
1360–1363.

RESPIRATORY CARE • JUNE 2015 VOL 60 NO 6

8. National Heart, Lung, and Blood Institute
Acute Respiratory Distress Syndrome
(ARDS) Clinical Trials Network, Matthay
MA, Brower RG, Carson S, Douglas IS,
Eisner M, et al. Randomized, placebo-controlled clinical trial of an aerosolized ␤2agonist for treatment of acute lung injury.
Am J Respir Crit Care Med 2011;184(5):
561–568.
9. Alzahrani W, Harwood R, Fink JB, Goodfellow L, Ari A. Comparison of albuterol
delivery during high frequency oscillatory
ventilation and conventional mechanical
ventilation of a simulated adult. Respir Care
2010;55(11):1576.
10. Duarte AG. Inhaled bronchodilator administration during mechanical ventilation. Respir Care 2004;49(6):623–634.

879

