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Summary

The delivery of aerosols to mechanically ventilated patients presents unique challenges and differs
from inhaled drug delivery in spontaneously breathing patients in several respects. Successful
aerosol delivery during invasive mechanical ventilation requires careful consideration of a host of
factors that influence the amount of drug inhaled by the patient. Pressurized metered-dose inhalers
and nebulizers (jet, ultrasonic, and vibrating mesh) are the most commonly used aerosol delivery
devices in these patients, although other delivery devices, such as dry powder inhalers, soft mist
inhalers, and intratracheal nebulizing catheters, could also be adapted for in-line use. Bronchodi-
lators, inhaled corticosteroids, antibiotics, pulmonary surfactant, mucolytics, biologicals, genes,
prostanoids, and other agents are administered by inhalation during mechanical ventilation for a
variety of indications. The goals of inhalation therapy during mechanical ventilation could be best
achieved by (1) assuring drug delivery; (2) optimizing drug deposition in the lung; (3) providing
consistent dosing; (4) avoiding inappropriate therapies; (5) achieving reproducible dosing; (6)
employing clinically feasible methods; (7) enhancing the safety of inhaled drugs; and (8) controlling
costs of aerosol therapy. The techniques of administration of aerosols with various delivery devices
during mechanical ventilation are well known, but there continues to be significant variation in
clinical practice and guidelines are needed to provide best practices for a wide range of clinical
settings encountered in mechanically ventilated patients. Key words: inhalation therapy; nebulizers;
aerosol therapy; bronchodilators; respiratory failure. [Respir Care 2017;62(10):1343–1367. © 2017
Daedalus Enterprises]

RESPIRATORY CARE • OCTOBER 2017 VOL 62 NO 10 1343

RESPIRATORY CARE Paper in Press. Published on September 5, 2017 as DOI: 10.4187/respcare.05803

Copyright (C) 2017 Daedalus Enterprises ePub ahead of print papers have been peer-reviewed, accepted for publication, copy edited 
and proofread. However, this version may differ from the final published version in the online and print editions of RESPIRATORY CARE 



Introduction

In the United States, it is estimated that, annually, more
than 700,000 adults admitted to the hospital require me-
chanical ventilation,1 and many of these patients receive
treatments by inhalation. In the past, it was widely be-
lieved that aerosolized therapies were unlikely to be suc-
cessful in mechanically ventilated patients because of the
extremely poor efficiency of drug delivery in this setting.2

Many barriers, especially the inability of drug particles
to negotiate the ventilator circuit and endotracheal tube
(ETT), were thought to preclude effective aerosol delivery
to ventilator-supported patients, and this view was corrob-
orated by landmark studies that found low pulmonary de-
position of aerosolized drugs in this patient population
compared to ambulatory, non-intubated patients.3,4 The
complexity of aerosol therapy in ventilator-dependent pa-
tients is due to the interaction of a host of factors that
determine drug deposition in the lung. During the past two
decades, impressive gains in knowledge about the inter-
play of these factors, (eg, humidity, duty cycle, and device
configuration and placement in the circuit) have contrib-
uted immensely to improved methods for aerosol deliv-
ery.5 Indeed, we have learned a great deal about the opti-
mal techniques to achieve adequate drug deposition in the
lung with both pressurized metered-dose inhalers (pMDIs)
and nebulizers. Moreover, newer designs of portable, bat-
tery-operated nebulizers that employ a vibrating mesh to
generate aerosol6 and hydrofluoroalkane (HFA)-
propelled pMDIs7,8 have made a significant impact on
the efficiency of aerosol delivery during mechanical ven-
tilation. The efficiency of drug delivery to the lung in such
patients could now match or surpass the efficiency of aero-
sol drug delivery in spontaneously breathing patients.9

The remarkable increase in knowledge about aerosol
deposition in mechanically ventilated patients resulted from
the confluence of three sets of in vitro and in vivo studies
that each corroborated the other’s findings. First, bench
models of mechanical ventilation made invaluable contri-
butions to elucidating the effects of multiple variables on
the efficiency of aerosol delivery and in maximizing drug
delivery to the lung. Such in vitro studies with both pMDIs

and nebulizers demonstrated that with pMDIs, the drug
output is well defined, and several elegantly performed
investigations enabled a fairly precise prediction of the
amount of drug delivered to the lung.10,11 Similarly, the
amount of drug delivered to the lung with a nebulizer
could also be estimated under specified conditions of neb-
ulizer operation.12 With the nebulizer synchronized to op-
erate during inspiration, the drug output per minute deter-
mined with specific ventilatory parameters (tidal volume,
air flow, inspiratory time/total duration of the breath) could
be employed to accurately estimate the time required to
deliver a specified amount of drug.12 Therefore, the ability
to control circuit conditions, ventilatory parameters, and
conditions of nebulization could allow estimation of drug
delivery with various nebulizers that differ in their oper-
ational efficiency. By measuring exhaled aerosol during
administration of albuterol from a pMDI with a spacer
chamber using an in vitro model simulating adult breath-
ing patterns, and measuring the amount of aerosol exhaled
from mechanically ventilated patients under similar con-
ditions, Fink and colleagues11 found that 4.8% more drug
was exhaled in vivo than in vitro. By subtracting the 4.8%
difference in exhaled aerosol from the in vitro lung deliv-
ery of 16.2%, the adjusted in vitro deposition was 11.4%.
This value (11.4%) is remarkably similar to the calculated
deposition of 10.8% of radiolabeled aerosol in mechani-
cally ventilated patients using a pMDI with a spacer cham-
ber under similar ventilator conditions after adjusting for
tissue adsorption of radioactivity.4 Likewise, studies with
nebulizers found that aerosol deposition in the lower re-
spiratory tract measured by a mass balance technique was
�15%.13 These in vitro studies showed remarkable con-
sistency in the values of lung deposition with various de-
vices.

Second, in ventilated patients, estimation of plasma lev-
els of drugs administered by a pMDI/nebulizer reflects
lower respiratory tract deposition because the ETT pre-
vents the inhaled drug from depositing in the oropharynx
and subsequently being absorbed via the gastrointestinal
tract. There is the potential for exhaled drug to bypass the
ETT cuff and deposit in the oropharynx, but this amount is
generally minimal and should not contribute significantly
to the plasma levels. After administration of albuterol with
a pMDI and spacer, the area under the concentration-time
curve was only marginally lower in the subjects than in
healthy controls.14 Moreover, measurement of urinary al-
buterol excretion in ventilated subjects with normal renal
function showed that albuterol recovery was highest (38%)
after administration with a pMDI and chamber spacer,
intermediate (16%) with a nebulizer, and lowest (9%) with
a pMDI and right angle port connected to the ETT.15 These
findings were similar to predictions based on previous
in vitro studies. Furthermore, measurement of antibiotic
levels in tracheal aspirates from mechanically ventilated
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subjects after administration with a nebulizer were shown
to corroborate the effects of humidity on aerosol delivery
that were previously described in vitro.16

Third, in mechanically ventilated subjects, significant
bronchodilator effects occurred after administration of 4
puffs (400 �g) with a pMDI17 or 2.5 mg of albuterol with
a standard nebulizer (Fig. 1).18,19 Minimal therapeutic ad-
vantage was gained by administering higher doses, whereas
the potential for adverse effects was increased.17,19,20 In

certain clinical settings, higher doses of bronchodilators
may be needed in patients with severe airway obstruction
or if the technique of administration is not optimal. With
a carefully executed technique of administration, most sta-
ble mechanically ventilated subjects with COPD achieved
near maximal bronchodilation after administration of 4
puffs of albuterol with a pMDI or 2.5 mg with a nebu-
lizer.18 (Fig. 2) Thus, the dose needed for obtaining effective
bronchodilation in ventilator-supported patients was sim-
ilar to the doses employed with pMDIs and nebulizers in
spontaneously breathing patients.21

The distinction between spontaneously breathing and
mechanically ventilated patients was observed in the du-
ration of the bronchodilator response, which appears to be
shorter in duration in stable mechanically ventilated pa-
tients with COPD than in ambulatory patients (2–3 h vs
4–6 h, respectively).18,22 Thus, ventilated patients require
scheduled administration of short-acting �-agonist bron-
chodilator (albuterol) every 3–4 h.

These earlier studies provided evidence that subtle dif-
ferences in the technique of administration produced
marked variations in the efficiency of inhaled drug deliv-
ery.5 However, if careful attention was given to the tech-
nique of administration and the dose of drugs was in-
creased to account for the effect of heat and humidification,
adequate amounts of drugs could be delivered to the lungs
of mechanically ventilated patients to achieve meaningful
therapeutic effects.17-20,22

Aerosol Delivery Devices in Ventilator-Supported
Patients

Delivery of aerosols to mechanically ventilated pa-
tients differs from that in spontaneously breathing

Fig. 1. Effect of albuterol on minimal inspiratory resistance in 12
stable mechanically ventilated subjects with COPD. Significant de-
creases in minimal inspiratory resistance occurred within 5 min of
administration of 4 puffs of albuterol. The addition of 8 and 16 puffs
(cumulative doses of 12 and 28 puffs, respectively) did not achieve a
significantly greater effect than that with 4 puffs (P � .05). Bars rep-
resent SE. *P � .001. From Reference 17, with permission.

Fig. 2. Effect of albuterol on maximum inspiratory airway resistance (Rmax) in stable, mechanically ventilated subjects with COPD. There was
a decrease in airway resistance from baseline values within 10 min of albuterol administration. A: Change in airway resistance from baseline
(time 0) after 4 doses of albuterol from a pressurized metered-dose inhalers (pMDI). B: Change in airway resistance from baseline (time 0)
after 2.5 mg of albuterol given by nebulizer. Significant reductions in airway resistance were sustained for 2 h and returned to baseline by
4 h. The response to albuterol administered by pMDI (0.4 mg) was comparable to that achieved with 2.5 mg administered by nebulizer. Bars
represent SEM. *P � .01. **P � .05. From Reference 18.

AEROSOL DELIVERY DURING INVASIVE MECHANICAL VENTILATION

RESPIRATORY CARE • OCTOBER 2017 VOL 62 NO 10 1345

RESPIRATORY CARE Paper in Press. Published on September 5, 2017 as DOI: 10.4187/respcare.05803

Copyright (C) 2017 Daedalus Enterprises ePub ahead of print papers have been peer-reviewed, accepted for publication, copy edited 
and proofread. However, this version may differ from the final published version in the online and print editions of RESPIRATORY CARE 



patients in several respects (Table 1).23 The key differ-
ence is that the administration of aerosols is usually
dependent on the patient when they are spontaneously
breathing. In contrast, aerosols are administered to ven-
tilator-dependent patients by a member of the clinical
team, usually a nurse or respiratory therapist, that is
taking care of the patient.

Pressurized Metered-Dose Inhalers

pMDIs are commonly used for administering inhaled
drugs to mechanically ventilated patients because they are
considered to be cost-effective, convenient, reliable, and
safe.24,25 All pMDIs are designed as closed systems con-
sisting of a meter-valved canister to be used with a unique
actuator mouthpiece that is designed specifically for that
canister. These actuators do not lend themselves to use in
closed pressurized circuits such as those commonly uti-
lized for mechanical ventilation. Consequently, third-party
actuator devices that allow the pMDIs to be connected
in-line in closed, pressurized circuits are used during me-
chanical ventilation. These devices range from simple
adapters with a port and a single nozzle to more complex
spacer chambers.25 Performance varies between adapter
designs, and for the same adapter type between pMDI
formulations, depending on both the drug and the propel-
lants used.26 During mechanical ventilation in a dry un-
heated ventilator circuit, an in vitro study with three dif-
ferent setups were tested: an elbow adapter at the ETT; an
in-line spacer chamber placed on the inspiratory limb just
before the Y adapter; and the in-line chamber placed be-
tween the Y and ETT. The pMDI with elbow adapter
delivered the lowest amount of drug (7.3%), while the
chamber delivered 32.1% at the inspiratory limb and 29%
of the nominal dose when placed at the ETT.27 Using a
chamber-shaped spacer with the pMDI resulted in 4- to

6-fold greater aerosol drug delivery when compared with
either an elbow adapter or a unidirectional in-line
spacer.4,27,28 In contrast, the efficiency of a bidirectional
in-line spacer was higher than the efficiency of a unidi-
rectional in-line spacer and achieved comparable efficiency
with chamber spacers.26

The efficiency of drug delivery with pMDIs is very
dependent on the configuration of the device and tech-
nique of administration. In vitro studies have shown that
aerosol drug delivery to the lower respiratory tract can
vary from 0.3% to 97.5% with pMDIs.3,10,11,27,29-31 Ther-
apy with pMDIs can be ineffective if careful attention is
not given to the appropriate technique of administration.19

All pMDIs require shaking and priming, with several
actuations to room air prior to first use and after extended
periods of time between uses.32 With the transition to HFA
propellants, recommended periods between priming have
been extended up to several days. However, the failure to
shake a pMDI canister that has been standing overnight
may decrease total emitted and respirable dose by as much
as 25% and 35%, respectively.33 After appropriately shak-
ing a pMDI, up to 8 actuations from a pMDI can be
administered without a reduction in emitted dose,10 and
the emitted dose after actuation at 15-s intervals is similar
to the dose emitted with actuation at the manufacturer
recommended 1-min intervals.10 A nozzle extension to the
pMDI in the form of a fine catheter that traverses the
length of the ETT has been proposed as a method to en-
hance the efficiency of drug delivery to the lower respi-
ratory tract.29,34 With this delivery system, there are con-
cerns about catheter blockage and mucosal damage induced
by propellants, surfactants, or other constituents of the
pMDI formulation.35

Connecting the pMDI to a spacer chamber placed in the
inspiratory limb of the ventilator circuit 15 cm from the
ETT increases aerosol deposition with improved potential

Table 1. Differences in Aerosol Delivery in Spontaneously Breathing Versus Mechanically Ventilated Patients

Spontaneously Breathing Patient Mechanically Ventilated Patient

Position of the patient Sitting or standing Supine or semi-recumbent
Aerosol generator pMDI/pMDI and spacer/dry powder inhaler/nebulizer pMDI and spacer/nebulizer
Method of delivery By mouthpiece/facemask Connected to endotracheal tube/inspiratory limb of

ventilator circuit
Humidity Ambient humidity Humidifed (�97% relative humidity)
Temperature Room/ambient Warmed to �35°C
Inspiratory airflow Sinusoidal Constant or ramp flow
Breath configuration Controlled by patient Controlled by ventilator*
Aerosol administration Self-administered Administered by nurse/therapist
Airway Oral/nasal cavity and upper airway Artificial airway

* In controlled modes of mechanical ventilation, the ventilator controls the breath configuration. In assisted modes of ventilation, the breath configuration is influenced by the patient’s effort.
pMDI � pressurized metered-dose inhaler
Adapted from Reference 23.
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for clinical response.28,36 Ari and colleagues, using a heat-
ed/humidified in vitro model of adult ventilation, quanti-
fied the percent of emitted dose delivered distal to a ETT
from an albuterol pMDI with chamber adapter, in each of
three positons: between ETT and Y-piece (7.6 � 1.3%), in
the inspiratory limb 15 cm from the Y-piece (17.0 � 1.0%),
and 15 cm from the ventilator before the inlet of the hu-
midifier (2.5 � 0.8%).37 On the basis of these studies, the
pMDI and chamber spacer should be placed at a distance
of 15 cm from the Y-piece.

In summary, the pMDI offers a safe and effective method
for administration of medications to the lungs of ventila-
tor-dependent patients. The use of a pMDI is an excellent
option for prescribed drugs that are available in this dos-
age form, and the delivery of 4 to 8 puffs provides the
desired clinical response. Attention to detail such as the
type of actuator used, placement in the ventilator circuit,
and timing of actuation are required to optimize therapy
(Table 2).

Nebulizers

Three principal designs of nebulizers are employed to
deliver medications to mechanically ventilated patients:
(1) jet nebulizers, (2) ultrasonic nebulizers, and (3) vibrat-
ing mesh nebulizers.

Jet Nebulizers. In a jet nebulizer, a jet of compressed air
or oxygen under high pressure passes through a narrow
opening near the tip of a capillary tube whose base is
immersed in the drug solution to be nebulized.38,39 The
low pressure created by the expansion of the jet draws the
liquid up the capillary tube. The shearing force of the jet
stream produces a liquid film that breaks up into small

droplets secondary to surface-tension forces. Larger par-
ticles deposit on a baffle placed upstream of the aerosol
stream and on the walls of the nebulizer, whereas the
smallest droplets leave the nebulizer. In a mechanical ven-
tilator circuit, the resulting aerosol is carried into the stream
of gas from the ventilator to the patient.39

Jet nebulizers are easy to use and inexpensive compared
with mesh and ultrasonic nebulizers. However, use of a jet
nebulizer during mechanical ventilation entrains an addi-
tional 6–8 L/min of gas into the ventilator circuit, which
influences the tidal volume delivered to the patient. Jet
nebulizers may also inactivate or denature the drug due to
shear forces.38,40 Other disadvantages of jet nebulizers are
the requirement for a power source, inconveniently long
treatment time, need for equipment set up and cleaning,
and significant variations in the performance of various
nebulizers, both within the same brand and across different
brands.41-43 Therefore, it is important to characterize the
efficiency of a jet nebulizer before using it to deliver aero-
solized drugs to mechanically ventilated patients. Jet neb-
ulizers continue to be commonly employed in ventilator-
supported patients because of familiarity with their use,
ease of operation, and low cost.

Ultrasonic Nebulizers. Ultrasonic nebulizers also use
electricity in creating high-frequency vibrations that are
transferred to the surface of the solution to be aerosolized.
A standing wave is created in the liquid and droplets break-
ing off from the crest of this wave generate an aerosol. The
higher the frequency of vibration, the smaller the particle
size generated, and the higher the amplitude of vibrations,
the higher is the drug output delivered to the patient.38

Although there are several brands of ultrasonic nebulizers
available for use in mechanically ventilated patients, they
have not been routinely employed in this clinical setting
due to problems associated with their use such as their
bulk, relative inefficiency, high cost, inability to aerosolize
viscous solutions, settling of suspensions, and larger par-
ticle size.44-46 Another problem with ultrasonic nebulizers
is that the drug solution becomes more concentrated dur-
ing operation, and the solution temperature increases by
10–15°C after a few minutes of ultrasonic nebulization.44,45

The increase in temperature has the potential to denature
some drug formulations.

Several commercial brands of ultrasonic nebulizers have
been adapted for aerosol delivery with specific ventila-
tors.31,47-49 Most ultrasonic nebulizers have a higher rate of
nebulization and require a shorter time of operation than
jet nebulizers.48 To overcome the problem of size, smaller-
volume ultrasonic nebulizers with smaller residual vol-
umes than jet nebulizers have been employed.44,48,50

Placement of ultrasonic nebulizers proximal or distal to
the Y-piece in the ventilator circuit does not influence the
efficiency of aerosol delivery.31,51 Likewise, placing the

Table 2. Optimal Technique for Drug Delivery by pMDI in
Ventilated Patients

1. Have patient seated in erect or semi-erect position.*
2. Review order, identify patient, and assess need for bronchodilator.
3. Suction endotracheal tube and airway secretions.
4. Shake pMDI and warm to hand temperature.
5. Place pMDI in space chamber adapter in ventilator circuit about

15 cm from endotracheal tube.
6. Remove HME. Do not disconnect humidifier.
7. Ensure that there is no leak in the circuit.
8. Coordinate pMDI actuation with beginning of inspiration.
9. Wait at least 15 seconds between actuations; administer total dose.

10. Monitor for adverse response.
11. Reconnect HME.
12. Document clinical outcome.

* Unless there is a clinical contraindication to elevating the head of the patient.
pMDI � pressurized metered-dose inhaler
HME � heat and moisture exchanger
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ultrasonic nebulizer in the inspiratory limb of the ventila-
tor circuit 50 cm from the Y-piece did not improve its
efficiency.51 The efficiency of aerosol delivery with ultra-
sonic nebulizers could be modestly improved by using a
longer inspiratory time, by reducing the minute ventila-
tion, and by employing a lower breathing frequency.31,51

Notably, the efficiency of aerosol delivery with ultrasonic
nebulizers is doubled by the addition of a cylindrical stor-
age chamber (volume, 500–600 mL) in the inspiratory
limb of the ventilator circuit.31,51

Vibrating Mesh Nebulizers. Vibrating mesh nebulizers
employed during mechanical ventilation are newer and
more efficient than jet or ultrasonic nebulizers. These neb-
ulizers employ batteries or electricity to vibrate a piezo-
electric crystal and move the liquid drug through a micron
mesh at a very high frequency to generate aerosols.6,46,52-56

The diameter of the mesh affects the particle size of aero-
sols produced by vibrating mesh nebulizers. Vibrating mesh
nebulizers are more efficient than jet nebulizers because of
their small residual volume (ranging from 0.1 mL to
0.5 mL). Because aerosols produced by vibrating mesh
nebulizers have a higher respirable fraction, the nominal
dose of drugs to be administered for clinical response could
be reduced compared to jet or ultrasonic nebulizers.6,52,56,57

Also, vibrating mesh nebulizers are quieter than jet nebu-
lizers. Because vibrating mesh nebulizers neither cool nor
heat the solution, there is minimal risk of denaturation, and
they are thus recommended for use with complex micro-
structures and large molecules.58,59 Suspensions or viscous
drugs could clog the pores of the mesh nebulizer without
making a noticeable difference to the nebulizer output.60

Despite concerns about the consistency with which some
vibrating mesh nebulizers deliver the volume placed in the
reservoir,61 their popularity for aerosol delivery in me-
chanically ventilated patients has grown.62 Some manu-
facturers, such as the Hamilton SI and G5 ventilators, have
integrated Aerogen’s aerosol drug delivery technology.
Aerogen’s Aeroneb Solo nebulizer is now available as an
integrated unit with the Maquet Servo-i ventilator.63

A breath-synchronized vibrating mesh nebulizer, the Pul-
monary Drug Delivery System (PDDS) Clinical is a sin-
gle-use drug delivery system that is primarily designed for
delivery of aerosolized medications to mechanically ven-
tilated patients.64 Therapy with the PDDS could be con-
tinued when a patient is able to breathe spontaneously and
has been successfully extubated. The device could also be
employed for inhalation therapy in patients receiving
noninvasive ventilation. Aerosol generation is synchro-
nized to a specific portion of the inspiratory cycle by a
control module that operates from an AC/DC adapter. A
pressure transducer measures airway pressure in the in-
spiratory limb of the ventilator circuit. During mechanical
ventilation, a rise in airway pressure signals the onset of

mechanical pressure from the ventilator and is sensed by
the microprocessor in the control module to provide power
to the nebulizer during a specific portion of the inspiratory
cycle. The controller has 2 software algorithms, one for
use during mechanical ventilation and the other for use
when the patient is off the ventilator. In the spontaneous
breathing mode, the control module operates in a simple,
breath-synchronized mode, and it generates aerosol during
the entire inspiratory phase. For this purpose, the pressure
transducer monitors the fall in airway pressure during in-
spiration. The PDDS Clinical is being investigated for
delivery of inhaled amikacin in patients with ventilator-
associated pneumonia.65

Factors Influencing Drug Delivery via Nebulizers.
Aerosol drug delivery from a nebulizer to the distal air-
ways/alveoli of a mechanically ventilated patient is not
only influenced by the type of nebulizer employed, but
also by residual volume, mode of nebulization, position of
the nebulizer in the ventilator circuit, gas flow, and bias
flow in the circuit.9 Such factors influence the emitted
dose and make it difficult to provide objective compari-
sons of clinical outcomes.

Residual volume (also termed dead volume) is the amount
of medication remaining in the nebulizer at the end of a
treatment. The residual volume can range from 0.1 mL to
2.4 mL depending on the type of nebulizer used for the
treatment. The greater the residual volume, the lower will
be the amount of drug that is nebulized. Generally, ultra-
sonic and vibrating mesh nebulizers have smaller residual
volumes than jet nebulizers.48,50,56,61,64 For jet nebulizers,
it is recommended to use a fill volume of 4–5 mL if the
nebulizer is not specifically designed for a smaller fill
volume.43 This precaution increases the treatment time,
while diluting the medication and allowing for a greater
proportion to be nebulized during mechanical ventilation.

Each brand of jet nebulizer is designed to work best at
a specific flow, ranging from 2 L/min to 8 L/min, which
should be specified by the manufacturer. Operating any jet
nebulizer at a lower flow or pressure will increase the
particle size of the aerosol produced. Gas flow and nebu-
lization time are inversely related. Although operating a jet
nebulizer at a higher gas flow will decrease treatment time
needed to deliver the specified amount of drug to mechan-
ically ventilated patients, it can be detrimental because
higher gas flows may increase the delivered tidal volume.
The tidal volume needs to be adjusted to account for this
additional volume, but this correction is not precise. In
contrast to jet nebulizers, ultrasonic and vibrating mesh
nebulizers are operated by electricity and are not influ-
enced by gas flow. The techniques of operating jet and
vibrating mesh nebulizers in patients receiving mechanical
ventilation are described in Tables 3 and 4, respectively.
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Placement of the nebulizer in the ventilator circuit af-
fects aerosol drug delivery during mechanical ventilation.
Previous studies reported that placing the jet nebulizer
farther from the ETT improves drug delivery, leading to
the recommendation to place the nebulizer proximal to the

humidifier, ie, close to the ventilator.31,37,51,66-68 It was
believed that the continuous output from the jet nebulizer
filled the inspiratory limb of the circuit between inspira-
tions, increasing the percent of output delivered with each
breath through a ventilator. Wan and colleagues69 com-
pared 3 jet nebulization modes, ie, inspiratory intermittent,
continuous, and expiratory intermittent modes, in adult
and pediatric lung models with the jet nebulizer placed
proximal to the humidifier. Drug delivery did not differ
between the nebulization modes or between adult and pe-
diatric settings, but the time for nebulization was longer
with the inspiratory intermittent mode compared to the
continuous and expiratory intermittent modes. Moreover,
Moraine and coworkers70 showed that, in mechanically
ventilated patients, the placement of an ultrasonic nebu-
lizer in the ventilator circuit proximal to the humidifier
had no effect on the pulmonary bioavailability of drug.

Nebulizers may be operated continuously by pressur-
ized gas or synchronized with gas flow from the ventilator.
While continuous jet nebulization is powered by pressur-
ized gas from a 50-psi wall outlet or gas cylinder, breath-
synchronized nebulization is operated by a separate line to
provide driving pressure and gas flow from the ventilator.
When nebulization is synchronized with inspiratory flow
from the ventilator, aerosol losses during exhalation are
minimized and the efficiency of drug delivery is enhanced
by as much as 4 times compared to continuously operated
nebulization.16,68 However, some ventilators do not pro-
vide adequate driving gas pressure, which may have an
adverse influence on the particle size of the aerosol and the
efficiency of drug delivery from the nebulizer. Some newer
ventilators have a built-in nebulizer function that could
facilitate reproducible and consistent dosing.63,71 Nebuliz-
ers could also be adapted to deliver aerosols continuously
for extended periods by using a dual-channel volumetric
infusion pump that mixes the drug with normal saline prior
to nebulization and allows the dose to be titrated according
to clinical requirements.72

Jet nebulizers are less expensive, but ultrasonic and vi-
brating mesh nebulizers are more efficient than jet nebu-
lizers as they provide a higher rate of nebulization in a
shorter period of time.6,37,48,52,66,73 The relative expense of
ultrasonic and vibrating mesh nebulizers is a limiting fac-
tor for their widespread use in ventilated patients.74

Soft Mist Inhaler

An adapter designed for in-line use of the Respimat soft
mist inhaler (Boehringer-Ingelheim, Germany) is not com-
mercially available as yet. The in vitro dose delivery of
tiotropium, and ipratropium bromide and albuterol in com-
bination, was compared with pMDI delivery using differ-
ent valved holding chambers and spacers during simulated
mechanical ventilation. The Respimat with the prototype

Table 3. Optimal Technique for Drug Delivery by Jet Nebulizer in
Ventilated Patients

1. Have the patient seated in an erect or semi-erect position.*
2. Review order, identify patient, and assess need for bronchodilator.
3. Suction endotracheal and airway secretions.
4. Place drug in nebulizer to fill volume of 4–6 mL.
5. Place nebulizer in the inspiratory line 18 in (46 cm) from the

patient Y-piece.
6. Turn off flow-by or continuous flow during nebulizer operation.
7. Remove HME from circuit (do not disconnect humidifier).
8. Set gas flow to nebulizer at 6–8 L/min.

a. Use a ventilator if it meets the nebulizer flow requirements and
cycles on inspiration, or

b. Use continuous flow from external source (�50 psi).
9. Adjust ventilator volume or pressure limit to compensate for added

flow.
10. Tap nebulizer periodically until nebulizer begins to sputter.
11. Remove nebulizer from circuit, rinse with sterile water and run

dry, store in safe place.
12. Reconnect humidifier or HME, return ventilator settings and

alarms to previous values.
13. Monitor patient for adverse response.
14. Assess outcome and document findings.

* Unless there is a clinical contraindication to elevating the head of the patient.
HME � heat and moisture exchanger

Table 4. Optimal Technique for Drug Delivery by Vibrating Mesh
Nebulizer in Ventilated Patients

1. Correctly assemble the nebulizer.
2. Follow the manufacturer’s instructions in performing a

functionality test prior to the first use of a new nebulizer as well
as after each disinfection to verify proper operation.

3. Pour the solution into the medication reservoir. Do not exceed the
volume recommended by the manufacturer.

4. Keep the nebulizer in an upright position.
5. Place the nebulizer in the ventilator circuit at the position

recommended by the manufacturer.
6. Have the patient seated in an erect or semi-erect position.*
7. Turn on the power.
8. If the treatment must be interrupted, turn off the unit to avoid

waste.
9. At the completion of the treatment, disassemble and clean as

recommended by the manufacturer.
10. When using a mesh nebulizer, avoid touching the mesh during

cleaning because this could damage the unit.
11. Follow the manufacturer’s instructions for cleaning and

disinfection of the nebulizer.

* Unless there is a clinical contraindication to elevating the head of the patient.
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in-line adapter provided better fine-particle dose delivery
than other accessory device combinations.75

Dry Powder Inhalers

Dry powder inhalers could be employed in ventilator
circuits either by employing the ventilator’s inspiratory air
flow to generate an aerosol or by first producing an aerosol
and then entraining the drug particles into the air flow
from the ventilator. Everard and colleagues76 employed a
modified Turbuhaler in a dry ventilator circuit and found
that �20% of the nominal dose was delivered to a filter
placed at the distal end of the ETT. Humidity reduces drug
delivery from dry powder inhalers,77 and because venti-
lated patients routinely receive warm and humidified gas,
the feasibility of administering dry powders during me-
chanical ventilation needs further evaluation.

Intratracheal Nebulizing Catheter

The intracorporeal nebulizing catheter (Aeroprobe;
Trudell Medical International, London, ON, Canada), pro-
duces an aerosol in the trachea.78 Preliminary data suggest
that lung deposition is improved with the use of the cath-
eter compared to more conventional forms of aerosol ad-
ministration.79 Intratracheal nebulizing catheters could be
employed to target a variety of therapeutic agents and
genes to the site of lung disease in ventilated patients80,81;
however, the use of the intratracheal catheters is investi-
gational at present.

Choice of Aerosol Delivery Device in Mechanically
Ventilated Patients

Traditionally, pMDIs have been prescribed for out-pa-
tient treatment of airway obstruction, whereas nebulizers
have been widely used during in-hospital visits. However,
bronchodilator therapy with either pMDIs or nebulizers
produces similar therapeutic effects in ventilator-supported
patient,5,9,18,23,82,83 and when employed in an optimal man-
ner, pMDIs and nebulizers are equally effective in the
treatment of mechanically ventilated patients with obstruc-
tive lung disease.21,84 In the past, pMDIs were commonly
employed for routine bronchodilator therapy because of
convenience of use and decreased potential for contami-
nation compared to jet nebulizers.85-88 In one survey of
neonatal ICUs, pMDI use was reported to have increased
significantly over a period of approximately 10 years.87 In
the majority of adult ICUs in the United States, pMDIs
were reported to be preferred for routine bronchodilator
therapy.88 Bronchodilator administration with pMDIs was
previously thought to be more cost-effective than nebuliz-
ers89-91; however, this may no longer hold true for the
branded HFA-pMDIs and newer vibrating mesh nebuliz-

ers are convenient and less prone to bacterial contamina-
tion than most jet nebulizers. Moreover, a 2013 Cochrane
review92 did not find sufficient evidence to recommend
pMDIs versus nebulizers in mechanically ventilated sub-
jects, but there seemed to be a trend toward achieving
lower airway resistance with the nebulizer. Many ICUs in
the United States now employ vibrating mesh nebulizers
for bronchodilator treatments and for delivery of antibiot-
ics, surfactant, prostaglandins, and other formulations that
are not available in pMDIs.6,58,93

A self-administered electronic survey among 854 phy-
sicians who worked regularly in ICUs in 70 countries (pre-
dominantly in Europe) found that almost all employed
aerosolized therapies during mechanical ventilation.94 Neb-
ulizers were used exclusively by 43%, and pMDIs were
also used by 55%. Among those who used nebulizers, jet
nebulizers were used more often (55%) than ultrasonic
(44%) or vibrating mesh nebulizers (14%). As a follow up
to this survey, the investigators performed a 2-week cross-
sectional study to assess the prevalence of aerosol therapy
in 81 intensive and intermediate care units in 22 coun-
tries.62 Among subjects receiving mechanical ventilation,
22% received at least one inhaled medication over the
2-week period. This inhaled therapy was administered by
jet nebulizer (42%), ultrasonic nebulizer (17%), vibrating
mesh nebulizer (11%), or pMDI (29%). Thus, inhaled drugs
are commonly administered to mechanically ventilated pa-
tients via a variety of devices, but there is considerable
variation among centers in the devices employed for aero-
sol delivery.62,94 For mechanically ventilated patients, neb-
ulization is the most versatile and widely used method of
pulmonary drug delivery, whereas pMDIs are more suited
for delivery of formulations that are available in this de-
vice (eg, bronchodilators), and it is feasible to administer
a dose that produces a clinical response at a reasonable
cost that is comparable to or lower than the cost associated
with administration of nebulizer treatments.

Drugs Administered via Inhalation to Mechanically
Ventilated Patients

At the present time, a variety of drug aerosols, including
bronchodilators, corticosteroids, antibiotics, prostanoids,
surfactant, mucolytics, biologicals, genes, and miscella-
neous other agents are administered in mechanically ven-
tilated patients (Table 5).93 Bronchodilators are among the
most commonly used drugs in the ICU.5,62,94,95 The indi-
cations for using inhaled bronchodilators in mechanically
ventilated patients are shown in Table 6.

In ventilator-supported patients with air flow obstruc-
tion, such as patients with acute asthma, exacerbations of
COPD, or bronchiolitis, inhaled bronchodilators are fre-
quently employed to reduce airway resistance.17–20,95 In
patients with air flow obstruction, inhaled bronchodilators
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improve wheezing96 and hemodynamics,97 and they re-
duce airway resistance and intrinsic PEEP (PEEPi) lev-
els.5,17,36,97 In addition to patients with confirmed expira-
tory air flow obstruction, expiratory flow was also shown
to improve after bronchodilator administration in a heter-
ogeneous group of ventilated patients.98 In patients with
ARDS, elevated levels of airway resistance were reduced
with nebulized metaproterenol.99,100 Bronchodilators also
reduce the work of breathing.101 They also could reduce
the sensation of dyspnea while improving patient-ventila-
tor interaction, and they could facilitate weaning in pa-
tients with limited cardiopulmonary reserve.101 Combining
�-2 adrenergic and anti-cholinergic bronchodilators has a
greater effect than therapy with either agent alone.102 �-ago-
nists could also enhance mucociliary clearance103 and ac-
celerate the resolution of alveolar edema in patients with
acute lung injury or ARDS.104 However, a multi-center
trial was stopped early after interim analysis showed that

administration of nebulized albuterol (5 mg every 4 h for
up to 10 d) did not improve ventilator-free days or mor-
tality rates before hospital discharge.105 Thus, a wide spec-
trum of ventilator-supported patients receive bronchodila-
tors, and this contributes to additional cost of treatment.88

However, it is unclear whether regular administration of
bronchodilators to such a diverse group of patients, be-
sides those with exacerbations of asthma or COPD, con-
fers any benefit in terms of improved clinical outcomes,105

such as the duration of mechanical ventilation, length of
ICU stay, length of hospital stay, in-hospital mortality, or
long-term mortality. Moreover, higher doses of �-agonists
have the potential to cause hypokalemia and cardiac ar-
rhythmias.19,106-108 Unfortunately, no randomized, con-
trolled trials have been performed to evaluate the effect of
bronchodilator therapy on clinically relevant outcomes in
ventilator-supported patients.21,88,109 Moreover, variations
in the method of administration and assessment of re-
sponse make it difficult to compare the results of various
studies.21

There is growing usage of inhaled antibiotics, especially
inhaled aminoglycosides and inhaled colistin, for treat-
ment of ventilator-associated pneumonia (VAP) with drug-
resistant Gram-negative organisms. For pulmonary deliv-
ery of antibiotics, efficient nebulization systems are
essential both to attain sufficient therapeutic efficacy, and
to keep the time needed for administration of the total dose
within acceptable limits (15–30 min).73,110 Recent advances

Table 5. Therapeutic Aerosols in Mechanically Ventilated Patients*

Drugs Delivery Device for Administration

Bronchodilators: albuterol, formoterol, arformoterol, fenoterol, metaproterenol, ipratropium,
albuterol � ipratropium

pMDI with spacer/jet nebulizer/vibrating
mesh nebulizer

Corticosteroids:
budesonide Jet nebulizer
beclomethasone, fluticasone pMDI with spacer

Combination bronchodilator and corticosteroid: pMDI with spacer
salmeterol � fluticasone, formoterol � mometasone

Antibiotics:
tobramycin*, amikacin†, amikacin � fosfomycin†, colistin*, ciprofloxacin† Jet nebulizer/vibrating mesh nebulizer
ribavarin Small particle aerosol generator
amphotericin B Jet nebulizer

Surfactant: Exosurf†, Survanta†, Curosurf†, Infasurf†, KL4† Jet nebulizer/vibrating mesh nebulizer
Mucolytics: N-acetylcysteine*, dornase alfa* Jet nebulizer
Biologicals: monoclonal antibodies† Jet nebulizer/vibrating mesh nebulizer
Genes: siRNA† Jet nebulizer/vibrating mesh nebulizer
Prostanoids: epoprostenol*, iloprost*, treprostinil* Vibrating mesh nebulizer
Miscellaneous: heparin†, morphine†, furosemide† Jet nebulizer

* No therapies are specifically cleared by the U.S. Food and Drug Administration for use in this clinical setting. The use of such medications in mechanically ventilated patients represents off-label
use.
† The use of these drugs and agents is investigational.
pMDI � pressurized metered-dose inhaler
siRNA � small interfering ribonucleic acid

Table 6. Indications for Aerosolized Bronchodilator Therapy in
Mechanically Ventilated Patients

1. Severe asthma
2. COPD
3. Acute bronchospasm or wheezing
4. Elevated airway resistance
5. Dynamic hyperinflation/intrinsic PEEP
6. Difficulty in weaning
7. Chronic ventilator dependence
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in nebulizer technology, namely the development of vi-
brating mesh nebulizers with breath coordination, have
enabled significant improvements in the efficiency of an-
tibiotic delivery.46,64,111 Guidelines for treatment of hospi-
tal-acquired pneumonia and VAP acknowledge method-
ological limitations in previous studies of inhaled antibiotics
and give a weak recommendation for use of inhaled anti-
biotics as adjunctive therapy for treatment of pneumonia
due to organisms that are susceptible only to aminoglyco-
sides or colistin or as adjunctive rescue therapy for pa-
tients who are not responding to systemic antimicrobial
therapy.112 A systematic review of studies that predomi-
nantly employed jet nebulizers for antibiotic delivery con-
cluded that emergent resistance decreased with inhaled
antibiotics in subjects with ventilator-associated tracheo-
bronchitis and VAP caused by susceptible organisms. Sub-
jects with VAP due to resistant organisms had higher clin-
ical resolution, but ventilator duration or mortality did not
improve.113 A multi-center, randomized, double-blind, pla-
cebo-controlled, parallel group phase 2 study compared
amikacin (300 mg base) and fosfomycin (120 mg) that was
pH and osmolality adjusted via a vibrating mesh nebulizer
placed proximal to the Y-connector and run continuously
in a humidified circuit.114 The Clinical Pulmonary Infec-
tion Score, mortality and clinical cure at day 14, and mor-
tality and ventilator-free days did not differ between the
treatment and placebo group. Similar to the findings of the
systematic review,113 patients with pneumonia due to pan-
resistant Acinetobacter showed a trend for more ventila-
tor-free days and higher clinical cure rates in subjects treated
with amikacin and fosfomycin that was pH and osmolality
adjusted.114 Two multi-center, prospective, randomized,
double-blind, placebo-controlled phase 3 studies using an
investigational inhaled amikacin solution administered with
the PDDS Clinical (NCT 01799993) are expected to com-
plete enrolment this year. At present, the recommendation
is to employ inhaled antibiotics as adjunctive therapy for
treatment of ventilator-associated tracheobronchitis or VAP
due to Gram-negative organisms that are resistant to mul-
tiple drugs.112

In critically ill patients, refractory hypoxemia and pul-
monary hypertension present challenging management
problems, and they also influence morbidity and mortal-
ity.115 Inhaled vasodilators decrease pulmonary vascular
resistance and right ventricular afterload with improve-
ment in right heart function, ventilator perfusion mismatch
and arterial oxygenation. Systemic side effects, such as
hypotension, which occur with intravenous vasodilators,
are minimized by using the inhaled route of administra-
tion. Inhaled nitric oxide (INO) has been employed for
many years, and although it is only approved for treatment
of hypoxic respiratory failure associated with clinical or
echocardiographic evidence of pulmonary hypertension in
neonates (�34 weeks gestation),116 its use has expanded

into a variety of off-label uses as a rescue therapy for acute
hypoxic respiratory failure with or without pulmonary hy-
pertension and right heart failure.116 However, INO is very
expensive and has a risk of severe rebound hypertension if
therapy is abruptly discontinued for any reason.

Continuous intravenous infusions of prostaglandin I2

(epoprostenol) or prostaglandin E1 (alprostadil) have been
employed in patients with ARDS to improve intra-pulmo-
nary shunting and severe hypoxemia. The anti-inflamma-
tory and anti-platelet aggregation properties of these agents
may have additional potential benefits in patients with
ARDS.117 After intravenous administration of epoprostenol
to patients with ARDS, pulmonary artery pressures and
cardiac output improved, but there was also increased ve-
nous admixture and systemic hypotension.118,119 In con-
trast, inhalation of prostaglandins reduces pulmonary ar-
tery pressure and enhances blood flow to well-ventilated
but poorly perfused lung regions, leading to better venti-
lation perfusion matching and improved oxygenation.120,121

In addition to epoprostenol and alprostadil, prostacylin
analogs, such as iloprost and treprostinil, are also available
for inhalation. These agents produce selective pulmonary
vasodilation at lower doses, and higher doses could lead to
bronchospasm and systemic side effects. While epopros-
tenol and alprostadil have to be nebulized continuously,
iloprost and treprostinil could be given intermittently be-
cause of their longer plasma half-lives. However, critically
ill patients may require administration every 2 hours, and
the precise dosing regimen for these agents in mechani-
cally ventilated patients have not been determined.

In mechanically ventilated patients with ARDS, inhaled
epoprostenol and alprostadil are as effective as INO in
improving oxygenation and hemodynamics,122-124 al-
though the preponderance of evidence is based on obser-
vational studies and the doses of inhaled vasodilators em-
ployed, duration of therapy, and the time at which therapy
was initiated have been variable.125 One randomized, con-
trolled trial that compared alprostadil to placebo reported
that oxygenation improved after a brief exposure to in-
haled alprostadil, but the change in mean PaO2

/FIO2
ratio

with alprostadil was not significantly different from the
change with placebo.1 2 6 A retrospective, non-
interventional, propensity-matched, noninferiority cohort
study in subjects with ARDS found that the median ven-
tilator-free days from day 1 to day 28, was 3.73 d with
inhaled epoprostenol and 1.56 d with INO, with a mean
difference of 2.16 d (95% CI �0.61–4.9 d).127 Thus, in-
haled epoprostenol was shown to be noninferior to INO. In
summary, inhaled prostaglandins are employed in patients
with ARDS to treat refractory hypoxemia and pulmonary
hypertension as less expensive alternatives to INO, but
further studies are needed to determine optimal methods of
administering inhaled prostaglandins and their effect on
clinical outcomes in mechanically ventilated patients. The
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use of all inhaled prostaglandins for mechanically venti-
lated adult patients with ARDS is currently off-label.

While aerosolized therapies are now routinely and ef-
fectively employed in mechanically ventilated patients,
these therapies are often randomly used and there is little
consistency in their use between different ICUs and vari-
ous centers.62,94 The purpose of this article is to attempt to
define the goals of aerosol therapy in mechanical ventila-
tion so that therapies are applied more consistently and
rationally while also employing the optimal techniques of
administration.

Goal-Directed Aerosol Therapy in Mechanically
Ventilated Patients

The overall goal of aerosolized therapy is to provide
maximum benefit to the patient while minimizing adverse
effects. These goals could be conceptualized as shown in
Table 7.

Assure Drug Delivery

The path from the point of generation of the aerosol
droplets to the lung must remain clear of any impediments.
This path includes the ventilator circuit, the right-angled
swivel connector, the in-line suction catheter, the heat-
and-moisture exchanger (HME) filter, the artificial airway,
and narrowing in the upper airway. Another factor that
could reduce the delivery of drug particles to the lung is
washout of the aerosol by continuous air flow in the cir-
cuit. Moreover, the presence of humidity in the circuit
plays a very important role in reducing the efficiency of
drug delivery in patients receiving mechanical ventila-
tion.9,23

Type of Artificial Airway. The placement of an artifi-
cial airway with a cuffed tube allowing application of
positive pressure, preventing aspiration, and facilitating
suctioning to maintain airway patency is important for
delivery of high concentrations of oxygen. However, the
artificial airway is the narrowest portion of the ventilator
circuit and the site of the highest resistance to air flow. The
narrower diameter of the artificial airway compared to the
normal airway coupled with high inspiratory air flows em-
ployed during mechanical ventilation predispose the sys-
tem to air flow turbulence and higher particulate losses
due to impaction.128 Aerosol impaction on the ETT poses
a significant barrier to effective drug delivery in infant and
pediatric mechanical ventilation (ETT inner diameter
3–6 mm),129,130 with aerosol delivery efficiency being
lower with narrower ETTs.131 In adult mechanical venti-
lation, there was no difference in nebulizer efficiency with
ETTs with inner diameters of 7 mm versus 9 mm.67 Drug
losses within the ETT could be minimized by placing the

aerosol generator at a distance from the ETT instead of
being directly connected to it.128 A greater proportion of
the aerosol is lost in the ETT when the circuit is humidi-
fied compared to a dry circuit, and this difference contrib-
utes to the reduced efficiency of drug delivery in humid-
ified circuits.11 In vitro studies have shown minimal drug
deposition within ETTs with jet nebulizers; however, sig-
nificant ETT deposition of aerosol occurs with ultrasonic
nebulizers.48

Aerosol deposition in tracheostomy tubes has not been
studied in as much detail as with ETTs. By using a mass

Table 7. Goals of Aerosol Therapy in Mechanically Ventilated
Patients

Goals Factors to Consider

Assure drug delivery to the
lower respiratory tract

Ventilator circuit blockage
Endotracheal tube size
Circuit humidity
Heat and moisture exchanger
Inhaled gas density
Right angled adapter
In-line suction catheter
Continuous bias flow
Obstruction in major airways

Optimize drug deposition
in the lung

Use of a chamber spacer
Position in the circuit
Position of the patient
Ventilatory parameters

Provide a consistent dose Aerosol particle size
Synchronization
Suctioning
Avoid treatment interruption
Inter-device variability
Inter-provider variability

Avoid inappropriate
therapies

Inhaled corticosteroids
N acetyl cysteine
Dornase alfa
Inhaled ß-agonists
IV antibiotic formulations
Drug combinations

Assure reproducibility
across clinical settings

Age
Morbid obesity
Various disease settings
Various ventilator modes

Employ clinically feasible
methods

Use of intratracheal catheters
Manual resuscitation bag delivery

Ensure that therapies are
safe for patients,
caregivers, and the
environment

Ventilator settings
Device cleaning
Frequent disconnection
Additional nebulizer airflow
Expiratory filter replacement
Higher drug doses
Humidification “off”
Cough and spread of infection
Antibiotics and resistance
Genetic material and chemotherapy

Employ therapies that have
reasonable cost

Depends on therapy and clinical indication
Comparative cost
Effect on clinical outcomes
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balance technique, O’Riordan and colleagues13 found that
approximately 10% of the nominal dose from a nebulizer
deposited in the tracheostomy tube of mechanically ven-
tilated subjects. The majority of aerosol deposition (�7%)
occurred during exhalation, and � 3% was deposited in
the tube during inhalation. Because in vitro studies are
unable to directly determine aerosol deposition during ex-
halation, such studies could significantly underestimate
the actual deposition of aerosol in the artificial airway. Ari
and co-workers132 found in a bench model of mechanical
ventilation that a greater percentage of the dose was de-
livered via a tracheostomy tube compared to an ETT with
either jet nebulizer or pMDI. Piccuito and Hess133 reported
that drug delivery through a tracheostomy tube in a bench
model of mechanical ventilation was influenced by the
delivery device (nebulizer or pMDI), bias gas flow, and
the patient interface. Specifically, these investigators re-
ported that, in spontaneously breathing patients with a
tracheostomy, the use of a nebulizer without additional gas
flow and a T-piece adapter resulted in a 3-fold higher drug
delivery compared to high flow through the circuit
(30 L/min) and connection of the nebulizer to a tracheos-
tomy mask.133 Another in vitro study found that removing
the inner cannula of the tracheostomy tube prior to aerosol
administration increased drug delivery.134 With in vitro
and in vivo models (3 of the 6 subjects had tracheosto-
mies), Miller and co-workers demonstrated that breath-
actuated nebulization and humidity were the most impor-
tant factors influencing aerosol delivery during mechanical
ventilation.16 In contrast, one group of investigators who
compared pulmonary deposition of 99mTc-labeled fenot-
erol administered by pMDI and spacer to mechanically
ventilated patients found no difference in aerosol delivery
between tracheostomy and ETTs (6.1% � 2.8% vs
4.6% � 3.0%, respectively; P � .12).135

Heat and Humidity. Bench models of mechanical venti-
lation have consistently demonstrated a reduction of up to 40
– 50% in heated and humidified ventilator circuits compared
to dry circuits at room temperature.10,11,30,66,136,137 While
higher deposition with delivery of cold dry gas might seem
attractive to deliver more drug to the lung, the increased
efficiency of aerosol delivery must be weighed against the
potential damage to the respiratory mucosa from prolonged
ventilation with cold dry gas.9 Active heated humidifiers are
commonly used during mechanical ventilation of infants and
small children, and a substantial proportion of adults. The
heat and humidity of an inhaled gas to body-temperature-
and-pressure-saturated conditions promotes more normal mu-
cociliary clearance, prevents drying of the airway mucosa,
and reduces bronchospastic responses to breathing cold dry
air. The heated humidity in the ventilator circuit is associated
with increases in aerosol particle size during mechanical ven-
tilation.10,11,30,66,136,137 When a pMDI is used in a ventilator

circuit, humidity probably interferes with propellant evapo-
ration so that drug particles remain of a larger size and im-
paction losses are increased.9,138 Even though humidity has
an unwanted effect on drug delivery, removing the humidifier
is not recommended for routine aerosol therapy as it requires
breaking the circuit and waiting several minutes for the cir-
cuit to dry. Even then, as shown by Lin and colleagues, such
interventions may not improve aerosol delivery.139 These in-
vestigators reported that delivery efficiency of albuterol from
a pMDI with a spacer chamber during mechanical ventilation
with a heated wire circuit was not reduced for more than 1 h
after turning on the heated humidifier. Reduction of aerosol
delivery occurred as substantial condensation formed in the
spacer and tubing, with reductions to levels previously re-
ported with a humidified ventilator circuit. After 3 h of hu-
midifier operation, turning off the humidifier for up to 30 min
prior to administration of aerosol via pMDI did not improve
drug delivery.139 The authors suggested that the presence of
water condensate in the circuit and chamber was sufficient to
achieve a high enough absolute humidity that continued to
reduce efficiency of inhaled drug delivery even after the hu-
midifier was turned off.139

For inexpensive drugs, such as salbutamol or ipratro-
pium bromide, increasing the dose may be safer than turn-
ing off the humidifier. For more expensive drugs, such as
antibiotics, the potential efficiency advantage of a dry ven-
tilator circuit may be cost-effective. If a dry ventilator
circuit needs to be used for aerosol delivery, the ventilator
should be used with an HME, and the administration of
medication should be achieved in a short period (� 10 min)
to minimize the effects of dry gas on the airway mucosa.83

HMEs are utilized as an alternative to heated humidifi-
ers.140 The filter in the HME captures the heat and mois-
ture in the exhaled breath and transfers part of it to the air
in the following inspiration, providing about 70% absolute
humidity at 30°C. The HME filter captures drug particles
in the aerosol and markedly reduces the efficiency of drug
delivery. Therefore, the HME must be removed from the
circuit during aerosol treatments or the pMDI should be
placed between the HME and ETT. While placement of a
pMDI between the HME and ETT could provide adequate
drug delivery, with a nebulizer placed distal to the HME,
backflow of aerosol could deposit on the HME filter and
increase its air flow resistance, thus increasing the work of
breathing for the patient.141 Some manufacturers have in-
troduced HMEs that accommodate aerosol delivery. In
these HMEs, the inspiratory gas flow bypasses the filter in
the HME during aerosol delivery so that is possible to
achieve adequate aerosol delivery without removing the
HME from the circuit.142

Density of Inhaled Gas. The density of the inhaled gas
also influences drug delivery during mechanical ventila-
tion. High inspiratory flows employed during mechanical
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ventilation are associated with turbulence. Inhalation of a
less dense gas, such as a 70:30 helium-oxygen (heliox)
mixture, makes air flow less turbulent and more laminar,
which may improve aerosol deposition by decreasing par-
ticle-impaction losses caused by air flow turbulence.143

The use of heliox mixtures improved drug delivery in a
pediatric model of mechanical ventilation.144 In a bench
model of adult mechanical ventilation, drug delivery from
a pMDI was noted to be 50% higher with a 80:20 heliox
mixture than with oxygen alone.145 In contrast, nebulizer
operation with heliox reduced drug output and respirable
mass.145,146 A preferred strategy in maximizing aerosol
deposition with a nebulizer is to power it at 6–8 L/min
with oxygen and entrain the aerosol into a ventilator cir-
cuit that contains heliox.145 Aerosol deposition to the lower
airways is increased by 50% with that technique compared
to using oxygen by itself in the ventilator circuit.145 It is
important to remember that heliox may adversely affect
the function of some ventilators and therefore the system
must be tested before use to prevent detrimental effects on
patients.147,148

Heliox has been used in clinical practice for many de-
cades; however, its role in treatment of patients with se-
vere asthma, exacerbations of COPD, or bronchiolitis has
provided mixed results.149,150 Moreover, treatment with
heliox is costly and technically complex, and its role in
treatment of mechanically ventilated patients has not been
established.151

Obstruction in the Ventilator Circuit. Any obstruction
in the ventilator circuit or ETT, whether due to accumu-
lation of water, bends, or kinks, could lead to greater aero-
sol impaction at the site of narrowing. The exit angle at the
opening of the airway also affects the aerosol flow prop-
erties and the potential for particle impaction. Mucus plugs
blocking the artificial airway should be effectively suc-
tioned before administering aerosols. After the tube is
placed inside the airway, there is build-up of an alginate,
polysaccharide matrix known as a biofilm.152 The narrow-
ing and roughening of the inner surface of the artificial
airway produced by these biofilms could have an additive
effect on aerosol losses.

Bias Flow. With flow-triggering, a bias flow through the
ventilator circuit helps reduce the patient’s work of breath-
ing. The presence of a bias flow increases the transport of
aerosol from the aerosol generator and increases the wash-
out of aerosol from the circuit during exhalation when a
continuously operating nebulizer is used for aerosol deliv-
ery, but it does not have a similar influence on drug de-
livery from pMDIs.10 Ari and colleagues66 studied the in-
fluence of bias flow with a jet and vibrating mesh nebulizer
on albuterol delivery in a model of adult mechanical ven-
tilation. They reported that increasing bias flows through

the ventilator circuit decreased the amount of aerosol de-
posited and lower bias flows (� 2 L/min) are recom-
mended for greater aerosol delivery with nebulizers that
operate continuously.66 The impact of the bias flow is
greater for jet nebulizers than for vibrating mesh nebuliz-
ers because the clearance of aerosol from the ventilator
circuit is increased by the bias flow in addition to the
continuous flow from the jet nebulizer.

Swivel Connector/In-line Suction Catheters. Signifi-
cant aerosol losses occur at the connection between the
Y-piece and ETT.11 Larger drug particles in the aerosol
have difficulty in negotiating the right-angled bend of the
swivel connector. A streamlining approach that eliminates
sudden changes in the diameter of the ventilator circuit
components and applies a smooth curvature to changes in
the path of the aerosols is a proposed alternative that could
lead to improved efficiency of aerosol delivery.153 Like-
wise, some in-line suction catheters could impede aerosol
delivery. Manthous and colleagues found a significantly
greater effect of nebulized albuterol on airway resistance
in 3 mechanically ventilated patients when they connected
the Y-piece directly to the ETT compared to the effect
observed with an in-line suction catheter and connector in
place.154

Obstruction in Major Airways. Obstruction in the tra-
chea and major bronchi distal to the artificial airway, pro-
duced by tumors, stenosis, tracheomalacia, stricture, edema,
or granulation tissue, could adversely affect aerosol deliv-
ery to the lower airways. Tracheal stenosis may have a
greater impact on deposition of larger drug particles (10 �m)
than smaller drug particles (2.5 �m).155 In such clinical
situations, heliox could be used as an adjunctive therapy to
reduce airway resistance156 and improve delivery of aero-
sols beyond the area of critical obstruction.

Optimize Drug Deposition in the Lung

Drug deposition in the lung must be optimized to achieve
the desired clinical effects.23 The ventilatory parameters
and the position of the patient could determine the depo-
sition of drug in the lower respiratory tract during mechan-
ical ventilation.

Ventilator-Related Factors. The characteristics of the
ventilator breath have an important influence on aerosol
drug delivery. A tidal volume of 500 mL or more (in an
adult),10 longer inspiratory time, and slower inspiratory
flows improve aerosol delivery.10 An inspiratory flow
of 30 –50 L/min is optimal for aerosol delivery; how-
ever, slow inspiratory flows may increase inspiratory
time and, by reducing the time for exhalation, may have
the unintended consequence of increasing PEEPi.148
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Drug delivery is linearly correlated with a longer duty
cycle (inspiratory time/total breath duration) for both
pMDIs and nebulizers.10,11,67 Moreover, drug delivery is
improved when a pMDI is synchronized with a simu-
lated spontaneous breath compared with a controlled
ventilator breath of similar tidal volume.10

The inspiratory waveform influences drug delivery from
nebulizers, but it has much less influence on drug delivery
from a pMDI.157 Unlike pMDIs, nebulizer efficiency could
be different during pressure-controlled ventilation than dur-
ing volume-controlled ventilation. The use of a spacer
with a pMDI improves the efficacy of bronchodilator ther-
apy in ventilator-supported patients. The best results are
obtained when the pMDI actuation is synchronized with
the onset of inspiration.5,28

In mechanically ventilated patients with COPD, the ap-
plication of external PEEP at a level that counterbalances
PEEPi enhances the bronchodilator effect of albuterol.97

The additive effects of external PEEP and albuterol could
be explained by the effect of albuterol in reducing time-
constant inequality, thereby producing alveolar recruitment
during tidal ventilation, and the application of external
PEEP maintains this alveolar recruitment. The net effect is
that the level of PEEPi is markedly reduced by the com-
bination of albuterol and external PEEP.97 In contrast,
Guérin and colleagues reported that after administration of
nebulized fenoterol, respiratory mechanics improved when
PEEP was set at zero.158 Increasing the PEEP level to 85%
of the PEEPi level did not enhance the bronchodilator
response.158 With careful attention to the technique of ad-
ministration, a bronchodilator response can be expected in
most mechanically ventilated patients with asthma or
COPD. However, most mechanically ventilated patients
do not show incremental effects with higher drug doses.17

Patient Position. Spontaneously breathing patients usu-
ally adopt a sitting or standing posture during aerosol in-
halation. In contrast, most patients are recumbent or semi-
recumbent while receiving mechanical ventilation and
inhaled drug therapy. Ventilator-dependent patients should
preferably sit in bed or in a chair during inhalation therapy.
In patients with exacerbations of COPD, administration of
bronchodilator aerosols to semi-recumbent patients pro-
duced a significant response.5,17-19,20,22,36,82 A semi-recum-
bent position, with the head end of the bed elevated to
20–30° above horizontal, should suffice for ventilator-
supported patients who are unable to sit upright during
aerosol administration.

Use Appropriate Methods to Assess the Response. The
response to bronchodilators depends on several variables:
patient airway geometry, degree of airway responsiveness,
severity of disease, quantity and type of secretions, and
counter-regulatory effects of airway inflammation and other

drugs. Most investigators assess response by measuring
inspiratory airway resistance. Airway resistance in venti-
lated patients is commonly measured by performing rapid
airway occlusions at constant flow inflation.159 This tech-
nique involves performing a breath-hold at end-inspiration
by occluding the expiratory port. Total or maximal inspira-
tory resistance can be partitioned into minimal inspiratory
resistance, which reflects ohmic resistance of the airways,
and additional effective resistance (ie, the difference be-
tween maximal and minimal inspiratory resistance).159 Sim-
ilarly, airway occlusion at end-expiration produces an in-
crease in airway pressure to a plateau value, signifying
PEEPi.36

Most ventilated patients with COPD demonstrate a de-
crease in airway resistance and PEEPi after bronchodilator
administration. That the difference between maximal and
minimal inspiratory resistance does not decrease signifi-
cantly after albuterol delivery with a pMDI17,36 suggests
that the bronchodilator effect occurs predominantly in the
central airways with little effect on viscoelastic behavior
or time-constant inhomogeneities in the lung. Moreover,
albuterol does not significantly influence the elastic prop-
erties of the lung.36 In contrast, a greater decline in the
difference between maximal and minimal inspiratory re-
sistance was noted after nebulizer delivery of fenoterol
and ipratropium bromid.82 This difference in response be-
tween pMDIs and nebulizers could be explained by higher
drug deposition in peripheral airways with a nebulizer.

Kondili and colleagues measured expiratory resistance
of the respiratory system in mechanically ventilated pa-
tients with COPD exacerbations.160 They found that albu-
terol significantly reduced expiratory inspiratory resistance
and enhanced the rate of lung emptying to the end of
expiration. Interestingly, these investigators did not find
any correlation between changes in expiratory inspiratory
resistance and changes in end-inspiratory resistance after
albuterol administration.160 This discrepancy could be at-
tributed to additional contributions by flow limitation and
airway narrowing during expiration to the total expiratory
resistance.

Pressure, flow, and volume waveforms, flow-volume
loops, and pressure-volume loops are continuously dis-
played on most modern ventilators. In mechanically ven-
tilated patients with airway obstruction, assessment of these
waveforms at the bedside aid in recognizing abnormalities
in function, in optimizing ventilator settings to promote
patient-ventilator interaction, and in diagnosing complica-
tions before the development of overt clinical signs.161

Pressure, flow, and volume waveforms are helpful in de-
tecting the presence of dynamic hyperinflation. The per-
sistence of flow at the end of relaxed expiration indicates
that the system is above passive functional residual capac-
ity and that flow is being driven by positive elastic recoil
of the respiratory system at end-expiration, signifying the
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presence of PEEPi.161 Comparison of flow volume curves
and flow-time curves obtained before and after drug
administration could be used to assess improvements in
peak expiratory flow and reduction in PEEPi with bron-
chodilators.161

The clinical end points for inhaled antibiotics and other
inhalation therapies have been investigated. It is unclear if
microbiological cure or clinical cure should be the goal of
treatment in mechanically ventilated patients. Use of in-
haled antibiotics as adjunctive treatment makes it difficult
to show superior efficacy, especially in the presence of
infection caused by organisms that are susceptible to the
antibiotics that the patient is already receiving.114 Alter-
native study designs and end points have been suggested
to determine the efficacy and safety of inhaled antibiotic
therapy.162 Inhalation of pulmonary surfactant in mechan-
ically ventilated patients with ARDS did not produce im-
provement in clinical outcomes.163,164 Likewise, inhaled
prostaglandins are employed in patients with ARDS to
treat refractory hypoxemia and pulmonary hypertension,
but their effect on clinical outcomes in mechanically ven-
tilated patients has not been established.125

Provide Consistent Dosing

Particle Size. During mechanical ventilation, larger par-
ticles are trapped in the ventilator circuit and ETT. To
optimize drug delivery, devices that produce aerosols with
mass median aerodynamic diameter � 2 �m are more
efficient during mechanical ventilation than devices that
produce aerosols with larger particles.9,13,130 Nebulizers
and pMDIs delivered an equivalent mass of aerosol be-
yond the ETT in a ventilator model.30 While nebulizers
that produce aerosols with smaller particle sizes have been
employed during mechanical ventilation, they require a
considerably greater time to deliver a standard dose.13,16,56,64

Vibrating mesh nebulizers produce aerosols with variable
particle sizes, but a significant proportion of the aerosol
generated is in particles � 3.3 �m in size (the fine-particle
fraction).55-57

Synchronizing Aerosol Generation with Inspiratory Air
Flow. The timing of pMDI actuation in relationship to
the ventilatory pattern of the patient has a large impact on
delivered dose of medication. Actuation of a pMDI should
be synchronized with the precise onset of inspiration to
maximize aerosol drug delivery. According to Diot and
co-workers,30 failure to synchronize actuations with inspi-
ration reduces inhaled drug mass by 35%. When a pMDI
is actuated into a cylindrical spacer synchronized with
inspiration, its efficiency increases approximately 30%
when compared to actuation during expiration.30 Likewise,
nebulizers could be synchronized to generate aerosol dur-
ing inspiratory air flow from the ventilator.13,64 During

intermittent operation, the nebulizer generates aerosol only
during the inspiratory phase, and the ventilator compen-
sates for the flow to the nebulizer to maintain a constant
tidal volume and minute ventilation.5,83 Obviously, inter-
mittent operation is more efficient for aerosol delivery
than continuous aerosol generation.13,66

Avoid Interruption. Inhalation therapy with pMDIs only
requires a few minutes to administer. However, it may
require 10–15 min to administer treatments with a jet neb-
ulizer, and treatments may have to be interrupted for other
interventions in critically ill patients. The likelihood of
treatment interruption is greater with longer therapy dura-
tion. The median time for nebulization with jet nebulizers
(GaleMed, Taipei, Taiwan) operated in the inspiratory in-
termittent mode provided via a Galileo Gold ventilator
(Hamilton Medical) was almost 40 min.69 Antibiotic de-
livery with the PDDS Clinical device may require admin-
istration for a similar duration.64 There is a distinct possi-
bility of interruption of treatment with such a long nebulizer
duration, and alarms should be incorporated to alert care-
givers that the treatment has been stopped. Alternatively,
continuous or expiratory intermittent modes of nebuliza-
tion may be considered to reduce the duration of nebulizer
treatment.69

Inter-device Variability. Nebulizer operation during me-
chanical ventilation could have widely variable efficiency
for aerosol delivery unless careful attention is given to a
number of factors that influence nebulizer performance.
Miller and colleagues16 found up to 16-fold variation in
antibiotic levels in sputum after delivery with a jet nebu-
lizer. Accounting for circuit humidity and breath-actuated
nebulization could reconcile most of the observed differ-
ences.16

Inter-provider Variability. In spontaneously breathing
patients, most patients are taught to self-administer their
inhaled medications, whereas mechanically ventilated pa-
tients rely on clinicians or care providers to administer
inhaled drugs. Clinically, it is common to observe sub-
stantial variation in the actual practice of aerosol admin-
istration between various practitioners. Drug deposition in
the lung could be markedly reduced by relatively minor
changes in the technique of administration.5,19,154 When
optimal techniques of administration are employed, ade-
quate drug deposition is achieved in the lung and a sig-
nificant response is observed.

Avoid Inappropriate Therapies

Mucoactive Agents. The retention of airway secretions
could predispose mechanically ventilated patients to de-
velopment of pneumonia. Mechanical suctioning, the
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current method to clear secretions in mechanically venti-
lated patients, is painful and could lead to tracheal injury.
Acetylcysteine (Mucomyst) is often used to enhance se-
cretion clearance by reducing sputum viscosity. However,
reports of increase in inspiratory airway resistance after
administration of mucolytic agents by aerosol165 or after
bolus instillation166 could pose a problem with the routine
use of these agents. Recombinant human DNase (Pul-
mozyme, Genentech, San Francisco, California) was shown
to improve mucus clearance in ventilator-supported pa-
tients with spinal cord injury and recurrent atelectasis re-
fractory to conventional treatment.167 Pulmozyme cannot
be recommended for routine use in the management of
ventilator-dependent patients with inspissated secretions
or mucus plugs because of cost constraints. A systematic
review with meta-analysis found only 2 trials comparing
nebulized dornase alfa with placebo, no therapy, or hyper-
tonic saline.168 The evidence was of low quality and did
not report any benefit or harm from use of nebulized dor-
nase alfa in critically ill patients. Mucoactive agents may
have a role in preventing lung collapse and hypoxemia in
ventilated patients with thick inspissated secretions who
are refractory to other forms of treatment. At the time of
this review, there is not enough evidence to support the use
of inhaled mucoactive agents in the management of me-
chanically ventilated patients, and further investigations
are needed.

Inhaled Corticosteroids. In mechanically ventilated pa-
tients, the role of inhaled corticosteroids (ICS) has not
been determined. In patients receiving long-term ventila-
tion for severe COPD, Nava and Compagnoni observed a
small but statistically significant reduction in airway re-
sistance with fluticasone.169 A combination of salmeterol
and fluticasone administered to mechanically ventilated
patients by pMDI (4 doses) reportedly reduced inspiratory
resistance,170 but this effect was probably because of the
salmeterol component in the combination. Despite the lack
of studies showing efficacy of ICS in the setting of me-
chanical ventilation, the majority of respondents reported
employing inhaled budesonide or methylprednisolone in
international surveys.62,94 In addition, many patients, es-
pecially those with exacerbations of asthma or COPD,
receive high doses of systemic steroids, either parenterally
or enterally. The additional benefit, if any, from a com-
paratively much smaller dose of ICS (eg, 1 mg of inhaled
budesonide vs 240 mg of methylprednisolone intravenously
or 60 mg of prednisone orally) is unlikely to be significant.
There is also an increased risk of pneumonia with ICS in
patients with COPD.171,172 COPD is a known risk factor
for developing pneumonia in mechanically ventilated pa-
tients,173 and there is a potential for further enhancing the
risk of pneumonia with ICS. Furthermore, considerable
costs could accrue from use of ICS, especially in combi-

nation with a long-acting �-agonist. For the reasons men-
tioned above, the benefits of ICS in mechanically venti-
lated patients with COPD are unclear, and their use is not
evidence-based. In hypoxemic subjects at risk of develop-
ing ARDS, early intervention with inhaled formoterol and
budesonide combination was shown to lead to more rapid
improvement in oxygenation.174 In this study, a higher
proportion of subjects in the placebo group were in shock
at baseline, and the reported differences in need for me-
chanical ventilation and frequency of ARDS that favored
the treatment group were no longer observed after correc-
tion for baseline shock.174 Thus, there is no conclusive
benefit of using ICS, and further investigations are needed
to determine the appropriate dosing regimen and the risks
and benefits of using ICS or ICS and long-acting �-agonist
in mechanically ventilated patients.

Inhaled �-agonists. �-agonists are commonly used as
bronchodilators in mechanically ventilated patients.62,83,94

While there are specific indications for the use of �-ago-
nists in mechanically ventilated patients, they are now
being utilized in many clinical situations where their ben-
efits are unclear.88 High doses of albuterol administered
via pMDI produced cough and tachycardia,17 and 3–6 times
the routine nebulized dose of albuterol produced supraven-
tricular and ventricular ectopy.19 The occurrence of tachy-
arrhythmias could be a concern in elderly patients with
preexisting heart disease, atrial fibrillation, or prior history
of ventricular tachycardia. The results of the large, multi-
center BALTI study105 are somewhat reassuring in this
regard. In this study, subjects receiving nebulized albu-
terol had a higher heart rate compared to those receiving
placebo, but the occurrence of new-onset atrial fibrillation
(10% in both groups) and other dysrhythmias was similar
in the 2 groups. However, in that study, nebulization of
albuterol did not improve ventilator-free days or mortality,
and the study was stopped early.105 In addition, the report
that administration of �-agonists may increase the risk of
VAP needs consideration.175

Widespread use of �-agonists in mechanically venti-
lated patients who do not have clear indications for their
use, especially in high doses, have not been shown to lead
to improvement in clinical outcomes and have the poten-
tial to be harmful. Thus, frequent and high doses of neb-
ulized �-agonists should be avoided in mechanically ven-
tilated patients unless there are specific indications for
their use.

Intravenous Formulations. In the past, inhaled antibi-
otic solutions were made from intravenous formulations
that contained preservatives, such as phenol and bisulfites.
These solutions were often hypertonic, they did not have a
neutral pH, and the presence of the preservatives men-
tioned above contributed to airway irritation, coughing,
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and bronchoconstriction.176 Antibiotics for inhalation need
to be specially formulated to avoid irritant effects. Drug
solutions for inhalation should have osmolality of 150–
550 mOsm/Kg, contain at least 77 mEq/L of chloride ions,
and preferably have pH between 4.8 and 8.177-179 Solutions
that do not contain ions (eg, dextrose solutions) are more
likely to induce cough. Preservatives in drug solutions
such as disodium ethylenediaminetetraacetic acid or ben-
zalkonium chloride may cause bronchoconstriction or air-
way hyper-responsiveness that may not be completely ab-
rogated by albuterol pretreatment.180-183

Drug Combinations. The presence of a preservative in a
drug solution enhances nebulizer output, probably because
of reduction in surface tension, compared to preservative-
free solutions.184 Co-nebulization of albuterol with other
drugs could unpredictably affect nebulizer output and aero-
sol characteristics.185 Addition of an albuterol solution
containing benzalkonium chloride to a nebulizer solution
of tobramycin increased tobramycin output without alter-
ing the particle size of the aerosol,186 and addition of sur-
factants to prevent foaming of a solution of alpha 1 pro-
tease inhibitor increased drug output.187 The physical and
chemical compatibility of the drug mixtures also need to
be confirmed, and this has been shown with several neb-
ulizer solutions.188-190 For example, a solution of formot-
erol fumarate was found to be physically and chemically
compatible with several other drug solutions.191 Drug ad-
mixtures or sequential administration produced higher drug
output than nebulization of single drugs, but there was no
significant change in the characteristics of the aerosol pro-
duced. Because of the unpredictable effects of drug ad-
mixtures, mixing drug solutions should be avoided in clin-
ical practice.

Provide Reproducibility of Dosing

Drug dosing needs to be reproducible in ventilator-sup-
ported patients. Aerosol deposition is influenced by the
age of the patient, body habitus and position, humidity,
and the type and severity of lung disease. The lung depo-
sition of radiolabeled aerosols in ventilated infants with
bronchopulmonary dysplasia was as low as 0.98% � 0.2%
and 0.22% � 0.1% with a pMDI and spacer or a jet neb-
ulizer, respectively.192 The low efficiency of drug delivery
is offset by the smaller size of the lung in infants and
children. Compared to a standard 1.3 �g of albuterol/kg
body weight delivered by each actuation from a Ventolin-
HFA pMDI in a 70-kg, spontaneously breathing adult male,
the range for spontaneously breathing infants and small
children varies from 0.8 to 2.6 �g of albuterol delivery/kg
body weight/actuation with a HFA-pMDI and Aerocham-
ber Plus valved holding chamber.83 Inhaled bronchodila-
tors (�-adrenergic and anticholinergic drugs) are effective

in ventilated neonates and infants with acute, subacute,
and chronic lung disease.193-195 Albuterol administered with
a pMDI and Aerochamber was found to be more effective
than administration with a nebulizer.193,194 During infant
mechanical ventilation, pMDIs appear to be more efficient
than jet nebulizers; with a careful technique of adminis-
tration, one or two doses from an albuterol pMDI and
spacer chamber should suffice for routine therapy. In older
children, the efficiency of pMDIs and nebulizers improve
with increasing age,137,196 and the factors influencing drug
delivery are similar to those in adults.197 Obese individuals
and those with COPD tend to have more central deposition
of aerosols.54,198

The type of ventilator, mode of ventilation, and venti-
latory parameters also influence aerosol deposition in the
lung and the amount of exhaled aerosol. In view of the
infinite variations of ventilator modes and settings possi-
ble in clinical practice, there cannot be a single recom-
mended setting that is universally applicable for delivering
aerosols during mechanical ventilation. Accordingly, aero-
sol therapy has to be individualized for patients and opti-
mized to the appropriate clinical setting. Awareness of the
complexity and nuances of aerosol delivery in ventilator-
supported patients is necessary to achieve successful out-
comes. Guidelines are needed to help clinicians achieve
best practices in a variety of clinical settings encountered
in mechanically ventilated patients.

Employ Clinically Feasible Methods

Manual Resuscitation Bag. Ari and co-workers199 ob-
served that a manual resuscitation bag connected to an
ETT or tracheostomy tube produced a 3-fold higher aero-
sol delivery compared to other interfaces. This difference
could be explained by the fact that capping the end of the
tubing allows the circuit to be charged with the drug, and
the drug was carried by the nebulizer flow to the collection
filter.200 This method of drug administration could be em-
ployed when high doses of bronchodilators need to be
rapidly administered in a patient with an artificial airway.

Enhance Safety

The administration of inhaled drugs to mechanically
ventilated patients should be safe for patients, their care-
givers, and the environment. With a jet nebulizer, the ad-
ditional gas flow in the circuit could change the set flow
and delivered tidal volume. Alarm settings should be ad-
justed if the ventilator does not compensate for additional
gas flow from the nebulizer. Such adjustments are espe-
cially important in ventilator-dependent children. If ven-
tilator settings are changed during aerosol administration,
they should be returned to the pretreatment settings at the
conclusion of the treatment.
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Ventilator Settings. The technique employed may have
to compromise between the optimum operating character-
istics of the device and the patient’s condition. For exam-
ple, a higher duty cycle increases aerosol delivery,10,11,13

but it may worsen dynamic hyperinflation in patients with
air flow limitation.148 A higher tidal volume may be ad-
vantageous for aerosol delivery, but could be injurious to
the lungs, especially in patients with ARDS.201

Cleaning. Unless scrupulously cleaned and disinfected,
nebulizers can be a source for aerosolization of bacteria
and thus may predispose patients to nosocomial pneumo-
nia.86 Because of their design, the risk of bacterial con-
tamination may be less with vibrating mesh nebulizers
compared to jet nebulizers. The gas flow driving the neb-
ulizer produces additional air flow in the ventilator circuit,
but this is compensated for in most modern ventilators. In
contrast, pMDIs are easy to administer, require less per-
sonnel time, provide a reliable dose, and do not pose a risk
of bacterial contamination. A retrospective analysis of pa-
tients receiving ventilator support for � 1 d and aerosol
treatments by pMDI or vibrating mesh nebulizer found no
differences in the number of days on ventilator (median
5/6 d), VAP rates (5/6%), or in-hospital mortality.202

Circuit Contamination and Frequent Disconnection.
Jet nebulizers are usually attached to the ventilator circuit
with a standard T-adapter, and attaching or removing the
nebulizer from the ventilator circuit may interrupt venti-
lation. Valved T-adaptors allow placement and removal of
the jet nebulizer without loss of pressure in the ventilator
circuit. In-line devices that avoid breaking the circuit in-
tegrity are preferred. Placing vibrating mesh nebulizers on
the dry side of the humidifier reduces the concern for
repeatedly breaking the circuit. For the same reason, col-
lapsible spacers that remain in the circuit are preferred for
use with pMDIs compared to devices that have to be re-
moved from the circuit after each treatment.

Blockage of Expiratory Filter. Nebulization of drugs
could produce obstruction of the filter in the expiratory
limb of the ventilator circuit.203 When this occurs acutely,
it can mimic an exacerbation of asthma or lead to more
serious consequences, including tension pneumothorax,
hypoxemia, or cardiovascular collapse. Obstruction of the
filter is more likely to occur with continuous nebulization
when the filter becomes supersaturated with humidity and
with the use of unheated ventilator circuits.204 Moreover,
drug particles in the aerosol or sticky buffers in the drug
solution may also contribute to filter blockage.205 The ex-
piratory filter should be checked when any mechanically
ventilated patient develops unexplained acute bronchos-
pasm or PEEP.

Drug Toxicity. Bronchospasm occurs after inhaled anti-
microbials, especially after colistin administration,206,207

and requires pretreatment with a short-acting bronchodi-
lator such as albuterol.208,209 The occurrence of broncho-
spasm is reduced, but not totally avoided, by using the
preservative-free inhalable tobramycin rather than the in-
travenous formulation.210,211 Bronchospasm in some pa-
tients with asthma may be refractory to albuterol.209

Administration of high doses of �-adrenergic broncho-
dilators causes tachycardia and has the potential to cause
atrial and ventricular arrhythmias.19 In the ARDS Network
BALTI study, regular administration of nebulized albu-
terol produced a significant but modest increase in heart
rate but did not result in an increased incidence of atrial
fibrillation or ventricular arrhythmias.105

Escape of aerosols into the environment carries poten-
tial risks for the environment and persons caring for the
patient.212,213 Escape of antibiotics into the environment
could pose serious health risks, such as anaphylaxis in
patients or caregivers with a penicillin allergy. Inhalation
of aerosolized antimicrobials, particularly pentamidine and
polymyxin, has the potential to cause adverse effects on
healthcare workers. In addition, a low level of antibiotic
exposure in the environment could promote growth of an-
tibiotic-resistant organisms.211,214 The escape of aerosols
into the environment could be reduced by utilizing breath-
actuated aerosol delivery devices and high-efficiency par-
ticulate filters in the expiratory limb to filter the exhaled
air.

Cough and Spread of Infection. In an era of serious
infections for which there are no or limited treatment op-
tions, such as Ebola, severe acute respiratory syndrome,
Middle East Respiratory Syndrome, H1N1 influenza, or
extremely drug-resistant tuberculosis, treatments that in-
duce coughing could lead to transmission of infection.215

Control Costs

The costs of therapy include both direct and indirect
costs. Besides the costs of drugs and devices, the costs of
respiratory therapists’ time, and the costs associated with
monitoring and hospital stay must be considered. Ely and
co-workers91 estimated that the costs of giving broncho-
dilators via pMDIs and nebulizers contributed a significant
portion of the total costs of respiratory care in mechani-
cally ventilated subjects. However, the costs of therapy
could be influenced by the clinical indication. For exam-
ple, the costs of administering antibiotics or prostanoids
are expected to be higher than those associated with ad-
ministration of bronchodilators. The cost of a particular
treatment is also influenced by the expense, efficacy, and
side effects of comparative treatment. Finally, cost is also
relative to clinical outcomes. The economics of utilizing
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inhaled therapies depends on cost-minimization, cost-ef-
fectiveness, cost-benefit, and cost-utility strategies that
could influence which drugs and devices are used in ven-
tilator-dependent patients.216 Thus, therapies that improve
mortality and reduce days of mechanical ventilation or
ICU stay may be more expensive, but they are considered
more cost-effective and are likely to gain greater accep-
tance than less expensive interventions that less favorably
influence clinical outcomes.217

Summary

Aerosol delivery in mechanically ventilated patients dif-
fers from the administration of inhaled therapies in spon-
taneously breathing ambulatory patients in many respects.
The techniques of administration required to achieve effi-
cient delivery of aerosols in ventilated patients are well
known and take into consideration a host of factors. The
delivery of aerosols through ventilator circuits has the po-
tential advantage that the upper airway is bypassed with an
artificial airway, and the timing of aerosol administration
and breathing parameters could be better controlled. The
presence of heat and humidity in the ventilator circuit,
however, reduces the efficiency of drug delivery and re-
quires administration of higher doses than those routinely
employed in spontaneously breathing patients. Further-
more, no specific therapies have been approved as yet for
use during mechanical ventilation, and the effect of in-
haled therapies on clinical outcomes needs further study.
A goal-directed approach as outlined in this review could
enhance the efficiency of aerosol delivery and ensure more
reliable and consistent drug dosing during mechanical ven-
tilation. In view of the complexity of aerosol administra-
tion in this clinical setting and the importance of following
an optimal technique of administration to achieve the de-
sired therapeutic effects, updated guidelines are needed to
establish best practices for aerosol delivery across a vari-
ety of clinical settings encountered in ventilator-supported
patients.
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