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Abstract Purpose: To describe
the practice, knowledge and beliefs
about aerosol therapy during
mechanical ventilation in an interna-
tional sample of physicians working
in intensive care units (ICU). Meth-
ods: A self-administered survey
was emailed to physicians who
worked regularly in ICUs. The

physicians were identified from the
databases of the European and French
societies of intensive care medicine
and the REVA network. Results: Of
the 1,192 responses (15 % response
rate), 854 were analyzed. Of the
respondents, who represented 611
departments in 70 countries, 99 %
reported using aerosol therapy during
mechanical ventilation (including
non-invasive), 43 % exclusively used
nebulizers and 55 % also used
metered dose inhalers. Nebulization
relied on jet, ultrasonic and vibrating
mesh nebulizers (55 %, 44 % and
14 % of respondents, respectively).
Bronchodilators and steroids were the
most frequently delivered drugs, and
80 % of respondents had a positive
opinion concerning nebulized colistin
and 30 % reported the use of nebu-
lized antibiotics at least every other
month. During nebulization, ventila-
tor settings were never changed by
77 % of respondents, 65 % reported
placing a filter on the expiratory limb,
and of these 28 % never changed it.
Only 22 % of respondents using
heated humidifiers reported turning
them off during nebulization. Specific
knowledge about droplet size and
nebulization yield was poor. A
majority of respondents (87 %)
thought that ultrasonic nebulizers
outperform jet nebulizers, while 69 %
had no opinion concerning mesh
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nebulizers. Conclusions: Aerosol
therapy during mechanical ventilation
is used by over 95 % of intensivists,
mostly for bronchodilator and steroid
administration, but also frequently for
antibiotics. The current scientific

knowledge about optimal implemen-
tation seemed infrequently applied,
suggesting the need for educational
programs and research focusing on a
better bench-to-bedside transfer of
knowledge.
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Introduction

Administration of aerosolized medication to treat various
pulmonary diseases is common practice. In particular,
inhaled bronchodilators and steroids are part of the rec-
ommended maintenance therapy for patients with
obstructive pulmonary disease as this route of delivery
aims at reaching high drug concentrations at the site of
action while limiting systemic exposure [1]. More
recently, inhaled antibiotics have been successfully used
to treat tracheobronchial infections in outpatients with
stable cystic fibrosis [2]. In critically ill patients under-
going mechanical ventilation (MV), the use of inhaled
drugs, albeit appealing, has been hampered by the low
amount of drug available to the patient after inhalation.
Indeed, the endotracheal tube and ventilator circuit were
found to trap most of the aerosolized drug, allowing less
than 5–10 % to reach the patient [3–5]. Subsequently,
great research effort was focused on understanding the
factors governing aerosol delivery during MV which are
now relatively well described (ventilator setting, circuit
setup and humidification) [6–11].

The implementation of aerosol therapy during MV was
also simplified through technological advances such as the
development of ultrasonic and vibrating mesh nebulizers
[10]. Indeed, nowadays, most modern ventilators offer an
integrated jet, ultrasonic or vibrating mesh nebulization
system. The use of metered dose inhalers was also simpli-
fied through the development of inhalation chambers with
inhaler access ports that are simple to adapt to ventilator
circuits [12]. These advances led to an improvement in the
performance of aerosol therapy during MV, generating new
interest and potential new applications such as inhaled
antibiotic treatment for ventilator-associated pneumonia
[13–17]. Thus, nowadays, aerosol therapy to treat various
pulmonary diseases during MV may be appropriate, but
implementation may be relatively complex due to multiple
possible combinations of aerosolization device, ventilator
settings, molecules and indications [18]. Further, the
widespread use of non-invasive ventilation constitutes a
new challenge for aerosol therapy [19].

The current practice of aerosol therapy during invasive
and non-invasive MV is unknown. In the outpatient set-
ting, despite numerous guidelines, educational programs
and widespread use, knowledge about aerosol therapy
among physicians remains poor [20]. Knowledge among
intensive care unit physicians dealing with the increased

complexity of critically ill patients and MV has not yet
been evaluated. The aim of this electronic survey was to
determine the current practice, knowledge and opinions of
physicians working in intensive care medicine about
aerosol therapy during MV.

Materials and methods

This physician self-administered email-based cross-sec-
tional survey was carried out from June to September
2011. The survey was endorsed by the European Critical
Care Research Network (ECCRN) of the European Soci-
ety of Intensive Care Medicine (ESICM) and the REVA
network (Réseau Européen de recherche en Ventilation
Artificielle). The questionnaire, comprising 38 questions,
was developed through question-item generation/reduc-
tion performed to fit the survey objectives and
practicability [21]. Items were organized within five
domains: (1) aerosolization devices (jet, ultrasonic,
vibrating mesh nebulizers, and metered dose inhalers); (2)
drugs (bronchodilators, steroids, antibiotics); (3) ventilator
and circuit (settings, device placement, humidification);
(4) non-invasive ventilation; and (5) knowledge and
beliefs. Actual knowledge and/or recommendations on
this topic were also reviewed and are summarized in Fig. 1
(for example: jet, ultrasonic and vibrating mesh nebulizers
are all effective in delivering bronchodilators to the air-
ways; when targeting the alveolar region for delivering
antibiotics it may be necessary to optimize nebulization
settings to favor delivery of small droplets (1–3 lm) and
avoid medication loss in the ventilator circuit by ventilator
setting adjustments, humidification interruption, or opti-
mal placement in the circuit).

Analysis was performed using descriptive statistics and
data are reported as medians (25th to 75th percentiles),
counts and percentages (see Electronic Supplementary
Material for a more detailed discussion of the methods).

Results

Study respondents

Responses were received from 1,192 physicians (15 %
response rate). The analysis included the responses from
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854 physicians who completed more than 70 % of the
questionnaire and regularly worked in an intensive care or
intermediate care unit. This sample represented 611
departments in 70 countries (France 42 % and rest of
Europe 36 %, and of the remaining (22 %), 16 % were
from north America, 24 % from south America, 40 %
from Asia, 9 % from Africa and 11 % from Australia/
New Zealand). A majority of respondents (n = 745,
87 %) were board-certified physicians, working in an
adult setting (n = 48 paediatricians or neonatologists) of
mixed (62 %) or medical intensive care (21 %).

Aerosolization devices

Of the 854 respondents, 6 (\1 %) reported never using
aerosol therapy during MV, 18 (2 %) exclusively used
metered dose inhalers, 367 (43 %) exclusively nebulizers
and 463 (54 %) both types of devices. Nebulization was
mostly performed using a jet nebulizer (456 respondents,
55 %) or ultrasonic nebulizer (365 respondents, 44 %), and
less frequently using a vibrating mesh nebulizer (116
respondents, 14 %; the total exceeds 100 % due to the use of
multiple devices). The distribution was similar when ana-
lyzing departments rather than respondents (data not shown).

For jet nebulization, 55 respondents (14 %) reported
using an external gas source at least sometimes, whereas 252
respondents (65 %) would always use ventilator-integrated
systems, if available. In the absence of a ventilator-inte-
grated jet nebulization system, 154 respondents (40 %)

reported using an external gas source, the remainder
changing the ventilator (17 %) or using another aerosoli-
zation technique (43 %).

Metered dose inhalers were used by 481 respondents
(56 %) during MV, directly into the tracheal tube after
disconnecting the patient (80 respondents, 17 %) or via an
inhalation chamber (365 respondents, 78 %) placed within
the circuit either before (43 %) or after (57 %) the Y piece.

Drugs

Bronchodilators and steroids were the most frequently
aerosolized drugs during MV (Table 1; Fig. 2). About
30 % of respondents reported nebulization of antibiotics
in more than five patients a year (approximately one every
other month) and, in some departments (85, 14 %), this
was a frequent practice (several patients a month), in
particular for colistin (Fig. 2).

Ventilator settings and circuit

Most of the respondents (632, 77 %) reported never
changing ventilator settings because of nebulization,
whereas 187 (23 %) would always try to change them.
Among the latter, 30 (16 %) reported doing so only in
deeply sedated and/or paralyzed patients, 71 (38 %)
sometimes administering sedatives or muscle relaxants in
order to change the settings, whereas 79 (42 %) reported

Fig. 1 Summary of practices
reported as increasing efficacy
and/or safety of aerosol therapy
during MV
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not changing them in pressure support. An increase in
inspiratory time was the most frequently reported change
(always or frequently done by 80 respondents, 48 %). The
use of sedatives was not evaluated separately from ven-
tilator settings (sedation as a means of improving aerosol
delivery through improved patient–ventilator synchrony).

Placement of nebulizers, connection tubing and filters
are illustrated in Fig. 3 and detailed in the Electronic
Supplementary Material.

Among units using heated humidifiers, only 22 % of
respondents (n = 136) reported stopping heated humidi-
fication systems during nebulization.

Non-invasive ventilation

Aerosol therapy during non-invasive ventilation (within the
circuit) was not used consistently, with half of respondents
reporting this practice as usual (175, 20 %) or frequent (252,
29 %) and the other half reporting it as exceptional (148,
17 %) or never performed (279, 33 %). The primary reason
for delivering aerosols during non-invasive ventilation was
the severity of the patient’s condition preventing ventilation
interruption (according to 52 % of the 575 respondents
practicing aerosol therapy during non-invasive ventilation).

Of note, analyzing the subgroup of respondents (121)
reporting frequent use of aerosolized antibiotics during
MV (several patients a month), and who may be consid-
ered as more experienced, the results were similar to those
of the rest of the population (see Electronic Supplemen-
tary Material). Analyzing other respondent subgroups
(pediatricians or neonatologists, respondents working
outside Europe) yielded results similar to those of the
whole population (data not shown).

Knowledge and opinions

Almost all respondents (773, 90 %) considered aerosol
therapy during MV of some interest (only 5 % had no
opinion). The relationship between droplet size and the
proximal to distal deposit ratio seemed familiar, but most
respondents failed to answer more specific questions
about optimal droplet size or nebulization yield (Fig. 4).
Knowledge about the performance of specific nebulizer
types was also poor, especially for vibrating mesh nebu-
lizers (Electronic Supplementary Material Fig. E1).

A majority of respondents (73 and 72 %, respectively)
considered that inhaled antimicrobial therapy can increase
the effectiveness of pneumonia treatment (on top of intra-
venous antimicrobial therapy) and its tolerability (nebulized
rather than intravenous aminoglycosides). Indeed, nebulized
colistin was frequently (84 %) considered as an interesting
therapeutic option in the treatment of pneumonia due to
multidrug-resistant bacteria, but most respondents consid-
ered combination with an intravenous antibiotic necessary
(Electronic Supplementary Material Fig. E2).

Discussion

The present study investigated current practice of aerosol
therapy during MV among a large international panel of
intensive care physicians. Despite surprisingly frequent

Table 1 Drugs reported to be aerosolized during MV

Drug class Drug No. (%) of
respondents

Bronchodilators Ipratropiuma 738 (86)
Albuterola 685 (80)
Epinephrinea 601 (70)
Terbutalinea 456 (53)
Magnesium 9 (1)
Fenoterol 7 (1)
Formoterol 1 (\0.5)
Atropine 1 (\0.5)

Steroids Budesonidea 505 (59)
Methylprednisolonea 225 (26)
Beclomethasone 11 (1)
Dexamethasone 3 (\0.5)
Betamethasone 3 (\0.5)
Fluticasone 2 (\0.5)
Hydrocortisone 2 (\0.5)

Anti-infective agents Colistina 500 (59)
Tobramycina 263 (31)
Amikacina 233 (27)
Gentamicin 12 (1)
Amphotericin B 11 (1)
Vancomycin 5 (0.5)
Pentamidine 2 (\0.5)
Imipenem and cilastatin 1 (\0.5)
Netilmicin 1 (\0.5)
Ampicillin 1 (\0.5)
Cefazolin 1 (\0.5)
Ribavirin 1 (\0.5)

Analgesics Lidocaine 7 (1)
Morphine 3 (\0.5)

Mucolytic agents Acetylcysteine 58 (7)
Dornase alfa 8 (1)
Mesna 7 (1)
Ambroxol 5 (0.5)
Bromhexine 4 (0.5)
Gomenol 1 (\0.5)
Tyloxapol 1 (\0.5)

Ionic solutions Isotonic sodium chloride 21 (2)
Hypertonic sodium chloride 10 (1)
Sodium bicarbonate 1 (\0.5)

Other Prostacyclin analogues 156 (18)
Furosemide 4 (0.5)
Heparin 2 (\0.5)
Lung surfactant 1 (\0.5)
Terlipressin 1 (\0.5)
Tranexamic acid 1 (\0.5)
Milrinone 1 (\0.5)
Reptilase 1 (\0.5)

a Drugs specifically asked for in the survey. Other drugs were
spontaneously reported by respondents as ‘‘other drugs used as
aerosol during mechanical ventilation’’
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use for some indications such as antibiotic therapy, and
positive beliefs concerning the efficacy of this technique,
physicians’ knowledge appeared limited on specific issues
regarding aerosol delivery and efficacy, and was far short
of current scientific knowledge.

Aerosolization, a frequent practice

Almost all respondents reported delivering aerosolized
drugs during MV, especially, as expected, bronchodilators
and to a lesser extent steroids (Fig. 2). Surprisingly, several
antibiotics, in particular colistin, were reported as relatively
frequently nebulized (usual practice according to 20 % and
frequent practice according to 10 % of respondents;
Fig. 2), although the benefit of this nebulization is debated

[22–26]. Of note, our study revealed a positive belief
towards the efficacy of inhaled antibiotics in enhancing the
efficacy of intravenous treatment (75 % of respondents) or
even as the cornerstone of the therapy in specific cases,
despite a lack of strong clinical evidence [26]. Furthermore,
numerous other drugs (sometimes off-label) were reported
to be delivered as an aerosol (Table 1).

Despite frequent use of aerosols during MV, however,
the devices and techniques used for aerosol delivery were
far short of best available practice and some potentially
dangerous practices were reported.

Suboptimal delivery techniques

In recent decades, a great number of studies have defined
some settings allowing maximization of the nebulization
yield during MV (Fig. 1). Briefly, various authors have
found that changing ventilator settings (decreasing
inspiratory flow and increasing inspiratory time), placing
the nebulizer 10–30 cm upstream on the inspiratory limb
and avoiding gas humidification allows the nebulization
yield to be increased [6–11]. In the present study, the vast
majority of respondents did not implement these princi-
ples in their clinical practice; e.g. only 12 % of
respondents reported placing the nebulizer upstream on
the inspiratory limb (Fig. 3), and 78 % of respondents did
not avoid humidification during nebulization. Of note,
these optimization principles may be less important for

Fig. 2 Drugs delivered as an
aerosol during invasive MV.
Data are presented as
percentage of respondents
(n = 816) reporting delivering
each drug as an aerosol during
invasive MV either never,
exceptionally (\5 patients/
year), usually (5–12 patients/
year) or frequently ([1 patient/
month). For each drug the
absolute number of respondents
reporting at least exceptional
use is indicated on the left

Fig. 3 Ventilator circuit setup. The values indicate the percentage
of respondents (n = 820). Most of the respondents reported placing
the nebulizer just before or just after the Y piece, 57 % leaving the
connection tubing between the Y piece and the tracheal tube in
place during nebulization. Among 65 % of respondents reporting
placing a filter on the expiratory limb, 28 % reported never
changing it (see Electronic Supplementary Material)
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bronchodilator delivery since the efficacy of these drugs is
high even when use is suboptimal [27, 28]. For example,
several ventilator setting manipulations are not associated
with improved efficacy of bronchodilators delivered
through a metered dose inhaler [29, 30]. However, neb-
ulization practice was similar in the subgroup of
respondents who reported frequent use of aerosolized
antibiotics, a situation in which optimization of the neb-
ulization yield may be critical [14, 17]. This may illustrate
the potential gap between experience and expertise [31].

Aside from these technical principles, respondents
seemed not to have fully integrated into their practice recent
technological advances concerning aerosol therapy during
MV. Indeed, although a majority of respondents considered
ultrasonic nebulizers superior to jet nebulizers, only half of
them actually used them. The use of more recently devel-
oped vibrating mesh nebulizers, which are specifically
designed for use during MV, was marginal (14 %). One can
hypothesize that cost may be a factor limiting the use of
these devices. Furthermore, although bronchodilators and
steroids (the most frequently inhaled drugs) are available as
metered dose inhalers, with abundant efficacy data for these
devices [27, 32–34], only half of respondents (56 %)
reported using them, often inadequately (patient discon-
nection and delivery into the tracheal tube) [12]. Technical
issues and availability of equipment may partly explain the
apparently limited use of an optimal technique.

Potentially hazardous practices

Jet nebulizers were the most frequently used devices, mostly
within ventilator integrated systems allowing control of the
delivered tidal volume during nebulization. Despite the
availability of such systems, 14 % of respondents still
reported connecting the jet nebulizer to an external gas
source, thus exposing the patient to an uncontrolled tidal
volume. When using a ventilator that was not comprising
such an integrated system, 40 % of respondents acknowl-
edged this potentially dangerous practice when using
another aerosolization device (metered dose inhaler, ultra-
sonic or vibrating mesh nebulizer) would appear safer.

Another potential hazard associated with aerosol therapy
during MV is related to exhaled particles. Indeed, during
nebulization, a significant amount of droplets is cleared
through the expiratory limb of the ventilator circuit. As these
droplets may damage the expiratory flow meter of the
ventilator, it is advisable to protect it by placing a filter on
the expiratory limb (before the flow meter) [11, 35]. This
practice was reported by only 65 % of respondents (Fig. 3).
Furthermore, as exhaled particles impact on the protective
filter, expiratory resistance may increase and complete filter
obstruction has been reported with dramatic consequences
[17, 36]. One-third of respondents using such protective
filters reported never changing them, thus exposing patients
to potentially severe complications.

Fig. 4 Droplet size and
pulmonary deposition. Data are
presented as percentage of
respondents (n = 854)
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Implications

The discrepancy observed between a frequent use on the
one hand and suboptimal implementation and potentially
hazardous practices on the other hand calls for action at
educational and scientific levels.

First, general guidelines for aerosol therapy may
address the issue of potentially hazardous practices [37,
38], and intensive care medicine societies may produce
specific guidelines regarding aerosol therapy during MV.
Concerning the complex implementation in daily practice
of advances in the understanding of optimal aerosol therapy
during MV, solutions are not so straightforward. The
present study highlights some knowledge gaps among
respondents, e.g. overestimation of nebulization yield, lack
of knowledge about vibrating mesh nebulizers, ultrasonic
nebulizers believed to produce smaller droplets and to
outperform jet nebulizers. Those issues may be addressed
through educational programs and guidelines. Neverthe-
less, some other results highlight the impracticability of
transferring experimental results in the field of aerosol
science into clinical practice. For instance, the fact that a
majority of physicians did not change ventilator settings
during nebulization may be due to a lack of knowledge, but
the fact that among those who declared changing ventilator
settings, 16 % restricted this practice to deeply sedated
patients and 38 % sometimes used sedatives or muscle
relaxants to do so illustrates that, although shown to be
effective at the experimental level, ventilator setting
changes are difficult to implement in clinical practice.
Thus, experimental aerosol studies should focus on means
of optimizing nebulization in ways as simple as possible to
translate into daily clinical practice.

Limitations

As the present study was designed as an electronic survey,
there are important limitations concerning data interpreta-
tion. First, respondents may have presented an inaccurate
representation of the real practice of nebulization as per-
formed in their department even though they provided

answers they believed to be correct. Second, although the
survey was anonymous, respondents may have tended to
give responses in accordance with the literature rather than
describing their real practice and beliefs. This potential bias
would have tended to reduce discrepancies between
responses and scientific evidence on the topic, and thus
actual practice may be even further away from best scien-
tific evidence concerning optimal nebulization technique
during MV. A prospective observational study recording
actual practice in intensive care units may allow these
limitations to be overcome.

Despite the international scope of the study, a large
majority of respondents worked in Europe and specifically
in France, remaining respondents being distributed among
numerous countries around the world. Therefore, even if
the same response pattern was observed in these sub-
groups, the results may only partially be generalized to
North American, Asian or African settings of intensive
care medicine. The same limitation applies to the pediatric
and neonatology setting. Last, although many respondents
took part in the study, the overall response rate was rela-
tively low, thus limiting the generalizability of the results.

Conclusions

The use of aerosol therapy during MV appeared to be
frequent for the delivery of bronchodilators and steroids
and also to a lesser extent for the delivery of antibiotics.
Scientific knowledge about optimal implementation of
aerosol therapy during MV seemed to be applied infre-
quently and the use of some potentially dangerous
practices was reported. These issues may be addressed
through educational programs and research focusing on
simplifying bench-to-bedside transfer of knowledge.
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