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IMPORTANCE It remains uncertain whether nebulization of mucolytics with bronchodilators
should be applied for clinical indication or preventively in intensive care unit (ICU) patients
receiving invasive ventilation.

OBJECTIVE To determine if a strategy that uses nebulization for clinical indication
(on-demand) is noninferior to one that uses preventive (routine) nebulization.

DESIGN, SETTING, AND PARTICIPANTS Randomized clinical trial enrolling adult patients
expected to need invasive ventilation for more than 24 hours at 7 ICUs in the Netherlands.

INTERVENTIONS On-demand nebulization of acetylcysteine or salbutamol (based on strict
clinical indications, n = 471) or routine nebulization of acetylcysteine with salbutamol
(every 6 hours until end of invasive ventilation, n = 473).

MAIN OUTCOMES AND MEASURES The primary outcome was the number of ventilator-free
days at day 28, with a noninferiority margin for a difference between groups of −0.5 days.
Secondary outcomes included length of stay, mortality rates, occurrence of pulmonary
complications, and adverse events.

RESULTS Nine hundred twenty-two patients (34% women; median age, 66 (interquartile
range [IQR], 54-75 years) were enrolled and completed follow-up. At 28 days, patients in the
on-demand group had a median 21 (IQR, 0-26) ventilator-free days, and patients in the
routine group had a median 20 (IQR, 0-26) ventilator-free days (1-sided 95% CI, −0.00003
to �). There was no significant difference in length of stay or mortality, or in the proportion of
patients developing pulmonary complications, between the 2 groups. Adverse events (13.8%
vs 29.3%; difference, −15.5% [95% CI, −20.7% to −10.3%]; P < .001) were more frequent with
routine nebulization and mainly related to tachyarrhythmia (12.5% vs 25.9%; difference,
−13.4% [95% CI, −18.4% to −8.4%]; P < .001) and agitation (0.2% vs 4.3%; difference, −4.1%
[95% CI, −5.9% to −2.2%]; P < .001).

CONCLUSIONS AND RELEVANCE Among ICU patients receiving invasive ventilation who were
expected to not be extubated within 24 hours, on-demand compared with routine nebulization
of acetylcysteine with salbutamol did not result in an inferior number of ventilator-free days.
On-demand nebulization may be a reasonable alternative to routine nebulization.

TRIAL REGISTRATION clinicaltrials.gov Identifier: NCT02159196

JAMA. 2018;319(10):993-1001. doi:10.1001/jama.2018.0949
Published online February 27, 2018.

Supplemental content

CME Quiz at
jamanetwork.com/learning

Author Affiliations: Author
affiliations are listed at the end of this
article.

Corresponding Author: Marcus J.
Schultz, MD, PhD, Department of
Intensive Care, C3-423, Academic
Medical Center, Meibergdreef 9, 1105
AZ Amsterdam, the Netherlands
(marcus.j.schultz@gmail.com).

Section Editor: Derek C. Angus, MD,
MPH, Associate Editor, JAMA
(angusdc@upmc.edu).

Research

JAMA | Original Investigation | CARING FOR THE CRITICALLY ILL PATIENT

(Reprinted) 993

© 2018 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023

https://clinicaltrials.gov/show/NCT02159196
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2018.0949&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2018.0949
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2018.0949&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2018.0949
http://www.jamanetwork.com/learning/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2018.0949
mailto:marcus.j.schultz@gmail.com
mailto:angusdc@upmc.edu


M ucus plugging can increase morbidity and mortal-
ity in intensive care unit (ICU) patients receiving in-
vasive ventilation.1 Mucociliary clearance could be

impaired because of the presence of the endotracheal tube.
Ventilation with relatively dry gases may lead to dehydration
of the mucosa, increasing bronchial mucus production.
Furthermore, an inadequate cough reflex resulting from de-
pressed levels of consciousness, sedation, and paralysis puts
ICU patients receiving invasive ventilation at increased risk of
airway obstruction and atelectasis, eventually leading to air-
way colonization and respiratory infections.2,3

Use of nebulized mucolytics may provide benefit in
ICU patients receiving invasive ventilation, but evidence is
limited. Because of its ability to hydrolyze and break the
disulfide ponds in mucin, acetylcysteine is one of the most
commonly used mucolytics.4 Two small randomized clini-
cal trials have evaluated this drug in ICU patients using
physiologic but not clinical outcomes.5,6 To avoid a possible
increase of airway resistance,4,7 acetylcysteine is frequently
combined with a bronchodilator. Bronchodilators can further
improve mucus clearance through an increase in small air-
ways diameter.

The literature on practice of nebulization of mucolytics
is limited and suggests inconsistent use.8-10 Several publica-
tions have reported preventive use of inhaled drugs in ICU
patients receiving invasive ventilation who do not have evi-
dence of reversible airway disease,8,11-13 although with large
variations in frequency and dosages.8

The Preventive Nebulization of Mucolytic Agents and
Bronchodilating Drugs in Intubated and Ventilated Intensive
Care Unit Patients (NEBULAE) randomized clinical trial14

was conducted to test whether a strategy of on-demand
nebulization of acetylcysteine or salbutamol is noninferior
to a strategy of routine nebulization of acetylcysteine with
salbutamol with respect to duration of invasive ventilation
and mortality.

Methods
Study Design and Oversight
The NEBULAE study was a randomized clinical trial con-
ducted at the ICUs of 7 hospitals in the Netherlands. The study
design and statistical analysis plan have been published14;
the approved study protocol is available in Supplement 1.
The institutional review boards of all centers approved the trial.
Written informed consent was obtained from all patients’ rep-
resentatives. An independent data and safety monitoring com-
mittee monitored safety data.

Patients
The trial enrolled patients receiving invasive ventilation that
started shortly before admission to or in the ICU of a partici-
pating hospital and who were expected to not be extubated
within 24 hours after randomization. Exclusion criteria were
age younger than 18 years; pregnancy; ventilation lasting
more than 24 hours before randomization; previous invasive
ventilation in another ICU; a known allergy to acetylcysteine

or salbutamol; a medical history mandating use of mucolyt-
ics or bronchodilators; expected need for long-term ventila-
tion because of a known neuromuscular disease or suspected
complete spinal cord lesions; patients receiving palliative
care only; or previously included in this trial.

Randomization and Masking
Patients were randomized in a 1:1 ratio to a strategy of nebu-
lization of acetylcysteine or salbutamol on strict indications
(on-demand nebulization) or a strategy of routine nebuliza-
tion of acetylcysteine with salbutamol (routine nebuliza-
tion). The local investigators randomized patients using
a central, dedicated, password-protected, secure socket layer–
encrypted, web-based, automated randomization system
(ALEA; TenALEA Consortium, Amsterdam, the Netherlands).
The randomization sequence was generated using a per-
muted block design with random block sizes of minimum 2 and
maximum 8 patients and was stratified per center. Attending
nurses and independent physicians were aware of the nebu-
lization strategy in individual patients, but they were not aware
of the primary outcome of the trial.

Interventions
Patients assigned to the on-demand nebulization group
received nebulization of 5-mL solutions containing acetylcys-
teine (300 mg) when thick or tenacious secretions were
noted or nebulization of 5-mL solutions containing salbuta-
mol (2.5 mg) when wheezing was clinically suspected or
observed or when typical abnormalities of ventilator waves
or end-tidal CO2 curves suggested obstruction of the lower
airways. The continued need for nebulization of acetylcyste-
ine or salbutamol was reassessed daily by independent physi-
cians. Patients assigned to the routine nebulization group
received acetylcysteine with salbutamol 4 times daily, from
start to end of invasive ventilation and, in the case of ventila-
tion through a tracheostomy tube, until ventilator support
was discontinued for longer than 24 hours.

The assigned strategies were continued for a maximum of
28 days. If a patient required reintubation and additional in-
vasive ventilation within this period, the nebulization strat-
egy to which the patient had been randomized was resumed.

Key Points
Question In ICU patients receiving invasive ventilation, is a
strategy using on-demand nebulization of acetylcysteine or
salbutamol inferior to using routine nebulization of acetylcysteine
with salbutamol with respect to days ventilator-free and alive
at day 28?

Findings In this randomized clinical trial that included 922 ICU
patients receiving invasive ventilation who were expected to not
be extubated within 24 hours, on-demand compared with routine
nebulization of acetylcysteine with salbutamol resulted in 20 vs 21
days ventilator-free and alive at day 28, a difference that met the
noninferiority margin of −0.5 days.

Meaning Among ICU patients receiving invasive ventilation,
on-demand nebulization was not inferior to routine nebulization
of acetylcysteine with salbutamol.
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The nebulization technique was similar in all centers, as de-
scribed in the eMethods in Supplement 2.

Standard Care
Standard care followed strict local clinical guidelines, as de-
scribed in the eMethods in Supplement 2.

Weaning From Ventilator
At least every 8 hours the attending nurses tested whether
patients triggered the ventilator, to permit a switch to a spon-
taneous ventilation mode. Next, and again at least every 8
hours, the attending nurses assessed readiness for extubation
by lowering the pressure support level stepwise to 5 cm H2O.
Attending physicians present around the clock made the
decision to extubate a patient based on general extubation
criteria, including adequate patient responsiveness and coop-
eration, appropriate cough reflex, oxygenation saturation
greater than 90% with a ratio of PaO2 to fraction of inspired
oxygen (FIO2) greater than 200 mm Hg at FIO2 of 0.4 or less,
and respiratory rate between 8/min and 30/min with no signs
of respiratory distress such as marked accessory muscle use,
abdominal paradox, diaphoresis, or dyspnea.

Tracheostomy was preferably not performed in the first
10 days after start of invasive ventilation. Indications
included expected duration of ventilation of more than 14
days, a persistent Glasgow Coma Score less than 7 with
inadequate swallow or cough reflex or retention of sputum,
severe ICU-acquired weakness evaluated by clinical inspec-
tion, or repeated respiratory failure after successive tracheal
extubations.

Outcomes
The primary outcome was the number of ventilator-free days
and alive at day 28, defined as the number of days that a
patient was alive and free from invasive ventilation, calcu-
lated from the moment of start of invasive ventilation in the
ICU, if the period of unassisted breathing lasted longer than
24 consecutive hours. In case of repeated intubation and
extubation, all periods free from invasive ventilation and
lasting at least 24 consecutive hours were calculated and
summed. Timing of intubation and extubation was captured
in hours, and numbers of hours a patient received invasive
ventilation were used to calculate duration of ventilation.
However, the primary end point was expressed in rounded
days. Patients who died before day 28, regardless of whether
they achieved unassisted breathing, or patients who received
invasive ventilation for more than 28 days, were assigned to
have zero ventilator-free days. In patients without tracheos-
tomy, successful unassisted breathing was defined as extu-
bated and without the need for reintubation within 24 con-
secutive hours. In patients with tracheostomy, successful
unassisted breathing was defined as breathing without venti-
latory assistance lasting for the same period.

Secondary outcomes included ICU and hospital length of
stay and mortality; pulmonary complications (development
of moderate or severe acute respiratory distress syndrome,15

ventilator–associated pneumonia,16 development of severe
atelectasis,17 pneumothorax, and tube occlusion requiring

endotracheal tube replacement). Nebulization-related
adverse events were hypoxemia, dyspnea, bronchospasm,
apnea, self-extubation, agitation, nausea or vomiting, and
tachyarrhythmia, as described in the eMethods in Supple-
ment 2. One of the secondary outcomes concerned health
care–related costs, for which we collected costs of ventila-
tion, stay in ICU and hospital, cumulative use of sedative
drugs and neuromuscular blocking agents, and use of trache-
ostomies, as well as costs related to treatment of ventilator-
associated pneumonia. This outcome, however, is not
reported in this article.

Statistical Analysis
A sample size of 890 patients (445 patients per group)
would have 80% statistical power to show noninferiority of
on-demand compared with routine nebulization, using a
1-sided significance level of .05 and a noninferiority margin
of 10% of the median duration of invasive ventilation,
assuming no difference in the number of ventilator-free
days between the 2 randomization groups. Nine-hundred
fifty patients were to be enrolled (475 in each group) to
allow for an anticipated dropout or loss to follow-up of 5%.
This power calculation was based on the duration of inva-
sive ventilation of 5 days, with an associated coefficient of
variation of 0.7 days in 2 large representative patient
cohorts in the Netherlands that included patients fulfilling
the same inclusion and exclusion criteria as patients in the
present trial.14,18

The choice of a noninferiority margin of 10% (ie, 0.5 days)
was motivated by what could be considered acceptable from
a clinical point of view. Practically, this margin meant that a
difference of less than 12 hours with on-demand nebuliza-
tion was considered noninferior to routine nebulization.

The primary analysis followed a modified intention-to-
treat principle and used a 1-sided 95% CI for noninferiority.
The per-protocol analysis excluded patients who received
nebulization for a reason other than allowed by the study
protocol and patients in whom nebulization was started or
withheld without a reported reason in the on-demand group
and the routine group, respectively. If noninferiority could be
confirmed, superiority of on-demand nebulization was
tested, using a 90% CI, for the difference in the primary
outcome.19 Because this approach used a hierarchical closed-
testing procedure examining a single CI, there was no adjust-
ment of the overall type I error.20 Analyses of secondary out-
comes were performed using common 2-tailed superiority
hypothesis tests with α = .05 and with 2-sided 95% CIs.
Because the analyses of the secondary outcomes were con-
sidered exploratory, we did not correct for type I error.

The amount of missing data was low, and no assump-
tions were made for missing data. Because the Medical Re-
search Human Subjects Act in the Netherlands does not allow
collection of data from patients not enrolled in a study, we were
unable to compare clinical characteristics of enrolled pa-
tients with those of eligible patients.

For the primary analysis, the number of ventilator-free days
was compared using the Mann-Whitney U test. The estimate
of the difference between the randomization groups was
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calculated using a Hodges-Lehman statistic; estimates were
reported using a distribution-free 1-sided 95% CI. Noninferi-
ority was established if the lower bound of the 1-sided 95% CI
did not cross the margin of −0.5 days.

Duration of ventilation, ICU and hospital length of stay, and
90-day mortality were compared using Kaplan-Meier sur-
vival curves. Survival time was calculated from start of inva-
sive ventilation until time of death from any cause or from time
to censoring if lost to follow-up with regard to hospital and
90-day mortality.

The number of patients developing at least 1 pulmonary
complication was compared using counts and percentages of
single events for the randomization groups. Likewise, the num-
ber of patients having at least 1 nebulization-related adverse
event was compared using counts and percentages of events
per type of nebulization in each randomization group. Differ-
ences between groups were analyzed using a 2-tailed Fisher
exact test and presented as differences in proportions, with
95% CIs.

In a predefined exploratory analysis, treatment effects on
the primary outcome were investigated in prespecified sub-
groups based on patient categories, including patients with

pneumonia vs patients without pneumonia, surgical vs medi-
cal admissions, type of nebulizer (jet nebulizer or vibrating
mesh), and humidification method (active or passive). The
analysis deviated from the original analysis plan by also com-
paring patients after out-of-hospital cardiac arrest with other
patients. The homogeneity of treatment effects on the pri-
mary outcome across subgroups was examined at a 2-sided sig-
nificance level of .05 using a test for the treatment × sub-
group interaction by adding this term and the subgroup as
covariates in a generalized linear model. As a sensitivity analy-
sis, we conducted a generalized linear mixed-effects model
with the stratification variable center as random effect.

R version 3.4.3 (R Core Team) was used for all statistical
analyses.21

Results
Patients
From June 22, 2014, to November 24, 2016, 3809 ICU pa-
tients receiving invasive ventilation were screened. A total of
2865 were not enrolled, of whom 1726 (60.2%) met exclusion

Figure 1. Flow of Patients in the NEBULAE Trial

3809 Patients assessed for eligibility

2865 Excludeda

1726 Ineligible (met exclusion criteria)
1101 Required continuation of mucolytics

or bronchodilators
301 Invasive ventilation in another ICU
169 Receiving palliative care only
124 Neuromuscular disease
11 Previous enrollment in NEBULAE trial14

9 Allergic to acetylcysteine or salbutamol
7 Younger than 18 y
4 Pregnancy

1139 Eligible but not enrolled
586 Did not provide informed consent
293 Not approached for informed consent
46 Decision of physician
46 Enrolled in other study
6 Accidental double randomization

162 Other reason

944 Randomized

455 Included in primary analysis
16 Excluded (lost to follow-up or

withdrew consent)

389 Included in per-protocol analysisb

66 Excluded
24 Received acetylcysteine

(no indication reported)
42 Received salbutamol

(no indication reported)

467 Included in primary analysis
6 Excluded (lost to follow-up or

withdrew consent)

453 Included in per-protocol analysisb

14 Excluded (nebulization withheld;
no reason reported)

471 Randomized to receive
on-demand nebulization
471 Received intervention

as randomized

473 Randomized to receive
routine nebulization
473 Received intervention

as randomized

8 Lost to follow-up
8 Withdrew informed consent

3 Lost to follow-up
3 Withdrew informed consent

ICU indicates intensive care unit;
NEBULAE, Preventive Nebulization of
Mucolytic Agents and
Bronchodilating Drugs in Intubated
and Ventilated Intensive Care Unit
Patients.
a Patients could have more than 1

reason for exclusion; the most
important reason was reported.

b Patients in the on-demand group
and routine group who had at least 1
protocol deviation were excluded
from the per-protocol analysis.
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criteria and 1139 (39.8%) were eligible but not enrolled for other
reasons. Nine hundred forty-four patients were randomized,
471 to the on-demand nebulization group and 473 to the rou-
tine nebulization group. Representatives of 11 patients with-
drew consent to use study data. Follow-up until day 28 was
incomplete for 11 patients. Thus, data for 922 patients (455 in
the on-demand group and 467 in the routine group) were con-
sidered for the primary analysis (Figure 1).

Of 455 patients supposed to receive on-demand nebuli-
zation, 66 were excluded for per-protocol analysis, since these
patients received nebulization with acetylcysteine or salbu-
tamol for reasons not reported. Of 467 patients randomized
to receive routine nebulization, 14 patients were excluded for
per-protocol analysis because nebulization was withheld with-
out any reason reported. The data for 842 patients (389 in the
on-demand group and 453 in the routine group) were consid-
ered for the per-protocol analysis.

The data and safety monitoring committee evaluated
safety data while remaining blinded to the primary end
point at 2 predefined time points and recommended the
trial be continued.

Baseline characteristics were well balanced between the
randomization groups (Table 1). More than half of the pa-
tients were admitted for a medical reason. The most frequent
reason for invasive ventilation was cardiac arrest. In the on-
demand and routine group, baseline tidal volume, positive end-
expiratory pressure, and other airway pressure levels were not
significantly different.

Nebulization
In the on-demand group, 187 patients (41%) received nebuli-
zation, totaling 748 nebulization days. In the routine group,
463 patients (99%) received nebulization, totaling 2944
nebulization days. Details are reported in the eResults in
Supplement 2.

Ventilator Settings and Respiratory Variables
Median tidal volumes, positive end-expiratory pressure, and
other airway pressures from day 1 through day 3 were not sig-
nificantly different (eTable 1 in Supplement 2). Partial pres-
sure of carbon dioxide, arterial pH, and PaO2 to FIO2 ratios did
not significantly differ between groups. Controlled ventila-
tion lasted a median of 2 days (interquartile range [IQR],
1-3days), irrespective of nebulization group.

Outcomes
At day 28, there were a median of 21 (IQR, 0-26) ventilator-
free days in the on-demand group and a median of 20 (IQR,
0-26) ventilator-free days in the routine group (1-sided 95% CI,
−0.00003 to �), indicating on-demand nebulization to be non-
inferior to routine nebulization (Table 2). The superiority analy-
sis showed no statistically significant difference between the
randomization groups (P = .78). The per-protocol analysis
showed a median of 23 (IQR, 0-26) ventilator-free days in the
on-demand group and a median of 20 (IQR, 0-26) ventilator-
free days in the routine group. Noninferiority was again es-
tablished, as the 1-sided 95% CI and did not cross the margin
of −0.5 days (1-sided 95% CI, −0.00005 to �).

Mortality rates at 28 days, at hospital discharge, and at 90
days, as well as median length of ICU and hospital stay, did not
significantly differ between groups (Table 3, Figure 2).

The proportion of patients developing 1 or more pulmo-
nary complications was not significantly different between the

Table 1. Baseline Patient Characteristics

Characteristic

On–Demand
Nebulization
(n = 455)

Routine
Nebulization
(n = 467)

Age, median (IQR), y 66 (56 to 75) 65 (54 to 74)

Women, No. (%) 155 (34.1) 165 (35.3)

BMI, median (IQR), kg/m2 26 (23 to 29) 26 (24 to 29)

APACHE II, median (IQR)a 24 (18 to 31) 23 (17 to 30)

Reason of ICU admission, No. (%)

Medical 350 (76.9) 349 (74.7)

Surgical 105 (23.1) 118 (25.3)

Reason of invasive ventilation,
No. (%)

OHCA 139 (30.5) 126 (27.0)

Postoperative ventilation 59 (13.0) 77 (16.5)

Head trauma or brain surgery 53 (11.6) 52 (11.1)

Pneumonia 46 (10.1) 41 (8.8)

Sepsis 41 (9.0) 49 (10.5)

Cardiac failure 28 (6.2) 23 (4.9)

Trauma 25 (5.5) 27 (5.8)

Respiratory insufficiency 15 (3.3) 13 (2.8)

Aspiration 11 (2.4) 14 (3.0)

Airway protection 6 (1.3) 13 (2.8)

ARDS 2 (0.4) 3 (0.6)

Other 25 (5.5) 29 (6.2)

Comorbidity, No, (%)

Diabetes mellitus 86 (18.9) 89 (19.1)

Cardiovascular disease 77 (16.9) 86 (18.4)

Pulmonary disease 33 (7.3) 40 (8.6)

Immunosuppression 37 (8.1) 32 (6.9)

Duration of invasive ventilation
prior to randomization,
median (IQR), hours

9 (4-15) 9 (3-15)

Nebulization prior to
randomization,
median (IQR), No.

0 (0-0) 0 (0-0)

Respiratory measures,
median (IQR)

PaO2 to FIO2 ratio 204 (133-307) 199 (129-303)

FIO2, % 50 (40-70) 50 (40-62)

Tidal volume, mL/kg predicted
body weight

6.9 (6.1-7.9) 6.9 (6.1-7.8)

Plateau airway pressure,
cm H2Ob

22 (18-27) 22 (18-27)

Positive end-expiratory
pressure, cm H2O

8 (5-10) 8 (5-10)

Respiratory rate, breaths/min 19 (15-22) 18 (15-22)

Abbreviations: APACHE, acute physiology and chronic health evaluation;
ARDS, acute respiratory distress syndrome; BMI, body mass index; FIO2, fraction
of inspired oxygen; ICU, intensive care unit; IQR, interquartile range;
OHCA, out-of-hospital cardiac arrest.
a The range of APACHE II is 0 to 71; an APACHE II score of 23 to 24 indicates

a risk of hospital mortality of 46% to 50%, depending on the reason
for admission.

b Or maximum airway pressure with pressure assist–controlled ventilation.
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nebulization groups (44.8% vs 48.8%; difference, −4.0% [95%
CI, −10.4% to 2.4%]; P = .24) (Table 3), whereas the propor-
tion of patients developing 1 or more nebulization-related ad-
verse events was higher in the routine group (13.8 vs 29.3%;
difference, −15.5 [95% CI, −20.7% to −10.3%]; P < .001), with
events mainly related to tachyarrhythmia (12.5% vs 25.9%; dif-
ference, −13.4 [95% CI, −18.4% to −8.4%]; P < .001) and agita-
tion (0.2% vs 4.3%; difference, −4.1% [95% CI, −5.9% to −2.2%];
P < .001). There were no significant differences in adverse
events directly related to nebulization with acetylcysteine or
salbutamol (eTable 2 in Supplement 2).

Exploratory Analyses
With the exception of patients receiving invasive ventilation
for pneumonia, the exploratory analyses demonstrated non-
inferiority for on-demand nebulization in all subgroups. There
was no significant interaction between treatment assign-
ment and subgroups (Table 2). The sensitivity analyses with
the addition of the stratification variable center as random ef-
fect were consistent with the results of the primary end point.

Discussion
In this trial enrolling adult ICU patients receiving invasive ven-
tilation and expected to not be extubated within 24 hours,

on-demand nebulization of acetylcysteine or salbutamol was
noninferior to routine nebulization of acetylcysteine with sal-
butamol with regard to the number of ventilator-free days and
alive at day 28. Per-protocol analysis confirmed this finding.
In addition, there was no significant difference in length of stay
or mortality rates or in the proportion of patients developing
pulmonary complications. Adverse events occurred more fre-
quently with routine nebulization.

To our knowledge, no previous studies have addressed
whether on-demand nebulization is as effective as routine
nebulization in a general population of ICU patients receiving
invasive ventilation.9 A noninferiority design was chosen be-
cause routine nebulization could be considered standard of care
(at least in the Netherlands) and because it was hypothesized
that a strategy in which nebulization needed strict indica-
tions would reduce the number of nebulization-related ad-
verse effects, while not or only slightly affecting duration of
ventilation. A patient-centered primary end point of ventilator-
free days and alive at day 28 was chosen because pulmonary
complications may affect duration of invasive ventilation as
well as mortality.22

One possible explanation for the finding that the 2 strat-
egies of nebulization resulted in a not significantly different
proportion of patients with acute respiratory distress syn-
drome, ventilator-associated pneumonia, and severe atelec-
tasis is that prevention of mucus plugging with on-demand

Table 2. Primary Analysis and Subgroup Analyses

No. of Patients Ventilator-Free Days

P Value for
Interaction

On-Demand
Nebulization

Routine
Nebulization

Median (IQR)
Estimate of Difference
(95% 1-Sided CI)a

On-Demand
Nebulization

Routine
Nebulization

Primary Analysis

Intention-to-treat 455 467 21 (0-26) 20 (0-26) –0.00001 (–0.00003 to �) NA

Per-protocol 389 453 23 (0-26) 20 (0-26) –0.00004 (–0.00005 to �) NA

Subgroup Analyses

Medical vs surgical

Medical 350 349 20 (0-26) 18 (0-26) –0.00009 (–0.0001 to �)
.95

Surgical 105 118 22 (0-26) 21 (0-26) –0.00006 (–0.25 to �)

Pneumonia vs other

No pneumonia 409 426 21 (0-26) 20 (0-26) –0.00006 (–0.0001 to �)
.42

Pneumonia 46 41 17 (0-25) 0 (0-24) –0.000008 (–2.5 to �)

OHCA vs other

No OHCA 311 336 20 (0-26) 19 (0-25) –0.00003 (–0.00007 to �)
.44

OHCA 144 131 21 (0-26) 21 (0-26) 0.00007 (0.00003 to �)

Type of humidification

Active 236 231 19 (0-25) 15 (0-24) –0.00007 (–0.23 to �)
.12

Passive 219 236 23 (0-26) 23 (0-26) 0.00001 (–0.00002 to �)

Type of nebulizer

Jetb 175 181 23 (0-26) 23 (0-26) –0.00005 (–0.00009 to �)
.55

Meshc 280 286 18 (0-25) 14 (0-25) –0.000001 (–0.01 to �)

Abbreviations: IQR, interquartile range; NA, not applicable;
OHCA, out-of-hospital cardiac arrest.
a The estimated difference between the groups in ventilator-free days was

calculated with a 1-sided 95% CI using the Hodges-Lehmann estimator.
The margin for noninferiority was set at −0.5 days. A lower bound of the CI
that did not exceed this margin indicated noninferiority.

b A nebulizer in which compressed air or oxygen creates a flow through a liquid
medicine at high velocity to turn it into an aerosol.

c A nebulizer in which a vibrating mesh or perforated membrane on top
of a liquid medicine reservoir creates an aerosol.
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nebulization is noninferior to that achieved with routine
nebulization. However, it could also be that mucus plugging
plays a minor role in the pathophysiology of pulmonary com-
plications in these patients. This hypothesis is supported by
the fact that 59% of the patients in the on-demand group
never received nebulization of acetylcysteine or salbutamol.
It could still be that mucus plugging played a role, but con-
centrations of acetylcysteine in the smaller airways with
nebulization were not high enough or did not work. Although
nebulized salbutamol reduces the resistance of the air-
ways, short-term widening of the smaller airways23 may not
necessarily translate into improved mobilization of sputum
in this population.

Another potential explanation for the findings observed
in this trial could be the specific care for patients with inva-
sive ventilation in the participating ICUs, possibly resulting in
a high number of ventilator-free days. Care was provided by
board-certified caregivers, who were present in all centers.
Ventilators were switched to assisted ventilation early. Care fol-
lowed strict protocols for lung-protective ventilation and wean-
ing, sedation and pain management, infection prevention, and
fluid management. Nurses in the participating centers per-
formed standard airway care consisting of endotracheal suc-
tion if necessary and appropriate conditioning of inhaled air.
In addition, all centers used infection prevention strategies
against ventilator-associated pneumonia, including selective
gut decontamination.24

The most frequent nebulization-related adverse event
was tachyarrhythmia, followed by hypoxemia and agitation,
in both groups. The proportion of patients with nebulization-
related agitation was higher in the routine group as compared
with the on-demand group. Self-extubation, reported in 4
patients receiving routine nebulization and possibly related
to agitation, may be considered potentially life-threatening.

Noninferiority could not be confirmed in patients with
pneumonia. Conceivably, sputum plugging is more promi-
nent in these patients than in patients without pulmonary
symptoms, contributing to morbidity. Whether routine nebu-
lization improves outcome in patients with pneumonia should
be addressed in a future trial, as the present study was not pow-
ered to test this hypothesis.

This trial has strengths. The study design attempted to limit
bias by using concealed allocation and intention-to-treat analy-
sis using robust protocols; loss to follow-up was minimal; and
the trial involved 7 centers, contributing to its generalizabil-
ity. The on-demand group was designed to receive the mini-
mal number of nebulizations per patient according to clinical
needs. It was deliberately decided not to combine the 2 drugs
in the on-demand group, allowing conclusions with regard to
the specific adverse effects. Patients were enrolled in the trial
over a period of 2 years, during which care had not changed.
In addition, care for patients in the participating centers was
standardized using clinical protocols, and attending nurses
were skilled in nebulization therapy.

Table 3. Secondary Outcomes of Patients Receiving On-Demand Nebulization vs Routine Nebulization

Outcome

On-Demand
Nebulization
(n = 455)

Routine
Nebulization
(n = 467)

Absolute Difference
(95% CI) P Valuea

Mortality, No. of events/total No. (%)

28-d 141/455 (31.0) 149/467 (31.9) –0.9 (–6.9 to 5.1) .78

ICU 135/455 (29.7) 137/467 (29.3) 0.3 (–5.6 to 6.2) .94

90-db 160/415 (38.5) 156/425 (36.7) 1.8 (–4.7 to 8.4) .62

Hospitalb 161/416 (38.7) 165/438 (37.7) 1.0 (–5.5 to 7.5) .78

Duration of invasive ventilation,
median (IQR)

4 (2-8) 4 (2-10) –0.5 (–1.3 to 0.2) .28

Length of stay, median (IQR), d

ICU 5 (2-10) 5 (2-13) –0.8 (–1.8 to 0.2) .49

Hospital 15 (7-27) 14 (6-27) –0.9 (–3.0 to 1.2) .57

Pulmonary complications, No. (%)c 204 (44.8) 228 (48.8) –4.0 (–10.4 to 2.4) .24

Moderate or severe ARDSd 23 (5.1) 30 (6.4) –1.4 (–4.4 to 1.6) .40

VAPe 14 (3.1) 10 (2.1) 0.9 (–1.1 to 3.0) .41

Severe atelectasisf 175 (38.5) 200 (42.8) –4.4 (–10.7 to 2.0) .18

Pneumothoraxg 25 (5.5) 22 (4.7) 0.8 (–2.1 to 3.6) .65

Tube occlusionh 1 (0.2) 2 (0.4) -0.2 (–0.9 to 0.5) .99

Adverse events, No. (%)i 63 (13.8) 137 (29.3) –15.5 (–20.7 to –10.3) <.001

Tachyarrhythmia 57 (12.5) 121 (25.9) –13.4 (–18.4 to –8.4) <.001

Agitation 1 (0.2) 20 (4.3) –4.1 (–5.9 to –2.2) <.001

Hypoxemia 9 (2.0) 20 (4.3) –2.3 (–4.5 to –0.1) .06

Dyspnea 1 (0.2) 5 (1.1) –0.9 (–1.9 to 0.2) .22

Bronchospasm 1 (0.2) 4 (0.9) –0.6 (–1.6 to 0.3) .37

Apnea 0 3 (0.6) –0.6 (–1.4 to 0.1) .25

Self-extubation 0 4 (0.9) –0.9 (–1.7 to 0.0) .06

Vomiting 1 (0.2) 6 (1.3) –1.1 (–2.2 to 0.0) .12

Abbreviations: ARDS, acute
respiratory distress
syndrome; ICU, intensive care unit;
IQR, interquartile range;
VAP, ventilator-associated
pneumonia.
a Not corrected for multiple

comparisons.
b Follow-up was not complete for

90-day and hospital mortality.
c Severe pulmonary complications

that were not present at start
of the study.

d Moderate or severe ARDS according
to the Berlin criteria.

e New infiltrate on chest radiograph
after more than 48 hours of invasive
ventilation, for which antibiotics
were started.

f Atelectasis in more than 1 lobe.
g Pneumothorax with or without the

need for a pleural drain.
h Tube occlusion requiring tube

replacement.
i Adverse events during and

within the first hour after start
of nebulization.
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Limitations
This study also has several limitations. Because of the nature
of the intervention tested, attending nurses and physicians
could not be blinded to the intervention; this could be a ma-
jor concern, since this knowledge could have affected adjunc-
tive treatment and study findings. However, no differences in
adjunctive respiratory care as provided by nurses were noted
between the 2 groups. A large proportion of patients was ad-
mitted after out-of-hospital cardiac arrest, with known differ-
ences in outcome, but the exploratory analysis showed non-
inferiority in this subgroup. There was no significant interaction
between treatment assignment and subgroups; however, the
subgroup analysis may be underpowered and should be con-
sidered exploratory. Another limitation is that the results of

this trial may only apply to those ICUs in which a strategy of
routine nebulization is in place or being considered for imple-
mentation. In addition, the results of this trial cannot be ex-
trapolated to other mucolytic and bronchodilating drugs.

Conclusions
Among ICU patients receiving invasive ventilation who were
expected to not be extubated within 24 hours, on-demand
compared with routine nebulization of acetylcysteine with sal-
butamol did not result in an inferior number of ventilator-
free days. On-demand nebulization may be a reasonable al-
ternative to routine nebulization.
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