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ABSTRACT

BACKGROUND
Whether preventive inhaled antibiotics may reduce the incidence of ventilator-
associated pneumonia is unclear.

METHODS

In this investigator-initiated, multicenter, double-blind, randomized, controlled,
superiority trial, we assigned critically ill adults who had been undergoing invasive
mechanical ventilation for at least 72 hours to receive inhaled amikacin at a dose
of 20 mg per kilogram of ideal body weight once daily or to receive placebo for
3 days. The primary outcome was a first episode of ventilator-associated pneumo-
nia during 28 days of follow-up. Safety was assessed.

RESULTS

A total of 850 patients underwent randomization, and 847 were included in the
analyses (417 assigned to the amikacin group and 430 to the placebo group). All
three daily nebulizations were received by 337 patients (81%) in the amikacin
group and 355 patients (82%) in the placebo group. At 28 days, ventilator-associ-
ated pneumonia had developed in 62 patients (15%) in the amikacin group and in
95 patients (22%) in the placebo group (difference in restricted mean survival time
to ventilator-associated pneumonia, 1.5 days; 95% confidence interval [CI] 0.6 to
2.5; P=0.004). An infection-related ventilator-associated complication occurred in
74 patients (18%) in the amikacin group and in 111 patients (26%) in the placebo
group (hazard ratio, 0.66; 95% CI, 0.50 to 0.89). Trial-related serious adverse ef-
fects were seen in 7 patients (1.7%) in the amikacin group and in 4 patients (0.9%)
in the placebo group.

CONCLUSIONS
Among patients who had undergone mechanical ventilation for at least 3 days, a
subsequent 3-day course of inhaled amikacin reduced the burden of ventilator-
associated pneumonia during 28 days of follow-up. (Funded by the French Ministry
of Health; AMIKINHAL ClinicalTrials.gov number, NCT03149640; EUDRA Clinical
Trials number, 2016-001054-17.)
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ENTILATOR-ASSOCIATED PNEUMONIA IS
the most frequent presentation of hospi-
tal-acquired infection of the lower respi-
ratory tract, the leading nosocomial infection
worldwide. It affects patients who undergo inva-
sive mechanical ventilation in intensive care units
(ICUs) worldwide, regardless of country income
level.** The estimated incidence varies (depend-
ing on definition, screening methods, and
patient populations) from 2 to 30 episodes per
1000 days of mechanical ventilation, and the
disease develops in 5 to 40% of intubated, criti-
cally ill patients.>?®
Microaspirations around the tracheal-tube
cuff and the formation of biofilm lead to pro-
gressive bacterial spread in the tracheobronchial
tree, ultimately leading to pneumonia.”™® Venti-
lator-associated pneumonia is a disease with an
attributable mortality of up to 13% and contrib-
utes to increased systemic antibiotic consump-
tion, duration of mechanical ventilation and ICU
lengths of stay, and costs.!™ Because the dis-
ease progression to overt pneumonia takes sev-
eral days, with the peak incidence occurring
after 7 days of ventilation, a therapeutic window
of opportunity exists to hinder the infectious
process early on.® Despite decades of research
and implementation of preventive measures
against ventilator-associated pneumonia (e.g.,
reduced sedation and weaning protocols, patient
positioning, management of the tracheal-tube
cuff, and oral care), the burden of ventilator-asso-
ciated pneumonia remains unacceptably high.!
Inhaled antibiotic therapy enables delivery of
very high antibiotic concentrations to the tracheo-
bronchial tree, lung parenchyma, and tracheal-
tube biofilm.” A meta-analysis of six trials with
small sample sizes suggested efficacy of inhaled
antibiotics to prevent ventilator-associated pneu-
monia.’® We hypothesized that a 3-day course of
inhaled amikacin initiated after the third day of
invasive mechanical ventilation might reduce the
incidence of ventilator-associated pneumonia.

METHODS

TRIAL DESIGN AND OVERSIGHT

The Inhaled Amikacin vs. Placebo to Prevent
Ventilator Associated Pneumonia (AMIKINHAL)
trial was an investigator-initiated, multicenter,
double-blind, randomized, controlled superiority
trial conducted in 19 ICUs in France. The trial
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was conducted by the Regional University Hos-
pital Center of Tours and funded by a grant from
the French Ministry of Health. The trial protocol
(available with the full text of this article at
NEJM.org) was approved by a national ethics
committee (Comité de Protection des Personnes
Ouest I) and has been published previously.”

An independent data and safety monitoring
board periodically reviewed the trial outcomes
and safety. The authors vouch for the complete-
ness and accuracy of the data and for the fidel-
ity of the trial to the protocol. All the authors
approved the final version of the manuscript and
made the decision to submit the manuscript for
publication.

PATIENTS

Adult patients were eligible for enrollment if
they had undergone invasive mechanical ventila-
tion for at least 72 hours. Patients were not eli-
gible for enrollment after 96 hours of invasive
mechanical ventilation or if they had suspected
or confirmed ventilator-associated pneumonia,
severe acute kidney injury without renal-replace-
ment therapy, chronic kidney disease (glomeru-
lar filtration rate, <30 ml per minute), or a trache-
ostomy tube; if extubation was scheduled within
the next 24 hours; or if they were receiving sys-
temic aminoglycoside therapy. Detailed inclu-
sion and exclusion criteria are provided in the
Supplementary Appendix (available at NEJM.org).
All the patients provided written informed con-
sent in accordance with French law.

RANDOMIZATION

Patients were randomly assigned in a 1:1 ratio to
receive inhaled amikacin or inhaled placebo,
with stratification according to the trial center
and administration of systemic antibiotics on
the day of randomization. Allocation conceal-
ment and block size (blocks of four patients
generated by a statistician not otherwise in-
volved in the trial) were ensured by a centralized
secured online server and were not disclosed to
patients or persons involved in patient care or
the trial conduct or analysis.

INTERVENTION

Nebulization was performed once a day for 3 con-
secutive days in both groups with the use of a
vibrating mesh nebulizer (Aerogen Solo, Aerogen)
that was filled with amikacin at a dose of 20 mg
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per kilogram of ideal body weight (amikacin
group) or an equivalent volume of 0.9% sodium
chloride (placebo group). The second and third
scheduled nebulizations were not performed in
case of extubation, occurrence of acute kidney
injury meeting exclusion criteria, or indication
for systemic aminoglycoside therapy as deter-
mined by the attending physician. Preparation
of the trial drug and placebo was performed by
staff not involved in the care of the patients or
otherwise involved in the trial.

To ensure that the trial was conducted in a
blinded manner throughout, the nebulizers were
taped with opaque stickers, and measurements
of serum concentrations of amikacin were pro-
hibited. Simplifying nebulization implementa-
tion was a major objective to enhance the feasi-
bility of the technique. The nebulizer was placed
upstream in the inspiratory limb of the ventila-
tor; different ventilator circuits were used with
or without active humidification according to
the preference of the attending physician (see
the Supplementary Appendix).

Ventilator settings, sedation, and muscle re-
laxation were at the discretion of the attending
physician; however, general guidance on aerosol
delivery was provided to investigators. In both
groups, all centers adhered to international
guidelines regarding prevention of ventilator-
associated pneumonia.

OUTCOMES
The primary outcome was a first episode of
ventilator-associated pneumonia from random-
ization to day 28. The primary outcome was
adjudicated by a blinded centralized committee
on the basis of definitions from international
guidelines (requiring a positive quantitative bac-
terial culture in a pulmonary sample and at least
two of the following findings: hyperleukocyto-
sis, leukopenia, fever, or purulent secretions
with a new infiltrate on a chest radiograph).?’2?
The diagnostic workup for ventilator-associated
pneumonia was standardized among the centers
according to international guidelines (see the
Supplementary Appendix).

Key secondary outcomes were incidence den-
sity (per 1000 patient-days of invasive mechani-
cal ventilation) of adjudicated ventilator-associated
pneumonia; the incidence of ventilator-associated
pneumonia due to gram-negative bacteria with
in vitro susceptibility to amikacin; ventilator-
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associated events comprising ventilator-associated
conditions (i.e., worsening oxygenation over 2 days
after a stable or improvement period), infection-
related ventilator-associated complications (i.e.,
worsening oxygenation associated with signs of
infection and initiation of antibiotic therapy),
and possible ventilator-associated pneumonia (an
infection-related ventilator-associated complica-
tion accompanied by a documented bacterial
component)?; the number of days with adminis-
tration of at least one systemic antibiotic; the
number of antibiotic-days (the sum of the num-
ber of systemic antibiotic treatments received
each day); the number of days of mechanical
ventilation from randomization to day 28; the
number of days in the ICU and the hospital from
randomization to day 90; mortality at day 28 and
day 90; and evaluation of nebulization safety
and side effects, including ICU-acquired infec-
tion with antibiotic-resistant bacteria. A pre-
specified subgroup analysis involving patients
with tracheobronchial bacterial colonization and
tracheobronchitis at randomization was planned
(see the Supplementary Appendix for the com-
plete list of secondary outcomes and prespeci-
fied subgroup analyses and for comprehensive
definitions).

STATISTICAL ANALYSIS
Taking into account the competing risk of death
and extubation and an expected incidence of
ventilator-associated pneumonia of 6% in the
amikacin group and 12% in the placebo group,
we calculated that a sample size of 850 patients
would provide the trial with 80% power to show
efficacy with a two-sided alpha level of 0.05.%+%
Analyses were performed according to the inten-
tion-to-treat principle (see the statistical analysis
plan, available with the protocol). The threshold
for statistical significance was set at 5%, and
two-sided 95% confidence intervals were calcu-
lated for all estimates. Time from randomiza-
tion to the first ventilator-associated pneumonia
episode was represented by cumulative incidence
curves. On evaluation of the data, the propor-
tional-hazards assumption was not met; there-
fore, a between-group analysis of the restricted
mean survival time to ventilator-associated
pneumonia was adopted, with death and extuba-
tion as competing events.”

For time-to-event analyses, a hazard ratio was
computed from the total group populations with
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the use of a Fine and Gray regression model.
Extubation, death, ICU discharge, and hospital
discharge were considered to be competing
events according to the outcome, and trial exit
(i.e., withdrawal of consent) was used as a cen-
sor, if applicable.

Statistical analyses for secondary outcomes
were not adjusted for multiplicity; therefore,
secondary-outcome findings should be inter-
preted as exploratory. Quantitative outcomes
were compared between the two groups with the
use of median differences. Between-group com-
parisons of count outcomes were conducted
with the use of a quasi-Poisson regression
model, with the duration of mechanical ventila-
tion or the duration of stay in the ICU as the
offset. Binary outcomes were analyzed with the
use of proportion differences.

For prespecified subgroups, differences in
restricted mean survival time to ventilator-asso-
ciated pneumonia in each subgroup were re-
ported. Additional information on statistical
analyses is provided in the Supplementary Ap-
pendix.

RESULTS

PATIENTS

From July 3, 2017, to March 9, 2021, a total of
6419 patients were assessed for eligibility, and
850 patients were enrolled — 420 in the amika-
cin group and 430 in the placebo group. After
quality control, the database was locked on No-
vember 18, 2022. Three patients withdrew in-
formed consent; thus, 417 patients in the amika-
cin group and 430 patients in the placebo group
were included in the intention-to-treat analyses
(Fig. 1). Characteristics of the patients at ran-
domization were well balanced between the
groups (Table 1) and were considered to be rep-
resentative of the target population (Table S4 in
the Supplementary Appendix). At the time of
randomization, 78% of the patients were receiv-
ing systemic antibiotics.

INTERVENTION

Most patients received all three scheduled nebu-
lizations — 337 patients (81%) in the amikacin
group and 355 patients (83%) in the placebo
group (Fig. 1). In the amikacin group, a mean
(£SD) daily dose of 1625250 mg of amikacin
was nebulized over 47+12 minutes, and in the
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placebo group, 13+2 ml of 0.9% sodium chloride
was nebulized over 49+14 minutes (details re-
garding nebulization conditions are provided in
Tables S5, S6, and S7).

OUTCOMES
At 28 days of follow-up, a first episode of venti-
lator-associated pneumonia (the primary out-
come) had developed in 62 patients (15%) in the
amikacin group and in 95 patients (22%) in the
placebo group (difference in restricted mean
survival time to ventilator-associated pneumo-
nia, 1.5 days; 95% confidence interval [CI], 0.6
to 2.5; P=0.004) (Table 2). The first episode of
ventilator-associated pneumonia after random-
ization occurred at a median of 10 days (inter-
quartile range, 7 to 16) after randomization in
the amikacin group and at a median of 9 days
(interquartile range, 7 to 12) in the placebo
group (Fig. 2).

In an analysis that accounted for the duration
of risk exposure, the incidence of a first episode
of ventilator-associated pneumonia per 1000 days
of invasive mechanical ventilation was 16 in the
amikacin group and 23 in the placebo group
(rate ratio, 0.68; 95% CI, 0.49 to 0.94). A first
episode of ventilator-associated pneumonia due
to infection with a gram-negative bacteria sus-
ceptible to amikacin occurred in 31 patients
(7%) in the amikacin group and in 61 patients
(14%) in the placebo group (difference in re-
stricted mean survival time to ventilator-associ-
ated pneumonia, 1.9 days; 95% CI, 1.1 to 2.8).
All ventilator-associated pneumonia episodes
were microbiologically documented; microbio-
logical documentation of the primary outcome
is provided in Tables S9 and S12. Patient out-
comes according to ventilator-associated pneu-
monia occurrence are shown in Table S10.

A ventilator-associated condition occurred in
137 patients (33%) in the amikacin group and in
170 patients (40%) in the placebo group (hazard
ratio, 0.79; 95% CI, 0.64 to 0.99) (Fig. 3). An
infection-related ventilator-associated complica-
tion occurred in 74 patients (18%) in the amika-
cin group and in 111 patients (26%) in the pla-
cebo group (hazard ratio, 0.66; 95% CI, 0.50 to
0.89). The definition of a possible case of venti-
lator-associated pneumonia among patients who
had a ventilator-associated event was met by 19
patients (5%) in the amikacin group and 42 pa-
tients (10%) in the placebo group (hazard ratio,
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50,605 Patients were admitted over the trial
period to 19 intensive care units from
July 3, 2017, to March 9, 2021

Y

6419 Underwent ventilation through
an endotracheal tube >48 hr and
were assessed for eligibility

5569 Were not enrolled
45 Were <18 yr of age
1108 Were intubated <72 hr
851 Did not provide informed
consent
42 Did not have French social
security
3 Were pregnant or were breast-
feeding
411 Had suspected ventilator-
associated pneumonia
588 Underwent invasive ventilation
>96 hr
117 Were receiving systemic
aminoglycoside therapy
454 Had acute kidney injury
101 Had chronic kidney disease
638 Had extubation already
scheduled
86 Underwent tracheostomy
23 Had myasthenia gravis
203 Were under guardianship or
trusteeship
172 Were included in another trial
with exclusion period
727 Had other reason

Y

850 Underwent randomization

420 Were assigned to receive 430 Were assigned to receive
inhaled amikacin inhaled placebo

3 Withdrew consent

412 Received inhaled amikacin
20 Received 1 nebulization
55 Received 2 nebulizations
337 Received 3 nebulizations
5 Did not receive inhaled amikacin

428 Received inhaled placebo
23 Received 1 nebulization
50 Received 2 nebulizations
355 Received 3 nebulizations
2 Did not receive inhaled placebo

417 Were included in the primary
intention-to-treat analysis

430 Were included in the primary
intention-to-treat analysis

Figure 1. Enrollment, Randomization, Intervention, and Follow-up.

0.46; 95% CI, 0.27 to 0.78). The number of days
with at least one administration of a systemic
antibiotic per 1000 ICU days was 570 per 1000
in the amikacin group and 589 per 1000 in the
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placebo group (rate ratio, 0.97; 95% CI, 0.92 to
1.01). The number of antibiotic-days (the sum of
the number of systemic antibiotic treatments
received each day) per 1000 days of ICU stay was

NEJM.ORG

The New England Journal of Medicine
Downloaded from nejm.org at Pfizer Scientific Information Center on November 22, 2023. For personal use only. No other uses without permission.
Copyright © 2023 Massachusetts Medical Society. All rights reserved.



The NEW ENGLAND JOURNAL of MEDICINE

Table 1. Characteristics of the Patients at Baseline.*

Amikacin Placebo
Group Group
Characteristic (N=417) (N=430)
Age —yr 62+15 61+15
Sex
Female 135 (32) 157 (36)
Male 282 (68) 273 (63)
Body-mass indexy 29+7 29+8
Serum creatinine — mg/d| 1.2+1.1 1.1£1.0
Type of admission — no. (%)
Scheduled surgery 9(2) 5(1)
Unscheduled surgery or trauma 50 (12) 51 (12)
Medical 358 (36) 374 (87)
Charlson Comorbidity Index scorex: 4+3 4+2
Simplified Acute Physiology Score 11§ 52+19 52+18
Sequential Organ Failure Assessment 814 8+4
scoreq|
Primary admission diagnosis — no. (%)
Infection 139 (33) 131 (30)
Respiratory failure 100 (24) 107 (25)
Cardiac arrest 35 (8) 45 (10)
Stroke 30 (7) 29 (7)
Trauma 21 (5) 27 (6)
Poisoning 16 (4) 9(2)
Status epilepticus 12 (3) 7(2)
Coma 3(2) 13 (3)
Gastrointestinal bleeding 7(2) 8(2)
Cardiogenic pulmonary edema 6 (1) 5(1)
Other 43 (10) 49 (11)
Invasive mechanical ventilation before 3.5+0.3 3.5+0.3
randomization — days
Systemic antibiotic therapy at random- 326 (78) 331 (77)

ization — no. (%)

* Plus—minus values are means +SD. To convert the values for creatinine to
micromoles per liter, multiply by 88.4.

7 The body-mass index is the weight in kilograms divided by the square of the
height in meters.

i The Charlson Comorbidity Index score was calculated on the basis of age and
19 coexisting conditions present before admission. Scores range from 0 to 42,
with higher scores indicating a greater burden of coexisting conditions and a
higher risk of death.

§ The Simplified Acute Physiology Score Il was calculated on the basis of 17
variables, information about previous health status, and information obtained
over the first 24 hours after intensive care unit (ICU) admission. Scores range
from 0 to 163, with higher scores indicating more severe disease. Data were
missing for 7 patients in the amikacin group and 6 patients in the placebo
group.

9§ The Sequential Organ Failure Assessment score was obtained on the day of
ICU admission. Scores range from 0 to 24, with higher scores indicating more
severe organ failure. Data were missing for 20 patients in the amikacin group
and 23 patients in the placebo group. The serum creatinine level was missing
for 1 patient in the amikacin group; no data were missing for other variables.
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887 per 1000 in the amikacin group and 968 per
1000 in the placebo group (rate ratio, 0.92; 95%
CI, 0.81 to 1.03). The number of days spent un-
dergoing invasive and noninvasive mechanical
ventilation from randomization to day 28 among
patients discharged alive was 9 (interquartile
range, 6 to 16) and 2 (interquartile range, 1 to 4),
respectively, in the amikacin group and 9 (inter-
quartile range, 6 to 15) and 2 (interquartile
range, 1 to 4), respectively, in the placebo group.

A total of 99 patients (24%) in the amikacin
group and 112 patients (26%) in the placebo
group died in the ICU (hazard ratio, 0.89; 95%
CI, 0.68 to 1.17). A description of all secondary-
outcome results is provided in the Supplemen-
tary Appendix.

SENSITIVITY AND SUBGROUP ANALYSES

Among 185 patients with tracheobronchial colo-
nization at randomization, a first episode of
ventilator-associated pneumonia occurred in 16
patients (20%) in the amikacin group and in 29
patients (27%) in the placebo group (difference
in restricted mean survival time to ventilator-
associated pneumonia, 1.3 days; 95% CI, —0.5 to
2.6). Among 104 patients with tracheobronchitis
at randomization, a first episode of ventilator-
associated pneumonia occurred in 15 patients
(32%) in the amikacin group and in 19 patients
(33%) in the placebo group (difference in re-
stricted mean survival time to ventilator-associ-
ated pneumonia, 1.7 days; 95% CI, —1.0 to 4.7).
Analyses restricted to other prespecified sub-
groups and sensitivity analyses were concordant
with those of the primary analysis (see the
Supplementary Appendix).

SAFETY OUTCOMES

A serious adverse effect that was considered by
central review to be related to the trial occurred
in 7 patients (1.7%) in the amikacin group (4 with
increased resistance of the expiratory limb filter,
1 with obstruction of the tracheal tube, and 2 with
bronchospasms) and in 4 patients (0.9%) in the
placebo group (1 with increased resistance of
the expiratory limb filter, 1 with obstruction
of the tracheal tube, 1 with bronchospasm, and
1 with a decrease in pulse oximetry measure-
ments). Among the patients who did not have an
acute kidney injury at the time of randomiza-
tion, an acute kidney injury developed by day 28
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Table 2. Outcomes.*

Hazard Ratio, Rate
Amikacin Group  Placebo Group Ratio, or Difference

Outcome (N=417) (N=430) (95% Cl) P Value
Primary outcome

A first VAP episode from randomization to day 28 — no. (%) 62 (15) 95 (22) 1.5 (0.6 to 2.5)7 0.004
Key secondary outcomes

A first VAP episode due to gram-negative bacteria susceptible 31(7) 61 (14) 1.9 (1.1t0 2.8)F

to amikacin — no. (%)

Ventilator-associated events — no. (%)

Ventilator-associated condition 137 (33) 170 (40) 0.79 (0.64 t0 0.99)%
Infection-related ventilator-associated complication 74 (18) 111 (26) 0.66 (0.50 to 0.89) %
Possible VAP according to ventilator-associated events 19 (5) 42 (10) 0.46 (0.27t0 0.78)%
definition framework
Days with administration of at least one antibiotic — no. per 570 589 0.97 (0.89 to 1.01)§
1000 patient-days of ICU stay
Antibiotic-days — no. per 1000 patient-days of ICU stay9| 887 968 0.92 (0.81 to 1.03)§
Median no. of days from randomization to first successful 7 (5t0 12) 8 (6to 12) 0.96 (0.81to 1.14)%

spontaneous breathing trial (IQR)

Median no. of days on mechanical ventilation from randomization
to day 28 (IQR)

Invasive 9 (6 to 16) 9 (6to 15) 0 (-2to 1)|
Noninvasive 2 (1to4) 2 (1to 4) 0(-1to 0)|
Median length of stay in days (IQR)
IcU 12 (9 to 20) 13 (9 to 19) -1 (-3to1)|
Hospital 27 (17 to 45) 27 (18 to 43) 0 (-3 to4)|
Deaths — no. (%)
IcU 99 (24) 112 (26) 0.89 (0.68 to 1.17)7;
Hospital 123 (29) 136 (32) 0.91 (0.71 to 1.16)f
Safety outcomes
Any serious adverse event — no. (%) 15 (4) 15 (3) >0.99
Respiratory tract—disorders event — no. (%) 9(2) 7(2) 0.62
Serious adverse effect — no. (%)** 7(2) 4 (1) 0.38
Respiratory tract effect — no. (%) 7(2) 3(1) 0.22
Acute kidney injury occurrence from randomization to day 28 11/294 (4) 24/309 (8) 0.03
— no./total no. (%)
Isolation on routine bacteriological samples of bacteria with 41 (10) 41 (10) 0.91
acquired resistance to amikacin — no. (%)t
Acquired rectal carriage of resistant bacteria from randomization
to ICU discharge — no. (%)
Extended-spectrum beta-lactamase enterobacterales 16 (4) 9(2) 0.16
High-level cephalosporinase-producing enterobacterales 11 (3) 8 (2) 0.49
Vancomycin-resistant enterococcus species 1 (<1) 0 >0.99

ICU denotes intensive care unit, IQR interquartile range, and RMST restricted mean survival time without ventilator-associated pneumo-
nia (VAP). Other than for the primary outcome, widths of the confidence intervals have not been adjusted for multiplicity and thus should
not be used to reject or not reject treatment effects.

The value shown is the difference in days in the RMST.

The value shown is a hazard ratio.

The value shown is a rate ratio.

Antibiotic-days represent the sum of the number of systemic antibiotic treatments received each day.

The value shown is a difference.

* A serious adverse effect was a serious adverse event related to a trial procedure.

7T The comprehensive antibiotic resistance pattern of bacteria isolated on routine samples is provided in the Supplementary Appendix.
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Cumulative Incidence of Ventilator-
Associated Pneumonia (%)

No. at Risk
Inhaled placebo
Inhaled amikacin
No. of Deaths

Inhaled placebo
Inhaled amikacin

100+

Figure 2. Ventilator-Associated Pneumonia.

257 Inhaled placebo
20+
80 L
154 Inhaled amikacin
60 104
5 r_ RMST difference, 1.5 days
40+ — (95% Cl, 0.6-2.5)
0+ I T T T T
0 4 7 14 21 28
20+ ’_,_,_'_'_,_l_'/—/
0 —= T T T
0 4 7 14 21 28
Days since Intubation
430 288 85 40 18
420 269 120 60 28
0 21 65 85 106
0 20 47 78 92
Shown are the results of the primary outcome of a first episode of ventilator-
associated pneumonia with inhaled amikacin or placebo from randomization
to day 28. The inset shows the same data on an expanded y axis. RMST de-
notes restricted mean survival time to ventilator-associated pneumonia.
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in 11 patients (4%) in the amikacin group and in
24 patients (8%) in the placebo group (hazard
ratio, 0.47; 95% CI, 0.23 to 0.96).

DISCUSSION

In this large multicenter trial, a 3-day course of
amikacin reduced the burden of ventilator-asso-
ciated pneumonia by day 28 as compared with
placebo. Results were consistent with regard to
ventilator-associated events (Fig. 3). Less than
2% of the patients had a serious adverse effect.
Trials evaluating the use of inhaled preventive
antibiotics in patients undergoing mechanical
ventilation have tested colistin, ceftazidime, and
gentamicin nebulization for 7 to 15 days?®?' and
even up to extubation,®3* with the goal of a
potential inhaled-antibiotic—induced reduction
in tracheobronchial bacterial burden and a de-
creased risk of subsequent development of venti-
lator-associated pneumonia. The present trial
shows that a 3-day course of amikacin at a dose
of 20 mg per kilogram of ideal body weight is
effective in reducing the risk of ventilator-asso-
ciated pneumonia with an effect size of the
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same extent as the pooled estimate of those
previous, smaller, and mostly single-center tri-
als.’® A large, multicenter, international trial of
adjunctive inhaled amikacin that implemented a
different strategy (i.e., treating patients with
established ventilator-associated pneumonia with
inhaled amikacin for 10 days) did not improve
survival.**

In our trial, the choice of a 3-day preventive
therapy course represented a compromise be-
tween efficacy and feasibility on the basis of
previous experience with inhaled amikacin and
other forms of preventive antibiotic therapy in
the ICU.*% The enrollment of patients after at
least 3 days of invasive mechanical ventilation
may have enabled amikacin to act sufficiently
early to control the tracheobronchial spread of
bacteria before pneumonia occurred, with a ma-
jority of patients being extubated a few days af-
ter the end of the intervention and thus no lon-
ger at risk for ventilator-associated pneumonia.
This approach also provided a simple manner of
selecting a patient population initially at high
risk for ventilator-associated pneumonia while
avoiding exposure to preventive antibiotics among
patients with short ventilation durations. The
incidence of ventilator-associated pneumonia
was higher than the conservative 12% estimate
that was used in the control group for calcula-
tion of a sample size based on studies that en-
rolled patients at the time they began receiving
mechanical ventilation. Intervening earlier than
the third day would increase patient exposure to
preventive inhaled antibiotics, potentially increas-
ing antibiotic-resistance selective pressure. Con-
versely, because only 22% of the patients had
tracheal bacterial colonization at the time of
randomization, later intervention, such as after
day 4 or 5, may deserve evaluation.

Our trial has several limitations. First, al-
though ventilator-associated pneumonia is an
important complication with a notable effect on
the course of illness, our trial was not powered
to investigate other patient-centered outcomes
such as death or length of stay in the ICU and
hospital. Similarly, at the population level, a
potential benefit of preventive inhaled antibiot-
ics may be to reduce the use of systemic antibi-
otics in order to limit antibiotic-resistance selec-
tion pressure, a potential drawback of preventive
antibiotic therapy in the long term; however, our

NEJM.ORG

of Medicine

Society. All rights reserved.



AMIKACIN TO PREVENT VENTILATOR-ASSOCIATED PNEUMONIA

Figure 3. Ventilator-Associated Events.

Shown are the cumulative incidence of ventilator-asso-
ciated conditions (Panel A) and infection-related venti-
lator-associated complications (Panel B) and possible
ventilator-associated pneumonia based on the definitions
framework for ventilator-associated events (Panel C)
from randomization to day 28. The widths of the confi-
dence intervals have not been adjusted for multiplicity
and should not be used to reject or not reject treat-
ment effects. Insets (in Panels B and C) show the
same data on an expanded y axis.

trial was not powered for this objective, either.
Of note, among all the patients in the trial in
whom ventilator-associated pneumonia devel-
oped, the lengths of mechanical ventilation and
ICU stay and the administration of systemic
antibiotics were twice as high as those observed
in patients in whom ventilator-associated pneu-
monia did not develop (Table S10). Definitive
evaluation of these outcomes would require
larger trials. Second, although the double-blind,
placebo-controlled design of the trial represents
a strength, the pragmatic choice to use inhaled
0.9% sodium chloride as the placebo may be
questioned. It is very unlikely that inhaling 0.9%
sodium chloride increased the incidence of venti-
lator-associated pneumonia in the placebo group.
Alternatives such as not including a nebulized
placebo treatment would have jeopardized blind-
ing, an essential trial feature given the risk of
bias related to the diagnostic workup for venti-
lator-associated pneumonia conducted by the
attending physicians. Nebulizing amikacin drug
excipients would have led to the same theoretical
risk of an intrinsic effect owing to the inhaled
route of administration.

Among patients who had received invasive
mechanical ventilation for at least 3 days, a sub-
sequent 3-day course of preventive inhaled ami-
kacin reduced the burden of ventilator-associat-
ed pneumonia during 28 days of follow-up.
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