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Inhaled amikacin adjunctive to intravenous standard-of-care
antibiotics in mechanically ventilated patients with
Gram-negative pneumonia (INHALE): a double-blind,
randomised, placebo-controlled, phase 3, superiority trial

Michael S Niederman, Jeff Alder, Matteo Bassetti, Francis Boateng, Bin Cao, Kevin Corkery, Rajiv Dhand, Keith S Kaye, Robert Lawatscheck,
Patrick McLeroth, David P Nicolau, Chen Wang, G Christopher Wood, Richard G Wunderink, Jean Chastre

Summary

Background Treatment of ventilated pneumonia is often unsuccessful, even when patients are treated according to
established guidelines. Therefore, we aimed to investigate the efficacy of the combination drug device Amikacin
Inhale as an adjunctive therapy to intravenous standard-of-care antibiotics for pneumonia caused by Gram-negative
pathogens in intubated and mechanically ventilated patients.

Methods INHALE was a prospective, double-blind, randomised, placebo-controlled, phase 3 study comprising two
trials (INHALE 1 and INHALE 2) done in 153 hospital intensive-care units in 25 countries. Eligible patients were aged
18 years or older; had pneumonia that had been diagnosed by chest radiography and that was documented as being
caused by or showing two risk factors for a Gram-negative, multidrug-resistant pathogen; were intubated and
mechanically ventilated; had impaired oxygenation within 48 h before screening; and had a modified Clinical
Pulmonary Infection Score of at least 6. Patients were stratified by region and disease severity (according to their
Acute Physiology and Chronic Health Evaluation [APACHE] II score) and randomly assigned (1:1) via an interactive
voice-recognition system to receive 400 mg amikacin (Amikacin Inhale) or saline placebo, both of which were
aerosolised, administered every 12 h for 10 days via the same synchronised inhalation system, and given alongside
standard-of-care intravenous antibiotics. All patients and all staff involved in administering devices and monitoring
outcomes were masked to treatment assignment. The primary endpoint, survival at days 28-32, was analysed in all
patients who received at least one dose of study drug, were infected with a Gram-negative pathogen, and had an
APACHE II score of at least 10 at diagnosis. Safety analyses were done in all patients who received at least one dose
of study drug. This study is registered with ClinicalTrials.gov, numbers NCT01799993 and NCT00805168.

Findings Between April 13, 2013, and April 7, 2017, 807 patients were assessed for eligibility and 725 were randomly
assigned to Amikacin Inhale (362 patients) or aerosolised placebo (363 patients). 712 patients received at least one
dose of study drug (354 in the Amikacin Inhale group and 358 in the placebo group), although one patient assigned
to Amikacin Inhale received placebo in error and was included in the placebo group for safety analyses. 508 patients
(255 in the Amikacin Inhale group and 253 in the placebo group) were assessed for the primary endpoint. We found
no between-group difference in survival: 191 (75%) patients in the Amikacin Inhale group versus 196 (77%) patients
in the placebo group survived until days 28-32 (odds ratio 0-841, 95% CI 0-554—1-277; p=0-43). Similar proportions
of patients in the two treatment groups had a treatment-emergent adverse event (295 [84%] of 353 patients in the
Amikacin Inhale group vs 303 [84%] of 359 patients in the placebo group) or a serious treatment-emergent adverse
event (101 [29%)] patients vs 97 [27%)] patients).

Interpretation Our findings do not support use of inhaled amikacin adjunctive to standard-of-care intravenous therapy

in mechanically ventilated patients with Gram-negative pneumonia.
Funding Bayer AG.
Copyright © 2019 Elsevier Ltd. All rights reserved.

Introduction

Hospital-acquired pneumonia and ventilator-associated
pneumonia are common infections in intensive care units
(ICUs), causing a high burden of disease and mortality."”
In a 17-year, US epidemiological study sample of more than
8 million mechanically ventilated patients, pneumonia
was associated with mortality in 34-44% of patients.’

All-cause mortality in patients with yentilator-associated
pneumonia is 20-50%, and an estimated 13% of deaths in
these patients are attributable to pneumonia.* European
and US guidelines, which include use of empirical
antimicrobial therapy, were established for the initial
management of ventilator-associated pneumonia, hospital-
acquired pneumonia, health care-associated pneumonia,
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Research in context

Evidence before this study

Before the INHALE study began, to our knowledge, there were no
published reports of prospective studies of the clinical efficacy of
aerosolised amikacin, used adjunctive to intravenous standard-
of-care antibiotic therapy, in patients with ventilator-associated
or hospital-acquired Gram-negative pneumonia. Mixed results
had been reported from investigations of nebulised colistin
adjunctive to intravenous therapy in these patients. We searched
PubMed, without any language restrictions, for studies
published between Jan 1, 1970, and July 31, 2018, using the
search terms “pneumonia AND Gram-negative AND ventilat*
AND amikacin AND (aerosol OR nebul*)". We found one
published report of a randomised, placebo-controlled phase 2
study and three reports of pharmacokinetic studies of Amikacin
Inhale. We also found a retrospective chart review of 49 critically
ill patients with episodes of ventilator-associated pneumonia,
nine episodes of which had been treated with nebulised
amikacin. The dosing regimen of amikacin used in our study was
based on findings from the phase 2 study, which showed that
amikacin accumulated in tracheal aspirates at concentrations
that were considerably greater than the minimum inhibitory
concentrations of relevant Gram-negative pathogens.

The pharmacokinetic studies confirmed that aerosolised
delivery by this synchronised method yielded much higher
concentrations of amikacin in tracheal aspirates than in plasma,
even in patients with reduced kidney function.

and community-acquired pneumonia.””** Even when
patients are treated according to these guidelines and with
standard-of-care systemic intravenous antibiotics, the
frequency of clinical success is variable, occurring in
36-69% of patients in clinical trials.*”

Suboptimal outcomes are among the key challenges of
delivering effective concentrations of antibiotics to the site
of lung infection in critically ill patients. Hospital-acquired
pneumonia and ventilator-associated pneumonia can be
caused by difficult-to-treat pathogens, and altered physio-
logy in critically ill patients can adversely affect antibiotic
pharmacokinetics.>*" Treatment can be unsuccessful if
the alveolar concentrations of antibiotics that are needed
to kill pathogens in the lungs are not achieved after intra-
venous administration,” and safety concerns (such as
neurotoxicity with B-lactams or ototoxicity and nephro-
toxicity with aminoglycosides)*** prevent increased syste-
mic dosing of some antibiotics to attain the alveolar
concentrations required.”"

Targeting the lungs with inhaled antibiotic therapy
could address these issues by achieving high alveolar
concentrations of antibiotics while minimising systemic
exposure.®” Although not yet approved by the US Food
and Drug Administration (FDA),** clinical practice
guidelines’ from 2016 support treatment with inhaled
antibiotics when used adjunctively with systemic anti-
biotics (rather than systemic antibiotics alone) in patients

Added value of this study

In a large patient population, we found no survival benefit
associated with aerosolised amikacin compared with placebo,
when administered adjunctively to intravenous standard-of-
care antibiotic therapy in critically ill patients with suspected
or confirmed multidrug-resistant, ventilator-associated,
Gram-negative pneumonia. These findings corroborate those
from the phase 2 IASIS trial in a similar patient population
that showed no improvement in Clinical Pulmonary Infection
Scores with nebulised amikacin plus fosfomycin compared
with placebo, when administered adjunctively to intravenous
standard-of-care antibiotics.

Implications of all the available evidence

Taken together, the findings from INHALE and IASIS suggest
there is no survival benefit associated with the use of
aerosolised amikacin adjunctive to intravenous antibiotics in
patients with drug-resistant, ventilator-associated,
Gram-negative pneumonia. Current pneumonia treatment
guidelines recommend the adjunctive use of inhaled
antibiotics as rescue therapy and in patients with drug-
resistant infections susceptible only to aminoglycosides and
polymyxins. Prospective controlled trials might be warranted
to determine whether inhaled antibiotics have demonstrable
benefit in these circumstances.

with ventilator-associated pneumonia caused by Gram-
negative bacilli that are susceptible to only amino-
glycosides or polymyxins. If the patient is not responding
to intravenous antibiotics alone, adjunctive inhaled
antibiotics can also be considered as a last resort, irrespec-
tive of whether the pathogen is multidrug-resistant.”
However, to our knowledge, no large randomised, placebo-
controlled, phase 3 clinical trial has assessed the
effectiveness of inhaled antibiotics, and results from
smaller studies are inconclusive.*** Evidence from large,
well controlled clinical trials is, therefore, urgently
needed.z,ls,w,zz

Off-label, aerosolised antibiotic therapy uses generic
intravenous antibiotic solutions and inhalation devices.
Such non-standardised and largely untested methods
can result in suboptimal lung deposition, with associated
uncertainties about efficacy and safety.®”*? Amikacin
Inhale (Bayer AG, Berlin, Germany) is an integrated
drug-device product that was designed to achieve high
amikacin concentrations in the lungs while maintaining
low systemic exposure** and to minimise the potential
for poor or inconsistent antibiotic delivery, which have
been associated with inhaled antibiotic administration
by other devices.” The drug component of Amikacin
Inhale, amikacin inhalation solution (Bayer AG, Berlin,
Germany), is a preservative-free formulation that is
pH-adjusted to reduce the risk of bronchospasm.*

www.thelancet.com/infection Published online December 19, 2019 https://doi.org/10.1016/51473-3099(19)30574-2


Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight


Articles

In a phase 1 study, the median amikacin concentration
in epithelial lining fluid 30 min after dosing with Amikacin
Inhale was 976 pg/mL (range 136-16128). This con-
centration is more than ten times the minimum inhibitory
concentration for Pseudomonas aeruginosa (8 pg/mL).* In a
phase 2 study, 50% of mechanically ventilated patients
with Gram-negative pneumonia fulfilled the study’s
composite endpoint, achieving on day 1 a maximum
amikacin concentration in tracheal aspirates of at least
6400 pg/mL (which is at least 25 times greater than a
reference minimum inhibitory concentration for hospital-
acquired organisms) and an area under the concentration—
time curve in tracheal aspirates that was at least 100 times
greater than the reference minimum inhibitory con-
centration.” Accordingly, the dose used in the phase 2
study (400 mg, twice daily) was chosen for our study.

The INHALE study aimed to assess whether Amikacin
Inhale, in combination with intravenous standard-of-
care, is superior to aerosolised placebo with intravenous
standard-of-care for treatment of Gram-negative pneu-
monia in intubated and mechanically ventilated adults,
with the aim of reducing mortality. The design of our
study permitted evaluation of inhaled antibiotics as a
first-line adjunctive therapy (as opposed to rescue
therapy), when Gram-negative infection is likely but not
necessarily proven.?

Methods

Study design and participants

INHALE was a prospective, double-blind, randomised,
placebo-controlled, phase 3 study that consolidated
two trials: INHALE 1 (ClinicalTrials.gov, number
NCT01799993) and INHALE 2 (ClinicalTtials.gov, number
NCT00805168). The protocols of these trials were identical,
except that INHALE 2 included a pharmacokinetic sub-
group. Pharmacokinetic data are reported in the appendix
(pp 10, 18). The trials were done in 153 hospital ICUs
in 25 countries. Participating regions included the USA,
Europe, South America, and Asia (appendix pp 1-4), and
all attending staff at all centres were given device training.
Additional details on the study design are shown in the
appendix (p 19).

Patients were eligible for study inclusion if they were
aged 18 years or older; had pneumonia that had been
diagnosed by chest radiography and that was documented
as being caused by, or showing two risk factors (appendix
p 5) for, a Gram-negative, multidrug-resistant pathogen
(appendix pp 6-7, 11); were intubated and mechanically
ventilated (including via tracheostomy); had impaired
oxygenation (partial pressure of arterial oxygen/fractional
concentration of oxygen in inspired air <300 mm Hg)
within 48 h before screening; and had a modified Clinical
Pulmonary Infection Score (CPIS) of atleast 6 (maximum
score of 10; appendix p 12). Participants were excluded if
they had received systemic antibiotic treatment for
Gram-negative pneumonia for more than 48 h before the
study drug was administered, unless the infection was

resistant to the antibiotic used or the patient’s pneumonia
was worsening. Full eligibility criteria are shown in the
appendix (pp 5-6).

Patients, or their legally authorised representative, gave
written informed consent for study participation. Our
study was done in accordance with the International
Conference on Harmonisation Guidelines for Good
Clinical Practice and the Declaration of Helsinki.?*
The protocol (appendix pp 23-227) and all amendments
were approved by each site’s institutional review board or
independent ethics committee and by the FDA.

Randomisation and masking

Patients were stratified by region and disease severity
(according to their Acute Physiology and Chronic Health
Evaluation [APACHE] II score) and randomly assigned
(1:1) to Amikacin Inhale or placebo groups. The sponsor
(Bayer AG) generated randomisation codes, and patients
were allocated to treatment by an interactive voice-
recognition system. All patients and all staff involved in
administering devices and monitoring outcomes were
masked to treatment assignment. Study drugs were
supplied in brown glass vials to prevent patients and study
personnel from knowing treatment assignments. As part
of routine management, serum amikacin concentrations
were determined and reported to attending physicians
according to institutional guidelines, at the order of the
managing clinician and only if patients were receiving
intravenous amikacin.

Procedures

Adjunctive to standard-of-care intravenous antibiotics,
patients received aerosolised study drug administered by
trained ICU staff every 12 h for 10 days via a synchronised
inhalation system. Study drug was either amikacin
inhalation solution (400 mg amikacin in 3-2 mL saline) or
placebo (3-2 mL saline). Both treatments were aerosolised
and administered via a synchronised inhalation system
(appendix p 20). Patients who were extubated before day 10
(the end-of-therapy [EOT] visit) completed therapy under
staff supervision using a self-administered handheld
nebuliser plus spacer chamber that shared design
elements with the synchronised inhalation device
(appendix p 21). To be eligible for inclusion in the study,
patients could have received standard-of-care intravenous
antibiotics for Gram-negative pneumonia up to 48 h before
the aerosolised study drug, and antibiotic treatment was
continued at least until the EOT visit. After this time, the
duration of intravenous antibiotics was decided by the
primary-service clinician or based on pathogen-specific
treatment criteria mandated by the treating institution.
Investigators and primary-service clinicians also selected
the therapy for standard-of-care intravenous antibiotic
treatment on the basis of local guidelines and local Gram-
negative multidrug-resistant patterns. Standard of care
typically included two antibiotics recommended by the
American Thoracic Society/Infectious Diseases Society of
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807 patients assessed for eligibility

82 ineligible
68 did not meet the eligibility criteria
4 not enrolled owing to technical
problems
3 physician decision
> 2 withdrew
2 withdrawn by their authorised
representative
1died
1 recovered
1other

A 4

| 725 enrolled and randomly assigned

v

v

| 362 assigned Amikacin inhale

| | 363 assigned placebo

>

8 never took study drug

5 never took study drug
1 also withdrew consent

—p

A4

v

354 included in the safety analysis

| | 358 included in the safety analysis

99 had no culture-confirmed Gram-negative

104 had no culture-confirmed Gram-negative
bacteria
2 had an APACHE Il score <10 at
pneumonia diagnosis*

v

v

255 included in the efficacy analysis

| | 253 included in the efficacy analysis

Figure 1: Patient disposition

Patients were given 400 mg aerosolised amikacin or aerosolised placebo twice a day, as well as standard-of-care
intravenous antibiotics. APACHE=Acute Physiology and Chronic Health Evaluation. *One of these patients also had
no culture-confirmed Gram-negative bacteria.

America guidelines.” If the investigator selected a systemic
aminoglycoside, the protocol specified use of amikacin.
Thus, monitoring for supratherapeutic aminoglycoside
concentrations in serum could be undertaken without
unmasking study treatment assignments.

Study assessments (appendix p 13) were done at
screening (the 48-h period before starting therapy), on
days 1, 3, 5,7, and 10 (the EOT visit); days 17-19 (the test-
of-cure visit); and days 28-32 (the late follow-up [LFU]
visit; appendix p 19). Chest x-rays and respiratory
samples were obtained at each timepoint, when clinically
indicated by signs of infection worsening or resolution.
Pleural fluid cultures were obtained as determined by the
clinician from patients with evidence of pleural effusion,
or if otherwise indicated. Patients who discontinued
therapy prematurely received safety assessments until
the LFU visit.

Outcomes
The primary efficacy endpoint was survival until the
LFU visit; no factors other than treatment assignment

were considered in evaluating survival. A prespecified
supporting analysis of survival was also done in the
safety population. If the primary endpoint was met, we
planned to assess secondary efficacy endpoints in the
following order, evaluation of each being dependent on
the preceding endpoint being met: pneumonia-related
mortality until LFU visit; early clinical response; number
of days on mechanical ventilation until LFU visit; and
number of days spent in the ICU, assessed at LFU visit.
Pneumonia-related mortality was determined by a
masked adjudication committee. Early clinical response
was a composite endpoint based on CPIS (appendix p 12)
on days 3, 5, and 10 (vs baseline CPIS); the presence of
empyema or or lung abscess at days 3, 5, or 10; and all-
cause mortality up to the EOT visit. Early clinical
response was considered to have been attained if success
criteria for all three CPIS determinations were met
(appendix p 7), and if patients had not died or developed
empyema or lung abscesses. Patients who withdrew
consent were considered to have been unsuccessfully
treated unless all outcome data were available for the
primary analysis and the patient consented to their data
being used. Treatment was also classified as unsuccessful
if it was discontinued because of an adverse event, death,
implementation of treatment that was incompatible with
aerosol therapy, or loss to follow-up. If a patient died,
their time on mechanical ventilation and in the ICU was
censored at 28 days.

As safety assessments, we evaluated treatment-
emergent adverse events (TEAEs; ie, those occurring at
any time after the first dose of study drug and within
7 days of the EOT visit), serious TEAEs (ie, TEAEs
occurring within 28 days of the EOT visit), and TEAEs of
special interest, based on sponsor-defined MedDRA
preferred terms. The severity of TEAEs was graded as
mild (usually transient in nature and generally not
interfering with normal activities), moderate (sufficiently
discomforting to interfere with normal activities), or
severe (preventing normal activities). Additional details
on the secondary, exploratory, and safety endpoints are
shown in the appendix (pp 7-9).

We did post-hoc subgroup analyses of the primary
endpoint (appendix p 10), based on the duration of
treatment with intravenous antibiotics before initiation
of study drug (048 h vs >48 h); duration of standard-of-
care intravenous antibiotics (therapy stopped at or before
the EOT visit vs therapy stopped after the EOT visit);
the occurrence of septic shock; geographical region;
and the drug resistance designation of the infecting
pathogen (not multidrug-resistant [ie, resistant to fewer
than three classes of antibiotics] vs multidrug-resistant
[resistant to three or four classes of antibiotics] vs
extensively drug-resistant [resistant to five or six classes
of antibiotics] and vs pandrug-resistant [resistant to at
least seven classes of antibiotics]. Drug-resistance
designation was determined at a central laboratory based
on minimum inhibitory concentration.
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Amikacin Inhale Placebo group Amikacin Inhale Placebo group
group (n=255) (n=253) group (n=255) (n=253)
Sex (Continued from previous column)
Male 182 (71%) 178 (70%) Most common pathogens (=10% of patients)
Female 73 (29%) 75 (30%) Pseudomonas aeruginosa 75 (29%) 88 (35%)
Race* Acinetobacter baumannii 77 (30%) 69 (27%)
White 120 (47%) 105 (42%) Klebsiella pneumoniae 53 (21%) 44 (17%)
Asian 103 (40%) 8 (43%) Escherichia coli 28 (11%) 29 (11%)
Black 8(3%) 14 (6%) Other 22 (9%) 23 (9%)
Other 26 (10%) 34 (13%) Monomicrobial or polymicrobial infection
Age, years Monomicrobial 172 (67%) 165 (65%)
Mean (SD) 64-2(16-1) 63:9(17°5) Polymicrobial 82 (32%) 87 (34%)
Median (IQR) 66-0 (56-0-76-0) 660 (54-0-78-0) Data missing 1(<1%) 1(<1%)
Age group, years Gram-stain status of infection
18-44 31(12%) 41(16%) Gram-negative only 230 (90%) 230 (91%)
45-64 86 (34%) 69 (27%) Gram-negative and 24 (9%) 22 (9%)
65-74 66 (26%) 61 (24%) Gram-positive
>75 72 (28%) 82 (32%) Data missing 1(<1%) 1(<1%)
Geographic region Data are n (%) unless otherwise indicated. Study drugs were administered as an
Asia-Pacific 103 (40%) 107 (42%) adjunct to standard-of-care intravenous antibiotics. APACHE=Acute Physiology
£ 19 4.(29% and Chronic Health Evaluation. *Patients could self-report more than one race;
vrope 79 (31%) 74(29%) Asia-Pacific was considered to comprise China, Japan, Philippines, South Korea,
North America 42 (16%) 42 (17%) Taiwan, and Thailand, and Latin America was considered to comprise Brazil,
Latin America 31 (12%) 30 (12%) Colombia, and Mexico. tDetermined at study visit 1, so a few patients scored less
APACHE Il score than 6 despite having scored 6 or more at screening.
Mean (SD) 202 (62) 203 (6:6) Table 1: Baseline characteristics of efficacy population
Median (IQR) 190 (16:0-24-0) 20.0 (15:0-24.0)
APACHE Il score group
<20 137 (54%) 125 (49%) least one dose of study drug. Efficacy analyses included
220 118 (46%) 128 (51%) all patients in the safety population who were micro-
ini ; biologically confirmed to be infected with at least one
Clinical Pulmonary Infection Scoret gically
Mean (SD) 71(14) 7.0(13) Gram-negative pathogen and who had an APACHE II
Median (IQR) 7.0(60-8.0) 7.0(60-8.0) score of at least 10 at diagnosis (efficacy population).
R We estimated that a sample size of 254 patients per
Hospital-acquired 7329%) 74 (29%) treatment group would achieve 81% power to detect a
) between-group survival difference of 11%. Percentage
Health care-associated 13 (5%) 21 (8%) g p g
Ventilator-associated 125 (49%) 116 (46%) survival was estimated to be 80% in the Amikacin Inhale
) ) group and 69% in the placebo group. The test statistic used
Community-acquired 41 (16%) 40 (16%) ; K L
Data missing 3% 2% was a two-sided ¥2 test with a significance level of 0-05.
E—— The sample size calculation was based on simulation
e of tracheal device . . . .
Eyz cacheal tub 197 07%) 191 (75%) because there is no historical reference for improved
ndotracheal tube % % . . . . .
Tracheost 44 (17%) 6 (15%) survival with Amikacin Inhale. The recruitment target for
T m % % . . . .
Dac eo} 0 Y X 0 the primary efficacy analysis was increased to 724 patients
t % % . .
Da @ missing 4 f4 (Sh) ) (362 in each group) under the assumption that

K it i ti t . . . P

LRI e e approximately 30% of patients would be ineligible for the
Not multidrug-resistant 126 (49%) 112 (44%) . .

A _ analysis, most frequently owing to the absence of a Gram-
Multidrug-resistant 44 (17%) 61(24%) negative pathogen and based on current surveillance. The
Extensively qmg'res'“ant 81(32%) 77(30%) primary efficacy analysis was tested with a Cochran-
Pandrug-resistant 3(1%) 2(1%) Mantel-Haenszel test of general association, adjusting for
Data missing 1(<1%) 1(<1%)

(Table 1 continues in next column)

Statistical analysis

With agreement from the FDA, data from INHALE 1 and
2 were combined under a protocol amendment. Safety
analyses were summarised descriptively in the safety
population, which included all patients who received at

stratum and geographic region. Success in the primary
endpoint was defined as a greater proportion of patients
surviving at LFU visit with Amikicin Inhale than with
placebo and p<0-05. Odds ratios (ORs) and 95% Cls were
calculated as a supportive analysis, and Kaplan-Meier
curves were generated post hoc for time to investigator
assessment of unsuccessful treatment, defined as the time
from the first day of study drug intake to the first timepoint
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Amikacin Inhale group  Placebo group

Primary endpoint*
Survival at days 28-32 (n=255 vs n=253)

Treatment successful 191 (75%) 196 (77%)
Treatment unsuccessful 64 (25%) 57 (23%)
Secondary endpoints
Mortalities (n=255 vs n=253) 64 (25%) 57 (23%)
Pneumonia-related deaths 43 (67%) 36 (63%)
Pneumonia-unrelated deaths 21(33%) 21 (37%)
Early clinical response (n=255 vs n=253)t
Achieved early response 149 (58%) 145 (57%)
Did not achieve early response 106 (42%) 108 (43%)
Duration of mechanical ventilation, days (n=255 vs n=252)
Mean (SD) 20-6 (10-1) 202 (10-2)
Median (IQR) 28-0 (9-0-28-0) 28-0(8-5-28-0)
Duration of intensive care unit stay, days (n=247 vs n=249)
Mean (SD) 213(82) 21.9 (8:0)
Median (IQR) 28.0 (13-0-28-0) 28.0 (14-0-28.0)

Data are n (%), unless otherwise indicated. *p=0-43 for the difference between the Amikacin Inhale and placebo groups
in treatment success; p values for secondary endpoints are not reported because the primary endpoint was not met.
‘tComposite endpoint based on Clinical Pulmonary Infection Score on days 3, 5, and 10 (vs baseline); the presence of
empyema or lung abscesses at days 3, 5, or 10; and all-cause mortality up to the end of therapy; early clinical response
was attained if success criteria for all three CPIS determinations were met (appendix p 7), and if patients had not died
or developed empyema or lung abscesses.

Table 2: Primary and secondary outcomes in the efficacy population

at which treatment success was assessed. Patients who
were successfully treated were censored at death, at their
LFU visit, or at their last study visit.

Statistical software SAS (version 9.1) was used for all
analyses, and the study was overseen by a data monitoring
committee.

Role of the funding source

The funder of the study provided all study drugs and
complete inhalation systems, funded all analyses, and
participated in study design, data collection, data analysis,
data interpretation, and writing of the report. The
corresponding author had full access to all the data in the
study and had final responsibility for the decision to
submit for publication.

Results

Between April 13, 2013, and April 7, 2017, 807 patients
were assessed for eligibility, of whom 725 were enrolled
and randomly assigned to the Amikacin Inhale group
(362 patients) or the placebo group (363 patients;
figure 1). Thirteen patients never received study drug for
diverse medical and administrative reasons and the
safety population included 354 patients in the Amikacin
Inhale group and 358 patients in the placebo group. Of
the safety population, 99 patients in the Amikacin Inhale
group and 105 in the placebo group were excluded from
the efficacy analyses because they had no culture-
confirmed Gram-negative bacteria or an APACHE II
score of less than 10 at pneumonia diagnosis (figure 1).

255 patients in the Amikacin Inhale group and 253 in the
placebo group were therefore included in the efficacy
analyses. At the EOT visit, data were still being collected
for 228 patients in the Amikacin Inhale group and
224 patients in the placebo group.

Patient demographic and disease characteristics were
similar at baseline in the two treatment groups (table 1).
241 (47%) of 508 patients included in the primary
efficacy analysis had ventilator-associated pneumonia and
147 (29%) had hospital-acquired pneumonia (patient
demographic and disease characteristics in the safety
population are in the appendix p 14). Participants were
treated with study drug for a median of 10 days (IQR 9-11)
in both groups, and the median doses of study drug
received Dby all participants was 20 (15-20). Collectively,
P aeruginosa (in 163 [32%)] participants), Acinetobacter
baumannii (in 146 [29%) participants), Klebsiella pneumoniae
(in 97 [19%)] participants), and Escherichia coli (in 57 [11%)]
participants) constituted more than 90% of respiratory
pathogens in this population at baseline. Approximately
one-third of participants had polymicrobial infections, and
less than 10% of participants were co-infected with Gram-
negative and Gram-positive organisms.

191 (75%) of 255 patients in the Amikacin Inhale
group and 196 (77%) of 253 patients in the placebo
group survived until LFU visit. The median duration of
intravenous standard-of-care antibiotics among these
patients was 18 days (13-28) in the Amikacin Inhale
group and 18 days (11-30) in the placebo group. At LFU
visit, 64 (25%) patients in the Amikacin Inhale group
and 57 (23%) patients in the placebo group had died,
96 (38%) on Amikacin Inhale and 97 (38%) on placebo
were no longer being ventilated (ten [4%)] vs 11 [4%] were
in the ICU, 27 [11%)] vs 26 [10%] were in hospital but not
in the ICU, and 59 [23%)] vs 60 [24%] had been discharged
from hospital), and 95 (37%) in the Amikacin Inhale
group and 99 (39%) in the placebo group were still
being ventilated (40 [16%] vs 46 [18%)] were in the ICU,
27 [11%] vs 28 [11%] were in hospital but not in the ICU,
and 28 [11%)] vs 25 [10%] had been discharged).

The primary endpoint was not met (table 2). We found
no between-group difference in survival at LFU visit in
the efficacy population: 191 (75%) of 255 patients in the
Amikacin Inhale group versus 196 (77%) of 253 patients
in the placebo group survived until LFU visit (OR 0-841,
95% CI0-554-1-277;p=0-43). Ina prespecified supporting
analysis of the primary endpoint in the safety population,
we found that 272 (77%) of 354 patients in the Amikacin
Inhale group versus 276 (77%) of 358 patients in
the placebo group survived until LFU visit (OR 0-989,
95% CI 0-694-1-408; p=0-95).

Secondary endpoints were not formally tested for
significance because the primary endpoint was not met,
but they did not appear to differ between the treatment
groups (table 2). Around two-thirds of deaths during the
study were pneumonia-related. Among the 214 patients
who did not achieve an early clinical response, lack of
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decline in CPIS score was the most common reason
(in 81 [96%] patients in the Amikacin Inhale group vs
76 [70%] patients in the placebo group). Patients spent
a median of 28 days in the ICU and on mechanical
ventilation. No significant between-group differences
were seen in analyses of other exploratory endpoints
(data not shown).

In the safety population, similar proportions of patients
in the two treatment groups had a TEAE or a serious
TEAE (table 3). Of 11195 doses administered, 269 (2%)
device events were reported (in 140 [40%] of 353 patients
in the Amikacin Inhale group vs 129 [36%)] of 359 patients
in the placebo group), and 14 (<1%) device events were
associated with TEAEs or serious TEAEs. Most reported
device events were technical complaints with no safety
implications. Events occurring in six patients in which
aerosolisation might have occluded components of the
ventilator circuit were investigated and attributed to
procedural errors made in late changing of circuit filters.
There were four serious device-related TEAEs (table 3),
two potentially related to ventilator-circuit occlusion
(one case of asphyxia and one case of respiratory distress),
and two that were not (one case of respiratory distress and
cardiac arrest, and one separate case of cardiac arrest).

Frequencies of TEAEs of special interest were similar in
the two treatment groups, except bronchospasm, which
occurred slightly more frequently in the Amikacin Inhale
group than in the placebo group (table 3). An expanded list
of TEAEs is shown in the appendix (pp 15-16). Serious
TEAEs that occurred in more than one patient and only in
the Amikacin Inhale group were pneumothorax (n=5),
acute myocardial infarction (n=3), disseminated intra-
vascular coagulation, acute left ventricular failure,
arrhythmia, myocardial infarction, failure to thrive, renal
failure, asphyxia, and bronchospasm (n=2 each). Nine
serious TEAEs were considered to be related to study drug
(seven in the Amikacin Inhale group and two in the placebo
group); these serious TEAEs were renal failure (n=2),
bronchospasm (n=2) and single instances of respiratory
distress, asphyxia, and bronchial hyperreactivity in the
Amikacin Inhale group, and two cases of acute kidney
injury in the placebo group.

A post-hoc Kaplan—-Meier plot of cumulative all-cause
mortality showed that deaths in the two groups occurred
at similar rates, differing by no more than 3% between
baseline and LFU visit (figure 2). In post-hoc subgroup
analyses, we found no effect of duration of intravenous
standard-of-care antibiotic therapy on survival: 145 (79%)
of 183 patients in the Amikacin Inhale group and
140 (86%) of 163 patients in the placebo group who
stopped intravenous standard-of-care antibiotic therapy
after the EOT visit survived compared with 45 (63%) of
71 patients in the Amikacin Inhale group and 55 (62%) of
89 patients in the placebo group who stopped this
treatment at or before the EOT visit (data were missing
for one patient in each group). Survival did not differ
between groups by duration of intravenous antibiotic

Amikacin Inhale  Placebo group Total
group (n=353) (n=359) (n=712)
Summary
Any TEAE 295 (84%) 303 (84%) 598 (84%)
Device-related 7 (2%) 3 (1%) 10 (1%)
Study drug-related 34 (10%) 22 (6%) 56 (8%)
Discontinuation of study drug 31(9%) 24 (7%) 55 (8%)
Maximum severity of any TEAE
Mild 80 (23%) 96 (27%) 176 (25%)
Moderate 95 (27%) 106 (30%) 201 (28%)
Severe 120 (34%) 101 (28%) 221 (31%)
Any serious TEAE 101 (29%) 97 (27%) 198 (28%)
Device-related 4 (1%) 0 4 (1%)
Study drug-related 7 (2%) 2 (1%) 9 (1%)
Discontinuation of study drug 15 (4%) 11 (3%) 26 (4%)
Maximum severity of any serious TEAE
Mild 4(1%) 2(1%) 6 (1%)
Moderate 8 (2%) 14 (4%) 22 (3%)
Severe 89 (25%) 81(23%) 170 (24%)
Common TEAEs by system organ class and preferred term*
Blood and lymphatic system 50 (14%) 72 (20%) 122 (17%)
Anaemia 36 (10%) 44 (12%) 80 (11%)
Gastrointestinal disorders 104 (29%) 115 (32%) 219 (31%)
Constipation 30 (8%) 32 (9%) 62 (9%)
Diarrhoea 27 (8%) 33(9%) 60 (8%)
General and administration site 52 (15%) 66 (18%) 118 (17%)
conditions
Pyrexia 19 (5%) 21 (6%) 40 (6%)
Infections and infestationst 103 (29%) 101 (28%) 204 (29%)
Septic shock 15 (4%) 18 (5%) 33 (5%)
Metabolism and nutrition 107 (30%) 108 (30%) 215 (30%)
Hypokalaemia 32 (9%) 37 (10%) 69 (10%)
Respiratory, thoracic, and mediastinal 83 (24%) 89 (25%) 172 (24%)
disorders
Vascular 56 (16%) 39 (11%) 95 (13%)
Hypotension 23 (7%) 13 (4%) 36 (5%)
TEAEs of special interest
Local-effect adverse events, excluding 31(9%) 26 (7%) 57 (8%)
bronchospasm
Bronchospasm 15 (4%) 4 (1%) 19 (3%)
Device-related adverse event 7 (2%) 3 (1%) 10 (1%)
Hypersensitivity 21 (6%) 19 (5%) 40 (6%)
Nephrotoxicity 39 (11%) 44 (12%) 83 (12%)
Ototoxicity 0 1(<1%) 1(<1%)
Neuromuscular blockade 4 (1%) 6 (2%) 10 (1%)
Data are in all patients who received at least one dose of study drug. We did not statistically test for between-group
differences. One patient assigned to Amikacin Inhale received placebo in error; this patient was included in the placebo
group for safety analyses but was counted among those randomly assigned to Amikacin Inhale for patient disposition.
TEAE=treatment-emergent adverse event. *Events occurring in at least 20% of patients by system organ class or in at
least 5% by preferred term. 1Those unrelated to the patient’s pneumonia.
Table 3: TEAEs in the safety population

treatment before initiation of study drug, occurrence of
septic shock, or geographical region (appendix p 10).

We found no between-group differences in the pro-
portion of infections, by pathogen, that were eradicated
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Figure 2: Cumulative all-cause mortality over time

at the test-of-cure visit (table 4; appendix p 9).
P aeruginosa was eradicated most frequently (99 [61%)]
of 163 infections), and a post-hoc analysis showed that
eradication of this pathogen occurred in a greater
proportion of patients receiving Amikacin Inhale
than placebo (73% vs 50%; p=0-0027). However, this
increased eradication frequency was not associated
with increased survival in patients infected with
P aeruginosa receiving Amikacin Inhale (56 [75%)] of
75 patients vs placebo (66 [75%)] of 88 patients in
the placebo group; survival data are not shown for
pathogens).

We observed no between-group differences in survival
based on the drug-resistance designation of the infecting
pathogen (table 4). The proportions of patients surviving
infection with a pathogen that was not multidrug-resis-
tant were similar to the proportions surviving a multi-
drug-resistant or extensively drug-resistant infection
(table 4). Among patients with treatment-emergent
respiratory pathogens, nine (4%) in each group were
infected with A baumannii, and one (<1%) patient in the
Amikacin Inhale group and 11 (4%) patients in the
placebo group were infected with P aeruginosa. Other
treatment-emergent pathogens are summarised in the
appendix (p 17).

Discussion

In our large phase 3 trial in intubated, mechanically
ventilated patients with Gram-negative pneumonia in the
ICU, we found no overall survival benefit of adding
inhaled amikacin, administered via Amikacin Inhale,
to standard-of-care intravenous antibiotics for initial
antibiotic therapy. Moreover, we found no treatment-
related benefit in pneumonia-related mortality, and there
were no subgroups in which inhaled amikacin produced
a decisive advantage relative to placebo. Our trial
was broadly representative of ventilated patients with
pneumonia in ICUs, and was internationally repre-
sentative, recruiting large numbers of patients from
different global regions, but the process of enrolment was
slower than expected. The two INHALE studies were

Amikacin Inhale  Placebo
group group

Microbiological response
Pseudomonas aeruginosa

Eradication 55/75 (73%) 44/88 (50%)

Persistence 20/75 (27%) 44/88 (50%)
Acinetobacter baumannii

Eradication 46/77 (60%) 43/69 (62%)

Persistence 31/77 (40%) 26/69 (38%)
Klebsiella pneumoniae

Eradication 38/53 (72%) 28/44 (64%)

Persistence 15/53 (28%) 16/44 (36%)
Escherichia coli

Eradication 21/28 (75%) 19/29 (66%)

Persistence 7/28 (25%) 10/29 (34%)
Serratia marcescens

Eradication 12/16 (75%) 13/17 (76%)

Persistence 4/16 (25%) 4117 (24%)
Enterobacter cloacae

Eradication 9/15 (60%) 10/16 (63%)

Persistence 6/15 (40%) 6/16 (38%)
Staphylococcus aureus

Eradication 12/16 (75%) 10/15 (67%)

Persistence 4/16 (25%) 5/15 (33%)
Haemophilus influenzae

Eradication 8/10 (80%) 10/10 (100%)

Persistence 2/10 (20%) 0/10
Clinical response
Not multidrug-resistant*

Survived 98/126 (78%) 88/112 (79%)

Died 28/126 (22%) 24/112 (21%)
Multidrug-resistantt

Survived 34/44 (77%) 48/61 (79%)

Died 10/44 (23%) 13/61 (21%)
Extensively drug-resistantt

Survived 56/81 (69%) 58/77 (75%)

Died 25/81 (31%) 19/77 (25%)
Pandrug-resistant§

Survived 3/3 (100%) 2/2 (100%)

Died 0/3 0/2

Data are n/N (%). Patients with a microbiological response could be counted more
than once. Data on clinical response were missing from one participant from the
Amikacin Inhale group and one participant from the placebo group. Rate
differences (placebo minus Amikacin Inhale) were *0-8 (95% Cl-9-7 to 11-3),

11-4 (-14-7 to 17-5), and $6-2 (-7-7 to 20-1), with all other rate differences not
assessed. SBetween-group difference in survival in patients infected with
pandrug-resistant pathogens could not be estimated because of the small
number of individuals affected.

Table 4: Microbiological response at test-of-cure visit (days 17-19)
for selected baseline respiratory pathogens and clinical response by
drug resistance designation

combined, with the agreement of the FDA, to expedite
recruitment of the target population. The primary
objective of the trial was stringent: both treatment groups
included intravenous standard-of-care antibiotic therapy,
and we required demonstration of the superiority (rather
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than non-inferiority) of Amikacin Inhale over placebo.
Demonstrating non-inferiority in such a trial design
would have been of little merit; however, demonstrating
statistical superiority is inherently difficult to achieve.

Endpoint selection is challenging in trials of hospital-
acquired pneumonia and ventilator-associated pneu-
monia owing to the heterogeneity of patients with
pneumonia in the ICU." Survival at LFU visit (the
primary endpoint of INHALE) is a robust indicator of
clinical benefit, but this outcome was not the original
primary endpoint. During the trial, and before database
lock, protocol amendments were made in agreement
with the FDA. These amendments changed the primary
endpoint from a composite endpoint that included all-
cause mortality up to test-of-cure visit; adjustments to
intravenous standard-of-care antibiotic therapy before
the EOT visit; restrictions on continuing intravenous
standard-of-care antibiotic therapy after the EOT visit; and
assessment of CPIS on days 3, 5, and 10. This decision
was made because all-cause mortality was considered the
most objective of these outcomes, particularly if assessed
later than originally intended (LFU visit rather than test-
of-cure visit), and it became apparent during the trial
that intravenous standard-of-care antibiotic therapy was
frequently continued beyond the 10-day period stipulated
in the trial design. Extended treatment with standard-of-
care intravenous antibiotics might have occurred because
of understandably cautious prescribing in such a seriously
ill population. Retaining the antibiotic treatment rules
would have needlessly classified patients showing clinical
improvement as having unsuccessful treatment. Finally,
the FDA recommended removal of CPIS from the
primary endpoint owing to the subjective nature of the
assessment. Accordingly, CPIS became a secondary
endpoint, and pneumonia-related mortality was included
as a key secondary endpoint; however, we detected no
benefit associated with Amikacin Inhale in either of these
endpoints.

The INHALE patient population was heterogeneous, in
terms of the origin of pneumonia (hospital-acquired
pneumonia, ventilator-associated pneumonia, health
care-associated pneumonia, and community-acquired
pneumonia), the infecting pathogen, and the nature of
intravenous standard-of-care therapy (including the types
and number of antibiotics used and duration of antibiotic
treatment). We also noted variability in the standard-of-
care therapy used in different ICUs and in investigator
behaviour (eg, the duration of intravenous therapy).
Because we observed no between-group difference in
treatment effect in any of the prespecified endpoints, we
did exploratory subgroup analyses to attempt to identify
factors that might have contributed to the absence of
effect in the overall population. Only a small number of
patients (n=19; appendix p 10) received standard-of-care
intravenous antibiotic therapy for more than 48 h before
study drug was initiated (for instance, owing to a delay in
obtaining informed consent), and no between-group

difference in survival rates was seen in this subgroup.
Therefore, the absence of a treatment effect is not attri-
butable to overtreatment before enrolment, as occurred
in the 2017 IASIS trial® of inhaled amikacin plus
fosfomycin. Failure to initiate intravenous antibiotics
expeditiously when there is suspicion of pneumonia
could have a substantial effect on outcomes, but at least
80% of patients initiated intravenous antibiotic treatment
within 48 h (data not shown).

Most patients surviving at the EOT visit continued
intravenous standard-of-care therapy despite the original
protocol stipulation that this constituted unsuccessful
treatment. The impact of prolonged systemic antibiotic
therapy on our inability to show superiority of Amikacin
Inhale compared with placebo is unknown; however, we
found no between-group difference in survival related to
the duration of intravenous standard-of-care treatment.
A previous multicentre trial” of intravenous standard-of-
care antibiotics alone in 401 patients found no benefit
associated with their prolonged use. Additionally, current
guidelines for nosocomial pneumonia recommend 7 days
of therapy for almost all patients. Many patients received
prolonged intravenous standard-of-care therapy and
remained in the ICU until LFU visit, which could also
indicate that patients in INHALE were inherently unwell.
Enrolment of too many patients infected with pathogens
that were not multidrug-resistant, and which were
susceptible to standard-of-care intravenous antibiotics,
might have masked any potential survival benefit of
Amikacin Inhale. Slightly more than 50% of patients in
the INHALE trials had infections caused by multidrug-
resistant pathogens. Survival was unaffected by Amikacin
Inhale in patients with multidrug-resistant and extensively
drug-resistant infections.

Amikacin concentrations in tracheal aspirates and
bronchoalveolar lavage were substantially higher than
those in serum (appendix pp 10, 18), but these
concentrations were variable, which was a pattern also
seen in the phase 2 trial.** This variability is not unusual
when measuring drug concentrations in tracheal
aspirates or bronchoalveolar lavage. However, it is difficult
to be certain that aerosolised drug reached the sites of
infection in pneumonic lungs in a uniform manner
across the population. The similarity of the proportion of
infections showing eradication with Amikacin Inhale and
placebo at test-of-cure visit, and the overall similarity of
subgroup results for Amikacin Inhale and placebo, calls
into question whether the high amikacin concentrations
in tracheal aspirates and bronchoalveolar lavage
accurately represented drug concentrations in the
infected regions of the lung. Even in subgroups with

more frequent eradication with Amikacin Inhale than
with placebo (eg, patients infected with P aeruginosa), this
more frequent eradication did not translate into improved
survival.

The INHALE trial was robust, representative, and
among the largest trials to date in this therapy area.
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For the trial information see
https://clinicaltrials.gov/ct2/

show/study/NCT017999937ter
m=Amikacin+INhale&rank=1&se

10

ct=X80156

The combination of use of a synchronised inhalation
system and a specially formulated antibiotic solution was
a pioneering approach that was intended to standardise
and guarantee high drug-delivery efficiency. That such a
robust approach yielded no treatment benefit opposes
routine use of inhaled antibiotics in mechanically
ventilated patients with pneumonia. Our findings, and
those from the IASIS trial” of aerosolised amikacin plus
fosfomycin (which was undertaken in a similar patient
population) provide no evidence to support initial inhaled
antibiotics in combination with intravenous standard-of-
care therapy in intubated, mechanically ventilated
patients with pneumonia. Inhaled antibiotics are
recommended separately as rescue therapy or for use in
patients with pandrug-resistant pathogens in current
pneumonia guidelines, but the associated survival
benefits of these treatments have not yet been studied in
large randomised controlled trials.? Bronchospasm and
hypotension occurred at slightly higher frequencies with
Amikacin Inhale than with placebo but, overall, INHALE
found no notable between-group differences in the
frequencies of TEAEs, and serum concentrations of
amikacin were low. These observations should guide
other investigators regarding endpoints and trial design
that should be incorporated in future studies of
aerosolised antibiotics.
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