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Abstract
Rationale: Lengthy, multidrug, toxic, and low-efﬁcacy regimens limit

management of pulmonary nontuberculous mycobacterial disease.
Objectives: In this phase II study, we investigated the efﬁcacy and
safety of liposomal amikacin for inhalation (LAI) in treatmentrefractory pulmonary nontuberculous mycobacterial (Mycobacterium
avium complex [MAC] or Mycobacterium abscessus) disease.
Methods: During the double-blind phase, patients were randomly

assigned to LAI (590 mg) or placebo once daily added to their
multidrug regimen for 84 days. Both groups could receive open-label
LAI for 84 additional days. The primary endpoint was change from
baseline to Day 84 on a semiquantitative mycobacterial growth scale.
Other endpoints included sputum conversion, 6-minute-walk
distance, and adverse events.
Measurements and Main Results: The modiﬁed intention-to-

treat population included 89 (LAI = 44; placebo = 45) patients. The
average age of the sample was 59 years; 88% were female; 92% were

white; and 80 and 59 patients completed study drug dosing during
the double-blind and open-label phases, respectively. The primary
endpoint was not achieved (P = 0.072); however, a greater proportion
of the LAI group demonstrated at least one negative sputum culture
(14 [32%] of 44 vs. 4 [9%] of 45; P = 0.006) and improvement in
6-minute-walk test (120.6 m vs. 225.0 m; P = 0.017) at Day 84.
A treatment effect was seen predominantly in patients without cystic
ﬁbrosis with MAC and was sustained 1 year after LAI. Most adverse
events were respiratory, and in some patients it led to drug
discontinuation.
Conclusions: Although the primary endpoint was not reached, LAI

added to a multidrug regimen produced improvements in sputum
conversion and 6-minute-walk distance versus placebo with limited
systemic toxicity in patients with refractory MAC lung disease.
Further research in this area is needed.
Clinical trial registered with www.clinicaltrials.gov (NCT01315236).
Keywords: culture conversion; efﬁcacy; safety; nontuberculous
mycobacteria
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At a Glance Commentary
Scientiﬁc Knowledge on the
Subject: Management of pulmonary

nontuberculous mycobacterial (PNTM)
disease is limited by lengthy multidrug
regimens, drug toxicity and/or
intolerance, and poor drug efﬁcacy.
Liposomes are taken up by lung
macrophages, allowing intracellular
delivery of high levels of amikacin
into nontuberculous mycobacteria
(NTM)-infected cells, and inhalation
allows localized drug delivery. In select
patients with treatment-refractory
PNTM disease, liposomal amikacin for
inhalation (LAI) added to guidelinesbased therapy may be able to achieve
early and sustained negative sputum
cultures with limited systemic toxicity.
What This Study Adds to the
Field: This multicenter clinical trial

assessed the novel drug formulation LAI
in patients with persistently positive
NTM cultures despite having received
guidelines-based treatment for at least
6 months prior to screening. Although
the primary endpoint was not achieved,
more patients receiving LAI treatment
than patients receiving placebo had a
negative NTM sputum culture at Day 84
(14 [32%] of 44 vs. 4 [9%] of 45; P =
0.006). Most of these patients (n = 14 of
18) also had a negative culture at 28 days
after LAI discontinuation. Culture
conversion, used in tuberculosis trials to
predict lasting mycobacterial eradication,
occurred mainly in patients without
cystic ﬁbrosis with Mycobacterium
avium complex infection. The results of
this study indicate that, in select patients
with treatment-refractory PNTM
disease, LAI added to guidelines-based
therapy can achieve early and sustained
negative sputum cultures. Further,
culture conversion in response to
treatment with LAI may be associated
with improvements in functional
capacity and, relative to treatment with
parenteral amikacin, limited systemic
toxicity.
Pulmonary nontuberculous mycobacterial
(PNTM) disease is a chronic, frequently
progressive infection characterized by
necrotizing inﬂammation, bronchiectasis,

and cavitation with associated irreversible
lung damage and increased mortality (1–5).
Compromised pulmonary function impairs
physical activity and negatively impacts
patients’ quality of life (6). In North
America, the prevalence of PNTM disease
roughly doubled in selected populations
between 1997 and 2007 (7, 8).
Treatment options for the management
of PNTM infection, particularly in patients
with treatment-refractory disease, remain
limited (9, 10). Contemporary treatment
guidelines recommend lengthy multidrug
antibiotic regimens, with or without
parenteral agents (9). The use of parenteral
aminoglycosides for advanced PNTM disease
is limited by the risk of ototoxicity, vestibular
toxicity, and nephrotoxicity (9, 11).
Because it achieves targeted and
localized drug delivery, liposomal amikacin
for inhalation (LAI) may yield improved
efﬁcacy and reduced systemic toxicity (12).
A novel amikacin formulation in
development for the treatment of PNTM
disease, LAI is composed of small (z0.3 mm),
charge-neutral, highly biocompatible
liposomes that encapsulate amikacin (12, 13).
The liposomes are taken up by lung
macrophages, allowing intracellular
delivery of high levels of amikacin
into nontuberculous mycobacteria
(NTM)–infected cells (12), which can
effectively reduce mycobacteria colony
counts. Additionally, LAI results in lower
serum levels of amikacin than parenteral
amikacin and thus may reduce systemic
toxicity (14, 15).
We report the ﬁrst prospective study of
the efﬁcacy and tolerability of a novel drug
for patients with treatment-refractory
PNTM disease (www.clinicaltrials.gov
identiﬁer NCT01315236). Some of the
results of this study have been reported
previously in the form of abstracts (16–25).

Methods
Study Design and Treatment

This phase II, randomized, double-blind,
placebo-controlled trial, which was followed
by an open-label extension study, was
conducted at 19 sites in North America (see
Figure E1 in the online supplement).
Patients were stratiﬁed on the basis of the
presence or absence of cystic ﬁbrosis (CF)
and the predominance of Mycobacterium
avium complex versus Mycobacterium
abscessus at screening. Patients were
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randomly assigned in a 1:1 ratio to receive
LAI at a dose of 590 mg or placebo (empty
liposomes) once daily via a customized
investigational eFlow Technology nebulizer
(PARI Pharma GmbH, Starnberg,
Germany) added to their ongoing, stable
multidrug regimen for the initial 84 days of
the study.
Eligible patients could consent to
receive open-label treatment with daily LAI
and their continuing background regimen
for an additional 84 days. The study
included a safety follow-up visit 28 days
after the last dose of the study drug. Patients
who completed the study also had the option
to return for a follow-up visit 1 year after the
last dose of study treatment. Approximately
90 patients were planned for randomization.
Patient Eligibility

Each site’s institutional review board
approved the protocol, and patient
informed consent was obtained. Eligible
adults met criteria for PNTM disease as
deﬁned by the American Thoracic
Society/Infectious Disease Society of
America (ATS/IDSA) (9), had received
ongoing ATS/IDSA guidelines–based
multidrug treatment (9) for at least
6 months prior to screening, and had
persistently positive cultures for M. avium
complex or M. abscessus. Seventy-two
(approximately 81%) of 89 patients had
been treated with a standard multidrug
regimen for NTM for at least 12 months,
and almost half (42 [47%] of 89) of the
patients had been treated for more than
24 months prior to randomization into the
study. Key exclusion criteria included
current smoking; FEV1 less than 30% of
predicted; clinically signiﬁcant cardiac,
pulmonary, hepatic, or renal disease;
systemic immune deﬁciency; and
malignancy. Patients were not excluded
on the basis of amikacin resistance.
Pharmacokinetics

Blood samples were drawn predose (from
0 to 4 h before the dose) on Days 1, 2, 28, 56,
84, 112, and 168; 0–1 hour postdose on
Days 1 and 2; 3–4 hours postdose on Days
1, 28, 56, and 84; and 1–3 hours postdose
on Days 112 and 168.
Efﬁcacy Measurements
Microbiology. At least two predose
expectorated or induced sputum specimens
were to be collected at study visits; the
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heaviest growth for a single visit was
reported. Patients were stratiﬁed on the
basis of predominance of M. avium
complex or M. abscessus as determined by
the quantity of the species present on
screening cultures.
Sputum specimens were processed
centrally, with standardized decontamination,
ﬂuorochrome microscopy, broth culture
(26, 27) (VersaTREK; Thermo Fisher
Scientiﬁc, Inc., Waltham, MA), and solid
media culture with a Middlebrook 7H11 agar
biplate (Mitchison’s agar) with and without
antibiotics (carbenicillin, trimethoprim,
amphotericin, and polymyxin B). A positive
culture was deﬁned as growth in broth and/or
agar. M. avium complex isolates were
identiﬁed to the complex level using
AccuProbe (Gen-Probe; Hologic,
Marlborough, MA), and subspecies within
the M. abscessus group were identiﬁed
by polymerase chain reaction restriction
fragment length analysis (28). Isolates were
banked.
A semiquantitative scale (SQS) was
used to assess relative mycobacterial growth
(see Table E1). A negative sputum culture
was deﬁned at a single time point. Culture
conversion was deﬁned in post hoc analysis
as three consecutive negative culture
results, with the ﬁrst negative result
indicating time of conversion; this could be
associated with the background regimen
alone (conversion prior to study drug
administration) or with the addition of LAI
or placebo. Sustainability was deﬁned as
continuous negative cultures while on the
study drug. Durability was deﬁned as
negative sputum culture at the 28-day
follow-up visit (off study drug). A
microbiologic recurrence was deﬁned as one
or more positive cultures after culture
conversion. Cultures positive for M. avium
complex occurring after culture conversion
were molecularly compared with
pretreatment isolates using partial 16S
ribosomal RNA (rRNA) gene sequencing
and variable number tandem repeat
(VNTR) to determine if the isolates
belonged to the same M. avium complex
species and genotype (relapse) (29–31) or if
their sequencing or VNTR differed (new
infection) (31).
In vitro macrolide and amikacin
resistance was assessed by broth
microdilution susceptibility testing and by
molecular identiﬁcation of mutations. For
amikacin, isolates were sequenced for a
mutation at position 1,408 in the rrs (16S
816

rRNA) gene if the amikacin minimum
inhibitory concentration (MIC) was greater
than or equal to 64 mg/ml (32).
Functional and quality-of-life
assessment. The 6-minute-walk test distance

walked at baseline was compared with
distances achieved at the end of the doubleblind and open-label phases as a measure of
change in functional capacity (33). At each
visit, quality of life was evaluated using
patient-reported outcome instruments.
(Additional information is provided in
the online supplement.)
Safety

At each visit, treatment-emergent adverse
events were evaluated on the basis of their
severity, seriousness, and relatedness to
study treatment. (Additional information is
provided in the online supplement.)
Endpoints and Statistical Analyses

Efﬁcacy and safety analyses were performed
using the modiﬁed intention-to-treat
population, deﬁned as all randomized
patients who received at least one dose of the
study drug. The primary efﬁcacy endpoint
was change from baseline to Day 84 in the
SQS (see Table E1) for mycobacterial growth
for the LAI arm versus the placebo arm.
With a two-sided signiﬁcance level of 0.05,
50 subjects per arm (randomized 1:1) would
provide 80% power to detect a difference
between the treatment arms of at least 0.94
steps in the SQS in the change from baseline
in mycobacterial culture, assuming a pooled
SD of 1.6 (based on simulated information),
based on a Wilcoxon rank-sum test. The
primary efﬁcacy analysis of SQS was
performed using a stratiﬁed Wilcoxon ranksum test (i.e., van Elteren test), adjusting for
the randomization strata, to compare the
treatment arms at a two-sided signiﬁcance
level of 0.05. The SAS statistical software
package (version 9.2 or later; SAS Institute,
Cary, NC) was used to perform the analysis.
The analysis of the SQS data presented in
this article was based on missing values
equaling failure.
Key secondary microbiologic endpoints
included the proportion of patients in each
group with sputum cultures negative for
NTM at Day 84. Because treatment
regimens and response rates for M. avium
complex and M. abscessus infections differ
considerably (9), culture results were
assessed separately in evaluable patients
during both the double-blind and openlabel periods. Additionally, the proportion

of patients with sputum culture conversion
was assessed post hoc.
Change from baseline in distance
walked in the 6-minute walk test was
compared between treatment groups.
Changes in quality-of-life measures were
summarized at each visit by treatment arm.
(Additional information is provided in the
online supplement.) Correlations between
the change from baseline in SQS and healthrelated quality of life and 6-minute-walk test
at Day 84 were assessed post hoc.

Results
Patient Disposition and
Demographics

Of the 136 patients screened, 90 patients
who met the eligibility criteria were stratiﬁed
and randomly assigned to receive treatment
with LAI or placebo (see Figure E2). One
study participant no longer met the entry
criteria at Day 1 and did not receive the
study drug. Eighty-nine patients (44 LAI
and 45 placebo) were included in the
modiﬁed intention-to-treat population:
19% had CF, 64% had predominantly
M. avium complex infection, and 36% had
predominantly M. abscessus infection.
Concomitant antibiotic therapies during
the double-blind treatment phase are listed
in Tables E2–E4.
During the double-blind treatment
phase, nine patients from the LAI group
discontinued the study drug (seven because
of adverse events, two for other reasons); ﬁve
of these patients completed all visits, and
four (including one who died) discontinued
the study early. Seventy-eight patients
(35 LAI and 43 placebo) enrolled in, and
59 completed, study drug dosing during the
open-label phase.
Baseline patient demographics and
characteristics were comparable between
treatment groups (Table 1). Most patients
were white (92%) and female (88%). The
mean age of the sample was 58.5 (SD,
615.8) years. The baseline demographics
were generally comparable between
treatment groups. At baseline, no notable
between-group differences in lung function
(mean FEV1 percent predicted, 63.6 6
21.3% and 62.6 6 17.2% for LAI and
placebo groups, respectively) or in
percentage of patients with negative
sputum cultures (6.8% and 6.7% for the
LAI and placebo groups, respectively) were
observed. Because baseline SQS scores were
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Table 1. Baseline Demographics and Characteristics (Modiﬁed Intention-to-Treat Population)*
LAI (n = 44)
Race/ethnicity, n (%)
White (not of Hispanic origin)
Hispanic
African
Asian
Sex, n (%)
Male
Female
Height, cm, mean (SD)
Weight, kg, mean (SD)
BMI, kg/m2, mean (SD)
Age, yr, mean (SD)
FEV1 % predicted, mean (SD)
Stratiﬁcation at screening, n (%)
Predominantly Mycobacterium avium complex
Predominantly Mycobacterium abscessus
CF
M. avium complex and CF
M. abscessus and CF
Mycobacterial load,† n (%)
Culture negative
Growth in liquid medium only
1–49 colonies
11 (50–100 colonies)
21 (.100–200 colonies)
31 (.200–500 colonies)
41 (.500 colonies)
Cavitary disease‡
Macrolide resistant
Amikacin mutation positive
Macrolide resistant or amikacin mutation positive

Placebo (n = 45)

Overall (n = 89)

P Value
0.386

42 (95.5)
0
0
2 (4.5)

40
2
1
2

(88.9)
(4.4)
(2.2)
(4.4)

82
2
1
4

(92.1)
(2.2)
(1.1)
(4.5)
0.717

6
38
165.4
59.71
21.76
58.0
63.56

(13.6)
(86.4)
(7.63)
(10.132)
(2.705)
(16.61)
(21.339)

5
40
164.2
60.15
22.10
59.1
62.56

(11.1)
(88.9)
(9.12)
(15.373)
(3.941)
(15.20)
(17.168)

11
78
164.8
59.93
21.93
58.5
63.06

(12.4)
(87.6)
(8.39)
(12.976)
(3.372)
(15.83)
(19.239)

29
15
8
2
6

(65.9)
(34.1)
(18.2)
(4.5)
(13.6)

28
17
9
1
8

(62.2)
(37.8)
(20.0)
(2.2)
(17.8)

57
32
17
3
14

(64.0)
(36.0)
(19.1)
(3.4)
(15.7)

3
3
17
2
2
3
14
33
8
2
9

(6.8)
(6.8)
(38.6)
(4.5)
(4.5)
(6.8)
(31.8)
(75.0)
(18.0)
(4.5)
(20.5)

3
3
10
4
2
4
19
35
15
6
16

(6.7)
(6.7)
(22.2)
(8.9)
(4.4)
(8.9)
(42.2)
(77.8)
(33.3)
(13.3)
(35.6)

6
6
27
6
4
7
33
68
23
8
25

(6.7)
(6.7)
(30.3)
(6.7)
(4.5)
(7.9)
(37.1)
(76.4)
(25.8)
(8.9)
(28.1)

0.503
0.874
0.637
0.745
0.808
0.717
0.717
0.827
0.544
0.592
0.761

0.807
0.146
0.266

Definition of abbreviations: BMI = body mass index; CF = cystic fibrosis; LAI = liposomal amikacin for inhalation.
*Baseline is defined as the measurement prior and closest to the administration of study drug.
†
At least two sputum samples (preferably three sputum samples) were obtained.
‡
This designation included patients with primarily nodular bronchiectasis.

not stratiﬁed, imbalances were noted, with
higher SQS mycobacterial growth (>21) at
baseline in a greater proportion of patients
in the placebo group (25 [55.6%] of 45)
than in the LAI group (19 [43.2%] of 44).
However, the imbalance was not
statistically signiﬁcant.
Pharmacokinetics

Summary statistics for amikacin serum
exposure are listed in Table E5. The mean
and median values for maximum serum
concentration are well within or below
desired trough levels in clinical practice (34).
Efﬁcacy
Change from baseline in semiquantitative
culture results at Day 84. The primary

endpoint of change from baseline on the SQS
in the LAI group versus placebo did not reach
statistical signiﬁcance (P = 0.072), although
a positive numerical trend in favor of the

LAI arm was seen (Figure 1). Consequently, all
P values mentioned below for the nonprimary
analyses are presented for completeness
and do not imply statistical signiﬁcance.
Negative sputum cultures at Day 84,
Day 168, and 28-day follow-up. A greater

percentage of patients in the LAI group than
in the placebo arm had negative sputum
cultures at Day 84 (32% [14 of 44] vs.
9% [4 of 45]; P = 0.006) (Figure 2). Most
of these patients continued to have
persistently negative cultures at Day 168
(11 LAI, 4 placebo) and 28-day follow-up
(11 LAI, 3 placebo). A shorter time to
ﬁrst negative sputum culture was also
observed with LAI than in the placebo
group during the double-blind phase (hazard
ratio, 5.68; 95% conﬁdence interval [CI],
1.25–25.79; P = 0.0129).
Sputum culture conversion at 28-day
end-of-study follow-up visit. Of the 23

patients who achieved culture conversion by
the 28-day end-of-study follow-up visit,
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4 (2 patients in the LAI group and 2 in the
placebo arm) converted at baseline (Day 1),
prior to the administration of the study
drug. Nineteen patients achieved culture
conversion after baseline (Day 1), ten of
whom were randomized to LAI in the
double-blind phase and seven after entering
the open-label phase (one of these seven was
on LAI and the other six were on placebo
prior to the open-label phase); the
remaining two patients achieved culture
conversion while receiving placebo during
the double-blind phase.
Patients with M. avium complex
infection represented the vast majority
(19 [82.6%] of 23) of those who achieved
culture conversion; however, 4 of these
patients converted at baseline (2 patients in
the LAI group and 2 in the placebo arm). Of
the remaining 15, 14 converted after receiving
LAI: 9 during the double-blind phase and
5 after entering the open-label phase
(4 received placebo and 1 received LAI in the
817
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1.0
Open-Label Phase*
(Days 85-168)

Mean Change From Baseline

Double-Blind Phase
(Days 1-84)

0.5
LAI

PBO

0.0

–0.5

–1.0

–1.5
Day 1
LAI: n = 44;
SD = 2.2
PBO: n = 45;
SD = 2.2

Day 28

Day 56

Day 84

Day 112

Day 140

Day 168

LAI: n = 44;
SD = 2.0
PBO: n = 45;
SD = 1.6

LAI: n = 44;
SD = 1.5
PBO: n = 45;
SD = 1.5

LAI: n = 44;
SD = 2.0
PBO: n = 45;
SD = 1.5

LAI: n = 35;
SD = 2.0
PBO: n = 43;
SD = 2.3

LAI: n = 35;
SD = 2.2
PBO: n = 43;
SD = 2.0

LAI: n = 35;
SD = 2.2
PBO: n = 43;
SD = 1.7

Study Day

Figure 1. Mean change from baseline on the semiquantitative scale (SQS) for mycobacterial
culture growth through the end of the open-label phase (missing value equals failure; modified intentto-treat population). The SQS is a mycobacterial culture reporting method expressed on a seven-step
scale that uses outcomes ranging from no growth at 6 weeks (step 1), growth in liquid media only
(step 2), agar positive (1–49 colonies) (step 3), 11 (step 4), 21 (step 5), 31 (step 6), and 41 (step 7).
Change from baseline ranges from 16 (worsening) to 26 (improvement) steps. Death, regardless of
cause, was considered a failure and is represented by a 17-step worsening. *All patients in the openlabel phase received liposomal amikacin for inhalation (LAI). PBO = placebo.

double-blind phase). One patient converted
while receiving placebo in the double-blind
phase. Of the four patients with M. abscessus
who achieved culture conversion, three
converted after receiving LAI (one during the
double-blind phase and two during the openlabel phase) and one while receiving placebo
in the double-blind phase.

Durability of sputum culture conversion
at 12-month safety follow-up. The durability

of sputum culture conversion was not a
prespeciﬁed endpoint; however, the
majority of patients who achieved culture
conversion during the double-blind phase
(12 on LAI, 4 on placebo) continued to have
negative cultures through the end of the

35%
LAI MAC

PBO MAC

LAI Mabs

PBO Mabs

Proportion of Patients

30%
25%
20%
15%
10%
5%
0%
Baseline
LAI: n = 5/44
PBO: n = 5/45

Day 28
LAI: n = 10/44
PBO: n = 5/45

Day 56
LAI: n = 11/44
PBO: n = 4/45

Day 84
LAI: n = 14/44
PBO: n = 4/45

Study Day

Figure 2. Proportion of patients with negative sputum cultures for nontuberculous mycobacteria in
the double-blind phase (last observation carried forward; modified intention-to-treat population). A
greater proportion of patients achieved negative sputum cultures at Day 84 on liposomal amikacin for
inhalation (LAI) (14 [32%] of 44) versus placebo (4 [9%] of 45) (P = 0.006). Mabs = Mycobacterium
abscessus; MAC = Mycobacterium avium complex; PBO = placebo.
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open-label phase (n = 14) and at the 28-day
follow-up visit (n = 13). In addition, seven
of these patients continued to have negative
cultures at the 12-month follow-up visit.
At the 12-month safety follow-up visit,
9 (64%) of 14 patients with M. avium
complex infection who converted after
starting LAI had sustained negative cultures
after LAI discontinuation (7 had negative
sputum cultures; 2 were unable to produce
sputum and were off all NTM treatments);
2 patients had positive sputum cultures;
and 3 did not consent to participate in the
12-month follow-up phase. Of the four
patients with M. abscessus infection who
converted, two had negative cultures 12
months after LAI discontinuation, one
reverted to positive cultures, and one did
not consent to participate in the 12-month
follow-up phase.
Microbiologic recurrence. Four patients
who achieved culture conversion had a
subsequent liquid media–only positive
culture; three were different species from
the baseline isolate or “new infections,” and
one represented a true relapse with the
same M. avium complex species and VNTR
type on both baseline and late positive
cultures. The latter patient had only two
negative cultures while on LAI, with the
third negative culture occurring 28 days
after LAI treatment (Figure 3).
Amikacin resistance. The protocol
included a plan to bank all mycobacterial
isolates for future selective susceptibility
testing for correlation with microbiologic
and clinical response. Macrolide and
amikacin resistance MICs (and amikacin
resistance mutational status) were processed
as soon as the capacity for testing was in
place. These data were kept blinded until
after data collection was completed and the
database was locked. No patient isolate with
a molecularly determined amikacin
resistance mutation or an MIC greater than
64 mg/ml achieved culture conversion, and
no converter developed mutational
resistance on treatment. Amikacin
mutational resistance was detected in 9
patients before LAI exposure (9 [10.1%] of 89
patients enrolled in the study). Amikacin
mutational resistance was detected in ﬁve
patients after LAI exposure at Day 84 (LAI
group) or Day 168 (placebo and LAI group)
(nonconverters; four with M. avium complex
infection, one with M. abscessus infection: 5
[5.7%] of 87 patients exposed to LAI during
this study; 2 of 89 patients received placebo
during the double-blind phase and did not

American Journal of Respiratory and Critical Care Medicine Volume 195 Number 6 | March 15 2017

ORIGINAL ARTICLE

NTM
organism

Treatment
arm (n)

Cystic
fibrosis

Duration
of NTM
Rx prior
to
baseline
(months)

Cavitary

SQS at
screening

BL

Day 28

Day 56

Day 84

Day
112

Day
140

Day
168

28D f/u

12M f/u

No

>24

Yes

2

3

3

3

NG

NG

NG

NG

NG

NG

No

>24

Yes

5

3

2

3

2

NG

NG

NG

NG

NG

No

>24

Yes

5

4

NG

NG

NG

NG

NG

NG

NG

ND

No

6–12

No

2

NG

2

NG

NG

NG

NG

NG

NG

NG

No

6–12

No

3

3

NG

NG

NG

NG

NG

NG

2†

ND

No

>12–24

Yes

2

NG

NG

3

NG

NG

NG

NG

NG

NG

No

>24

Yes

6

3

2

NG

NG

NG

NG

NG

NG

NG

LAI (12)

MAC

PBO (7)

LAI (1)

No

>24

No

2

2

NG

NG

NG

NG

NG

NG

NG

NG

No

>12–24

Yes

3

3

NG

NG

NG

NG

NG

NG

NG

2†

No

6–12

No

3

NG

3

NG

NG

NG

NG

NG

NG

NG

No

6–12

Yes

3

NG

NG

NG

NG

NG

NG

2†

NG

NG

No

>12–24

No

3

NG

NG

NG

NG

NG

NG

NG

NG

ND

No

>24

No

4

4

3

3

3

NG

NG

NG

NG

NG

No

>12–24

Yes

3

NG

3

2

6

2

NG

NG

NG

2‡

No

>24

Yes

3

3

6

3

4

2

NG

NG

NG

NG

No

>24

Yes

7

4

4

3

5

NG

NG

NG

ND

ND

No

>12–24

Yes

3

3

NG

NG

NG

NG

NG

NG

NG

ND

No

>24

Yes

3

NG

NG

NG

NG

NG

NG

NG

NG

NG

No

6–12

No

2

NG

NG

NG

NG

NG

NG

NG

NG

NG

Yes

6–12

No

6

3

NG

NG

NG

NG

NG

NG

NG

ND

No

>24

Yes

2

3

3

2

3

3

NG

NG

NG

NG

No

>24

Yes

3

3

NG

NG

3

NG

NG

NG

NG

NG

Yes

>12–24

Yes

3

NG

NG

3

NG

NG

NG

NG

ND

NG

Mabs
PBO (3)

Figure 3. Patients achieving culture conversion through the end of the open-label phase. Of the 23 patients who achieved culture conversion by the
28-day end-of-study follow-up visit, 4 (LAI = 2 patients; placebo = 2 patients) converted at baseline (Day 1) prior to the administration of study drug.
Nineteen patients achieved culture conversion after baseline (Day 1), 10 of whom were randomized to LAI in the double-blind phase and 7 after entering
the open-label phase (1 of 7 on prior LAI and 6 of 7 on prior placebo). The remaining two patients achieved culture conversion while receiving add-on
placebo. All of the converters with Mycobacterium avium complex were patients without cystic fibrosis. Two of the converters with Mycobacterium abscessus
infection (LAI, one patient; PBO, one patient) had cystic fibrosis, and two were patients without cystic fibrosis. Four patients who achieved culture conversion had a
subsequent positive liquid media–only culture result: three of these cultures were different species from the baseline isolate, or “new infections” (M. avium at
baseline and Mycobacterium timonense 28 d after LAI; M. avium at baseline and Mycobacterium chimaera at 12 mo after LAI; M. avium at baseline and
Mycobacterium intracellulare at Day 168), and one was the same or “relapse.” †New infection; ‡relapse. BL = baseline; f/u = follow-up; LAI = liposomal amikacin for
inhalation; Mabs = Mycobacterium abscessus; MAC = Mycobacterium avium complex; ND = not done; NG = no growth at 6 weeks; NTM = nontuberculous
mycobacteria; PBO = placebo; Rx = medication; SQS = semiquantitative scale.

enter the open-label phase). Among these ﬁve
patients, two who were randomized to
placebo during the double-blind phase and
continued into the open-label phase of the
study had isolates (one for M. avium
complex, one for M. abscessus) with high
MICs (MIC, >64 mg/ml) prior to LAI
exposure without evidence of mutations
subsequently developed mutations (16S)
while having persistently high amikacin MIC
values at Day 168.

Functional and quality-of-life
assessment. Baseline mean (SD) distance

walked in the 6-minute-walk test was similar
between groups: 441.6 (133.6) meters and
441.8 (111.6) meters for the LAI and placebo
groups, respectively. At the end of the
double-blind phase, the LAI group
demonstrated improvement compared with
the placebo group in mean (SD) distance
walked: 120.6 (62.4) meters versus 225.0
(100.2) meters, respectively (P = 0.017)
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(Figure 4). Further, at the end of the openlabel phase, patients in the LAI group (n =
35) continued to demonstrate improvement
from baseline in mean distance walked in
the 6-minute-walk test (142.4 [105.9]
meters), whereas patients in the prior
placebo group who started LAI treatment
during the open-label phase (n = 43)
demonstrated a reduced rate of decline
from baseline: 228.4 (88.1) meters, a
treatment difference of 70.8 m (P = 0.012).
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End of
Open-Label Phase

End of
Double-Blind Phase

500
LAI (n = 44)
Placebo (n = 45)

479.68

475

between the treatment groups during either
double-blind (eight LAI, nine placebo)
or open-label (six LAI, eight placebo)
treatment.

Mean Distance (meters)

462.27

Safety
450

441.64

Adverse events. The majority (z90%) of

441.78

patients in both groups experienced at least
one treatment-emergent adverse event
(Table 2). Most patients experienced mild or
moderate treatment-emergent adverse events.
During the double-blind phase, a greater
percentage of patients treated with LAI
than with placebo experienced dysphonia
(43.2% vs. 8.9%), bronchiectasis exacerbation
(38.6% vs. 20.0%), cough (31.8% vs.13.3%),
oropharyngeal pain (20.5% vs. 2.2%), fatigue
(15.9% vs. 8.9%), chest discomfort (11.4% vs.
0%), wheezing (9.1% vs. 2.2%), and infective
pulmonary exacerbation of CF (9.1% vs.
2.2%) (see Figure E3). No clinically relevant
changes were detected in laboratory values or
vital signs.
Serious adverse events. In the doubleblind phase, the overall incidence of serious
adverse events was higher in the LAI group
than in the placebo group (18.2% vs. 8.9%).
The most frequently reported serious
adverse events were bronchiectasis
exacerbation (LAI, two patients; placebo,

425

400

Change
From Baseline

LAI

Placebo

Mean Difference
(LAI − PBO)

Day 84

20.64

−25.03

47 (P = 0.01)

Day 168

38.05

−32.63

72 (P = 0.0005)

375
Day 1

416.75
409.15

Day 84

Day 168

Study Day

Figure 4. Mean distance walked in the 6-minute-walk test (last observation carried forward; modified
intention-to-treat population). LAI = liposomal amikacin for inhalation; PBO = placebo.

A greater mean (SD) improvement in
distance walked (Day 168) was noted in
patients achieving culture conversion
(regardless of study drug allocation) by
Day 168 compared with those who did
not achieve culture conversion (134.6
[86.1] m vs. 27.1 [101.9] m, respectively;
P = 0.073).
No signiﬁcant difference (P = 0.2039)
was observed for subjects without CF in

mean change from baseline to Day 84 in
quality of life, bronchiectasis, and NTM
module scores between the LAI group
(27.935 [14.1998]; n = 36) and the placebo
group (22.829 [13.6733]; n = 36). Changes
in the Cystic Fibrosis Questionnaire–
Revised respiratory symptoms scale were
assessed in patients with CF. The number
of patients with CF was too small to
determine any meaningful differences

Table 2. Overview of Treatment-Emergent Adverse Events by Treatment Phase
Double-Blind Phase*
LAI (n = 44)
Placebo (n = 45)
Patients with TEAEs, n (%)
Number of TEAEs, n
Patients with TEAEs by maximum severity, n (%)
Grade 1: mild
Grade 2: moderate
Grade 3: severe
Grade 4: life-threatening or disabling
Grade 5: deathx
Patients with TEAEs by seriousness, n (%)
Serious
Not serious
Relationship to study drug, n (%)
Related
Not related
Patients with audiovestibular TEAEs (e.g., tinnitus
and dizziness), n (%)
Patients with renal TEAEs, n (%)
Patients with TEAEs leading to study drug
discontinuation, n (%)

Open-Label Phase†
LAI‡ (n = 35)
Placebo‡ (n = 43)

41 (93.2)
240

40 (88.9)
140

31 (88.6)
107

42 (97.7)
160

12 (27.3)
24 (54.5)
4 (9.1)
0
1 (2.3)

25 (55.6)
10 (22.2)
5 (11.1)
0
0

16 (45.7)
10 (28.6)
4 (11.4)
0
1 (2.9)

10 (23.3)
24 (55.8)
8 (18.6)
0
0

8 (18.2)
33 (75.0)

4 (8.9)
36 (80.0)

5 (14.3)
26 (74.3)

5 (11.6)
37 (86.0)

32 (72.7)
9 (20.5)
5 (11.4)

17 (37.8)
23 (51.1)
5 (11.1)

17 (48.6)
14 (40.0)
2 (5.7)

26 (60.5)
16 (37.2)
2 (4.7)

1 (2.9)
6 (17.1)

0
12 (27.9)

1 (2.3)
7 (15.9)

0
0

Definition of abbreviations: LAI = liposomal amikacin for inhalation; TEAEs = treatment-emergent adverse events.
*TEAEs during the double-blind phase are those with onset from the date of first dose of double-blind study drug.
†
TEAEs during the open-label phase are those with onset from the date of first dose of open-label study drug.
‡
All patients in the open-label phase received LAI. “LAI” and “placebo” here refer to treatment assignment in the double-blind phase.
x
Deaths were caused by acute respiratory distress syndrome and urosepsis, and both TEAEs were unrelated to study drug.
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one patient) and pneumonia (LAI, one
patient; placebo, two patients).
During the open-label phase, the
incidence rates of serious adverse events were
14.3% and 11.6% in patients previously
treated with LAI and placebo, respectively.
The most frequently reported serious adverse
events were CF exacerbation (prior LAI, two
patients; prior placebo, three patients) and
pneumonitis (one in each group).
One patient in the LAI group died
during the double-blind phase as a result of
pneumonia and acute respiratory distress
syndrome, and one patient in the prior LAI
group died during the open-label phase
because of urosepsis, intestinal ischemia,
and multiorgan failure (postsurgery);
investigators considered neither death to
be related to the study drug.
Adverse events leading to study drug
discontinuation. In the double-blind phase,

seven patients (15.9%) in the LAI group and
none in the placebo group discontinued the
study drug because of a treatment-emergent
adverse event; two other patients in the LAI
group discontinued the study drug for other
reasons. The most common adverse events
leading to study drug discontinuation were
bronchiectasis exacerbation (three patients
[6.8%]) and dyspnea (two patients [4.5%]).
A single patient reported each of the other
events: cough, oropharyngeal pain, respiratory
disorder, and pneumonia. In the open-label
phase, drug discontinuation because of a
treatment-emergent adverse event occurred in
fewer patients who received LAI during the
double-blind phase than among those who
received placebo (6 [17.1%] vs. 12 [27.9%]).
Two patients discontinued the study drug for
similar respiratory events while on LAI
(respiratory disorder during the double-blind
phase, pneumonitis during the open-label
phase), ultimately considered to be allergic
alveolitis. The mechanism is unclear and may
represent a Herxheimer-like reaction (both
patients had high SQS scores at baseline) or a
direct effect of LAI.
Audiologic observations and
audiovestibular events. In the double-blind

phase, audiovestibular events occurred at a
similar rate in both groups (z11%), with
tinnitus and dizziness being the most
common events. Audiovestibular events
occurred in two patients in each group
(z5%) in the open-label phase. At Day 168,
a grade 1 change from baseline (based on
Common Terminology Criteria for Adverse
Events criteria) in audiology was observed
for ﬁve patients (LAI, two patients; placebo,

three patients), and a grade 2 change from
baseline was recorded for one patient who
had received prior placebo.
Renal events. One patient in the LAI
group experienced mild (non–clinically
meaningful) worsening of a previously
abnormal glomerular ﬁltration rate in the
double-blind phase that was reversing
within 28 days off LAI, and one patient in
the LAI group experienced moderate
nephrolithiasis for a single day during
open-label treatment.
Lung function. Small, clinically
insigniﬁcant increases in FEV1 percent
predicted (0.32 6 5.5% vs. 0.16 6 6.0% in
the LAI and placebo groups, respectively)
were observed in both treatment groups at
the end of the double-blind phase.

Discussion
In this multicenter clinical trial, we assessed
the novel drug formulation LAI in patients
who had persistently positive NTM cultures
despite having received ATS/IDSA
guidelines–based treatment (9) for at least
6 months before screening. Concern that
this treatment-refractory, advanced-disease
population, a high proportion of whom had
cavitary disease and macrolide resistance
(Table 1), would not achieve negative
sputum cultures within the 3-month
controlled phase led to selection of a
reduction in semiquantitative growth as the
primary endpoint. Although the primary
endpoint did not reach statistical
signiﬁcance, owing in part to adjustments
in SQS score for one death in the LAI group
(removal of this adjustment yielded a
signiﬁcant difference: P = 0.04), an
unanticipated greater proportion of
patients treated with LAI relative to placebo
achieved negative sputum cultures for
NTM, and time to negative sputum culture
conversion favored LAI treatment. In the
overall analysis, because the primary
endpoint was measurement of the change
in SQS steps from baseline, an imbalance
may have affected the outcome. The impact
of such an effect is unknown because a
greater improvement may be more
achievable mathematically in patients who
have higher SQS scores than those with
lower SQS scores at baseline, owing to
improvement from the lower end of the
SQS being inherently more limited.
The signiﬁcant change in SQS
determined a priori was one step (e.g., going
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from 41 growth on agar to 31 growth on
agar or from liquid media growth only to no
growth or culture negative). In a treatmentnaive population of patients with nodular
bronchiectasis associated with M. avium
complex, Grifﬁth and coworkers (35) showed
that a one-step change in SQS scores from
baseline to Month 2 was signiﬁcantly
predictive of culture conversion by Month 12.
(With each additional 1-point improvement
[i.e., a lower value] in culture score from
baseline to Month 2, the odds of a patient
converting were seven times greater in
both univariate and multivariate models
[univariate odds ratio, 6.9; 95% CI, 2.9–16.6;
P = 0.0001; multivariate odds ratio, 7.2; 95%
CI, 2.3–22.0; P = 0.0006]). In the Grifﬁth and
colleagues study (35), improvement in SQS
signiﬁcantly correlated with improvement in
symptom scores (especially for cough) and
radiographic improvement.
Culture conversion, used in tuberculosis
trials to predict lasting mycobacterial
eradication, occurred in more patients
receiving LAI treatment than in patients who
received placebo at Day 84, and most had
persistently negative cultures at 28 days and
1 year after discontinuation of LAI. Conversion
occurred mainly in non-CF patients with
M. avium complex infection. Microbiologic
effectiveness appeared to correlate with the
level of amikacin susceptibility. Culture
conversion was seen only at MICs of
64 mg/ml or lower (the upper limit of
amikacin concentration tested). Isolates with
an MIC greater than this upper limit were
more likely to carry amikacin resistance
mutations. Patients with isolates having MICs
greater than 64 mg/ml or the 16S rRNA gene
mutation at position 1,408 do not appear to be
candidates for the drug. Emergent mutational
resistance occurred in 5.7% of patients
exposed to LAI and was not observed with
culture conversion on LAI treatment.
No clear correlation was noted between
improvement in the microbiologic SQS and
results for the St. George’s Respiratory
Questionnaire, Quality of Life-Bronchiectasis
NTM symptoms, or 6-minute walk distance.
There may be several reasons for this. First
of all, this primary endpoint as used had
signiﬁcant “penalties” assigned a priori
for missing values, as described above.
Imbalances in missing values such as the
death that occurred in the active drug group
may have masked an ability to see a
correlation. Second, the worsening of airwayrelated symptoms associated with inhalation
of LAI in some patients, particularly with
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initiation of LAI, may have masked eventual
symptomatic improvement correlating with
microbiologic response. Third, many of
these patients had advanced underlying
bronchiectasis, and many were coinfected
with other pathogens. Overlap in symptom
changes between microbiologic effect on
NTM and the status of the underlying
bronchiectasis or effects from other
pathogens not in the antimicrobial spectrum
of LAI may have affected correlations. In
the study by Grifﬁth and colleagues (35),
improvement in SQS scores from a
treatment-naive population with underlying
nodular bronchiectasis receiving standard-ofcare treatment did correlate with symptom
improvement after 12 months. Last, the
phenomenon of the change in scores is such
that patients with lower quantities of
organisms at baseline would have less change
in score when becoming culture negative than
would patients with higher quantities of
organisms at baseline. Slight imbalances in
baseline between the two groups for
individuals who converted to negative may
explain why a change in SQS score might
not correlate as well as absolute culture
conversion for signiﬁcant improvement
in functional status represented by the
improvement in 6-minute walk test scores.
The 6-minute walk test was used to
measure the functional capacity of converters
versus nonconverters, regardless of treatment
arm. Functional capacity improved with LAI
treatment relative to placebo, and patients

who had culture conversion experienced
greater improvements in distance walked
than those who did not convert, suggesting a
correlation between culture conversion and
improved functional capacity.
No between-group changes were noted
in any measures of quality of life during
the study. One reason for this may be
attributable to the increased respiratory
system–related adverse events associated
with LAI because these quality-of-life scales
are heavily weighted for respiratory
symptoms. The majority of adverse events
in the LAI group were respiratory in nature,
and these respiratory events led to more
discontinuations of the study drug. The
frequency of respiratory symptoms
declined with continued drug use in those
patients who remained on the drug.
Aminoglycoside-associated risks of
nephrotoxicity, ototoxicity, and vestibular
toxicity were relatively low and comparable
between groups. These results are consistent
with those of prior retrospective reports
demonstrating a lower prevalence of these
risks with inhaled versus parenteral
conventional amikacin (11, 36, 37).
Conclusions

Although the primary endpoint was not
achieved, the results of this study suggest that, in
patients with treatment-refractory PNTM
disease, the addition of LAI to an ATS/IDSA
guidelines–based multidrug regimen can
achieve early and sustained negative sputum
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