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ABSTRACT Although guidelines recommend amikacin (AMK) inhalation therapy for
difficult-to-treat nontuberculous mycobacterial lung disease (NTM-LD), data are lim-
ited regarding the safety and clinical efficacy of this salvage therapy. We retrospec-
tively evaluated the treatment outcomes of 77 patients with refractory NTM-LD
caused by Mycobacterium abscessus complex (MABC) or M. avium complex (MAC)
who initiated AMK inhalation therapy between February 2015 and June 2016. MABC
was the most common etiology (n � 48, 62%), followed by MAC (n � 20, 26%) and
mixed infections (n � 9, 12%). Isolates with macrolide resistance and baseline AMK
resistance were identified in 63 (82%) patients and 5 (6%) patients, respectively. At
12 months after AMK inhalation therapy, 49% of patients had symptomatic improve-
ment, whereas 42% had radiological improvement. Conversion to a negative sputum
culture occurred in 14 (18%) patients, and the culture conversion rate was higher in
patients infected with macrolide-susceptible isolates (7/14, 50%) than in those in-
fected with macrolide-resistant isolates (7/63, 11%) (P � 0.003). Significant decreases
in sputum semiquantitative culture positivity occurred after AMK inhalation therapy
(P � 0.001). On multivariate analysis, conversion to a negative sputum culture was
associated with mixed infections (P � 0.009), a forced expiratory volume in 1 s of
greater than 60% (P � 0.008), and the absence of macrolide resistance (P � 0.003).
Thirty-eight percent of patients experienced adverse effects, with ototoxicity (n �

15) being the most common. AMK inhalation salvage therapy may improve the
treatment responses in some patients with refractory NTM-LD. However, considering
the common adverse effects, further evaluation of the optimal dosage and intervals
for AMK inhalation therapy is needed.

KEYWORDS nontuberculous mycobacteria, Mycobacterium avium complex,
Mycobacterium abscessus, amikacin, inhalation

Nontuberculous mycobacterial (NTM) lung disease (NTM-LD) is a chronic progres-
sive disease caused by various NTM species. The prevalence and burden of

NTM-LD are increasing worldwide (1–3). The current guidelines for the treatment of
NTM-LD recommend long-term, multidrug therapy (4–6); however, the treatment
success rates are unsatisfactory (7–9). In pulmonary disease caused by Mycobacterium
avium complex (MAC), the most common etiologic organism of NTM-LD, the overall
sputum culture conversion rate is approximately 50 to 60% (7, 8). Moreover, M.
abscessus complex (MABC) lung disease (MABC-LD) has sometimes been considered
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chronic and incurable, given the lack of effective drugs, based on in vitro antibiotic
susceptibilities (9).

In patients with cavitary or extensive MAC-LD and those with MABC-LD, guidelines
recommend the use of injectable aminoglycoside antibiotics, such as amikacin (AMK),
in addition to the standard oral regimens (4–6). However, long-term systemic admin-
istration of AMK is often limited by serious adverse effects, such as auditory or renal
toxicity (10, 11). Therefore, aerosolized antibiotic inhalation therapy has recently been
applied in efforts to maximize drug delivery to the lungs and limit the potential
systemic adverse effects. Such drug delivery systems are considered to improve the
tolerability of long-term antibiotic therapy and clinical outcomes (12).

Recent case series reported the potential role of AMK inhalation therapy for NTM-LD
(13–16), and current guidelines recommend its use in patients with refractory MAC- and
MABC-LD (5, 6). However, data regarding the clinical efficacy and adverse effects of
AMK inhalation in the treatment of NTM-LD are still very limited. Therefore, the purpose
of this study was to evaluate the treatment outcomes and safety of salvage therapy
with AMK inhalation in patients with refractory NTM-LD caused by MAC or MABC, the
two major NTM pathogens.

RESULTS
Patient characteristics. The baseline characteristics of the 77 patients at the time

of initiation of AMK inhalation therapy are shown in Table 1. The median age was 60
years (interquartile range [IQR], 53 to 69 years), and 69% of patients were female.

TABLE 1 Baseline characteristics at time of initiation of AMK inhalation therapya

Clinical characteristics Value(s)

Median (IQR) age (yr) 60 (53–69)
No. (%) of female patients 53 (69)
Median (IQR) body mass index (kg/m2) 19.8 (18.1–21.8)
No. (%) of nonsmokers 60 (78)

No. (%) of patients with the following underlying lung disease:
Previous pulmonary tuberculosis 57 (74)
Chronic cavitary pulmonary aspergillosis 17 (22)
Chronic obstructive pulmonary disease 9 (12)

No. (%) of patients in whom the etiologic organism was:
M. abscessus complex 48 (62)

M. abscessus 35
M. massiliense 12
M. bolletii 1

M. avium complex 20 (26)
M. intracellulare 14
M. avium 6

Mixture of bacteria 9 (12)

No. (%) of patients with the following radiological findings:
Nodular bronchiectatic form 47 (61)

With cavity 25
Without cavity 22

Fibrocavitary form 30 (39)

Laboratory findings
No. (%) of patients with acid-fast bacillus smear-positive sputum 51 (66)
Median (IQR) albumin concn (g/dl) 3.8 (3.5–4.1)
Median (IQR) C-reactive protein concn (mg/dl) 1.4 (0.4–3.6)
Median (IQR) erythrocyte sedimentation rate (mm/h) 49 (34–90)

Median (IQR) forced expiratory vol in 1 s (%) 63 (46–75)

No. (%) of patients whose isolates had:
Macrolide resistance 63 (82)
Amikacin resistance 5 (7)

aData are for a total of 77 patients. Abbreviations: AMK, amikacin; IQR, interquartile range.
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Fifty-seven (74%) patients had undergone previous treatment for pulmonary tubercu-
losis. Seventeen (22%) patients had chronic cavitary pulmonary aspergillosis, and most
of these patients (16/17) had received itraconazole therapy. Nine (12%) patients had
chronic obstructive pulmonary disease.

MABC was the most common etiologic organism (n � 48 [62%]; 35 cases of M.
abscessus infection, 12 cases of M. massiliense infection, and 1 case of M. bolletii
infection), followed by MAC (n � 20 [26%]; 14 cases of M. intracellulare infection and 6
cases of M. avium infection) and a mixture of bacteria (n � 9 [12%]; 3 cases of M.
abscessus with M. intracellulare, 3 cases of M. abscessus with M. avium, 2 cases of M.
massiliense with M. avium, and 1 case of M. abscessus with M. massiliense). High-
resolution computed tomography (HRCT) scans of the chest revealed that 47 (61%)
patients had the nodular bronchiectatic form of NTM-LD, whereas 30 (39%) had the
fibrocavitary form. Cavitary lesions were identified in 55 (71%) patients. Sputum spec-
imens with positive acid-fast bacillus (AFB) smears were identified in 66% of patients.
On pulmonary function testing, the median percentage of predicted forced expiratory
volume in 1 s (FEV1) was 63% (IQR, 46 to 75%).

Macrolide resistance was identified in 63 (82%) patients at the time of initiation of
AMK inhalation therapy. Among the 48 MABC patients, 29 M. abscessus isolates and 1
M. bolletii isolate had inducible resistance to macrolides, whereas 6 M. abscessus isolates
and 6 M. massiliense isolates were resistant to macrolides. Among the 20 MAC patients,
8 M. intracellulare isolates and 6 M. avium isolates had macrolide resistance. Among the
patients with mixed infections, the isolates from seven of nine patients had macrolide
resistance: two patients infected with M. intracellulare and inducibly resistant M.
abscessus, three patients infected with M. avium and inducibly resistant M. abscessus,
one patient infected with M. avium and resistant M. massiliense, and one patient
infected with M. massiliense and resistant M. abscessus. AMK resistance was identified in
five (6%) patients at the time of initiation of AMK inhalation therapy: two patients
infected with M. abscessus, one patient infected with M. massiliense, one patient
infected with M. avium, and one patient with a mixed infection with M. abscessus and
AMK-resistant M. intracellulare.

Antibiotic treatment regimens. The antibiotic treatment regimens before and

after AMK inhalation therapy are shown in Table 2. All patients who received salvage
treatment with AMK inhalation had persistent positive cultures after previous antibiotic
therapy for a median of 37.8 months (IQR, 15.7 to 61.4 months). Sixty-eight (88%)
patients had previously received injectable aminoglycoside therapy, in the form of
intravenous injection of AMK for MABC-infected patients and intramuscular injection of
streptomycin or AMK for MAC-infected patients, for a median of 2.0 months (IQR, 1.0 to
4.7 months) before AMK inhalation therapy.

After starting AMK inhalation therapy, all MABC-infected patients continued therapy
with an oral macrolide, and 43 (90%) patients also received clofazimine. In patients with
MAC-LD, all continued an oral macrolide, and most also continued companion drugs,
such as ethambutol (n � 18, 90%), rifampin (n � 13, 65%), or clofazimine (n � 16, 80%).
In the mixed infection group, all patients continued an oral macrolide as well as other
drugs, such as ethambutol (n � 8, 89%), rifampin (n � 4, 44%), and clofazimine (n �

8, 89%). Overall, the median duration of AMK inhalation therapy during the study
period was 12.0 months (IQR, 6.8 to 12.0 months).

Treatment response evaluation 12 months after initiating AMK inhalation
therapy. The treatment responses were evaluated 12 months after initiating AMK

inhalation therapy (Table 3). There was overall symptomatic improvement in 49% of
patients (MABC-infected patients, 44%; MAC-infected patients, 55%; patients with
mixed infection, 67%; P � 0.242). The radiological response was evaluated using HRCT
in 65 patients and chest X ray in the remaining 12 patients. There was overall
radiological improvement in 42% of patients (MABC-infected patients, 33%; MAC-
infected patients, 50%; patients with mixed infection, 67%; P � 0.154).
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Twenty-six (34%) patients had at least one negative culture, and conversion to a
negative sputum culture occurred in 14 (18%) patients during the study period. The
rates for at least one negative culture (P � 0.015) and conversion to a negative culture
(P � 0.019) were different among the three groups (Table 3). With regard to macrolide
resistance, the culture conversion rate was significantly higher in patients infected with
macrolide-susceptible isolates (7/14, 50%) than it was in patients infected with
macrolide-resistant isolates (7/63, 11%, P � 0.003). The culture conversion rate was also
higher in patients infected with AMK-susceptible isolates (14/72, 19%) than it was in
patients infected with AMK-resistant isolates (0/5, 0%). However, this finding was not
statistically significant (P � 0.578). The median time to conversion to a negative sputum
culture was 3.1 months (IQR, 1.3 to 7.3 months) (Fig. 1). During the study period, 64

TABLE 2 Antibiotic treatment regimensa

Antibiotic

Value(s) for patients with the following infection:

MABC (n � 48) MAC (n � 20) Mixed (n � 9)

No. (%) of patients receiving the following
before amikacin inhalation therapy:

Macrolide 48 (100) 20 (100) 9 (100)
Ethambutol 0 20 (100) 8 (89)
Rifampin 0 20 (100) 8 (89)
Clofazimine 33 (69) 5 (25) 7 (78)
Moxifloxacin 19 (40) 12 (60) 3 (33)
Imipenem 34 (71) 0 (0) 8 (89)
Cefoxitin 14 (29) 0 (0) 1 (11)
Amikacin or streptomycin injection 48 (100) 15 (75) 5 (56)

Median (IQR) total treatment duration
(mo)

39.5 (15.8–84.2) 38.5 (14.8–50.4) 25.9 (17.5–47.1)

No. (%) of patients receiving the following
after amikacin inhalation therapy:

Macrolide 48 (100) 20 (100) 9 (100)
Ethambutol 0 18 (90) 8 (89)
Rifampin 0 13 (65) 4 (44)
Clofazimine 43 (90) 16 (80) 8 (89)
Moxifloxacin 0 1 (8) 1 (11)
Amikacin inhalation 48 (100) 20 (100) 9 (100)

Median (IQR) duration of amikacin
inhalation therapy (mo)

12.0 (6.8–12.0) 12.0 (5.3–12.0) 12.0 (12.0–12.0)

aAbbreviations: MABC, M. abscessus complex; MAC, M. avium complex; IQR, interquartile range.

TABLE 3 Treatment response 12 months after initiating amikacin inhalation therapya

Response

Value(s) for patients with the following infection:

P valueTotal (n � 77) MABC (n � 48) MAC (n � 20) Mixed (n � 9)

No. (%) of patients with the following symptomatic responses: 0.242
Improved 38 (49) 21 (44) 11 (55) 6 (67)
Unchanged 14 (18) 11 (23) 1 (5) 2 (22)
Worsened 25 (33) 16 (33) 8 (40) 1 (11)

No. (%) of patients with the following radiological responses: 0.154
Improved 32 (42) 16 (33) 10 (50) 6 (67)
Unchanged 12 (15) 11 (23) 1 (5) 0 (0)
Worsened 33 (43) 21 (44) 9 (45) 3 (33)

No. (%) of patients with at least one negative culture 26 (34) 14 (29) 5 (25) 7 (78) 0.015
No. (%) of patients with sputum culture conversion 14 (18) 6 (13) 3 (15) 5 (56) 0.019
Median (IQR) time to culture conversion (mo) 3.1 (1.3–7.3) 5.4 (2.1–9.9) 3.4 (1.4–5.1) 2.3 (1.0–4.5) 0.365
No. (%) of patients lost to follow-up 3 (4) 3 (6) 0 0 NA
No. (%) of patients who died 10 (13) 7 (15) 3 (15) 0 0.624
Median (IQR) follow-up period (mo) 12.0 (12.0–12.0) 12.0 (12.0–12.0) 12.0 (12.0–12.1) 12.0 (12.0–12.0) 0.396
aAbbreviations: MABC, M. abscessus complex; MAC, M. avium complex; NA, not available; IQR, interquartile range.
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patients had follow-up data on the results of testing for susceptibility to AMK within 12
months after the initiation of AMK inhalation therapy, and an AMK-resistant strain was
identified in only 1 of these patients. This patient had a mixed infection with M.
massiliense and M. avium, and AMK resistance was detected in the M. avium strain after
6 months of AMK inhalation therapy. This patient subsequently failed culture conver-
sion.

According to the culture results on solid medium, 59 (77%) patients had �1� AFB
culture positivity at the time of initiation of AMK inhalation therapy. Twenty (26%)
patients had �1� AFB culture positivity after 12 months of AMK inhalation therapy.
There were significant decreases in sputum semiquantitative culture positivity after
AMK inhalation therapy (P � 0.001) (Fig. 2).

During the study period, three (4%) patients were lost to follow-up after a median
of 3.6 months of AMK inhalation therapy. Ten (13%) patients died due to the progres-
sion of NTM-LD (n � 7) or pneumonia (n � 3), and nine of these patients died within
12 months after the initiation of AMK inhalation therapy, whereas the remaining patient
died after 19.0 months of AMK inhalation therapy. There were no differences in the
death rates according to the etiologic organisms (P � 0.624).

Adverse effects associated with amikacin inhalation therapy. Of the 77 patients
in this study, 76 patients initially received 500-mg daily AMK inhalation therapy. Of
these 76 patients, 27 (35%) patients maintained daily AMK inhalation therapy for 12

FIG 1 Cumulative sputum culture conversion rates after initiation of amikacin inhalation therapy.

FIG 2 Trends in serial changes in semiquantitative sputum culture positivity for acid-fast bacilli after
amikacin inhalation therapy during 12 months determined using generalized estimating equations.
Vertical bars indicate interquartile ranges.
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months without adverse effects, whereas 29 (38%) patients experienced adverse effects
associated with AMK inhalation therapy (Table 4). Additionally, 21 (27%) of these
patients discontinued AMK inhalation therapy after 6.4 months (IQR, 3.4 to 9.9 months),
and 8 (10%) patients had a change in the AMK dosage from 500 mg once daily to 500
mg three times weekly after 6.9 months (IQR, 1.7 to 8.0 months) of AMK inhalation
therapy and maintained this dosage without adverse effects.

Starting in September 2016, our AMK inhalation treatment protocol was changed
from 500 mg once daily to 500 mg three times weekly. On the basis of this protocol
change, 20 (26%) of the 76 patients changed from daily AMK inhalation to three-times-
weekly AMK inhalation after 8.9 months (IQR, 4.8 to 9.8 months) without adverse
effects. Out of the total number of 77 study patients, only 1 (1%) patient was treated
with 500-mg three-times-weekly AMK inhalation at the outset of therapy as a conse-
quence of the protocol change. The most common reason for therapy discontinuation
or a regimen change was ototoxicity (n � 15 patients), followed by fatigue (n � 7),
tinnitus (n � 4), and cough (n � 2) (Table 4). All 29 patients who had adverse effects
were initially treated with 500-mg once-daily AMK inhalation. However, after the
protocol change at the Samsung Medical Center, no additional patients experienced
adverse effects with AMK inhalation therapy.

Factors associated with conversion to a negative culture. We also evaluated the
factors that were associated with conversion to a negative sputum culture. On univar-
iate analysis, a mixed organism infection, an FEV1 of �60%, and the absence of
macrolide resistance were associated with conversion to a negative sputum culture. On
multivariate analysis, a mixed organism infection (P � 0.015), an FEV1 of �60% (P �

0.014), and no macrolide resistance (P � 0.002) retained statistical significance (Table 5).

DISCUSSION

In this study, we evaluated the efficacy and safety of salvage therapy with AMK
inhalation in 77 refractory NTM-LD patients. To the best of our knowledge, this is the
largest case series of treatment-refractory NTM-infected patients treated with AMK
inhalation. One of the most notable findings in this study was that approximately half
of all patients exhibited clinicoradiological improvement, while approximately 18%
(14/77) achieved conversion to a negative sputum culture. We also found a significant
decrease in sputum AFB semiquantitative culture positivity in patients with refractory
NTM-LD after AMK inhalation therapy. These findings suggest that adjunctive AMK
inhalation therapy may help to achieve symptomatic and radiographic improvement
and decrease the mycobacterial burden. Considering that only limited data regarding
the benefits of AMK inhalation therapy in NTM-LD patients are available (13–16), our
results are important in the determination of appropriate therapeutic strategies for
refractory NTM-LD.

Four prior case series described AMK inhalation therapy for refractory NTM-LD (Table
6) (13–16). The sputum culture conversion rate in our study (18%) seemed to be lower
than that observed in two of those previous studies (13, 16). Davis et al. found that four
of six (67%) patients with refractory MAC-LD became culture negative after 6 months
of AMK inhalation therapy (13), and Yagi et al. recently found that 10 of 23 patients

TABLE 4 Adverse effects associated with amikacin inhalation-containing regimens

Adverse effect

No. (%) of patients with:

Discontinuation Regimen changea Total

Total 21 (27) 8 (10) 29 (38)
Ototoxicity 11 (14) 4 (6) 15 (19)
Fatigue 6 (8) 1 (1) 7 (9)
Tinnitus 3 (4) 1 (1) 4 (5)
Cough 1 (1) 1 (1) 2 (3)
Hoarseness 0 1 (1) 1 (1)
Nephrotoxicity 0 0 0
aChange of amikacin inhalation from 500 mg once daily to 500 mg three times weekly.
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(43%) with refractory NTM-LD achieved sputum culture conversion after AMK inhalation
therapy (16). However, our sputum culture conversion rate was comparable to that in
the report by Olivier et al., who showed a culture conversion rate of 25% in 20 patients
with refractory NTM-LD (15). Interestingly, a recently published prospective study
evaluating the clinical efficacy of liposomal AMK for inhalation (a novel AMK formu-
lation) reported a slightly higher culture conversion rate (32%) in 44 patients with
refractory NTM-LD (17).

These discrepancies may be explained by the fact that relatively small numbers of
patients were analyzed in previous studies, and the characteristics of the cohorts varied.
In our study, 55 (71%) patients had MABC infection or mixed infection caused by MABC
and MAC. This high proportion of patients with MABC infection was similar to that in
the study by Olivier et al. (15). MABC-LD is the most difficult-to-treat NTM-LD because
of the intrinsic resistance of MABC to many antibiotics (18–21). In addition, two-thirds
of our patients (52/77, 68%) had been treated for longer than 24 months prior to
initiation of AMK inhalation therapy, and nine patients died within 12 months after
initiation of AMK inhalation therapy. These findings suggest that a significant propor-
tion of our patients already had extensive disease, which may have contributed to the
relatively low sputum culture conversion rate. The rate of macrolide resistance was also
much higher (82%) in our study than in the studies by Davis et al. (13) and Yagi et al.
(16), although our resistance rate was comparable to that reported by Olivier et al. (15).
In our study population, a relatively higher culture conversion rate was observed in the
mixed infection group. Five of nine (56%) patients with mixed infection achieved
conversion after adding AMK inhalation therapy (three cases of infection with M.
abscessus with M. avium, one case of infection with M. massiliense with M. avium, and
one case of infection with M. abscessus with M. intracellulare). None of these five
patients had cavitary lesions, and three patients with mixed infections had negative
AFB smears at the time of initiation of AMK inhalation therapy. These characteristics
could have contributed to the high sputum culture conversion rate in patients with
mixed infections in our study.

The culture conversion rate in this study for patients infected with macrolide-
resistant isolates was only 11%, a rate significantly lower than that for patients infected
with macrolide-susceptible isolates (47%). Additionally, macrolide resistance was asso-
ciated with persistent positive cultures after AMK inhalation therapy. Macrolides are

TABLE 5 Univariate and multivariable analyses of factors associated with culture-negative conversiona

Variable

No. (%) of patients with: Univariate analysis Multivariable analysis

Culture conversion
(n � 14)

No culture conversion
(n � 63) OR (95% CI) P value

Adjusted OR
(95% CI) P value

Age 8 (57) 31 (49) 1.38 (0.43–4.43) 0.592
Female 10 (71) 43 (68) 1.16 (0.32–4.16) 0.817
No previous pulmonary tuberculosis 6 (43) 14 (22) 2.63 (0.78–8.84) 0.119

Etiologic organism
M. abscessus complex 6 (43) 42 (67) Reference
M. avium complex 3 (21) 17 (27) 1.24 (0.28–5.51) 0.782
Mixed infection 5 (36) 4 (6) 8.75 (1.82–42.00) 0.007 17.79 (2.06–153.86) 0.009

Albumin concn � 3.5 g/dl 12 (86) 42 (67) 3.00 (0.61–14.65) 0.175
FEV1 � 60% 12 (86) 29 (46) 7.03 (1.45–34.04) 0.015 28.67 (2.42–339.16) 0.008
Sputum smear negative for AFB 7 (50) 19 (30) 2.32 (0.71–7.52) 0.162
No cavity 5 (36) 17 (27) 1.50 (0.44–5.13) 0.515
No macrolide resistance 7 (50) 7 (11) 8.00 (2.16–29.64) 0.002 20.51 (2.75–52.86) 0.003

AMK inhalation dosage
500 mg daily ¡ stopped (adverse

effects)
2 (14) 19 (30) Reference

500 mg daily ¡ TIW or initial TIW 9 (64) 20 (32) 4.28 (0.82–22.39) 0.086
500-mg daily maintenance 3 (21) 24 (38) 1.19 (0.18–7.84) 0.858

aAbbreviations: OR, odds ratio; CI, confidence interval; FEV1, forced expiratory volume in 1 s; AFB, acid-fast bacilli; TIW, three times weekly.
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the cornerstone drugs in the treatment of NTM-LD (4–6). Therefore, patients with
macrolide-resistant MAC-LD (22–25) or macrolide-resistant MABC-LD, including patients
with lung disease caused by both isolates with intrinsic resistance and isolates with
acquired resistance (26–30), have a very poor prognosis. In our study, salvage therapy
with AMK inhalation was added to the existing (failing) regimens in all patients. The
majority of patients had already received recently repurposed medications, such as
clofazimine (31, 32). Moreover, no patients infected with AMK-resistant isolates
achieved culture conversion after AMK inhalation therapy in the present study, which
is consistent with the findings of a recent study using liposomal AMK inhalation therapy
in patients with refractory NTM-LD (17). Therefore, the clinical efficacy of AMK inhala-
tion therapy in patients with AMK-resistant NTM-LD could be considered limited on the
basis of these results. However, the clinical efficacy of AMK inhalation therapy com-
bined with other drugs for the initial treatment of macrolide-resistant NTM-LD must be
evaluated further.

Aerosolized antibiotic delivery was initially shown to be beneficial for cystic fibrosis
patients with chronic Pseudomonas infection (33–35). Subsequently, inhalation antibi-
otic therapy was used to treat various respiratory diseases, including bronchiectasis (12)
and nosocomial bacterial pneumonia (36). A major advantage to aerosolized antibiotic
delivery is that drug delivery is maximized at the target site, allowing higher drug
concentrations within the macrophage, the site of mycobacterial replication, without
introducing systemic adverse effects. However, it is unknown whether aerosolized
antibiotics are effectively delivered or absorbed at the target sites of patients with
underlying structural lung damage due to long-standing refractory NTM-LD. A previous
study found a rapid decline in lung function in patients with NTM-LD who did not
respond to antibiotic therapy (37). In this context, our finding that a low FEV1 was
significantly associated with a failure of culture conversion may have clinical implica-
tions. AMK inhalation therapy might be effective in patients with less advanced NTM-LD
and more preserved lung function. This finding may also help to predict the treatment
outcomes of adjunctive AMK inhalation therapy in patients with NTM-LD. Regardless,
further studies are needed to substantiate these findings.

In our study, more than one-third of patients discontinued the AMK inhalation
therapy or had their dosage reduced due to adverse effects. These findings are
comparable to those of Olivier et al., who found that 7 out of 20 (35%) patients stopped
AMK inhalation therapy because of various adverse effects, including ototoxicity (15).
However, other studies that used similar AMK doses (15 mg/kg of body weight/day)
reported more tolerable adverse effect profiles. Yagi et al. found that only 2 of 26
patients discontinued AMK inhalation therapy within 1 month of starting the inhalation
therapy (16). Similarly, Davis et al. reported that only one of six patients with MAC-LD
was unable to tolerate prolonged AMK inhalation therapy (13). In a recent study
evaluating the efficacy of liposomal AMK inhalation therapy in patients with refractory
NTM-LD, serious adverse events, including exacerbation of bronchiectasis or pneumo-
nia, were reported in up to 18% of patients (17). These findings suggest that the
development of AMK-associated adverse effects may be affected not only by drug
pharmacokinetics/dynamics but also by intrinsic host factors. However, to date, there
are no guidelines regarding the optimum dose of AMK in AMK inhalation therapy for
the treatment of NTM-LD. Therefore, further studies are needed to clarify optimal
dosing regimens.

This study has several limitations. For example, its retrospective observational nature
introduces potential biases. In addition, given the retrospective design, the assessment
of symptomatic and radiographic improvement was not evaluated using objective
measures. A third limitation is that, because sputum specimens were not collected
monthly, it was not possible to report the accurate time to sputum culture conversion.
Finally, the long-term clinical responses and safety of three-times-weekly AMK inhala-
tion therapy could not be fully evaluated because the follow-up duration was relatively
short.

In conclusion, salvage therapy with AMK inhalation may help to achieve symptom-
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atic and radiographic improvement and to decrease the mycobacterial disease burden
in patients with refractory NTM-LD. Considering its relatively common adverse effects,
however, further evaluation regarding the optimal dosage and timing of AMK inhala-
tion therapy is needed.

MATERIALS AND METHODS
Study population. AMK inhalation therapy was introduced for the treatment of NTM-LD at the

Samsung Medical Center in February 2015. We identified consecutive patients who initiated salvage
therapy with AMK inhalation for refractory MAC- or MABC-LD between February 2015 and June 2016
using the database of the NTM Registry of the Samsung Medical Center (a 1,979-bed referral hospital in
Seoul, South Korea). All study patients met the diagnostic criteria for NTM-LD (4). Refractory NTM-LD was
defined as persistent positive sputum cultures after at least 6 months of multidrug treatment. All patients
received standardized multidrug treatment according to the etiologic organisms, as reported previously
(26, 38–42). None of the included patients had previously received AMK inhalation therapy. AMK
inhalation therapy was added to each patient’s respective, existing treatment regimen.

This retrospective study was approved by the Institutional Review Board (IRB) of the Samsung
Medical Center (IRB no. 2017-06-018). Patient information was anonymized and deidentified prior to
analysis. Therefore, informed consent was waived.

Amikacin inhalation protocol. Commercially available intravenous AMK sulfate solution (250 mg/
ml) was diluted with 2 ml of saline and applied using a compressor nebulizer (model NE-C28; Omron
Colin Co., Ltd., Tokyo, Japan). Patients were initially treated with 250-mg AMK inhalation therapy once
daily in February 2015. In the absence of adverse effects, the dose was uptitrated to 500 mg once daily
2 to 4 weeks later. However, after several patients in our study developed adverse effects (such as
ototoxicity), our protocol was changed from 500 mg once daily to 500 mg three times weekly in
September 2016.

Patients were followed up at 1, 3, and 6 months after the initiation of AMK inhalation therapy. They
were then seen at 3-month intervals at an outpatient clinic with laboratory and audiometry examina-
tions. Nephrotoxicity was defined as an increase in serum creatinine levels of �0.5 mg/dl from those at
the baseline (11). Ototoxicity was defined by any of the following criteria: hearing loss of at least 10 dB
at two or more consecutive frequencies, hearing loss of at least 20 dB at one isolated frequency, or loss
of a response at any of three consecutive frequencies on a posttreatment audiogram compared with that
on the baseline audiogram in either ear at any frequency (250, 500, 1,000, 2,000, 4,000, or 8,000 Hz), as
previously described (11).

Radiological and microbiological evaluation. Either a chest X ray or a high-resolution computed
tomography (HRCT) image was available at the time of initial AMK inhalation therapy and during
follow-up. The fibrocavitary form of NTM-LD was defined by the presence of cavitary opacities predom-
inantly in the upper lobes. The nodular bronchiectatic form was defined by the presence of multifocal
bronchiectasis and clusters of small nodules, regardless of the presence of small cavities in the lungs (26,
40, 42).

Sputum acid-fast bacillus (AFB) smears and cultures were performed using standard methods (43). All
specimens were cultured both on 3% Ogawa solid medium (Shinyang, Seoul, South Korea) and in liquid
broth medium in mycobacterial growth indicator tubes (MGIT; Becton, Dickinson and Co., Sparks, MD,
USA). For semiquantitative culture analysis, each culture was scored using a slight modification of
methods described in previous reports (31, 44) as follows: (i) negative, no growth in liquid or solid
medium; (ii) liquid only, growth in liquid medium only; (iii) trace, growth of �50 colonies on solid
medium; (iv) 1�, growth of 50 to 100 colonies on solid medium; (v) 2�, growth of 100 to 200 colonies
on solid medium; (vi) 3�, growth of 200 to 500 colonies on solid medium; and (vii) 4�, growth of �500
colonies on solid medium.

NTM species were identified using a reverse blot hybridization assay of the rpoB gene (26, 40, 42).
Drug susceptibility testing was performed using the broth microdilution method (45). MAC isolates with
a MIC of �32 �g/ml for clarithromycin were considered resistant to macrolides. In MABC isolates, the MIC
of clarithromycin was determined on days 3 and 14 after incubation. The isolates were considered
clarithromycin susceptible if the MIC was �2 �g/ml at days 3 and 14, clarithromycin resistant if the MIC
was �8 �g/ml at day 3, or inducibly clarithromycin resistant if they were susceptible at day 3 but
resistant at day 14 (45). Isolates were considered macrolide resistant if they were resistant or inducibly
resistant to clarithromycin in this study. Isolates of both MAC and MABC with an MIC of AMK of �16
�g/ml were considered susceptible, and those with an MIC of �64 �g/ml were considered resistant to
AMK (45, 46). A mixed infection was considered resistant to a macrolide or AMK when at least one of the
strains was resistant to the drug.

Evaluation of treatment response. The treatment response was assessed at 12 months after
starting AMK inhalation therapy, and for patients who were treated with AMK inhalation therapy for less
than 12 months, the data obtained at the last follow-up date were included in the analysis. The
symptomatic responses during the study period were determined by the attending physician without
the use of objective standardized methods. The radiological response was evaluated by comparing the
initial and follow-up chest X rays or HRCT images. The images were reviewed by two of the authors (B.Y.,
W.-J.K.), between whom consensus was obtained for classifying the findings as “improved,” “unchanged,”
or “worse.” Conversion to a negative sputum culture was defined as three consecutive negative cultures.
The time of conversion was defined as the date of the first negative culture (26, 40, 42).
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Statistical analysis. All data are presented as medians and interquartile ranges (IQRs) for continuous
variables and as numbers (percentages) for categorical variables. Data were compared using the
Mann-Whitney U test for continuous variables and the Pearson �2 test or Fisher’s exact test for categorical
variables. Trends in serial changes in AFB culture positivity were analyzed with generalized estimating
equations. In order to assess the associated factors for culture conversion, univariate and multivariate
analyses with a logistic regression were performed by including variables that had a P value of �0.20 on
univariate analysis in the regression. All analyses were performed using SAS (version 9.4) software (SAS
Institute, Cary, NC, USA). Two-sided P values of �0.05 were considered statistically significant for all
analyses.
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