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Current and emerging treatment strategies for Mycobacterium
avium complex pulmonary disease: a narrative review
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The Mycobacterium avium complex (MAC), comprising M. avium and M. intracellulare, constitutes the predominant cause of nontuberculous mycobacterial
pulmonary disease (NTM-PD) in Korea, followed by the M. abscessus complex. Its global prevalence is increasing, as shown by a marked rise in Korea from
114 to 56.7 per 100,000 individuals between 2010 and 2021, surpassing the incidence of tuberculosis. Among the older adult population (aged >68 years),
the prevalence escalated from 41.9 to 163.1 per 100,000, accounting for 47.6% of cases by 2021. Treatment should be individualized based on prognostic indi-
cators, including cavitary disease, low body mass index, and positive sputum smears for acid-fast bacilli. Current therapeutic guidelines recommend a 3-drug
regimen—consisting of a macrolide, rifampin, and ethambutol—administered for a minimum of 12 months following culture conversion. Nevertheless, treat-
ment success rates are only roughly 60%, and over 30% of patients experience recurrence. This is often attributable to reinfection rather than relapse. Antimi-
crobial susceptibility testing for clarithromycin and amikacin is essential, as resistance significantly worsens prognosis. Ethambutol plays a crucial role in pre-
venting the development of macrolide resistance, whereas the inclusion of rifampin remains a subject of ongoing debate. Emerging therapeutic strategies sug-
gest daily dosing for milder cases, increased azithromycin dosing, and the substitution of rifampin with clofazimine in severe presentations. Surgical resection
achieves a notable sputum conversion rate of approximately 93% in eligible candidates. For refractory MAC-PD, adjunctive therapy with amikacin is advised,
coupled with strategies to reduce environmental exposure. Despite advancements in therapeutic approaches, patient outcomes remain suboptimal, highlight-
ing the urgent need for novel interventions.
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Introduction

Background

Nontuberculous mycobacteria (NTM) are ubiquitous organ-
isms found in various environments, including soil and water [1].
Although NTM infections can affect both pulmonary and ex-
trapulmonary systems, pulmonary disease (PD) is the most com-
mon clinical manifestation worldwide [2]. The global prevalence
and incidence of NTM-PD have steadily increased, with Mycobac-
terium avium complex (MAC) being the leading cause, followed
by the M. abscessus complex [3,4].

In Korea, the annual prevalence of NTM-PD increased from
11.4 per 100,000 in 2010 to 56.7 per 100,000 in 2021, surpassing
the tuberculosis (TB) rate of 52.1 per 100,000 in 2021 [5]. Nota-
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bly, among older adults (aged > 65 years), the prevalence rose
dramatically from 41.9 to 163.1 per 100,000, with this age group
accounting for 47.6% of total cases in 2021 [5]. Given the rapidly
aging demographic structure in Korea, the proportion of older
adults with NTM-PD is expected to increase, which will impose a
substantial socioeconomic burden on the national healthcare sys-
tem [S].

The most significant human pathogens in MAC are M. avium,
M. intracellulare, and M. chimaera. Although MAC includes sever-
al other species, such as M. arosiense, M. colombiense, M. bouched-
urhonense, M. marseillense, M. vulneris, M. timonense, and M. yon-
gonense, most laboratories are unable to identify these species and
subspecies due to the lack of capacity to conduct the molecular

methods necessary for their detection [3]. In Korea, the most
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common causative species of NTM-PD are MAC (79.8%), com-
prising M. avium (41.4%) and M. intracellulare (38.4%), followed
by the M. abscessus complex (16.4%) [4]. Although the number
of reported NTM-PD cases has risen over the past decades, the
proportions of causative species have remained largely unchanged
[4].

Treating NTM-PD is challenging. Even with more than 12
months of treatment using at least 3 antibiotics, overall success
rates for MAC-PD hover around 60% [6-10]. Furthermore, even
after successful treatment, more than one-third of patients experi-
ence recurrence of MAC-PD [11]. Thus, current treatment strat-
egies for MAC-PD must be reassessed to improve clinical out-

comes.

Objectives
This review comprehensively summarizes existing guidelines
and recent updates in treatment approaches for MAC-PD.

Ethics statement

As this study is a literature review, it did not require institutional

review board approval or individual consent.

Clinical presentations of MAC-PD

The diagnostic criteria for NTM-PD were established in the
2007 American Thoracic Society, and Infectious Diseases Society
of America (ATS/IDSA) guidelines and have remained un-
changed in the 2020 American Thoracic Society, European Re-
spiratory Society, European Society of Clinical Microbiology and
Infectious Diseases, and Infectious Diseases Society of America
(ATS/ERS/ESCMID/IDSA) guidelines. To diagnose NTM-PD,
all clinical, radiologic, and microbiologic criteria should be met
[2,12] (Table 1).

The natural course of NTM-PD is influenced by its clinical pre-

sentation, which can be categorized into 2 types: fibrocavitary and
nodular bronchiectatic [2,3]. Traditionally, the fibrocavitary type
is the most common. It is characterized by cavitary lesions in the
upper lobes and is often associated with other pulmonary condi-
tions, such as a history of TB or chronic obstructive pulmonary
disease. This form typically develops in older males with a history
of cigarette smoking and/or alcohol abuse. If left untreated, it rap-
idly progresses within 1-2 years, potentially leading to extensive
lung destruction and respiratory failure [2,3].

In contrast, the nodular bronchiectatic type typically presents
as bilateral bronchiectasis with nodular opacities and/or centri-
lobular infiltrates, frequently affecting the right middle lobe and/
or lingula segment. This type predominantly develops in post-
menopausal nonsmoking females and usually progresses more
slowly than the fibrocavitary form [2,3]. In advanced stages, even
this type may develop cavitary lesions [ 13,14].

A significant proportion of patients with NTM-PD have under-
lying lung diseases, such as bronchiectasis or TB-destroyed lungs,
which raises concerns about bacterial coinfections [15]. Recent
studies have reported the clinical features of patients with NTM-
PD and bacterial coinfections. Among 180 patients who under-
went bronchoscopy, 169 (93.9%) had bronchiectasis and 22
(12.2%) had TB-destroyed lungs. MAC was identified in 153 pa-
tients (85.0%), and bacterial coinfections were present in 80 indi-
viduals (44.4%). The most commonly identified bacteria were
Klebsiella pneumoniae (25/80, 31.3%), followed by Pseudomonas
aeruginosa (20/80, 25.0%) and Staphylococcus aureus (20/80,
25.0%). Compared with those without P. aeruginosa, patients with
this bacterium were older, had a higher prevalence of smoking, ex-
hibited more respiratory symptoms such as cough, and showed

more extensive lung involvement [15].

Table 1. Diagnostic criteria for nontuberculous mycobacterial pulmonary disease

Diagnostic criteria

Clinical (1) Pulmonary or systemic symptoms and (2) appropriate exclusion of other diagnoses

Radiologic (1) Nodular or cavitary opacities on chest radiograph or (2) bronchiectasis with multiple small nodules on high-resolution computed
tomography scan

Microbiologic (1) Positive culture results from at least 2 separate expectorated sputum samples (over an interval of a week or more) or (2) positive

culture results from at least one bronchial wash or lavage or (3) transbronchial or other lung biopsy with mycobacterial histologic
features (granulomatous inflammation or AFB) and positive culture for NTM or biopsy showing mycobacterial histologic features
(granulomatous inflammation or AFB) and one or more sputum or bronchial washings that are culture positive for NTM

When 2 positive cultures are obtained, the isolates should be the same NTM species (or subspecies in the case of Mycobacterium

abscessus) in order to meet disease criteria.

AFB, acid-fast bacilli; NTM, nontuberculous mycobacteria.
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Natural courses and treatment decision of
MAC-PD

The diagnosis of MAC-PD does not always require immediate
treatment. Approximately 40%-60% of patients remain stable for
several years after diagnosis without intervention [14,16]. Fur-
thermore, around 40%-50% of patients achieve spontaneous neg-
ative culture conversion without therapy [16,17]. Therefore, phy-
sicians should closely monitor disease progression and make
timely decisions about initiating treatment, weighing the potential
risks and benefits.

Observational studies have identified several prognostic factors
linked to the progression and mortality of MAC-PD. These in-
clude: (1) cavitary lesions [14,16,18], (2) low body mass index
(BMI) [16-18], (3) extensive disease [16,19], and (4) positive
sputum acid-fast bacilli (AFB) smear [16,17]. Treatment should
be considered when patients exhibit these risk factors.

A scoring system, known as the BACES (BM], age, cavity,
erythrocyte sedimentation rate, and sex) score, was recently de-
veloped to predict mortality in patients with NTM-PD [20]. The
BACES score comprises 5 items: (1) BMI < 18.5 kg/m’, (2) age
> 65 years, (3) presence of a cavity, (4) elevated erythrocyte sedi-
mentation rate, and (S) male sex (each item is assigned one
point). The estimated risk of S-year mortality increases with high-
er BACES scores, ranging from 1.2% at a score of 0 to 82.9% at a
score of 5, demonstrating excellent discrimination performance
(Harrell's C index=0.812) [20]. A higher BACES score is associ-
ated with greater disease severity (e.g., positive sputum AFB
smear and cavity presence), an increased risk of disease progres-
sion, persistent sputum AFB smear positivity, and higher all-cause
and disease-specific mortality [21]. Although the BACES score
was not designed to predict treatment response in MAC-PD, it
may help guide decisions on whether patients should be moni-
tored or require immediate treatment (scores 0—1: observation;

Table 2. The BACES score system

scores 2—3: treatment if symptomatic; scores 4-5: immediate
treatment) [20] (Table 2).

Current guidelines for antibiotics
treatment

Although some randomized controlled trials have investigated
3-drug regimens that include a macrolide, no well-designed land-
mark study has definitively established this combination therapy
for MAC-PD [22-24]. Recent systematic reviews have reported
improved sputum culture conversion rates (54% vs. 38%) and
overall treatment success (65.7%) with macrolide-containing reg-
imens [8,9]. Moreover, in cases of macrolide-resistant disease,
sputum culture conversion rates drop to approximately 20% [25].
Thus, macrolides remain a crucial component of MAC-PD treat-
ment because outcomes are poor without them. Regarding com-
panion drugs, only regimens that combine rifampin with etham-
butol or clofazimine with ethambutol have been shown to prevent
macrolide resistance during treatment [22,26,27]. Ethambutol is
the most effective companion drug in this regard. Although the
role of rifampin is not entirely clear, current guidelines favor its
use until further evidence shows that macrolide resistance devel-
ops similarly in both 3-drug and 2-drug regimens [ 12].

The 2020 ATS/ERS/ESCMID/IDSA guidelines recommend
a 3-drug macrolide-based regimen for patients with macro-
lide-susceptible MAC-PD. This regimen includes a macrolide
(azithromycin or clarithromycin), rifampin, and ethambutol [ 12].
Since the 1997 ATS guidelines, this 3-drug regimen has been a
cornerstone of MAC-PD treatment and has served as the basis for
many subsequent studies [28]. For patients with advanced or se-
vere bronchiectatic, cavitary, or macrolide-resistant MAC-PD,
parenteral amikacin (or streptomycin) should be added to the ini-
tial treatment for at least 2-3 months [12]. Dosing frequency var-
ies among disease types [12]; an intermittent regimen (3 times

Variable Detail Point
Body mass index (kg/m?) <185 1
Age (yr) >65

Cavity Visible on chest computed tomography

Elevated erythrocyte sedimentation rate
Sex Male
Treatment recommendation

> 15 mm/hr for male, >20 mmj/hr for female

_ a a

Scores 0-1 Observation
Scores 2-3 Treatment if symptomatic
Scores 4-5 Immediate treatment

BACES, body mass index, age, cavity, erythrocyte sedimentation rate, and sex.
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per week) is recommended for patients with the nodular bronchi-
ectatic type, whereas a daily regimen is advised for those with cav-
itary or severe bronchiectatic disease. Treatment should continue
for at least 12 months after sputum culture conversion. If culture
conversion is not achieved after 6 months of guideline-based
treatment, indicating refractory disease, amikacin liposome inha-
lational suspension (ALIS) is recommended [12,29].

The 2017 British Thoracic Society (BTS) guidelines recom-
mend a similar regimen consisting of a macrolide, rifampin, and
ethambutol [30]. Although both guidelines propose intermittent
and daily regimens, their indications differ slightly. The BTS
guidelines recommend a daily regimen with parenteral or nebu-
lized amikacin for patients with severe MAC-PD, defined by a
positive sputum AFB smear, lung cavitation or severe disease,
marked systemic symptoms, or a history of treatment failure [30].
Thus, a daily regimen is not limited solely to cavitary disease.

Several discrepancies exist between the 2 guidelines regarding
drug regimens. First, the BTS guidelines recommend azithromy-
cin 250 mg daily for a daily regimen, while the ATS/ERS/ESC-
MID/IDSA guidelines suggest 250-500 mg daily. Second, the
BTS guidelines propose parenteral aminoglycosides for up to 3
months for severe MAC-PD, whereas the ATS/ERS/ESCMID/
IDSA guidelines recommend aminoglycosides for at least 2—3
months for cavitary or advanced/severe bronchiectatic MAC-PD.
Third, although both guidelines advocate the use of parenteral
aminoglycosides for advanced/severe bronchiectatic MAC-PD,
the ATS/ERS/ESCMID/IDSA guidelines do not clarify whether
a daily or intermittent regimen should be used, while the BTS
guidelines favor a daily regimen. Fourth, the BTS guidelines rec-
ommend using a parenteral formulation of amikacin for nebuliza-
tion, whereas the ATS/ERS/ESCMID/IDSA guidelines recom-
mend ALIS (Table 3).

Treatment outcomes of MAC-PD

Opver the past decade, several systematic reviews and meta-anal-
yses have examined the treatment outcomes of MAC-PD [6-10].
Success rates varied across studies due to differences in study de-
sign, drug regimens, treatment outcomes, and disease severity.
Pooled success rates ranged from 39% to 68%, which remains rel-
atively lower than those for TB [6-10]. Subgroup analyses consis-
tently showed that macrolide-containing regimens yielded better
outcomes than those without macrolides [6-8,10]. Furthermore,
the ATS-recommended 3-drug regimen (macrolide, rifampin, and
ethambutol) demonstrated superior outcomes (61.4% success
compared to 52.3% for other macrolide-containing regimens),

with even more favorable results when maintained for at least 1
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year (65.7%) [9] (Table 4).

Antimicrobial susceptibility testing

Before initiating treatment, it is essential to perform antimicro-
bial susceptibility testing for clarithromycin (a representative
macrolide) and amikacin, as in vitro susceptibility for these drugs
correlates with treatment outcomes [12]. The resistance break-
points are defined as > 32 pg/mL for clarithromycin, > 64 pg/mL
for parenteral amikacin, and > 128 pg/mL for ALIS [12,31]. Al-
though susceptibility testing can be conducted for other drugs,
their clinical utility remains uncertain. For example, Luo et al. [32]
proposed tentative epidemiological cutoff values for clofazimine
in M. avium and M. intracellulare as 1 pg/mL and 2 pg/mL, re-
spectively; however, further studies are needed to confirm these
breakpoints.

A recent report from a referral hospital in Korea (2016-2020)
detailed antimicrobial susceptibility patterns among NTM iso-
lates [31]. Among 308 strains of MAC, nearly all were susceptible
to clarithromycin (M. avium: 90/91, 99%; M. intracellulare:
217/217, 100%). However, susceptibility to amikacin was slightly
lower in M. avium (69/91, 76%) than in M. intracellulare
(191/217, 88%; P=0.01) [31]. Disappointingly, most MAC
strains were not susceptible to moxifloxacin (M. avium: 20/91,
22%; M. intracellulare: 18/217, 8%). and linezolid (M. avium:
27/91, 30%; M. intracellulare: 16/217,7%) [31]. These data un-
derscore the crucial role of macrolide in MAC treatment.

Constructing treatment regimen

Macrolides

Among macrolides, azithromycin is generally preferred over
clarithromycin in most clinical settings. This preference is due to
its once-daily dosing (compared to clarithromycin’s twice-daily
schedule), fewer side effects and drug interactions, and a serum
concentration that is less affected by coadministration with rifam-
pin [12,33]. Gastrointestinal disturbances are common with long-
term macrolide use and occur more frequently with clarithromy-
cin than with azithromycin.

For mild disease, an intermittent regimen is often preferred over
a daily regimen because it is associated with fewer gastrointestinal
disturbances and yields comparable treatment outcomes, as previ-
ous studies have demonstrated [12,34]. A meta-analysis reported
similar treatment success rates between intermittent and daily
regimens (61%; 95% confidence interval [CI], $5%-67% vs.
60%; 95% CI, 53%-66%) [7]. However, one landmark study
found that overall treatment outcomes were not entirely satisfac-

4/14
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Table 3. Treatment of Mycobacterium avium complex pulmonary disease according to current guidelines
No. of

Disease types drugs Drug regimen Treatment duration
2020 American Thoracic Society, European Respiratory
Society, European Society of Clinical Microbiology and
Infectious Diseases, and Infectious Diseases Society of
America guidelines [12]
Nodular-bronchiectatic MAC-PD 3 e Azithromycin 500 mg TIW (clarithromycin 1 g in 2 divided At least 12 months after
doses TIW) culture conversion

e Rifampin 600 mg TIW (rifabutin 300 mg TIW)
e Ethambutol 25 mg/kg TIW
Cavitary MAC-PD >3 e Azithromycin 250-500 mg daily (clarithromycin 500 mg At least 12 months after

twice daily) culture conversion

e Rifampin 450 mg or 600 mg daily (rifabutin 150-300 mg
daily, 150 mg daily with clarithromycin)

e Ethambutol 15 mg/kg daily

e Intravenous amikacin 10-15 mg/kg daily or 15-25 mg/kg
TIW (streptomycin 10-15 mg/kg daily or 15-25 mg/kg TIW)
for at least 2-3 months

Refractory MAC-PD (sputum culture positive after 6 >4 e Azithromycin 250-500 mg daily (clarithromycin 500 mg At least 12 months after
months of guideline-based therapy) twice daily) culture conversion

e Rifampin 450 mg or 600 mg daily (rifabutin 150-300 mg
daily, 150 mg daily with clarithromycin)

e Ethambutol 15 mg/kg daily

® Amikacin liposome inhalational suspension or 590 mg per
day

® |ntravenous amikacin 10-15 mg/kg daily or 15-25 mg/kg
TIW (streptomycin 10-15 mg/kg daily or 15-25 mg/kg TIW)
for at least 2-3 months

Macrolide-resistant MAC-PD ® Expert consultation
2017 British Thoracic Society guidelines [30]

Non-severe MAC-PD (i.e., negative sputum AFB 3 ® Azithromycin 500 mg TIW or clarithromycin 1 g in 2 divided A minimum of 12 months
smear, no radiological evidence of lung cavitation doses TIW after culture conversion
or severe infection, mild-moderate symptoms, no e Rifampin 600 mg TIW
signs of systemic illness) e Ethambutol 25 mg/kg TIW

Severe MAC-PD (i.e., positive sputum AFB smear, 24 ® Azithromycin 250 mg daily or clarithromycin 500 mg twice A minimum of 12 months
radiological evidence of lung cavitation/severe daily after culture conversion
?nfection, severe symptoms/signs o_f systemic ® Rifampin 600 mg daily
illness, or a history of treatment failure) o Ethambutol 15 mg/kg daily

® Intravenous amikacin 15 mg/kg once daily or 7.5 mg/kg
twice daily or 15-25 mg/kg TIW for up to 3 months or
intravenous streptomycin 15 mg/kg daily for initial 1 month,
followed by 15 mg/kg TIW for up to 3 months or nebulized
amikacin 500 mg twice daily (dose reduction: 250-500 mg
once or twice daily)

Clarithromycin-resistant MAC-PD 24 ® Rifampin 600 mg daily A minimum of 12 months
o Ethambutol 15 mg/kg daily after culture conversion
® Isoniazid 300 mg (+pyridoxine 10 mg) daily or moxifloxacin

400 mg daily

e |ntravenous amikacin 15 mg/kg once daily or 7.5 mg/kg
twice daily or 15-25 mg/kg TIW for up to 3 months or
intravenous streptomycin 15 mg/kg daily for initial 1 month,
followed by 15 mg/kg TIW for up to 3 months or nebulized
amikacin 500 mg twice daily (dose reduction: 250-500 mg
once or twice daily)

MAC-PD, Mycobacterium avium complex pulmonary disease; TIW, 3 times per week; AFB, acid-fast bacilli.
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Table 4. Summary of meta-analyses of treatment outcomes of Mycobacterium avium complex pulmonary disease

No. of No. of

Estimated pooled rates of study

Author Year studies  participants Study designs Definition of treatment success outcomes, % (95% Cl)

Xu et al. [6] 2014 28 2,422 Prospective and Variable (specified by ® Treatment success: 39% (38%-
retrospective study mycobacterial culture 41%)

endpoints) © Macrolide-containing regimens:
4290 (40%~—44%)
® Macrolide-free regimens: 28%
(249%-320%)

Kwak et al. [7] 2017 16 1,462 Randomized controlled 12 months of sustained culture ® Treatment success: 60.0%
trials, observational negativity (55.1%-64.8%)
studies ® Macrolide-free regimens: 53.6%

(38.0%-69.3%)

Pasipanodya et al. [8] 2017 21 2,534 Prospective studies, clinical Sputum culture conversion ® Sustained sputum culture
trials, reports from conversion
established disease ® Macrolide-containing regimens:
registries 549% (45%-63%)

® Macrolide-free regimens: 38%
(25%-520%%)

Diel et al. [9] 2018 42 2,748 Randomized study, Sputum culture conversion ® Sputum culture conversion
prospective study, ® Macrolide-containing regimen:
retrospective study 52,30 (44.7%-59.9%)

® ATS recommended 3-drug
regimen: 61.4% (49.7%-72.5%)
® ATS recommended 3-drug
regimen for at least 1 year:
65.7% (53.3%-77.4%)
Nasiri et al. [10] 2020 45 3,862 Randomized trial, Sputum culture conversion and ® Treatment success: 68.1%

retrospective study

(64.7%-71.4%)

® Macrolide-containing regimens:
69.0% (65.7%-~-72.3%)

® Macrolide-free regimens: 58.5%
(38.8%0-78.2%)

completion of the planned
treatment without relapse

Cl, confidence interval; ATS, American Thoracic Society.

tory: symptom improvement occurred in 75% of patients on daily
treatment compared to 82% on intermittent treatment (P=0.181),
radiologic improvement was observed in 68% vs. 73% (P =0.402),
and sputum culture conversion rates were 76% vs. 67% (P =0.154)
[34].

A recent report evaluated daily regimen outcomes in non-cavi-
tary nodular bronchiectatic MAC-PD [35]. Among 110 patients,
53 (48.2%) received daily treatment. The culture conversion rate
was significantly higher in the daily group than in the intermittent
group (90.6% [48/53] vs. 70.2% [40/57], P=0.008). This differ-
ence was particularly notable in 36 patients with a positive AFB
smear, where conversion rates were 85.0% (17/20) for daily treat-
ment vs. 50.0% (8/16) for intermittent treatment (P =0.034).
Even among patients with a negative AFB smear, the daily group
achieved a higher conversion rate (93.9% [31/33] vs. 78.0%
[32/41], P=0.098) [35]. These findings suggest that a daily regi-
men for non-cavitary nodular bronchiectatic MAC-PD may im-
prove outcomes—a recommendation also supported by the 2017

e-emj.org

BTS guidelines [30].

Current guidelines recommend an azithromycin dose of 250
mg daily or 500 mg 3 times weekly [12,30]. However, the peak se-
rum concentration (C,,.) of azithromycin was found to be lower
with a daily regimen than with an intermittent regimen (median:
0.24 pg/mL vs. 0.65 pg/mL, P <0.001), as rifampin may signifi-
cantly reduce the C_ of azithromycin in the daily regimen [36].
In the daily regimen, a lower azithromycin C,_, was common,
whereas a higher azithromycin C,_,, was linked to favorable micro-
biologic responses [36]. For severe MAC-PD, such as cavitary or
smear-positive disease, the currently recommended azithromycin
dose might be suboptimal, and at least 500 mg daily should be
used.

Macrolide monotherapy should be avoided in MAC-PD be-
cause it can lead to macrolide resistance [12,30,37]. Treatment
outcomes in patients with macrolide-resistant MAC-PD are poor;
sputum culture conversion following antibiotic treatment and
surgical resection reaches only 21% (95% CI, 14%-30%), with
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1-year all-cause mortality at 10% (95% CI, 5%-20%) [25]. Thus,
long-term macrolide maintenance therapy should be selected cau-
tiously to prevent exacerbations of bronchiectasis or cystic fibrosis
[37]. Given the poor treatment outcomes in cases of macro-
lide-resistant MAC, preserving macrolide susceptibility is a criti-
cal aspect of MAC treatment strategies.

Ethambutol

Ethambutol is the second most important antibiotic in the
treatment of MAC-PD, as it is the most effective agent identified
to date for preventing macrolide resistance [12,30]. It is generally
well tolerated; however, its major side effect is optic neuritis,
which is typically reversible upon discontinuation [38]. All pa-
tients should undergo a baseline ophthalmologic evaluation be-
fore treatment initiation and be monitored for symptoms during
therapy [12,38]. Dyschromatopsia—an early sign of optic neuri-
tis—can be detected using the Ishihara pseudo-isochromatic
plate examination [ 12,38]. In Korea, the Han pseudo-isochromat-
ic plate is also commonly used. If new visual symptoms develop,
ethambutol should be discontinued until an ophthalmologist can
rule out ethambutol-related optic toxicity. If an ophthalmologic
evaluation is delayed for more than one month, it is reasonable to
halt the entire treatment rather than stopping ethambutol alone,

to avoid the development of macrolide resistance.

Rifampin

Rifampin is the third agent in the standard 3-drug regimen
[12,30]. Although current guidelines favor a 3-drug regimen over
a 2-drug combination (macrolide and ethambutol), this recom-
mendation is conditional and based on very low certainty [12].
The precise role of rifampin in MAC treatment remains uncer-
tain; a more significant concern is its drug interactions, particular-
ly with macrolides [33]. Rifampin induces cytochrome P450 en-
zymes, thereby lowering the serum concentrations of both macro-
lides and ethambutol. Concurrent administration of rifampin has
been shown to reduce the C, . of clarithromycin by 68% and that
of azithromycin by 23%, resulting in C_,, levels falling below the
target range in 56% of patients for clarithromycin, 35% for azith-
romycin, and 48% for ethambutol [33]. Additionally, an in vitro
hollow fiber experiment comparing the pharmacokinetic profiles
of a 3-drug regimen (azithromycin, ethambutol, and rifampin)
with those of a 2-drug regimen (azithromycin and ethambutol)
found that rifampin neither enhanced the antimycobacterial effect
nor prevented macrolide resistance [39].

The minimal inhibitory concentration (MIC) of rifampin
against M. avium (median 4 mg/L) is higher than the current clin-
ical breakpoints for M. tuberculosis (0.5 mg/L). A target area un-
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der the time—concentration curve (AUC)/MIC ratio of >197.3
was reported as driving the efficacy of rifampin against MAC.
Given the previously reported rifampin mean AUC of 68.42
mg-hr/L in patients with MAC-PD, the median MIC of 4 mg/L
requires AUCs as high as 789.2 (197.3 X 4) mg-hr/L for rifampin
to be effective. Even in patients with TB receiving rifampin at
50 mg/kg, the mean AUC only reaches 571 mg-hr/L [40]. These
findings cast doubt on the effectiveness of rifampin in NTM treat-
ment and may help explain the unsatisfactory outcomes associat-
ed with current treatment guidelines.

Several studies have suggested that a 2-drug regimen consisting
of a macrolide and ethambutol may be as effective as a 3-drug reg-
imen that includes rifampin. For instance, a randomized con-
trolled trial in Japan compared a 3-drug regimen (clarithromycin,
ethambutol, and rifampicin) with a 2-drug regimen (clarithromy-
cin and ethambutol) in patients with MAC-PD [22]. Among 119
patients, culture conversion was achieved in 40.6% (24/59) of
those receiving the 3-drug regimen and in 55.0% (33/60) of
those receiving the 2-drug regimen. Even in patients with cavitary
disease, culture conversion rates were similar between the 2
groups, with 73.3% (11/15) for the 3-drug regimen and 68.7%
(11/16) for the 2-drug regimen [22].

A retrospective study in Korea examined the efficacy of an in-
termittent regimen of azithromycin and ethambutol for non-cavi-
tary MAC-PD [41]. In this study of 38 patients, 29 (76%)
achieved culture conversion after 12 months of treatment, and
notably, none of the 9 patients who did not convert developed
macrolide resistance. A positive AFB smear was significantly asso-
ciated with treatment failure (adjusted odds ratio [aOR], 26.7;
95% CI,2.1-339.9) [41].

A third retrospective study from Korea compared the individual
contributions of rifampin and ethambutol in MAC-PD [42]. In
this study of 237 patients, 122 (51.5%) received a regimen of
macrolide, ethambutol, and rifampin; 58 (24.5%) received mac-
rolide and ethambutol; 32 (13.5%) received macrolide and rifam-
pin; and 25 (10.6%) received macrolide alone. Overall, 190 of
237 patients (80.2%) achieved culture conversion after a median
treatment duration of 1.7 months (interquartile range [IQR],
0.5-4.7), and a microbiological cure was observed in 129 of 177
patients (72.9%) who completed treatment. Compared to macro-
lide monotherapy, combining a macrolide with both ethambutol
and rifampin (aOR, 5.12; 95% CI, 1.72-15.24) or with ethambu-
tol alone (aOR, 5.74; 95% CI, 1.54-21.42) was significantly asso-
ciated with microbiological cure, whereas combining macrolide
with rifampin was not (aOR, 2.43; 95% CI, 0.69-8.58) [42].
These results call into question the additional benefit of including
rifampin in a regimen that already contains macrolide and etham-
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butol.

For MAC-PD cases with a low mycobacterial burden—such as
non-cavitary, smear-negative disease—a 2-drug regimen of azith-
romycin and ethambutol may be sufficient. Conversely, for MAC-
PD with a high mycobacterial burden, such as cavitary or
smear-positive disease, a 3-drug regimen might be necessary;

however, the third agent should likely not be rifampin.

Clofazimine

Recently, clofazimine, which was originally used to treat leprosy,
has been repurposed for the treatment of NTM-PD [12,30]. Al-
though several studies have demonstrated its efficacy in MAC-
PD, clofazimine has not yet been fully incorporated into current
guidelines because these studies were published after the guide-
lines were issued. For example, a retrospective study conducted in
Canada evaluated treatment outcomes of a clofazimine-contain-
ing regimen [26]. Among 107 patients, 90 (84%) received a regi-
men of clofazimine, macrolide, and ethambutol, while 14 (13%)
received a regimen of rifampin, macrolide, and ethambutol. All 90
patients (100%) treated with clofazimine achieved sputum cul-
ture conversion, compared to 71% (10/14, P=0.0002) in the ri-
fampin group. Microbiological relapse occurred in 52 of 107 pa-
tients (49%), with no significant difference between the 2 groups
[26].

Another retrospective study from Korea assessed the outcomes
of a clofazimine-containing regimen in severe MAC-PD [43].
Among 170 patients, 121 (71.2%) had cavitary disease. All pa-
tients received a macrolide, and 150 (88.2%) received ethambutol
(excluding 20 patients with prior ophthalmic complications);
only 15 (8.8%) received rifampicin. Within 6 months, 77 patients
(45.3%) achieved culture conversion, and microbiological cures
were observed in 84 of 154 patients (54.6%). Notably, the micro-
biological cure rate increased to 71.0% (22/31) among patients
who received clofazimine for 6-12 months, compared to 23.1%
(6/26) in those treated for less than 6 months [43].

Finally, a randomized controlled trial conducted in the Nether-
lands compared regimens in which 21 patients received clofazi-
mine and 19 received rifampin, both in addition to macrolide and
ethambutol [44]. Sputum culture conversion rates were similar in
both groups, with 62% (13/21) in the clofazimine group and 58%
(11/19) in the rifampin group. Moreover, pharmacokinetic data
revealed that the maximum serum concentration (Chighest) of azi-
thromycin was significantly higher in the clofazimine group com-
pared to the rifampin group (0.64 mg/L vs. 0.35 mg/L at 1
month, P=0.005; 0.75 mg/L vs. 0.31 mg/L after 4 months,
P<0.001) [44]. These findings support the inclusion of clofazi-
mine in MAC-PD treatment regimens.

e-emj.org

Currently, clofazimine is administered at a daily dose of
100 mg; however, its pharmacokinetics are complex due to its
high protein-binding, lipophilicity, and accumulation in adipose
tissue, which results in an extremely long elimination half-life of
30-70 days [45]. Consequently, it takes several months for plas-
ma concentrations to reach steady state. In an in vivo experiment
involving 12 individuals, the C_,, of clofazimine was 0.87 mg/L
after a loading dose of 300 mg daily for 4 weeks, with adverse
events remaining tolerable. In a virtual simulation of 1,000 indi-
viduals, the median time to reach the target concentration (de-
fined as 80% of steady state) was 5.3 months with a 100 mg daily
regimen without a loading dose. However, when a loading dose of
300 mg daily was administered for 4 weeks followed by mainte-
nance at 100 mg daily, the median time to target concentration
decreased to 3.8 months. Extending the loading phase to 6 weeks
further reduced the median time to 1.4 months [45]. These re-
sults suggest that incorporating a loading phase of clofazimine
should be considered to accelerate the attainment of steady-state

concentrations.

Amikacin

Parenteral aminoglycosides, such as amikacin and streptomy-
cin, are recommended for patients with cavitary or severe MAC-
PD [12,30]. A retrospective study in Korea compared treatment
outcomes in cavitary MAC-PD between patients who received
streptomycin and those who received amikacin [46]. Among 168
patients treated with a guideline-based 3-drug regimen plus a par-
enteral aminoglycoside, 127 (75.6%) received streptomycin and
41 (24.4%) received amikacin for a median duration of
17.1 weeks (IQR, 14.0-17.6 weeks). The overall culture conver-
sion rate was 75.6% (127/168), with similar rates observed in the
streptomycin group (74.8%, 95/127) and the amikacin group
(78.0%, 32/41; P=0.674). Adverse event rates were comparable
between the 2 groups [46]. These findings indicate that either
amikacin or streptomycin can be effectively used in the treatment
of MAC-PD.

Systemic administration of aminoglycosides is associated with
serious adverse effects, including ototoxicity and renal toxicity,
which limit their long-term use. Consequently, inhaled amikacin
has emerged as an alternative that maintains efficacy while reduc-
ing systemic toxicity. The 2020 ATS/ERS/ESCMID/IDSA
guidelines recommend ALIS for patients with cavitary or refracto-
ry MAC-PD, a recommendation supported by a phase 3 random-
ized controlled trial [12]. However, ALIS carries a high economic
burden (approximately US$16,000 per 4 weeks) and is not cov-
ered by the national health insurance program in Korea, limiting
its widespread adoption [29]. Moreover, treatment outcomes
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with ALIS in Korea have been unsatisfactory; among 6 patients
with refractory MAC-PD treated with ALIS, one was already cul-
ture-negative before its initiation, and only one of the remaining 5
patients with positive cultures achieved culture conversion [29].

Although the 2017 BTS guidelines recommended the inhala-
tion of a parenteral formulation of amikacin, the supporting evi-
dence is limited. A recent retrospective study investigated the effi-
cacy of inhaled amikacin in combination with clofazimine in re-
fractory MAC-PD [47]. In this study of 52 patients, 17 (33%)
achieved culture conversion, and only 12 (23%) attained microbi-
ological cure [47]. These findings suggest that while inhaled ami-
kacin with clofazimine may offer favorable outcomes in some cas-
es of refractory MAC-PD, more effective treatment strategies are
still needed.

Reevaluating treatment strategies beyond guidelines
Recent research suggests several novel treatment strategies that
warrant consideration: (1) employing a daily treatment regimen
for non-severe MAC-PD; (2) using a daily dose of S00 mg of azi-
thromycin in such regimens; (3) omitting rifampin in non-severe
MAC-PD; (4) replacing rifampin with clofazimine in severe
MAC-PD; and () incorporating a loading phase for clofazimine.

These strategies are summarized in Table 5.

Refractory and recurrent MAC-PD

Despite long-term antibiotic treatment, overall success rates for
MAC-PD remain unsatisfactory, with a significant proportion of
patients remaining culture-positive, indicating refractory disease
[6-10]. Interestingly, macrolide resistance is uncommon among

patients with refractory MAC-PD who are on long-term macro-
lide-containing regimens [34]. One study demonstrated that re-
fractory MAC-PD is usually due to reinfection with new strains
rather than persistent infection [48]. In a cohort of 481 treat-
ment-naive MAC-PD patients, 72 (15.0%) remained sputum cul-
ture-positive after at least 12 months of treatment and were classi-
fied as having refractory disease. Among the 49 patients with both
pre- and post-treatment isolates, mycobacterial genotyping re-
vealed that 36 (73%) had been reinfected with new strains, while
only 13 (27%) had persistent infection with their original strains
[48]. These findings may explain why macrolide resistance is rare
in refractory MAC-PD.

Recurrences of MAC-PD are also common following the com-
pletion of long-term antibiotic therapy. However, evidence sug-
gests that most recurrences represent reinfections rather than
treatment failures or relapses [13,49]. For example, one study re-
ported that an intermittent regimen (3 times weekly) in patients
with recurrent non-cavitary nodular bronchiectatic MAC-PD
achieved similar sputum culture conversion rates compared to a
daily regimen (82% [22/27] vs. 81% [21/26]) [49]. Additionally,
in 15 of 53 patients (28%), different MAC species were identified
compared to the previous treatment, and among 38 patients with
the same species, genotype analysis revealed that 86% (12/14) of
cases were reinfections with new strains [49].

Current guidelines recommend the adjunctive use of parenteral
or nebulized amikacin alongside a 3-drug oral regimen to rein-
force treatment in refractory or recurrent MAC-PD [12,30].
However, given that a substantial proportion of these cases are
due to reinfection, adjunctive amikacin may be unnecessary and
could cause undesirable adverse effects, particularly in non-severe

Table 5. Treatment strategies of Mycobacterium avium complex pulmonary disease reflecting recent research

Disease types No. of drugs

Drug regimen Treatment duration

Non-severe MAC-PD (i.e,, negative sputum AFB smear,no 2
radiological evidence of lung cavitation or severe
infection, mild-moderate symptoms, no signs of systemic
iliness)

Severe MAC-PD (i.e., positive sputum AFB smear, 24
radiological evidence of lung cavitation/severe infection,
severe symptoms/signs of systemic illness, or a history of
treatment failure)

Refractory MAC-PD (sputum culture positive after 6
months of guideline-based therapy)

A minimum of 12 months after

o Azithromycin 500 mg daily (250 mg, if
intolerable to 500 mg)

e Ethambutol 15 mg/kg daily

e Azithromycin 500 mg daily (250 mg, if
intolerable to 500 mg)

® Ethambutol 15 mg/kg daily

e Clofazimine 100 mg daily (consider 200~
300 mg for initial 4-6 weeks for loading
phase)

® Intravenous amikacin 15 mg/kg daily or
15-25 mg/kg TIW for at least initial 2-3
months, followed by nebulized amikacin
250-500 mg once or twice daily

culture conversion

A minimum of 12 months after

culture conversion

MAC-PD, Mycobacterium avium complex pulmonary disease; AFB, acid-fast bacilli; TIW, 3 times per week.

e-emj.org
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cases (e.g., negative sputum AFB smear, bronchiectatic disease
without cavitation, or mild-to-moderate symptoms) [30]. In such
cases, oral regimens might be feasible for selected patients, de-
pending on disease severity and microbiologic evidence. More-
over, to reduce the risk of reinfection from environmental expo-
sures, lifestyle and environmental modifications should be recom-
mended for these patients [S0].

There is currently no proven treatment strategy for macro-
lide-resistant MAC-PD. While maintenance of macrolide therapy
is common after the detection of macrolide resistance, surgical re-
section and prolonged parenteral aminoglycoside administration
remain crucial treatment strategies [25]. The 2017 BTS guide-
lines suggest adding other drugs, such as isoniazid, moxifloxacin,
or nebulized amikacin, although the efficacy of these regimens re-
mains inconclusive [30]. Recently, bedaquiline and ALIS have
been investigated for the treatment of macrolide-resistant MAC-
PD; however, treatment outcomes have been unsatisfactory
[51,52].

Surgical treatment

The success rate of medical treatment for MAC-PD has been
unsatisfactory, with many patients experiencing treatment failure
due to macrolide resistance. Consequently, adjuvant surgical lung
resection has been employed to improve outcomes in selected pa-
tients [3,12,30,53]. Typically, patients with focal parenchymal
disease and sufficient predicted pulmonary reserve following sur-
gery are considered candidates for resection; unfortunately, only a
minority of NTM-PD patients meet these criteria [ 53].

There are 3 main indications for surgery [53]. First, surgical
treatment is usually considered after the failure of medical therapy,
particularly when the disease is confined to a focal parenchymal
region while the remainder of the lung is relatively unaffected.
Surgical resection may also be indicated in cases of recurrent treat-
ment failures, antimicrobial resistance, or intolerance to antimi-
crobial agents. Second, surgery may be performed to alleviate or
eliminate potentially life-threatening symptoms, such as hemop-
tysis; resection can control these symptoms even if some residual
disease remains. Third, in a small subset of cases, debulking sur-
gery (ie., removal of the most severely damaged lung parenchy-
ma) may slow disease progression by limiting the spread of infec-
tion to less affected areas [ 53].

A recent meta-analysis synthesized results from 13 studies in-
volving 1,071 patients with NTM-PD who underwent adjunctive
surgical treatment [54]. After surgical resection, sputum culture
conversion was achieved in 93% (95% CI, 87%-97%), and recur-
rence was identified in 9% (95% CI, 6%-14%) of patients during

e-emj.org

a median 34 months of follow-up. Additionally, 17% (95% CI,
13%-23%) experienced postoperative complications, and in-hos-
pital mortality occurred in 0% (95% CI, 0%-2%) [54]. These
findings suggest that adjunctive surgical treatment is an effective

therapeutic alternative with acceptable complication rates.

Nonpharmacological treatment

NTM are ubiquitous environmental pathogens commonly
found in natural water, soil, and household environments [1,50].
Water distribution systems, such as plumbing, are key transmis-
sion routes into households. NTM have been isolated from drink-
ing water tanks and pipelines, where they adhere to surfaces and
form biofilms due to their lipid-rich, hydrophobic outer mem-
brane. This membrane also confers natural resistance to disinfec-
tants like chlorine, making water chlorination a more favorable
environment for NTM survival compared to other microorgan-
isms [1].

Several strategies are recommended to reduce exposure to envi-
ronmental water: (1) heat water to temperatures exceeding 55—
65°C before use; (2) use bacteriologic filters (with pore sizes
< 0.45 pm) on showerheads and taps; (3) regularly clean shower-
heads with vinegar to remove biofilms; (4) choose showerheads
with larger holes to reduce aerosol formation; (5) shorten the du-
ration of showers; (6) avoid spas or hot tubs; and (7) boil drink-
ing water for 10 minutes (noting that bottled water is not free
from NTM contamination) [1,50].

Household dust and soil also serve as significant sources of
NTM exposure. Soil particles can become aerosolized during ac-
tivities like farming or gardening, increasing the risk of inhalation.
To reduce exposure, it is recommended to moisten soil before
handling it or to wear masks during these activities [1,50].

In addition to minimizing environmental exposure, it is import-
ant to address host factors that increase vulnerability to NTM-PD
[50]. First, impaired mucus clearance from the airways is a signifi-
cant risk factor; therefore, hydration and airway clearance tech-
niques, such as using mechanical oscillation devices (e.g., oscillat-
ing positive expiratory pressure devices), are recommended. Sec-
ond, a lower BMI is associated with a higher incidence of NTM-
PD and a poorer prognosis, so increasing caloric intake and pro-
tein supplementation may be beneficial. Third, gastroesophageal
reflux disease is linked to an increased risk of NTM-PD (subdis-
tribution hazard ratio, 3.36; 95% CI, 2.10-5.37) [55]. It is hy-
pothesized that NTM may enter the stomach via drinking water
and then be aspirated into the lungs along with gastric acid reflux
[50]. The inherent acid resistance of NTM, due to their lipid-rich
outer membrane, further contributes to this mechanism [1]. To
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Table 6. Nonpharmacological treatment strategies of Mycobacterium avium complex pulmonary disease

Strategy

Method

Avoid environmental exposures
Reduce exposure to environmental water

Reduce exposure to environmental soil

Lifestyle modifications
Improve airway clearance

Nutritional support

Management of gastroesophageal reflux disease

® Heat water at temperatures exceeding 55-65°C before use

e Use bacteriologic filters on showerheads and taps

® Reqularly clean showerheads with vinegar to remove biofilm
® Use showerheads with large holes to reduce aerosol formation
® Shorten the duration of showers

® Avoid spas or hot tubs

® Boil drinking water for 10 minutes

® Moisten soil with water

® \Wear masks during activities

® Airway hydration

® Airway clearance techniques using mechanical oscillation devices

® |ncrease caloric intake

® Protein supplementation

e Dietary modifications (e.g., avoiding coffee, alcohol, and carbonated beverages)

e Postural modifications (e.g., elevating head during sleep, and maintaining upright position after meals)
® Smoking cessation

manage gastroesophageal reflux disease, dietary modifications
(such as avoiding coffee, alcohol, and carbonated beverages), pos-
tural adjustments (such as elevating the head during sleep and re-

maining upright after meals), and smoking cessation are recom-

mended (Table 6) [50].

Conclusion

Although the prevalence of MAC-PD has been rapidly increas-
ing, the treatment outcomes of current guideline-based regimens
remain unsatisfactory. To improve these outcomes, treatment
strategies must be updated in light of recent research findings.
Since 2020, a multicenter prospective observational cohort study
(NTM-KOREA) has been launched to optimize treatment mo-
dalities for NTM-PD in Korea [56]. We hope that further investi-
gation under this program will lead to more effective treatment
strategies for MAC-PD.
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