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The volume is dedicated to my colleague, 
mentor, and friend, Richard J. Wallace, Jr., 
whose contributions to the study of NTM 
diseases are unsurpassed. His profound and 
enduring influence on everyone currently 
working in the field is also unsurpassed. It is 
my incalculable good fortune to have worked 
with him over the last 40 years.

 

Fig. 1 Richard J. Wallace, Jr., Emanuel 
Wolinsky, Barbara Brown-Elliott circa 1990
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Nontuberculous Mycobacterial Disease: 
An Introduction and Historical Perspective

David E. Griffith

I want to begin this volume on nontuberculous mycobacterial (NTM) disease with a 
plea and an admonition. First, many aspects of NTM disease are difficult to under-
stand, counterintuitive, and even paradoxical. I am repeatedly reminded about how 
poorly the nuances and idiosyncrasies of NTM disease are generally understood 
through years of interactions with clinicians who seek my advice about NTM dis-
ease management. Many aspects of NTM disease defy easy explanations and require 
sometimes detailed background information to build an adequate context for inter-
pretation and comprehension. The reader is strongly encouraged to use this volume 
as more than a quick reference or handbook on NTM disease management. Rather, 
each chapter should be read in its entirety to promote an in-depth understanding of 
NTM disease with all of the attendant complexities, contradictions, and knowledge 
gaps. There are no shortcuts.

Second, many aspects of NTM disease defy the kind of evidence-based analysis 
and conclusions that would support rigorous or robust evidence-based recommen-
dations. The necessary accumulation of information to achieve that goal is simply 
not yet available. In the absence of a better evidence base, many recommendations 
for NTM management have their origin in “expert opinion,” and many recommen-
dations in this volume reflect that reality. Clinicians faced with difficult NTM man-
agement decisions still require guidance, even the imperfect guidance of expert 
opinion. Controversial areas where strong opinions are offered will be evident to the 
reader who will be savvy enough to judge the merits of those opinions and to seek 
alternative opinions.

Interest in the “nontuberculous mycobacteria” or NTM is a relatively recent phe-
nomenon that has now reached unprecedented levels. Although NTM were identi-
fied more than a century ago, their role as human pathogens was generally perceived 
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as minor, even inconsequential during most of that time. For the purposes of this 
volume, the NTM are comprised of species in the genus Mycobacterium excluding 
species in the M. tuberculosis complex and M. leprae.

The term “nontuberculous mycobacteria” (NTM) is now in common use but is 
not universally endorsed as the collective term for these organisms. Alternative 
names such as “atypical mycobacteria,” “mycobacteria other than tuberculosis” 
(MOTT), or “environmental mycobacteria” have been championed with variable 
penetrance into the NTM vernacular. “Atypical mycobacteria” is probably the most 
commonly used alternative label and presumably referred to isolation of a mycobac-
terial species other than “typical” M. tuberculosis. It seems inappropriate now 
because strictly from the perspective of isolation frequency, the “atypical” myco-
bacteria far outnumber “typical” M. tuberculosis isolates in major mycobacteriol-
ogy laboratories in the United States. While “environmental mycobacteria” is 
appealing from taxonomic and pathophysiologic standpoints, the label NTM is now 
so firmly entrenched it cannot be easily displaced and is our preferred, if imperfect, 
term for this group of organisms.

For most of its history in the United States, NTM disease knowledge and under-
standing was impeded by the difficulty separating NTM pathogens and associated 
clinical disease syndromes from disease caused by M. tuberculosis. Clinical NTM 
isolates, especially those from respiratory specimens, were often regarded as con-
taminants and dismissed as clinically insignificant. It was also generally assumed 
that NTM pathogens and disease would respond favorably to antituberculosis anti-
microbials leading to inevitable and understandable frustration when they did not. 
The lack of therapeutic response was probably also an unintentional disincentive to 
aggressively recognize and diagnose NTM disease, especially NTM lung disease. 
Clearly, the identification of NTM pathogens and recognition of their clinical sig-
nificance have markedly improved. However, an easy separation between NTM dis-
ease and tuberculosis continues to be an ongoing and evolving process especially in 
the developing world, where due to a lack of available resources to isolate, identify, 
or treat NTM pathogens, mycobacterial disease is often initially assumed to be 
caused by M. tuberculosis.

The emergence of NTM pathogens and disease as subjects of serious interest in 
the United States can be dated roughly to the publication in 1980 of a state-of-the- 
art review in the American Review of Respiratory Disease by Dr. Emanuel Wolinsky 
titled, Nontuberculous Mycobacteria and Associated Diseases [1]. This highly 
influential manuscript, published almost 40 years ago, was the first comprehensive 
and more importantly widely read NTM disease review and represents a clear 
watershed moment in the recognition and appreciation of NTM disease. Progress in 
the NTM disease realm has been nothing short of remarkable since then. This brief 
introduction highlights some important milestones in that progress with chapter ref-
erences to guide the reader to more detailed information and discussion about spe-
cific NTM disease aspects.

At the time of the Wolinsky manuscript, there were approximately 40 recognized 
NTM species that were identified utilizing insensitive phenotypic and biochemical 
characteristics including colony morphology and patterns of nutrient metabolism 

D. E. Griffith



3

[1, 2]. A widely adopted early NTM classification system based on this approach 
was eponymously labeled the Runyon classification system after Dr. Ernest 
H. Runyon [3]. The speed and accuracy of mycobacterial species identification dra-
matically improved first with high-performance liquid chromatography (HPLC), 
closely followed by the introduction of molecular laboratory methods, including 
DNA probes and gene sequencing techniques [4–7]. High-performance liquid chro-
matography and DNA probes are rapid and widely available but are restricted to 
identification of some commonly isolated NTM species including Mycobacterium 
avium complex (MAC), M. kansasii, and M. gordonae.

Nontuberculous mycobacterial species identification expanded in an almost 
explosive manner with the widespread application of 16S rRNA gene sequencing, a 
gene thought to be highly preserved within NTM species [7]. Utilizing this and 
other molecular-based techniques, the number of recognized NTM species contin-
ues to expand and has grown to approximately 200 [8]. It is now apparent that the 
16S rRNA gene analysis, by itself, does not always satisfactorily discriminate 
between all NTM species and/or subspecies [7, 9–11]. The process of NTM organ-
ism identification has become sufficiently complex that discriminating between 
some NTM species and subspecies requires either multigene sequencing or whole- 
genome sequencing [7, 9–11]. Even then, controversy persists about the degree of 
difference between NTM isolates that is necessary for species versus subspecies 
determination and differentiation [10, 11]. Overall, however, molecular methods 
have revolutionized the microbiologic evaluation of NTM including rapid and accu-
rate methods for clinical NTM isolate identification, molecular epidemiology inves-
tigations and discovery of innate NTM resistance mechanisms [12–14]. This 
important and rapidly changing field is discussed in detail in chapters “The Modern 
Mycobacteriology Laboratory and Its Role in NTM Disease Diagnosis and 
Management” and “In Vitro Drug Susceptibility Testing for NTM and Mechanisms 
of NTM Drug Resistance” with focused discussion in several other chapters.

Genotyping environmental and clinical NTM isolates has provided invaluable 
insights into the identification of NTM environmental niches and possible routes of 
NTM pathogen acquisition [12, 15–17]. This approach is a necessary element for 
developing disease prevention strategies which are discussed in chapters 
“Environmental Niches for NTM and Their Impact on NTM Disease” and 
“Healthcare Associated NTM Outbreaks and Pseudo-outbreaks”. Genotyping clini-
cal Mycobacterium avium complex (MAC) isolates from MAC lung disease patients 
also allows discrimination between true disease relapse isolates and (presumed) 
reinfection isolates which is discussed in chapter “Mycobacterium avium Complex 
Disease” [18, 19].

Ironically, the new molecular laboratory methods have so radically changed our 
view and understanding of NTM pathogens and disease that the advances have out-
paced the capability of most mycobacterial laboratories to adopt and perform these 
invaluable services. Currently, most clinicians do not have access to laboratories 
utilizing these invaluable methods which have proven indispensable for optimal 
NTM patient management.

Nontuberculous Mycobacterial Disease: An Introduction and Historical Perspective
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At the time of Dr. Wolinsky’s manuscript, there was little data and limited under-
standing about the epidemiology of NTM disease. Initial efforts to estimate NTM 
disease prevalence in the United States suggested that it was 1–2 cases/100,000 
population based on NTM isolation prevalence calculated at the Centers for Disease 
Control and Prevention (CDC) [20, 21]. Because NTM disease was not reportable, 
the NTM isolates received by the CDC were not part of a comprehensive national 
survey of NTM isolates or disease. Currently a minority of states within the United 
States have mandatory NTM reporting with variable requirements for the informa-
tion that is collected.

Aside from the absence of a national or universal reporting requirement, the 
second major impediment to accurate determination of NTM disease prevalence is 
that in contrast to tuberculosis, a single NTM isolate is not necessarily an indication 
of active NTM disease, especially lung disease [22–26]. Unlike tuberculosis, NTM 
isolation prevalence from respiratory specimens does not equate to actual NTM 
lung disease prevalence. This frustrating observation is primarily due to the possi-
bility that clinical specimens can be contaminated by NTM from environmental 
sources. Patients with suspected NTM lung disease, therefore, must meet a set of 
diagnostic criteria that are difficult to apply retrospectively in epidemiologic inves-
tigations without obtaining detailed information from the patient’s medical record. 
The challenges of NTM disease diagnosis are discussed in detail in chapters 
“Epidemiology of NTM Disease: United States” and “Epidemiology of NTM 
Disease: Global”.

Some investigators have undertaken the tedious analysis that is necessary for 
accurate NTM case definition [27–30]. Other investigators have utilized alternative 
epidemiologic tools such as querying extensive insurance-based patient databases 
utilizing diagnostic codes [31, 32]. While estimates of NTM disease prevalence 
vary, the available data consistently show that NTM prevalence in the United States 
is increasing. Mandatory NTM disease reporting would provide more accurate esti-
mates of prevalence but would also facilitate new insights into incidence, which has 
been an elusive goal so far. Chapter “Epidemiology of NTM Disease: United States” 
discusses in detail the current understanding of NTM disease epidemiology in the 
United States.

Investigators outside the United States are providing a clearer picture of global 
NTM disease epidemiology [33–35]. Nontuberculous mycobacterial infections in 
the developed world have broadly comparable epidemiology to that in the United 
States although some important differences, particularly in Western Europe exist. 
Why those differences exist is unclear, but their investigation offers opportunities 
for better understanding of multiple NTM disease aspects beyond epidemiology.

Unfortunately, NTM disease epidemiology remains poorly described in large 
areas of the developing world. Even in these areas, however, NTM epidemiologic 
information is becoming more accessible in part because of the expanding avail-
ability of rapid and accurate tuberculosis diagnostic tools such as the Cepheid 
GeneXpert TB/RIF technology [36, 37]. This platform gives a first approximation 
of NTM disease prevalence by identifying patients whose respiratory specimens are 
acid-fast bacilli (AFB) smear positive but nucleic acid amplification negative for 
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tuberculosis. As with NTM disease prevalence in developed countries, it is highly 
likely that the extent of NTM disease in the developing world will be much higher 
than is currently appreciated with an inevitable attendant demand on limited 
resources for treating the expanding number of NTM disease patients. Global NTM 
disease epidemiology is discussed in detail in chapter “Epidemiology of NTM 
Disease: Global”.

When the Wolinsky manuscript was published, NTM lung disease pathophysiol-
ogy was assumed to be analogous to tuberculosis with the notable exception that 
NTM lung disease pathogens had not been demonstrated to be transmissible 
between humans. It was also known that NTM were environmental organisms that 
inhabited specific niches including natural water sources inviting speculation that 
NTM lung disease might be the consequence of organism inhalation after naturally 
occurring aerosolization of the organism [15, 38–41].

Recently there have been multiple reports describing isolation of NTM respira-
tory pathogens from environmental sources including household or municipal 
water, and with the aid of organism genotyping, it has also been shown that some 
clinical NTM respiratory isolates are genotypically identical to household water 
NTM isolates [15, 42, 43]. These observations are strong evidence that municipal 
water is the source of NTM respiratory pathogens, especially Mycobacterium avium 
complex (MAC), for some patients with NTM lung disease. Municipal water is also 
a known environmental niche for NTM respiratory pathogens such as M. kansasii 
and M. xenopi as well as nosocomially acquired pathogens such as M. abscessus 
and M. chimaera [12, 15, 43]. The demonstration of NTM acquisition from specific 
environmental sources is a necessary prerequisite for developing NTM disease pre-
vention strategies. The environmental acquisition of NTM is discussed in chapters 
“Environmental Niches for NTM and Their Impact on NTM Disease” and 
“Healthcare Associated NTM Outbreaks and Pseudo-outbreaks” including recom-
mendations for the investigation of nosocomial NTM outbreaks and 
pseudo-outbreaks.

When the Wolinsky manuscript was published, NTM lung disease was regarded 
as clinically and radiographically similar to tuberculosis, and clearly NTM lung 
disease does sometimes present radiographically with upper lobe fibrocavitary 
changes similar to reactivation tuberculosis [1, 23, 44]. Currently, however, in the 
United States NTM lung disease, especially MAC lung disease, is now more com-
monly associated with nodular and bronchiectatic radiographic changes [23–25, 
45]. Recognition of this shift has influenced the way that many NTM experts view 
NTM lung disease pathophysiology. Specifically, there is growing consensus that 
many (perhaps most) NTM lung disease patients not only require exposure to NTM 
but also must have a vulnerability or susceptibility to NTM infection such as struc-
tural lung abnormalities associated with bronchiectasis or obstructive lung disease 
[46, 47]. For many NTM lung disease patients, the infection is the consequence of 
the underlying anatomic lung abnormality or predisposition rather than a primary 
event. Recent work suggests that some patients with “idiopathic” bronchiectasis 
have polygenic mutations, the sum of which predispose to bronchiectasis and NTM 
infection [46, 47]. The role of NTM in cystic fibrosis, a disease associated with 
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severe and progressive bronchiectasis, is discussed in chapter “NTM Disease 
Associated with Cystic Fibrosis”. The management of bronchiectasis, which is an 
essential element in the comprehensive treatment of the NTM lung disease patient, 
is discussed in chapter “Management of Lung Diseases Associated with NTM 
Infection”.

The identification of both genetic and acquired factors predisposing to NTM 
infection is rapidly expanding and is discussed in chapters “Vulnerability to NTM 
Lung Disease or Systemic Infection Due to Genetic /Heritable Disorders” and 
“Acquired immune Dysfunction and NTM Disease”. Nontuberculous mycobacte-
rial lung infection has, in general, not been found to be associated with systemic 
immune deficiency, although extrapulmonary and disseminated NTM disease is 
usually a consequence of systemic immune dysfunction or suppression [25, 48]. 
The role of NTM infection in children who represent another special and vulnerable 
host is discussed in chapter “NTM Disease in Pediatric Populations”.

When the Wolinsky manuscript was published, NTM treatment was based on the 
principles of tuberculosis therapy. There was a limited armamentarium of antituber-
culosis drugs whose use was guided by in vitro susceptibility test breakpoints estab-
lished for M. tuberculosis but not validated for NTM [1, 23]. One study suggested 
that MAC lung disease treatment success depended on the number of antituberculo-
sis drugs used (up to five or six), including second-line TB drugs such as ethion-
amide and cycloserine [49]. The limitations of this approach were recognized at the 
time although few studies were done that critically evaluated the use of traditional 
antituberculosis medications in NTM disease [50].

In the mid-1980s, a seismic shift occurred in NTM disease with the advent of the 
acquired immunodeficiency syndrome (AIDS) epidemic and the emergence of 
MAC as a lethal pathogen [51–53]. These catastrophic events created a sense of 
urgency in the effort to find effective MAC therapy. Multiple antibiotics and combi-
nations of antibiotics were tried with the new macrolide drugs, clarithromycin and 
azithromycin, emerging as the foundation of effective disseminated MAC therapy 
and prophylaxis [54–56]. It is noteworthy that this once feared AIDS-related infec-
tion is now infrequently encountered due to the success of antiretroviral therapy for 
AIDS.

Over the subsequent three decades, multiple studies demonstrated the utility of 
macrolide-based regimens for treating MAC lung infections [19, 57–62]. 
Regrettably, MAC lung disease therapy has stagnated with almost no significant 
innovations since the introduction of macrolide-based regimens. The recent intro-
duction of an inhaled liposomal amikacin suspension (ALIS) for treatment of pul-
monary MAC disease may prove to be an important exception to this generally 
bleak picture [63, 64]. While treatment outcomes have been generally favorable, 
MAC treatment success is still not comparable to the almost universally favorable 
TB treatment outcomes. Additionally, many other NTM respiratory pathogens such 
as M. xenopi, M. malmoense, M. abscessus, and M. simiae remain even more diffi-
cult to treat than MAC [25, 65]. The many challenges for treating MAC and other 
NTM pathogens as well as suggested treatment strategies are discussed in detail in 
chapters “In Vitro Drug Susceptibility Testing for NTM and Mechanisms of NTM 
Drug Resistance”, “General Management Principles for NTM Lung Disease”, 
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“Mycobacterium avium complex Disease”, “NTM disease caused by M. kansasii, 
M. xenopi, M. malmoense and Other Slowly Growing NTM”, and “Mycobacterium 
abscessus Disease and Disease Caused by Other Rapidly Growing NTM”.

Since the publication of the Wolinsky manuscript, the presence of a particularly 
troublesome and frustrating aspect of NTM therapy has been repeatedly confirmed. 
For reasons that are not yet well understood, in vitro antibiotic susceptibility results 
for multiple NTM pathogens may not be predictive of treatment success or failure 
with a specific antibiotic [66, 67]. For MAC, for instance, the only antibiotic agents 
where in vitro susceptibility predicts in vivo response are macrolides and amikacin 
[25, 66]. Understanding the nuances and limitations of in vitro susceptibility testing 
for NTM is of such importance that the topic is covered in two chapters in this vol-
ume (chapters “The Modern Mycobacteriology Laboratory and Its Role in NTM 
Disease Diagnosis and Management” and “In Vitro Drug Susceptibility Testing for 
NTM and Mechanisms of NTM Drug Resistance”). The reader will note that the 
two chapters approach NTM in vitro susceptibility testing from different perspec-
tives and with different areas of emphasis, but practical management considerations 
largely coincide between the two chapters. Both perspectives are valuable and 
instructive, and the reader is strongly encouraged to read both chapters in detail.

Molecular laboratory techniques have provided tools for investigating paradoxi-
cal NTM antibiotic resistance and have made us aware of multiple factors possessed 
by NTM that are associated with innate or natural drug resistance [66, 67]. These 
innate resistance factors may not be reflected in the MIC of the organism for specific 
drugs. This is the most vexing and counterintuitive characteristic of NTM lung dis-
ease for clinicians and the area where experience with tuberculosis is least helpful. 
Probably the best known example of this phenomenon is the inducible macrolide 
resistance gene, or erm gene, present in M. abscessus subsp. abscessus and subsp. 
bolletii as well as other mycobacterial species, such as M. fortuitum and even M. 
tuberculosis [13]. The activity of this gene can only be detected in vitro by preincu-
bation of the organism in the presence of macrolide. While erm gene activity is only 
one mechanism of innate NTM drug resistance, its recognition has been transforma-
tive for how we approach patients with M. abscessus respiratory disease (chapters 
“In Vitro Drug Susceptibility Testing for NTM and Mechanisms of NTM Drug 
Resistance” and “Mycobacterium abscessus Disease and Disease Caused by Other 
Rapidly Growing NTM”).

Ultimately, the future of NTM lung disease therapy will be guided by recognition 
of innate antibiotic resistance mechanisms and the discovery of ways to overcome 
them. The complexities of in vitro susceptibility testing for treating NTM disease 
are discussed in chapters “Laboratory Diagnosis and Antimicrobial Susceptibility 
Testing of Nontuberculous Mycobacteria” and “In Vitro Drug Susceptibility Testing 
for NTM and Mechanisms of NTM Drug Resistance” as well as multiple other 
chapters. For successful management of NTM infections, clinicians must become 
familiar with the idiosyncratic behavior of NTM pathogens. There is no substitute 
for having this knowledge.

Unfortunately, the discussion of NTM antibiotic drug resistance does not end 
with innate drug resistance. Many NTM pathogens including MAC and M. absces-
sus subsp. abscessus are also vulnerable to acquired mutational drug resistance, a 
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mechanism for acquired drug resistance well known to clinicians who treat tubercu-
losis. For instance, macrolides must be protected by effective companion drugs in 
MAC treatment regimens to avoid the emergence of macrolide resistance through 
selection of organisms with a 23S rRNA mutation. This occurrence is associated 
with poor treatment response and poor overall outcome [68]. Acquired mutational 
drug resistance occurs with other NTM pathogens, notably the rpoβ gene and 
acquired M. kansasii rifamycin resistance. This type of antibiotic resistance is both 
predictable and avoidable if the clinician is aware of the risk for specific NTM 
pathogens and the necessary steps to avoid it. Again, there are no shortcuts and no 
substitutes for this knowledge. The management of NTM pathogens in the context 
of both innate and acquired drug resistance mechanisms is discussed in chapters 
““In Vitro Drug Susceptibility Testing for NTM and Mechanisms of NTM Drug 
Resistance”, “General Management Principles for NTM Lung Disease”, 
“Mycobacterium avium Complex Disease”, “NTM disease caused by M. kansasii, 
M. xenopi, M. malmoense and Other Slowly Growing NTM”, and “Mycobacterium 
abscessus Disease and Disease Caused by Other Rapidly Growing NTM”.

In large part because of antimicrobial resistance, surgical intervention is impor-
tant for management of both pulmonary and extrapulmonary-pulmonary NTM dis-
ease and is discussed in chapter “Surgical Management of NTM Diseases” as well 
as chapters discussing treatment of specific NTM pathogens. Surgical resection of 
diseased lung has consistently been shown to be effective for selected NTM lung 
disease patients [13]. Surgery is a sufficiently important potential adjunct to medical 
therapy for NTM lung disease that it should be considered whenever possible. 
Surgical debridement of diseased tissue is absolutely essential for successful ther-
apy of NTM skin, soft tissue, and bone infections.

Since 1990, there have been three NTM statements sponsored or co-sponsored 
by the American Thoracic Society [23–25]. These documents summarized contem-
porary knowledge about NTM with recommendations for treating specific NTM 
pathogens. As much as anything else, they focused attention on the numerous and 
persistent NTM disease knowledge gaps and the sparse evidence base for making 
NTM disease management recommendations. The NTM statements did, however, 
provide treatment recommendations based on the limited evidence base and expert 
opinion. The MAC lung disease recommendations proved to be effective if imper-
fect and less reliably effective than TB therapy. In that context, it is instructive that 
two studies have shown that there is poor adherence to the published treatment 
guidelines worldwide which may account for some of the frustration experienced 
by clinicians related to ineffective therapy [69, 70].

Unquestionably, many weaknesses and gaps in our knowledge of NTM disease 
remain. We need better understanding of environmental niches and mechanisms of 
organism acquisition. For NTM lung disease especially, we need markers of disease 
activity so that we can predict which patients will have progressive disease and 
require therapy. That type of marker would allow eliminating the confusing and the 
sometimes insensitive and nonspecific NTM disease diagnostic criteria. Equally 
important we need the ability to identify those patients with NTM lung disease who 
are likely to relapse after successful therapy. Overall, we need more efficient ways 
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to define and predict the course of NTM lung disease. We need better ways to deter-
mine NTM disease prevalence and ultimately incidence. Making NTM disease uni-
formly reportable in the United States and globally would go a long way toward 
accomplishing those goals, although, without tools that improve diagnostic accu-
racy, even universal case reporting would probably still entail considerable inaccu-
racies. The most pressing need is for new and more effective antimicrobial agents, 
a process that will be driven by improved understanding of NTM drug resistance 
mechanisms. We will need new approaches to NTM disease prevention, a process 
only possible with early identification of patients at risk for developing NTM lung 
disease and better understanding of NTM environmental niches and mechanisms of 
organism acquisition from these niches.

The reader is once again strongly encouraged to read each chapter for a compre-
hensive overview of the complexities, subtleties, and paradoxes of NTM disease and 
its treatment. The understanding of NTM disease is clearly nascent, but we are expe-
riencing an exciting acceleration in the pace of discovery and knowledge. It is also 
remarkable that progress so far has been accomplished largely without extramural 
funding from national (the United States) and international funding agencies, 
although that bleak scenario may be gradually improving. Convincing extramural 
funding sources that NTM disease, especially lung disease, is a growing international 
health burden and that committing research dollars to this field will yield important 
and widely applicable results are major priorities and challenges. A vital element in 
this task is procuring funding for prospective treatment trials which are necessary not 
only for critical evaluation of current treatment strategies but also to establish opti-
mal study designs for testing new drugs as they become available [63, 64].

Since the publication of the Wolinsky manuscript, the study of NTM disease has 
been completely transformed. A fledgling field in 1980 has acquired legitimacy and 
momentum with a sound footing in clinical and basic science. There are many rea-
sons to be optimistic about continued and accelerating progress with NTM disease. 
First among them is the proliferation of investigators around the world including the 
very talented investigators who contributed to this volume. I am immensely grateful 
to them for their excellent contributions. I am also impressed, humbled, and inspired 
by the superb quality of their innovative work. It is clear to me that over the next 
40 years, there will be further exponential expansion of NTM disease knowledge 
and understanding. The inevitable result will be achievement of the ultimate goal, 
improved outcomes for our patients.
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 Introduction

Prior to the 1990s, clinical mycobacteriology laboratories used phenotypic cultural 
characteristics and conventional biochemical testing for a large portion of nontuber-
culous mycobacteria (NTM) species identification [1].

Following the “biochemical era” (and even today), some larger reference labo-
ratories, especially public health laboratories, and some research laboratories 
relied upon species identification based on chromatographic/chemotaxonomic 
methods including high-performance liquid chromatography (HPLC) of cell wall 
mycolic acids, thin-layer chromatography (TLC), and gas-liquid chromatography 
(GLC).

Beginning in the 1990s, the advent of molecular testing by PCR and gene 
sequencing for species and subspecies identification of NTM marked a new era 
for NTM with the subsequent explosion of more than 100 species being 
described compared to approximately 55 species identified from 1880 to 1990! 
The definition of a “species” is somewhat of a “moving target” requiring con-
stant modification as newer diagnostic methodologies are introduced. Gene 
sequencing has now become the accepted reference method for the identifica-
tion of NTM [2]. As with the previous methodologies, the accuracy and quality 
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of available databases are fundamental to the success of this technology [3]. If 
the database is inadequate or poorly curated, the results, which rely upon it, 
will also be poor. In other words, the results are only as good as the database 
from which they are derived.

More recently, matrix-assisted laser desorption-ionization time-of-flight mass 
spectrometry (MALDI-TOF-MS) has been introduced as a novel method for rapid 
and less expensive per test (after the initial purchase of the mass spectrometry 
instrument), but the full story of its efficacy and discriminatory power for mycobac-
terial species and subspecies remains to be seen, and as is important with the previ-
ous identification methodologies, the completeness of the organism database is 
paramount to the utility of the system. These databases are just now being devel-
oped, and there is no public database to use as an additional reference to the com-
mercial companies that market MALDI instrumentation. It should also be noted that 
unlike MALDI of bacteria, mycobacterial isolates require specialized extraction 
methods which increase the hands-on time for preparation prior to loading into the 
instrument.

In the last few years, whole genome sequencing (WGS) has emerged as the new-
est approach, not only to determine the overall genomic relatedness of species and 
subspecies of NTM but also to help elucidate antimicrobial susceptibility and resis-
tance patterns for specific antimicrobials as related to species or subspecies. Indeed, 
this method may well represent the basis of future identification algorithms, 
although currently only a few (mostly research or reference) laboratories are able to 
implement this methodology due to cost and the specialized education (i.e., bioin-
formatics) required to interpret and analyze sequences that, so far, is beyond the 
current capability of most clinical laboratories. The population databases for most 
NTM currently do not exist.

Antimicrobial susceptibility testing (AST) of NTM began with agar dilution 
methods utilized for the Mycobacterium tuberculosis complex (MTBC). Due to 
its laborious nature and inability to test large numbers of isolates, the agar dilu-
tion method for NTM has been abandoned except in a few research laboratories. 
The agar disk diffusion method for rapidly growing mycobacteria was intro-
duced but was never validated or recommended by the Clinical and Laboratory 
Standards Institute (CLSI) and has suffered from lack of reproducibility and 
intra- and interlaboratory subjectivity of the reads. In contrast, the agar disk elu-
tion method utilizing commercial susceptibility disks has been successfully 
used and recommended by the CLSI but only for the AST of fastidious species 
such as Mycobacterium haemophilum. Despite the popularity of the gradient 
agar MIC method (i.e., E-test), a commercial system that utilizes a combination 
of the MIC and agar methodology, it has proven to be more difficult to get 
reproducible endpoints with mycobacterial species. The introduction of broth 
macrodilution and microdilution proved to be the most reliable AST for NTM 
species, and, to date, only the broth microdilution method has been recom-
mended by the CLSI for testing of both slowly and rapidly growing species 
of NTM.
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 Laboratory Identification of Nontuberculous 
Mycobacteria (NTM)

 Conventional Biochemical Testing

Prior to the advent and increased usage of molecular technologies, NTM were rou-
tinely identified using large batteries of biochemical tests. This conventional 
approach for RGM included arylsulfatase, nitrate reduction, sodium chloride toler-
ance, iron uptake, catalase production, and growth on single carbon sources such as 
citrate, mannitol, and inositol, along with growth rate, pigmentation, and colonial 
morphology. Currently only the latter three properties, morphologic, and phenotypic 
features, continue to be important or essential even in the current molecular era [4].

These batteries of key conventional biochemicals were developed and standard-
ized over several decades and were used in most mycobacteriology laboratories for 
identification of NTM.  The major disadvantages were that they required actual 
growth of the organisms and thus were slow in providing clinically relevant infor-
mation in a timely manner, thus preventing rapid diagnosis and treatment of 
patients. Not only was this methodology slow, since it involved the actual growth of 
the organism in various substrates, but it also proved to lack discriminatory power 
to separate many newer species and subspecies and was generally poorly 
reproducible.

Carbohydrate utilization testing was also previously used to aid in identification 
of RGM, but the method was cumbersome, difficult to quality control, and no com-
mercially standardized substrates were available making the method tedious and 
requiring in-house preparation of the media with time-consuming specific test vali-
dation. Moreover, as genetic techniques have shown, conventional testing results 
alone, even with the addition of carbohydrate utilization, are inconsistent and unable 
to differentiate many species of NTM accurately. Newer species were/are difficult 
to identify with this method, and fewer and fewer biochemical test results are pro-
vided with newer species. Thus, ultimately conventional biochemical methods have 
been replaced by more definitive molecular methodologies, recognizing that not all 
countries are yet able to make this transition.

 High-Performance Liquid Chromatography (HPLC) 
Identification

Mycobacterial mycolic acid patterns of the cell wall vary within the species of 
NTM.  Three methods, including thin-layer chromatography (TLC), gas-liquid 
chromatography (GLC), and high-performance liquid chromatography (HPLC), 
have been used in the identification of NTM species. The former two methods were 
mainly performed in research laboratories outside the United States of America 
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(USA), while HPLC gained popularity in the USA. Concurrent with conventional 
biochemical testing and also following afterward, HPLC analysis of mycobacterial 
cell wall mycolic acid content became popular, especially in larger reference labo-
ratories including public health department laboratories.

Although HPLC is still being used, mostly in public health laboratories, this 
technology based on separation of mycolic acids by carbon length and charge has 
been shown to be limited for the identification of most species of NTM. Species are 
characterized by arrangement of major peaks from the eluting of the mycolics, the 
height of the peaks, and the retention time [2]. Most mycobacterial experts agree 
that this method can help to categorize the more common NTM species such as M. 
avium complex and M. kansasii, but it is not specific enough to identify most spe-
cies of RGM accurately, and it suffers from a low discriminatory power among 
closely related species of slowly and rapidly growing mycobacteria. Limited data is 
also available for many of the newer species that are identified by molecular 
technology.

 AST as a Taxonomic Tool

Prior to the molecular era antimicrobial susceptibility patterns, especially those of 
the RGM were used to provide a preliminary “screening test” for the identification 
of the most commonly encountered species. Although genetic sequencing is neces-
sary for definitive species identification, AST provides useful taxonomic help espe-
cially for the M. fortuitum group and the M. chelonae-M. abscessus complex. Even 
the non-validated (for diagnostic AST) agar disk diffusion method can be used taxo-
nomically to easily differentiate the M. fortuitum group from the M. chelonae-M. 
abscessus complex by susceptibility (defined as any size zone of inhibition) to poly-
myxin B [5]. Isolates of the latter complex show no zone of inhibition to polymyxin 
B in contrast to isolates of the former group which exhibit partial to full zones of 
inhibition with polymyxin B [5, 6].

The sulfonamides [typically trimethoprim-sulfamethoxazole (TMP-SMX)] also 
offer another taxonomic clue in that almost all isolates of the M. fortuitum group 
(except rare isolates that have been treated with sulfonamides in long-term regi-
mens) show zones of inhibition or low MICs (≤2/38 μg/mL) as compared to isolates 
of the M. chelonae-M. abscessus complex which rarely exhibit zones of inhibition 
and have TMP-SMX MICs >2/38 μg/mL. Less than 10% of the M. chelonae-M. 
abscessus complex exhibit susceptibility either by agar disk diffusion (i.e., zones) 
or by low MICs (broth microdilution) [7].

The M. chelonae-M. abscessus complex can also be differentiated by susceptibil-
ity to cefoxitin and tobramycin [5]. Isolates of M. chelonae exhibit cefoxitin MICs 
>128  μg/mL and tobramycin MICs ≤4  μg/mL in contrast to isolates of the M. 
abscessus complex which have modal cefoxitin MICs 32–64 μg/mL and tobramy-
cin MICs ≥8 μg/mL [8, 9].
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Caution must be exercised with isolates showing cefoxitin MICs >128 μg/mL 
and tobramycin MICs ≥8 μg/mL as these characteristics are also shared by isolates 
of M. immunogenum. By agar disk diffusion, isolates of M. immunogenum have 
small to no zones of inhibition with tobramycin and equivalent amikacin and kana-
mycin zones in contrast to the isolates of M. chelonae-M. abscessus complex 
which almost always have larger zones of inhibition with kanamycin than amika-
cin [5, 10].

In general, isolates of the M. fortuitum group show more overall susceptibility to 
antimicrobials than isolates of the M. chelonae-M. abscessus complex [5, 11]. 
Additionally, untreated isolates of M. fortuitum group are almost always susceptible 
to fluoroquinolones. Rarely patient isolates of this group after long-term quinolone 
treatment may show fluoroquinolone resistance [12]. However, most often, quino-
lone susceptibility provides another helpful marker for the M. fortuitum group, 
although some isolates of M. chelonae (less than 40%) may also show susceptibility 
to this class of antibiotics.

Isolates of the M. mucogenicum group (M. mucogenicum, M. phocaicum, M. 
aubagnense) are the only nonpigmented species of RGM which show susceptibil-
ity to cephalothin [5, 13]. Additionally, like isolates of M. immunogenum, these 
isolates exhibit equivalent kanamycin and amikacin zones and are polymyxin 
resistant.

 Molecular Identification

 Commercial Nucleic Acid Probes for NTM

For more than 25  years, clinical mycobacteriology laboratories worldwide, but 
especially in the USA, have relied upon commercial single-stranded DNA nucleic 
acid probes (Accuprobe, Hologic Gen-Probe, San Diego, CA) to rapidly detect and 
identify MTBC and NTM including M. avium complex (MAC as a combined 
probe), M. intracellulare and M. avium (separate species probes), M. kansasii, and 
M. gordonae [14, 15].

The Accuprobe employs acridinium ester-labeled oligonucleotide probes com-
plementary to 16S rRNA in the target organisms. Colonies on solid media or in 
broth cultures provide the target nucleic acid for these assays. Extraction of 
nucleic acids following lysis with appropriate buffers and heat inactivation 
ensures safety (i.e., non-viability) during the procedure. The hybridization results 
are measured with a luminometer [16, 17]. Generally, species accuracy and sen-
sitivity have been good, although some cross-reactivity has been reported, and it 
should be noted that most laboratories do not sequence isolates to confirm their 
probe identification once a probe is positive for one of the aforementioned species 
so the accuracy may be overestimated [18]. Although the probes can be costly, the 
decreased labor and shortened turnaround time can offset the expense. Moreover, 
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more than half of the species commonly encountered in the clinical laboratory 
fall into one of these groups, and liquid cultures, which are typically becoming 
positive before solid media cultures, can be probed early without waiting for 
growth on solid media [19–22].

Despite the utility of the commercial probes, they are not able to identify all 
pathogenic and nonpathogenic mycobacteria, and thus other methods of identifica-
tion must be used.

 Line Probe Assays

 INNO-LiPA (Innogenetics, Ghent, Belgium)

To identify a wider variety of species of NTM, INNO-LiPA genetic probe strip 
techniques based on the application of PCR plus reverse-hybridization DNA have 
also been developed. In general, the target sequences from culture growth on solid 
or in liquid media are amplified using PCR and biotinylated primers. Subsequently, 
the amplified PCR products are hybridized to nitrocellulose membrane-bound 
species- specific fragments on a strip followed by an enzyme-mediated color reac-
tion. The species-specific banding patterns are visually analyzed following a colori-
metric conjugation step by comparison to a commercially available chart which is 
coded to the NTM species identification.

Using this technology, there are currently three commercial testing systems 
available. Until approximately 10–15 years ago, the INNO-LiPA multiplex probe 
reverse hybridization based on nucleotide differences in the 16S-23S rRNA gene 
spacer region was used only outside the USA. Although, like the other two systems, 
it is still not US Food and Drug Administration (FDA) cleared, it is available in the 
USA and offers a method of identifying more species than the Accuprobe system 
[15]. In fact, this system has the capability of identifying both RGM and slowly 
growing NTM species by a single probe, and unlike Accuprobe, the technologist 
does not need to select the appropriate probe.

Limitations of the INNO-LiPA include the cross-reactivity with the species 
within the M. fortuitum group and several less commonly isolated species such as 
M. thermoresistibile, M. agri, and M. alvei [23] Furthermore, discrimination of 
some closely related species such as M. chelonae and M. abscessus can be problem-
atic. The INNO-LiPA separates the M. chelonae-M. abscessus complex into three 
different groups, and in one study 20/21 isolates of M. chelonae were confirmed by 
rpoB sequence. In the same study, 24/38 isolates of M. abscessus were by INNO- 
LiPA and 14/38 were M. abscessus subsp. bolletii by rpoB sequence [24]. To 
address these issues, the manufacturer has included an additional probe specific for 
the M. fortuitum-M. peregrinum complex and also M. smegmatis [23, 25, 26]. The 
system also is capable of identifying several commonly isolated slowly growing 
NTM including M. kansasii, M. gordonae, M. simiae, M. marinum, and M. avium 
complex. It can also identify several fastidious species including M. xenopi, M. 
genavense, M. malmoense, and M. haemophilum [27]. In a 2014 study by de Zwaan 
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et al., in the Netherlands, 417/455 isolates of NTM could be identified beyond the 
genus level, and 348/417 showed similarity to rpoB sequence results [24].

The INNO-LiPA MAIS probe may also cross-react with M. arosiense, M. man-
tenii, M. heidelbergense, M. nebraskense, M. parascrofulaceum, and M. paraffini-
cum, but importantly so far the system has not misidentified MTBC as NTM [18].

 GenoType Mycobacterium CM/AS (Hain Lifescience, Nehren, Germany)

The second-line probe assay method is based on the detection of species-specific 
sequence in the 23S rRNA gene. This system utilizes two strips (CM, for “common 
mycobacteria,” and AS, for “additional species”) [15, 28] and provides probes for 
simultaneous identification of M. chelonae with specific probes for M. peregrinum, 
M. fortuitum, and M. phlei [28, 29]. The GenoType assay also identifies slowly 
growing NTM including the common species such as M. avium, M. gordonae, M. 
interjectum, and M. kansasii but is unable to discriminate between the following 
NTM groups: M. intracellulare/M. chimaera, M. scrofulaceum/M. paraffinicum/M. 
parascrofulaceum, M. malmoense/M. haemophilum/M. palustre/M. nebraskense, 
MTBC/M. xenopi, and M. marinum/M. ulcerans [27]. Using the AS strip, NTM spe-
cies including M. simiae, M. celatum (types 1 and 3 results should only be reported 
if obtained from solid cultures with typical colony morphology and growth rate), M. 
lentiflavum, M. heckeshornense, M. kansasii, M. ulcerans, M. gastri, M. asiaticum, 
and M. shimoidei can be reported but with M. genavense/M. triplex, M. szulgai/M. 
intermedium, and M. haemophilum/M. nebraskense sharing the same patterns [27].

Recent studies also show that the GenoType M. intracellulare probe cross- 
hybridizes with several other NTM including M. arosiense, M. chimaera, M. colom-
biense, and M. mantenii in the “MAC X” complex and M. saskatchewanense [18]. 
Two rare NTM species, M. riyadhense and the non-validated species M. simulans, 
have been incorrectly identified as MTBC by the GenoType method [18]. However, 
similar to the INNO-LiPA, no MTBC isolates have been misidentified as NTM 
using the GenoType [18].

 Speed-Oligo Mycobacteria (Vincel, Granada, Spain)

Recently a third-line probe assay has been developed based on targeting both 16S 
rRNA and 16S–23S rRNA regions [30]. This system has a limited number of spe-
cies which it is capable of identifying compared to the other two-line probe assays. 
It also is only able to identify some species to only the group or complex level. So 
far, only limited reports of its use have been published. A major advantage of the 
system is its speed and ease to differentiate between NTM species and MTBC even 
in direct testing of respiratory samples [31, 32].

The Speed-oligo mycobacteria system can identify M. avium, M. gordonae, M. inter-
jectum, M. intracellulare, M. kansasii, M. malmoense, M. xenopi, and M. scrofulaceum 
in addition to M. marinum/M. ulcerans which share the same pattern [27]. A major 
misidentification has been reported with M. marinum identified as M. kansasii [27].
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 Polymerase Chain Reaction (PCR) Restriction 
Fragment Length Analysis (PRA)

The initial shift toward molecular identification of NTM involved the use of PCR by 
amplification of a 441-bp segment of the 65 kDa heat shock protein (hsp) and a 
subsequent restriction fragment analysis method as described by Telenti et al. [33] 
and later modified by Steingrube et al. [34]. Moreover, unlike some gene sequence 
methodology, PRA will differentiate M. chelonae from M. abscessus, and addi-
tional enzymes even allow for the discrimination of M. abscessus subsp. abscessus, 
subsp. massiliense, and subsp. bolletii. Using this method, the amplified products of 
the PCR were digested using specific restriction enzymes (BstEII and HaeIII) and 
subsequently analyzed by agarose gel electrophoresis [27]. The resulting gel pat-
terns are compared to an algorithm as prepared with the use of an in-house database 
as there is no commercial database available. Many of the patterns were specific for 
clinically significant species [35]. An algorithm describing 34 species, including 
new subgroups of M. kansasii and also several RGM species (M. porcinum, M. 
senegalense, and M. peregrinum), was proposed by Devallois et al. [35]. This sim-
ple and rapid method system was widely used for several years because a viable 
culture of the NTM was not necessary and the method was more rapid than conven-
tional biochemical testing and less expensive than gene sequencing. However, tech-
nical difficulties such as small size differences between the fragments and the 
finding of some closely related NTM species with non-distinguishable patterns 
along with the need to establish large in-house databases [3] became the major dis-
advantages of this method which has subsequently been replaced by more specific 
gene sequencing procedures.

Algorithms for identification of NTM using PRA along with a web accessible 
database have been published [36].

Currently the 441-bp of the hsp 65 gene (Telenti fragment) remains the most use-
ful sequence used for PRA. However, many newly described species of NTM have 
not been extensively studied using PRA.

 Amplification Followed by DNA Sequencing

With the increasing numbers of NTM being described and the need for accurate 
identification to species level, analysis of gene sequences is currently considered the 
gold standard for taxonomic identification of NTM species. The nucleic acid source 
for sequencing can either be a colony or cell pellet from broth cultures. Sequencing 
identification is accomplished by amplification of a selected segment of the myco-
bacterial gene and determination of the nucleotide sequence traditionally by Sanger 
sequencing.

Once sequence data is obtained, comparison to a public, commercial, or in- 
house- validated database is an important step. Not to be overemphasized, integrity 
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of the database is dependent upon the quality of sequences added to the library. 
Each database should be constantly monitored and should include new data as it 
becomes available. Rigorous quality control and curating of each entry is critical. 
As with any other identification method, sequencing results should correlate with 
key phenotypic characteristics. Mixed cultures can produce uninterpretable 
sequences. Development of an in-house algorithm to identify NTM requires exper-
tise and a quality controlled database which should include supplementation with 
reference (especially type) strains.

Consistent with implementation of other laboratory methodology, the procedures 
should undergo careful evaluation, rigorous validation, verification, and quality 
control including appropriate sequencing controls with each run.

A major caveat for single gene target sequencing is that because many NTM are 
closely related and may be indistinguishable, additional molecular and/or pheno-
typic properties may need to be assessed to discriminate species [37].

 Partial 16S rRNA Gene Sequence Analysis

For NTM, the identification focuses on two important hypervariable regions, known 
as region A and region B, which are located at the 5′ end of the 16S rRNA gene. 
These regions correspond to Escherichia coli positions 129–267 and 430–500, 
respectively. Region A contains most of the species-specific or “signature sequences” 
in mycobacteria [2]. This information stretch of approximately 500-bp usually 
allows taxonomic identification of many RGM and slowly growing NTM species 
and is the basis for the only commercially available sequencing method known as 
MicroSEQ (Life Technologies, Foster City, CA) [38–40]. The premade amplifica-
tion and sequencing master mixes significantly decrease technologist time and 
make quality control easier [40]. This system uses universal primers for the ampli-
fication and sequencing of the first 500-bp sequence and subsequently compares to 
a commercially prepared database composed primarily of type strains (one per spe-
cies). The major limitation of the partial (500-bp) sequencing method is the inability 
to distinguish between species that have identical hypervariable regions A and B or 
an identical complete 16S rRNA gene sequence such as the slowly growing NTM 
species: M. marinum/M. ulcerans, M. kansasii/M. gastri, and M. genavense/M. sim-
iae. Interestingly, the complete, approximately 1500-bp sequence, among the RGM, 
is identical for the three subspecies of M. abscessus, M. chelonae, and M. franklinii 
and among the slow growers that are identical for both M. genavense and M. simiae 
and also M. kansasii and M. gastri and as stated previously M. marinum and M. 
ulcerans. Thus, most clinical laboratories have supplemented the commercial data-
base with additional sequences from their own in-house databases or other sequence 
libraries such as RIDOM (Wurzburg, Germany) or GenBank. Caution must be used, 
however, with public databases as often they may contain errors [41]. It is critical to 
use a quality-controlled database or at a minimum to evaluate and confirm the 
sequences in a non-quality-controlled database such as GenBank [3].
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For accurate identification of species with the same partial 16S rRNA gene 
sequence, sequencing outside the first 500-bp region such as for M. chelonae-M. 
abscessus which differs in the 3′ region and can thus be exploited for differentiation 
by sequencing that region or targeting another gene for sequencing is necessary. To 
ensure accuracy, at least 300-bp of a quality sequence should be compared between 
the reference and the query segments and should cover at least one domain of the 
gene where variations should be expected to occur. For this reason, most clinical 
laboratories sequence between 450- and 480-bp [41].

The 2007 CLSI interpretation criteria recommend guidelines to ensure more 
consistency in reporting among clinical laboratories. Currently the cutoff recom-
mendations for 16S rRNA gene sequences do not reflect strict taxonomical classifi-
cation (see Table 1) [41].

 Complete 16S rRNA Gene Sequence

Sequencing of the complete 16S rRNA gene (approximately 1500-bp) is not a prac-
tical technique for routine identification of NTM, but in some cases as previously 
mentioned, it is necessary for differentiation of closely related species that differ by 
only a few base pairs. Such is the case in the discrimination of two pigmented RGM, 
i.e., M. goodii and M. smegmatis, which differ in the complete 16S rRNA gene by 
only 4-bp [42]. Among slowly growing NTM, as previously mentioned, M. mari-
num and M. ulcerans and sequence variants I and IV of M. kansasii and M. gastri 
have identical complete 16S rRNA gene sequences.

 rpoB Gene Sequencing

As previously discussed, the 16S rRNA gene sequence lacks discriminatory power 
to identify some closely related groups of NTM, especially the RGM in the M. for-
tuitum and M. chelonae-M. abscessus complex [43]. Thus, sequencing of the rpoB 

Table 1 Algorithm for identification of 16S rRNA gene sequencesa

% Sequence 
identity Report Example

100 “Mycobacterium + species” Mycobacterium fortuitum

99–99.9 “Most closely related to 
Mycobacterium + species”

Most closely related to 
Mycobacterium fortuitum

95–98.9 “Unable to identify by 16S rRNA gene sequence; 
most closely related to Mycobacterium sp.”

Unable to identify; most 
closely related to 
Mycobacterium sp.

aModified from CLSI MM18-A, 2008 [41] using a minimum sequencing target of 300 bases
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gene an almost 3600-bp gene which encodes the B-subunit of RNA polymerase has 
been suggested as a secondary target for the identification of NTM including non-
pigmented and late-pigmented RGM [44] and species within the MAC [45]. A 
major problem is that there are no CLSI-established cutoff values based on species 
population studies for genes other than the 16S rRNA gene. Several different regions 
to the rpoB have been proposed for amplification and sequence determination 
among species of NTM. Kim et al. [46] used a 306-bp segment (Region III), while 
Lee et al. [47] amplified a 360-bp fragment for NTM including slowly growing spe-
cies. In contrast, Adékambi targeted an approximately 760-bp segment (Region V) 
mostly for pre-identification of RGM including two newer species M. phocaicum 
and M. aubagnense. Adékambi et al. noted a 98.2% similarity between M. fortuitum 
and M. houstonense. Likewise, Ben Salah et al. found a 99.2% similarity between 
M. intracellulare and M. chimaera which suggests that M. chimaera could be a 
subspecies of M. intracellulare. It has also been suggested that if rpoB sequencing 
is used alone, horizontal gene transfer may cause misidentification of the subspecies 
M. abscessus [37]. However, it has also been noted that other gene targets should 
also be affected [48].

A second major limitation of rpoB sequencing is the lack of sequence databases 
for reference strains, especially of the less commonly recovered NTM species, and 
as for all molecular-based techniques, the absence of high-quality public sequence 
databases result in incomplete or incorrect sequences which can in turn result in 
misidentification or at best difficulty in comparing sequences. Multiple problems 
including ambiguous base designations and submissions labeled only as 
Mycobacterium sp. emphasize the need to evaluate and update databases and to use 
public databases with caution.

A recent study by de Zwaan et  al., in the Netherlands, revealed a higher 
discriminatory power of the rpoB sequencing as compared to a reverse line 
probe method (INNO-LiPA) even with the addition of 16S rRNA gene sequence. 
(See discussion in Line Probe Assay (INNO-LiPA) section.) The investigators 
found that the greatest difference between rpoB gene sequencing as compared 
to the INNO-LiPA/16S rRNA gene sequence was the grouping of species by 
the latter method, whereas the rpoB sequence was able to provide species level 
identification of the NTM.  The rpoB gene sequencing was able to identify 
more known species (among the MAC, M. vulneris, M. colombiense, M. timo-
nense, and M. yongonense and M. porcinum, M. houstonense, M. septicum, M. 
peregrinum, and M. setense within the M. fortuitum group). It also identified 
less common species including M. mantenii, M. heidelbergense, M. novocast-
rense, M. alvei, and the non-validated species M. tilburgii [24]. Interestingly, 
four groups of species showed debatable mutual similarities including M. man-
tenii, M. intracellulare and M. chimaera, M. fortuitum and M. houstonense, M. 
peregrinum and M. alvei, and the M. abscessus subsp. massiliense, subsp. bol-
letii, and subsp. abscessus using strictly applied cutoff values [24]. This study 
definitively illustrated the utility of the rpoB gene sequencing for the differen-
tiation of both RGM and slowly growing NTM.
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 Heat Shock Protein (hsp65) Gene Sequencing

The 65 kDA hsp gene is less conserved among mycobacterial species and thus shows 
more interspecies and intraspecies polymorphisms compared to those in the 16S 
rRNA gene sequence [49]. This variability has been exploited in the identification of 
closely related species of NTM using a 441-bp sequence known as the Telenti frag-
ment [33]. The hsp65 gene allows for differentiation of several RGM species closely 
related by the 16S rRNA gene including M. peregrinum, M. septicum, M. housto-
nense, M. fortuitum, M. porcinum, and M. senegalense. Also in contrast to partial 16S 
rRNA gene sequencing, M. chelonae and M. abscessus can be easily discriminated 
based on almost 30-bp differences in the 441-bp segment, as can the three subspecies 
of M. abscessus. Additionally, among the slowly growing NTM, M. marinum is dif-
ferentiated from M. ulcerans, M. kansasii from M. gastri and using the more variable 
3′ region, subsets including M. avium subsp. avium (bird strains), M. avium subsp. 
paratuberculosis (bovine), M. avium subsp. paratuberculosis (ovine) and M. avium 
subsp. “hominissuis”(porcine and human) can be discerned [50].

A web-based database for NTM sequenced by hsp65 gene is also available [36]. 
As for other sequencing targets, development of an in-house-validated database is 
critical for clinical use of the sequencing of the hsp65 gene.

 Erythromycin Ribosomal Resistance Methylase (erm) 
Gene Sequence

The presence of a functional rRNA methylase (erythromycin resistance) erm gene 
by methylation of the 23S rRNA binding of macrolides to the ribosomes induces 
macrolide resistance in most common species of RGM and two subspecies of M. 
abscessus (most M. abscessus subsp. abscessus and M. abscessus subsp. bolletii). 
This gene is harbored in several pathogenic RGM as shown in Table 2.

Treatment of M. abscessus subsp. abscessus has been hampered by its resis-
tance to standard antituberculous agents and other antimicrobials including the 

Table 2 Presence of functional erm gene types harbored in rapidly growing mycobacterial species

Erm 
type Species

erm(38): M. goodii, M. smegmatis

erm(39): M. fortuitum, M. houstonense, M. porcinum, M. neworleansense

erm(40): M. mageritense, M. wolinskyi

erm(41): M. abscessus subsp. bolletii and M. abscessus subsp. abscessus but not M. abscessus 
subsp. massiliense which has a large deletion and inactive (non-functional) erm (gene)

References: [51–57]
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recent discovery that approximately 80% of the isolates of M. abscessus subsp. 
abscessus recovered in the USA harbor a functional inducible methylase gene, 
erm(41), which confers macrolide resistance [57]. There are at least seven func-
tional sequevars associated with macrolide resistance. There are also at least three 
known nonfunctional sequevars that contain a T28G substitution causing a change 
in protein structure, resulting in a nonfunctional erm gene; the latter isolates should 
be assumed to be macrolide susceptible unless a mutation in the 23S rRNA gene is 
confirmed [51, 57]. Studies by Kim et al. used the erm(41) gene sequences to dif-
ferentiate M. abscessus subsp. abscessus from M. abscessus subsp. massiliense 
(truncated nonfunctional erm) and M. abscessus subsp. bolletii [52]. This finding 
has been illustrated in a study by Koh et al., in which patients with M. abscessus 
isolates with a nonfunctional erm gene (i.e., those with M. abscessus subsp. mas-
siliense (a subspecies that harbors a truncated nonfunctional erm gene)) had an 
approximately 90% therapeutic response rate to macrolide-containing regimen 
compared to those patients with M. abscessus subsp. abscessus who only had an 
approximate 25% response rate [53].

Two other RGM groups consist of species with functional erm genes and thus are 
considered macrolide resistant. This includes the M. fortuitum group erm(39) with 
related species M. fortuitum, M. porcinum, M. houstonense, and M. neworleansense, 
the M. smegmatis group (M. smegmatis and M. goodii) erm(38), and M. wolinskyi 
and M. mageritense erm(40). In contrast to the macrolide-susceptible species, M. 
peregrinum, M. senegalense, M. chelonae, M. immunogenum, and the M. mucogeni-
cum complex (M. mucogenicum, M. phocaicum, M. aubagnense) do not harbor 
functional erm genes and to date have no sequencing evidence for the presence of 
any erm genes [51, 54, 58].

Recent in  vitro studies have shown that sequencing of the erm gene or its 
absence among isolates of RGM can predict macrolide (clarithromycin) resis-
tance. These studies have also demonstrated the absence of a functional erm gene 
in M. chelonae, M. immunogenum, and the M. mucogenicum group [58]. Thus, 
these RGM species should be macrolide susceptible unless a mutation is present 
as indicated by an initial (3–5 days) clarithromycin MIC >8 μg/mL. Moreover, M. 
abscessus subsp. massiliense as previously mentioned has a truncated erm gene 
that renders the subspecies macrolide susceptible. A proposal to the CLSI has 
been made (but not yet approved) that this sequencing information combined with 
the 3–5-day  clarithromycin MIC to exclude mutational resistance could be substi-
tuted for extended (up to 14  days) incubation to detect a functional erm gene, 
allowing for a more rapid turnaround time and more expeditious selection of anti-
microbial therapy [58].

Further studies are necessary to evaluate the utility of sequencing of the erm 
gene in other RGM species including other species within the M. fortuitum and 
the M. smegmatis and the M. wolinskyi/mageritense groups. Therefore, until such 
evaluations are completed, extended incubation is required to assess macrolide 
resistance unless the isolate has a 23S rRNA gene mutation evident by a 3–5-day 
Clarithromycin MIC >8 μg/mL.
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 Sequencing of Other Gene Targets

Other gene targets including the 16S-23S rRNA internal transcribed spacer (ITS) 
region, dnaJ, sec A1, and rec A, have been proposed for taxonomic identification of 
NTM [2, 44, 59, 60]. However most of the research to date suggests that these tar-
gets are more variable than hsp65, and thus they have not been widely utilized. As 
always, the updated and accurate sequence databases for each of the targets is lack-
ing, especially for newer species. Currently, most investigators have recommended 
a multigene target approach for taxonomic evaluation of the NTM not identified by 
partial 16S rRNA gene sequencing [61].

A 2011 report by Macheras et  al. recommended a multigenic target approach 
using eight housekeeping gene sequences including argH, cya, glpK, gnd, murC, 
pgm, pta, and purH [37]. However, for the routine clinical laboratory, this algorithm 
is too laborious. This work also questions the previously accepted >3% rpoB 
(Region V) sequence divergence cutoff between RGM species [44, 62].

The sequence of the ITS 1 region is a 200–330-bp target region that separates the 
16S and 23S rRNA genes. Several primer sites for amplification and sequencing of 
this segment have been proposed [63]. The ITS 1 sequence has a high variability 
that can be used for species discrimination especially with the RGM; some slowly 
growing species such as M. simiae and M. xenopi have two or more sequence vari-
ants and thus cannot be differentiated using this technique [64]; however, ITS can 
be useful for other slowly growing species including the MAC [65, 66].

As previously mentioned, the erm sequence along with rpoB sequencing has 
recently been proposed for identification of many RGM, especially the M. 
abscessus complex [52, 67]. These results have been in agreement with multi-
locus sequence analysis including rpoB, hsp65, sod A, and the 16S-23S ITS 
although some investigators report that sod A has little utility in species identifi-
cation [62].

 Pyrosequencing

Pyrosequencing (Biotage, Uppsala, Sweden) differs from Sanger sequencing in that 
it employs short-segment (20–30-bp) nucleic acid sequencing of hypervariable 
region A of the 16S rRNA gene, and instead of chain termination with dideoxynu-
cleotides (i.e., Sanger), it relies on detection of pyrophosphate during DNA synthe-
sis [68–70]. During sequencing, visible light that is proportional to the number of 
nucleotides is produced [27].

Although pyrosequencing is not as discriminatory as Sanger sequencing and 
may require additional sequencing due to the short sequence length generated by 
this method, it has advantages in being rapid, relatively simple, and a less expen-
sive molecular method than traditional sequencing approaches [23, 27, 70]. A 2010 
study by Bao et al. showed that pyrosequencing could identify 114/117 (97.4%) 
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isolates of NTM to species level including slowly growing NTM, other than M. 
scrofulaceum and M. simiae [68]. In an earlier 2005 study by Tuohy and col-
leagues, 40/50 RGM isolates had agreement by pyrosequencing to traditional 
sequencing results. Closely related species within the M. fortuitum group were 
problematic [70].

A recent proposal to use a 60-bp segment of the rpoB gene along with pyrose-
quencing successfully identified 99/100 isolates of M. abscessus and M. chelonae 
[71]. Currently, pyrosequencing is primarily used only in research and large refer-
ence laboratories until more extensive studies are completed.

 Guidelines for Comparison and Interpretation 
of Gene Sequences

In 2010, following the publication of CLSI guidelines for interpretation of 16S 
rRNA gene sequencing in 2008, Tortoli proposed a standard operating procedure 
and recommendation for optimal identification of NTM using the 16S rRNA gene 
[15, 41, 48].

 1. Annotations accompanying the sequence in the database provide useful informa-
tion for evaluation and comparison of sequences.

• Source of strain (clinical or environment strains are often less reliable than 
established reference strains, especially type strains)

• Reputation of submitter (a more established submitter suggests a higher reli-
ability for the sequence)

• Noting the year of the submission to determine if the sequences were derived 
using outdated techniques which would suggest less reliability than the use of 
updated techniques

 2. Comparison to a reference strain (especially a type strain) is optimal even if the 
similarity percentage is lower than for other entries. Careful evaluation of the 
presence of ambiguous nucleotides in the database sequence or incorrect inter-
pretation of the electropherogram should select the best choice for identity.

 3. The presence of multiple entries assigned to the same species increases the con-
fidence level of the identification.

 4. Note bibliographic references if present.
 5. Cautiously compare old sequence data. The lack of close similarity between a 

reference strain and the confirmed type strain should be viewed with suspicion.
 6. If the sequence is derived from a non-validated species, the test isolate cannot be 

assigned to a species and remains unidentified.
 7. Organism sequences should be ordered according to the highest similarity score 

using the “maximum identity” column.
 8. Recovery of a single isolate is inadequate to establish a new species identity. 

Comment should “suggest” the “possibility” of undescribed species.
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As noted previously, misidentified sequences and submission errors are not 
uncommon. Although a test sequence may be 100% identical to the sequence in the 
database, it is important to confirm the identification using the measures cited above. 
BLAST (Basic Local Alignment Search Tool) is a routinely used program that can 
be used to locate sequences similar to the test reference [15]. Although a quality 
electropherogram is important, the ultimate accuracy of the database and the ability 
of the user to carefully interpret and compare sequences are also critical.

 Matrix-Assisted Laser Desorption-Ionization Time-Of-Flight 
(MALDI-TOF) Mass Spectrometry (MS)

MALDI-TOF-MS is one of the newest techniques introduced for the identification 
of NTM [1]. This method bases identification of organisms on the creation of a 
unique species-specific spectral profile (fingerprint) produced by extracted ribo-
somal proteins with specific mass to charge ratios [72, 73]. Inactivated mycobacte-
rial cells are extracted, applied to a target mass spectrometer plate, and overlaid with 
a matrix solution. Additionally, safety (to rule out MTBC) must be considered so 
that the specimens should be rendered nonviable before analysis, and the extraction 
should be performed within a biosafety cabinet. The accuracy of the MALDI- 
TOF- MS is dependent upon obtaining quality spectra which can be challenging due 
to the complex cell walls of mycobacteria. One of the greatest advantages of this 
method is its speed with traditional bacterial identification. However, for mycobac-
teria a pre-extraction procedure usually involving bead beating or vortexing in for-
mic acid, ethanol, and acetonitrile is necessary which adds to the hands-on time 
[74]. The application of a colony directly onto the target plate (whole cell prepara-
tion) is not feasible for mycobacteria. After extraction, the proteins are then spotted 
onto the target plate. The mass spectrometer is operated under a high vacuum, and 
the laser fires randomly within each well to produce spectra of sufficient intensity. 
The spectra are recorded, and the instrument software processes and compares the 
collected spectra and determines a standard duration for peak intensity and place-
ment. The patterns (mass spectra) generated are compared to a consensus profile 
using all spectra within statistically significant threshold values [73, 75–77].

There are currently two commercially available MALDI-TOF-MS systems. A 
major concern to laboratories implementing the MALDI-TOF-MS is the initial 
expense (almost twice the price of a genetic analyzer), although some cost may be 
offset by less expensive consumables and more rapid turnaround time [15, 73]. 
Since 2011, several studies have been published comparing the MALDI-TOF-MS 
method to gene sequencing-based identification. As is important for all identifica-
tion systems, validation of the method and creation of a database usually augmented 
with in-house data to supplement the commercial libraries are critical and are major 
challenges especially for the identification of NTM [72]. Additionally, it has been 
noted that the robustness of the spectral database with MALDI-TOF is improved if 
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the same extraction method is used for the development of the database and the 
analysis of unknown test isolates.

Previous studies have shown MALDI-TOF to be useful for the identification of 
both RGM and slowly growing NTM. A major caveat is the use of pure cultures 
for accurate identification. For organisms grown on solid media, a single well-
isolated colony should be used when possible. After selection is made, the isola-
tion plate should be reincubated. Upon extended incubation, if multiple colony 
types are noted, each colony morphotype should be isolated and analyzed by 
MALDI-TOF-MS.

Limitations of the MALDI-TOF-MS with NTM include lack of discrimination with 
some clinically important closely related species and subspecies including M. abscessus 
subsp. abscessus, M. abscessus subsp. massiliense, and M. abscessus subsp. bolletii; M. 
avium, M. avium subsp. avium, M. avium subsp. paratuberculosis, and M. avium subsp. 
silvaticum; M. chelonae and M. abscessus; M. intracellulare and M. chimaera; and M. 
mucogenicum and M. phocaicum and the M. fortuitum group [73, 75–78].

As with all identification methods, the final instrument result should also corre-
late with known phenotypic characteristics including growth rate, pigmentation, 
and colony morphology. General consensus among experts is that organism identi-
fications unfamiliar to the testing laboratory should be confirmed using these key 
phenotypic properties. If no identification is achieved with a good quality spectrum, 
this may mean that the organism is not represented in the database being applied. In 
contrast, if the spectral pattern is poor, there may be a mixed culture present, and 
colony purity should be investigated. In almost all failures, the first action step is to 
repeat the analysis. Most experts recommend supplemental molecular testing meth-
ods, or referral to a qualified reference laboratory may be required to discriminate 
between closely related species if the isolate is considered clinically significant [i.e., 
important to public health implications (usually not relevant with NTM but rather 
with MTBC)], linked to serious co-morbidities, carries specific prognostic implica-
tions, and/or resistant to commonly used antimicrobials. If the isolate is not 
 considered clinically relevant, a report to genus, group, or complex level may be a 
reasonable alternative.

Table 3 provides an overview of the most commonly used methods of laboratory 
identification for the nontuberculous mycobacteria.

 Molecular Strain Typing Systems

 Pulsed-Field Gel Electrophoresis (PFGE)

The most widely used method for molecular strain typing is PFGE. The principle of 
PFGE is based on the premise that a periodic alternating electrical field causes DNA 
fragments to change directions and allows large molecules to be separated. By using 
restriction enzymes, larger DNA fragments >50 Kb can be separated.
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Generally the method requires an actively growing liquid culture and an average 
of 3–4 weeks for processing to prepare genomic DNA. A suspension of NTM is first 
embedded in agarose plugs, cells are lysed, and chromosomal DNA is digested with 
restriction enzymes. The plugs are then loaded into the wells of the gel and placed 
on the instrument. Problems with the technique include cell clumping or irregular 
amounts of DNA causing uneven loading.

Although the method has never been standardized for RGM or slowly growing 
NTM, most investigators use the criteria set forth by Tenover et al., in 1995, for 
interpretation of chromosomal DNA restriction patterns by PFGE with bacterial 
isolates with some modifications for mycobacterial species [79, 80].

2–3 band differences = “closely related”
4–6 bands = “possibly related”
>7 bands = “genetically different”

Zhang et al. modified the PFGE procedure with the addition of thiourea to enable 
more reliable results with all species of RGM, including those species (especially 
isolates of M. abscessus) that were originally affected by DNA degradation [81]. A 
2013 study by Howard and colleagues correlated the previously described DNA 

Table 3 Laboratory methods for identification of nontuberculous mycobacteria

Method Comment

Conventional biochemicals Not useful for definitive species identification
Should be replaced by molecular or proteomic method

High-performance liquid 
chromatography (HPLC)

Not suitable for definitive species identification

Commercial nucleic acid probes Only useful for a few species:
Mycobacterium avium, M. intracellulare, M. gordonae, M. 
kansasii

May be cross-reactivity between other Mycobacterium avium 
complex and other mycobacteria

Polymerase chain reaction 
(PCR)
Amplification followed by 
restriction enzyme analysis 
(PRA or REA)

Replaced by sequencing. Not useful for definitive species 
identification especially with newer species/subspecies

Line probe assay Useful for species identification but there can be cross-
reactivity with similar species

Gene sequencing Useful for definitive species identification for most clinically 
relevant species. Specificity depends upon selection of gene 
target (16S rRNA, rpoB, hsp65, etc.). Sequence dependent 
upon updated and accurate database

Matrix-assisted laser desorption
Time-of-flight mass 
spectrometry (MALDI-TOF MS)

Useful for species identification of many clinically relevant 
species. Cannot differentiate between subspecies of M. 
abscessus. Also cannot differentiate among species within the 
MAC, M. fortuitum and M. mucogenicum groups.
Quality of results dependent upon updated and accurate 
database
No public database
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smear pattern with the presence of dnd, a DNA degradation gene conferring DNA 
phosphorothioation [82].

PFGE is expensive and requires skill and experience. The method requires large 
amounts of high-quality DNA which may not be easy to obtain with some NTM 
species due to their lack of growth in liquid media. Another disadvantage is that 
only a limited number of isolates can be tested at one time. Adequate growth of 
some NTM species in liquid culture may require extended incubation on a shaker 
incubator, adding to the turnaround time for the test. However, one major advantage 
of PFGE is that it is generic and can be used with any NTM species or subspecies.

The PFGE method has been applied with both slowly growing mycobacteria and 
RGM in the investigations of mycobacterial outbreaks, pseudo-outbreaks, and epi-
demics [13, 83–85]. Moreover, the strategy has been used to analyze patients with 
chronic MAC lung disease in order to ascertain new infection versus relapse infec-
tions [80, 86, 87] and has also been used in population studies [81] and as confirma-
tion for the previous typing of isolates of M. abscessus complex already typed using 
other methods such as rep-PCR [88].

 Repetitive-Unit Sequence-Based PCR (rep-PCR)

The rep-PCR technology is the first commercially available method for DNA strain 
typing of mycobacteria. The method is a high-throughput automated system; the 
method, although proprietary, is available through the DiversiLab System (bioMéri-
eux, Durham, NC) with a web-based database of sequences also available. Rep- 
PCR uses repetitive elements interspersed throughout the genome. The system 
electrophoretically separates repetitive-sequence-based PCR amplicons on micro-
fluidic chips to generate a computerized “graphic” representation of bands [17, 89]. 
As the fragments migrate over the chip, their size and fluorescence intensity are 
measured by a laser computer. The discriminatory power has been reported to equal 
or exceed that of standard restriction fragment length polymorphism (RFLP) analy-
sis for some NTM with a more rapid turnaround time and a smaller sample size than 
for standard PFGE [88, 89]. The system has been used in previous outbreak investi-
gations of NTM but has not been validated against more standard methods such as 
PFGE [88].

 Random Amplified Polymorphic DNA PCR (RAPD-PCR)

The RAPD-PCR method utilizes one to three arbitrary primers and low stringency 
conditions so that the primer anneals to both strands of template DNA, resulting in 
a match or partial match of strain-specific multiband heterogeneous DNA profiles 
[90]. Guidelines have been published for interpretation of RAPD compared to 
PFGE [90]. The RAPD-PCR, also known as arbitrarily primed PCR (AP-PCR), is 
considered to have less discriminatory power than PFGE. Nevertheless the method 
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has been used to confirm several observations from prior RGM outbreaks including 
a nosocomial outbreak of M. abscessus in children with otitis media as well as a 
post-cardiac surgery outbreak and most recently M. chimaera (a species within the 
M. avium complex), in air cultures and the heater-cooler units following cardiac 
surgeries [90–92]. The most important disadvantage of RAPD-PCR is the lack of 
reproducibility. Some investigators believe that pattern variation is dependent upon 
priming efficiency during amplifications and these variations are in turn dependent 
on template concentration and purity, primer/template ratio, or thermal ramping 
rates used [17].

 Variable Number Tandem Repeat (VNTR) and Mycobacterial 
Interspersed Repetitive Units (MIRU)

VNTRs are scattered throughout the genome of Mycobacterium and are known to 
be widely distributed among MTBC and NTM including MAC, M. gordonae, M. 
kansasii, M. marinum, M. szulgai, and M. ulcerans [17]. DNA strain typing using 
VNTR/MIRU is accomplished by assessing the number and length of tandem 
repeats at each locus of each isolate. The variability of the particular loci often is 
dependent on the sample collection, the geographical source, and the natural strain 
variability. The protocol for typing uses PCR amplification of each locus using spe-
cific primers complementary to the flanking regions and analysis of the resulting 
amplicons which are separated by gel electrophoresis. The size of the amplicons 
corresponds to the number of tandem repeat units which is determined in reference 
to the known size of the repeat unit within each targeted locus [17].

Recently VNTR/MIRU has been applied to strain typing of members of the 
MAC.  Although VNTR loci are usually species-specific, the reproducibility, the 
smaller volume requirement, and the speed at which it is performed make it an 
attractive possible alternative method for PFGE comparison especially with isolates 
of MAC [93–95]. A recent report by Wallace and colleagues applying VNTR meth-
odology revealed the presence of M. chimaera and the absence of M. intracellulare 
in household water and biofilm samples from patients with MAC lung disease 
throughout the USA [93, 94, 96]. The application of VNTR typing to other species 
including M. abscessus has recently been described by Wong and colleagues using 
18 tandem repeats in the M. abscessus genomic sequence, with 100% typeability, 
100% locus stability, and 100% reproducibility [97].

 Multi-locus Sequence Typing (MLST)

MLST schemes analyze intergenic sequences which can show high variability. In 
this method, single-copy housekeeping genes are sequenced, and the combination 
of different gene alleles creates a sequence type and defines a strain [98]. MLST has 
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recently been compared to PFGE for strain typing of 93 isolates of M. abscessus 
complex from outbreaks in Brazil [98]. In this study, multiple housekeeping genes 
were sequenced, and each isolate was assigned a sequence type (ST) from the com-
bination of obtained alleles. PFGE patterns were compared with the MLST. Thirty- 
three STs and 49 unique PFGE patterns were identified among the 93 isolates. Eight 
STs were specific for M. abscessus subsp. abscessus, 21 specific to M. abscessus 
subsp. bolletii, and 4 were specific to 6 isolates with unidentified subspecies. MLST 
showed 100% typeability and grouped monoclonal outbreak isolates congruently 
with their PFGE pattern. However, MLST was found to be less discriminatory than 
PFGE, especially for M. abscessus subsp. abscessus, and some strains were detected 
that share MLST profiles in patients but had no epidemiological relationship [98]. 
Investigators have suggested that the discriminatory power might be improved by 
sequencing more genes [98].

A major advantage of MLST is that the organisms do not require cultivation so 
that the results are generated more rapidly than PFGE and specialized equipment as 
for PFGE is not needed. Generally, a laboratory with sequencing capabilities is able 
to perform the testing.

 Enterobacterial Repetitive Intergenic Consensus (ERIC) 
Sequencing Typing (ERIC PCR)

Enterobacterial repetitive consensus sequences are repetitive elements usually 
found in gram-negative bacteria distributed along the bacterial chromosome at 
intergenic flanking (open reading frame) regions of polycistronic operons. 
Mycobacterial strain typing is accomplished by ERIC PCR because despite the 
absence of ERIC repeats (approximately 126-bp) in the available Mycobacterium 
genomes, non-specific amplification with appropriate primers can occur in the 
absence of ERIC sequences. ERIC PCR was recently used to evaluate isolates of M. 
abscessus in outbreaks in Brazil [99, 100]. The method had a higher discriminatory 
power for isolates of M. abscessus that had previously shown smear patterns with 
PFGE. However, the method was not as discriminatory when evaluating isolates of 
M. fortuitum [99, 100]. The variability of ERIC PCR sequences has been applied in 
the estimation of genetic diversity of mycobacterial species including M. tuberculo-
sis, M. gordonae, M. intracellulare, M. szulgai, M. chelonae, M. abscessus, and M. 
fortuitum [17, 100].

 Whole Genome Sequencing (WGS)

The genomic sequencing of M. tuberculosis ushered in new and exciting changes in 
the epidemiology of mycobacteria [101]. Ongoing WGS has also been used to com-
pare patient and environmental isolates [102] in the recent outbreaks of 
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disseminated M. chimaera infections following open-heart surgery and exposure to 
contaminated water in the heater-cooler units of heart-lung machines [102]. 
Although it has not yet been utilized for this application, WGS for in vitro suscepti-
bility of the NTM involved in the outbreaks might be a potential method to assess 
susceptibility in the context of biofilm formation when conventional AST is prob-
lematic. At a local level, WGS, compared with traditional strain typing methods 
such as VNTR, and PFGE may also provide higher resolution and deeper knowl-
edge about individual strains and information about large-scale outbreaks [17]. 
WGS may also allow for prediction of additional cases that might go undiagnosed 
without WGS.

Several studies from 2011 to 2012 by more than one investigator have revealed 
genomic characteristics of specific strains of M. abscessus subsp. abscessus and M. 
abscessus subsp. massiliense [103–107]. Interestingly, the strains had >4500 coding 
regions. Core regions contained more than 4 million-bp with a GC content of 64% and 
accessory regions in at least one strain >450,000-bp with a CG content of 61%. The 
core genome of one strain of M. abscessus subsp. abscessus revealed >4500 coding 
sequences and >40 RNAs. There were also >400 putative genes distributed in the 
subsystem of cofactors, vitamins, prosthetic groups, and pigments and >250 genes in 
the carbohydrate subsystem. Additionally, in the accessory genome, there were >500 
coding sequences including 10 putative genes with subsystem of phages, prophages, 
transposable elements, and plasmids [104]. Similarly, one strain of M. abscessus 
subsp. massiliense revealed approximately 100 genes that encoded virulence factors 
[107]. Annotation of another strain of M. abscessus subsp. massiliense predicted >400 
genes for amino acids and derivatives and >30 genes for virulence, intracellular exis-
tence, disease, defense, antibiotic resistance, and toxic compounds [105].

Information derived from sequencing of these regions described above should 
elucidate aspects of species diversity and strain-specific properties including sur-
vival in the environment [104], resistance to antibiotics and disinfectants [108], and 
genetic determinants related to pathogenicity of the strain/species [106].

In a 2016 publication by Tortoli et al., WGS was used to support the separation 
of three subspecies of the M. abscessus complex: M. abscessus subsp. abscessus, M. 
abscessus subsp. massiliense, and M. abscessus subsp. bolletii. Most importantly, 
differentiation at the subspecies level helps to resolve the controversy of the taxo-
nomic position of this major group of RGM, thus emphasizing another application 
of WGS [109].

 Antimicrobial Susceptibility Testing

Principles of Antimicrobial Susceptibility Testing (AST) Following the 2003 CLSI 
initial recommendations for laboratory AST [110], the 2007 diagnosis and treat-
ment guidelines for NTM were set by the joint publication of the American Thoracic 
Society (ATS) and the Infectious Disease Society of America (IDSA) and generally 
apply best to a few commonly encountered NTM species or complexes including 
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Mycobacterium avium complex, M. kansasii, M. marinum, and some rapidly grow-
ing mycobacteria (RGM). Insufficient data is available regarding other less com-
mon NTM species [111]. Table 4 shows treatment recommendations for some of the 
most often encountered NTM based upon their in vitro susceptibility patterns.

The initial CLSI guidelines were in major part based on clinical data, organism 
population distribution, and experience of experts in NTM [110]. A major caveat is 
that laboratories that perform antimicrobial susceptibility of NTM should imple-
ment quality control and quality assurance systems designed to recognize potential 
problems in cultures of NTM, including contamination, mixed cultures, unusual 
growth characteristics, and results discrepant from other isolates of the species.

In 2011, the initial laboratory testing guidelines were revised, and the broth 
microdilution method was recommended as the gold standard for AST of NTM 
[113]. Specific recommendations for the test method (i.e., broth microdilution), 
including breakpoints for most antimicrobials used in the treatment of NTM infec-
tions, were included along with new information regarding the importance of the 
erythromycin ribosomal resistance methylase (erm) gene as applied to RGM, espe-
cially isolates of M. abscessus.

Evaluation and Interpretation of Isolates for AST The CLSI has also continued to 
emphasize the need to ascertain the clinical significance of the isolates, the clinical 
relevance of the isolate as related to the pathogenicity of the NTM species and host 
factors including immunologic status, and the clinical findings such as unexplained 
fever, granulomas, inflammatory lesions, and site of infection [14]. Because of the 
presence of NTM in the environment (soil and water), determination of the clinical 
significance of the isolate may not always be clearly indicated. A classic example is 
the isolation of the M. mucogenicum group (a group of RGM frequently encoun-
tered in tap water), from a respiratory sample which usually is indicative of environ-
mental contamination, whereas the same organism recovered from blood cultures or 
a central venous catheter site is usually associated with mycobacterial sepsis. The 
finding of any NTM in usually sterile body sites such as the blood, tissue, cerebro-
spinal fluid, pleural fluid, brain, etc. is almost always clinically significant. Likewise, 
the isolation of NTM in a immunologically suppressed host, especially on cortico-
steroids or tumor necrosis factor (TNF), increases the possibility of the clinical 
relevance of the organism, including typically nonpathogenic species [114].

Generally, recovery of species such as M. gordonae, M. terrae complex, M. che-
lonae, and as described previously, M. mucogenicum group from respiratory cul-
tures is rarely clinically significant as they usually represent environmental 
contamination (all are present in tap water). Some newer species, including M. bot-
niense, M. chlorophenolicum, M. aromaticivorans, M. hodleri, M. murale, M. pal-
lens, M. rufum, M. rutilum, M. litorale, M. arabiense, M. sediminis, and M. 
paragordonae, have only been recovered from environmental samples and as yet are 
not recognized as human pathogens. Other species, including M. cookii, M. freder-
icksbergense, and M. psychrotolerans, have rarely been recovered from human 
samples, and thus, their pathogenicity is also questionable.
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Table 4 Antimicrobials used for treatment of commonly encountered species of nontuberculous 
mycobacteria

Species Growth type
Type(s) of infection and/or 
disease

Treatment options (based on 
MICs)

M. abscessus 
subsp. 
abscessus

Rapid Chronic pulmonary infection, 
localized posttraumatic 
wound infection, catheter 
infection, disseminated 
cutaneous infections, eye 
infections

Linezolid (~50%), clarithromycin-
azithromycina (~20%), amikacin, 
tigecycline, cefoxitin, imipenemb 
(~50%)

M. abscessus 
subsp. 
massiliense

Rapid Chronic pulmonary disease, 
localized posttraumatic 
wound infection, postsurgical 
wound infection, catheter 
infection

Clarithromycin-azithromycinc, 
linezolid (~50%), amikacin, 
tigecycline, cefoxitin, imipenemb 
(~50%)

M. chelonae Rapid Disseminated cutaneous 
infection, localized 
posttraumatic wound 
infection, sinusitis, eye 
infection (not considered a 
pulmonary pathogen)

Clarithromycin-azithromycin, 
linezolid, moxifloxacin (~25%), 
ciprofloxacin (~20%), 
doxycycline (~20%), tobramycin, 
linezolid, amikacin (~50%), 
imipenemb (~60%), tigecycline

M. fortuitum Rapid Localized posttraumatic 
wound infection, catheter 
infection, surgical wound 
infection, cardiac surgery, 
augmentation mammaplasty; 
rarely a pulmonary pathogen 
(except in cases of achalasia, 
lipoid pneumoniae)

Ciprofloxacin, levofloxacin, 
moxifloxacin, trimethoprim- 
sulfamethoxazole, linezolid, 
doxycycline (~50%), 
clarithromycin-azithromycina 
(~20%), imipenem, tigecycline, 
linezolid, amikacin, cefoxitin 
(~50%)

M. 
neoaurum-M. 
bacteremicum

Rapid 
(pigmented)

Catheter sepsis/bacteremia, 
localized posttraumatic 
wound infection, postsurgical 
wound infection

Ciprofloxacin, levofloxacin, 
moxifloxacin, doxycycline, 
linezolid, trimethoprim- 
sulfamethoxazole, clarithromycin-
azithromycind, amikacin, 
tobramycin, linezolid, imipenem, 
tigecycline, cefoxitin

M. marinum Intermediate Localized posttraumatic 
wound infection, 
tenosynovitis

Clarithromycin-azithromycin, 
rifampin-rifabutin, ciprofloxacin 
(~50%), trimethoprim- 
sulfamethoxazole, moxifloxacin, 
linezolid, doxycycline (~50%), 
amikacin, linezolid

M. avium 
complex (11 
accepted 
species)

Slow Chronic pulmonary infection 
(including cystic fibrosis), 
disseminated infection 
(usually associated with 
AIDS), lymphadenitis, 
localized cutaneous infection 
with tenosynovitis

Clarithromycin-azithromycine, 
rifampin-rifabutin, ethambutol, 
moxifloxacin (<50%), 
ciprofloxacin (<25%), amikacin, 
streptomycin, linezolid (<50%)
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Table 4 (continued)

Species Growth type
Type(s) of infection and/or 
disease

Treatment options (based on 
MICs)

M. kansasii Slow Chronic pulmonary infection, 
disseminated infection in 
AIDS

Clarithromycin-azithromycin, 
rifampin-rifabutinf, trimethoprim-
sulfamethoxazole, ethambutol, 
isoniazid, moxifloxacin, 
ciprofloxacin, linezolid, amikacin

M. 
malmoenseg

Slow Chronic pulmonary infection Clarithromycin-azithromycin, 
rifabutin, rifampin

M. simiaeh Slow Chronic pulmonary infection Clarithromycin-azithromycin, 
moxifloxacin (~60%), 
trimethoprim-sulfamethoxazole, 
amikacin

M. xenopii Slow Chronic pulmonary infection, 
joint and soft tissue infection

Clarithromycin-azithromycin, 
rifampin-rifabutin, ethambutol, 
moxifloxacin, amikacin, 
streptomycin

This table is modified from Ref. [112]
aMany strains of the M. fortuitum group and M. abscessus subsp. abscessus contain functional erm 
genes, so extended incubation shows clarithromycin MICs to be resistant, while with a routine 
3-day incubation, the MICs may appear to be susceptible [57]
bSusceptibility testing with imipenem with the M. abscessus-M. chelonae group is known to be 
problematic (lack of reproducibility)
cIsolates of M. abscessus subsp. massiliense contain a truncated (nonfunctional) erm gene; thus, 
macrolide MICs remain susceptible even with extended incubation. Isolates of M. abscessus 
subsp. bolletii are rare in the USA but contain a functional erm gene and are resistant to macrolides
dThere is a bimodal distribution of isolates that are resistant/susceptible to macrolides with extended 
incubation. Testing for functional erm genes has not been performed in large numbers of this species
eClarithromycin is recommended as the class agent for the testing of the newer macrolides because 
clarithromycin and azithromycin share cross-resistance and susceptibility. The macrolides are the 
only antimicrobials for which the clinical response can be correlated with the in vitro results in 
isolates of Mycobacterium avium complex (MAC). Testing of the first-line antituberculous agents 
with MAC isolates is not recommended
fPreviously untreated strains of M. kansasii should be tested in vitro only for rifampin and clar-
ithromycin. Isolates with susceptibility to rifampin will be susceptible to rifabutin
gSusceptibility testing may require adjustment of pH of the media and/or extended incubation
hThe antimicrobial treatment of M. simiae can be difficult, and the clinical response may not cor-
relate with in vitro susceptibility
iThe optimal antimicrobial treatment for M. xenopi has not been established, but most experts rec-
ommend a combination of macrolide, rifampin, and ethambutol with moxifloxacin. Poor correlation 
of in vitro results with clinical response may relate to the difficulty in testing for this species by 
current standardized methods. Some strains have been reported to have variable antimicrobial sus-
ceptibilities, and testing may need to be performed at 45 °C for optimal growth in broth

As relates to host site of infection, the major RGM respiratory pathogen is M. 
abscessus. Other RGM such as the M. fortuitum group are rarely respiratory 
pathogens except in cases of lipoid pneumonia or achalasia [5], and M. chelonae, 
although sometimes recovered from respiratory samples, has not been proven to 
be a respiratory pathogen. Slowly growing NTM respiratory pathogens most 
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commonly include M. avium and M. intracellulare (the M. avium complex) and 
M. kansasii, M. xenopi, and M. simiae, while RGM such as M. chelonae, M. 
fortuitum group, and slowly growing NTM including M. ulcerans, M. marinum, 
M. haemophilum, newer species including M. arupense, M. virginiense, and M. 
heraklionense (both in the M. terrae complex), are most often encountered in 
skin, soft tissue, and bone infections [111, 115].

For respiratory samples, the number of positive cultures and the number of colo-
nies present are also important in the determination of clinical significance of the 
NTM. Isolates recovered from multiple samples and in large quantities are almost 
always clinically significant, whereas those in small numbers in a single sample are 
less likely to be clinically relevant [14].

If mycobacterial cultures remain positive following 6 months of appropriate anti-
microbial treatment, repeat AST is warranted. Monitoring the development of muta-
tional drug resistance is achieved by repeat AST and, if available and indicated, 
gene sequencing to molecularly detect the presence or absence of specific mutations 
(e.g., adenine 2058 or 2059  in the 23S rRNA gene for macrolide non-inducible 
resistance and amikacin mutation in the 16S rRNA gene) that cause the NTM to 
develop resistance against specific antimicrobials [116–119].

Although AST for clinically significant isolates is recommended, performing 
AST on nonsignificant clinical isolates is a waste of laboratory time and patient 
and laboratory resources, and most importantly, results can be misleading and 
even detrimental for patient care [111]. Clear communication of accurate labora-
tory data, including the number of cultures positive, the degree (semi-quantita-
tion) of positivity, and the results of AFB smears between the laboratory and the 
clinicians, is of vital importance, although ultimately careful evaluation of the 
host factors and the clinical setting is the responsibility of the clinician.

AST attempts to predict the clinical efficacy of specific antimicrobials against 
isolates of NTM. However, although indicated for treatment regimens, in vitro sus-
ceptibility of the antituberculous agents (isoniazid, rifampin, ethambutol, rifabutin, 
and streptomycin) for some species such as M. avium complex does not predict 
clinical response [120]. Moreover, just as performance of AST on nonsignificant 
clinical isolates may be detrimental to patient outcomes, providing susceptibility 
results for these drugs may also lead to incorrect treatment regimens which can 
also lead to irreversible genetic mutation, which would eliminate the usage of spe-
cific antimicrobials. Thus, both the CLSI and the ATS/IDSA have recommended 
that these agents not be reported against isolates of MAC [111, 113].

 Agar Disk Diffusion

The modified Kirby-Bauer agar disk diffusion method of susceptibility testing has been 
previously described and recommended by several authors for RGM [6, 121]. Although 
the agar disk diffusion method is highly standardized for other (non- mycobacterial) 
rapidly growing organisms, it has several serious limitations and is no longer recom-
mended for testing RGM because of technical problems associated with it.
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 Agar Disk Elution

The agar disk elution method utilizes a system in which commercial antibiotic disks 
are eluted into a molten agar medium to produce specific concentrations of antibiot-
ics within each well [113, 122]. The methodology for preparing and reading the 
plates is very similar to the standard susceptibility method used for testing M. tuber-
culosis. This method has been recommended by the CLSI only for the testing of 
fastidious species such as M. haemophilum [113]. Potential problems with this 
method include difficulty in controlling inoculum and difficulty in reading the end-
point of some antimicrobials.

 Epsilon Tests (E-Test)

The E-test (AB Biodisk, Piscataway, NJ) combines the use of a predefined exponen-
tial gradient strip impregnated with antimicrobial concentrations that covers 15 two-
fold concentration to achieve an MIC in agar [123]. This method was introduced in 
the 1990s [124] for susceptibility testing of the RGM and for some slowly growing 
NTM including M. kansasii and M. avium complex [124–126]. In 2000, a multi-
center study revealed poor correlation of the E-test method compared to the accepted 
gold standard broth microdilution [127]. Thus, to date, the CLSI has not recom-
mended this method for AST of the RGM [127]. No multicenter studies with other 
NTM have been performed.

 Broth Microdilution

The only method for AST of NTM that has been recommended to date by the CLSI 
is the broth microdilution method [113, 128]. This method uses twofold dilutions 
prepared in cation-adjusted Mueller Hinton broth. Although the MIC is set up as 
twofold dilutions, the MIC of the isolate does not represent an absolute value. For 
example, if the MIC is reported as 32 μg/mL, the “true MIC” would fall between the 
lowest concentration (16 μg/mL) that inhibits the growth (the reported MIC result) 
and the next lowest concentration (32 μg/mL). This means that the generally accept-
able MIC values are within one twofold dilution of the actual endpoint (i.e., inhibi-
tion of growth), and thus standards have been proposed to help insure quality results 
of the test [113]. Appropriate inoculum is critical to the accuracy of the interpreta-
tion of MICs. A too heavy inoculum may result in false resistance, whereas too light 
inoculum may yield falsely susceptible MIC readings due to inadequate growth of 
the organism in broth culture.

For AST of RGM, the CLSI recommended battery of antimicrobials includes 
amikacin, cefoxitin, ciprofloxacin, clarithromycin, doxycycline/minocycline, 
 imipenem/meropenem, linezolid, moxifloxacin, tobramycin (reported only for iso-
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lates of M. chelonae but can be used to taxonomically differentiate isolates of M. 
immunogenum from M. chelonae), and trimethoprim-sulfamethoxazole. Details of 
the procedure may be found in the latest version of the CLSI document [113]. A 
modification to include tigecycline to the battery has been proposed but not yet 
accepted. There are currently no breakpoints for this agent with RGM [113]. 
Therefore, until these are addressed, the proposal to the CLSI recommends report-
ing tigecycline MICs without interpretation [113, 128–130].

Clarithromycin is the macrolide of choice for AST and has been selected as the 
“class agent” to be tested as high concentrations of azithromycin are technically dif-
ficult to achieve. Initial clarithromycin MICs should be examined after 72 h incuba-
tion [113. 131]. If susceptible, the MICs should be reincubated up to 14 days in order 
to determine inducible macrolide resistance due to the presence of a ribosomal meth-
ylase (erythromycin ribosomal resistance methylase, erm gene) [51–57, 113].

Most isolates of M. abscessus subsp. abscessus and M. abscessus subsp. bolletii har-
bor a functional erm gene [57]. In contrast, RGM with no functional erm genes includes 
M. chelonae, M. mucogenicum complex (M. mucogenicum, M. phocaicum, M. aubag-
nense), M. immunogenum, M. abscessus subsp. massiliense, M. peregrinum, and M. 
senegalense [51, 54, 57, 58]. The erm gene has been previously discussed in the section 
on identification of RGM. For the aforementioned isolates that have been identified 
using genetic sequencing, 14-day incubation to determine inducible macrolide resis-
tance is not necessary, and this proposal has been made to the CLSI but not yet accepted.

 Antimicrobial Susceptibility Testing of Slowly Growing 
Nontuberculous Mycobacteria

 Mycobacterium avium Complex (MAC)

For testing of isolates of MAC, it is important to select transparent colonies if present 
as older, pigmented strains usually represent a more susceptible phenotype. MAC is 
the most common NTM respiratory isolate seen in laboratories worldwide. Originally 
the complex was composed of two species: M. avium and M. intracellulare [132]. 
Since that time, molecular studies have revealed the presence of at least nine other 
species which should be included in the MAC. Along with the above two species, 
these include M. colombiense, M. chimaera, M. vulneris, M. marseillense, M. parain-
tracellulare, M. timonense, M. arosiense, M. bouchedurhonense, and M. yongonense 
[1, 132, 133]. Other than M. chimaera, the other eight species of MAC (generally 
designated “MAC-X”) have not been recognized as pulmonary pathogens [133].

AST of MAC has primarily involved testing of clarithromycin (again chosen 
because of the inability to achieve high concentrations in azithromycin) [134–136]. 
Testing of first-line antituberculous agents should not be performed since there is no 
correlation of in  vitro results with clinical response when testing these agents. 
Recently, studies have shown that in vitro MICs of amikacin also correlate with 
clinical response, and thus a proposal has been made to the CLSI to include testing 
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of amikacin along with clarithromycin for the AST of MAC [113, 116, 134–136]. 
Other agents such as moxifloxacin and linezolid may have limited utility in treat-
ment of MAC, and until studies are performed to show lack of correlation of in vitro 
MICs with clinical response, these agents may also be tested [113, 137], but they are 
not to be considered as substitute treatment options for the primary antituberculous 
agents (i.e., rifampin/rifabutin, ethambutol) which should be used in combination 
with a macrolide (clarithromycin or azithromycin) with or without amikacin for 
initial treatment of MAC.

Since macrolides are more active in vitro in mildly alkaline conditions, a pH of 
7.3–7.4 has been recommended for the test media. Cation-adjusted Mueller Hinton 
broth has been recommended since the pH of this media falls within this range 
[113]. Previously, a commercial macrodilution broth method was available which 
used a pH of 6.8 adjusted to 7.3–7.4, but this method is no longer available. Although 
the CLSI recommendation of Mueller Hinton broth rather than Middlebrook 7H9 is 
controversial, a 2003 multicenter study [138] showed that reproducibility of AST 
was related more to experience of the laboratory personnel with the method rather 
than the specific methodology used [138]. It is also known that MICs in agar-based 
Middlebrook 7H10 medium are higher for some antimicrobials including amikacin 
and doxycycline than those measured in Mueller Hinton media and previous unpub-
lished studies have shown the same is true with Middlebrook broth MICs also [139]. 
Because using different media would require the reestablishment of separate break-
points for each media type, the CLSI continues to recommend the use of cation- 
adjusted Mueller Hinton broth for AST of NTM.  Incubation of isolates of MAC 
should be performed for 7–14 days at 35–37° C. For laboratories that lack experi-
ence with NTM AST, the CLSI recommends referral of isolates for AST to an expe-
rienced reference laboratory [111, 114].

In general, all wild-type (i.e., untreated) strains of MAC are macrolide suscepti-
ble, and in vitro clarithromycin susceptibility also applies to azithromycin although 
testing of azithromycin is not recommended for reasons previously discussed [140, 
141]. Macrolide resistance in MAC has been defined as a clarithromycin MIC 
≥32 μg/mL [113]. Intermediate MICs (16 μg/mL) are rare and may suggest a mixed 
population of MAC organisms or signal impending macrolide resistance [113]. 
Thus, MICs of 16 μg/mL should be confirmed with repeat culture, and patients with 
MAC isolates with an MIC of 16 μg/mL should be carefully monitored for the pos-
sibility of emerging macrolide resistance. Macrolide resistance should also be care-
fully assessed, and sequencing of the 23S rRNA gene to detect a mutation in the 
adenine at position 2058 or 2059 can be used to confirm a clarithromycin MIC 
≥32 μg/mL [112, 119, 141, 142].

 Mycobacterium kansasii

The CLSI recommends AST of M. kansasii be performed using the broth 
microdilution method, similar to that used for MAC. M. kansasii conventional 
treatment includes ethambutol, rifampin, and isoniazid (INH) or a newer 

Laboratory Diagnosis and Antimicrobial Susceptibility Testing



44

regimen of clarithromycin substituted for INH [143]. Rifabutin should be used 
instead of rifampin for patients with HIV infection on protease inhibitors. 
Isolates susceptible to rifampin are cross-susceptible to rifabutin, so no addi-
tional MIC testing is necessary. For untreated isolates susceptible to rifampin, 
AST to other agents is not usually required since MICs usually fall within a 
narrow range with the exception of INH and ethambutol; the CLSI has no 
breakpoints recommended for INH, and a proposal has been made not to test 
ethambutol for isolates of slowly growing NTM due to technical difficulties 
associated with testing the drug. MICs of INH in isolates of M. kansasii range 
from 0.5 to 5 μg/mL so that the standard critical concentration of 0.2 μg/mL 
usually shows resistance and the 1.0 μg/mL concentration often yields variable 
results, making testing and determination of breakpoints for INH technically 
difficult. Thus, the CLSI has excluded this agent from the list of antimicrobials 
recommended for testing [113].

Treatment failure with isolates of M. kansasii is unusual but almost always 
associated with rifampin resistance and occasionally in vitro resistance to one or 
more companion agents including clarithromycin as well [144–146]. Therefore, 
the ATS/IDSA and CLSI have recommended AST on isolates from patients who 
fail or have poor response to appropriate therapy for M. kansasii [14, 111, 113]. 
The current CLSI recommendation is to test initial isolates of M. kansasii to 
rifampin and clarithromycin only. However, if the isolate is found to be rifampin 
resistant (defined as MIC >1  μg/mL), a secondary battery of antimicrobials 
including amikacin, ciprofloxacin, moxifloxacin, linezolid, rifabutin, doxycy-
cline/minocycline, and trimethoprim sulfamethoxazole should be tested. Although 
streptomycin may be used in clinical practice, there are no accepted CLSI break-
points for this agent [113].

 Mycobacterium marinum

M. marinum is classified as having intermediate growth rate but is traditionally 
included with the slowly growing NTM since testing performed is the same as pre-
viously discussed except that due to its optimal growth at lower temperatures, an 
incubation for 7 days at 30 °C is recommended for AST [113, 147].

The same antimicrobials and test methodology (i.e., broth microdilution) that 
have been recommended for rifampin-resistant M. kansasii are recommended for 
testing of isolates of M. marinum [113]. Previously, the CLSI did not recommend 
routine testing of M. marinum due to its consistently pan-susceptible pattern [113]. 
However, recently a number of doxycycline/minocycline and ciprofloxacin- resistant 
isolates have been seen, and a proposal has been made to the CLSI to recommend 
susceptibility testing of isolates of M. marinum, especially if patients have inferior 
response to initial treatment.
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 Miscellaneous Slowly Growing NTM

As previously indicated among the slowly growing NTM, the ATS/IDSA and CLSI 
recommendation best apply to MAC, M. kansasii, and M. marinum [111, 113]. 
However, other NTM species may be human pathogens, and AST of these isolates 
should be considered if the isolate is deemed clinically significant. For example, 
isolates from sterile body fluids, tissues, or multiple respiratory sites or sputum 
samples should have AST performed.

Species such as the M. terrae complex (e.g., M. arupense, M. heraklionense, 
M. virginiense) [115], M. simiae, M. szulgai, M. celatum, and M. xenopi [111,  
148–150] can cause disease, and although AST data is lacking for most of these 
species, these species should be tested using the criteria and recommendations as set 
forth for isolates of rifampin-resistant M. kansasii [113]. The latter species, M. 
xenopi, may require extended incubation longer than the routine 7 days and tem-
perature (42–45 °C) adjustments [113, 150].

 Fastidious Slowly Growing NTM

AST data is also lacking, and there are no standard recommended methods of AST 
for several other pathogenic slowly growing NTM including M. genavense, M. mal-
moense, M. ulcerans, and M. haemophilum [113, 151–155]. The latter species, M. 
haemophilum, as previously stated requires supplementation with iron or hemin, 
extended incubation (2–3 weeks), and lower incubation temperature (28–30 °C) for 
optimal growth [113]. The previously discussed disk elution method is suitable for 
isolates of this species. Isolates of M. genavense and M. malmoense require a pH 
alteration (5.5–6.0) of media due to their acidophilic nature and extended incuba-
tion (more than 6 weeks); M. ulcerans also requires lengthy incubation (4–6 weeks), 
and optimal growth is achieved at 30 °C. Ji et al., however, acknowledged that more 
studies are necessary to evaluate the usefulness of the in vitro data and establish 
breakpoints for interpretation of MICs against M. ulcerans [153]. Laboratories who 
encounter these organisms must establish in-house validation for AST or send them 
to a qualified reference laboratory [113].

A 2006 study of the in vitro AST of 29 isolates of M. ulcerans on 10% OADC- 
enriched 7H11 agar with antimicrobials added to the media and incubated at 30 °C 
showed that none of the MIC90s of rifampin, streptomycin, amikacin, moxifloxacin, 
and linezolid (chosen because of their in vivo activity in experiments with mice) 
were unreasonably increased after 60 days incubation compared to quality control 
with the M. tuberculosis H37rv. MICs for four agents except rifampin (MIC = 2.0  μg/
mL) were within the acceptable susceptible ranges for NTM, and although there is 
no acceptable range established for streptomycin with NTM, the MIC90 was 0.5 μg/
mL for 29 isolates of M. ulcerans [153].
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Antibiotic susceptibility testing for NTM is also discussed in detail in chapter 
“Drug Susceptibility Testing of Nontuberculous Mycobacteria”.

 Whole Genome Sequencing (WGS) to Assess Mechanisms 
of Antimicrobial Resistance

Currently there are no commercial systems recommended for the detection of 
genetic mechanisms of resistance in NTM.  However, as previously mentioned, 
there are some species-specific assays including those based on sequencing of the 
gene and comparison to untreated type strains of that species. These sequencing 
algorithms include the genetic analysis for inducible macrolide resistance due to the 
erm(41) gene in the M. abscessus complex [51]; the 23S rRNA gene mutation in the 
adenine 2058 or 2059 position for non-inducible (mutational) macrolide resistance 
primarily in the M. abscessus complex and MAC [117, 140], rpoB gene mutation 
for rifampin susceptibility in M. kansasii [145], and the 16S rRNA gene mutation to 
assess amikacin resistance [112, 116, 139, 156].

A 2014 comparative genomic and proteomic analysis of 44 pathogenic (P) 
(including M. tuberculosis), opportunistic (OP), and nonpathogenic (NP) myco-
bacterial species elucidated the presence of novel alternative pathways with pos-
sible roles in metabolism, host-pathogen interaction, virulence, and intracellular 
survival which could lead to detection of new interventions against mycobacterial 
disease between M. indicus pranii (an ancestor of MAC) (NP), M. tuberculosis (P), 
and M. intracellulare (OP) [157]. The clinical significance of this finding is impor-
tant because M. indicus pranii is a species with strong immunomodulatory proper-
ties, currently used in the treatment of leprosy, thus placing it as an emerging 
pathogen [157].

Stinear and colleagues investigated the close genetic relationship of M. marinum 
and M. ulcerans using WGS at a global level [158]. A recent major global applica-
tion of WGS with NTM occurred in the recent cystic fibrosis M. abscessus subsp. 
massiliense outbreaks in the UK [159] and in Seattle, WA [160], in comparison with 
the outbreak strain from Brazil [108, 161–164], Malaysia [103–106], Korea [165], 
and France [107]. The findings of the comparisons revealed high genetic relatedness 
for the two CF studies as compared with the Brazilian soft tissue outbreaks. 
However, the soft tissue strain from Brazil did not show mutational resistance to 
macrolides or amikacin unlike the strains from the CF outbreaks [166].

Using WGS and phylogenomic analysis of specific areas (e.g., single nucleo-
tide polymorphisms and/or genomic islands) of the genome may enable the more 
accurate detection of molecular antimicrobial resistance markers and large-scale 
genetic deletions in NTM and provide insight into the susceptibility and virulence 
 mechanisms of NTM [161]. As previously mentioned, WGS may be applicable to 
determine susceptibility of NTM in biofilms [16]. Moreover, WGS already has 
been instrumental in elucidating the epidemiological significance of the data 
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obtained by mapping specific regions of target genes from every level including 
global (population), local (community), individual (patient), down to specific 
pathogen (strain) [17].

 Antimicrobial Susceptibility Testing of Novel (Non-CLSI 
Recommended) Agents

Although the CLSI has approved specific batteries of antimicrobial agents to be 
tested against RGM and slowly growing mycobacteria, requests are often made to 
laboratories to perform AST on additional agents that have not yet been addressed 
by the CLSI.

Antimicrobial agents including clofazimine, bedaquiline, and tedizolid have 
been shown to have in vitro activity against NTM recently [120, 167, 168]. The 
caveat for testing and reporting these antimicrobials (and any new antimicrobials) 
includes an initial agreement with the pharmaceutical manufacturing companies 
(e.g., bedaquiline (Janssen Inc.) and tedizolid (Merck Pharmaceuticals)). Once the 
agreement to test the isolates is executed, the requesting party should contact the 
manufacturer’s suggested reference laboratory for submission protocol. MICs 
should be reported without interpretation until breakpoints have been addressed by 
the CLSI. The reference laboratory report should include a disclaimer remark that 
testing of the new agents has currently not been addressed by the CLSI and that no 
MIC breakpoints are available for interpretation of the MIC.

 Major Caveats for Laboratory Identification 
and Antimicrobial Susceptibility Testing (AST) 
of Nontuberculous Mycobacteria (NTM)

• Definitive species identification of NTM should be based on molecular or pro-
teomic testing.

• Differentiation of Mycobacterium chelonae from M. abscessus is mandatory in 
order to determine accurate treatment regimens. Furthermore, subspecies identi-
fication of M. abscessus is necessary in order to determine accurate treatment 
regimens. Identification of M. abscessus/M. chelonae complex is no longer 
acceptable.

• The recommended AST method is a broth-based (preferably broth microdilution 
system). No agar AST has been standardized.

• After 4–5 days incubation, caution should be exercised when interpreting the 
validity of AST results, especially imipenem and tetracyclines (doxycycline, 
minocycline, and tigecycline). Generally, the only agents which show stability 
after extended incubation are the aminoglycosides and clarithromycin. Thus, it 
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may be advisable, in cases in which isolates do not grow sufficiently after 4 days, 
to consider molecular testing for mutational resistance (16S rRNA gene) for ami-
kacin and inducible (erm gene) resistance to clarithromycin.

• Incubation times for AST of rapidly growing mycobacteria should not exceed 
5 days. If isolates do not grow adequately in broth after 5 days incubation, repeat 
testing and/or referral to a reference laboratory experienced in NTM should be 
sought.

• Testing of carbapenems against some isolates of M. abscessus may be problem-
atic. However, imipenem remains the carbapenem with the highest in vitro activ-
ity when compared to meropenem or ertapenem.

• Sulfonamide resistance in species that are typically susceptible (i.e., M. fortui-
tum group, M. mucogenicum group) should be investigated, and repeat testing or 
referral to a laboratory experienced in NTM AST should be sought.

• Quinolone resistance in species that are typically susceptible (i.e., M. fortuitum 
group) should be investigated. The finding of quinolone resistance in these spe-
cies often is associated with previous long-term therapy with quinolones.

• Aminoglycoside resistance in isolates of M. abscessus is often associated with 
prior treatment with amikacin and/or tobramycin. Mutational resistance is asso-
ciated with a point mutation in the 16S rRNA gene.

• Macrolide resistance in isolates of M. abscessus at 3 days is usually associated 
with a point mutation in the 23S rRNA gene. This resistance is in contrast to the 
inducible macrolide resistance conferred by the erm gene.

• First-line antituberculous agents should not be tested with isolates of MAC. There 
is no correlation between clinical response and in  vitro MICs. However, 
macrolide- containing regimens including rifampin or rifabutin and ethambutol, 
with or without amikacin or streptomycin should be implemented without regard 
to MICs for the antituberculous agents.

• The only antimicrobials which should be routinely tested with isolates of 
Mycobacterium avium complex are clarithromycin and amikacin. Clarithromycin 
is the class drug for the macrolides as azithromycin cannot be tested in vitro due 
to technical problems in higher concentrations. Thus, the only standardized mac-
rolide breakpoints apply to clarithromycin. Isolates that are susceptible to clar-
ithromycin are also susceptible to azithromycin and vice versa.

• There have been no studies to show correlation of clinical response to MICs for 
moxifloxacin or linezolid in MAC. Thus, these agents may be tested against iso-
lates of MAC. However, the clinical efficacy of these agents has not been estab-
lished, and these agents are not recommended as substitutions for any of the 
first-line antituberculous agents which should be used in combination with a 
macrolide (with or without amikacin or streptomycin) as stated above.

Acknowledgments The author wishes to thank Richard J. Wallace, Jr. for his expert review of the 
chapter and Joanne Woodring for her excellent clerical skills.

This chapter is dedicated to my beloved husband, Clyde Elliott, and my dear mother Clifford 
Brown, who passed away during the preparation of this chapter. They provided constant support 
and encouragement to me throughout my years in the laboratory.

B. A. Brown-Elliott



49

References

 1. Tortoli E.  Microbiological features and clinical relevance of new species of the genus 
Mycobacterium. Clin Microbiol Rev. 2014;27:727–52.

 2. Tortoli E. Impact of genotypic studies on mycobacterial taxonomy: the new mycobacteria of 
the 1990s. Clin Microbiol Rev. 2003;16:319–54.

 3. Turenne CY, Tschetter L, Wolfe J, Kabani A. Necessity of quality-controlled 16S rRNA gene 
sequence databases: identifying nontuberculous Mycobacterium species. J Clin Microbiol. 
2001;39:3637–48.

 4. Vestal AL. Procedures for the isolation and identification of mycobacteria, vol. 1995. In: US 
Department of Health E, and Welfare, editor. Washington, DC: United States Government 
Printint Office; 1969. p. 1–118.

 5. Brown-Elliott BA, Wallace RJ Jr. Clinical and taxonomic status of pathogenic nonpigmented 
or late-pigmenting rapidly growing mycobacteria. Clin Microbiol Rev. 2002;15:716–46.

 6. Wallace RJ Jr, Swenson JM, Silcox VA, Good RC. Disk diffusion testing with polymyxin and 
amikacin for differentiation of Mycobacterium fortuitum and Mycobacterium chelonei. J Clin 
Microbiol. 1982;16:1003–6.

 7. Wallace RJ Jr, Wiss K, Bushby MB, Hollowell DC. In vitro activity of trimethoprim and 
sulfamethoxazole against the nontuberculous mycobacteria. Rev Infect Dis. 1982;4:326–31.

 8. Wallace RJ Jr, Brown BA, Onyi GO. Susceptibilities of Mycobacterium fortuitum biovar. 
fortuitum and the two subgroups of Mycobacterium chelonae to imipenem, cefmetazole, 
cefoxitin, and amoxicillin-clavulanic acid. Antimicrob Agents Chemother. 1991;35:773–5.

 9. Wallace RJ Jr, Brown BA, Onyi G. Skin, soft tissue, and bone infections due to Mycobacterium 
chelonae subspecies chelonae – importance of prior corticosteroid therapy, frequency of dis-
seminated infections, and resistance to oral antimicrobials other than clarithromycin. J Infect 
Dis. 1992;166:405–12.

 10. Wilson RW, Steingrube VA, Böttger EC, Springer B, Brown-Elliott BA, Vincent V, Jost 
KC Jr, Zhang Y, Garcia MJ, Chiu SH, Onyi GO, Rossmoore H, Nash DR, Wallace RJ Jr. 
Mycobacterium immunogenum sp. nov., a novel species related to Mycobacterium abscessus 
and associated with clinical disease, pseudo-outbreaks, and contaminated metalworking flu-
ids: an international cooperative study on mycobacterial taxonomy. Int J Syst Evol Microbiol. 
2001;51:1751–64.

 11. Wallace RJJ, Brown-Elliott BA, Brown J, Steigerwalt AG, Hall L, Woods G, Cloud J, Mann L, 
Wilson R, Crist C, Jost KC Jr, Byrer DE, Tang J, Cooper J, Stamenova E, Campbell B, Wolfe 
J, Turenne C. Polyphasic characterization reveals that the human pathogen Mycobacterium 
peregrinum type II belongs to the bovine pathogen species Mycobacterium senegalense. J 
Clin Microbiol. 2005;43:5925–35.

 12. Wallace RJ Jr, Bedsole G, Sumter G, Sanders CV, Steele LC, Brown BA, Smith J, Graham 
DR.  Activities of ciprofloxacin and ofloxacin against rapidly growing mycobacteria with 
demonstration of acquired resistance following single-drug therapy. Antimicrob Agents 
Chemother. 1990;34:65–70.

 13. Wallace RJ Jr, Silcox VA, Tsukamura M, Brown BA, Kilburn JO, Butler WR, Onyi G. Clinical 
significance, biochemical features, and susceptibility patterns of sporadic isolates of the 
Mycobacterium chelonae-like organism. J Clin Microbiol. 1993;31:3231–9.

 14. Clinical and Laboratory Standards Institute. Laboratory detection and identification of myco-
bacteria; approved guidelines. CLSI document M48-A. 2008.

 15. Brown-Elliott BA, Wallace RJ Jr. Enhancement of conventional phenotypic methods with 
molecular-based methods for the more definitive identification of nontuberculous mycobac-
teria. Clin Microbiol Newsl. 2012;34:109–15.

 16. Soini H, Musser JM. Molecular diagnosis of mycobacteria. Clin Chem. 2001;47:809–14.
 17. Jagielski T, Minias A, van Ingen J, Rastogi N, Brzostek A, Żaczek A, Dziadek J. Method-

ological and clinical aspects of the molecular epidemiology of Mycobacterium tuberculosis 
and other mycobacteria. Clin Microbiol Rev. 2016;29:239–90.

Laboratory Diagnosis and Antimicrobial Susceptibility Testing



50

 18. Tortoli E, Pecorari M, Fabio G, Messinò M, Fabio A. Commercial DNA probes for mycobac-
teria incorrectly identify a number of less frequently encountered species. J Clin Microbiol. 
2010;48:307–10.

 19. Cook VJ, Turenne CY, Wolfe J, Pauls R, Kabani A. Conventional methods versus 16S ribo-
somal DNA sequencing for identification of nontuberculous mycobacteria: cost analysis. J 
Clin Microbiol. 2003;41:1010–5.

 20. Reisner BS, Gatson AM, Woods GL.  Use of Gen-Probe AccuProbes to identify 
Mycobacterium avium complex, Mycobacterium tuberculosis complex, Mycobacterium 
kansasii, and Mycobacterium gordonae directly from BACTEC TB broth cultures. J Clin 
Microbiol. 1994;32:2995–8.

 21. LeBrun L, Espinasse F, Poveda JD, Vincent-Levy-Frebault V. Evaluation of nonradioactive 
DNA probes for identification of mycobacteria. J Clin Microbiol. 1992;30:2476–8.

 22. Goto M, Oka S, Okuzumi K, Kimura S, Shimada K. Evaluation of acridinium-ester-labeled 
DNA probes for identification of Mycobacterium tuberculosis and Mycobacterium avium-
Mycobacterium intracellulare complex in culture. J Clin Microbiol. 1991;29:2473–6.

 23. Brown-Elliott BA, Wallace RJ Jr. Mycobacterium: clinical and laboratory characteristics 
of rapidly growing mycobacteria. In: Manual of clinical microbiology, vol. 1. 11th ed. 
Washington, DC: ASM Press; 2015.

 24. de Zwaan R, van Ingen J, van Soolingen D. Utility of rpoB gene sequencing for identification 
of nontuberculous mycobacteria in the Netherlands. J Clin Microbiol. 2014;52:2544–51.

 25. Blauwendraat C, Dixon GLJ, Hartley JC, Foweraker J, Harris KA. The use of a two-gene 
sequencing approach to accurately distinguish between the species within the Mycobacterium 
abscessus complex and Mycobacterium chelonae. Eur J Clin Microbiol Infect Dis. 
2012;31:1847–53.

 26. Tortoli E, Mariottini A, Mazzarelli G.  Evaluation of INNO-LiPA MYCOBACTERIA v2: 
improved reverse hybridization multiple DNA probe assay for mycobacterial identification. J 
Clin Microbiol. 2003;41:4418–20.

 27. Simner PJ, Stenger S, Richter E, Brown-Elliott BA, Wallace RJ Jr, Wengenack NL. 
Mycobacterium: clinical and laboratory characteristics of slowly growing mycobacteria. In:  
Manual of clinical microbiology, vol. 1. 11th ed. Washington, DC: ASM Press; 2015.

 28. Richter E, Rüsch-Gerdes S, Hillemann D. Evaluation of the GenoType Mycobacterium assay 
for identification of mycobacterial species from cultures. J Clin Microbiol. 2006;44:1769–75.

 29. Russo C, Tortoli E, Menichella D. Evaluation of the new GenoType mycobacterium assay for 
identification of mycobacterial disease. J Clin Microbiol. 2006;44:334–9.

 30. Quezel-Guerraz NM, Arriaza MM, Avila JA, Sanchez-Yebra R, Martinez-Lirola MJ. 
Evaluation of the Speed-oligo(R) Mycobacteria assay for identification of Mycobacterium 
spp. from fresh liquid and solid cultures of human clinical samples. Diagn Microbiol Infect 
Dis. 2010;68:123–31.

 31. Lara-Oya A, Mendoza-Lopez P, Rodriguez-Granger J, Fernandez-Sanchez AM, Bermudez-
Ruiz MP, Toro-Peinado I, Palop-Bornas B, Navarro-Mari JM, Martinez-Lirola MJ. Evaluation 
of the speed-oligo direct Mycobacterium tuberculosis assay for molecular detection of myco-
bacteria in clinical respiratory specimens. J Clin Microbiol. 2013;51:77–82.

 32. Hofmann-Thiel S, Turaev L, Alnour T, Drath L, Mullerova M, Hoffmann H. Multi-centre 
evaluation of the speed-oligo Mycobacteria assay for differentiation of Mycobacterium spp. 
in clinical isolates. BMC Infect Dis. 2011;11:353–9.

 33. Telenti A, Marchesi F, Balz M, Bally F, Böttger EC, Bodmer T. Rapid identification of myco-
bacteria to the species level by polymerase chain reaction and restriction enzyme analysis. J 
Clin Microbiol. 1993;31:175–8.

 34. Steingrube VA, Gibson JL, Brown BA, Zhang Y, Wilson RW, Rajagopalan M, Wallace RJ Jr. 
PCR amplification and restriction endonuclease analysis of a 65-kilodalton heat shock pro-
tein gene sequence for taxonomic separation of rapidly growing mycobacteria [ERRATUM 
1995;33:1686]. J Clin Microbiol. 1995;33:149–53.

 35. Devallois A, Goh KS, Rastogi N. Rapid identification of mycobacteria to species level by 
PCR-restriction fragment length polymorphism analysis of the hsp65 gene and proposition of 
an algorithm to differentiate 34 mycobacterial species. J Clin Microbiol. 1997;35:2969–73.

B. A. Brown-Elliott



51

 36. Dai J, Chen Y, Lauzardo M. Web-accessible database of hsp65 sequences from Mycobacterium 
reference strains. J Clin Microbiol. 2011;49:2296–303.

 37. Macheras E, Roux A-L, Bastian S, Leão SC, Palaci M, Silvadon-Tardy V, Gutierrez C, Richter 
E, Rüsch-Gerdes S, Pfyffer G, Bodmer T, Cambau E, Gaillard J-L, Heym B.  Multilocus 
sequence analysis and rpo B sequencing of Mycobacterium abscessus (sensu Lato) strains. J 
Clin Microbiol. 2011;49:491–9.

 38. Hall L, Doerr KA, Wohlfiel SL, Roberts GD. Evaluation of the MicroSeq System for identi-
fication of mycobacteria by 16S ribosomal DNA sequencing and its integration into a routine 
clinical mycobacteriology laboratory. J Clin Microbiol. 2003;41:1447–53.

 39. Kirschner P, Springer B, Vogel U, Meier A, Wrede A, Kiekenbeck M, Bange FC, Böttger 
EC. Genotypic identification of mycobacteria by nucleic acid sequence determination: report 
of a 2 year experience in a clinical laboratory. J Clin Microbiol. 1993;31:2882–9.

 40. Patel JB, Leonard DGB, Pan X, Musser JM, Berman RE, Nachamkin I. Sequence-based iden-
tification of Mycobacterium species using the MicroSeq 500 16S rDNA bacterial identifica-
tion system. J Clin Microbiol. 2000;38:246–51.

 41. Clinical and Laboratory Standards Institute. Interpretive criteria for identification of bacteria 
and fungi by DNA target sequencing: approved guideline. CLSI document MM18-A. 2008.

 42. Brown BA, Springer B, Steingrube VA, Wilson RW, Pfyffer GE, Garcia MJ, Menendez 
MC, Rodriguez-Salgado B, Jost KC Jr, Chiu SH, Onyi GO, Bottger EC, Wallace RJ Jr. 
Mycobacterium wolinskyi sp. nov. and Mycobacterium goodii sp. nov., two new rapidly 
growing species related to Mycobacterium smegmatis and associated with human wound 
infections: a cooperative study from the International Working Group on Mycobacterial 
Taxonomy. Int J Syst Bacteriol. 1999;49:1493–511.

 43. Tortoli E. Phylogeny of the genus Mycobacterium: many doubts, few certainties. Infect Genet 
Evol. 2012;12:827–31.

 44. Adékambi T, Colson P, Drancourt M. rpoB-based identification of nonpigmented and late 
pigmented rapidly growing mycobacteria. J Clin Microbiol. 2003;41:5699–708.

 45. Ben Salah I, Adekambi T, Raoult D, Drancourt M. rpoB sequence-based identification of 
Mycobacterium avium complex species. Microbiology. 2008;154:3715–23.

 46. Kim B-J, Lee SH, Lyu MA, Kim SJ, Bai GH, Chae GT, Kim EC, Cha CY, Kook 
YH. Identification of mycobacterial species by comparative sequence analysis of the RNA 
polymerase gene (rpoB). J Clin Microbiol. 1999;37:1714–20.

 47. Lee H, Bang H-E, Bai G-H, Cho S-N. Novel polymorphic region of the rpoB gene containing 
Mycobacterium species-specific sequences and its use in identification of mycobacteria. J 
Clin Microbiol. 2003;41:2213–8.

 48. Tortoli E. Standard operating procedure for optimal identification of mycobacteria using 16S 
rRNA gene sequences. Stand Genomic Sci. 2010;3:145–52.

 49. Ringuet H, Akoua-Koffi C, Honore S, Varnerot A, Vincent V, Berche P, Gaillard JL, Pierre-
Audigier C. hsp65 sequencing for identification of rapidly growing mycobacteria. J Clin 
Microbiol. 1999;37:852–7.

 50. Turenne CY, Semret M, Cousins DV, Collins DM, Behr MA.  Sequencing of hsp65 dis-
tinguishes among subsets of the Mycobacterium avium complex. J Clin Microbiol. 
2006;44:433–40.

 51. Nash KA, Brown-Elliott BA, Wallace RJ Jr. A novel gene, erm(41), confers inducible 
macrolide resistance to clinical isolates of Mycobacterium abscessus but is absent from 
Mycobacterium chelonae. Antimicrob Agents Chemother. 2009;53:1367–76.

 52. Kim H-Y, Kim B-J, Kook Y, Yun Y-J, Shin JH, Kook YH. Mycobacterium massiliense is 
differentiated from Mycobacterium abscessus and Mycobacterium bolletii by erythromycin 
ribosome methyltransferase gene (erm) and clarithromycin susceptibility patterns. Microbiol 
Immunol. 2010;54:347–53.

 53. Koh WJ, Jeon K, Lee NY, Kim B-J, Kook Y-H, Lee S-H, Park Y-K, Kim CK, Shin SJ, Huitt 
GA, Daley CL, Kwon OJ. Clinical significance of differentiation of Mycobacterium massil-
iense from Mycobacterium abscessus. Am J Respir Crit Care Med. 2011;183:405–10.

 54. Nash KA, Andini N, Zhang Y, Brown-Elliott BA, Wallace RJ Jr. Intrinsic macrolide resis-
tance in rapidly growing mycobacteria. Antimicrob Agents Chemother. 2006;50:3476–8.

Laboratory Diagnosis and Antimicrobial Susceptibility Testing



52

 55. Nash KA. Intrinsic macrolide resistance in Mycobacterium smegmatis is conferred by a novel 
erm gene, erm(38). Antimicrob Agents Chemother. 2003;47:3053–60.

 56. Nash DR, Wallace RJ Jr, Steingrube VA, Udou T, Steele LC, Forrester GD. Characterization 
of beta-lactamases in Mycobacterium fortuitum including a role in beta-lactam resistance and 
evidence of partial inducibility. Am Rev Respir Dis. 1986;134:1276–82.

 57. Brown-Elliott BA, Vasireddy S, Vasireddy R, Iakhiaeva E, Howard ST, Nash KA, Parodi N, 
Strong A, Gee M, Smith T, Wallace RJ Jr. Utility of sequencing the erm(41) gene in isolates 
of Mycobacterium abscessus subsp. abscessus with low and intermediate clarithromycin 
MICs. J Clin Microbiol. 2015;53:1211–5; ERRATUM J Clin Microbiol 1254:1172, April 
2016.

 58. Brown-Elliott BA, Hanson K, Vasireddy S, Iakhiaeva E, Nash KA, Vasireddy R, Parodi N, 
Smith T, Gee M, Strong A, Baker A, Cohen S, Muir H, Slechta ES, Wallace RJ Jr. Absence of 
a functional erm gene in isolates of Mycobacterium immunogenum and the Mycobacterium 
mucogenicum group, based on in vitro clarithromycin susceptibility. J Clin Microbiol. 
2015;53:875–8.

 59. Adékambi T, Drancourt M. Dissection of phylogenetic relationships among nineteen rapidly 
growing mycobacterium species by 16S rRNA, hsp65, sodA, recA, and rpoB gene sequenc-
ing. Int J Syst Evol Microbiol. 2004;54:2095–105.

 60. Park H, Jang H, Kim J, Chung B, Chang CL, Park SK, Song S. Detection and identification 
of mycobacteria by amplification of the internal transcribed spacer regions with genus- and 
species-specific PCR primers. J Clin Microbiol. 2000;38:4080–5.

 61. Macheras E, Roux A-L, Ripoll F, Sivadon-Tardy V, Gutierrez C, Gaillard J-L, Heym 
B. Inaccuracy of single-target sequencing for discriminating species of the Mycobacterium 
abscessus group. J Clin Microbiol. 2009;47:2596–600.

 62. Adékambi T, Raoult D, D M. Mycobacterium barrassiae sp. nov., a Mycobacterium morio-
kaense group species associated with chronic pneumonia. J Clin Microbiol. 2006;44:3493–8.

 63. Roth A, Reischl U, Streubel A, Naumann L, Kroppenstedt RM, Habicht M, Fischer M, Mauch 
H. Novel diagnostic algorithm for identification of mycobacteria using genus-specific ampli-
fication of the 16S-23S rRNA gene spacer and restriction endonucleases. J Clin Microbiol. 
2000;38:1094–104.

 64. Mohamed AM, Kuyper DJ, Iwen PC, Ali HH, Bastola DR, Hinrichs SH.  Computational 
approach involving use of the internal transcribed spacer 1 region for identification of 
Mycobacterium species. J Clin Microbiol. 2005;43:3811–2817.

 65. Frothingham R, Wilson KH.  Molecular phylogeny of the Mycobacterium avium complex 
demonstrates clinically meaningful divisions. J Infect Dis. 1994;169:305–12.

 66. Frothingham R, Wilson KH. Sequence-based differentiation of strains in the Mycobacterium 
avium complex. J Bacteriol. 1993;175:2818–25.

 67. Kim H-Y, Kook Y, Yun Y-J, Park CG, Lee NY, Shim TS, Kim B-J, Kook Y-H. Proportions of 
Mycobacterium massiliense and Mycobacterium bolletii in Korean Mycobacterium chelo-
nae-Mycobacterium abscessus group isolates. J Clin Microbiol. 2008;46:3384–90.

 68. Bao JR, Master RN, Schwab DA, Clark RB. Identification of acid-fast bacilli using pyrose-
quencing analysis. Diagn Microbiol Infect Dis. 2010;67:234–8.

 69. Heller LC, Jones M, Widen RH. Comparison of DNA pyrosequencing with alternative meth-
ods for identification of mycobacteria. J Clin Microbiol. 2008;46:2092–4.

 70. Tuohy MJ, Hall GS, Sholtis M, Procop GW. Pyrosequencing as a tool for the identification of 
common isolates of Mycobacterium sp. Diagn Microbiol Infect Dis. 2005;51:245–50.

 71. Arnold C, Barrett A, Cross L, Magee JG. The use of rpoB sequence analysis in the differen-
tiation of Mycobacterium abscessus and Mycobacterium chelonae: a critical judgement in 
cystic fibrosis? Clin Microbiol Infect. 2012;18:E131–3.

 72. Buckwalter SP, Olson SL, Connelly BJ, Lucas BC, Rodning AA, Walchak RC, Deml SM, 
Wohlfiel SL, Wengenack NL. Evaluation of matrix-assisted laser desorption ionization-time 
of flight mass spectrometry for identification of Mycobacterium species, Nocardia species, 
and other aerobic actinomycetes. J Clin Microbiol. 2016;54:376–84.

B. A. Brown-Elliott



53

 73. Saleeb PG, Drake SK, Murray PR, Zelazny AM.  Identification of mycobacteria in solid-
culture media by matrix-assisted laser desorption ionization-time of flight mass spectrometry. 
J Clin Microbiol. 2011;49:1790–4.

 74. Rodríguez-Sánchez B, Ruiz-Serrano MJ, Ruiz A, Timke M, Kostrzewa M, Bouza 
E. Evaluation of MALDI biotyper mycobacterial library v3.0 for identification of nontuber-
culous mycobacteria. J Clin Microbiol. 2016;54:1144–7.

 75. Hettick JM, Kashon ML, Slaven JE, Ma Y, Simpson JP, Siegel PD, Mazurek GN, Weissman 
DN. Discrimination of intact mycobacteria at the strain level: a combined MALDI-TOF MS 
and biostatistical analysis. Proteomics. 2006;6:6416–25.

 76. Lefmann M, Honsich C, Böcker S, Storm N, von Wintzingerode F, Schlötelburg C, Moter A, 
van den Boom D, Göbel UB. Novel mass spectrometry-based tool for genotypic identifica-
tion of mycobacteria. J Clin Microbiol. 2004;42:339–46.

 77. Lotz A, Gerroni A, Beretti J-L, Dauphin B, Carbonnelle E, Guet-Revillet H, Veziris N, Heym 
B, Jarlier V, Gaillard J-L, Pierre-Audigier C, Frapy E, Berche P, Nassif X, Bille E. Rapid 
identification of mycobacterial whole cells in solid and liquid culture media by matrix-
assisted laser desorption ionization-time of flight mass spectrometry. J Clin Microbiol. 
2010;48:4481–6.

 78. Tan N, Sampath R, Abu Saleh OM, Tweet MS, Jevremovic D, Alniemi S, Wengenack NL, 
Sampathkumar P, Badley AD. Disseminated Mycobacterium chimaera infection after cardio-
thoracic surgery. Open Forum Infect Dis. 2016;3:1–3.

 79. Tenover FC, Arbeit RD, Goering RV, Mickelsen PA, Murray BE, Persing DH, Swaminathan 
B. Interpreting chromosomal DNA restriction patterns produced by pulsed-field gel electro-
phoresis: criteria for bacterial strain typing. J Clin Microbiol. 1995;33:2233–9.

 80. Wallace RJ Jr, Zhang Y, Brown-Elliott BA, Yakrus MA, Wilson RW, Mann L, Couch L, 
Girard WM, Griffith DE. Repeat positive cultures in Mycobacterium intracellulare lung dis-
ease after macrolide therapy represent new infections in patients with nodular bronchiectasis. 
J Infect Dis. 2002;186:266–73.

 81. Zhang Y, Yakrus MA, Graviss EA, Williams-Bouyer N, Turenne C, Kabani A, Wallace RJ 
Jr. Pulsed-field gel electrophoresis study of Mycobacterium abscessus isolates previously 
affected by DNA degradation. J Clin Microbiol. 2004;42:5582–7.

 82. Howard ST, Newman KL, McNulty S, Brown-Elliott BA, Vasireddy R, Bridge L, Wallace RJ 
Jr. Insertion site and distribution of a genomic island conferring DNA phosphorothioation in 
the Mycobacterium abscessus complex. Microbiology. 2013;159:2323–32.

 83. Hector JSR, Pang Y, Mazurek GH, Zhang Y, Brown BA, Wallace RJ Jr. Large restriction 
fragment patterns of genomic Mycobacterium fortuitum DNA as strain-specific markers and 
their use in epidemiologic investigation of four nosocomial outbreaks. J Clin Microbiol. 
1992;30:1250–5.

 84. Lai KK, Brown BA, Westerling JA, Fontecchio SA, Zhang Y, Wallace RJ Jr. Long-term labo-
ratory contamination by Mycobacterium abscessus resulting in two pseudo-outbreaks: recog-
nition with use of random amplified polymorphic DNA (RAPD) polymerase chain reaction. 
Clin Infect Dis. 1998;27:169–75.

 85. Brown-Elliott BA, Wallace RJ Jr. Nontuberculous mycobacteria. In: Mayhall CG, editor. 
Hospital epidemiology and infection control. 4th ed. Philadelphia: Lippincott Williams & 
Wilkins; 2012. p. 593–608.

 86. Griffith DE, Brown-Elliott BA, Langsjoen B, Zhang Y, Pan X, Girard W, Nelson K, Caccitolo 
J, Alvarez J, Shepherd S, Wilson R, Graviss EA, Wallace RJ Jr. Clinical and molecular analy-
sis of macrolide resistance in Mycobacterium avium complex lung disease. Am J Respir Crit 
Care Med. 2006;174:928–34.

 87. Wallace RJ Jr, Zhang Y, Brown BA, Dawson D, Murphy DT, Wilson R, Griffith DE. Polyclonal 
Mycobacterium avium complex infections in patients with nodular bronchiectasis. Am J 
Respir Crit Care Med. 1998;158:1235–44.

 88. Zelazny AM, Root JM, Shea YR, Colombo RE, Shamputa IC, Stock F, Conlan SS, McNulty 
S, Brown-Elliott BA, Wallace RJ Jr, Olivier KN, Holland SM, Sampaio EP. Cohort study of 

Laboratory Diagnosis and Antimicrobial Susceptibility Testing



54

molecular identification and typing of Mycobacterium abscessus, Mycobacterium massil-
iense and Mycobacterium bolletii. J Clin Microbiol. 2009;47:1985–95.

 89. Cangelosi GA, Freeman RJ, Lewis KN, Livingston-Rosanoff D, Shah KS, Milan SJ, Goldberg 
SV. Evaluation of a high-throughput repetitive-sequence-based PCR system for DNA finger-
printing of Mycobacterium tuberculosis and Mycobacterium avium complex strains. J Clin 
Microbiol. 2004;42:2685–93.

 90. Zhang Y, Rajagopalan M, Brown BA, Wallace RJ Jr. Randomly amplified polymorphic DNA 
PCR for comparison of Mycobacterium abscessus strains from nosocomial outbreaks. J Clin 
Microbiol. 1997;35:3132–9.

 91. Sax H, Bloemberg G, Hasse B, Sommerstein R, Kohler P, Achermann Y, Rössle M, Falk V, 
Kuster SP, Böttger EC, Weber R. Prolonged outbreak of Mycobacterium chimaera infection 
after open-chest heart surgery. Clin Infect Dis. 2015;61:67–75.

 92. Sommerstein R, Rüegg C, Kohler P, Bloemberg G, Kuster SP, Sax H.  Transmission of 
Mycobacterium chimaera from heater-cooler units during cardiac surgery despite an ultra-
clean air ventilation system. Emerg Infect Dis. 2016;22:1008–14.

 93. Inagaki T, Nishimori K, Yagi T, Ichikawa K, Moriyama M, Nakagawa T, Shibayama T, 
Uchiya K-I, Nikai T, Ogawa K. Comparison of a variable-number tandem-repeat (VNTR) 
method for typing Mycobacterium avium with mycobacterial interspersed repetitive-unit-
VNTR and IS1245 restriction fragment length polymorphism typing. J Clin Microbiol. 
2009;47:2156–64.

 94. Wallace RJ Jr, Iakhiaeva E, Williams M, Brown-Elliott BA, Vasireddy S, Vasireddy R, Lande 
L, Peterson D, Sawicki J, Kwait R, Tichenor W, Turenne C, Falkinham JO III. Absence of 
Mycobacterium intracellulare and the presence of Mycobacterium chimaera in household 
water and biofilm samples of patients in the U.S. with Mycobacterium avium complex respi-
ratory disease. J Clin Microbiol. 2013;51:1747–52.

 95. Iakhiaeva E, Howard S, Brown-Elliott BA, McNulty S, Falkinham JO III, Newman K, 
Williams M, Kwait R, Lande L, Vasireddy R, Turenne C, Wallace RJ Jr. Variable number 
tandem-repeat (VNTR) analysis of respiratory and household water biofilm isolates of 
“Mycobacterium avium subspecies hominissuis” with establishment of a PCR database. J 
Clin Microbiol. 2016;54:891–901.

 96. Iakhiaeva E, McNulty S, Brown-Elliott BA, Falkinham JO III., Williams MD, Vasireddy R, 
Wilson RW, Turenne C, Wallace RJ Jr. Mycobacterial interspersed repetitive-unit-variable-
number tandem-repeat (MIRU-VNTR) genotyping of Mycobacterium intracellulare for 
strain comparison with establishment of a PCR database. J Clin Microbiol. 2013;51:409–16.

 97. Wong YL, Ong CS, Ngeow YF.  Molecular typing of Mycobacterium abscessus based on 
tandem-repeat polymorphism. J Clin Microbiol. 2012;50:3084–8.

 98. Machado GE, Matsumoto CK, Chimara E, da Silva Duarte F, de Freitas D, Palaci M, 
Hadad DJ, Batista KV, Lopes LML, Ramos JP, Campos CE, Caldas PC, Heym B, Leão 
SC. Multilocus sequence typing scheme versus pulsed-field gel electrophoresis for typing 
Mycobacterium abscessus isolates. J Clin Microbiol. 2014;52:2881–91.

 99. Sampaio JL, Chimara E, Ferrazoli L, da Silva Telles MA, Del Guercio VM, Jericó ZV, 
Miyashiro K, Fortaleza CM, Padoveze MC, Leão SC. Application of four molecular typing 
methods for analysis of Mycobacterium fortuitum group strains causing post-mammaplasty 
infections. Clin Microbiol Infect. 2006;12:142–9.

 100. Sampaio JL, Viana-Niero C, de Freitas D, Höfling-Lima AL, Leão SC.  Enterobacterial 
repetitive intergenic consensus PCR is a useful tool for typing Mycobacterium chelonae and 
Mycobacterium abscessus isolates. Diagn Microbiol Infect Dis. 2006;55:107–18.

 101. Cole ST, Brosch R, Parkhill J, Garnier T, Churcher C, Harris D, Gordon SV, Eiglmeier K, Gas 
S, Barry CE, Tekaia F, Badcock K, Basham D, Brown D, Chillingworth T, Connor R, Davies 
R, Devlin K, Feltwell T, Gentles S, Hamlin N, Holroyd S, Hornsby T, Jagels K, Krogh A, 
McLean J, Moule S, Murphy L, Olivier K, Osborne J, Quail MA, Rajandream MA, Rogers 
J, Rutter S, Seeger K, Skelton J, Squares R, Squares S, Sulston JE, Taylor K, Whitehead 

B. A. Brown-Elliott



55

S, Barrell BG. Deciphering the biology of Mycobacterium tuberculosis from the complete 
genome sequence. Nature. 1998;393:537–44.

 102. Kohler P, Kuster SP, Bloemberg G, Schulthess B, Frank M, Tanner FC, Rössle M, Böni C, 
Falk V, Wilhelm MJ, Sommerstein R, Achermann Y, Ten Oever J, Debast SB, Wolfhagen 
MJHM, Bravo Bruinsma GJB, Vos MC, Bogers A, Serr A, Beyersdorf F, Sax H, Böttger EC, 
Weber R, van Ingen J, Wagner D, Hasse B. Healthcare-associated prosthetic heart valve, aor-
tic vascular graft, and disseminated Mycobacterium chimaera infections subsequent to open 
heart surgery. Eur Heart J. 2015;36:2745–53.

 103. Choo SW, Wong YL, Tan JL, Ong CS, Wong GJ, Ng KP, Ngeow YF. Annotated genome 
sequence of Mycobacterium massiliense strain M154, belonging to the recently created taxon 
Mycobacterium abscessus subsp. bolletii comb. nov. J Bacteriol. 2012;194:4778.

 104. Ngeow YF, Wee WY, Wong YL, Tan JL, Ongi CS, Ng KP, Choo SW. Genomic analysis of 
Mycobacterium abscessus strain M139, which has an ambiguous subspecies taxonomic posi-
tion. J Bacteriol. 2012;194:6002–3.

 105. Ngeow YF, Wong YL, Lokanathan N, Wong GJ, Ong CS, Ng KP, Choo SW. Genomic analy-
sis of Mycobacterium massiliense strain M115, an isolate from human sputum. J Bacteriol. 
2012;194:4786.

 106. Ngeow YF, Wong YL, Tan JL, Arumugam R, Wong GJ, Ong CS, Ng KP, Choo SW. Genome 
sequence of Mycobacterium massiliense M18, isolated from a lymph node biopsy specimen. 
J Bacteriol. 2012;194:4125.

 107. Tettelin H, Sampaio EP, Daugherty SC, Hine E, Riley DR, Sadzewicz L, Sengamalay N, 
Shefchek K, Su Q, Tallon LJ, Conville P, Olivier KN, Holland SM, Fraser CM, Zelazny 
AM.  Genomic insights into the emerging human pathogen Mycobacterium massiliense. J 
Bacteriol. 2012;194:5450.

 108. Chan J, Halachev M, Yates E, Smith G, Pallen M. Whole-genome sequence of the emerging 
pathogen Mycobacterium abscessus strain 47J26. J Bacteriol. 2012;194:549.

 109. Tortoli E, Kohl TA, Brown-Elliott BA, Trovato A, Cardoso Leao S, Garcia MJ, Vasireddy S, 
Turenne CY, Griffith DE, Philley JV, Balden R, Campana S, Cariani L, Colombo C, Taccetti 
G, Teri A, Niemann S, Wallace RJ Jr, Cirillo DM. Emended description of Mycobacterium 
abscessus, Mycobacterium abscessus subsp. abscessus and Mycobacterium abscessus subsp. 
bolletii and designation of Mycobacterium abscessus subsp. massiliense subsp. comb. nov. 
Int J Syst Evol Microbiol. 2016;66:4471–9.

 110. Woods GL, Brown-Elliott BA, Desmond EP, Hall GS, Heifets L, Pfyffer GE, Ridderhof JC, 
Wallace RJ Jr., Warren NG, Witebsky FG. Susceptibility testing of mycobacteria, norcardiae, 
and other aerobic actinomycetes; approved standard. NCCLS document M24-A. 2003.

 111. Griffith DE, Aksamit T, Brown-Elliott BA, Catanzaro A, Daley C, Gordin F, Holland SM, 
Horsburgh R, Huitt G, Iademarco MF, Iseman M, Olivier K, Ruoss S, von Reyn CF, Wallace 
RJ Jr, Winthrop K. An official ATS/IDSA statement: diagnosis, treatment and prevention of 
nontuberculous mycobacterial diseases. Am J Respir Crit Care Med. 2007;175:367–416.

 112. Brown-Elliott BA, Nash KA, Wallace RJ Jr. Antimicrobial susceptibility testing, drug 
resistance mechanisms, and therapy of infections with nontuberculous mycobacteria. Clin 
Microbiol Rev. 2012;25:545–82.

 113. Clinical and Laboratory Standards Institute. Susceptibility testing of mycobacteria, nocar-
diae, and other aerobic actinomycetes: approved standard—second edition. CLSI document 
M24-A2. 2011.

 114. Forbes BA, Banaiee N, Beavis KG, Brown-Elliott BA, Della Latta P, Elliott LB, Hall GS, 
Hanna B, Perkins MD, Siddiqi SH, Wallace RJ Jr., Warren NG. Laboratory detection and 
identification of mycobacteria; approved guideline. CLSI document M48-A. 2008.

 115. Vasireddy R, Vasireddy S, Brown-Elliott BA, Wengenack NL, Eke UA, Benwill JL, Turenne 
C, Wallace RJ Jr. Mycobacterium arupense, Mycobacterium heraklionense, and a newly 
proposed species, “Mycobacterium virginiense” sp. nov., but not Mycobacterium nonchro-
mogenicum, as species of the Mycobacterium terrae complex causing tenosynovitis and 
osteomyelitis. J Clin Microbiol. 2016;54:1340–51.

Laboratory Diagnosis and Antimicrobial Susceptibility Testing



56

 116. Brown-Elliott BA, Iakhiaeva E, Griffith DE, Woods GL, Stout JE, Wolfe CR, Turenne CY, 
Wallace RJ Jr. In vitro activity of amikacin against isolates of Mycobacterium avium complex 
with proposed MIC breakpoints and finding of a 16S rRNA gene mutation in treated isolates. 
J Clin Microbiol. 2013;51:3389–94. ERRATUM J Clin Microbiol 3352:1311, 2014.

 117. Wallace RJ Jr, Meier A, Brown BA, Zhang Y, Sander P, Onyi GO, Bottger EC. Genetic basis 
for clarithromycin resistance among isolates of Mycobacterium chelonae and Mycobacterium 
abscessus. Antimicrob Agents Chemother. 1996;40:1676–81.

 118. Wallace RJ Jr, Hull SI, Bobey DG, Price KE, Swenson JM, Steele L, Christensen L. Mutational 
resistance as the mechanism of acquired drug resistance to aminoglycosides and antibacterial 
agents in Mycobacterium chelonae: Evidence based on plasmid analysis, mutational frequen-
cies, and aminoglycoside modifying enzyme assays. Am Rev Respir Dis. 1985;132:409–16.

 119. Nash KA, Inderlied CB.  Genetic basis of macrolide resistance in Mycobacterium 
avium isolated from patients with disseminated disease. Antimicrob Agents Chemother. 
1995;39:2625–30.

 120. van Ingen J, Egelund EF, Levin A, Totten SE, Boeree MJ, Mouton JW, Aarnoutse RE, 
Heifets LB, Peloquin CA, Daley CL.  The pharmacokinetics and pharmacodynamics of 
pulmonary Mycobacterium avium complex disease treatment. Am J Respir Crit Care Med. 
2012;186:559–65.

 121. Wallace RJ Jr, Swenson JM, Silcox VA. The rapidly growing mycobacteria: characterization 
and susceptibility testing. Antimicrob Newsl. 1985;2:85–92.

 122. Stone MS, Wallace RJ Jr, Swenson JM, Thornsberry C, Christensen LA. Agar disk elution 
method for susceptibility testing of Mycobacterium marinum and Mycobacterium fortuitum 
complex to sulfonamides and antibiotics. Antimicrob Agents Chemother. 1983;24:486–93.

 123. Biehle JR, Cavalieri SJ, Saubolle MA, Getsinger LJ. Evaluation of Etest for susceptibility 
testing of rapidly growing mycobacteria. J Clin Microbiol. 1995;33:1760–4.

 124. Fabry W, Schmid EN, Ansorg R. Comparison of the E test and a proportion dilution method 
for susceptibility testing of Mycobacterium kansasii. Chemotherapy. 1995;41:247–52.

 125. Fabry W, Schmid EN, Ansorg R. Comparison of the E test and a proportion dilution method for 
susceptibility testing of Mycobacterium avium complex. J Med Microbiol. 1996;44:227–30.

 126. Jarboe E, Stone BL, Burman WJ, Wallace RJ Jr, Brown BA, Reves RR, Wilson ML. Evaluation 
of a disk diffusion method for determining susceptibility of Mycobacterium avium complex 
to clarithromycin. Diagn Microbiol Infect Dis. 1998;30:197–203.

 127. Woods GL, Bergmann JS, Witebsky FG, Fahle GA, Boulet B, Plaunt M, Brown BA, Wallace 
RJ Jr, Wanger A. Multisite reproducibility of Etest for susceptibility testing of Mycobacterium 
abscessus, Mycobacterium chelonae, and Mycobacterium fortuitum. J Clin Microbiol. 
2000;38:656–61.

 128. Woods GL, Bergmann JS, Witebsky FG, Fahle GA, Wanger A, Boulet B, Plaunt M, Brown 
BA, Wallace RJ Jr. Multisite reproducibility of results obtained by the broth microdilution 
method for susceptibility testing of Mycobacterium abscessus, Mycobacterium chelonae, and 
Mycobacterium fortuitum. J Clin Microbiol. 1999;37:1676–82.

 129. Fernandez-Roblas R, Martin-de-Hijas NZ, Fernandez-Martinez AI, et al. In vitro activities of 
tigecycline and 10 other antimicrobials against nonpigmented rapidly growing mycobacteria. 
Antimicrob Agents Chemother. 2008;52:4184–6.

 130. Brown BA, Wallace RJ Jr, Onyi GO.  Activities of the glycylcyclines N, N-dimethylgly-
cylamido-minocycline and N, N-dimethylglycylamido-6-demethyl-6-deoxytetracycline 
against Nocardia spp. and tetracycline-resistant isolates of rapidly growing mycobacteria. 
Antimicrob Agents Chemother. 1996;40:874–8.

 131. Brown BA, Wallace RJ Jr, Onyi GO, De Rosas V, Wallace RJ III. Activities of four macro-
lides, including clarithromycin, against Mycobacterium fortuitum, Mycobacterium chelonae, 
and M. chelonae-like organisms. Antimicrob Agents Chemother. 1992;36:180–4.

 132. Turenne CY, Wallace RJ Jr, Behr MA. Mycobacterium avium in the postgenomic era. Clin 
Microbiol Rev. 2007;20:205–29.

B. A. Brown-Elliott



57

 133. van Ingen J, Turenne C, Tortoli E, Wallace RJ Jr, Brown-Elliott BA.  A Definition of the 
Mycobacterium avium complex for taxonomic and clinical purposes. IJSEM. 2018. In Press.

 134. Babady NE, Hall L, Abbenyi AT, Eisberner JJ, Brown-Elliott BA, Pratt CJ, McGlasson 
MC, Beierle KD, Wohlfiel SL, Deml SM, Wallace RJ Jr, Wengenack NL.  Evaluation of 
Mycobacterium avium complex clarithromycin susceptibility testing using SLOMYCO sen-
sititre panels and JustOne strips. J Clin Microbiol. 2010;48:1749–52.

 135. Brown BA, Wallace RJ Jr, Onyi GO. Activities of clarithromycin against eight slowly grow-
ing species of nontuberculous mycobacteria, determined by using a broth microdilution MIC 
system. Antimicrob Agents Chemother. 1992;36:1987–90.

 136. Eisenberg E, Barza M. Azithromycin and clarithromycin. Curr Clin Top Infect Dis Chest. 
1994;14:52–79.

 137. Brown-Elliott BA, Crist CJ, Mann LB, Wilson RW, Wallace RJ Jr. In vitro activity of line-
zolid against slowly growing nontuberculous mycobacteria. Antimicrob Agents Chemother. 
2003;47:1736–8.

 138. Woods GL, Williams-Bouyer N, Wallace RJ Jr, Brown-Elliott BA, Witebsky FG, Conville 
PS, Plaunt M, Hall G, Aralar P, Inderlied C. Multisite reproducibility of results obtained by 
two broth dilution methods for susceptibility testing of Mycobacterium avium complex. J 
Clin Microbiol. 2003;41:627–31.

 139. van Ingen J, Boeree MJ, van Soolingen D, Mouton JW. Resistance mechanisms and drug 
susceptibility testing of nontuberculous mycobacteria. Drug Resist Updat. 2012;15:149–61.

 140. Meier A, Heifets L, Wallace RJ Jr, Zhang Y, Brown BA, Sander P, Böttger EC. Molecular 
mechanisms of clarithromycin resistance in Mycobacterium avium: observation of multiple 
23S rDNA mutations in a clonal population. J Infect Dis. 1996;174:354–60.

 141. Meier A, Kirschner P, Springer B, Steingrube VA, Brown BA, Wallace RJ Jr, Böttger 
EC. Identification of mutations in 23S rRNA gene of clarithromycin-resistant Mycobacterium 
intracellulare. Antimicrob Agents Chemother. 1994;38:381–4.

 142. Nash KA, Inderlied CB. Rapid detection of mutations associated with macrolide resistance in 
Mycobacterium avium complex. Antimicrob Agents Chemother. 1996;40:1748–50.

 143. Griffith DE, Brown-Elliott BA, Wallace RJ Jr. Thrice-weekly clarithromycin-containing regi-
men for treatment of Mycobacterium kansasii lung disease: results of a preliminary study. 
Clin Infect Dis. 2003;37:1178–82.

 144. Burman WJ, Stone BL, Brown BA, Wallace RJ Jr, Böttger EC. AIDS-related Mycobacterium 
kansasii infection with initial resistance to clarithromycin. Diagn Microbiol Infect Dis. 
1998;31:369–71.

 145. Klein JL, Brown TJ, French GL. Rifampin resistance in Mycobacterium kansasii is associ-
ated with rpoB mutations. Antimicrob Agents Chemother. 2001;45:3056–8.

 146. Wallace RJ Jr, Dunbar D, Brown BA, Onyi G, Dunlap R, Ahn CH, Murphy DT. Rifampin-
resistant Mycobacterium kansasii. Clin Infect Dis. 1994;18:736–43.

 147. Jernigan JA, Farr BM. Incubation period and sources for cutaneous Mycobacterium marinum 
infection: case report and review of the literature. Clin Infect Dis. 2000;31:439–43.

 148. Tortoli E, Piersimoni C, Bacosi D, Bartoloni A, Betti F, Bono L, Burrini C, De Sio G, Lacchini 
C, Mantella A, Orsi PG, Penati V, Simonetti MT, Böttger EC. Isolation of the newly described 
species Mycobacterium celatum from AIDS patients. J Clin Microbiol. 1995;33:137–40.

 149. Tortoli E, Piersimoni C, Kirschner P, Bartoloni A, Burrini C, Lacchini C, Mantella A, Muzzi 
G, Passerini-Tosi C, Penati V, Scarparo C, Simonetti MT, Böttger EC. Characterization of 
mycobacterial isolates phylogenetically related to, but different from Mycobacterium simiae. 
J Clin Microbiol. 1997;35:697–702.

 150. MacSwiggan DA, Collins CH. The isolation of M. kansasii and M. xenopi from water sys-
tems. Tubercle. 1974;55:291–7.

 151. Buchholz UT, McNeill MM, Keyes LE, Good RC. Mycobacterium malmoense infections in 
the United States, January 1993 through June 1995. Clin Infect Dis. 1998;27:551–8.

 152. Heginbothom ML, Lindholm-Levy PJ, Heifets LB. Susceptibilities of Mycobacterium mal-
moense determined at the growth optimum pH (pH 6.0). Int J Tuberc Lung Dis. 1998;2:430–4.

Laboratory Diagnosis and Antimicrobial Susceptibility Testing



58

 153. Ji B, Lefrançois S, Robert J, Chauffour A, Truffot C, Jarlier V. In vitro and in vivo activities 
of rifampin, streptomycin, amikacin, moxifloxacin, R207910, linezolid, and PA-824 against 
Mycobacterium ulcerans. Antimicrob Agents Chemother. 2006;50:1921–6.

 154. Vadney FS, Hawkins JE. Evaluation of a simple method for growing Mycobacterium hae-
mophilum. J Clin Microbiol. 1985;28:884–5.

 155. McBride ME, Rudolph AH, Tschen JA, Cernoch P, Davis J, Brown BA, Wallace RJ Jr. 
Diagnostic and therapeutic considerations for cutaneous Mycobacterium haemophilum infec-
tions. Arch Dermatol. 1991;127:276–7.

 156. Prammananan T, Sander P, Brown BA, Frischkorn K, Onyi GO, Zhang Y, Böttger EC, Wallace 
RJ Jr. A single 16S ribosomal RNA substitution is responsible for resistance to amikacin and 
other 2-deoxystreptamine aminoglycosides in Mycobacterium abscessus and Mycobacterium 
chelonae. J Infect Dis. 1998;177:1573–81.

 157. Rahman SA, Singh Y, Kohli S, Ahmad J, Ehtesham NZ, Tyagi AK, Hasnain SE. Comparative 
analyses of nonpathogenic, opportunistic, and totally pathogenic mycobacteria reveal genomic 
and biochemical variabilities and highlight the survival attributes of Mycobacterium tubercu-
losis. mBio. 2014;5:e02020–14; ERRATUM mBio 02015;02026(02021):e02343–02014.

 158. Stinear TP, Seemann T, Pidot S, Frigui W, Reysset G, Garnier T, Meurice G, Simon D, 
Bouchier C, Ma L, Tichit M, Porter JL, Ryan L, Johnson PDR, Davies JK, Jenkin GA, Small 
PLC, Jones LM, Tekaia F, Laval F, Daffé M, Parkhill J, Cole ST. Reductive evolution and 
niche adaptation inferred from the genome of Mycobacterium ulcerans, the causative agent 
of Buruli ulcer. Genome Res. 2007;17:192–300.

 159. Bryant JM, Grogono DM, Greaves D, Foweraker J, Roddick I, Inns T, Reacher M, Haworth 
CS, Curran MD, Harris SR, Peacock SJ, Parkhill J, Floto RA. Whole-genome sequencing to 
identify transmission of Mycobacterium abscessus between patients with cystic fibrosis: a 
retrospective cohort study. Lancet. 2013;381:1551–60.

 160. Aitken ML, Limaye A, Pottinger P, Whimbey E, Goss GH, Tonelli MR, Cangelosi GA, 
Ashworth M, Olivier KN, Brown-Elliott BA, Wallace RJ Jr. Respiratory outbreak of 
Mycobacterium abscessus subspecies massiliense in a lung transplant and cystic fibrosis cen-
ter. Am J Respir Crit Care Med. 2012;185:231–3.

 161. Davidson RM, Hasan N, Reynolds PR, Totten S, Garcia B, Levin A, Ramamoorthy P, Heifets 
L, Daley CL, Strong M.  Genome sequencing of Mycobacterium abscessus isolates from 
patients in the United States and comparisons to globally diverse clinical strains. J Clin 
Microbiol. 2014;52:3573–82.

 162. Duarte RS, Silva Lourenço MC, de Souza Fonseca L, Leão SC, Amorim EDLT, ILL R, Coelho 
FS, Viana-Niero C, Gomes KM, da Silva MG, de Oliveira Lorena NS, Pitombo MC, Ferreira 
RMC, de Oliveira Garcia MH, de Oliveira GP, Lupi O, Vilaça BR, Serradas LR, Chebato A, 
Marques EA, Teixeira LM, Dalcolmo M, Senna SG, Sampaio JLM. Epidemic of postsurgical 
infections caused by Mycobacterium massiliense. J Clin Microbiol. 2009;47:2149–55.

 163. Leão SC, Matsumoto CK, Carneiro A, Ramos RT, Nogueira CL, Lima JD Jr, Lima KV, 
Lopes ML, Schneider H, Azevedo VA, Da Costa da Silva A. The detection and sequencing of 
a broad-host-range conjugative IncP-Ibeta plasmid in an epidemic strain of Mycobacterium 
abscessus subsp bolletii. PLoS One. 2013;8:e60746.

 164. Raiol T, Ribeiro GM, Maranhão AQ, Bocca AL, Silva-Pereira I, Junqueira-Kipnis AP, Brigido 
MM, Kipnis A.  Complete genome sequence of Mycobacterium massiliense. J Bacteriol. 
2012;194:5455.

 165. Kim B-J, Kim B-R, Hong S-H, Seok S-H, Kook Y-H.  Complete genome sequence of 
Mycobacterium massiliense clinical strain Asan 505945, belonging to the type II genotype. 
Genome Announc. 2013;1:e00429–00413.

 166. Tettelin H, Davidson RM, Agrawal S, Aitken ML, Shallom S, Hasan NA, Strong M, de 
Moura VCN, De Groote MA, Duarte RS, Hine E, Parankush S, Su Q, Daugherty SC, Fraser 
CM, Brown-Elliott BA, Wallace RJ Jr, Holland SM, Sampaio EP, Olivier KN, Jackson M, 
Zelazny AM.  High-level relatedness among Mycobacterium abscessus subsp. massiliense 
strains from widely separated outbreaks. Emerg Infect Dis. 2014;20:364–71.

B. A. Brown-Elliott



59

 167. Brown-Elliott BA, Philley JV, Griffith DE, Thakkar F, Wallace RJ Jr. 2017. In vitro suscep-
tibility testing of bedaquiline against Mycobacterium avium complex. Antimicrob Agents 
Chemother. In Press.

 168. Brown-Elliott BA, Philley JV, Griffith DE, Wallace RJ Jr. Comparison of in vitro suscepti-
bility testing of tedizolid and linezolid against isolates of nontuberculous mycobacteria, 1st 
ASM-Microbe Meeting, 2016, Boston, MA.

Laboratory Diagnosis and Antimicrobial Susceptibility Testing



61© Springer Nature Switzerland AG 2019 
D. E. Griffith (ed.), Nontuberculous Mycobacterial Disease, Respiratory Medicine, 
https://doi.org/10.1007/978-3-319-93473-0_3

Drug Susceptibility Testing  
of Nontuberculous Mycobacteria

Jakko van Ingen

 Introduction

Most NTM species have a wide array of mechanism that lend them natural resis-
tance to most classes of antibiotics and poor susceptibility, compared to common 
gram-positive and gram-negative bacteria, even to agents used in treatment of NTM 
disease. Both the natural and acquired mutational resistance are important determi-
nants of treatment outcomes [1]. Still, the exact role of drug susceptibility testing 
(DST) in the design of treatment regimens has not been settled, as the correlation 
between in vitro activity and in vivo outcomes of treatment has not been elucidated 
for many antimycobacterial drugs [2].

This chapter describes the most important mechanisms of resistance in NTM, the 
current DST methodologies, current guidelines, and the correlation between in vitro 
and in vivo efficacy of tested drugs. This latter section includes an overview of cur-
rent knowledge of pharmacokinetics and pharmacodynamics of antimycobacterial 
drugs relevant to NTM disease management.

 Mechanisms of Antibiotic Resistance in NTM

DST measures the result of a highly complex interplay between natural resistance, 
inducible resistance, and mutational resistance acquired during suboptimal drug 
exposure and selection. The role of these three determinants of drug susceptibility 
differs for the various drugs used to treat NTM disease. Knowledge of their relative 
importance is essential for the selection and optimization of drug treatment regi-
mens. A graphic overview of the various determinants of resistance is presented in 
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Fig. 1. All mechanisms of resistance and associated genes or proteins are recorded 
per drug class in Table 1.

 Natural Resistance: The Role of the Cell Wall

Natural resistance to antimycobacterial drugs is conferred by a variety of mecha-
nisms that interfere with uptake of the drug by the mycobacterium, enable its 
biotransformation in the cell, or decrease the affinity with the drug target. The first 
physical barrier is the mycobacterial cell wall. Natural drug resistance in myco-
bacteria is related, in large part, to mechanisms that affect the content, hydropho-
bicity, and thereby permeability of that cell wall. The lipid-rich cell wall of 
mycobacteria forms an important barrier to the penetration of antimicrobial com-
pounds [3].

Several genes and systems involved in cell wall maintenance are important to 
maintain the multidrug-resistant phenotype; these include protein kinase G, fbpA 
(encoding the so-called antigen 85 complex), and asnB in M. smegmatis, the species 
that serves as a model organism for the genus Mycobacterium, the mtrAB two- 
component system in M. smegmatis and M. avium, kasB in M. marinum, and 

Efflux pumps

Biotransformation

asnB
pknG

mtrAB

whiB7 erm
Inducible
resistance
mechanisms

rbpA

C
Y

T
O

S
O

L
C

E
L

L
 W

A
L

L
D

N
A

d
r
r
A
B

l
f
r
A

t
a
p

M
m
p
L
5

m
s
p
A

Porins

Cell wall
maintenance
mechanisms

Trehalose
dimycolate

Arabinogalactan
Dimycolate

Peptidoglycan

Plasma membrane

Fig. 1 Simplified overview of the mycobacterial cell wall architecture and resistance determinants 
(Note: Natural drug resistance in mycobacteria is conferred by their highly lipophilic cell wall and 
the various mechanisms that control the cell wall content, a low number of porins, broad range of 
efflux pumps, active biotransformation by cytosolic enzymes, and inducible resistance mecha-
nisms under centralized command (see text for details))

J. van Ingen



63

Maa2520 and pks12 of M. avium. Disruption of these genes generally reduces to 
hydrophobicity of the mycobacterial cell wall and increases susceptibility to lipo-
philic antibiotics including the rifamycins, macrolides, ciprofloxacin, vancomycin, 
and β-lactam antibiotics including imipenem [4–10].

For the clinically important NTM species M. avium and M. abscessus, distinct 
colony variants are known that result from differences in the cell wall content. Cell 
wall glycopeptidolipid content is low in the rough, invasive M. abscessus pheno-
type, but high in the noninvasive, colonizing smooth phenotype associated with 
biofilm formation [11]. For M. avium, smooth transparent and smooth opaque col-
ony types, as well as rare rough types are discerned, though the link between par-
ticular phenotypes and virulence is less strong than in M. abscessus [12]. The 
smooth opaque colony type is more susceptible to ciprofloxacin, clarithromycin, 
and penicillin [13]; this increased susceptibility is regulated by the mtrAB two- 
component system [4]. The differences in drug susceptibility between these variants 
may in part result from a switch to a stationary metabolic phase of the bacteria 

Table 1 Antimycobacterial drugs and mechanisms of resistance in nontuberculous mycobacteria

Drug Cell wall Biotransformation

Inducible 
target 
protection

Efflux 
pumps

Acquired 
mutations 
in target 
gene

Rifampicin PknG, kasB, 
Maa2520, 
pks12, asnB, 
fbpA, mtrAB, 
mspA porin

ADP 
ribosyltransferase

RbpA efpA rpoB

Ethambutol PknG

Quinolones kasB, 
Maa2520, 
pks12, mtrAB

Acetylation, 
nitrosation

lfrA, efpA, 
pstB gene

gyrA, gyrB

Macrolides PknG, asnB, 
kasB, 
Maa2520, 
pks12, fbpA, 
mtrAB, mspA 
porin

erm MAV_1406, 
MAV_3306

23S rRNA

Aminoglycosides Aminoglycoside- 
modifying enzymes

tetV, tap, 
P55

16S rRNA

Linezolid 23S rRNA
β-Lactams Maa2520, 

pks12, mtrAB, 
PknG, fbpA, 
mspA porin

blaS, blaE, BlaMab 
β-lactamases

lfrA

Bedaquiline MmpL5 MmpL5, 
atpE

Tetracyclines tetV, tap, 
P55

Note: See text for relevant references
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 during biofilm formation [11, 14]; the metabolic state of mycobacteria, too, is an 
important determinant of their drug susceptibility [15].

 Natural Resistance: Drug Transport Across Porins and Efflux Pumps

Transport of molecules across the membrane into the mycobacterial cell is partly 
controlled by porins, channel proteins that cross the outer membrane. Mycobacteria 
utilize porins for nutrient acquisition, but their number is significantly lower than in 
gram-negative bacteria [2]; only the porin mspA in M. smegmatis has been exten-
sively studied, and its activity determines susceptibility to small hydrophilic antibi-
otic molecules including norfloxacin, chloramphenicol, and β-lactam antibiotics but 
also the hydrophobic vancomycin, erythromycin, and rifampicin [16, 17].

Whereas porins can restrict entry of molecules into the cell, efflux pumps are uti-
lized to evacuate potentially harmful substances out of the mycobacterial cell. In recent 
years, the role of efflux pumps has received significant attention, including assess-
ments of their suitability as a target for adjunctive therapies [18]. Hollow fiber model 
experiments have established that antibiotic stress-induced overexpression of efflux 
pumps in Mycobacterium avium is a crucial first step, increasing the resistance to mac-
rolides and permitting survival and later development of mutational resistance [19].

The P55 is an efflux pump that is likely present in all Mycobacterium species that 
permits efflux of at least tetracycline and aminoglycosides [20]. The best character-
ized efflux pumps in nontuberculous mycobacteria are the tap [21], tetV [22] lfrA 
[23] and efpA [24] efflux pumps that confer tetracycline, aminoglycoside, β-lactam, 
fluoroquinolone, rifamycin and isoniazid resistance to M. fortuitum and M. smeg-
matis. More recently, the MmpL5/MmpS5 efflux pump system has been shown to 
be important in the development of resistance to clofazimine and bedaquiline in 
both M. tuberculosis and Mycobacterium avium complex (MAC) bacteria during 
treatment [25, 26].

One member of the ABC transporter superfamily has been found in nontubercu-
lous mycobacteria, the phosphate transporter encoded by the pstB gene of M. smeg-
matis. This pump is important for fluoroquinolone efflux, and its overexpression 
confers resistance [27]; there are likely more members of this superfamily of trans-
porters in NTM, but this remains to be investigated.

Part of this extensive armament of mycobacteria is controlled by a single putative 
transcriptional activator, whiB7, also dubbed the “resistome.” WhiB7 is induced by 
antibiotics and controls the expression of at least erm and the tap efflux pump. Given the 
presence of the whiB7 system in all Streptomyces and Mycobacterium species sequenced 
to date, it is likely an ancestral trait of a presumed soil-dwelling ancestor [28].

 Natural Resistance: Biotransformation in the Intracellular Environment

Biotransformation of the antimicrobial compounds by mycobacteria has been 
described for β-lactams, quinolones, aminoglycosides, and rifampicin. The β-lactam 
antibiotics, more specifically imipenem and cefoxitin, are used only in the treatment 
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of infections by rapidly growing mycobacteria, such as M. abscessus, M. chelonae, 
and M. fortuitum [1]. Their use is limited because of potent β-lactamases – mostly 
cephalosporinases – present in all mycobacteria [29, 30]. It was recently discovered 
that the β-lactamases produced by M. abscessus can be inhibited by avibactam, 
which is already in clinical use in combination with ceftazidime [31]. This opens up 
new opportunity to use β-lactam antibiotics to improve treatment outcome in M. 
abscessus disease.

Acetylation and nitrosation of both norfloxacin and ciprofloxacin have 
been noted in various rapidly growing Mycobacterium species; the acetyla-
tion and nitrosation create molecules that have 2–1000 times less antimyco-
bacterial activity [32]. Aminoglycoside susceptibility is influenced by three 
distinct classes of aminoglycoside- modifying enzymes: aminoglycoside 
O-nucleotidyltransferases, aminoglycoside O-phosphotransferases, and ami-
noglycoside N-acetyltransferases. The latter two have been identified in the 
genomes of Mycobacterium species: a phosphotransferase conveys strepto-
mycin resistance in M. fortuitum, and 12 homologues have been identified in 
the genome of M. abscessus [33, 34]. Distinct N-acetyltransferases have been 
identified in the genomes of the M. tuberculosis complex (M. tuberculosis, M. 
bovis), M. kansasii, and MAC [35], as well as the rapid growers M. fortuitum, 
M. smegmatis, and, again, M. abscessus [33, 34]. These enzymes, in part, deter-
mine the susceptibility specific to amikacin (or tobramycin, for M. chelonae) 
and resistance to gentamicin in NTM.  Their homology with similar enzymes 
in other genera may imply that they have been acquired by lateral gene transfer 
[33, 34]. Last, chromosomally encoded rifampicin ADP-ribosyltransferase (Arr) 
proteins modify and thereby inactivate rifampicin in select Mycobacterium spp.; 
this mechanism has been studied in M. smegmatis but is present in many genera 
and likely in multiple Mycobacterium species [36].

 Natural Resistance: The Role and Control of Inducible Target Binding 
Disruption

The best known inducible resistance mechanism in mycobacteria is the group of 
erythromycin resistance methylase (erm) genes that confer macrolide resistance 
through methylation of the 23S ribosomal RNA which impairs binding of the mac-
rolides to the ribosomes [37]. These methylases are present in several, but not all, 
clinically important rapidly growing nontuberculous mycobacteria; their distribu-
tion is presented in Table 2 [37, 38]. This inducible macrolide resistance mechanism 
impacts on treatment outcome of macrolide-based regimens in disease caused by M. 
abscessus (see below).

A less known inducible mechanism of mycobacteria, the RNA polymerase- 
binding protein A (RbpA), increases tolerance to rifampicin in M. tuberculosis and 
M. smegmatis; this protein binds to the RNA polymerase, where it hampers binding 
of rifampicin [39]. Its distribution and clinical relevance in other slowly growing 
nontuberculous mycobacteria (SGM) that are treated with rifampicin-based regi-
mens remain unknown.
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 Acquired Resistance Through Genomic Mutations

The increasing number of patients treated for NTM diseases have led to increasing 
numbers of reports documenting acquired mutational resistance to most key anti-
mycobacterial drugs. Since the macrolide antibiotics play a key role in treatment of 
NTM disease, mutational resistance to this group has received most attention. 
Mutational resistance to macrolides in Mycobacterium avium complex (MAC) dis-
ease can be prevented by the use of multidrug regimens that also include rifampicin 
and ethambutol; macrolide monotherapy or regimens including only quinolones and 
macrolides are risk factors for the development of macrolide resistance in MAC 
bacteria [40]. Mutations in codon 2058 or 2059 of the 23S ribosomal RNA gene 
(rrl) have been associated with high-level macrolide resistance in both the M. avium 
complex species and the rapid growers of the M. abscessus group [41, 42]; in a case 
series of patients with macrolide-resistant MAC disease, 96% of patients had iso-
lates with mutations in these two codons [40]. The rrl is also the target of linezolid. 
In experimental settings, mutations in codons inside as well as outside the peptidyl 
transferase center, the target of linezolid, have decreased susceptibility to linezolid 
in M. smegmatis [43].

In patients treated for MAC disease with amikacin-containing regimens, muta-
tional resistance to amikacin based on mutations in codon 1408 of the 16S ribo-
somal RNA (rrs) gene has been documented [44, 45]. Mutational resistance to 
aminoglycosides in M. abscessus is seen particularly in cystic fibrosis patients and 
patients with otomastoiditis, who receive long-term (topical) aminoglycoside ther-
apy. Similar mutations in codon 1408 of the 16S ribosomal RNA (rrs) gene are 
responsible for high-level aminoglycoside resistance in both M. abscessus and M. 
chelonae after therapy as well as in vitro selection [45, 46].

Rifampicin is the key component of treatment regimens for disease causes by 
M. kansasii. Acquired rifampicin resistance with mutations in codons 513, 526, 
and 531 of the rpoB gene has been observed in M. kansasii. These mutations are 
identical to those observed in rifampicin-resistant M. tuberculosis complex iso-
lates [47].

Table 2 Distribution and functionality 
of erm genes in rapidly growing 
mycobacteria

Species erm gene

M. abscessus subsp. abscessus Functionala

M. abscessus subsp. bolletii Functional
M. abscessus subsp. massiliense Nonfunctional
M. fortuitum Functional
M. chelonae Absent
M. immunogenum Absent
M. mucogenicum group Absent
M. peregrinum Absent
M. senegalense Absent

aA minority of strains have mutations in the gene 
rendering it nonfunctional
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Recently, acquired resistance to bedaquiline was recorded in patients receiving 
bedaquiline-containing regimens for MAC pulmonary disease; this resulted from 
mutations in the regulator gene of the MmpS5/MmpL5 efflux system. These muta-
tions are known to lead to cross-resistance to clofazimine [26].

 Acquired Resistance Through Acquisition of Plasmids

In contrast to general bacteriology, drug resistance in NTM is thought not to be 
related to spread of plasmids with antibiotic resistance-determining gene variants. 
NTM do harbor plasmids, but these are species specific and there is no evidence of 
spread from one species to another. Whole genome sequencing efforts during the 
recent outbreak of severe M. chimaera disease transmitted by contaminated heater- 
cooler units in cardiac surgery have revealed that M. chimaera isolates yield up to 
five plasmids and that these plasmids can vary between isolates, in their gene 
content [48].

For M. marinum, it is known that its plasmid harbors genes involved in mercury 
resistance [49]. One study did show that M. abscessus strains in Brazil harbored the 
pMAB01 plasmid, which encodes for several aminoglycoside-converting enzymes 
and a dihydropteroate synthase type 1 gene involved in susceptibility to sulfon-
amides. Strains harboring the plasmid were less susceptible to kanamycin [50], a 
drug not used for NTM infections. Even if newly acquired plasmids yield gene vari-
ants that reduce susceptibility to particular antibiotics, it is questionable whether 
these will have an effect, since the impermeable cell wall and broad repertoire efflux 
pumps of NTM already pose a major barrier to the activity of many drug classes. 
This effect was also seen in the M. abscessus strains in Brazil, where the dihydrop-
teroate synthase type 1 gene in the pMAB01 plasmid did not confer sulfonamide 
resistance as the species is already sulfonamide-resistant [50].

 Current Drug Susceptibility Testing Methodologies

 Methods: Historical Perspective

In 1963, George Canetti and colleagues published the first consensus statement on 
drug susceptibility testing of mycobacteria [51]. Three procedures based on dilu-
tion of the antimycobacterial drugs isoniazid, PAS, and streptomycin in 
Löwenstein- Jensen medium were described: the absolute concentration method, 
the resistance ratio method, and the proportion method. Along with proposals for 
standardization of test methodology, decision rules for interpretation of the results 
were also provided. Advice on testing of other antimycobacterial drugs (kanamy-
cin, cycloserine, viomycin, thioacetazone, ethionamide) was provided, but all 
statements refer to testing M. tuberculosis complex bacteria only, not NTM [51]. 
At the time, susceptibility testing of NTM mainly served identification purposes, 
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i.e., to exclude that a strain represented M. tuberculosis [52]. The Löwenstein-
Jensen medium was soon replaced by the 7H10 medium developed by Middlebrook 
and Cohn, on which more strains grow and growth is faster [53]. Over the follow-
ing decades, a variety of methods for drug susceptibility testing of clinical NTM 
isolates has been tried. For RGM, test methods used in general bacteriology were 
adapted, whereas methods designed for M. tuberculosis were also applied to 
SGM. While several methods have been tried in research settings, very few have 
been used extensively in the clinical setting. Only methods in current or past clini-
cal use are detailed here.

 Methods: Absolute Concentration, Resistance Ratio, 
and Proportion Methods

In the absolute concentration method, the minimum inhibitory concentrations 
(MICs) are determined by incubating standardized inocula of mycobacteria on 
media containing various concentrations of the drug to be tested, including the criti-
cal concentration. Bacterial growth that exceeds that of a 1:100 dilution of the inoc-
ulum on drug-free medium at and above the critical concentration is interpreted as 
resistance [51]. While this method is still in use for M. tuberculosis and has been 
widely used for DST of NTM, cutoff points for resistance have not been properly 
defined for NTM [54]. Moreover, none have been clinically validated [2, 54].

The resistance ratio method is methodologically similar to the absolute concen-
tration method, but the MIC is identified and divided by that of the M. tuberculosis 
H37Rv reference strain, to come to a ratio. Low ratios (<2) are interpreted as sus-
ceptible, ratios >8 as resistant. This method is more relevant for M. tuberculosis 
than for NTM. Nonetheless, this method was applied to NTM in the treatment trial 
of M. avium complex, M. xenopi, and M. malmoense pulmonary disease by the 
British Thoracic Society [55].

The proportion method, as its name suggests, estimates of the proportion of bac-
teria in the inoculum that is resistant to the drug at the tested concentration. Drug- 
containing media as well as drug-free media are inoculated with two dilutions of the 
initial inoculum. If the number of colonies on drug-containing media is >1% of that 
on drug-free media, the isolate is considered resistant to the drug at the tested con-
centration [51].

 Methods: Disk Diffusion/Disk Elution

In the late 1970s, a series of techniques from general bacteriology were adapted to 
use for NTM. In disk diffusion a disk with an established quantity of the antimicro-
bial drug is placed on solid medium inoculated with the test strain. The size of the 
zone of growth inhibition is measured and compared to established breakpoints (if 
available). Disk diffusion on solid Mueller-Hinton medium yielded inhibition zones 
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which diameters showed a near linear correlation with MIC determined by agar 
dilution with Mueller-Hinton medium [56]. Its use of commercially available prod-
ucts in routine use in bacteriology laboratories was a benefit, but the technique 
proved difficult to adapt to slow-growing organisms: even isolates of M. marinum, 
which is characterized by a pace of growth intermediate between rapid and slow 
growers, grow too slowly to be tested according to unpublished observations by 
Richard Wallace Jr. [57]. To support growth of all relevant NTM species, oleic acid, 
albumin, dextrose, and catalase (OADC) had to be added to solid Mueller-Hinton 
medium [57].

In disk elution, antibiotic-containing disks are added to liquid OADC supple-
ment first, to which melted medium is then added; contents are mixed by stirring 
prior to solidification of the medium, so disks are in rather than on the medium, 
and the drug is mixed in rather than diffused through the medium. Disk elution is 
used to add fixed quantities of the antibiotic to the medium, and the results are 
read as growth or no growth at that (breakpoint) concentration, not by reading 
inhibition zone diameter as in disk diffusion. To overcome the problems observed 
in disk diffusion, disk elution was applied to M. fortuitum and M. marinum, where 
its results were comparable to that of broth microdilution in liquid Mueller-Hinton 
medium [57].

 Methods: Broth Macrodilution

Akin to the proportion method, MICs can be determined by inoculating vials with 
liquid media and the antibiotics to be tested in their required concentrations. A 
1:100 diluted inoculum is added to a drug-free control vial, so the actual MIC can 
be determined, being the lowest drug concentration that yields less growth than the 
drug-free vial (thus the lowest concentration that kills >99% of the bacteria in the 
inoculum) [51].

These methods were developed in the late 1970s to determine drug susceptibility 
of M. tuberculosis. The first commercially available radiometric broth macrodilu-
tion method (BacTec460, Becton Dickinson, Sparks, Md) used measurement of 
14CO2 produced during the metabolism of 14C-incorporated palmitic acid and was 
adapted to testing SGM [58–60]. It proved less applicable to RGM, because results 
were difficult to interpret clinically [61, 62]. Although it was a gold standard for 
long, the radiometric BacTec460 system is no longer available. Its successor, the 
Mycobacterial Growth Indicator Tube (MGIT; BD Biosciences, Sparks, MD) sys-
tem, has already become the gold standard for primary culture as well as DST of M. 
tuberculosis [63, 64]. But despite 20 years of clinical use, this platform has not been 
excessively tested for NTM DST. Initial studies revealed largely concordant results 
between the MGIT and BacTec460 methods, except for MICs of ethambutol for the 
M. avium complex [65]. Thereafter, only sporadic reports of its use exist [66], and 
proper protocols and breakpoints have not been established. A major advantage of 
the MGIT system is that this broth macrodilution methodology is already widely 
available in mycobacteriology laboratories.
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 Methods: Broth Microdilution

Broth microdilution allows the measurement of exact MICs by inoculating small 
(usually 100 μl) volumes of broth with a standardized inoculum of 5 × 105 CFU, 
typically in a 96-well plate format. Growth density is measured optically and com-
pared to growth in drug-free control vials, to determine MICs; these systems are 
now available commercially (Sensititre™, Trek Diagnostics, San Diego, USA) and 
as in-house assays. Broth microdilution made what was to become a lasting impact 
in general bacteriology after the report by Ericsson and Sherris in 1971, which 
effectively rendered it the gold standard [67]. A decade later, in 1982, the first report 
on the use of broth (Mueller-Hinton) microdilution for drug susceptibility testing of 
RGM was published [68]. The initial study revealed that not all RGM would grow 
in the cation-adjusted Mueller-Hinton broth (CAMHB) medium. This issue could 
be overcome by supplementing the media with oleic acid, albumin, dextrose, and 
catalase (OADC). A larger follow-up study confirmed the suitability of this method 
for RGM [69]. Thereafter, the microdilution was set up for use with slowly growing 
nontuberculous mycobacteria (SGM), applying the Middlebrook 7H9 medium [70]. 
Microdilution MICs for rifampicin, ethambutol, and streptomycin proved lower 
than in agar, leading to discrepant interpretations for streptomycin [70]. In one mul-
tisite reproducibility study, DST for MAC by broth microdilution in both 
Middlebrook 7H9 and Mueller-Hinton medium were compared: end point readings 
proved easier in 7H9 medium leading to more reproducible results than in Mueller- 
Hinton medium [71]; nonetheless, the current CLSI document recommends the use 
of CAMHB [63].

 Methods: E-Tests

Introduced in the late 1990s, the Epsilon-tests, better known as E-tests, are plas-
tic strips calibrated with a continuous logarithmic MIC scale that covers 15 two-
fold dilutions of the test drug. These strips are pressed onto a solid medium plate 
that has been swabbed with a suspension of the mycobacteria with a preset inoc-
ulum. E-tests were and soon thereafter applied to mycobacteria [72]. Most stud-
ies that have assessed this methodology have used Mueller-Hinton blood plates, 
although for M. marinum Middlebrook 7H11 solid medium was preferred as 
Mueller-Hinton blood media did not support growth of all strains of M. marinum 
[72]. For the slowly growing NTM M. kansasii, M. marinum, and M. avium com-
plex (MAC) bacteria as well as for the rapidly growing M. chelonae and M. 
fortuitum, MICs determined by E-tests were similar to those measured by the 
proportion method or absolute concentration method on Löwenstein-Jensen or 
Middlebrook 7H10 medium for most drugs [73–76]. For M. marinum, MICs for 
clarithromycin proved two- to threefold lower by E-test and for ethambutol 
>3-fold lower, although this was most prominent at very low MICs and did not 
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change their interpretation, based on extrapolated cutoffs of M. tuberculosis and 
those proposed in earlier studies of agar dilution methods [76]. After the initial 
enthusiasm for these E-tests, multisite reproducibility studies revealed that for 
RGM, reproducibility of the E-tests was inferior to that of broth microdilution 
particularly for susceptibility testing to amikacin, imipenem, and ciprofloxacin, 
three key drugs [77]. It is important to realize that E-tests were calibrated for 
MIC readings after 18–24 h of incubation, which is impossible even for the most 
rapidly growing NTM.

 Methods: Molecular Methods

In-house methods based on sequencing of the target gene and comparisons with 
wild-type strains of the same species have been developed, mostly for MAC, M. 
kansasii, and M. abscessus [40–47]. The few published studies have focused on 
molecular detection of resistance mechanisms for macrolides, rifamycins, and 
aminoglycosides.

Owing to the important role of the macrolides in treatment of NTM disease and 
the fact that MAC and M. abscessus group organisms are the most frequent caus-
ative agents, molecular analysis of macrolide susceptibility in MAC and M. 
abscessus based on sequence analysis of the 23S rRNA gene was studied first 
[40–42]. rpoB gene mutation analysis has been applied for assessment of rifamy-
cin susceptibility in M. kansasii; the mutations associated with rifampicin resis-
tance overlap largely with those known in M. tuberculosis [47]. To detect 
aminoglycoside resistance in MAC and M. abscessus, 16S rRNA gene sequence 
analysis can be used [43–46]; most resistant isolates harbor mutations in codon 
1408 of the 16S rRNA gene.

In recent years, several studies have focused on sophistication of existing 
methods for molecular detection of the erm gene, responsible for inducible mac-
rolide resistance in RGM and most notorious in M. abscessus [37, 38]. One com-
mercial line probe assay has now been developed for the detection of 
resistance-conferring mutations in 16S and 23S rDNA genes (i.e., to diagnose 
aminoglycoside and macrolide resistance), as well as detection of (mutations in) 
the erm gene (GenoType NTM-DR, Hain Lifescience, Nehren, Germany). This 
assay can be used for MAC and M. abscessus isolates. In a study at the French 
national reference laboratory, the line probe test results were concordant with 
phenotypic susceptibility testing by broth microdilution in 96/102 (94.1%) iso-
lates, with 4 clarithromycin-resistant and 2 amikacin-resistant isolates not harbor-
ing mutations [78].

Having such techniques available is important, particularly as a tool to 
confirm exceptional phenotypic susceptibility profiles with clinical impact (i.e., 
macrolide or amikacin resistance in all species, rifampicin resistance in M. 
kansasii).

Drug Susceptibility Testing of Nontuberculous Mycobacteria



72

With time, all the above single-target sequencing approaches and line probe 
assays will likely be superseded by whole genome sequencing, which is already 
under investigation for this specific purpose.

 Methods: Pitfalls of Current Susceptibility Testing Practices

When evaluating new or existing antibiotics for their antimycobacterial activity, it 
is attractive to do so in existing and well-validated platforms, such as broth micro-
dilution. But it is essential to understand that many factors determine MICs, 
including many factors unrelated to the bacteria that are being tested. The key 
aspect to consider is the medium that is used. The choice of medium determines 
the rate of growth of NTM and thus the timing of reading the results. More impor-
tantly, the medium constituents can influence the activity of antibiotics. The best 
known factor is pH. Middlebrook media have been designed to have a slightly 
acidic pH (6.8) to better mimic the intracellular space. However, a low pH is 
known to affect the activity of some antibiotics. The macrolides are the most 
important example in the NTM field. Their activity is markedly reduced in acidic 
environments [79]. Hence, testing in acidic media will yield higher MICs. The 
CLSI guidelines accommodated for this by using different (higher) breakpoints to 
determine resistance when testing in Middlebrook or 12B medium, as compared 
to those for tests done in CAMHB with its pH of 7.3 [63]. Similar decreases of 
activity at lower pH have been recorded for ciprofloxacin, clofazimine, and eth-
ambutol [80]. This same phenomenon has also been noted for bedaquiline, which 
is most active at neutral pH and loses activity in both acidic and alkaline environ-
ments [81].

Apart from pH, the chemical composition of the medium can affect the activity 
of some antibiotics, including important antimycobacterial drugs. A well-known 
example is tigecycline; its activity decreases with increasing manganese content of 
the test medium [82]. To optimize tigecycline susceptibility testing, manganese con-
centrations should be controlled and as low as possible. Trimethoprim/ sulfa-
methoxazole susceptibility tests should not be performed in media that contain 
thymidine, which allows mycobacteria to bypass the folic acid biosynthesis path-
way, the target of trimethoprim/ sulfamethoxazole. The use of agar-based media 
largely circumvents this problem, although potential presence of trace elements dic-
tates the use of 80% growth reduction as the cutoff for MIC determination [83]. 
Last, testing susceptibility to cycloserine is only possible in media devoid of pyru-
vate, as pyruvate inactivates cycloserine [84].

The other key aspect, particularly important when testing slow-growing organ-
isms yet often overlooked, is the stability of the antibiotic to be tested. Chemical 
stability of the antibiotic has a major impact on MIC measurements. Doxycycline is 
known to degrade rapidly, i.e., in 14 days, in Mueller-Hinton medium. Test materi-

J. van Ingen



73

als thus need to be prepared fresh [85]. Similarly, reduction to <50% activity was 
noted within 1 week for trimethoprim and minocycline and within 2 weeks for kana-
mycin, amikacin, trimethoprim/sulfamethoxazole, and rifampicin in Middlebrook 
7H10 medium [86, 87].

Drug stability is especially problematic in β-lactam antibiotics, particularly 
for penicillins and carbapenems. The clinically important imipenem degrades 
very rapidly in the media used for broth macrodilution DST, and daily addition 
of the antibiotic may be necessary to obtain useful test results [88]. Broth micro-
dilution plates must be read no later than after 3  days of incubation [63]. 
Although it has been stated that high imipenem MICs (>8 μg/ml) merit retesting 
[89], this is questionable as this does not resolve the stability issue; the practice 
and clinical merit of carbapenem susceptibility testing may be questionable 
until better methods become available.

 Current Guidelines and Recommendations

 General Considerations

Drug susceptibility testing is only useful if the following conditions are all met:

 1. There is an infection/disease that needs antimicrobial therapy.
 2. Effective antimicrobial drugs are available to the patient.
 3. There is a known suitable platform to perform the test for the relevant drugs.
 4. The activity of the drugs in vitro is related to their effect in vivo.
 5. The in vitro activities of the drugs vary (i.e., susceptibility varies or resistance 

can emerge).

Although the first two conditions are generally met in NTM disease, the latter 
three are not necessarily met for drugs used to treat NTM disease or not yet fully 
understood.

The current CLSI recommendations are built on a series of comparative studies 
of the various methods and experience of a small number of reference laboratories. 
For many of the drugs recommended to be tested, breakpoints to consider isolates 
“resistant” stem from laboratory observations, i.e., are derived from wild-type MIC 
distributions. This is an acceptable strategy but the results may not be clinically 
relevant [90]. Many breakpoints in the current guideline have not been clinically 
validated and are not yet supported by preclinical or clinical studies of the pharma-
cokinetics (i.e., distribution of the drug in the body over time, after administration) 
and pharmacodynamics (relationship between pharmacokinetics of the drug and its 
effect size) of the drugs. Such studies, preferably within clinical trials, are important 
to set clinically relevant breakpoints for resistance (see below).
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 When Should Drug Susceptibility Testing Be Performed?

It is recommended to perform DST at least for isolates obtained at the start of treat-
ment and in case of treatment failure, i.e., persistence of culture positivity after 
3 months of treatment for disseminated disease or 6 months of treatment for pulmo-
nary NTM disease. Testing at the start of treatment is particularly relevant for 
patients who have received courses of treatment or prophylaxis with antibiotics also 
relevant to treatment of their NTM disease.

Only for M. marinum routine DST at the start of treatment is not recommended, 
because this species is susceptible to most classes of drugs and treatment out-
comes are generally very good. The use of DST is restricted to cases of treatment 
failure, where acquired resistance – only documented for tetracyclines – may be 
detected [63].

 Which Drugs Should Be Tested and by Which Method?

In 2011, the National Committee on Clinical Laboratory Standards (NCCLS, now 
Clinical Laboratory Standards Institute – CLSI) published the second version of its 
document M24-A [63]. The current CLSI recommendations for NTM are summa-
rized in Table 3.

It is important to note that for MAC bacteria, it is not recommended to determine 
MICs for the classic antituberculosis drugs rifampicin and ethambutol, despite the 
fact that these are part of guideline-recommended treatment regimens. This is 
because their MICs do not predict the outcome of multidrug treatment that features 
these two antibiotics (see below).

In the absence of guidelines by its European counterpart, the European Committee 
on Antimicrobial Susceptibility Testing (EUCAST), the CLSI approved methods 
can for now be regarded as the current gold standard. These guidelines advise to use 
broth microdilution using cation-adjusted Mueller-Hinton medium for the DST of 
all NTM [63].

Only for MAC, the CLSI document proposed to use the radiometric 
BACTEC460 method with Middlebrook 7H12B medium, which is now out of 
production, leaving broth microdilution using 5% OADC-enriched cation-
adjusted Mueller-Hinton medium as the sole preferred method now, as for other 
SGM. Microdilution DST plates for SGM are read after 7 days of incubation at 
35° to 37° Celsius; if growth is poor, reading is to be repeated after 10 and 
14 days [63].

Results for RGM are read after 3 days of incubation at 30° Celsius, except for 
macrolides, which should also be read after 14 days of incubation, unless the isolate 
is certain to belong to a species such as M. abscessus subsp massiliense, that has no 
(functional) erm gene for inducible resistance (Table 2).

Because of the growth characteristics of M. marinum, microdilution trays for 
DST for this species should be incubated at 28° to 30° Celsius for 7 days.

J. van Ingen



75

Table 3 Most frequently isolated NTM and recommended DST practices

Growth rate Species
Main sites 
of infection

CLSI 
recommended 
DST platform Alternative(s)

Key drugs to be 
tested

Slow M. avium 
complex (M. 
avium, M. 
intracellulare, 
minor species)

Pulmonary, 
lymph 
node

Broth 
microdilution 
in MH

Not established CLA, MOX, 
LNZ, (AMI)

M. kansasii Pulmonary Broth 
microdilution 
in MH

Macrodilution, agar 
proportion

RIF, CLA 
(+RIB, MOX, 
LNZ, AMI, 
STR, INH, 
EMB, CIP, SXT)

M. xenopi Pulmonary Broth 
microdilution 
in MH a

Not established (RIF, CLA, RIB, 
MOX, LNZ, 
AMI, STR, INH, 
EMB, CIP, SXT)

M. 
malmoense 
(North-
Western 
Europe)

Pulmonary Broth 
microdilution 
in MH

Not established (RIF, CLA, RIB, 
MOX, LNZ, 
AMI, STR, INH, 
EMB, CIP, SXT)

M. simiae Pulmonary Broth 
microdilution 
in MH

Not established (RIF, CLA, RIB, 
MOX, LNZ, 
AMI, STR, INH, 
EMB, CIP, SXT)

Intermediate M. marinum Skin Broth 
microdilution 
in MH

No recommendation RIF, EMB, 
CLA, DOX, 
MIN, SXT

Rapid M. abscessus Pulmonary, 
skin

Broth 
microdilution 
in MH

Not established CLA, AMI, 
FOX, IMI, LNZ, 
CIP, MOX, 
DOX, TIG, SXT

M. chelonae Skin, soft 
tissues

Broth 
microdilution 
in MH

Not established CLA, AMI, 
TOB, FOX, IMI, 
LNZ, CIP, 
MOX, DOX, 
SXT

M. fortuitum Skin, soft 
tissues, 
pulmonary

Broth 
microdilution 
in MH

Not established CLA, AMI, 
TOB, FOX, IMI, 
LNZ, CIP, 
MOX, DOX, 
SXT

Data summarized from Ref. [63]; for drugs in brackets, breakpoints have not been formally set
MH cation-adjusted Mueller-Hinton broth with OADC supplement, CLA clarithromycin, MOX 
moxifloxacin, LNZ linezolid, AMI amikacin, RIF rifampicin, RIB rifabutin, EMB ethambutol, 
STR streptomycin, CIP ciprofloxacin, SXT co-trimoxazole, INH isoniazid, DOX doxycycline, 
MIN minocycline, TIG tigecycline, FOX cefoxitin, IMI imipenem, TOB tobramycin
aM. xenopi grows poorly in this medium
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 In Vitro-In Vivo Correlations

There are very limited amounts of good-quality data on in vitro-in vivo correlations 
in NTM disease treatment. This has fed the myth that there are no such correlations 
and that DST of NTM thus has no clinical utility. Any discussion of in vitro-in vivo 
correlations starts with the cautionary note that such correlations can only be estab-
lished for antibiotics whose role is to actively kill the infecting NTM. For drugs with 
an adjunctive role, i.e., drugs only in regimens for their synergy with, or other 
potentiation of, key antimycobacterial drugs, such correlations may be very difficult 
to prove. In the case of NTM, this may pertain to rifampicin and ethambutol against 
MAC or clofazimine against MAC and M. abscessus.

Immediately after NTM were found to be causative agents of human lung dis-
ease, discrepancies between in vitro drug susceptibility and in vivo outcomes of 
drug treatment were observed, i.e., the single-drug MICs of classic antituberculosis 
drugs including rifampicin, isoniazid, and ethambutol could not predict the ultimate 
outcome of treatment with combination regimens that featured these drugs [1, 91]. 
This same conclusion was also drawn in the clinical trial of rifampicin-ethambutol 
regimens with or without additional isoniazid, performed by the British Thoracic 
Society [55]. As in all arms of this trial, long-term follow-up showed that only 31% 
of MAC pulmonary disease patients were alive and considered cured [92]. This, 
coupled with the observation that their MAC isolates were uniformly resistant to 
isoniazid (100%) and mostly resistant to rifampicin (86% of all isolates) and etham-
butol (68%) [92], could also lead to the conclusion that these drugs were inactive 
in vitro as well as in vivo and thus have good in vitro-in vivo correlations. One small 
study in Sweden has shed interesting light on this issue, too. In five patients who 
failed on rifampicin-ethambutol regimens (one received additional clarithromycin, 
three received additional amikacin), synergistic activity of rifampicin and ethambu-
tol that was measured in baseline isolates was lost in isolates obtained at treatment 
failure [93]. So, even if single-drug MICs did not change and did not predict failure 
[55, 92, 93], loss of synergy may be related to treatment failure of rifampicin- 
ethambutol- based regimens. This observation needs to be confirmed in larger-scale 
studies.

For the key antimycobacterial drugs, the macrolides and aminoglycosides, there 
is clear evidence of an association between in vitro susceptibility and outcome of 
treatment. The best evidence for relationships between MICs and outcomes of 
 treatment has been gathered for MAC. This evidence comes mostly from trials of 
HIV- associated disseminated disease.

Trials of monotherapy with rifampicin, ethambutol, clofazimine, or clarithromy-
cin for disseminated M. avium disease in HIV-infected patients established that only 
drug susceptibility testing results for clarithromycin predicted outcome of treatment 
with this drug. Chaisson and co-workers showed that follow-up isolates of patients 
with M. avium bacteremia who experienced failure of clarithromycin monotherapy 
had clarithromycin MICs >32  μg/ml, while their pretreatment MICs had been 
≤4 μg/ml in broth macrodilution [36]. Such clear relationships between in  vitro 
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drug susceptibility and culture conversion rates or symptomatic improvement dur-
ing monotherapy with the respective drugs could not be proven for rifampicin, eth-
ambutol, and clofazimine; the minimum inhibitory concentrations to these drugs did 
not predict outcome of monotherapy with these drugs [94, 95].

The macrolide antibiotic clarithromycin was also the first drug for which a clear 
relationship between in vitro activity and in vivo efficacy could be demonstrated in 
patients with pulmonary MAC disease: case series from the United States [96] and 
Japan [97] observed that the outcome of treatment with regimens including clar-
ithromycin, rifampicin, and ethambutol, with adjunctive aminoglycosides and fluo-
roquinolones, in terms of the percentage of patients who showed long-term 
conversion to negative cultures, was significantly better in patients in whom base-
line and follow-up isolates had low MICs to clarithromycin. For example, in the 
case series reported from Japan, culture conversion rates were 71.8% overall, but 
only 25% in patients whose primary isolates were already macrolide resistant [97].

Amikacin is now the most widely used aminoglycoside and an important compo-
nent of treatment regimens for severe MAC lung disease [1]. Over the past 5 years, 
retrospective case series and one clinical trial have shown that patients with MAC 
isolates resistant to amikacin (MIC >64 mg/l and with codon 1408 mutations in the 
rrs gene) fail on treatment regimens that rely on intravenous or inhaled (liposomal) 
amikacin [44, 45].

For M. kansasii, data on in vitro-in vivo correlations stem from large retrospec-
tive series. The currently recommended treatment regimen consists of isoniazid, 
rifampicin, and ethambutol for a 12-month duration [1]. The very few patients that 
experienced treatment failure of this regimen generally had strains isolated after 
treatment failure that showed rifampicin resistance, while their primary isolates had 
been tested susceptible [1, 98–100]. Increases in MICs of isoniazid or ethambutol 
may also be seen but usually in combination with rifampicin resistance [99]. Hence, 
rifampicin is the key drug to be tested. In rifampicin-resistant M. kansasii isolates, 
CLSI guidelines recommend additional tests of isoniazid, amikacin, streptomycin, 
ciprofloxacin, moxifloxacin, clarithromycin, rifabutin, and co-trimoxazole [63]. In 
vitro-in vivo correlations for these drugs have not been proven, although there is, 
again retrospective, evidence of the efficacy of sulfonamide-based regimens [99, 
100] and macrolide-based regimens [101].

For clinically significant slow growers other than MAC or M. kansasii, it has 
been recommended to test rifampicin and the set of drugs tested for rifampicin- 
resistant M. kansasii (Table 3) [63]. Results of these tests should be interpreted with 
caution as in vitro activity and in vitro efficacy need not be correlated for any of 
these drugs. Here, M. simiae warrants specific attention; this species is character-
ized by high levels of drug resistance and a lack of synergistic activity of rifampicin 
and ethambutol, in vitro [102]. In clinical practice, treatment outcomes in M. simiae 
disease are poor and may reflect the high level of drug resistance [102, 103].

In M. marinum infections, results of monotherapy with clarithromycin, doxycy-
cline or minocycline, co-trimoxazole or clarithromycin, or combinations with 
rifampicin and ethambutol are mostly good, and in vitro susceptibility to these com-
pounds is commonplace [104], suggesting good in vitro-in vivo correlation. Failure 
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of doxycycline treatment with the emergence of doxycycline resistance has been 
described [105]. DST is warranted in such cases of treatment failure and should 
cover all abovementioned drugs and a fluoroquinolone [63].

For the RGM, in vitro drug susceptibility test results are used to design treatment 
regimens. As a result, these often feature two to five drug combinations including a 
macrolide (depending on whether [inducible] macrolide resistance is measured) 
with an aminoglycoside, a fluoroquinolone, cefoxitin, imipenem, co-trimoxazole, a 
tetracycline, or more recently assessed drugs including tigecycline, clofazimine, 
and linezolid [1, 106]. Yet, there is a very limited evidence base that proves that 
relationships between in vitro drug susceptibility and treatment outcome exist.

For the prime pathogenic RGM, M. abscessus, culture conversion rates in case 
series applying regimens tailored on basis of DST in 69 patients (48%) and out-
comes of fixed regimens including agents to which susceptibility is not expected 
(ciprofloxacin, doxycycline) in 65 patients (58%) revealed no clear differences 
[107, 108]; although this suggests that in vitro-in vivo correlations are limited, this 
conclusion cannot be drawn as switches in treatment were commonplace in both 
series. Still, there is now evidence from two independent case series that correlate 
macrolide susceptibility in vitro and outcomes of macrolide-based treatment regi-
mens in vivo. In the first case series from South Korea, culture conversion rates were 
much better in disease caused by erm-gene defective M. abscessus group strains (M. 
abscessus subsp massiliense) at 88%, versus only 25% in patients with disease 
caused by M. abscessus subsp abscessus. A later case series from Japan recorded 
culture conversion rates of 50% (M. abscessus subsp massiliense) versus 31% (M. 
abscessus subsp abscessus) [109, 110].

Patients who develop M. abscessus disease despite (topical) aminoglycoside 
treatment, such as in ear infections and pulmonary disease in cystic fibrosis patients, 
often have isolates resistant to amikacin, mostly with codon 1408 mutations in the 
rrs gene. In one trial of treatment regimens that rely on inhaled (liposomal) amika-
cin, disease caused by such amikacin-resistant isolates could not be cured by lipo-
somal amikacin, suggesting a good in vitro-in vivo correlation [45].

For remaining RGM, one study has reported cure rates of 90% after mostly 
monotherapy with trimethoprim-sulfamethoxazole for M. fortuitum disease and 
72% after mostly amikacin with cefoxitin treatment for M. chelonei (now separated 
in M. chelonae and the M. abscessus group) disease, for patients whose isolates had 
proven susceptible to the relevant drugs [111].

 A New Look at Drug Susceptibility: Pharmacokinetics 
and Pharmacodynamics

To set clinically meaningful breakpoint concentrations for resistance, both the 
spread in MICs of wild-type strains and the pharmacokinetics (distribution of the 
drug in the body over time, after administration of a given dose) of the key drugs 
in patients need to be known [112]. The level of susceptibility is important, but can 
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that level be overcome by standard doses of the antibiotic under study? To answer 
that question, we need to know, for each drug, whether its killing effect is driven 
by the ratio of peak serum concentration (Cmax) over MIC, the ratio of area under 
the time-concentration curve (AUC) over MIC, or the time (i.e., percentage of the 
dosing interval) that the serum concentration is above the MIC. Last, if we know 
the relevant parameter, we need to calculate, based on clinical trial data or preclini-
cal experiments in hollow fiber models or animal models, how high that ratio of 
Cmax/MIC, AUC/MIC, or percentage of time above MIC must be to achieve maxi-
mal killing. This field of pharmacodynamic research, in NTM disease, is in its 
infancy. The key parameters of pharmacokinetics and pharmacodynamics are visu-
alized in Fig. 2.

In recent years, three studies have explored the pharmacokinetics of key drugs in 
MAC and M. abscessus lung disease. These studies confirmed that important phar-
macokinetic interactions occur in treatment, particularly with regimens that com-
bine rifamycins and macrolides, as the regimens for MAC disease generally do. 
Simultaneous administration of rifampicin lowers macrolide concentrations in 
blood by 30% (azithromycin) to 60% (clarithromycin) [113–115]. Rifabutin has a 
similar but weaker effect. As a result, 42% (once daily 500  mg dosing) to 84% 
(twice daily dosing) of the patients met the applied pharmacodynamic index (serum 
concentration above MIC for >50% of the dosing interval) of clarithromycin [113]. 
Expectedly, this percentage is higher in patients treated for M. abscessus disease, 
who do not use rifamycins [114]. These pharmacokinetic data support the current 
CLSI breakpoints of macrolides for M. abscessus (≤2 mg/L) and M. avium complex 
(≤8 mg/L) [63, 113], but the use of time-above-MIC pharmacodynamic index, i.e., 
considering macrolides to have time-dependent activity, has a limited evidence 
base. The time-dependent activity of macrolides has been shown in in vitro studies 
[116], but not in in vivo studies of mycobacterial disease.

The moxifloxacin pharmacokinetics offer little support to the new CLSI break-
point for moxifloxacin for M. avium complex and RGM (≤1 mg/L); with an average 
AUC of 18.81  mg·h/l in patients with MAC lung disease, only MICs as low as 
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0.125 mg/L would lead to AUC/MIC ratios >100, associated with bactericidal activ-
ity of fluoroquinolones [113]. Here, too, rifampicin lowers concentrations of moxi-
floxacin and may contribute negatively to moxifloxacin efficacy in MAC lung 
disease [113]. Thus, even if a strain is tested “susceptible,” with an MIC of 0.5 mg/L, 
moxifloxacin is most likely not an effective drug by itself for the patient infected by 
this strain.

Serum concentration of rifampicin and ethambutol is generally within ranges 
considered adequate in tuberculosis treatment; those of rifampicin are actually 
higher than those observed in TB patients [113–115]. Yet, NTM show MICs to these 
agents that are 10–20-fold higher than for M. tuberculosis [2, 54, 103, 113] and thus 
pharmacodynamic indices for bactericidal activity of rifampicin against M. tubercu-
losis (fAUC/MIC>24.14) and ethambutol (Cmax/MIC>1.23) as determined in the 
hollow fiber model were only attained by 18% and 57% of patients with MAC lung 
disease [113]. If these two antibiotics are in the regimen for their killing capacity, 
that killing does not occur in the current dosing.

For M. abscessus, studies applying the hollow fiber pharmacodynamic model 
have suggested new breakpoints for resistance for amikacin, moxifloxacin, and tige-
cycline [117–119]. In this model, live mycobacteria are exposed to antibiotics in the 
concentrations as they occur over time at the site of infection (lung, bloodstream) 
with different dosing regimens of the study drug, for several weeks. The number of 
surviving mycobacteria and the emergence of resistance in them are monitored at 
regular intervals [117]. This allows correlation of the pharmacokinetics of the dif-
ferent dosing regimens with the killing capacity measured over time and, knowing 
the MIC of the mycobacteria for the study drug, can help to optimize dosing and to 
set breakpoints for resistance.

The breakpoints for resistance for amikacin, moxifloxacin, and tigecycline for 
M. abscessus, according to the hollow fiber model experiments, would be 16 mg/l 
(equal to CLSI), 0.25 mg/l (CLSI breakpoint 2 mg/l), and 0.5 mg/l (no CLSI break-
point) [117–119]. Particularly for moxifloxacin with its median MIC of 16 mg/l 
(range 0.13–32 mg/l), this shows only a small minority of isolates can be considered 
susceptible to moxifloxacin in its current dose. Similar experiments should be per-
formed for all drugs potentially relevant to treatment of M. abscessus disease and 
disease caused by other NTM, to assess their potency and set meaningful break-
points for resistance.

 Summary Statement

Susceptibility testing of NTM, with all its caveats, has become part of the standards 
of care for NTM disease patients and is helpful in treatment guidance. With broth 
microdilution, there is a gold standard technique that is flexible, easy to integrate in 
existing infrastructure, and proven to be well reproducible within and between labo-
ratories. Its rollout and implementation of quality control measures require more 
attention.
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Its main weakness lies in its (perceived) lack of in vitro-in vivo correlations for 
some drugs. For macrolides, amikacin, fluoroquinolones, and probably tigecycline, 
these correlations are good. For others they still need to be studied. But we first need to 
learn which drugs are in regimens for their killing capacity and which are in only for 
synergy and potentiation of other drugs. For the latter grouping, in vitro-in vivo corre-
lations are likely less important, and susceptibility testing is probably not warranted.

The final hurdle to take is the setting of clinically meaningful breakpoints for 
resistance. Given the complexities of organizing clinical trials for NTM disease and 
the need for multidrug treatment regimens, preclinical models like the hollow fiber 
model or well-validated animal models should be applied to come to meaningful 
breakpoints based on pharmacokinetics/pharmacodynamics science. These can then 
be tested in focused clinical studies.
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Vulnerability to Nontuberculous 
Mycobacterial Lung Disease or Systemic 
Infection Due to Genetic/Heritable Disorders

Edward D. Chan

 Introduction

Nontuberculous mycobacterial (NTM) infections can be broadly classified into 
three major domains: (i) skin and soft tissue infections, (ii) isolated NTM lung dis-
ease (NTM-LD), and (iii) extrapulmonary visceral organ/disseminated infections. 
Skin and soft tissue infections are almost always the result of accidental/iatrogenic 
inoculations of otherwise normal hosts. NTM-LD typically occurs in the setting of 
preexisting structural lung disease, most often emphysema or bronchiectasis, which 
in turn may be acquired – e.g., localized bronchiectasis from prior unrelated infec-
tions, smoking-related emphysema, and pneumoconiosis [1–3] – or the result of 
genetic/heritable disorders that result in lung architectural and/or immunologic 
abnormalities. Extrapulmonary visceral organ/disseminated infections generally 
occur in individuals who are frankly immunocompromised, which may be acquired – 
e.g., untreated AIDS or the use of tumor necrosis factor-alpha (TNFα) antagonists – 
or are genetic/heritable in origin. This chapter focuses on the genetic/heritable 
causes of isolated NTM-LD and of extrapulmonary visceral organ/disseminated 
infections.
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 Genetic/Heritable Disorders that Predispose to NTM-LD

Cumulative clinical experience indicates that individuals with certain acquired or 
genetic/heritable disorders that compromise the lung architecture or lung immune 
system are more vulnerable to NTM-LD (Fig. 1). Some of the more well-accepted 
acquired disorders – smoking-related emphysema, bronchiectasis as a sequela of 
prior unrelated infections, pneumoconiosis such as silicosis, chronic aspiration, and 
use of corticosteroids and other immunosuppressives such as antagonists of TNFα – 
are diagrammed on the left side of Fig. 1. We have also observed that bulky calcified 
chest adenopathy – due most likely to prior Histoplasma capsulatum infection – 
may impinge on central airways, impairing mucus clearance and predisposing to 

Nodules

Tree-in-bud
opacities

Primary ciliary 
dyskinesia (lower zone 
bronchiectasis)

Smoking-related 
emphysema

Chronic aspiration 
from“above” (dysphagia) 
or “below” (reflux)

Cystic fibrosis (upper
zone bronchiectasis)

Elastin deficiency 
(tracheobronchomegaly
with tracheal diverticulae) 

PAP (anti-GM-
CSF antibody)

Alpha-1-antitrypsin deficiency
(emphysema and/or bronchiectasis)

Pneumoconiosis

Congenital bronchial
cartilage deficiency

anti-TNFa
antibodies

Soluble p75
TNFa receptor

Inhaled corticosteroids & 
other immunosuppressives

Prior bronchiectasis 
from previous infection

Acquired Genetic / hereditary

Risk factors for NTM-LD

Multigenic
• Ciliary genes: e.g., MST1R
• Connective tissue genes: e.g., FBN-1 
• Immune genes: e.g., partial deficiency of IFNγ

Calcified chest adenopathy

“Enablers”
• Deficiency of adipose tissues
• Malnutrition
• Cigarette smoke exposure
• Aging
• Deficiency of sex hormones
• Repeated exposures to NTM causing immune tolerance

“the straw that broke the camel’s back”

TNFα

Cigarette smoke

stomach

Fig. 1 Diagram of the acquired and genetic/heritable risk factors for NTM-LD. The left side of the 
lung diagram depicts known acquired risk factors, and the right side illustrates the genetic/herita-
ble risk factors. While congenital bronchial cartilage deficiency is depicted affecting the main stem 
and lobar bronchi, it is more likely to cause bronchiectasis of the segmental and subsegmental 
bronchi. Also shown are other “enablers” that may help drive susceptibility to NTM-LD. Inset 
(camels). A cartoon to illustrate that accumulation of multiple risk factors  – e.g., behaviors of 
humans and environmental factors that increase exposure to NTM, host genetic susceptibility fac-
tors, acquired risk factors, and “enablers” listed – increases one’s overall risk for the development 
of NTM-LD. In this diagram, “bales of straw” are used to depict “the straw that broke the camel’s 
back” aphorism and different colored bales represent the aforementioned risk factors. CFTR cystic 
fibrosis transmembrane conductance regulator, FBN-1 fibrillin-1, IFNγ interferon-gamma, TNFα 
tumor necrosis factor- alpha, MST1R macrophage-stimulating 1 receptor
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NTM infection in the lung segments normally drained by the affected bronchus [4]. 
In a case-control study that analyzed environmental and host factors that may be 
associated with M. avium complex lung disease, emphysema, prior hospitalization 
for pneumonia, thoracic skeletal abnormalities, low body mass index, and cortico-
steroid and/or immunomodulatory drug usage were each found to be significantly 
correlated [5]. While there was an increased link between cigarette smoke exposure 
and NTM-LD, the association did not reach statistical significance [5] although oth-
ers have found a significant nexus between cigarette smoke exposure and NTM-LD 
that may be independent of the presence of emphysema [6].

Individuals with genetic/heritable disorders in which bronchiectasis, emphysema, 
and/or lung immune defects are important sequelae are also predisposed to NTM-LD; 
these disorders are diagrammed on the right side of Fig. 1 and their key clinical signs 
and diagnostic tests are listed in Table 1; they include cystic fibrosis (CF), discussed 
in another chapter, primary ciliary dyskinesia (PCD), alpha-1- antitrypsin (AAT) 
deficiency, congenital bronchial cartilage deficiency (Williams- Campbell syndrome), 

Table 1 Clues to the presence of an underlying genetic/heritable cause for isolated NTM-LD

Host risk factor Clues to presence of host risk factor Diagnostic test(s)

Cystic fibrosis Individual (newborn to adult) with 
bronchiectasis, especially upper 
zones and the presence of 
extrapulmonary disorders, e.g., 
pancreatic insufficiency, sinusitis, etc.

High sweat chloride test
Nasal potential
CFTR genotyping

Alpha-1-antitrypsin 
deficiency

Emphysema, bronchiectasis, or both AAT level and phenotype

Williams-Campbell 
syndrome

Central bronchiectasis of the 
segmental and subsegmental airways 
although more proximal 
bronchiectasis may occur

Radiographic criteria

Tracheobronchomegaly 
(Mounier-Kuhn 
syndrome)

Axial and sagittal (anteroposterior) 
tracheal diameter >25 mm and 
>27 mm, respectively, for men; 
>21 mm and >23 mm, respectively, 
for women. Right and left mainstem  
bronchi >21.1 mm and >18.4 mm, 
respectively, for men; >19.8 mm and 
>17.4 mm for women. Tracheal and 
main stem diverticula may be present

Radiographic criteria
Evidence of extrapulmonary 
elastolysis

Hyperimmunoglobulin E 
(hyper-IgE, Job) 
syndrome

Recurrent staphylococcal abscesses, 
sinopulmonary infections resulting in 
bronchiectasis, bronchopleural 
fistulae, and pneumatoceles, and 
eczema due to neutrophil chemotactic 
defects and defect in TH17 
differentiation. Bronchiectasis is 
likely the immediate predisposing 
factor to NTM-LD

Increased IgE (an associated 
abnormality rather than 
central in the pathogenesis); 
genetic testing (STAT3 
mutation in autosomal 
dominant and TYK2, 
DOCK8, or PGM3 for 
autosomal recessive 
hyper-IgE-like disorders)

(continued)
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tracheobronchomegaly (Mounier-Kuhn syndrome), Sjogren’s syndrome, pulmonary 
alveolar proteinosis (PAP), and common variable immunodeficiency (CVID) [7–
11]. It is important to emphasize that acquired and genetic/heritable predispositions 
are not mutually exclusive, and thus it stands to reason that the more risk factors an 
individual compiles, the greater the likelihood of developing NTM-LD.

PCD is due to defects in the various components of the ciliary ultrastructure such 
as the microtubules and dynein arms, resulting in ciliary dysfunction, decreased 
ability to clear airway infections and mucus, and a vicious cycle of airway inflam-
mation, infection, and mucostasis, the denouement of which is bronchiectasis [12]. 
Bronchiectasis begets more bronchiectasis. PCD is predominantly an autosomal 
recessive disorder clinically manifested by recurrent sinusitis, otitis media, nasal 
congestion, bronchiectasis, male > female infertility, and situs inversus in ~50% of 
the cases. It is estimated that 70–90% of adults with PCD have a history of neonatal 
respiratory distress despite term deliveries. The diagnosis should be suspected in 
anyone with unexplained bronchiectasis, especially if located in the lower lung 

Table 1 (continued)

Host risk factor Clues to presence of host risk factor Diagnostic test(s)

Sjogren’s syndrome Dry mouth, dry eyes, parotid gland 
enlargement, Raynaud’s 
phenomenon, arthralgia, and various 
multisystem diseases. Pulmonary 
manifestations include dessicated 
airways, bronchiolitis, chronic 
bronchitis, bronchiectasis, and 
various forms of interstitial lung 
diseases

Clinical diagnosis supported 
by serologic tests (ANA, RF, 
SS-A, and/or SS-B), eye tests 
to assess tear production 
(Schirmer) and dry spots on 
the cornea (Rose Bengal), 
and salivary gland biopsy

Acquired pulmonary 
alveolar proteinosis

Alveolar opacification with 
interlobular septal thickening 
(“crazy-paving sign”)

Anti-GM-CSF antibodies in 
adults; mutation of SP-B, 
SP-C, or a subunit of 
GM-CSF receptor; many 
causes for secondary PAP

Common variable 
immunodeficiency

Recurrent respiratory tract infections 
and bronchiectasis, autoimmune 
diseases, allergic disease, 
granulomatous-lymphocytic 
interstitial lung disease, lymphoid 
malignancies, and various 
multisystem disease manifestations

Reduced IgG and IgA and 
possibly IgM at baseline and 
reduced IgG response to 
protein-based vaccine 
(tetanus and diphtheria) or to 
polysaccharide vaccine 
(pneumococcal)

Primary ciliary 
dyskinesia

Recurrent sinopulmonary infections, 
infertility

Reduced nasal nitric oxide;
abnormal cilia ultrastructure; 
cilia waveform abnormalities;
genotyping of ciliary genes

MPEG1 gene mutation
(perforin-2 protein 
defect)

Bronchiectasis with chronic 
infections with pyogenic bacteria, 
NTM, and/or Aspergillus

Genotyping

ANA antinuclear antibody, CFTR cystic fibrosis transmembrane conductance regulator, GM-CSF 
granulocyte-monocyte colony-stimulating factor, Ig immunoglobulin, PAP pulmonary alveolar 
proteinosis, RF rheumatoid factor, SP-B/C surfactant protein B and C

E. D. Chan



93

zones and accompanied by the aforementioned medical conditions. Supporting 
diagnostic tests for PCD include nasal nitric oxide (nNO) < 77 nL/min,  abnormalities 
in the ultrastructure of the cilia on transmission electron microscopy, biallelic muta-
tions in one of the known PCD-associated genes, and ciliary waveform abnormali-
ties on high-speed videomicroscopy [13].

AAT deficiency most commonly predisposes to emphysema. But it is less widely 
appreciated that individuals with frank AAT deficiency may also be vulnerable to 
bronchiectasis [14]. In a study of 74 subjects with the protease inhibitor (Pi) ZZ 
phenotype, 70 (95%) had bronchiectatic changes on chest CT scans; although bron-
chiectasis was generally associated with emphysema, there was a subgroup of 
patients in whom bronchiectasis was the predominant finding [14]. We previously 
reported that the presence of AAT anomalies – mostly heterozygous – was more 
common in patients with NTM-LD compared to the general US population [7]. 
Moreover, monocyte-derived macrophages (MDM) from PiZZ subjects incubated 
in autologous plasma – both obtained immediately after a session of intravenous 
AAT augmentation – were better able to control M. intracellulare infection than 
MDM incubated in plasma that were both obtained before AAT infusion [15]. Thus, 
vulnerability of AAT-deficient individuals to NTM-LD may occur as a result of 
alterations in lung architecture (emphysema and bronchiectasis) as well as impaired 
macrophage function against NTM.

Congenital bronchial cartilage deficiency syndrome tends to present early in 
life with bronchiectasis and recurring lung infections [16–18]. Familial cases 
have been reported although the genetic defect has not been elucidated [19]. 
Defects in the conducting airway walls typically result in bronchiectasis of the 
segmental and first few generations of the subsegmental airways (third- to sixth-
order bronchi), although more proximal bronchiectasis (lobar and main stem) 
may also occur [16, 17].

Tracheobronchomegaly may be congenital, acquired, or secondary to other pri-
mary disorders  – such as Ehlers-Danlos syndrome, generalized elastolysis (cutis 
laxa), Marfan syndrome (MFS), and Brachmann de Lange syndrome – although the 
link to secondary causes is not without controversy [20, 21]. Payandeh and co- 
workers [20] performed an extensive review of the literature and proposed classify-
ing tracheobronchomegaly into six types based on cause: (i) infants who have 
undergone fetal endoscopic tracheal occlusion procedure, (ii) infants/children after 
prolonged endotracheal intubation, (iii) a sequela after multiple lung infections, (iv) 
secondary to lung fibrosis, (v) associated with extrapulmonary elastolysis (e.g., pto-
sis and drooping of the mucosa of the upper lip below the vermillion border), and 
(vi) congenital. Pathogenesis of the congenital form is considered to be due to atro-
phy or absence of elastic fibers and smooth muscle tissues of the large airways, 
resulting in gross enlargement of the trachea and main bronchi; primary or second-
ary atrophy of the connective tissue between the cartilage rings weakens the airway 
walls that may lead to the development of tracheal or bronchial diverticula, poten-
tially serving as static reservoirs for recurrent infections (Fig. 1, right-hand side) 
[16, 20]. Curiously, there is a 4:1 to 8:1 predominance of males in congenital tra-
cheobronchomegaly [20, 22].
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PAP is a diffuse lung disease characterized by the accumulation of amorphous, 
periodic acid-Schiff-positive lipoproteinaceous material in the distal air spaces. 
The acquired form of PAP is due mostly to the presence of autoantibodies to 
granulocyte- monocyte colony-stimulating factor (GM-CSF); functional deficiency 
of this growth factor causes impaired surfactant disposal by lung macrophages, 
leading to the accumulation of the material in the alveolar spaces and intracellu-
larly in the phagocytes, the latter process further impairing macrophage function 
and secondarily compromising the activation of adaptive immunity. Infections due 
to NTM and other opportunistic infections in PAP patients reflect such immune 
defects [11, 23–29].

The underlying B and T cell defects observed with CVID, also known as acquired 
hypogammaglobulinema, can lead to recurrent airway infections and bronchiecta-
sis, the latter a prime substrate for subsequent NTM infection. However, to the best 
of our knowledge, there have been only two reported cases of NTM-LD in the set-
ting of CVID, M. simiae in one [30] and M. intracellulare in the other [31].

 NTM-LD Due to More Newly Identified Genetic/Heritable 
Predisposing Causes

The occurrence of NTM-LD in individuals without any of the aforementioned, 
identifiable host risk factor is well recognized [32–34]. Enduring clinical experience 
has noted that a significant number of such patients possess a lifelong slender body 
habitus with thoracic cage abnormalities such as pectus excavatum and scoliosis, 
leading to the notion of an underlying syndrome – perhaps a connective tissue dis-
order – that predisposes to NTM-LD [6, 33, 35–39].

While an asthenic body habitus may simply be an outward phenotypic manifes-
tation of an underlying disorder that increases vulnerability to NTM lung infections, 
another, non-mutually exclusive possibility is that reduced body fat – well recog-
nized in NTM-LD subjects – in itself is a risk factor for NTM-LD [6, 35, 37, 40]. 
Furthermore, an inverse correlation between body mass index and the number of 
diseased lung segments or NTM-LD-specific mortality would suggest that reduced 
body weight/fat may also be an adverse prognosticator [41, 42]. One proposed 
mechanism by which low body fat content may predispose such individuals to 
NTM-LD is relative deficiency of the fat-derived, satiety hormone leptin since 
leptin also drives the differentiation of uncommitted T0 cells toward the TH1, 
interferon- gamma (IFNγ)-producing phenotype [43]. This hypothesis is corrobo-
rated by the finding that leptin-deficient mice are more susceptible to M. abscessus 
experimental lung infection [44] and that NTM-LD patients have reduced serum 
leptin levels [39] or a loss in the normal direct relationship between serum leptin 
concentration and total body fat [6].

A more recent whole exome sequencing study of patients with NTM-LD and 
their family members indicate that possessing variants of several genes in the 
immune, connective tissue, ciliary, and CF transmembrane conductance regulator 
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(CFTR) categories – “multigenic” in nature as opposed to mutation of one dominant 
gene – may additively increase vulnerability to NTM-LD [45]. Because the pres-
ence of variations of immune genes were significantly more common in NTM-LD 
patients than in unaffected family members, immune gene variants may be the dis-
criminating genetic factor leading to the development of NTM-LD, even with the 
multigenic paradigm [45]. Becker and colleagues [46] performed whole exome 
sequencing on 11 NTM-LD subjects with slender body habitus, pectus excavatum, 
and scoliosis and found 4 (2 being sisters) with heterozygous mutations of the 
MACROPHAGE-STIMULATING 1 RECEPTOR (MST1R) gene and in none of 29 
NTM-LD patients without pectus excavatum or scoliosis (see Clinical Vignette 1, 
Fig. 2). Significantly, MST1R is a tyrosine kinase receptor important for normal 
movement of cilia present on cells lining the luminal surface of fallopian tubes and 
airways [47, 48]. Reduced ciliary movement due to defect in MST1R function is 
consistent with previous work showing reduced ciliary beat frequency in the nasal 
epithelium as well as reduced nNO in NTM-LD patients compared to controls; the 
ciliary beat frequency was increased by NO donors or compounds that increased the 
concentration of cyclic guanosine monophosphate, a downstream mediator of NO 
[49]. NO may also have antimicrobial properties, and in a very interesting but pre-
liminary study, inhaled NO administered intermittently at 160 ppm, three to four 
30-min inhalations per day for 3–4 weeks, along with antimycobacterial antibiotics, 
in two cystic fibrosis patients with persistent M. abscessus infections significantly 
reduced NTM load as determined by quantitative PCR of mycobacterial DNA [50]. 
Recently, Matsuyama and co-workers [51] demonstrated that ex vivo NTM infec-
tion of primary human bronchial epithelial cells decreased the expression of genes 

V900M/wt V900M/wt V900M/wt

(chronic cough)

V900M/wt V900M/wt

V900M/wt V900M/wt V900M/wt

PEX
Recurrent pneumonia

Throat clearing
wt/wt

wt/wt wt/wt wt/wt wt/wt

Fig. 2 A genogram of two sisters with pectus excavatum, scoliosis, thin body habitus, and 
NTM-LD and of their siblings. Of the six surviving siblings tested, five had heterozygous mutation 
of the MST1R gene (V900 M/WT), four of the five with the variant have chronic respiratory dis-
ease or symptoms, and two of the five have NTM-LD. (Adapted from Ref. [46])
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that encode for ciliary proteins as well as reduced number of ciliated cells; in other 
words, preexisting ciliary defect predisposes to NTM and that NTM infection itself 
may, in turn, adversely affect ciliary function [52].

While frank deficiency of IFNγ (e.g., advanced AIDS) or its upstream or down-
stream signaling molecules (discussed below) predisposes to extrapulmonary vis-
ceral/disseminated NTM disease, several studies have found reduced IFNγ 
production from the peripheral blood mononuclear cells (PBMC) or whole blood 
from NTM-LD patients [6, 53–57], acknowledging that this is not seen by others 
[37, 58, 59]. Recently, Cowman and colleagues [60] found decreased IFNγ gene 
expression in the whole blood of NTM-LD patients compared to control subjects 
who had bronchiectasis/chronic obstructive pulmonary disease but no NTM infec-
tion. While the mechanism(s) for reduced IFNγ are likely to be multifactorial, we 
found that MST1R may participate to increase IFNγ production by PBMC in addi-
tion to its role in maintaining normal ciliary function [46]. The clinical significance 
of partial reduction in IFNγ levels in blood cells is not known as lung tissue levels 
of IFNγ were not measured in the aforementioned studies. While a study showed 
that inhaled IFNγ was not helpful in patients with NTM-LD, the patients were not 
stratified according to whether their immune cells produced “higher” or “lower” 
levels of IFNγ [61]; i.e., it is conceivable that only those with relatively low IFNγ 
levels will benefit from administration of exogenous IFNγ. Some have also reported 
reduced cellular production of IL-12 [54, 57, 62] or IL-17 [58] in patients with 
NTM-LD. Whereas a study of PBMC from NTM-LD patients saw an increase in 
IL-10 with tuberculin purified protein derivative (PPD) or sensitin PPD stimulation 
[58], others actually saw a decreased IL-10 production in the unstimulated or stimu-
lated (lipopolysaccharide, heat-killed Staphylococcus epidermidis, or live M. 
 intracellulare) whole blood of NTM-LD patients compared to controls [6]. The 
finding of such polar differences in the expression of cytokines in these studies is 
likely related to multiple factors, including genuine differences in immune pheno-
types between subjects, differences in the cell types used in the assay (e.g., MDM, 
PBMC, or whole blood), differences in the type and concentration of stimuli used 
ex vivo, species and strain differences of NTM that infected patients with differen-
tial ability to induce tolerance of immune cells, and differences in external factors 
such as comorbid medical conditions and administration of antibiotics or corticoste-
roids that can alter host cytokine expression.

One of the aforementioned 11 patients with NTM-LD who underwent whole 
exome sequencing also had mutation of the FIBRILLIN-1 gene [46], an abnormality 
of which is known to be responsible for MFS, a connective tissue disorder with an 
array of physical findings that include pectus excavatum, scoliosis, and arachno-
dactyly. But pectus excavatum and scoliosis have been described in several other 
connective tissue disorders including Loeys-Dietz syndrome (LDS, due to gain-of-
function mutation of transforming growth factor-beta receptors 1/2 – TGFβR1/2) 
and Shprintzen-Goldberg syndrome (SGS, due to mutation of the Sloan-Kettering 
Institute (SKI) protein, a downstream inhibitor of TGFβ signaling) [38]. Although 
all three of these connective tissue disorders are due to monogenic mutations of 
different genes, each results in increased TGFβ signaling via three separate mecha-
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nisms. In light of this, whole blood of NTM-LD patients were found to produce 
more TGFβ upon ex vivo stimulation with various Toll-like receptor agonists or 
with M. intracellulare as compared to similarly stimulated whole blood from unin-
fected controls [6]. While TGFβ plays a key role in the physical anomalies associ-
ated with these connective tissue disorders, it also inhibits IFNγ gene expression 
[38] and predisposes to NTM infections [63–65]. Daniels et  al. analyzed for the 
presence of dural ectasia in the lumbar region – enlarged dural sac diameter seen 
in MFS, LDS, and SGS – in patients with idiopathic bronchiectasis, CF subjects, 
MFS subjects, and controls and found that the lumbar (L1–L5) dural sac diameter 
was significantly greater in patients with idiopathic bronchiectasis as compared to 
controls and to CF subjects, strengthening the supposition of an underlying connec-
tive tissue disorder in those with idiopathic bronchiectasis [66]. They also found 
a strong correlation between dural sac size and NTM-LD as well as dural sac size 
and long fingers [66]. NTM-LD was also reported in a patient with congenital con-
tractural arachnodactyly, a genetic disorder due to FIBRILLIN-2 gene mutation and 
which shares many clinical features with MFS [67]. Finally, while increased TGFβ 
(and potentially reduced IFNγ) associated with MFS and other connective tissue 
disorders may compromise host immunity against NTM lung infection, bronchi-
ectasis itself – which independently is a risk factor for NTM-LD – has been linked 
to MFS, not particularly surprising considering that fibrillin is a connective tissue 
protein [68–74].

McCormack and colleagues [75] recently described four women with NTM-LD 
with four different heterozygous variants of the the MPEG1 gene, which encodes 
for perforin-2, a pore-forming antibacterial protein. While the combined frequency 
of the four variants was similar in the NTM-LD and control cohorts, ex vivo and 
in  vitro cell culture studies with innate cells (neutrophils, macrophages) from a 
patient with the MPEG1 variant or with mutated MPEG1 in THP-1 cells found that 
such gene-altered cells were less capable in controlling M. avium and M. smegmatis 
infections, respectively. Chen et al. [76] performed gene linkage analysis on affected 
and unaffected subjects with familial cases of NTM-LD and identified variants of 
the TTK protein kinase gene – which normally encodes for a protein kinase involved 
in repair of damaged DNA – that most strongly cosegregated with the pulmonary 
NTM families (LOD score >3) as either recessive homozygotes or compound het-
erozygotes. Gene-level association analysis revealed a gene that encodes for one of 
the mitogen-activated protein kinases was the most strongly linked to pulmonary 
NTM disease [76].

If indeed certain genetic/heritable disorders predispose individuals to NTM-LD, 
it must be explained why some case series of pulmonary NTM patients show a pre-
dominance of postmenopausal women. Indeed, in a study of six families with clus-
tering of NTM-LD – 31% of whom had scoliosis  – the majority of the affected 
individuals were women despite the fact that the patterns of transmission were con-
sistent with dominant and recessive modes of inheritance [77]. Reich and Johnson 
hypothesized that women may be at greater risk because they are less inclined to 
expectorate forcefully than men (an unproven belief), preventing them from clear-
ing their infections  – known by the eponym Lady Windermere syndrome [78]. 
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Another, non-mutually exclusive possibility is that the declining estrogen levels in 
menopausal women provide a permissive role if one or more additional susceptibil-
ity factor(s) are present [35], a hypothesis supported by the finding that estrogen is 
protective against NTM infection in mice [79]. Thus, an emerging paradigm is that 
in individuals with genetic/heritable risk factors due to anomalies in one or more 
“minor” genes, perhaps acquisition of other risk factors with aging (e.g., reduction 
in body fat, vitamin D level, and/or sex hormones and cumulative exposure to envi-
ronmental NTM) – labeled as “enablers” in Fig. 1 – results in a “tipping point” 
where NTM-LD develops, analogous to the aphorism “the straw that broke the 
camel’s back” (Fig. 1, boxed inset); this concept may help explain why NTM-LD is 
significantly more common in the aged population [80].

 Genetic/Heritable Disorders that Predispose 
to Extrapulmonary Visceral Organ and Disseminated 
NTM Infections

Patients with extrapulmonary visceral organ/disseminated NTM disease have frank 
immunocompromised states. Acquired disorders that give rise to such profound 
immunodeficiency include untreated AIDS; use of potent immunosuppressives for 
inflammatory diseases, cancer, or organ transplantation; and acquired autoantibod-
ies to IFNγ (Fig. 3) [81–84]. One caveat is that there is likely a genetic component 
to those with anti-IFNγ antibodies as this syndrome appears to be more common in 
Asians and in those with HLA DRB16:02 or DRB05:02 [81]. However, the pres-
ence of extrapulmonary visceral organ/disseminated NTM disease without such 
acquired risk factors should raise suspicion for genetic/heritable causes. Occurrence 
of systemic NTM infections in very young individuals – often times infants – should 
give concern for mutations of genes that are components of the IFNγ-interleukin-12 
(IL-12) axes and other immune-related genes that fall under the rubric of Mendelian 
susceptibility to mycobacterial diseases (MSMD) (Fig. 3) (see Clinical Vignette 2) 
[85–97]. MSDS disorders that have been linked to NTM disease (not just 
Mycobacterium bovis bacillus Calmette-Guerin, BCG), their mode of inheritance, 
the major clinical presentations, and diagnostic tests are listed in Table 2. Another 
genetic (X-link) disorder in which reduced IFNγ is a component is seen in individu-
als with mutations of the NFκB essential modular (NEMO, aka the γ subunit of the 
IκBα kinase or IKKγ); these affected patients exhibit a wide spectrum of clinical 
findings that include ectoderm developmental issues (abnormal teeth, sparse hair, 
anhidrosis), abnormalities of the venous/lymphatic vasculature (limb edema, 
lymphangiomas), autoimmune/inflammatory conditions, and increased susceptibil-
ity to infections with bacteria, mycobacteria (extrapulmonary NTM), viruses, and 
fungi [91, 93, 98, 99]. Interestingly, mutation or amino acid variation of the IFNγ 
gene has never been found, likely reflecting the paramount importance of IFNγ for 
the survival of higher-order species during natural selection [100]. Susceptibility to 
NTM of individuals with MSDS was experimentally corroborated by the increased 
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vulnerability to Mycobacterium abscessus in the IFNγ-knockout mice [44]. In indi-
viduals who develop extrapulmonary visceral organ/disseminated NTM disease as 
an adult but without acquired risk factors, the “MonoMAC syndrome” due to muta-
tion of GATA2 transcription factor should be considered (Fig. 3 and Table 2) [101, 
102]. Infectious complications typically occur during infancy or childhood in those 
with gene defects for IFNγR1, IFNγR2, IL-12p40 subunit, IL-12Rβ1 subunit, or 
Stat1α (Table 2). In contrast, the age range at presentation for MonoMAC syndrome 
encompasses both children and older adults. One hypothesis for the delayed mani-
festation of infection into adulthood for the MonoMAC syndrome despite autoso-
mal inheritance is exhaustion of the bone marrow of hematopoietic stem cells with 
repeated external stressors [103].

Some MSMD disorders – e.g., due to mutations of the genes for RAR-related 
orphan receptor C (RORC, a transcription factor essential for differentiation of T 
cells to the TH17 phenotype), ISG15 (expected to reduce IFNγ production by T and 
NK cells), and interferon regulatory factor-8 (IRF-8, a transcription factor that regu-
lates the differentiation of phagocytes as well as the production of IL-12 and TNFα 
induced by lipopolysaccharide and IFNγ) – have not been reported to be associated 
with NTM infections; rather, such affected individuals have been afflicted with dis-
seminated BCG infection [86, 92, 96, 104]. However, the absence of reports of 
NTM infections in individuals with these rare genetic defects may simply be due to 
happenstance (the low likelihood of co-occurrence of an uncommon (NTM) disease 
with a rare disease), the failure to recognize the presence of an underlying genetic 
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Fig. 3 Cartoon to illustrate the defects in mononuclear phagocytes, TH1 cells, and neutrophils that 
predispose individuals to visceral and disseminated mycobacterial infections. Defects in RORC, 
ISG15, and IRF-8 have not been reported to be associated with NTM but rather disseminated 
BCG. IFNγR1/2 interferon-gamma receptors 1 and 2, Stat1α signal transducer and activator of 
transcription 1-alpha, IL-12 interleukin-12, IL-12Rβ1/2 IL-12 receptor (β1 and β2 subunits), 
TNFα tumor necrosis factor-alpha, TYK2 tyrosine kinase 2, IRF8 interferon regulatory factor-8, 
NEMO NF-κB essential modulator, JAK2 Janus kinase 2, ISG15 interferon-gamma stimulated 
gene-15, RORC RAR-related orphan receptor C, HIV human immunodeficiency virus
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Table 2 Clues to the presence of an underlying genetic/heritable cause for extrapulmonary 
visceral/disseminated NTM disease

Host gene abnormality 
(protein)
Mode of inheritance

Relative age 
at 
presentation

Clues to presence of host 
risk factor Diagnostic test(s)

IFNGR1 mutations 
(IFNγR1a)
AR, PE-, completeb

AR, PE+, complete
AR, PE+, partialb

AD, PE++, partial

Infants, 
young 
children

Disseminated NTM, BCG, 
and non-typhoidal 
infections

Surface expression by flow 
cytometry; functional 
analysis of IFNγRc; gene 
sequencing

IFNGR2 mutations 
(IFNγR2)
AR, PE-, complete
AR, PE+, complete
AR, PE+, partial
AD, PE+, partial

Infants, 
young 
children

Disseminated NTM, BCG, 
and non-typhoidal 
infections

As above

IL12B mutations
(IL-12p40 subunitd)
AR, PE-, complete

Infants, 
young 
children

Disseminated NTM, BCG, 
and non-typhoidal 
infections; mucocutaneous 
candidal infectionse

Stimulate PBMC with 
mitogen ± IFNγ, measure 
IL-12; gene sequencing

IL12RB1 mutations
(IL-12Rβ1 subunitd)
AR, PE-, complete
AR, PE+, complete
AR, PE-, partial-severe

Infants, 
young 
children

Disseminated NTM, BCG, 
and non-typhoidal 
infections; mucocutaneous 
candidal infectionse

Surface expression by flow 
cytometry; functional 
testing of IL-12Rf; gene 
sequencing

STAT1 mutation
(Stat1α)
AR, PE-, P-, B-, 
complete
AR, PE+, P+, B+, 
partial
AD, PE+, P-, B+, 
partial
AD, PE+, P+, B-, 
partial

Infants, 
young 
children

Disseminated NTM, BCG, 
and non-typhoidal 
infections

Functional analysis of 
Stat1αg; gene sequencing

IKBKG mutation
(NEMO, IKKγ)
X-linked

Male children Ectoderm developmental 
abnormalities, venous/
lymphatic vasculature 
abnormalities, 
autoimmune/inflammatory 
conditions, and infections 
with bacteria, 
extrapulmonary NTM, 
viruses, and fungi

Functional analysis of 
NFκBh; gene sequencing

GATA2 mutation
(GATA2)
AD

Young child 
to older 
adults

Disseminated infection 
with NTM, fungus, or 
HPV. May be complicated 
by lymphedema, PAP, 
myelodysplasia, acute and 
chronic myeloid leukemia

Gene sequencing, 
cytopenias (monocytes, 
DC, B cells, NK cells); 
bone marrow shows 
hypocellularity, fibrosis, 
multilineage dysplasia, 
etc.
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Table 2 (continued)

Host gene abnormality 
(protein)
Mode of inheritance

Relative age 
at 
presentation

Clues to presence of host 
risk factor Diagnostic test(s)

Anti-IFNγ 
autoantibodyi

Associated with 
DRB16:02 and DRB 
05:02

More 
common in 
Asian adults

Extrapulmonary visceral/
disseminated infection 
with NTM, Salmonella, 
fungi, and 
cytomegalovirus, and 
varicella- zoster virus 
reactivation

Anti-IFNγ antibody 
testing by particle-based 
technology or ELISA

Adapted from Ref. [93]
AD autosomal dominant, AR autosomal recessive, HPV human papillomavirus, IFNγR1 IFNγ 
receptor subunit 1, IFNγR2 IFNγ receptor subunit 2, IL-12Rβ1 IL-12 receptor subunit β1, NEMO 
NFκB essential modulator (= IκBα kinase γ subunit, IKKγ), P phosphorylation, PE protein expres-
sion, B DNA binding
aAutosomal dominant IFNγR1 deficiency lacks Jak1- and STAT1α binding domains and thus can 
bind IFNγ but cannot signal downstream. In such cases, there is expression of proteins on the cell 
membrane, but the defective IFNγR1 accumulates and competes with normally functioning 
IFNγR1. Most patients with complete autosomal recessive forms do not express IFNγR1 on the 
cell surface because of stop mutations in the extracellular domain
bComplete and partial refers to signaling defect
cStimulation of PBMC with IFNγ and assaying for Stat1α phosphorylation
dIL-12 is comprised of two subunits, IL-12p40 (IL12B gene) and IL-12p35 (IL12A gene). IL-12 
receptor is comprised of two subunits, IL-12Rβ1 (IL12RB1 gene) and IL-12Rβ2 (IL12RB2 gene)
eWhile mutation is in the IL-12Rβ1 subunit, the susceptibility to mucosal fungal infections is due 
to defective IL-23 signaling, which is required to stimulate proliferation of TH17 cells that are 
required for mucosal antifungal immunity, as IL-12 and IL-23 share the IL-12p40 subunit and 
IL-12R and IL-23R share the IL-12Rβ1 subunit
fStimulation of PBMC with IL-12 and assaying for Stat4 phosphorylation
gStimulation of PBMC with IFNγ and assay for Stat1α phosphorylation and binding to the cis- 
GAS DNA sequence
hStimulation of PBMC with lipopolysaccharide or relevant cytokine and assay for NFκB binding 
to its cis-regulatory element
iWhile anti-IFNγ antibody syndrome is considered acquired, it is associated with certain HLA 
genes

disorder even when such infections are present, and/or the lack of reporting of such 
cases even if identified; in other words, the absence of evidence of an association 
between NTM infection and a specific MSMD disorder does not necessarily mean 
evidence of absence of such a risk. While only three cases of NTM infections in 
chronic granulomatous disease (CGD) patients have been reported in the literature, 
the unusual and extrapulmonary involvement in these patients suggests that CGD is 
a predisposing condition for NTM infections: a M. flavescens disseminated infec-
tion, M. fortuitum pneumonia and osteomyelitis, and M. avium lung and mediastinal 
involvement in a 10-month-old infant [105–107]. While this observation would sug-
gest that reactive oxygen species (ROS) is an important host defense factor against 
NTM infections, we have found that inhibiting ROS with a superoxide dismutase 
mimetic actually improved macrophage killing of M. abscessus by promoting 
phagosome-lysosome fusion [108, 109].
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 The Role of Host Immunity in Pathogenesis of NTM-LD

While the previous discussions have focused on defects in host immunity causing 
NTM-LD, an overexuberant host immune response may also play a part in the 
pathogenesis of NTM-LD – the proverbial “double-edged sword” paradigm. In 
response to NTM lung infection, the release of elastase and metalloproteinases by 
recruited neutrophils can cause damage to the airway epithelium by eroding 
through mucosal barriers, resulting in NTM-containing microabscesses. Elastase 
may also cause ciliary dysfunction, mucous gland hyperplasia, and mucus hyper-
secretion that enhance NTM biofilm formation [16, 110]. Elastase and other pro-
teases also cleave Fcγ receptors and complement receptor 1 from neutrophil 
surfaces as well as digest immunoglobulins and complement components from 
mycobacterial surfaces. These activities impair opsonization of mycobacteria and 
reduce their recognition by neutrophils, leading to decreased phagocytosis and 
bacterial clearance [16]. Elastase also inhibits efferocytosis, impairing clearance 
of apoptotic neutrophils [16]. The unphagocytosed, dead neutrophils incite further 
inflammation and release highly viscous DNA, contributing to the formation of 
inspissated mucus.

 Conclusion

In summary, in determining whether there is an underlying cause for NTM infec-
tions, the clinician should first distinguish those with isolated NTM-LD versus 
those with extrapulmonary visceral/disseminated NTM disease. The reason is that 
with each of these two major domains of NTM infections, specific acquired and 
genetic/hereditary risks should be considered in the differential diagnosis of 
underlying disorders that increases vulnerability to isolated NTM-LD or extrapul-
monary visceral/disseminated NTM disease. Acquired disorders should be ruled 
out first given their greater ease in diagnosis and measures to counter them. If 
acquired disorders are not apparent, genetic/hereditary risk factors should be 
entertained. But it is also important to be cognizant that even if an underlying 
acquired or genetic/hereditary cause is found, other factors play an important role 
in the pathogenesis of NTM disease, including host factors such as low body fat 
as well as exposure to environmental sources of NTM coupled to host behaviors 
that increase exposure and acquisition of NTM infection. Much remains to be 
elucidated on the role NTM virulence and immune evasive mechanisms  – not 
discussed in this paper – may play in determining the development of bona fide 
NTM disease.
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Clinical Vignette 1
Two sextagenerian sisters were identified to have isolated NTM-LD. Both 
also have pectus excavatum, scoliosis, and thin body habitus with one having 
a body mass index of 21 kg/m2 and another having a 21% body fat [46]. 
Whole exome sequencing of both as well as four additional surviving sib-
lings revealed heterozygous mutation (V900 M/wt) of the MACROPHAGE- 
STIMULATING 1 RECEPTOR (MST1R) gene, which encodes for a tyrosine 
kinase present on the apical surface of epithelial cells present in the airways 
and fallopian tubes. MST1R protein functions to maintain normal ciliary 
beat frequency and to play a role in IFNγ production, the mechanisms of 
which are not well characterized. Three additional siblings also have the 
same MST1R gene mutation and one is troubled by chronic cough and 
another has repeated chest infections and severe pectus excavatum. Thus, 
five of the six siblings have the MST1R variant, four of the five with the 
mutation have chronic respiratory symptoms or disease, and two of the five 
have NTM-LD.

Clinical Vignette 2
A 7-year-old boy from South Texas presented with cervical lymphadenopathy 
and radiographic evidence of tibial osteomyelitis. At age 4, he developed cer-
vical lymphadenopathy associated with a positive QuantiFERON® test and 
received antituberculosis medication with resolution of the lymphadenopathy. 
The cervical lymphadenopathy recurred, and biopsy of the lymph nodes and 
a bone biopsy were positive for M. avium complex.

A whole blood specimen from the patient was analyzed by the 
Immunopathogenesis Section at the National Institutes of Health. A patho-
genic, heterozygous variant in IFNGR1 (c.819_822del4) was found, resulting 
in a stable protein with a truncated intracellular region, deleting the recycling 
domain and causing an accumulation of dysfunctional IFNγR1 on the cell 
surface of monocytes. This mutation has been reported previously [111] in 
patients with disseminated NTM or BCG infections.

Disseminated NTM infection in a child or young adult without a known pre-
disposition is strongly suggestive of an abnormality or defect in the IFNγ-IL-12 
axis. This child was treated with azithromycin, rifampin, ethambutol, and iso-
niazid because of the possibility of NTM and tuberculosis coinfection. He 
responded to the antibiotics and is being monitored for new infections.
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 Introduction

Nontuberculous mycobacteria (NTM) infection risks are increased for certain 
immunosuppressed populations. Historically, severely immunocompromised 
patients with acquired immunodeficiency syndrome (AIDS) and cancer or trans-
plant recipients have been recognized as at risk for disseminated and extrapulmo-
nary NTM disease. More recently population-based studies of immunosuppressive 
medications have also demonstrated an elevated risk of pulmonary NTM disease in 
certain individuals. Specific classes of drugs that elevate the risk of NTM infection 
have also been recently identified including oral and inhaled corticosteroids and 
biologic therapies that treat rheumatoid arthritis and other autoimmune inflamma-
tory diseases [1, 2].

Similar to disease caused by Mycobacterium tuberculosis, the majority of NTM 
disease in the USA is pulmonary. Approximately 20–25% of NTM disease is extra-
pulmonary within the general population [3–5]. In 2017 the US Council of State and 
Territorial Epidemiologists released a standardized extrapulmonary NTM case defi-
nition for use in NTM surveillance [6]. Extrapulmonary isolates, from skin or soft 
tissue, lymph node, urine, or normally sterile sites outside the lungs, are generally 
considered to represent disease, although this is somewhat species-specific similar to 
pulmonary isolates. Aside from local inoculation causing skin/soft tissue disease and 
cervical lymphadenitis among children, extrapulmonary and disseminated NTM are 
almost exclusively associated with underlying immunosuppression (Fig. 1a). Also 
similar to tuberculosis, the proportion of extrapulmonary versus pulmonary disease 
is elevated in those with immunosuppression. At one extreme, 95% of NTM disease 
in AIDS patients is extrapulmonary and almost exclusively  disseminated [7]. On the 
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other hand, in solid organ transplant patients (other than lung) and patients taking 
biologic therapies for immune-mediated inflammatory disease, the proportion with 
extrapulmonary and pulmonary disease are approximately similar [8, 9]. The major-
ity of cases associated with these and other types of immunosuppression are skin/
soft tissue or catheter-associated infections (Fig. 1b). Although pulmonary isolation 
is not always associated with meeting ATS/IDSA disease criteria in immunocom-
petent patients, it is theoretically more likely to cause progressive airway infection 
and disease in patients with underlying immunosuppression.

While rapid-growing mycobacteria are more frequently found in the extrapulmo-
nary setting (as compared to pulmonary setting), Mycobacterium avium complex 
(MAC) is still the most common cause of pulmonary (80%) and extrapulmonary (50%) 
NTM disease [5]. Other important slow-growing species include Mycobacterium 
kansasii, the second most common cause of disseminated NTM in AIDS patients 
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Fig. 1 (a) Proportion of nontuberculous mycobacteria cases that are pulmonary vs. extrapulmo-
nary overall and by selected underlying cause of immunosuppression (b) Proportion of extrapul-
monary disease cases by site of infection, overall and by selected underlying cause of 
immunosuppression
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[7]. M. kansasii is found in the Southern and Midwestern USA and internationally 
[10]. Mycobacterium xenopi is known to colonize hospital water systems but is rarely 
identified outside of the Northern USA and Canada [10]. Mycobacterium marinum is 
found in freshwater and salt water and is a rare cause of skin infection that occurs gen-
erally in immunocompetent hosts [11]. The most common rapid-growing mycobac-
teria is Mycobacterium abscessus, comprising less than 10% of pulmonary infections 
[4]. Skin and catheter-related infections and disseminated NTM are more frequently 
caused by rapid-growing species including Mycobacterium fortuitum, M. abscessus, 
Mycobacterium chelonae, Mycobacterium mucogenicum, and Mycobacterium neo-
aurum [12–14]. Based on case reports, uncommon species such as Mycobacterium 
haemophilum and Mycobacterium genavense have been recognized as almost exclu-
sively causing infection in immunocompromised patients such as HIV [15–17].

Mycobacterium tuberculosis has well-established patterns of disease, catego-
rized as primary active disease with the remainder establishing latent or persistent 
(asymptomatic) infection, which may progress to active disease later, a risk height-
ened by immunosuppression. However, these concepts of latency and progression 
do not readily apply to NTM. The timing of exposure or inoculation is a critical 
element for the development of NTM disease in immunosuppressed patients, given 
frequent exposure from the environment but infrequent disease. Cell-mediated 
immunity is thought to play a key role in the immune response to mycobacterial 
infection, and this is well established for M. tuberculosis [18–20]. For NTM, how-
ever, it is unclear what role cell-mediated immunity plays in host response [21]. 
NTM in the lung, and presumably elsewhere, are taken in by macrophages leading 
to upregulation of interleukin-12, which stimulates T cells or natural killer cells [22, 
23]. The stimulated cells in turn upregulate interferon gamma (IFNγ) production, 
which further upregulates IL-12 and tumor necrosis factor-alpha (TNF-α). TNF-α is 
responsible for the formulation of granulomatous lesions seen in many NTM infec-
tions [24–27]. Further detailed intracellular pathways will be described in the con-
text of genetic mutations (primary immunodeficiency) and pharmacologic disruption 
(immunosuppressive therapies, including targeted biologic therapy) that increase 
the risk for NTM disease.

The following sections describe the epidemiology, prevention, diagnosis, and 
treatment of NTM in different immunosuppressed and immunocompromised patient 
populations. With NTM isolation, clinicians should seek to determine whether such 
isolation represents disease and, in the meantime, consider attempts to mitigate any 
immunosuppressive state that may be present within the patient.

 Genetic Immune Dysfunction/Primary Immunodeficiency 
Disease

Primary immunodeficiency disease (PID) is an immune system dysfunction caused 
by genetic mutations, which may affect cellular or innate immunity. PID is rare and 
associated with a small fraction of NTM disease. PID was listed as a comorbid 
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cause of death in 2% of NTM deaths, more common than either hematologic malig-
nancy or HIV/AIDS [28]. Known and theoretical pathways where genetic condi-
tions can disrupt the immune response to mycobacterial infection are discussed 
further in Chap. 4 [22]. Defects in the IL-12/IFN-ϒ axis, which are necessary for the 
control of intracellular bacteria such as NTM and Salmonella, are associated with 
an increased risk of NTM disease [29, 30].

Mendelian susceptibility to mycobacterial disease (MSMD) is an extremely rare 
syndrome caused by a group of monogenic inborn errors in the IL-12/IFN-ϒ path-
way that occurs in otherwise healthy individuals [23, 31, 32]. MSMD is caused by 
ten known genetic defects (see Table 1) and may be autosomal or x-linked (NEMO 
and CYBB). Several syndromes that are associated with BCG vaccine infections 
(BCGosis) but not NTM infections include severe combined immunodeficiency 
syndrome, complete DiGeorge syndrome, X-linked hyper IgM syndrome, and 
chronic granulomatous disease [23].

 Acquired Immune Dysfunction

There are two main types of acquired immune dysfunction, those caused by infec-
tions such as human-acquired immunodeficiency virus (HIV, described in the next 
section) and those caused by acquired deficiency or autoantibody states. The late- 
onset abnormalities include anti-IFNγ autoantibodies and GATA2 deficiency and 
are associated with disseminated NTM disease, among other outcomes (see 
Table 2) [32]. The association with anti-IFNγ autoantibodies was noted in 2004, 
primarily in East Asia, and has been described in several more recent case-control 
studies in Thailand and Taiwan [33, 34]. Patients present with disseminated dis-
ease, lymphadenitis, and skin lesions similar to what is seen in HIV-infected 
patients, but these cases occur in patients who are previously healthy and are not 
HIV-infected. M. abscessus was associated with the majority of cases acquired 
anti-IFNγ autoantibodies. In Thailand, over 70% of 70 disseminated NTM cases 
associated with acquired anti-IFNγ autoantibodies were caused by M. abscessus. 
Rituximab has been used successfully to treat patients with anti-IFNγ autoanti-
bodies [35, 36]. GATA2 deficiency was initially described as an autosomal domi-
nant “MonoMAC” syndrome, cases of disseminated MAC (and other opportunistic) 
infections characterized by monocytopenia and associated with myelodysplasia 
and malignancy [37]. Subsequent work identified 12 distinct GATA2 mutations as 
causes of the syndrome [38]. In the initial case series, most (64%) with dissemi-
nated mycobacterial disease were caused by MAC, but one to two cases each were 
associated with M. kansasii, Mycobacterium scrofulaceum, M. fortuitum, and M. 
abscessus [37]. GATA2 deficiency can be reversed by hematopoietic stem cell 
transplantation [39].
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Table 2 Biologic agents, mechanisms of action, and date of US Food and Drug Administration- 
approved indications

Anti-TNF 
agents

Mechanism (see 
Fig. 1)

Date of 
FDA 
approval FDA-approved indications

NTM risk 
level of 
evidence

Infliximab 
(Remicade)

Monoclonal antibody 
against TNF-α

1998 Rheumatoid arthritis, Crohn’s 
disease, ulcerative colitis, 
psoriasis, ankylosing 
spondylitis

pop 
[2],case

Etanercept 
(Enbrel)

Receptor fusion 
protein

1998 Rheumatoid arthritis, 
psoriasis, ankylosing 
spondylitis, juvenile 
idiopathic arthritis

pop 
[2],case

Adalimumab 
(Humira)

Monoclonal antibody 
against TNF-α

2008 Rheumatoid arthritis, Crohn’s 
disease, ulcerative colitis, 
psoriasis, ankylosing 
spondylitis, juvenile 
idiopathic arthritis

pop 
[2],case

Certolizumab 
(Cimzia)

Monoclonal antibody 
against TNF-α

2008 Rheumatoid arthritis, Crohn’s 
disease, psoriasis, ankylosing 
spondylitis

unk

Golimumab 
(Simponi)

Monoclonal antibody 
against TNF-α

2009 Rheumatoid arthritis, 
psoriasis, ankylosing 
spondylitis, ulcerative colitis

unk

Other agents
Rituximab 
(Rituxan)

Monoclonal antibody 
against CD20 which 
is found on the 
surface of B cells

1997 Lymphoma, rheumatoid 
arthritis, chronic lymphocytic 
leukemia, granulomatosis with 
polyangiitis and microscopic 
polyangiitis

case

Anakinra 
(Kineret)

IL-1 receptor 
antagonist

2001 Rheumatoid arthritis unk

Abatacept 
(Orencia)

CTLA-4 ligand, 
selective T-cell 
costimulation 
modulator

2005 Rheumatoid arthritis unk

Ustekinumab 
(Stelara)

Monoclonal antibody 
against IL-12 and 
IL-23

2009 Psoriasis unk

Tocilizumab 
(Actemra)

Monoclonal antibody 
IL-6 receptor

2010 Rheumatoid arthritis, juvenile 
idiopathic arthritis

case

Belimumab 
(Benlysta)

Monoclonal antibody 
against B-cell 
activating factor

2011 Systemic lupus erythematosus unk

Tofacitinib 
(Xeljanz)

Janus kinase inhibitor 
(JAK1, 3, 2 inhibitor)

2012 Rheumatoid arthritis case

Secukinumab 
(Cosentyx)

Monoclonal antibody 
against IL-17A

2015 Psoriasis unk

(continued)
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 HIV/AIDS

Starting in the early 1980s, coinciding with the developing HIV epidemic, dis-
seminated MAC infections increased in the USA [40]. By the end of the decade 
disseminated, MAC infection affected up to 24% of all AIDS patients [41]. 
Disseminated MAC infection is an AIDS-defining illness, primarily associated 
with CD4+ counts below 50 cells/mm3, although occurring at levels between 50 
and 200 less frequently [40, 41]. In the USA, M. kansasii is also associated with 
disseminated NTM infection although in Oregon during 2007–2012, 95% of dis-
seminated NTM was caused by MAC [7, 42]. With the introduction of highly 
active antiretroviral therapy (HAART) that suppresses virus and increases CD4+ 
counts, disseminated MAC has declined [43, 44]. The incidence of disseminated 
MAC in AIDS patients dramatically declined after the 1997 introduction of highly 
active antiretroviral therapy (HAART) [43, 44]. Data from Oregon in the modern 
era of HIV therapy estimated an annual incidence rate of disseminated NTM vary-
ing from 0.2 to 0.3/100,000 during 2005–2012 [3, 5]. The median annual inci-
dence of disseminated NTM in HIV- positive patients in Oregon was 110/100,000 
HIV person-years during 2007–2012 [42]. In the same study, incidence rates var-
ied inversely with CD4+ counts, ranging from 10/100,000 HIV person-years over 
200/cells/mm3 to 5300/100,000 HIV person- years below 50 cells/mm3. Several 
uncommon species such as M. haemophilum and M. genavense are important 
causes of disseminated disease in the setting of HIV, though much less common 
than MAC [15–17].

Pulmonary NTM disease in HIV-infected patients is less well characterized. 
Without appropriate diagnostic testing including liquid culture media, it is difficult 
to distinguish NTM from tuberculosis in tuberculosis-endemic countries. Overall in 

Table 2 (continued)

Anti-TNF 
agents

Mechanism (see 
Fig. 1)

Date of 
FDA 
approval FDA-approved indications

NTM risk 
level of 
evidence

Ixekizumab 
(Taltz)

Monoclonal antibody 
against IL-17A

2016 Psoriasis unk

Guselkumab 
(Tremfya)

Monoclonal antibody 
against IL-23

2017 Psoriasis unk

Sarilumab 
(Kevzara)

Monoclonal antibody 
against IL-6 receptor

2017 Rheumatoid arthritis unk

Brodalumab 
(Siliq)

Monoclonal antibody 
against IL-17 receptor 
A

2017 Psoriasis unk

Abbreviations: CTLA-4 Cytotoxic T-Lymphocyte Antigen-4, FDA US Food and Drug 
Administration, NTM Nontuberculous Mycobacteria, IL Interleukin, TNF Tumor Necrosis Factor
(pop) population-based studies showing elevated risk; (case) case reports in the literature; (unk) 
unknown risk

E. Henkle and K. L. Winthrop
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a Southeast Asia study of 1988 HIV-infected patients NTM isolations (N = 85) were 
similar to pulmonary M. tuberculosis isolations in frequency (N = 124), and the 
NTM disease prevalence in HIV-infected patients in Thailand and Vietnam was 2% 
[45]. Among the 85 HIV patients with NTM isolation, 9 were judged to have pul-
monary disease and presented with similar disease characteristics as seen in the 
non-HIV setting. This study suggested that pulmonary NTM disease in the HIV 
setting is more strongly related to underlying lung disease, as it is in the non-HIV 
setting, rather than the HIV status of the patients. M. kansasii is an important cause 
of pulmonary NTM disease globally based on studies in South Africa and Southeast 
Asia [45, 46]. Over half of M. kansasii also infections are pulmonary in AIDS 
patients [7, 10].

 Diagnosis, Prevention, and Treatment

Azithromycin or clarithromycin is effective prophylactic therapy, recommended 
when CD4+ counts dropped below 50 cells/mm3 [47]. Currently, the recom-
mended treatment regimen is once weekly 1200  mg of azithromycin for HIV-
infected patients with CD4+ counts below 50 cells/mm3 [10]. If HIV disease is 
well controlled with HAART, a 2002 updated recommendation allowed discon-
tinuation of prophylactic therapy if CD4+ counts rise to 100 cells/mm3 for at least 
3 months [44].

Once a patient develops disseminated MAC, treatment includes antivirals to 
manage underlying HIV disease and treatment of NTM disease. The preferred rec-
ommended treatment for disseminated MAC is clarithromycin (azithromycin as 
alternative) and ethambutol and may include rifabutin although the benefits of the 
third drug are less well established [10]. If used, rifabutin should be adjusted for 
drug-drug interactions with antiretroviral drugs; for macrolide-resistant strains, 
aminoglycosides and a quinolone should be considered. Disseminated infections 
are generally treatable, though treatment should continue indefinitely, unless CD4+ 
cell counts are restored to over 100 cells/mm3 [44].

In a study of treated patients with disseminated MAC, survival was similar to 
non-MAC matched controls, while untreated disease shortened the time to death 
[48]. Mortality was 10% in 19 hospitalized HIV-infected patients reported in a case 
series from a single hospital [49].

Immune reconstitution inflammatory syndrome (IRIS) occurs in a small subset 
of patients who initiate HAART while infected with NTM and other opportunistic 
infections. The period of immune reconstitution may result in host inflammatory 
responses that cause the presentation of MAC in patients with no prior diagnosis, or 
unusual presentations including lymphadenitis, musculoskeletal infections or 
abscesses, and endobronchial mass lesions [50]. Treatment of IRIS includes use of 
prednisone and rarely anti-TNF-targeted therapies [51, 52].

Immune Dysfunction and Nontuberculous Mycobacterial Disease
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 Immunosuppressive Therapies that Increase NTM Risk

 Corticosteroids

Oral corticosteroids suppress inflammatory response and are used to treat chronic 
conditions such as asthma, COPD, and autoimmune diseases. There is no data to date 
describing the risk of extrapulmonary NTM infection in patients taking corticoste-
roids. However, in a single-site case series in Texas, M. chelonae disseminated and 
catheter-related infections were associated with high rates of corticosteroid use [53]. 
There is some population-based evidence supporting a significantly increased risk of 
respiratory infection, including pulmonary NTM disease, in patient taking oral corti-
costeroids. In COPD patients, the risks of pneumonia and tuberculosis are increased 
fivefold while taking corticosteroids [54], and patients may be at even higher risk of 
pulmonary NTM. Oral prednisone for at least 1 month prior to pulmonary MAC 
diagnosis was 8 times more common compared to controls in a case- control study in 
Oregon and Washington [55]. Brode et al. estimated an increased risk of 60% (aOR 
1.6 (1.02–2.52)) for pulmonary NTM disease in older Canadian rheumatoid arthritis 
patients, comparing high dose vs noncurrent use of oral steroids [56].

To avoid the systemic, nonspecific immunosuppression of oral corticosteroids, 
inhaled corticosteroids may be used in patients with lung disease to deliver the drug 
locally with fewer side effects. In Denmark, the use of inhaled corticosteroids was 
associated with a 24-fold increase in pulmonary NTM in COPD patients [1]. In Japan, 
asthmatic NTM cases had a longer prior duration and higher dose of inhaled corticoste-
roid compared to controls in Japan [57]. In both studies with NTM outcomes, there was 
a clear dose response, with the highest risks at inhaled corticosteroid doses >800 mg 
fluticasone equivalent. If NTM are isolated, patients should be treated with the minimal 
necessary doses of oral or inhaled corticosteroids, monitored for symptoms consistent 
with NTM infection, and treated according to current ATS/IDSA guidelines [10].

 Biologic Therapy

Vignette: Patient with Rheumatoid Arthritis
A 62-year-old female with rheumatoid arthritis on etanercept, methotrexate 25 mg/
week, and prednisone 5 mg daily and chronic cough of 6-month duration. CT scan 
reveals bronchiectasis and right middle lobe infiltrate. No cavities. Sputum X 3 
reveals M. avium on two of three samples. What to do? Consider therapy given 
underlying immunosuppression and higher risk of progression while using these 
therapies. Start azithromycin, ethambutol, and rifampin standard multidrug ther-
apy, wean patient off prednisone if possible (strong risk factor for NTM), and 
discontinue etanercept. Attempt to manage patient on methotrexate and other non-
biologic DMARDs as necessary. If rheumatoid arthritis is not manageable with 
non-biologics, then abatacept is probably the preferred biologic agent based on 
animal modeling with tuberculosis and very limited clinical trial data [58, 59].
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Biologic therapies are used to treat autoimmune diseases such as rheumatoid 
arthritis, psoriasis, Crohn’s disease, ankylosing spondylitis, and others. These medi-
cations target inflammatory pathways via monoclonal antibodies or genetically engi-
neered proteins that bind cytokines or receptors to inhibit immune response. 
Administration is primarily by infusion or injection. As discussed in Chap. 4, there are 
multiple pathways involved in the immune response to NTM infection. In this section 
we describe biologic therapies that target these pathways, and the limited population-
based evidence of an increased risk of NTM infection as well NTM cases described 
in the literature or that pose theoretical risks in patients taking these therapies.

The most commonly used biologic therapies are TNF-alpha inhibitors (see 
Table 2): the anti-TNF-alpha monoclonal antibodies infliximab, adalimumab, golim-
umab, and certolizumab and soluble receptor fusion protein etanercept [60]. There is 
a clear increase in risk of NTM infection with the use of anti-TNF therapy. In a US 
study of new infliximab, etanercept, or adalimumab anti-TNF therapy users with 
rheumatoid arthritis, rates of NTM disease were increased 5–10 times over unexposed 
rheumatoid arthritis patients [2]. NTM rates were higher than tuberculosis. In Canada, 
among seniors ≥67 years with rheumatoid arthritis, NTM cases had a twofold higher 
odds of current use of anti-TNF medication compared to controls [56]. In the US 
study, NTM risks varied by TNF-alpha inhibitor drug. The incidence rates were low-
est for etanercept, 35 (95% confidence interval 1–69)/100,000 patient- years, and 
higher for infliximab, 116 (30–203)/100,000, and adalimumab, 122 (3–241)/100,000 
[2]. The overall incidence of NTM disease among patients taking TNF antagonists in 
two South Korean hospital-based reviews was higher, 230/100,000 patients [61, 62].

Other biologic agents used to treat autoimmune diseases include rituximab (anti-
 CD20 monoclonal antibody), abatacept (T-cell costimulator modulator), tocili-
zumab (anti-IL-6 monoclonal antibody), ustekinumab (anti-IL-12 monoclonal 
antibody), anakinra (IL-1 receptor antagonist), and tofacitinib (Janus kinase [JAK] 
inhibitor, technically a synthetic DMARD) (see Table  2) [60]. There is limited 
safety data to quantify the risk of NTM infection while taking these drugs. To date, 
there is one NTM case series that included six patients, two treated with rituximab 
and four treated with tocilizumab (of whom three were also taking prednisolone 
+/− tacrolimus and two had prior NTM infection) [63, 64]. Two NTM infections 
have been reported during clinical trials of tofacitinib to date [65].

 Prevention, Diagnosis, and Treatment

Reactivation of latent tuberculosis is a known risk of biologic therapy, and patients 
should be screened for tuberculosis prior to starting biologics. In addition to the 
increased risk of NTM from use of biologic therapies, patients with rheumatoid 
arthritis have an elevated risk of NTM due to associated underlying lung disease 
including bronchiectasis and interstitial lung disease [2, 13, 62, 66]. Unlike for 
tuberculosis, screening for NTM is difficult to conceptualize [10]. However, patients 
with symptoms consistent with pulmonary NTM (i.e., chronic cough with suspected 
infectious cause) should be considered for CT imaging and sputum culture 
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including acid-fast bacillus testing. Patients with a history of pulmonary NTM 
should be monitored for recurrence or reinfection. In addition, clinicians should 
consider NTM with extrapulmonary infections, which accounted for 45% of NTM 
infections in the setting of TNF blockade reviewed in US Food and Drug 
Administration MedWatch reports [13]. Overall, just over half of NTM cases in 
patients taking biologics present as pulmonary disease [2, 13]. Similar to other 
immunosuppressed patients, around half of cases are caused by MAC, and isolation 
of rapid growers is common, but data is lacking at the population level [13].

Treatment is species-specific and should follow ATS/IDSA guidelines [10]. Careful 
consideration of decreasing or stopping biologic therapies should be made [27]. 
Switching to therapies with a theoretically lower risk, e.g., non-biologics such as meth-
otrexate, should be considered [2]. Two case series from Japan suggest that stopping 
biologics is generally associated with positive outcomes or non- progression of pulmo-
nary NTM disease [63, 67]. However, some patients were successfully managed on 
antibiotics while using biologics. High case fatality rates have been reported in pulmo-
nary or extrapulmonary NTM cases taking anti-TNF biologics, ranging from <10% to 
15% in US studies with short-term follow-up to 39% with a median of 569 days (range 
21–2127) between diagnosis and death [2, 13]. In the Japanese case series, none of the 
deaths were related to NTM but rather the underlying lung disease [63, 67].

 Solid Organ Transplants

Approximately 19,000 kidney, 7800 liver, 3200 heart, and 2300 lung transplants 
were performed in the USA in 2016 [68]. This represents a record high number 
of solid organ transplants for the fourth consecutive year. Organ transplantation 
requires lifelong treatment with immunosuppressive medications to prevent rejec-
tion. Maintenance drugs include calcineurin inhibitors (tacrolimus and cyclospo-
rine), mammalian target of rapamycin (mTOR) inhibitor (sirolimus), prednisone, and 
others that are transplanted organ-dependent (e.g., azathioprine for lung transplants).

Transplant patients have a relatively low risk of NTM infection, though the risk 
is higher than the general population. The only incidence data to date were reported 
in 7395 non-lung solid organ transplant patients from a single medical center in 
South Korea over an 18-year period [69]. The highest incidence of NTM infection 
was in heart transplant recipients, 115/100,000 patient-years (95% CI 23–336). 
Lower rates were reported in kidney transplant recipients (28, 95% CI 11–58) and 
liver transplant recipients (15, 95% CI 3–43). Overall 81% of patients had pulmo-
nary disease, and 59% isolated MAC. This is higher than in the USA, where MAC 
and M. abscessus occur at similar rates, based on reports from 3 institutions where 
each contributed to 45% of the 49 total NTM infections [70–72]. All other data on 
NTM infection after transplantation is from case reports and institutional case 
series. There are no data available to compare differences between transplant cen-
ters and limited data that describes risk factors for NTM infection.
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Lung transplant patients are more likely to have pulmonary NTM infections. In 
a 2014 review of 293 solid organ transplant patients with NTM disease, 61% of 100 
lung transplant, 26% of 45 heart transplant, 31% of 16 liver transplant, and 17% of 
132 kidney transplant patients had pulmonary NTM [9]. Lung transplant patients 
are at increased risk for NTM infection compared to non-lung transplant (OR 13.6, 
95% CI 4.2–43.8, adjusted for age), with a higher risk among bilateral lung trans-
plant recipients [72]. Overall 79% of 19 lung transplant patients had pleuropulmo-
nary infection. Other factors including malnutrition, cytomegalovirus disease, 
chronic renal insufficiency, acute rejection, cystic fibrosis, receipt of tacrolimus, 
and receipt of azithiopine were associated with NTM disease in unadjusted analy-
sis. Environmental (water) exposure to NTM has been linked to hospital-associated 
infections. During an outbreak of 71 M. abscessus infections at a US tertiary care 
hospital, more than half of affected patients were lung transplant recipients [73]. 
The outbreak was identified after a new hospital wing opened, and the incidence of 
M. abscessus infection increased substantially during 2013–2014. During the period 
of elevated risk, 79% of infections were pulmonary. Based on the field investigation 
results, a sterile water protocol was implemented so that high-risk (e.g., lung and 
heart transplant) patients did not receive or use tap water. The incidence of M. 
abscessus cases among lung transplant patients decreased from 3.0 to 1.0 cases per 
10,000 patient-days.

 Prevention, Diagnosis, and Treatment

Pre- and posttransplant prophylaxis for infectious agents typically does not include 
antibiotics targeting NTM. The exception is lung transplant patients, in certain situ-
ations. In part due to their underlying lung disease, lung transplant patients are at 
higher risk of pulmonary NTM colonization and disease pretransplant. Currently 
most transplant centers do not treat colonized patients, but ATS/IDSA guidelines 
recommend treatment for pulmonary NTM disease [10, 70]. Globally, many screen-
ing centers do not have written policies for NTM screening pre-lung transplant, but 
screening CF patients is a common practice and recommended by the US Cystic 
Fibrosis Foundation and European Cystic Fibrosis Society [74, 75]. Pretransplantation 
culture results from 145 patients at a single institution identified 2 (1.4%) with 
NTM disease. One continued to isolate despite therapy, and the other isolated MAC 
but was not treated. Prior pulmonary M. abscessus infection in patients with cystic 
fibrosis is associated with mycobacterial infection posttransplant. There are reports 
of successful local control and clearance if disease recurs [76]. As a result, the US 
Cystic Fibrosis Foundation and European Cystic Fibrosis Society consensus recom-
mendations [74] state that (1) the presence of positive NTM cultures should not 
preclude transplant consideration, if the center has experience with NTM disease; 
(2) patients with NTM disease should be treated prior to transplant listing; and (3) 
the presence of M. abscessus or M. avium complex after therapy is not an absolute 
contraindication to lung transplant. The results of the previously described M. 
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abscessus outbreak also confirm that tap water avoidance is one method to decrease 
the risk of NTM in transplant patients.

Treatment is complicated by drug interactions and the limited ability to reduce 
immunosuppression to improve immune function for effective clearance or control 
of NTM disease. There is a risk of organ graft-versus-host disease, demonstrated in 
case studies of patients who decreased immunosuppressive medications [9, 77]. 
Drug interactions between rifamycin, macrolide, and aminoglycoside antibiotics 
and antirejection calcineurin inhibitors (cyclosporine, sirolimus) and tacrolimus 
impact the selection of appropriate antibiotics [77, 78]. Outcomes have been sum-
marized in Table 3 for kidney, heart, and lung transplant patients presented in three 
reviews. Outcomes vary by transplanted organ, but patients generally respond to 
treatment and clear infection or see clinical improvement. Just under 1/3 relapse or 
have long-term infections. Very few NTM-related deaths have been reported. In 
addition, among 16 transplant patients treated for NTM infection in South Korea, 11 
(69%) had a “favorable response,” and 5 (31%) had an “unfavorable response,” and 
5 additional patients with NTM cultures but minimal or no radiographic disease 
remained untreated [69].

 Hematopoietic Stem Cell Transplantation

Increasing from 200 in 1980 to 20,000 in 2010, hematopoietic stem cell transplanta-
tion (HSCT) is used primarily to treat hematologic malignancies (i.e., leukemia, 
multiple myeloma) [79]. HSCT leaves recipients severely immunocompromised 
over a period of many months to prevent rejection of the transplanted cells. Prior to 
transplant there is a conditioning phase that involves high-dose chemotherapy or 
radiation. All patients receive prophylactic antiviral and antifungal therapy, and 
febrile neutropenia is immediately treated with a broad-spectrum antibiotic. Risk 
continues after the transplant, during the phase of immune reconstitution.

There is very little data to describe the epidemiology of NTM in HSCT patients. 
In South Korea, the incidence of NTM infection was 258.7 (95% CI 118.3–491.1) 
per 100,000 patient-years, higher than solid organ transplant patients [69]. In a 2004 
review of NTM-infected HSCT cases reported in the literature, posttransplant graft- 

Table 3 Outcomes after NTM infection in patients who received solid organ transplants

Transplanted 
organ N Resolved Improvement

Relapse 
or 
long- term

Non- 
NTM 
death

NTM 
deaths

NTM death 
notes Refs.

Kidney 94a 41 (44%) Not reported 30 (32%) 1(1%) 3(3%) 2 disseminated, 
1 pulmonary

[77]

Heart 34 11 (32%) Not reported Not 
reported

9 (26%) 0 [77]

Lung 37b 16 (43%) 8 (22%) 10 (27%) 2 
(5%)

2 disseminated [70, 71, 
77]

a19 (25%) outcome not reported
b1 unknown outcome
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versus- host disease was present in 46% of NTM cases, with the NTM risk likely 
associated with the increase in immunosuppressive medications [77]. The review 
identified catheter and blood infections as the most common presentations, although 
pulmonary NTM may account for 20–30%. MAC, M. abscessus/chelonae complex, 
and M. haemophilum were the most common species associated with skin and cath-
eter infections. Most M. haemophilum infections are associated with skin and cath-
eter infection, but patients receiving bone marrow transplants may also develop 
pulmonary infections [80–83]. Overall, treatment for such infections is successful 
especially with the removal of catheters. Treatment for M. haemophilum and other 
rapid-growing bacteria may include surgical removal of the catheter and surrounding 
tissue and require prolonged antibacterial therapy [10]. Case fatality rates as high as 
20% have been reported, based on reviews of 94 and 571 HSCT patients [77, 84].

 Solid Tumors and Hematologic Malignancies

Patients with solid tumors and hematologic malignancies have underlying cellular 
immune dysfunction, chemotherapy-associated immunosuppression, and frequently 
intravenous catheters that provide access for infections and increase the risk of 
NTM disease [85–87]. Some of the earliest recognition of disseminated NTM dis-
ease in immunosuppressed patients occurred in the early 1980s with the identifica-
tion of cases associated with hairy cell leukemia [88, 89]. Within a single institution, 
the incidence of disseminated NTM disease in patients with hairy cell leukemia was 
5% (9/186) [90]. Institutional case series have also described NTM disease in other 
cancer patients. In Taiwan, around 0.3% of 2846 patients with hematologic malig-
nancies developed disseminated NTM disease while 0.9% developed pulmonary 
NTM disease [85]. Overall in that study, 38% of patients isolated MAC, 21% M. 
abscessus, 18% M. fortuitum, and 18% M. kansasii. In a Texas study limited to 116 
cancer patients with rapid-growing mycobacteria isolates, M. mucogenicum (39%) 
was the most common species identified, with 21% isolating M. fortuitum, 14% M. 
abscessus, and 12% M. chelonae. Additionally, the airway destruction and damage 
caused by lung tumors is a likely cause of the increased risk of pulmonary NTM 
disease. Similar to the HSCT setting, the removal of catheters and antibiotic therapy 
are associated with good treatment response to infection, although in Taiwan 14% 
of patients died within 30 days of diagnosis (all with disseminated disease) [12, 85].

 Conclusion

In conclusion, immunosuppressed and immunocompromised patients are at 
increased risk for NTM disease. Extrapulmonary infections, particularly dissemi-
nated disease, are more common in the immunosuppressed setting and frequently 
associated with rapid-growing species, although MAC remains the leading cause of 
NTM disease in immunosuppressed patients. There is a low threshold to start 
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anti- mycobacterial therapy, and interventions should include removal of the source 
of infection (catheter) or other hardware potentially harboring NTM and modifying 
immunosuppressive therapies whenever possible (i.e., minimize immunosuppres-
sion). For pulmonary NTM disease, in contrast to the immunocompetent hosts 
where improved lung hygiene and close observation may be appropriate for some 
patients, species-specific therapy adhering to current ATS/IDSA guidelines should 
be considered for nearly all immunosuppressed patients who develop pulmonary 
disease. However, caution is necessary to monitor interactions between therapy and 
immunosuppressive agents used in transplant patients.
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Impact on NTM Disease
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The prevalence of lung infection from nontuberculous mycobacteria (NTM) has 
been increasing throughout the world in recent years [1, 2]. This increase in disease 
prevalence is likely due to a combination of improved microbiological detection 
techniques, evolving host factors, and an increase in human exposure to NTM in the 
environment. NTM are ubiquitous in the environment and have been found in mul-
tiple different natural and man-made water sources and soils (Table 1). Individuals 
are likely contracting infection from inhalation of water and soil or dust aerosols 
and, in select cases, from ingestion of drinking water with subsequent reflux and 
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Table 1 Environments in which NTM have been isolated [3–9]

Natural water 
sources Man-made water sources Aerosols Non-water sources

Streams Drinking water pipelines Showers Dusts from natural 
soilsHot tubs

Rivers Water tanks – Hot and cold Humidifiers
Lakes Indoor swimming pools
Seawater Dusts from potting 

soils and peat moss
Hot tubs and indoor pools
Residential plumbing/
faucets/showerheads

Operating rooms 
(heater-cooler units)

Hospital plumbing/faucets
Ice machines and 
commercial ice

House dust

Bottled water
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pulmonary aspiration. Given the existence of multiple potential exposure sources 
for each individual, as well as variable periods of time between exposure, onset of 
symptoms, and diagnosis, it is very difficult to ascertain which specific exposure is 
the cause of disease in individual patients. Ongoing efforts to try to delineate envi-
ronmental exposure sources are vital to disease prevention in high-risk individuals 
and improved disease control in NTM patients.

Environments of concern for NTM transmission include those that have proven 
capacity for NTM growth, those to whom humans are exposed on a regular basis, 
and those capable of aerosolization of particles into respirable size. These include 
drinking water pipelines [10–12], sink faucets [13–15], showers [16, 17], hot tubs 
[18], humidifiers [19], CPAP machines [20], indoor swimming pools [21], natural 
and commercially purchased garden soils [22, 23], and house dust [24, 25].

 NTM in Water and Plumbing Biofilms

NTM flourish in municipal water systems because they are resistant to most disin-
fectants, including chlorine and chloramine, and they can survive and proliferate 
with low levels of nutrients due to their slow growth [19]. In addition, they are 
associated with water turbidity and higher organic carbon concentration [26]. NTM 
attach to particulate matter within water and to plumbing biofilms, colonizing the 
inner surfaces of water pipes and faucets [27, 28]. The survival of NTM in water 
distribution systems is dependent upon a complex interaction between the water 
source, transit time, stagnation, pipe surface, nutrient levels, temperature, turbidity, 
and disinfectant type and residual [29]. In a pilot distribution system, M. avium 
failed to grow at organic carbon concentrations of <50 mg/L, suggesting that reduc-
tion in organic matter content might serve to reduce NTM numbers [30].

The distance from the water treatment plant may be an important factor in NTM 
numbers. Free chlorine concentrations gradually decrease as water travels down the 
distribution system. Experiments have shown that free chlorine concentrations of 
1.0 mg/L eliminated 100,000 colony-forming units (cfu) of the mycobacterial strains 
tested within 8 h of exposure, whereas a concentration of 0.15 mg/L had virtually no 
bactericidal effect [31]. Higher mycobacterial numbers have been found in distal dis-
tribution samples (average 25,000 fold) than those collected immediately downstream 
from treatment plants, indicating that mycobacteria actively grow within the distribu-
tion system [26]. A study in Massachusetts found that communities were more likely 
to have patients with Mycobacterium avium complex (MAC) isolates if they lived 
further away from water treatment plants and in more densely populated areas [32].

Pipe composition, size, configuration, and corrosion may also be important in the 
persistence of NTM. Smaller pipes have a greater surface area for biofilms to form 
and are usually present at more distal points of the system where complex bends 
occur [10]. During pressure transients at points of turbulence such as the bends in 
pipes, sloughing of biofilms can occur. Controlling corrosion on pipes may enable 
enhanced disinfection by chlorine and better control of biofilm formation [26]. With 
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regard to pipe composition, studies have been conflicting. Some pipe materials, such 
as iron, have been shown to be more susceptible to M. avium biofilm formation [33]. 
M. avium biofilm levels have been shown to be higher on pipes made from iron and 
galvanized steel than on pipes made from copper or PVC. Furthermore, the biofilm 
formation was able to be better controlled by free chlorine on noncorroded copper 
or PVC pipes, with 3–4 logs/cm2 lower biofilm levels on copper pipe surfaces than 
on iron pipe surfaces. Monochloramine controlled biofilm formation better on cor-
roded iron pipes, but chlorine controlled biofilm formation better on copper pipes, 
demonstrating the complex interaction between disinfectant type and pipe surface 
conditions [30]. In a different study, asbestos cement or PVC pipes seemed to yield 
the highest growth of mycobacteria [10]. Innovative pipe materials with greater 
strength and resistance to microbial biofilm attachment should be developed (Fig. 1).

The effects of chemical disinfection on mycobacteria in water are not straightfor-
ward. As disinfectants kill off competition from other bacteria, NTM are protected 
by their lipid-rich outer membrane. This was best shown in a study of hot tubs in 
Australia, in which the water bacterial load excluding NTM was 1 cfu/mL and the 
NTM concentration was as high as 4 × 103 – 4 × 104 cfu/mL [35].

Showerhead biofilms as well as the pipes leading to the showerhead are highly 
enriched in NTM [29, 36]. Showerhead biofilms have >100-fold more NTM organ-
isms above background water contents, with M. avium being the most prevalent 
species [17]. The genotypes of M. avium found in showerheads have been shown to 
be identical to those found in the respiratory tract of patients [37, 38]. Unfortunately, 
drying out or flushing of showerheads is ineffective in reducing NTM numbers. 
Allowing showerheads or sections of shower tubing to dry out in between uses does 
not decrease the concentration of NTM in the biofilm, once a day flushing does not 
provide sufficient shearing force to remove biofilm or prevent its formation, and 
temporal water usage has no effect on showerhead NTM colonization [39]. The 
impact of regular flushing of water systems with high velocities with elevated disin-

Fig. 1 Scanning electron 
microscopy of NTM 
biofilm with presence of 
extracellular matrix [34]
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fectant levels, with a biofilm disrupting compound such as nitrous oxide, or with 
superheated water is unknown.

Most filters do not prevent the passage of NTM. A pore size of 0.2 micrometer 
(μm) or smaller is required to prevent passage of NTM.  Although effective in 
removing chlorine, metals, and organic compounds that can impart bad tastes to 
water, granular-activated charcoal or carbon (GAC) filters do not filter out NTM as 
their pore size is too big. In fact, GAC filters can promote the growth of NTM, as 
the mycobacteria attach and grow on the carbon-bound organics and metals that are 
trapped by these filters [40, 41].

 Role of Free-Living Amoebae in the Ecology of NTM

Free-living amoebae are protozoa ubiquitously found in water systems. They mainly 
feed on bacteria by phagocytosis, and have also been found to phagocytose myco-
bacteria, with prolonged persistence of the NTM within the amoeba without any 
detrimental effects to their own survival [42]. NTM have been shown to coexist 
within amoeba in water systems and may use amoebae as a vehicle for protection 
and even for replication [43]. In a year-round study of a drinking water network, 
87.6% of recovered amoebal cultures carried high numbers of NTM (Fig. 2) [44]. 

a b c

d e f

Fig. 2 Acid-fast staining revealing mycobacteria associated within amoebal isolates [44]. 
Acanthamoeba spp. (a, b), Protacanthamoeba bohemica (c, d), Vermamoeba vermiformis (e, f). 
(Scale bar represents 10 μm)
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Acanthamoeba cysts have been shown to resist inactivation by chlorine and other 
treatments used to sanitize drinking water [45]. Encysted amoeba may protect NTM 
from being killed during various disinfection processes [46]. It has been suggested 
that the ability of the NTM to grow in human macrophages is a consequence of 
“training” in protozoa and amoebae. Furthermore, M. avium cells grown in amoe-
bae have been shown to be more virulent [47].

 NTM and Temperature

NTM are relatively heat resistant, with optimal growth between 28 and 37  °C 
(82–98.6  °F) [26]. Due to their preference for warm water, NTM have been 
detected in the air or water from 72% of hot tub or therapy pool sites tested [6]. 
This heat resistance of NTM relative to other drinking water microbes very likely 
contributes to the high numbers of NTM in apartment and condominium buildings 
or hospitals with recirculating hot water systems [48, 49]. The heat killing of 
mycobacteria is dependent upon absolute temperature, the time spent at a given 
temperature, cell density, sample volume, the pipe material upon which NTM 
biofilm is attached, and the level of nutrients within the material to which the 
NTM is attached [30]. In addition, different NTM have different heat susceptibil-
ity. For example, colony counts of M. avium are reduced at 52–55 °C, whereas M. 
chelonae and M. xenopi require temperatures of greater than 60  °C to reliably 
decrease colony counts [50]. In a study of milk pasteurization, it was shown that 
M. avium, M. intracellulare, and M. kansasii all survived exposure to a tempera-
ture of 63 °C for 30 min [51]. The amount of time spent at these high temperatures 
is a key variable in the ability of heat to reduce NTM numbers. Since most com-
mercial hot water systems have temperatures set with the goal of killing Legionella, 
the measures that are commonly in place in residential buildings and healthcare 
institutions are inadequate for killing many of the pathogenic NTM species, which 
have been shown to be more heat resistant than Legionella. Within a given water 
supply system, it is difficult to achieve a uniform temperature throughout the sys-
tem, especially given the formation of dense biofilms on the inner surfaces of 
pipes and faucets. Sebakova et al. investigated the presence of NTM in the hot 
water systems of four different hospital settings. They found that in those systems 
that underwent thermal disinfection with temperatures of greater than 50 °C, no 
NTM were found. In those hot water systems that had no disinfection system, 
70% of samples contained NTM [52]. Zwadyk et al. showed that heating of myco-
bacteria in 100 °C boiling water or in a forced air oven for a minimum of 5 min 
kills mycobacteria [53]. Although boiling of water is not suitable for disinfection 
of home or commercial water systems, this can be a reliable method for individual 
disinfection of drinking water.

NTM have also been detected in cooling towers. Seventy-five percent of sam-
ples from 9 cooling towers across the United States contained NTM [54]; 56% of 
samples from 53 cooling towers in an urban area in Barcelona, Spain, contained 
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NTM [55]; and 100% of samples from 12 cooling systems in Finland contained 
NTM, with concentrations up to 7.3 × 104 cfu/L of water [56]. It is unclear at this 
point whether NTM can be acquired through inhalation of aerosols from air con-
ditioning units.

 NTM in Soil and Dust

NTM have been isolated from house dusts as well as from both natural and com-
mercially available soils [25, 57]. Since dusts and soils are easily suspended 
into the air, the inhalation of NTM from these sources may be a significant 
source of infection in some individuals [24]. Aerosolized dusts from peat or pot-
ting soil contain high numbers of NTM, up to one million organisms per gram 
of soil, and soil exposure and gardening have been correlated with NTM risk 
[22, 58]. Fujita et al. found identical genotypes between MAC clinical and soil 
isolates in individuals in Japan who engaged in gardening activities for more 
than 2 h per week [59]. 120 strains of NTM were isolated from vacuum cleaner 
dust collected in Queensland, Australia, including 50 strains of M. intracellu-
lare, 44% of which were recognized as serotypes capable of causing human 
disease [24, 25].

 Aerosolization of NTM

NTM can be readily aerosolized, as they concentrate at the air-water interface due 
to their hydrophobic surface [60]. In an experimental model, hydrophobic NTM 
cells were shown to adhere to air bubbles rising in a water column, and, at the water 
surface, the bubbles burst, ejecting droplets to heights of 10 cm. M. avium densities 
were 1000- to 10,000-fold higher in the ejected jet droplets than in the water [61, 
62]. In a study of the environment of an indoor heated therapy pool by Angenent 
et al., it was found that NTM preferentially partition into aerosols, with higher con-
centrations of M. avium found in the air above the pool than in the pool biofilms or 
water [3]. Wendt et al. investigated rainwater, natural river waters, and their aerosols 
in the southeastern United States. They recovered MAC species in the aerosols 
above the river water via an Anderson air sampler, with particle sizes of 0.7–3.3 μm 
in diameter, a size small enough to reach the lower respiratory tract [63]. The aero-
dynamic particle size of NTM is between 0.5 and 5 μm in diameter. Penetration into 
the respiratory tract increases with decreasing particle size, with particles greater 
than 5 μm lodging in the upper respiratory tract, particles between 1.5 and 5 μm 
reaching the lower respiratory tract, and particles less than 1.5 μm reaching the 
alveoli (Fig. 3) [61, 63, 64].

The aerosols to which most individuals are exposed on a daily basis are those 
generated during showering. Zhou et al. investigated the size of droplets produced 
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inside the shower and found that for hot water, the mass median diameter of the 
droplets was 6.3–7.5 μm. The estimated deposition of water droplets within the 
respiratory tract for hot water aerosols was dependent on water flow rate and breath-
ing method. During mouth breathing, an estimated 50% of particles deposited in 
the extrathoracic regions and 6–10% in the alveoli. During nose breathing, approxi-
mately 86% of particles deposited in the extrathoracic regions and 0.9% in the 
alveoli [65]. In a separate study by Thomson et al., NTM was cultured from 50% of 
20 shower aerosols tested at the level that would have lower respiratory tract pene-
tration, and these shower aerosols contained NTM species that matched patient 
isolates [13].

Another potential venue for aerosolization of NTM into the respiratory tract is 
during dental work. Dental unit waterlines support the growth of a dense microbial 
population that includes NTM. NTM may be aerosolized by dental equipment, with 
the potential for inhalation or aspiration of NTM during dental procedures [66, 67]. 
In a study of 21 dental units in 10 offices in Germany, there were a mean NTM 
concentration of 365  cfu/mL in the water samples and a mean NTM density of 
1165 cfu/cm2 in the biofilm samples [68].

Conducting airways

Nonrespiratory Respiratory

Alveolar
ducts

Respiratory units

Trachea

Generations

>5 µm 1.5–5 µm <1.5 µm

8 16 24 26

Segmental
bronchi

Subsegmental bronchi
(bronchioles)

Fig. 3 Penetration into the respiratory tract increases with decreasing particle size
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 Different Types of NTM May Have Different Preferred 
Environmental Niches

Though M. avium and M. chimaera have been definitively found in water, M. intra-
cellulare has not been found in water [7, 69], but has been linked to soil, household 
dust, potting mix, and peat moss [22, 70, 71]. M. chimaera has been the organism 
responsible for the recent contamination of heater-cooler units used during cardiac 
surgery [72, 73]. Furthermore, the distribution of NTM species that are isolated 
from clinical samples differs strongly by region [74]. Hoefsloot et al. conducted a 
worldwide study in which they collected pulmonary NTM culture results from labo-
ratories in different regions of the world to gain further insight into the geographical 
distribution of different NTM species [75]. They found a wide variation in the inci-
dence of different types of NTM in the different regions. For example, M. xenopi 
was found to predominate in Hungary, where it comprised 49% of all NTM. M. 
kansasii predominated in Poland and Slovakia. Rapidly growing mycobacteria 
comprised 10–20% of all NTM isolates worldwide, but 50% of all NTM pulmonary 
isolates in Taiwan. Among MAC species, M. avium was most common in North and 
South America and Europe, but M. intracellulare was most common in South Africa 
and Australia. The reasons for these differences are unclear. They may be related to 
species-specific favorable conditions with regard to soil composition, water source, 
temperature, humidity, activities and industries that result in aerosolization, and 
other environmental factors. In a separate study performed in the United States, 
high-risk geographic areas for MAC infection were found to have greater propor-
tions of area surface water, higher levels of evapotranspiration (the potential of the 
atmosphere to absorb water), and higher copper and sodium but lower manganese 
levels in the soil [2].

It is likely that the predominant NTM type in the environment correlates with the 
prevalence of specific NTM disease in that region. In addition, a susceptible indi-
vidual’s habits and hobbies may significantly influence their risk of NTM infection 
and the type of NTM species that they acquire. For example, in cystic fibrosis 
patients, indoor swimming pool use [76] and high soil exposure [77] were both 
found to have an elevated odds ratio for NTM infection of 5.9.

 Reducing Exposure to NTM

The recurrence rate of NTM pulmonary infection has been reported to be as high as 
25–45% [78–80], with a significant percentage of recurrences occurring due to rein-
fection with a new genotype from the environment [81, 82]. Management of NTM 
disease should therefore include educating patients regarding modifications that can 
be instituted in their home environment and personal habits to reduce environmental 
exposure to NTM. The impact of instituting specific methods to reduce exposure to 
environmental NTM on disease outcomes has not been studied. Listed below are 
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interventions that can be suggested to individuals at risk of acquiring NTM infec-
tion. These are based upon what is known at the present time regarding the persis-
tence of NTM in the environment.

 Sink Faucets and Showerheads

The installation of specialized filters with pore sizes less than 0.2 micrometers on 
faucets and showerheads will prevent the passage of NTM. These filters, however, 
can easily clog and must be changed every 30  days. Granular activated carbon 
water filters should be avoided, as they can promote the growth of NTM without 
preventing their passage [40, 41]. Refrigerator taps and ice machines should be 
avoided as high numbers of NTM have been isolated from these. Showerheads 
should be disinfected regularly by either immersion in boiling water or in undiluted 
bleach for 30 min and then rinsed. The inner surfaces of the showerhead and the 
pipe to which the showerhead attaches should be manually cleaned to try to remove 
as much of the biofilm as possible. Showerheads comprised of metal may result in 
less biofilm attachment than plastic showerheads, and those with large diameter 
holes that produce a stream as opposed to a fine mist likely result in less aerosoliza-
tion of NTM organisms. Showers should be ventilated as much as possible, and 
time spent in the shower should be minimized. After periods of nonuse, faucets and 
showerheads should be kept on for a few minutes to flush out water that has been 
left stagnant in the pipes.

 Hot Water Heaters

NTM have been found in high numbers in hot water tanks, particularly those set at 
temperatures under 110 ° F [7]. Raising hot water heater temperatures to 120 ° F or 
higher has been shown to reduce the growth of M. avium and M. chelonae in hot 
water heaters [7]. In addition, hot water tanks should be drained regularly as the 
highest population of NTM collects at the sediment at the bottom of the tank.

 Behavioral and Lifestyle Modifications

Patients should be advised to avoid the use of humidifiers, which are capable of 
generating aerosols with high numbers of NTM.  Humidifiers attached to central 
heating units have also been shown to harbor NTM and may be a source of inhala-
tional exposure to these organisms through household air [38]. If a humidifier must 
be used for a positive airway pressure machine, either previously boiled water or 
sterile water should be used [20]. Indoor pool aerosols have been shown to contain 
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NTM [3], and in an epidemiologic study of patients with cystic fibrosis, swimming 
in indoor pools was associated with NTM infection [76]. Patients should be coun-
seled to avoid the use of hot tubs or steam rooms and to consider avoiding the use 
of indoor pools [18, 21]. Gardening and soil exposure have also been correlated 
with NTM risk [22]. To decrease the generation of aerosolized dust, potting soil 
should be moistened prior to handling. Care should be taken during activities such 
as house dusting, sweeping, and emptying of vacuum cleaners [24, 25]. If activities 
must be performed that will involve aerosolization of water, dust, or soil, wearing an 
N95 respirator mask (0.1–0.3 micrometer) may be considered.

 Conclusion

Attention to sources and exposures to NTM in the environment is important in order 
to help prevent new infection in susceptible individuals, to prevent worsening of 
infection in patients who are culture positive with minimal disease but have proven 
to be susceptible, to achieve better control of disease in established patients, and to 
prevent reinfection after completion of treatment courses. It is reasonable for sus-
ceptible individuals to adopt measures to try to minimize exposure to NTM in the 
environment. These include procedures to reduce NTM growth in household water 
sources and the adoption of changes in individual behaviors and habits to minimize 
exposure to aerosolized water and soil. Water utilities and owners of apartment 
buildings, hospitals, swimming pools, and spas must also be involved and must 
engage the expertise of microbiologists, plumbers, and environmental scientists and 
engineers to tackle this challenging problem. More research is needed in this area, 
as manipulating the water environment through changes in disinfection procedures 
or temperatures may have effects that are poorly understood at this point, such as 
changing the microbial balance, which could result in the selection of more hardy 
and potentially more virulent organisms. Species of NTM differ not only in their 
preferred habitat, but different NTM species or different strains within the same 
species have variable pathogenicity. Instituting changes in our environment could 
have the potential to shift the balance of NTM species colonizing our water systems 
and biofilms with unknown consequences.
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 Introduction

Nontuberculous mycobacteria (NTM) as a cause of human pulmonary disease 
(NTM PD) was first described in 1954 [1] when patients with pulmonary disease at 
tuberculosis (TB) sanitoria were found to have atypical mycobacteria which were 
not Mycobacterium tuberculosis. Since that time, more than 180 species of myco-
bacteria have been identified [2], and efforts to characterize the prevalence, inci-
dence, cost, and risk factors associated with these mycobacteria have increased. In 
this chapter, we review the available information regarding these epidemiologic 
features and highlight current gaps in the knowledge.

 Prevalence and Incidence Estimates

Unlike disease from M. tuberculosis, NTM associated with human disease is gener-
ally not reportable in the USA, with the exception of several states [3]. Even when 
it is reportable, the condition under surveillance varies greatly, from any isolate of 
NTM to NTM pulmonary and/or extrapulmonary disease [3, 4]. Thus, estimates of 
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NTM PD incidence and prevalence are not routinely available and must be obtained 
through a variety of special surveillance efforts, studies, or surveys, each with its 
own advantages and limitations. Because NTM PD is a relatively rare condition, 
large population-based datasets from various healthcare systems, with microbiol-
ogy data linked to patient data, have been particularly important to describing the 
burden of NTM. Two studies were conducted in large health maintenance organiza-
tions (HMO), one at five HMOs in different parts of the country and one in the state 
of Hawaii, a high prevalence state with a large patient population of Asian/Pacific 
Islander ancestry. These studies have been key to understanding the epidemiology 
of NTM in the USA, as they included both mycobacteriology laboratory data and 
other clinical and demographic features. They provide consistent findings, namely, 
that Mycobacterium avium complex (MAC) comprised approximately 80% of all 
disease and that NTM was more common in older adults, with an increased preva-
lence among women relative to men (1.1 to 1.9-fold higher). Both studies also found 
a 2 to 2.9-fold higher prevalence of NTM compared with TB during the same time 
period [5, 6]. In the study of five healthcare systems, annual prevalence ranged from 
1.4 to 6.6 per 100,000 persons across the five regions, which included a large HMO 
in Southern California as well as managed healthcare systems in Colorado, the 
Seattle area, and one region of Pennsylvania. From 1994 to 2006, NTM was increas-
ing 2.6% per year among men and 2.9% per year among women (Table 1) [5].

The second HMO study used a large, linked dataset from beneficiaries enrolled 
in Kaiser Permanente Hawaii (KPH) from 2005 through 2013 and estimated preva-
lence and trends by species and race/ethnicity [6]. Overall, the period prevalence 
was 122 per 100,000 persons for this time period (Table 1). The annual prevalence 
increased from 9 to 19 per 100,000 persons over the study period, and when evalu-
ated by species, the increase was found only for MAC-associated NTM PD (Table 1). 
Of greatest interest was the interaction of species and race/ethnicity, with the high-
est period prevalence observed among persons identified as Japanese, Korean, 
Chinese, or Vietnamese, with a disease prevalence of 160–183 per 100,000 persons 
and an infection prevalence of 293–336 per 100,000, compared to a disease preva-
lence of only 89 per 100,000 persons and an infection prevalence of 156 per 100,000 
persons for persons identified as white (Fig. 1). Persons who identified as Native 
Hawaiians or Pacific Islanders had a much lower NTM PD prevalence of only 23 
per 100,000 persons and an infection prevalence of 50 per 100,000 persons [6].

Population-based estimates of NTM PD were also derived for three counties in 
North Carolina, from which researchers obtained clinical and demographic data for 
all samples tested from 2006 to 2010. In this study, the average annual prevalence 
was 9.4 per 100,000 persons and was similar among men and women [7]. However, 
significant differences were observed by sex and race, whereby among women, 
prevalence was highest among white women, at 10.2 per 100,000 persons, while 
among men, prevalence was highest for black men, at approximately 7 per 100,000 
persons [7]. Although estimates were not adjusted for age, observed rates by age 
showed a nearly twofold increased prevalence at nearly 40 per 100,000 persons 
among white individuals aged >60 years compared with nearly 20 per 100,000 per-
sons among black individuals in the same age group [7].
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Table 1 NTM prevalence and incidence by population studied and type of measure

Study
Population 
studied

Annual 
prevalence Incidence

Period prevalence\
cumulative 
incidence Trends

NTM 
HMO [5]

4 HMOs in 
different areas 
of the USA 
(Southern 
California, 
Seattle, 
Colorado, 
Pennsylvania)

1.4–6.6 across 
sites

Not assessed By age 
(2004–2006):
<60 yrs.: 1.7 per 
100,000 60–69 yrs.: 
15 per 100,000 
70–79 yrs.: 30 per 
100,000 > 80 yrs.: 
57 per 100,000

Increasing

NTM HI 
[6]

KPH 
beneficiaries

Isolation:
20 
cases/100,000 
persons in 
2005 to 44 
cases/100,000 
persons in 
2013

Not assessed Isolation:
122 cases/100,000 
persons 
(2005–2013)

Increasing 
among 
MAC

North 
Carolina, 
3 counties 
[7]

All samples 
tested from 3 
labs in North 
Carolina

Avg annual 
prevalence of 
pulmonary 
isolations: 
9.4/100,000
Interaction of 
race and sex

Not assessed Not 
assessed

Oregon [8] Surveillance 
data/lab 
integrated 
Portland 
Tri-County 
region 
2005–2006

5.6/100,000 
population

Not assessed Disease: 
8.6/100,000 
(2005–2006)

Not 
assessed

Oregon [9] Oregon 
residents 
2007–2012: all 
isolates

5.9/100,000 
(2010–2011 
only)

4.8–5.6 per 
100,000 over 
time period; 
age-adjusted 
average 
annual 
incidence = 
3.8/100,000

Not assessed Non- 
significant 
increase 
from 4.8 to 
5.6, mostly 
observed 
with MAC; 
2.2% annual 
increase

Five states 
(NTM 
reporting) 
[10]

Residents of 
Missouri, 
Mississippi, 
Maryland, 
Ohio, and 
Wisconsin, 
2008–2013

Isolation: 
8.7–13.9 per 
100,000 
persons over 
the study 
period

Not assessed 75.8 per 100,00 
(2008–2013)

9.9% 
increase per 
year

(continued)
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Table 1 (continued)

Study
Population 
studied

Annual 
prevalence Incidence

Period prevalence\
cumulative 
incidence Trends

CF [11] CF patients 
10 years or 
older at 21 US 
centers

13% (3 sputum 
samples)

Not 
assessed

CF 
registry 
[12]

CF patients 
12 years or 
older in the CF 
patient registry 
(2010–2011)

Not assessed Not assessed 14% Not 
assessed

CMS [13] Adults aged 
65 years or 
older 
(1997–2007)

20–47 
cases/100,000

Not assessed 112 cases/100,000 
(1997–2007)

8.2% 
increase per 
year

US vital 
statistics – 
mortality 
data [14]

US death 
records, 
1999–2014

N/A 2.3 deaths 
per 1000,000 
person-years

N/A Increasing 
among 
HIV- 
negative 
individuals
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Fig. 1 Overall period prevalence of pulmonary nontuberculous mycobacteria isolation, nontuber-
culous mycobacterial pulmonary disease, and tuberculosis, by race/ethnicity, among a cohort of 
Kaiser Permanente Hawaii patients, Hawaii, 2005–2013. (From Adjemian et al. [6])

Similarly, in the state of Oregon, near complete identification of all NTM isolates 
was achieved by mandating reporting of NTM for a 2-year period, 2005–2006. This 
reporting period allowed estimation of the prevalence of cases meeting American 
Thoracic Society (ATS) microbiologic criteria for the NTM PD case definition [15], 
among patients in the Portland Tri-County metropolitan region, as well as  description 
of the specificity of this criteria for identifying those patients who met the full ATS 
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NTM disease criteria. Considering only those with evaluable records and meeting 
clinical, radiographic, and microbiologic disease criteria, the prevalence of NTM 
disease in this region was found to be 8.6 per 100,000 persons over the 2-year period 
(Table 1), but this is an underestimate, given that 30% of patients lacked an evalu-
able record. Of those meeting the microbiologic criteria, 87% also fulfilled the full 
case definition, 88% of whom had disease caused by MAC [8].

More recently, the same researchers collected data from all microbiologic labora-
tories serving the state from 2007 to 2012. Using the previous data from 2005 to 2006 
to exclude prevalent cases, they found annual incidence rates that ranged from 4.8 per 
100,000 persons in 2007 to 5.6 per 100,000 persons in 2012 (Table 1) [16]. This mod-
erate increase was consistent with other studies. Incidence varied by age and sex, with 
incidence higher among women overall, but among persons aged <60 years, incidence 
was higher among men compared with women [16]. The close correspondence of the 
incidence rates with the prevalence estimated from this and other studies suggests 
that, because most patients only have a single pulmonary specimen tested for NTM, 
the observed prevalence represents incidence—i.e., the first diagnosis of disease.

In Canada, microbiology data from the province of Ontario has been used to 
estimate population-based prevalence and trends for that region, comprising 38% of 
the country’s total population [17]. The provincial laboratory processes approxi-
mately 95% of the provinces nontuberculous mycobacteria isolates [18]. Using data 
from this laboratory, the estimated period prevalence of NTM PD, as identified by 
the ATS microbiologic criteria, was 41.3 per 100,000 in 2006–2010 (Table 1) [18]. 
As in the USA, the majority of disease is due to MAC, which had a period preva-
lence of 26.5 per 100,000 from 2006 to 2010. The annual prevalence of NTM PD 
for Ontario increased from 4.9 per 100,000  in 1998 to 9.8 per 100,000  in 2010, 
while the prevalence of NTM isolation rose from 11.4 per 100,000 to 22.2 per 
100,000 [18].

Administrative claims datasets have been critical to obtaining population-based 
estimates for the older adult population. Medicare data has been used to estimate 
prevalence and trends from 1997 to 2007, given that the largest burden of disease is 
in the >65-year age group. This analysis defined patients with NTM as those for 
whom one claim with the International Classification of Diseases, Ninth Revision 
(ICD-9) code for pulmonary NTM was submitted. This likely resulted in an under-
estimation of prevalence, as other studies have found only 27–50% of patients who 
met microbiologic criteria for NTM PD [15] received the corresponding ICD-9 
code [5, 19]. Estimated period prevalence in this population was 112 cases per 
100,000 persons, with annual prevalence increasing from 20 to 47 cases per 100,000 
persons, an increase of 8.2% per year (Fig. 2, Table 1) [13]. Consistent with previ-
ous managed care studies, this analysis also found significant racial/ethnic varia-
tion, with a twofold higher prevalence among Asians/Pacific Islanders compared to 
whites. Significant geographic variation was found as well, ranging from a period 
prevalence in the West (including Hawaii) of 149 per 100,000 persons to 78 per 
100,000 persons in the Midwest [13].

Medicare data have been combined with other estimates to generate overall bur-
den estimates across all age groups. By combining prevalence estimates with age 
distribution from NTM survey data [20], case numbers by state were estimated [21]. 
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Combined with data on treatment cost by type of insurance, this study estimated a 
total of 86,244 NTM cases in the USA in 2010, at a cost of $815 million. Prescription 
drug costs were estimated to comprise 76% of this total [21]. This approach is simi-
lar to that used by German researchers, who used claims data from public statutory 
health insurance, although that study found that in that country, hospitalization 
accounted for the majority (63%) of NTM-associated costs [22].

Regarding surveillance, several states have NTM infection or disease listed as a 
notifiable condition. The reportable conditions vary, with six states listing any 
mycobacterial isolate as notifiable, two states having only extrapulmonary as notifi-
able [3], and three states requiring reporting of NTM disease, with one of these 
(MS), basing this on laboratory reporting alone (Fig. 3). Regardless of the notifiable 
condition, analysis of isolation or disease patterns requires additional effort to 
obtain detailed clinical and demographic information, which is often not provided 
with the sample. Thus, additional staff time and effort are required to obtain, com-
pile, analyze, and disseminate this information for public health purposes. 
Systematic data collection will provide ongoing estimates that can be monitored for 
trends, and potential biases in the system can be evaluated. In the USA, electronic 
data from five of these states with reporting requirements were used to estimate 
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trends in NTM infection, defined as at least one isolate of NTM (from any body 
site): for all states combined, the average annual age-adjusted prevalence increased 
from 8.7  in 2008 to 13.9  in 2013, with a steady increase observed in Ohio and 
Wisconsin (Table 1) [10]. The overall increase was most marked in the >50 age 
group, with an annual percent change of 11.8% [10].

Studies in cystic fibrosis (CF) patients have identified a high prevalence in this 
population. In one cross-sectional study of 21 US CF centers, NTM prevalence 
among CF patients was estimated at 3% (ranging from 7% to 24% across centers) 
(Table 1). Prevalence varied substantially by age, ranging from approximately 10% 
among patients 10–14 years of age to approximately 40% among patients greater 
than 45 years of age [11]. An analysis of data from the CF Patient Registry from 
2010 to 2011 found a similar 2-year period prevalence estimate of 14% [12]. The 
prevalence estimates from this database showed significant geographic variation, 
with a prevalence of 5–10% for 11 states and > 20% for 7 states. These studies 
highlight that while NTM prevalence is substantially higher among CF patients, 
disease patterns vary by geographic area and age.

 Treatment and Mortality Estimates

Survey data have allowed an estimation of other aspects of NTM disease, including 
treatment adherence. Adherence to ATS treatment guidelines among physicians 
treating patients for NTM PD was assessed by a survey of US physicians conducted 

Fig. 3 States requiring reporting of nontuberculous mycobacteria
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during 2011–2012. Respondents were asked to extract medical record data on the 
treatment of their last four patients treated for NTM disease [20]. Of MAC patients, 
only 13% were treated with a regimen consistent with ATS guidelines, and 16% 
were treated with macrolide monotherapy, which has been shown to increase the 
risk of macrolide resistance and poor treatment outcomes; 56% were treated with a 
regimen that did not include a macrolide at all. While pulmonologists were more 
likely to prescribe the recommended regimen (18%) compared to infectious disease 
(10%) and family/general practice/internal medicine (9%) physicians, the low lev-
els of adherence to treatment guidelines across specialties raise concerns about phy-
sician knowledge regarding NTM treatment.

Vital statistics have been used to estimate prevalence of NTM and NTM- 
associated morbidity and mortality. Adults aged >65 years identified as pulmonary 
NTM cases in Medicare data were 40% more likely to die than non-cases, with a 
higher risk of death among men and among persons identified as black [13]. National 
mortality data from the National Center for Health Statistics has also been used to 
estimate the mortality rate from NTM, classified by ICD-10 code, from 1999 to 
2014 [14]. The mortality rate during the study period was 2.3 deaths per 1,000,000 
person-years, and no significant trend was observed. However, of these NTM- 
related deaths, the proportion of deaths also associated with human immunodefi-
ciency virus (HIV) decreased from 33% in 1999 to 4% in 2014 and the NTM 
mortality rate increased among HIV-negative persons [14]. Thus, in an era where 
anti-retrovirals are now widely used in the HIV-infected population, the burden of 
NTM has shifted to the HIV-negative population. Mortality was also assessed 
among Oregon patients with either NTM disease or NTM isolation, and a 5-year 
age-adjusted mortality rate of 28.7 per 1,000 persons was found among those meet-
ing ATS disease criteria versus 23.4 per 1,000 persons among those not meeting 
ATS disease criteria [23]. As mortality rates are dependent on both disease inci-
dence and disease duration, the reasons for the increased mortality in some settings 
remain unclear and are likely to depend on the prevalence of underlying comorbid 
conditions.

 Risk Factors

Risk of NTM disease is determined by a combination of environmental, microbial, 
and host factors (Table 2). A variety of host factors favor growth of mycobacteria 
and increase disease risk, including structural, immunologic, and genetic differ-
ences. Structural defects correlated with NTM include chronic obstructive pulmo-
nary disease (COPD), which has been identified in 18–38% of patients with NTM 
[5, 25]. Lung cancer is also associated with NTM lung disease, with one single-
center study finding that 25% of lung cancer patients had a positive MAC culture 
compared to only 3% of patients undergoing bronchoscopy for nonbronchiectatic 
benign lung disease [30]. Disorders of mucociliary clearance, including CF [11, 12] 
and pulmonary ciliary dyskinesia [31], are associated with high rates of NTM 
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Table 2 Risk factors for NTM infection and disease

Risk factor Population studied

Relative risk, odds 
ratio, or relative 
prevalence Outcome definition

Behavioral exposures
Indoor swimming [24] CF patients 5.9 (1.3–26.1) Incident NTM 

infection
Spraying plants with a 
spray bottle [25]

Oregon residents 
(case-control)

2.7 (1.1–6.7) NTM disease

High soil exposure 
(>2 hours per week) [26]

Japanese residents 
(case-control)

5.9 (1.4–24.7) MAC disease

Environmental factors
Soil copper levels, per 
1 ppm increase [27]

Medicare beneficiaries 1.2 (1.0–1.4) NTM disease (ICD-9 
code)

Soil sodium levels, per 
0.1 ppm increase [27]

Medicare beneficiaries 1.9 (1.2–2.9) NTM disease (ICD-9 
code)

Soil manganese levels, 
per 100 ppm increase [27]

Medicare beneficiaries 0.7 (0.4–1.0) NTM disease (ICD-9 
code)

Soil pH, per 1 unit 
increase [28]

Patients of National 
Jewish Health residing 
in CO

0.69 (0.51–0.95) NTM disease due to 
slowly-growing NTM

Proportion of area as 
surface water [27]

Medicare beneficiaries 4.6 (1.5–14.6) NTM disease (ICD-9 
code)

Mean daily potential 
evapotranspiration [27]

Medicare beneficiaries 4.0 (1.6–10.1) NTM disease (ICD-9 
code)

Saturated vapor pressure 
[12]

CF patients 1.06 (1.02–1.10) NTM isolation

Average annual vapor 
pressure

CF patients Significant R2 CF center NTM 
infection prevalence

Host factors
COPD [25] Oregon residents 

(case-control)
10 (1.2–80) NTM disease

Lung cancer [13] Medicare beneficiaries 3.4 NTM disease (ICD-9 
code)

Anti-TNF-α [29] Ontario seniors aged 
≥67 years with 
rheumatoid arthritis

2.19 (1.10 to 4.37) NTM disease 
(microbiologic 
criteria)

Oral prednisone [25] Oregon residents 
(case-control)

8 (1.6–41.4) NTM disease

Thoracic skeletal 
abnormalities [25]

Oregon residents 
(case-control)

5.4 (1.5–20) NTM disease

Mitral valve disorder [13] Medicare beneficiaries 1.4 NTM disease (ICD-9 
code)

Low BMI [25] Oregon residents 
(case-control)

9.09 NTM disease
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disease; low ciliary beat frequency has also been associated with increased NTM 
disease risk in a case-control study of patients not diagnosed with these other condi-
tions [32]. Immunologic therapy can confer increased risk by inhibiting the immune 
response to mycobacteria. TNF-α blockers have been repeatedly associated with 
NTM risk in both cohort studies and case-control studies, as have steroids and other 
immunosuppressive medications [25, 29, 33].

Evidence for genetic risk factors predisposing persons to NTM comes from fam-
ily and genetic association studies as well as studies identifying a predisposing mor-
photype likely connected to genetic risk factors. While structural factors from 
COPD to CF often predispose patients to disease, NTM disease in patients lacking 
these disorders was correlated with low body mass index, thoracic skeletal abnor-
malities, mitral valve prolapse, and connective tissue disorders [25, 34, 35]. NTM 
disease and these associated traits also appear to cluster in families, suggesting 
common genetic risk factors [35, 36]. Moreover, a whole exome sequencing study 
using a candidate gene approach found that patients had more low-frequency vari-
ants in genes related to immune function, ciliary movement, and connective tissue, 
as well as in the gene coding for the cystic fibrosis transmembrane conductance 
regulator protein (which causes CF when both copies are nonfunctional) compared 
to both unaffected relatives and control subjects [37].

The geographic variation in risk of NTM infection and disease provides insight 
into environmental risk factors. Historically, evidence for geographic variation in 
NTM exposure comes from a M. intracellulare skin test sensitization study con-
ducted among navy recruits, which found that exposure was higher in the 
Southeastern and Southwestern USA [38]. More recently, disease prevalence and 
clustering has been associated with climatic factors at the population level. Centers 
for Medicare and Medicaid Services (CMS) claims data were examined at the 
county level to identify spatial clusters of NTM disease among this population 
(Fig.  4) [27]. Seven clusters were identified encompassing parts of California, 
Florida, Hawaii, Louisiana, New York, Oklahoma, Pennsylvania, and Wisconsin. 
Compared to low-risk counties, these areas had a higher proportion of surface water 
and higher mean daily potential evapotranspiration, suggesting possible roles for 
climatic factors in NTM disease risk. Soil factors were also identified as important, 
with high-risk counties having higher soil levels of copper and sodium and lower 
levels of manganese [27]. Geographic clustering and climatic factors have also been 
studied in CF patients, with analysis of data from the CF Patient Registry identify-
ing similar clusters of NTM cases, as well as an association between mean annual 
saturated vapor pressure and NTM risk (Fig. 4b) [12]. Additionally, a separate study 
of patients at 21 CF centers found a correlation between NTM prevalence and the 
average annual atmospheric water vaper content [24]. These associations are consis-
tent with previous microbiologic findings that environmental prevalence of NTM is 
related to warmer temperature, low dissolved oxygen, high-soluble zinc, low pH, 
high humic acid, and high fulvic acid [39].

A recent study further illuminating these environmental risks found that risk of 
NTM PD varies not only by these climactic and soil factors but also by watershed 
[28]. Using data on non-CF NTM patients treated at National Jewish Health and 
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Fig. 4 Spatial clustering of NTM disease among (a) Medicare enrollees and (b) Cystic fibrosis 
patients. (Reprinted with permission of the American Thoracic Society. Copyright © 2017 
American Thoracic Society. (a) Cite: Adjemian et  al. [27]; (b) Cite: Adjemian et  al. [12]. The 
American Journal of Respiratory and Critical Care Medicine is an official journal of the American 
Thoracic Society.)
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resident in Colorado, researchers confirmed that acidic soil increased risk of slow- 
growing NTM species, while manganese was protective. When considering all 
NTM species and correcting for socioeconomic and soil factors as well as accessi-
bility to National Jewish Health, they found that three specific watersheds (Blue, 
Upper South Platte, and Middle South Platte Cherry Creek) were at increased risk 
of NTM PD [28]. Interestingly, although these watersheds fall on both sides of the 
continental divide, water is pumped from the Blue watershed to the other two to 
provide drinking water for Denver and Aurora, indicating that this water may be the 
mechanism of increased risk for all three [28].

Environmental risk factors for NTM may vary dependent on species, which in 
turn have different clinical relevance. One study based on microbiologic data from 
a nationally distributed electronic health record database found that species preva-
lence varies by region, with the proportion of isolates identified as MAC ranging 
from 61% in the West South Central region (states included: AR, LA, OK, TX) to 
91% in the East South Central region (AL, KY, MS, TN) [40]. The proportion of 
M. abscessus/M. chelonae isolates also varied significantly from 2% in the East 
South Central region to 18% in the West South Central region. A study among CF 
patients had similar findings, with the percentage of isolates identified as MAC 
ranging from only 29% in Louisiana to 100% in Nebraska [12]. These results sug-
gest that the environmental risk factors for infection may vary by species, which 
likely differ in their environmental niches. Given the high levels of antibiotic resis-
tance and low treatment response rates for M. abscessus, the variable prevalence of 
this species may also lead to geographic variation in NTM PD treatment 
outcomes.

At the household level, several studies have provided support for household 
water and water pipe biofilms as a source of NTM exposure. Two studies used 
repetitive sequence-based PCR to identify genetic matches between variants in 
environmental samples from patient households and clinical isolates from these 
same patients [41, 42]. This has led to an investigation of factors affecting NTM 
recovery from household water, and the discovery that households with water heat-
ers set at temperatures above 55  °C had a lower rate of recovery of NTM [41]. 
However, significant variability in heat susceptibility of mycobacteria has been 
demonstrated in a laboratory setting, leading to concerns that alterations to water 
heater settings might select for more thermo-resistant, and potentially more patho-
genic, strains such as M. xenopi [43].

Soil and dust have also been identified as potential sources of NTM exposure 
within the home environment. Aerosols generated from potting soils in households 
of pulmonary NTM patients were found to contain known pathogenic NTM species, 
including M. avium, M. intracellulare, and M. kansasii, some of which matched 
corresponding patient isolates by pulsed-field gel electrophoresis genotyping [44]. 
Similar results were obtained from a study examining soil samples from patient 
households in Japan, which found NTM in potting soil, residential yard soil, and 
farm soil. Using variable number tandem repeat genotyping, matches between iso-
lates obtained from residential soil samples and directly from patients were identi-
fied for six patients with high soil exposure [45].
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Behavioral exposures for NTM have been difficult to assess due to the rarity of 
the disease and the ubiquity of the organism, and the high frequency of household 
water exposures. However, case-control studies in both high-risk and general popu-
lations have identified some risk factors. A nested case-control study in CF patients, 
a high-risk population, allowed for the assessment of potential exposures that 
occurred within a 4-month window prior to the patient’s first positive NTM culture, 
compared to control subjects with negative cultures throughout the study period 
[24]. A wide range of exposures were examined, including showering, residential 
and drinking water supply, soil exposure through gardening, and nebulizer use, but 
key factors significantly associated with incident infection included indoor swim-
ming pool use in the previous 4 months and tap water appearing rusty or unclear 
[24].

In the general population, a case-control population in Oregon found that out of 
a list of water aerosol-generating activities including showering and jacuzzi use, 
only spraying plants with a spray bottle was significantly positively correlated with 
disease [25]. The same study found that dishwashing by hand and swimming were 
protective against NTM; however, this is thought to be the result of a bias toward 
these activities in healthier people [25]. None of the soil aerosol-generating activi-
ties, including potting plants, gardening, and lawn maintenance, were found to be 
significant [25]. While neither of these two US-based case-control studies found a 
relationship between soil exposure and NTM disease, a case-control study of bron-
chiectasis patients in Japan with and without NTM disease found that case patients 
were more likely to have high levels of soil exposure (≥2 h per day) [26]. These 
differing results suggest that the routes of exposure vary by setting.

While NTM is primarily acquired from the environment, recent cases of trans-
mission of M. abscessus among CF patients have been detected. Outbreaks of M. 
abscessus subsp. massiliense have been identified at multiple CF centers through 
genetic analyses of patient isolates including whole genome sequencing [46–48]. 
Whole genome sequencing has also detected a high level of relatedness among out-
break strains from the USA and UK [48, 49]. The small differences in SNPs (<20) 
between outbreak strains have been suggested as possible proof of recent transmis-
sion between continents, although geographical differences in large-scale deletions 
and insertions raise the possibility of independent selection for more transmissible 
strains in both countries with local evolution [48, 49]. Additionally, contact tracing 
has not identified transmission routes between outbreaks, but a recent laboratory 
study indicated M. abscessus may be viable in fomites [50].

 Research Gaps

Epidemiological studies performed thus far highlight the increasing prevalence of 
NTM in the USA and its disproportionate burden on older populations and persons 
of Asian ancestry, with varying risk in different Asian subpopulations [6]. To further 
elucidate the risk and burden of NTM disease in the USA, additional research at the 
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population level is needed in several disparate areas, including more detailed 
species- specific information regarding environmental reservoirs and geographic 
clustering of disease by species, as well as clinical studies to further identify genes 
associated with disease susceptibility. Regarding treatment, given that guidelines do 
not recommend universal treatment following NTM diagnosis due to the high cost, 
long duration, and significant side effects, further study of factors determining the 
need for treatment, as well as associated outcomes, is warranted. In addition, poor 
treatment outcomes may be mediated in great part by antibiotic resistance, but risk 
of developing antibiotic resistance has not been well studied. For species such as M. 
abscessus, which may have resistance to first-line antibiotics (e.g., macrolides) 
prior to treatment, studies of the frequency of antibiotic resistance among isolates 
from treatment-naïve patients would also be useful. Moreover, the high rates of 
reinfection seen in single-center studies suggest more research into rates of reinfec-
tion and risk factors for reinfection may elucidate this process, as well as host sus-
ceptibility more generally.
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 Introduction

In this chapter we provide an overview on the current knowledge on the  epidemiology 
of NTM worldwide. Different sections cover different continents (except Northern 
America), e.g. Europe (England, Wales, Northern Ireland, Ireland, Scotland and 
Spain [Section “England, Wales, Northern Ireland, Ireland, Scotland and Spain”] 
and the remaining Europe [Section “Europe Remain (Europe Except England, 
Wales, Northern Ireland, Ireland, Scotland and Spain)”], respectively), Asia [Section 
“Asia”], Oceania [Section “Oceania”], Africa [Section “Africa”] and Middle and 
Southern America [Section “Central and Southern America”].
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 England, Wales, Northern Ireland, Ireland,  
Scotland and Spain

Marc Lipman and Samantha Cooray

 England, Wales and Northern Ireland

In England, Wales and Northern Ireland, hospital laboratories voluntarily report 
mycobacterial infections to the public health authorities. Although there are a num-
ber of factors that limit the conclusions that may be drawn from this (e.g. often the 
associated clinical information is fairly simple), it provides a reasonable representa-
tion of NTM isolation frequency within a large and national population.

Moore et al. reported the frequency of NTM reports received by the public health 
service between 1995 and 2006 [1]. This demonstrated an overall increase in both 
the number and rate of reports (from 0.9 per 100,000 population to 2.9 per 100,000 
by 2006). The data included both pulmonary and extrapulmonary specimens, though 
the main increase was noted in lung-derived samples – in particular in people aged 
60 years or over.

Forty-three percent of isolates were Mycobacterium avium complex (MAC), 
with other common species being M. malmoense (14%) and M. kansasii (13%) 
(Table 1). Four-fifths of isolates were obtained from a pulmonary sample, though 
this was less often the case in children aged under 15.

The authors noted that less than 1 in 10 of the 4732 reports had useful associated 
clinical information. Notwithstanding this, it appeared that HIV infection and cystic 
fibrosis (CF) were generally not contributing to the increased numbers of isolates, 
though chronic respiratory illness might be partly responsible [1].

More recently the public health service has reported cumulative data from 
England, Wales and Northern Ireland covering 2007 to 2012 [2]. Here, the 
authors linked first isolates with individuals and excluded any subsequent posi-
tive results. 21,118 people had NTM culture-positive isolates. Sixteen percent of 
these were M. gordonae, and, given its low likelihood of causing disease, results 
were presented with and without this organism. When excluded, the overall inci-
dence of NTM rose over the study period from 4.8 per 100,000 to 6.3 per 100,000, 
p < 0.001.
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Over 90% of the isolates with a known specimen site were from the lung – and 
the subjects with positive pulmonary samples were older than those with extrapul-
monary isolates (mean age 60 years versus 53 years, respectively).

As in the earlier study, the increase in overall incidence reflected a rise in pulmo-
nary isolates, from 3.4 per 100,000 to 5.0 per 100,000. However, extrapulmonary 
positive cultures actually declined during the same time period (from 0.6 per 
100,000 to 0.4 per 100,000) [2]. The data indicated that MAC was the most com-
mon NTM cultured from pulmonary samples (present in 35.6% of cases). This was 
followed by M. gordonae (16.7%), M. chelonae (9.6%), M. fortuitum (8.2%), M. 
kansasii (5.9%), M. xenopi (5.9%) and M. abscessus (5%).

Whilst most pulmonary isolates increased with increasing age, M. abscessus had 
a biphasic age distribution with peaks between ages 10–19 and 70–79 years. Other 
rapid-growing NTM did not follow this pattern – and the authors suggested that the 
younger age group represented patients with CF lung disease and associated M. 
abscessus. Once again MAC was the most frequent organism cultured from extra-
pulmonary samples (34% of cases). The commonest sites for positive extrapulmo-
nary cultures were blood, lymph nodes and urine [2].

Whilst this study has considerable statistical power due to its large size, it suffers 
from a lack of clinical data and also the uncertainty as to whether all culture-positive 
isolates were in fact reported to public health services. In mitigation of this, the 
authors’ use of just the first positive isolate would make it less likely that this was a 
significant cause of bias. It is also noteworthy that MAC was the commonest overall 
mycobacterial isolate, and not a more rapid grower (which may have been expected 
if the increase in NTM over time was a reflection of improved bacteriological tech-
niques). The study also suffers from its inability to speciate NTM accurately. All 
species that comprise MAC were described as a single group; and M. abscessus 
could not be sub-speciated.

Other reports from England, Wales and Northern Ireland have either focused on 
specific patient population (CF, the HIV infected or bronchiectatics) [3–6] or have 
been more local in their geographic setting [7].

These studies suggest that around 5% of CF populations have been diagnosed 
with pulmonary NTM disease during their clinical care [4]. This appeared to be 
more likely in patients with indicators of advancing disease, e.g. worse lung physi-
ology, and increased isolation of complex bacteria or fungi [5].

The widespread uptake of antiretroviral therapy in HIV-infected populations has 
led to dramatic changes in its associated infection epidemiology. The UK is no 
exception to this, and NTM disease which was typically disseminated, and usually 
MAC diagnosed on positive blood cultures or another extrapulmonary site, in 
reports such as that from Yates covering the period 1984–1992, is now much less 
common [6]. In HIV patients using antiretroviral therapy, NTM disease is usually 
pulmonary and associated with underlying structural lung damage due to previous 
infection or emphysema.

The geographic distribution of NTM appears to vary somewhat across England. 
Whilst Moore [1] showed that the North East of England and London provided the 
greatest number of reports of positive NTM isolates, an association with predispos-
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ing disordered anatomy due to pre-existing lung disease and specific environmental 
local factors cannot be ignored. A recent report from South London (of 57 patients 
satisfying the ATS 2007 criteria for pulmonary NTM) noted that the most common 
organism implicated was not MAC but M. kansasii. The authors commented that 
their patients with this organism had significant pulmonary and systemic symptoms 
and signs – implying that what they were seeing was not overcalling of a bystander 
organism [7].

 Scotland

To date, few NTM epidemiological studies have been carried out in Scotland. 
Bollert et al. using Scottish Mycobacteria Reference Laboratory (SMRL) data [8] 
investigated the prevalence of NTM pulmonary isolates between 1990 and 1993. 
They had previously noted empirically that a particular geographic area of South 
Scotland (Lothian, including Edinburgh) appeared to report cases of pulmonary 
NTM – and in particular M. malmoense – at a higher frequency than elsewhere. 
Overall 248/1005 (24.7%) mycobacterial culture-positive samples were identified 
as NTM, with 53% of isolates in Lothian being NTM, compared to 18% elsewhere 
(Table 2). M. malmoense was isolated more frequently in Lothian than in regions 
beyond this area (41/108 (37.9%) compared to 41/140 (29.2%) cases, respectively). 
Why Lothian should appear to be the site of so much pulmonary NTM and possibly 
more M. malmoense-associated pulmonary NTM disease is unclear and cannot be 
explained by differences in population size alone or the variation in laboratory expe-
rience in NTM identification. The authors described the clinical management of the 
patients in Lothian with M. malmoense (which was one of the aims of their study). 
They found that 75% of patients received treatment, with one-third dying during 
follow-up. Information on possible underlying immunosuppression was limited.

A more detailed retrospective study of pulmonary and extrapulmonary NTM 
isolates from 2000 to 2010 in the SMRL sought to examine trends over time and 
further explore the clinical significance of pulmonary isolates [using the ATS 
“microbiological criteria”] [9]. A single positive extrapulmonary culture was taken 
as significant. M. gordonae was considered a likely contaminant/colonizer and so 
excluded from analysis. Overall there was a mean incidence of 2.43/100000, with 
no clear trend over time [9]. Sixty-four percent of NTM specimens came from 
patients over 50, with the exception of adenitis samples; 72% were from children 
under 5 years of age. Rates were slightly higher in males (2.53) compared to females 
(2.33), and isolation is more frequent in men (46.5% were in women). The majority 
of NTM isolates came from pulmonary specimens 933/1370 (68.1%), collected 
from 557 patients. 86.5% (806/933) were considered clinically significant. MAC 
was the most common species identified in pulmonary specimens (44.8%), fol-
lowed by M. malmoense 21.7% and M. abscessus 13.7% (Table 2). M. marinum was 
the most frequently isolated organism from cutaneous specimens (32.1%), followed 
by M. chelonae 28.3%.
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The apparently high frequency of detection of M. malmoense has been reported 
previously from the SMRL, where it comprised 39% of all NTM isolates between 
1985 and 1990 [10].

The authors noted that over the study period, 209/557 (37.5%) patients had 
another episode of infection (defined as an organism identified >12 months from a 
previous positive specimen). However, in 94% these were the same organism and 
may in fact have represented relapse since molecular methods were not used to 
distinguish reinfection from relapse.

Their study could identify patients with cystic fibrosis – and this was strongly 
associated with M. abscessus (68% CF-related NTM episodes compared to 5% in 
the rest of the population). Of note, females with CF appeared more likely to have 
M. abscessus infection.

In agreement with Bollert et al., this study found the highest rates of NTM in 
Lothian and Greater Glasgow (32.5 and 3.66 per 100,000, respectively), far greater 
than the national average rate of 1.34–1.49. The reasons for these differences remain 
unclear, though they pointed out that there is little guidance for local laboratories to 
determine which positive samples to send – with some passing on all to the SMRL 
for speciation and others sending only enough to determine the organism and if this 
constituted clinical disease.

 Ireland

A single population-based study (population >500,000) carried out in South-West 
Ireland (Counties Cork and Kerry), between 1987 and 2000, investigated rates of 
NTM compared to MTB and M. bovis [11]. Criteria were used to define episodes of 
disease (ATS 1990 and subsequently 1997 pulmonary NTM criteria; extrapulmo-
nary positive culture). The mean annual incidence of disease-causing isolates was 
0.4 per 100,000. This rose gradually between 1995 and 2000 – and was statistically 
significant (p < 0.001), mainly due to an increase in pulmonary NTM. Although this 
may be explained by better detection methods, the authors note that the increase in 
NTM had been occurring before more advanced culture methods were introduced.

NTM was identified in 143/960 (18%) of all mycobacterial cultures. 32 (22.3%) 
of these isolates were thought to be disease-causing – with 17 (53%) from pulmo-
nary samples. The male-to-female ratio of disease-causing isolates was 1:1. MAC 
was the commonest cause of disease at both pulmonary and extrapulmonary sites. 
The mean annual incidence of MAC was 0.3 per 100,000. Of 32 isolates, 23 (71.9%) 
were MAC, 5 (15.6%) M. malmoense, 2 (6.3%) M. abscessus, 1 (3.1%) M. kansasii 
and 1 (3.1%) M. marinum (Table 3).

Another retrospective study in Ireland identified patients with positive NTM iso-
lated from pulmonary specimens through review of historical medical records [12]. 
The authors excluded people with CF and identified 37 respiratory patients (18 
female, 19 male) who had NTM isolated between January 2007 and July 2012. M. 
avium was the most common NTM, present in 60% (22) of patients. Other NTM 
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included M. intracellulare (11%) (elsewhere often combined with M. avium as 
MAC), M. gordonae (4%), M. szulgai (5%), M. chelonae 5% and M. abscessus 5% 
(Table 3). There was a higher frequency of NTM in men with COPD and women 
with bronchiectasis.

In a global cross-sectional study of NTM in pulmonary specimens in 2008 [13], 
Ireland’s National Mycobacterial Reference Laboratory reported 78 NTM positive 
isolates, of which 30.8% (24) were M. avium, 12.8% (10) M. intracellulare, 10.3% 
(8) M. chelonae, 10.3% (8) M. interjectum, 9% (7) M. malmoense and 7.8% (6) 
M. kansasii (Table 3). As with other Northern European countries, MAC accounted 
for the majority of cases, a picture unchanged from the earlier regional studies. The 
small numbers of other identified NTM species makes it difficult to be precise about 
variation in their frequency compared to each other and over time. The estimated 
mean annual incidence rate of pulmonary NTM isolates in 2008 was 1.64 per 
100,000 – a marked increase compared to the previous study. However, as noted 
elsewhere, it is difficult to disentangle the strength of the signal from increased 
clinical awareness of NTM disease and improved laboratory methods over time.

 Spain

Studies of NTM epidemiology in Spain are fairly limited and have focussed on 
certain at-risk groups such as non-CF bronchiectasis or HIV. An exception is a large 
isolate-based study that, using data on 11,128 isolates from 41 laboratories, showed 
more NTM were identified between 1991 and 1996 than in the preceding 20 years 
[10]. Once again this suffered from a number of potential biases – including issues 
of improving detection techniques over time.

More recently the 2008 NTM-NET collaborative cross-sectional study identified 
805 NTM isolates in pulmonary specimens from patients in Madrid and Barcelona 
[13]. 39% (313) were MAC, 9.7% M. gordonae, 8.9% M. fortuitum, 7.7% M. xenopi, 
3.6% M. chelonae, 3.5% M. abscessus and 2.1% M. kansasii (Table 4).

A multicentre study of 218 adults with non-CF bronchiectasis followed up 
between 2002 and 2010 for >5 years estimated the NTM prevalence [14]. NTM 
were isolated from the sputum of 18/218 (8.2%) patients. MAC was again the most 
common organism (present in 50% of cases). Others were M. abscessus, M. fortui-
tum, M. gordonae, M. chelonae and M. lentiflavum. Patients with NTM tended to be 
older (64 vs. 54.9  years, p  <  0.05) and have better lung function (FVC >75%), 
though lower body mass index (?BMI). They were less frequently colonized with 
P. aeruginosa or H. Influenzae but more often with Aspergillus. In the 18 patients 
where NTM was isolated, 33% were smear-positive, and 28% met the 2007 ATS 
criteria for NTM lung disease.

Another study using data collected by the Spanish Ministry of Health’s Minimum 
Basic Data Set of hospital admissions between 1997 and 2010 estimated the inci-
dence of NTM in patients with and without HIV [15]. Inevitably the rate in HIV- 
infected individuals was 1000-fold higher. However, whilst it decreased over time 
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in HIV-positive patients (from 2.29 to 0.71 per 1000 patient years) presumably due 
to the increased use of effective antiretroviral therapy, it rose in the HIV-negative 
population from 0.29 (1997–1999) to 0.4 (2000–2004) per 100,000 patient years. 
Mortality in the HIV-negative group appeared to increase over time – which may 
reflect irreversible comorbidities such as chronic respiratory disease, present in over 
one-third of subjects.

 Summary

Published studies from England, Wales, Northern Ireland, Ireland, Scotland and 
Spain suggest that there has been a consistent increase in reports of NTM. The fre-
quency of positive isolates increases with age – and is generally in pulmonary sam-
ples. However the quality and breadth of the data are variable across studies and 
countries. The most frequently isolated organism is Mycobacterium avium com-
plex – generally both from pulmonary and extrapulmonary samples. There appears 
to be some geographic distribution to isolates, e.g. Scotland has a higher isolation 
frequency of M. malmoense. Local epidemiology in Scotland, however, seems not 
to be due to different laboratory techniques. The evidence for an association with 
structural lung disease is reported, though the lack of good clinical data linked to 
mycobacterial isolates makes it hard to be specific about risk factors such as chronic 
obstructive pulmonary disease, previous tuberculosis, or the use of confounders 
such as inhaled steroids which may be used more in people with lung disease.

 Europe Remain (Europe Except England, Wales,  
Northern Ireland, Ireland, Scotland and Spain)

Felix C. Ringshausen

 Europe (Remain)

There are numerous recent studies reporting about NTM epidemiology across 
Europe [16]. However, most of these reports use variable methodology, ranging 
from single centre [17] to nationally representative [18] and from isolate-based to 
sentinel-site [19, 20] or population-based approaches [21–24].

In addition, study target populations differ considerably across the available 
studies. Some studies reported outcomes from positive mycobacterial isolates from 
respiratory specimens only [25, 26], while others included extrapulmonary samples 
[27]. One study covered subjects who received treatment for NTM disease only [28], 
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while others focused on hospitalized subjects [17, 22] or subjects with  concomitant 
pulmonary TB [29]. M. gordonae was excluded in one study as considered to be 
non-pathogenic [30], while other studies found this species in up to 12% of subjects 
with NTM-PD [31]. Some of the available reports provide data on unique NTM 
species [32–37] or (pseudo-)outbreaks at a single centre (or laboratory) [33, 38], 
while others focus on populations with increased susceptibility to NTM-PD, such as 
subjects with cystic fibrosis (CF) or chronic obstructive pulmonary disease (COPD) 
[33, 39–43], or summarize international multicentre experience [44–46]. Some 
studies included only HIV-negative subjects [17, 20, 28, 31].

With regard to isolated species, there are considerable differences between and 
even within studies, which may be attributable to regional geographical rather than 
country-specific variations. In summary, MAC appears to be the most prevalent spe-
cies. Hoefsloot and colleagues provided a comprehensive overview of different 
NTM isolation frequencies between European laboratories in their pivotal “NTM 
world map” paper [45]. However, these differences in study designs and methodolo-
gies often complicate comparison between data and hinder meaningful conclusions 
to be drawn. The heterogeneity in methodology is essentially caused by the fact that 
neither NTM isolation nor NTM-PD or clinical significant extrapulmonary NTM 
infections are notifiable health conditions in most European countries [46].

Overall, data on several aspects of the epidemiology of NTM are available for the 
following European countries: Austria, Belgium, Croatia, Czech Republic, 
Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Italy, Luxembourg, 
the Netherlands, Norway, Poland, Portugal, Slovenia, Slovakia, Spain, Sweden, 
Switzerland and the United Kingdom of Great Britain and Northern Ireland includ-
ing Scotland (see Table 5 for selected examples) [22–24, 32, 33, 44–48].

Those studies reporting on trends over time found consistent increases in isola-
tion frequency [36, 49, 50], hospitalization frequency [22] or NTM-PD prevalence 
[23]. A German population-based study using routine statutory health insurance 
claim data reported increasing prevalence rates from 2.3 to 3.3 cases per 100,000 
population from 2009 to 2014 [23]. Incidence rates of NTM-PD have been reported 
for a few European studies: in France 0.72 to 0.74 per 100,000 population between 
2001 and 2003 [20]; in Greece 0.54 to 0.94 per 100,000 population between 2004 
and 2006 [30]; in Denmark, a stable mean annual incidence rate of NTM-PD of 1.08 
per 100,000 population between 2003 and 2008 [21]; and in Croatia an annual 
 incidence rate of 0.23 per 100,000 population between 2006 and 2010. Very recently 
the cumulative incidence rate for NTM-PD was reported as 2.6 per 100,000 insured 
persons (95% CI 2.2–3.1) in Germany in 2010 and 2011, with an increased mortal-
ity rate for patients with NTM-PD compared to a age-, sex- and comorbidity- 
matched control group (22.4% vs. 6%, p < 0.001) [24].

Apparently, European subjects with NTM isolation and NTM-PD differ from 
North American populations in terms of a slightly younger age and a higher propor-
tion of male subjects [16]. In Europe, COPD appears to be a major risk factor for 
NTM isolation and disease and is the most prevalent comorbidity [22, 23, 30, 50]. 
In addition, COPD is associated with increased mortality among patients with NTM 
disease [21, 24]. In a recent German health economic study, the mean direct 

D. Wagner et al.



179

Ta
bl

e 
5 

Se
le

ct
ed

 s
tu

di
es

 f
ro

m
 N

or
th

er
n,

 C
en

tr
al

, W
es

te
rn

, S
ou

th
er

n 
an

d 
So

ut
he

as
te

rn
 E

ur
op

e 
th

at
 h

av
e 

pu
bl

is
he

d 
da

ta
 o

n 
is

ol
at

io
n 

of
 a

nd
 d

is
ea

se
 d

ue
 to

 N
T

M

St
ud

y 
lo

ca
tio

n
St

ud
y 

pe
ri

od
Ta

rg
et

 
po

pu
la

tio
n

V
ar

io
us

 p
ro

po
rt

io
na

l d
at

a

M
ed

ia
n 

or
 

m
ea

n 
ag

e,
 

fe
m

al
e 

%

Pr
ev

al
en

t 
sp

ec
ie

s

Id
en

tifi
ca

tio
n 

m
et

ho
d

A
dd

iti
on

al
 in

fo
rm

at
io

n 
[p

ro
po

rt
io

n 
of

 p
re

va
le

nt
 

sp
ec

ie
s 

of
 is

ol
at

es
]

A
nn

ot
at

io
n

R
ef

er
en

ce

N
T

M
 

is
ol

at
e/

cu
ltu

re
- 

po
si

tiv
e 

sp
ec

im
en

 
(%

)

Pa
tie

nt
 

w
ith

 
N

T
M

- 
is

ol
at

e/
cu

ltu
re

- 
po

si
tiv

e 
pa

tie
nt

 
(%

)

N
T

M
-P

D
 

pa
tie

nt
a /p

at
ie

nt
 

w
ith

 
N

T
M

- i
so

la
te

 (
%

)

N
T

M
-P

D
 

pa
tie

nt
a /N

T
M

 
cu

ltu
re

- p
os

iti
ve

 
sp

ec
im

en
s 

(%
)

Pr
op

or
tio

n 
of

 
ea

ch
 p

re
va

le
nt

 
N

T
M

 s
pe

ci
es

 
am

on
g 

N
T

M
-P

D
 

pa
tie

nt
s

C
ro

at
ia

20
06

–
20

10
A

ll 
C

ro
at

ia
n 

re
si

de
nt

s 
w

ith
 

N
T

M
 is

ol
at

ed
 

fr
om

 r
es

pi
ra

to
ry

 
sa

m
pl

es
 b

y 
cu

ltu
re

N
A

N
A

65
/1

18
7 

(5
%

),
 

ac
co

rd
in

g 
to

 
A

T
S-

de
fin

ed
 

m
ic

ro
bi

ol
og

ic
al

 
cr

ite
ri

a 
(“

pr
ob

ab
le

 
N

T
M

-P
D

”)

65
/1

71
0 

(4
%

),
 

ac
co

rd
in

g 
to

 
A

T
S-

de
fin

ed
 

m
ic

ro
bi

ol
og

ic
al

 
cr

ite
ri

a 
(“

pr
ob

ab
le

 
N

T
M

-P
D

”)

M
ed

ia
n 

66
 y

ea
rs

; 
48

%

M
. x

en
op

i 3
2%

, 
M

. a
vi

um
 2

2%
, 

M
. i

nt
ra

ce
llu

la
re

 
12

%
, M

. 
go

rd
on

ae
 8

%
, 

M
. k

an
sa

si
i 6

%
, 

M
. f

or
tu

itu
m

 
5%

, M
. 

ab
sc

es
su

s 
5%

, 
ot

he
r 1

1%
 

("
pr

ob
ab

le
 

N
T

M
-P

D
”)

G
en

oT
yp

e 
M

yc
ob

ac
te

ri
um

 
C

M
/A

S 
(H

ai
n 

L
if

es
ci

en
ce

, 
G

er
m

an
y)

, 
su

pp
le

m
en

te
d 

w
ith

 p
he

no
ty

pi
c 

m
et

ho
ds

M
. g

or
do

na
e 

43
%

, 
M

. x
en

op
i 1

6%
, 

M
. f

or
tu

it
um

 1
2%

, 
M

. t
er

ra
e 

8%
, M

. a
vi

um
 

4%
, M

. a
bs

ce
ss

us
 3

%
, 

M
. i

nt
ra

ce
ll

ul
ar

e 
2%

, 
M

. k
an

sa
si

i 1
%

, 
ot

he
r 

14
%

A
nn

ua
l i

nc
id

en
ce

 
of

 p
ro

ba
bl

e 
N

T
M

-P
D

 w
as

 
0.

23
 p

er
 1

00
,0

00
 

po
pu

la
tio

n.
 

Is
ol

at
io

n 
fr

eq
ue

nc
y 

in
cr

ea
se

d 
ov

er
 th

e 
st

ud
y 

pe
ri

od
. O

f 
no

te
, l

im
ite

d 
cl

in
ic

al
 d

at
a 

w
as

 
av

ai
la

bl
e.

 T
hu

s 
pr

ob
ab

le
 

N
T

M
-P

D
 w

as
 

us
ed

 a
cc

or
di

ng
 to

 
A

T
S 

m
ic

ro
bi

ol
og

ic
al

 
cr

ite
ri

a

[1
8]

(c
on

tin
ue

d)

Global Epidemiology of NTM Disease (Except Northern America)



180

Z
ab

ok
, 

C
ro

at
ia

20
07

–
20

12
Pa

tie
nt

s 
w

ith
 

su
sp

ec
te

d 
m

yc
ob

ac
te

ri
al

 
in

fe
ct

io
n

N
A

15
0/

39
03

 
(4

%
)

0/
15

0 
(0

%
)

0/
15

0 
(0

%
)

M
en

 
m

ed
ia

n 
70

 y
ea

rs
, 

w
om

en
 

m
ed

ia
n 

74
 y

ea
rs

, 
59

/1
50

 
w

om
en

 
(3

9%
)

N
A

G
en

oT
yp

e 
M

yc
ob

ac
te

ri
um

 
C

M
/A

S 
(H

ai
n 

L
if

es
ci

en
ce

, 
G

er
m

an
y)

M
. g

or
do

na
e 

(9
0%

),
 

M
. f

or
tu

it
um

 (
5%

),
 

M
. n

on
ch

ro
m

og
en

ic
um

 
(3

%
),

 M
. t

er
ra

e 
an

d 
M

. x
en

op
i (

1%
, e

ac
h)

N
os

oc
om

ia
l 

ps
eu

do
-o

ut
br

ea
k 

of
 M

yc
ob

ac
te

ri
um

 
go

rd
on

ae
 

as
so

ci
at

ed
 w

ith
 a

 
ho

sp
ita

l’s
 w

at
er

 
su

pp
ly

 
co

nt
am

in
at

io
n

[3
8]

Ta
bl

e 
5 

(c
on

tin
ue

d)

St
ud

y 
lo

ca
tio

n
St

ud
y 

pe
ri

od
Ta

rg
et

 
po

pu
la

tio
n

V
ar

io
us

 p
ro

po
rt

io
na

l d
at

a

M
ed

ia
n 

or
 

m
ea

n 
ag

e,
 

fe
m

al
e 

%

Pr
ev

al
en

t 
sp

ec
ie

s

Id
en

tifi
ca

tio
n 

m
et

ho
d

A
dd

iti
on

al
 in

fo
rm

at
io

n 
[p

ro
po

rt
io

n 
of

 p
re

va
le

nt
 

sp
ec

ie
s 

of
 is

ol
at

es
]

A
nn

ot
at

io
n

R
ef

er
en

ce

N
T

M
 

is
ol

at
e/

cu
ltu

re
- 

po
si

tiv
e 

sp
ec

im
en

 
(%

)

Pa
tie

nt
 

w
ith

 
N

T
M

- 
is

ol
at

e/
cu

ltu
re

- 
po

si
tiv

e 
pa

tie
nt

 
(%

)

N
T

M
-P

D
 

pa
tie

nt
a /p

at
ie

nt
 

w
ith

 
N

T
M

- i
so

la
te

 (
%

)

N
T

M
-P

D
 

pa
tie

nt
a /N

T
M

 
cu

ltu
re

- p
os

iti
ve

 
sp

ec
im

en
s 

(%
)

Pr
op

or
tio

n 
of

 
ea

ch
 p

re
va

le
nt

 
N

T
M

 s
pe

ci
es

 
am

on
g 

N
T

M
-P

D
 

pa
tie

nt
s

D. Wagner et al.



181

D
en

m
ar

k
19

97
–

20
08

A
ll 

D
an

is
h 

re
si

de
nt

s 
ag

ed
 

>
 =

 1
5 

ye
ar

s,
 

w
ith

 a
t l

ea
st

 o
ne

 
N

T
M

-p
os

iti
ve

 
pu

lm
on

ar
y 

ba
ct

er
io

lo
gi

ca
l 

sp
ec

im
en

N
A

N
A

57
3/

12
82

 (
45

%
)

N
A

M
ea

n 
61

 y
ea

rs
, 

41
%

M
A

C
 5

7%
, M

. 
m

al
m

oe
ns

e 
8%

, M
. x

en
op

i 
8%

, 
M

. g
or

do
na

e 
5%

, o
th

er
 

no
n-

R
G

M
 1

2%
 

(i
nc

lu
di

ng
 

M
. c

el
at

um
 4

%
 

an
d 

M
. s

zu
lg

ai
 

2%
),

 R
G

M
 

10
%

 (
in

cl
ud

in
g 

M
. a

bs
ce

ss
us

 
7%

 a
nd

 
M

. f
or

tu
it

um
 

1.
3%

)

N
A

T
he

 m
ea

n 
an

nu
al

 
ag

e-
st

an
da

rd
iz

ed
 

in
ci

de
nc

e 
ra

te
 o

f 
pa

tie
nt

s 
w

ith
 a

t 
le

as
t 1

 
N

T
M

-p
os

iti
ve

 
sp

ec
im

en
 w

as
 

2.
44

 p
er

 1
00

,0
00

 
pe

rs
on

-y
ea

rs
 

be
tw

ee
n 

19
97

 a
nd

 
20

08
, w

ith
 a

n 
in

ci
de

nc
e 

ra
te

 p
er

 
10

0,
00

0 
pe

rs
on

-y
ea

rs
 o

f 
1.

36
 f

or
 N

T
M

 
co

lo
ni

za
tio

n 
an

d 
1.

08
 f

or
 N

T
M

 
di

se
as

e.
 P

at
ie

nt
s 

w
ith

 N
T

M
 

co
lo

ni
za

tio
n 

an
d 

di
se

as
e 

ha
d 

si
m

ila
rl

y 
po

or
 

pr
og

no
si

s.
 

N
eg

at
iv

e 
pr

og
no

st
ic

 f
ac

to
rs

 
in

cl
ud

ed
 h

ig
h 

le
ve

ls
 o

f 
co

m
or

bi
di

ty
, 

ad
va

nc
ed

 a
ge

, 
m

al
e 

se
x 

an
d 

M
. x

en
op

i

[2
1]

(c
on

tin
ue

d)

Global Epidemiology of NTM Disease (Except Northern America)



182

Fr
an

ce
20

01
–

20
03

H
IV

-n
eg

at
iv

e 
pa

tie
nt

s 
w

ith
 

N
T

M
 is

ol
at

es
 

ac
co

rd
in

g 
to

 
A

T
S-

de
fin

ed
 

ba
ct

er
io

lo
gi

ca
l 

cr
ite

ri
a

N
A

N
A

N
A

N
A

M
ea

n 
ag

e 
ra

ng
ed

 fr
om

 
70

 y
ea

rs
 

am
on

g 
M

A
C

 
pa

tie
nt

s 
to

 
54

 y
ea

rs
 

am
on

g 
su

bj
ec

ts
 

w
ith

 
in

fe
ct

io
ns

 
du

e 
to

 
M

. k
an

sa
si

i; 
th

e 
pr

op
or

tio
n 

of
 fe

m
al

es
 

ra
ng

ed
 fr

om
 

60
%

 a
m

on
g 

M
A

C
 

pa
tie

nt
s 

to
 

21
%

 a
m

on
g 

su
bj

ec
ts

 
in

fe
ct

ed
 b

y 
M

. k
an

sa
si

i 
or

 
M

. x
en

op
i

M
A

C
 4

8%
, 

M
. x

en
op

i 2
5%

, 
M

. k
an

sa
si

i 
13

%
, 

M
. a

bs
ce

ss
us

 
10

%
, o

th
er

 5
%

Id
en

tifi
ca

tio
n 

of
 

is
ol

at
es

 w
as

 
pe

rf
or

m
ed

 u
si

ng
 

ap
pr

ov
ed

 
m

et
ho

ds
, 

in
cl

ud
in

g 
bi

oc
he

m
ic

al
 te

st
s 

an
d/

or
 m

ol
ec

ul
ar

 
te

st
s 

su
ch

 a
s 

D
N

A
 p

ro
be

s 
or

 
ge

no
m

ic
 ty

pi
ng

In
 th

e 
Pa

ri
s 

ar
ea

, 
M

. x
en

op
i w

as
 th

e 
m

os
t f

re
qu

en
tly

 
is

ol
at

ed
 s

pe
ci

es
, 

fo
llo

w
ed

 b
y 

M
A

C
. M

os
t 

pa
tie

nt
s 

(>
50

%
),

 
ex

ce
pt

 th
os

e 
w

ith
 

M
. k

an
sa

si
i, 

ha
d 

un
de

rl
yi

ng
 

pr
ed

is
po

si
ng

 
fa

ct
or

s 
su

ch
 a

s 
pr

e-
ex

is
tin

g 
pu

lm
on

ar
y 

di
se

as
e 

or
 im

m
un

e 
de

fic
ie

nc
y.

 T
he

 
in

ci
de

nc
e 

of
 

no
nt

ub
er

cu
lo

us
 

m
yc

ob
ac

te
ri

a 
pu

lm
on

ar
y 

in
fe

ct
io

ns
 in

 
H

IV
- n

eg
at

iv
e 

pa
tie

nt
s 

w
as

 
es

tim
at

ed
 a

t 0
.7

4,
 

0.
73

 a
nd

 0
.7

2 
ca

se
s 

pe
r 1

00
,0

00
 

in
ha

bi
ta

nt
s 

in
 

20
01

, 2
00

2 
an

d 
20

03
, r

es
pe

ct
iv

el
y

[2
0]

Ta
bl

e 
5 

(c
on

tin
ue

d)

St
ud

y 
lo

ca
tio

n
St

ud
y 

pe
ri

od
Ta

rg
et

 
po

pu
la

tio
n

V
ar

io
us

 p
ro

po
rt

io
na

l d
at

a

M
ed

ia
n 

or
 

m
ea

n 
ag

e,
 

fe
m

al
e 

%

Pr
ev

al
en

t 
sp

ec
ie

s

Id
en

tifi
ca

tio
n 

m
et

ho
d

A
dd

iti
on

al
 in

fo
rm

at
io

n 
[p

ro
po

rt
io

n 
of

 p
re

va
le

nt
 

sp
ec

ie
s 

of
 is

ol
at

es
]

A
nn

ot
at

io
n

R
ef

er
en

ce

N
T

M
 

is
ol

at
e/

cu
ltu

re
- 

po
si

tiv
e 

sp
ec

im
en

 
(%

)

Pa
tie

nt
 

w
ith

 
N

T
M

- 
is

ol
at

e/
cu

ltu
re

- 
po

si
tiv

e 
pa

tie
nt

 
(%

)

N
T

M
-P

D
 

pa
tie

nt
a /p

at
ie

nt
 

w
ith

 
N

T
M

- i
so

la
te

 (
%

)

N
T

M
-P

D
 

pa
tie

nt
a /N

T
M

 
cu

ltu
re

- p
os

iti
ve

 
sp

ec
im

en
s 

(%
)

Pr
op

or
tio

n 
of

 
ea

ch
 p

re
va

le
nt

 
N

T
M

 s
pe

ci
es

 
am

on
g 

N
T

M
-P

D
 

pa
tie

nt
s

D. Wagner et al.



183

M
ar

se
ill

e,
 

Fr
an

ce
20

10
–

20
14

Pe
di

at
ri

c 
an

d 
ad

ul
t C

F 
pa

tie
nt

s

N
A

25
/3

54
 

(7
%

)
2/

6 
(3

3%
) 

w
ith

 
M

. l
en

ti
fla

vu
m

 
de

te
ct

io
n

N
A

N
A

, 5
6%

N
A

Sp
ec

ifi
c 

re
al

-t
im

e 
PC

R
 a

ss
ay

M
. a

bs
ce

ss
us

 c
om

pl
ex

 
48

%
, M

A
C

 3
2%

, 
M

. l
en

ti
fla

vu
m

 2
4%

; 
M

. l
en

ti
fla

vu
m

 w
as

 o
nl

y 
de

te
ct

ed
 in

 m
al

es
 (

m
ea

n 
ag

e 
of

 2
2 

yr
s)

T
hi

s 
st

ud
y 

de
sc

ri
be

s 
a 

M
. 

le
nt

ifl
av

um
 

ou
tb

re
ak

 a
m

on
g 

C
F 

pa
tie

nt
s

[3
3]

G
er

m
an

y
20

05
–

20
11

Pa
tie

nt
s 

w
ith

 
N

T
M

-P
D

 a
m

on
g 

>
12

5 
m

ill
io

n 
ho

sp
ita

liz
at

io
ns

N
A

N
A

N
A

N
A

N
A

N
A

IC
D

-1
0 

ho
sp

ita
l 

di
sc

ha
rg

e 
co

de
 

A
31

.0
, e

xt
ra

ct
ed

 
fr

om
 o

ffi
ci

al
 

na
tio

nw
id

e 
D

R
G

 
ho

sp
ita

l s
ta

tis
tic

s

N
o 

da
ta

 o
n 

sp
ec

ie
s 

av
ai

la
bl

e
B

et
w

ee
n 

20
05

 a
nd

 
20

11
, t

he
 o

ve
ra

ll 
ag

e-
ad

ju
st

ed
 r

at
e 

of
 h

os
pi

ta
liz

at
io

ns
 

as
so

ci
at

ed
 w

ith
 

N
T

M
-P

D
 

in
cr

ea
se

d 
fr

om
 

0.
73

 to
 1

.0
9 

pe
r 

10
0,

00
0 

po
pu

la
tio

n,
 w

ith
 

th
e 

m
os

t 
pr

on
ou

nc
ed

 
in

cr
ea

se
 a

m
on

g 
fe

m
al

es
 a

nd
 

su
bj

ec
ts

 w
ith

 
C

F.
 C

O
PD

, w
as

 
th

e 
m

os
t f

re
qu

en
t 

co
nd

iti
on

 
as

so
ci

at
ed

 w
ith

 
N

T
M

-P
D

 a
nd

 a
ls

o 
sh

ow
ed

 a
 

si
gn

ifi
ca

nt
 

av
er

ag
e 

an
nu

al
 

in
cr

ea
se

 o
f 

5%

[2
2]

(c
on

tin
ue

d)

Global Epidemiology of NTM Disease (Except Northern America)



184

G
er

m
an

y
20

09
–

20
14

Pa
tie

nt
s 

w
ith

 
pr

ev
al

en
t 

N
T

M
-P

D
 

am
on

g 
ap

pr
ox

im
at

el
y 

4 
m

ill
io

n 
in

su
re

d 
su

bj
ec

ts
 c

ov
er

ed
 

by
 s

ta
tu

to
ry

 
he

al
th

 in
su

ra
nc

e

N
A

N
A

N
A

N
A

M
ea

n 
55

– 
61

 y
ea

rs
, 

43
–5

3%

N
A

IC
D

-1
0 

co
de

 
A

31
.0

, e
xt

ra
ct

ed
 

fr
om

 r
ou

tin
e 

st
at

ut
or

y 
he

al
th

 
in

su
ra

nc
e 

cl
ai

m
s 

da
ta

N
o 

da
ta

 o
n 

sp
ec

ie
s 

av
ai

la
bl

e
B

et
w

ee
n 

20
09

 a
nd

 
20

14
, p

re
va

le
nc

e 
ra

te
s 

in
cr

ea
se

d 
fr

om
 2

.3
 to

 3
.3

 
ca

se
s/

10
0,

00
0 

po
pu

la
tio

n.
 

Pr
ev

al
en

ce
 

sh
ow

ed
 a

 s
tr

on
g 

as
so

ci
at

io
n 

w
ith

 
ad

va
nc

ed
 a

ge
 a

nd
 

C
O

PD

[2
3]

Ta
bl

e 
5 

(c
on

tin
ue

d)

St
ud

y 
lo

ca
tio

n
St

ud
y 

pe
ri

od
Ta

rg
et

 
po

pu
la

tio
n

V
ar

io
us

 p
ro

po
rt

io
na

l d
at

a

M
ed

ia
n 

or
 

m
ea

n 
ag

e,
 

fe
m

al
e 

%

Pr
ev

al
en

t 
sp

ec
ie

s

Id
en

tifi
ca

tio
n 

m
et

ho
d

A
dd

iti
on

al
 in

fo
rm

at
io

n 
[p

ro
po

rt
io

n 
of

 p
re

va
le

nt
 

sp
ec

ie
s 

of
 is

ol
at

es
]

A
nn

ot
at

io
n

R
ef

er
en

ce

N
T

M
 

is
ol

at
e/

cu
ltu

re
- 

po
si

tiv
e 

sp
ec

im
en

 
(%

)

Pa
tie

nt
 

w
ith

 
N

T
M

- 
is

ol
at

e/
cu

ltu
re

- 
po

si
tiv

e 
pa

tie
nt

 
(%

)

N
T

M
-P

D
 

pa
tie

nt
a /p

at
ie

nt
 

w
ith

 
N

T
M

- i
so

la
te

 (
%

)

N
T

M
-P

D
 

pa
tie

nt
a /N

T
M

 
cu

ltu
re

- p
os

iti
ve

 
sp

ec
im

en
s 

(%
)

Pr
op

or
tio

n 
of

 
ea

ch
 p

re
va

le
nt

 
N

T
M

 s
pe

ci
es

 
am

on
g 

N
T

M
-P

D
 

pa
tie

nt
s

D. Wagner et al.



185

G
er

m
an

y
20

10
–

20
15

Pa
tie

nt
s 

w
ith

 
in

ci
de

nt
 

N
T

M
-P

D
 

am
on

g 
ap

pr
ox

im
at

el
y 

5 
m

ill
io

n 
in

su
re

d 
su

bj
ec

ts
 c

ov
er

ed
 

by
 s

ta
tu

to
ry

 
he

al
th

 in
su

ra
nc

e

N
A

N
A

N
A

N
A

M
ea

n 
50

 y
ea

rs
; 

50
%

N
A

IC
D

-1
0 

co
de

 
A

31
.0

, e
xt

ra
ct

ed
 

fr
om

 r
ou

tin
e 

st
at

ut
or

y 
he

al
th

 
in

su
ra

nc
e 

cl
ai

m
s 

da
ta

N
o 

da
ta

 o
n 

sp
ec

ie
s 

av
ai

la
bl

e
T

he
 in

ci
de

nc
e 

ra
te

 
fo

r 
N

T
M

-P
D

 w
as

 
2.

6 
pe

r 
10

0,
00

0 
in

su
re

d 
pe

rs
on

s 
in

 
20

10
 a

nd
 2

01
1.

 
Su

bj
ec

ts
 w

ith
 

N
T

M
-P

D
 h

ad
 a

 
si

gn
ifi

ca
nt

ly
 

in
cr

ea
se

d 
ri

sk
 o

f 
de

at
h 

co
m

pa
re

d 
to

 
ag

e-
, s

ex
- 

an
d 

co
m

or
bi

di
ty

-
m

at
ch

ed
 c

on
tr

ol
s,

 
in

 p
ar

tic
ul

ar
 in

 
su

bj
ec

ts
 w

ith
 

co
ex

is
tin

g 
C

O
PD

[2
4]

A
th

en
s,

 
G

re
ec

e
20

07
–

20
13

In
- 

an
d 

ou
tp

at
ie

nt
s 

at
 a

 
si

ng
le

 c
en

tr
e,

 
w

ith
 a

t l
ea

st
 o

ne
 

N
T

M
 

cu
ltu

re
-p

os
iti

ve
 

re
sp

ir
at

or
y 

sp
ec

im
en

N
A

N
A

12
/7

4 
(1

6%
),

 
w

ith
 c

lin
ic

al
 d

at
a 

av
ai

la
bl

e

M
ed

ia
n 

69
 y

ea
rs

; 
37

%

M
A

C
 5

0%
, 

un
id

en
tifi

ed
 

17
%

, M
. 

ab
sc

es
su

s,
 M

. 
go

rd
on

ae
, M

. 
fo

rt
ui

tu
m

, M
. 

xe
no

pi
, 8

%
 

ea
ch

G
en

oT
yp

e 
M

yc
ob

ac
te

ri
um

 
C

M
/A

S 
(H

ai
n 

L
if

es
ci

en
ce

, 
G

er
m

an
y)

12
0/

12
8 

(9
4%

) 
is

ol
at

es
 w

er
e 

fr
om

 
re

sp
ir

at
or

y 
sa

m
pl

es
; 5

6/
12

0 
(4

6%
) 

pa
tie

nt
s 

fu
lfi

lle
d 

A
T

S/
ID

SA
 

m
ic

ro
bi

ol
og

ic
al

 
cr

ite
ri

a;
 N

T
M

 
in

ci
de

nc
e 

w
as

 
18

.9
 a

nd
 8

.8
 p

er
 

10
0,

00
0 

in
- 

an
d 

ou
tp

at
ie

nt
s,

 
re

sp
ec

tiv
el

y

[2
6]

(c
on

tin
ue

d)

Global Epidemiology of NTM Disease (Except Northern America)



186

A
th

en
s,

 
G

re
ec

e
19

90
–

20
13

H
IV

-n
eg

at
iv

e 
pa

tie
nt

s 
w

ith
 

N
T

M
-P

D
 

re
ce

iv
in

g 
tr

ea
tm

en
t

46
7/

42
41

 
(1

1%
) 

in
 

20
05

–
20

13

N
A

N
A

51
/4

67
 in

 
20

05
–2

01
3

M
ea

n 
59

 y
ea

rs
; 

49
%

M
A

C
 6

3%
 (

M
. 

av
iu

m
 5

7%
),

 
M

. k
an

sa
si

i 
12

%
, R

G
M

 
11

%
 (

5 
M

. 
ch

el
on

ae
, 2

 M
. 

fo
rt

ui
tu

m
, 1

 M
. 

ab
sc

es
su

s)
, 

ot
he

r 
SG

M
 

11
%

 (
4 

M
. 

m
al

m
oe

ns
e,

 
2 

M
. x

en
op

i, 
1 

M
. c

el
at

um
 

an
d 

1 
M

. 
le

nt
ifl

av
um

)

“C
on

ve
nt

io
na

l 
ph

en
ot

yp
ic

 te
st

s 
an

d 
m

ol
ec

ul
ar

 
ch

ar
ac

te
r-

iz
at

io
n”

 (
no

t 
sp

ec
ifi

ed
)

C
om

or
bi

di
ty

 o
f 

N
T

M
-P

D
 

pa
tie

nt
s:

 
br

on
ch

ie
ct

as
is

 
49

%
, C

O
PD

 3
0%

, 
pr

ev
io

us
 T

B
 2

9%
, 

ch
es

t w
al

l d
is

ea
se

 
7%

, i
m

m
un

o-
su

pp
re

ss
io

n 
5%

.

[2
8]

L
ar

is
sa

, 
G

re
ec

e
20

04
–

20
06

Pa
tie

nt
s 

w
ith

 
po

si
tiv

e 
m

yc
ob

ac
te

ri
al

 
cu

ltu
re

s

N
A

56
4/

68
2 

(8
2%

)
16

/1
56

 (
10

%
; 

af
te

r 
ex

cl
us

io
n 

of
 

M
. g

or
do

na
e)

16
/3

89
 (

4%
; 

af
te

r 
ex

cl
us

io
n 

of
 

M
. g

or
do

na
e)

M
ea

n 
66

 y
ea

rs
; 

31
%

 
fe

m
al

es

M
. f

or
tu

it
um

 
(1

3%
),

 M
. 

av
iu

m
 (

25
%

),
 

M
. m

al
m

oe
ns

e 
(1

3%
)

G
en

ot
yp

e 
C

M
 

an
d 

M
T

B
C

 
co

m
m

er
ci

al
 k

its
 

(H
ai

n 
L

if
es

ci
en

ce
, 

N
eh

re
n,

 
G

er
m

an
y)

M
. f

or
tu

itu
m

 (
52

%
),

 M
. 

pe
re

gr
in

um
 (

35
%

),
 M

. 
av

iu
m

 (
7%

),
 M

. 
ch

el
on

ae
 (

5%
),

 M
. 

m
al

m
oe

ns
e 

(2
%

),
 M

. 
sc

ro
fu

la
ce

um
 (

1%
)

Sm
ok

in
g 

ha
bi

ts
 

an
d 

ch
ro

ni
c 

ob
st

ru
ct

iv
e 

pu
lm

on
ar

y 
di

se
as

e 
w

er
e 

si
gn

ifi
ca

nt
 r

is
k 

fa
ct

or
s 

fo
r 

N
T

M
 

di
se

as
e

[3
0]

Ta
bl

e 
5 

(c
on

tin
ue

d)

St
ud

y 
lo

ca
tio

n
St

ud
y 

pe
ri

od
Ta

rg
et

 
po

pu
la

tio
n

V
ar

io
us

 p
ro

po
rt

io
na

l d
at

a

M
ed

ia
n 

or
 

m
ea

n 
ag

e,
 

fe
m

al
e 

%

Pr
ev

al
en

t 
sp

ec
ie

s

Id
en

tifi
ca

tio
n 

m
et

ho
d

A
dd

iti
on

al
 in

fo
rm

at
io

n 
[p

ro
po

rt
io

n 
of

 p
re

va
le

nt
 

sp
ec

ie
s 

of
 is

ol
at

es
]

A
nn

ot
at

io
n

R
ef

er
en

ce

N
T

M
 

is
ol

at
e/

cu
ltu

re
- 

po
si

tiv
e 

sp
ec

im
en

 
(%

)

Pa
tie

nt
 

w
ith

 
N

T
M

- 
is

ol
at

e/
cu

ltu
re

- 
po

si
tiv

e 
pa

tie
nt

 
(%

)

N
T

M
-P

D
 

pa
tie

nt
a /p

at
ie

nt
 

w
ith

 
N

T
M

- i
so

la
te

 (
%

)

N
T

M
-P

D
 

pa
tie

nt
a /N

T
M

 
cu

ltu
re

- p
os

iti
ve

 
sp

ec
im

en
s 

(%
)

Pr
op

or
tio

n 
of

 
ea

ch
 p

re
va

le
nt

 
N

T
M

 s
pe

ci
es

 
am

on
g 

N
T

M
-P

D
 

pa
tie

nt
s

D. Wagner et al.



187

N
ap

le
s,

 I
ta

ly
20

06
–

20
09

Pa
tie

nt
s 

w
ith

 
N

T
M

-p
os

iti
ve

 
re

sp
ir

at
or

y 
cu

ltu
re

s

N
A

N
A

16
/3

9 
(4

1%
)

16
/5

5 
(2

9%
)

M
ea

n 
67

 y
ea

rs
; 

31
%

M
. 

in
tr

ac
el

lu
la

re
 

41
%

, M
. 

ka
ns

as
ii

 2
9%

, 
M

. f
or

tu
it

um
 

6%
 a

nd
 M

. 
xe

no
pi

 2
%

M
ol

ec
ul

ar
 

id
en

tifi
ca

tio
n 

(G
en

-P
ro

be
 

In
co

rp
or

at
ed

, S
an

 
D

ie
go

, C
A

, U
SA

; 
IN

N
O

L
iP

A
 

M
yc

ob
ac

te
ri

um
 

v2
, I

nn
og

en
et

ic
s 

N
V

, G
he

nt
, 

B
el

gi
um

; a
nd

 
G

en
ot

yp
e 

M
yc

ob
ac

te
ri

um
 

C
M

/A
S 

as
sa

y,
 

H
ai

n 
L

if
es

ci
en

ce
, 

N
eh

re
n,

 
G

er
m

an
y)

M
. i

nt
ra

ce
ll

ul
ar

e 
27

%
, 

M
. g

or
do

na
e 

24
%

, M
. 

ka
ns

as
ii

 2
0%

, M
. x

en
op

i 
15

%
, M

. c
he

lo
na

e 
8%

 
an

d 
M

. f
or

tu
it

um
 5

%
, M

. 
sz

ul
ga

i 4
%

[2
5]

T
us

ca
ny

, 
It

al
y

20
04

–
20

14
Pa

tie
nt

s 
w

ith
 

su
sp

ec
te

d 
m

yc
ob

ac
te

ri
al

 
in

fe
ct

io
n

N
A

14
7/

59
5 

(2
5%

)
N

A
N

A
N

A
N

A
M

ol
ec

ul
ar

 
id

en
tifi

ca
tio

n:
 

IN
N

O
L

ip
a,

 
In

no
ge

ne
tic

s,
 

B
el

gi
um

 a
nd

/o
r 

G
en

ot
yp

e 
C

M
/

A
S,

 H
ai

n 
L

if
es

ci
en

ce
, 

G
er

m
an

y,
 a

nd
 b

y 
a 

m
ul

tip
le

x 
PC

R
 

de
si

gn
ed

 to
 

di
sc

ri
m

in
at

e 
M

A
C

 o
rg

an
is

m
s

M
. a

vi
um

 4
2%

, M
. 

in
tr

ac
el

lu
la

re
 1

4%
, M

. 
go

rd
on

ae
 1

2%
, M

. 
xe

no
pi

 1
0%

, M
. 

fo
rt

ui
tu

m
 7

%
, M

. 
ka

ns
as

ii
 5

%
, M

. c
el

at
um

 
2%

, o
th

er
 s

pe
ci

es
 1

0%
 

(1
6 

di
ff

er
en

t s
pe

ci
es

 in
 

to
ta

l)

58
%

 o
f 

su
bj

ec
ts

 
w

er
e 

>
 6

0 
ye

ar
s 

ol
d;

 7
6%

 o
f 

is
ol

at
ed

 w
er

e 
fr

om
 r

es
pi

ra
to

ry
 

sa
m

pl
es

[4
9]

(c
on

tin
ue

d)

Global Epidemiology of NTM Disease (Except Northern America)



188

Sa
rd

in
ia

, 
It

al
y

20
11

–
20

12
Pa

tie
nt

s,
 

in
cl

ud
in

g 
su

sp
ec

ts
 w

ith
 

ex
tr

ap
ul

m
on

ar
y 

di
se

as
e

N
A

21
/3

00
0 

(0
.7

%
)

16
/2

1 
(7

6%
)

16
/2

1 
(7

6%
)

N
A

, 4
3%

M
. a

vi
um

 2
4%

, 
M

. g
or

do
na

e 
24

%
, M

. x
en

op
i 

24
%

, M
. 

ch
el

on
ae

 9
%

, 
M

. a
lv

ei
 5

%
, 

M
. m

ar
in

um
 

5%
, M

. s
zu

lg
ai

 
5%

 a
nd

 M
. 

in
tr

ac
el

lu
la

re
 

5%
.

M
ol

ec
ul

ar
 

id
en

tifi
ca

tio
n 

w
ith

 th
e 

hs
p6

5 
PC

R
-R

FL
P 

m
et

ho
d

24
%

 o
f 

pa
tie

nt
s 

ha
d 

an
 

ex
tr

ap
ul

m
on

ar
y 

in
fe

ct
io

n:
 s

ki
n 

in
fe

ct
io

n 
(5

%
),

 c
er

vi
ca

l 
ly

m
ph

ad
en

iti
s 

14
%

, 
ga

st
ro

in
te

st
in

al
 in

fe
ct

io
n 

5%

[2
7]

Ta
bl

e 
5 

(c
on

tin
ue

d)

St
ud

y 
lo

ca
tio

n
St

ud
y 

pe
ri

od
Ta

rg
et

 
po

pu
la

tio
n

V
ar

io
us

 p
ro

po
rt

io
na

l d
at

a

M
ed

ia
n 

or
 

m
ea

n 
ag

e,
 

fe
m

al
e 

%

Pr
ev

al
en

t 
sp

ec
ie

s

Id
en

tifi
ca

tio
n 

m
et

ho
d

A
dd

iti
on

al
 in

fo
rm

at
io

n 
[p

ro
po

rt
io

n 
of

 p
re

va
le

nt
 

sp
ec

ie
s 

of
 is

ol
at

es
]

A
nn

ot
at

io
n

R
ef

er
en

ce

N
T

M
 

is
ol

at
e/

cu
ltu

re
- 

po
si

tiv
e 

sp
ec

im
en

 
(%

)

Pa
tie

nt
 

w
ith

 
N

T
M

- 
is

ol
at

e/
cu

ltu
re

- 
po

si
tiv

e 
pa

tie
nt

 
(%

)

N
T

M
-P

D
 

pa
tie

nt
a /p

at
ie

nt
 

w
ith

 
N

T
M

- i
so

la
te

 (
%

)

N
T

M
-P

D
 

pa
tie

nt
a /N

T
M

 
cu

ltu
re

- p
os

iti
ve

 
sp

ec
im

en
s 

(%
)

Pr
op

or
tio

n 
of

 
ea

ch
 p

re
va

le
nt

 
N

T
M

 s
pe

ci
es

 
am

on
g 

N
T

M
-P

D
 

pa
tie

nt
s

D. Wagner et al.



189

N
ijm

eg
en

-
A

rn
he

m
 

re
gi

on
, 

N
et

he
rl

an
ds

19
99

–
20

05
Pa

tie
nt

s 
w

ith
 

N
T

M
-p

os
iti

ve
 

cu
ltu

re
s

N
A

N
A

53
/2

32
 (

23
%

)
N

A
M

ea
n 

60
 y

ea
rs

; 
38

%

M
A

C
 4

9%
, M

. 
ka

ns
as

ii
 2

3%
, 

M
. s

zu
lg

ai
 8

%
, 

M
. x

en
op

i 6
%

, 
M

. c
el

at
um

 4
%

, 
M

. m
al

m
oe

ns
e 

4%
, o

th
er

 8
%

IN
N

O
L

iP
A

 
M

Y
C

O
-

B
A

C
T

E
R

IA
 v

2 
(I

nn
og

en
et

ic
s,

 
G

en
t, 

B
el

gi
um

),
 

H
ai

n 
G

en
oT

yp
e 

M
T

B
C

 li
ne

 p
ro

be
 

as
sa

y 
(H

ai
n 

L
if

es
ci

en
ce

, 
N

eh
re

n,
 

G
er

m
an

y)
. 1

6S
 

rD
N

A
 g

en
e 

se
qu

en
ci

ng
 

(1
51

 b
p 

hy
pe

rv
ar

ia
bl

e 
re

gi
on

 A
)

In
 9

1%
 o

f 
pa

tie
nt

s 
N

T
M

 w
er

e 
is

ol
at

ed
 f

ro
m

 
re

sp
ir

at
or

y 
sp

ec
im

en
s;

 m
os

t 
pa

tie
nt

s 
w

ith
 

A
T

S-
de

fin
ed

 
N

T
M

-P
D

 h
ad

 
pr

e-
ex

is
tin

g 
pu

lm
on

ar
y 

di
se

as
es

 (
76

%
);

 
cl

in
ic

al
 r

el
ev

an
ce

 
di

ff
er

ed
 b

y 
sp

ec
ie

s,
 w

ith
 M

. 
av

iu
m

, M
. 

m
al

m
oe

ns
e,

 M
. 

ka
ns

as
ii

, M
. 

xe
no

pi
, M

. 
sz

ul
ga

i, 
M

. 
ce

la
tu

m
 a

nd
 M

. 
ge

na
ve

ns
e 

po
ss

es
si

ng
 th

e 
hi

gh
es

t c
lin

ic
al

 
re

le
va

nc
e.

 N
T

M
 

is
ol

at
io

n 
in

cr
ea

se
d 

ov
er

 ti
m

e

[4
8]

(c
on

tin
ue

d)

Global Epidemiology of NTM Disease (Except Northern America)



190

T
he

 
N

et
he

rl
an

ds
19

99
–

20
05

Pa
tie

nt
s 

w
ith

 M
. 

xe
no

pi
 is

ol
at

io
n

N
A

N
A

25
/4

9 
(5

1%
)

N
A

M
ea

n 
60

 y
ea

rs
; 

24
%

N
A

H
ai

n 
G

en
oT

yp
e 

M
T

B
C

 li
ne

-b
lo

t 
(H

ai
n 

L
if

es
ci

en
ce

, 
N

eh
re

n,
 

G
er

m
an

y)
; 

IN
N

O
L

iP
A

 
M

Y
C

O
-

B
A

C
T

E
R

IA
  

(I
nn

og
en

et
ic

s,
 

G
en

t, 
B

el
gi

um
);

 
16

S 
rR

N
A

 g
en

e 
se

qu
en

ce
 

an
al

ys
is

; 
A

cc
uP

ro
be

 M
T

B
 

D
N

A
 p

ro
be

 k
it 

(G
en

Pr
ob

e,
 S

an
 

D
ie

go
, C

A
, U

SA
)

M
os

t p
at

ie
nt

s 
w

ith
 

A
T

S-
de

fin
ed

 
N

T
M

-P
D

 h
ad

 
pr

e-
ex

is
tin

g 
pu

lm
on

ar
y 

di
se

as
es

 (
84

%
)

[3
4]

Ta
bl

e 
5 

(c
on

tin
ue

d)

St
ud

y 
lo

ca
tio

n
St

ud
y 

pe
ri

od
Ta

rg
et

 
po

pu
la

tio
n

V
ar

io
us

 p
ro

po
rt

io
na

l d
at

a

M
ed

ia
n 

or
 

m
ea

n 
ag

e,
 

fe
m

al
e 

%

Pr
ev

al
en

t 
sp

ec
ie

s

Id
en

tifi
ca

tio
n 

m
et

ho
d

A
dd

iti
on

al
 in

fo
rm

at
io

n 
[p

ro
po

rt
io

n 
of

 p
re

va
le

nt
 

sp
ec

ie
s 

of
 is

ol
at

es
]

A
nn

ot
at

io
n

R
ef

er
en

ce

N
T

M
 

is
ol

at
e/

cu
ltu

re
- 

po
si

tiv
e 

sp
ec

im
en

 
(%

)

Pa
tie

nt
 

w
ith

 
N

T
M

- 
is

ol
at

e/
cu

ltu
re

- 
po

si
tiv

e 
pa

tie
nt

 
(%

)

N
T

M
-P

D
 

pa
tie

nt
a /p

at
ie

nt
 

w
ith

 
N

T
M

- i
so

la
te

 (
%

)

N
T

M
-P

D
 

pa
tie

nt
a /N

T
M

 
cu

ltu
re

- p
os

iti
ve

 
sp

ec
im

en
s 

(%
)

Pr
op

or
tio

n 
of

 
ea

ch
 p

re
va

le
nt

 
N

T
M

 s
pe

ci
es

 
am

on
g 

N
T

M
-P

D
 

pa
tie

nt
s

D. Wagner et al.



191

L
is

bo
n,

 
Po

rt
ug

al
20

08
–

20
09

H
IV

-n
eg

at
iv

e 
pa

tie
nt

s 
w

ith
 

pu
lm

on
ar

y 
in

fe
ct

io
ns

58
/5

10
 

(1
1%

)
58

/5
10

 
(1

1%
)

58
/5

8 
(1

00
%

)
58

/5
8 

(1
00

%
)

M
ed

ia
n 

55
 y

ea
rs

, 
53

%

M
A

C
 2

2%
 (

M
. 

in
tr

ac
el

lu
la

re
 

16
%

, M
. a

vi
um

 
7%

),
 M

. 
fo

rt
ui

tu
m

 1
4%

, 
M

. g
or

do
na

e 
12

%
, M

. 
ka

ns
as

ii 
10

%
, 

M
. c

he
lo

na
e 

9%
, M

. 
ab

sc
es

su
s 

5%
, 

M
. p

er
eg

ri
nu

m
 

5%
, M

. t
ri

pl
ex

 
5%

, M
. 

sp
p.

5%
, M

. 
sz

ul
ga

i 5
%

, M
. 

m
uc

og
en

ic
um

 
3%

, M
. 

le
nt

ifl
av

um
 2

%
 

an
d 

M
. s

im
ia

e 
2%

.

Se
qu

en
ci

ng
 

(G
en

ot
yp

e 
M

yc
ob

ac
te

ri
um

 
C

M
/A

S 
as

sa
y,

 
H

ai
n 

L
if

es
ci

en
ce

, 
N

eh
re

n,
 

G
er

m
an

y)

C
on

ve
ni

en
ce

 s
am

pl
e 

of
 

12
,4

91
 s

pu
tu

m
 s

am
pl

es
 

fr
om

 5
49

7 
pa

tie
nt

s

In
 th

is
 s

tu
dy

, a
ll 

pa
tie

nt
s 

ha
d 

re
sp

ir
at

or
y 

sy
m

pt
om

s,
 

ab
no

rm
al

 c
he

st
 

ra
di

og
ra

ph
y 

an
d 

tw
o 

po
si

tiv
e 

cu
ltu

re
s 

fr
om

 
sp

ut
um

 s
pe

ci
m

en
s 

ob
ta

in
ed

 a
t l

ea
st

 
7 

da
ys

 a
pa

rt

[3
1]

Po
rt

o,
 

Po
rt

ug
al

20
08

–
20

12
H

os
pi

ta
liz

ed
 

H
IV

-n
eg

at
iv

e 
pa

tie
nt

s 
N

T
M

-p
os

iti
ve

 
re

sp
ir

at
or

y 
cu

ltu
re

s

N
A

N
A

36
/4

07
 (

9%
)

36
/2

02
 (

18
%

)
M

ea
n 

62
 y

ea
rs

, 
39

%

M
A

C
 9

4%
, M

. 
ka

ns
as

ii
 3

%
, 

an
d 

M
. x

en
op

i 
3%

.

Se
qu

en
ci

ng
 

(G
en

ot
yp

e 
M

yc
ob

ac
te

ri
um

 
C

M
/A

S 
as

sa
y,

 
H

ai
n 

L
if

es
ci

en
ce

, 
N

eh
re

n,
 

G
er

m
an

y)

32
/3

6 
(8

9%
) 

pa
tie

nt
s 

co
ns

id
er

ed
 to

 s
uf

fe
r 

fr
om

 N
T

M
-P

D
 m

et
 

A
T

S/
ID

SA
 2

00
7 

cr
ite

ri
a.

T
he

 n
um

be
r 

of
 

is
ol

at
es

 in
cr

ea
se

d 
ea

ch
 y

ea
r, 

fr
om

 
52

 in
 2

00
8 

to
 

58
 in

 2
00

9,
 7

4 
in

 
20

10
, 8

6 
in

 2
01

1 
an

d 
13

7 
in

 2
01

2.

[1
7]

A
bb

re
vi

at
io

ns
: C

F
 c

ys
tic

 fi
br

os
is

, D
R

G
 d

ia
gn

os
is

-r
el

at
ed

 g
ro

up
s,

 I
C

D
-1

0 
In

te
rn

at
io

na
l C

la
ss

ifi
ca

tio
n 

of
 D

is
ea

se
s,

 1
0t

h 
re

vi
si

on
, N

on
-R

G
M

 n
on

-r
ap

id
-g

ro
w

in
g 

m
yc

ob
ac

te
ri

a,
 R

G
M

 r
ap

id
-g

ro
w

in
g 

m
yc

ob
ac

te
ri

a
a N

T
M

-P
D

: n
on

tu
be

rc
ul

ou
s 

m
yc

ob
ac

te
ri

al
 p

ul
m

on
ar

y 
di

se
as

e

Global Epidemiology of NTM Disease (Except Northern America)



192

 expenditure per NTM-PD patient was almost fourfold that for a matched control 
(€39,560 vs. €10,007). Hospitalizations were three times higher in the NTM-PD 
group and accounted for 63% of the total costs [24].

Although NTM-PD is rare in Europe, it is associated with considerable morbid-
ity, mortality and financial burden. Moreover, it should be noted that the epidemiol-
ogy of NTM needs close and continuous monitoring, in particular taking recent 
report on nosocomial device-associated M. chimaera outbreaks across Europe and 
beyond into consideration [51–58], which potentially pose patients at risk of infec-
tion and add to NTM being a serious public health risk.

 Asia

Kozo Morimoto and Won-Jung Koh

 Introduction

Monitoring the epidemiology of nontuberculous mycobacteria (NTM) pulmo-
nary disease in Asia is difficult because only a few population-based reports 
exist. A review article on NTM pulmonary disease in eastern Asia that consid-
ered the research conducted through the early 2000s found that M. abscessus 
complex (MABC), such as M. abscessus and M. massiliense, is the second most 
common cause of pulmonary infection after M. avium complex (MAC), such as 
M. avium and M. intracellulare, and that many patients have a previous history 
of tuberculosis (TB) [59]. In this section, we review the recently published 
reports to provide epidemiological data of NTM pulmonary disease in all areas 
within Asia. Several methods have been implemented to analyse the epidemio-
logical climate of this disease, including a tertiary hospital report, an isolation 
ratio analysis and a population- based analysis, and we include as many of these 
reports as possible. Figure 1 indicates the countries that have produced articles 
included in this review.

Each article used various denominators and numerators to analyse the NTM situ-
ation in each research target to provide proportional data. For example, acid-fast 
bacilli (AFB) culture-positive samples, NTM culture-positive cases and NTM 
culture- positive samples were considered as denominators, and NTM isolates, NTM 
pulmonary disease cases and other factors were considered as numerators. Moreover, 
prevalent species proportions were described using denominators, including diag-
nosed cases, NTM culture-positive patients and NTM culture-positive samples. We 
summarize the data in the tables. However, each article required several annota-
tions; thus, these tables should be used only as an overview of each category. In the 

D. Wagner et al.



193

Iran

Pakistan

Oman

India

China
Korea

Taiwan

Japan

Turkey

Israel

Saudi
Arabia

Fig. 1 Asian countries reporting data summarized in this review. Grey indicates countries not 
analysed here, and white indicates countries outside of Asia

following review, we preferentially described the proportion of NTM to AFB 
culture- positive specimens that reflect the NTM/TB ratio in each target area. For 
prevalent species, the diagnosed cases were considered as the denominator, and 
other data were described if these were not analysed in the article.

 Eastern Asia

 Japan

The first Japanese epidemiological study dates to the late 1950s, when sensitin 
studies were conducted in cooperation with the USA [60, 61]. A recent study 
published in EID clarified the NTM incidence in 2014 following the methodology 
established by Tsukamura et al. in the 1970s [62–64]. Furthermore, a study based 
on mortality data and a laboratory-based analysis was proactively conducted 
recently [65, 66]. Population-based surveys in a southwestern prefecture and cer-
tain tertiary hospital surveys have included detailed patient characteristics 
(Table 6) [67–70].

Global Epidemiology of NTM Disease (Except Northern America)



194

 Studies Using the Cutireaction Test

The first epidemiological study was conducted in 1959 using sensitin (PPD-S, PPD-Y 
and PPD-B) provided by Dr. Edward, who had already conducted a sensitin study in 
the USA [60]. The surveyed population included 849 cases of pulmonary tuberculosis, 
882 healthy children and 573 healthy adults. This study concluded that infections with 
yellow (M. kansasii) and battery bacillus (MAC) were minimal in Japan. The second 
study was conducted in 1960–1961 using sensitin purified from strains isolated in 
Japan [61]. The skin reaction test was performed among 5534 patients with TB, 3721 
healthy children and adults and an additional 11,561 junior high school students. As a 
result, the positive rate increased with age among the healthy population, and the aver-
age positive rates among junior high school students with non-photochromogen (MAC) 
and photochromogen (M. kansasii) were 5.5% and 2.7%, respectively.

 Studies Since 1970

Tsukamura organized a cooperative study group of the national sanatoriums in 
1968. The purpose of this group was to investigate the isolation prevalence of each 
mycobacterium and the disease incidence as well as the geographical differences 
across the country. The first preliminary data were published in English, and this 
surveillance continued for 26 years from 1971 to 1997 [63, 64, 71]. All samples 
were studied at the central institute using para-nitrobenzoic acid (PNB) to reduce 
selection bias and correctly identify NTM. The fundamental data included the ratio 
of new NTM cases to all cases of mycobacteriosis. The authors estimated the NTM 
rate by multiplying by the national TB incidence [63].

In the early 1970s, they reported that the isolated ratio of NTM in all cases of myco-
bacteria was 6%. The most frequently isolated species were MAC and M. gordonae; 

Table 6 Japan

Study 
location

Study 
period

Target 
population

Various proportional data

NTM isolate/
culture 
positive 
specimen (%)

Patient with 
NTM-isolate/
culture 
positive 
patient (%)

NTM-PD 
patienta/
patient with 
NTM-isolate 
(%)

NTM-PD 
patienta/NTM 
culture positive 
specimens (%)

Nagasaki 2001–
2010

Resident NA NA NA NA

Kyoto 1999–
2005

MAC 
patients

2180/unkown 454/unknown NA 285/unknown

Kyoto 2000–
2013

Patients 6327/10,104 
(62.6%) 
44.8→81.2%

NA NA 592a/6327

Saitama 1999–
2005

MAC 
patients

NA NA NA 634 cases/
unknown

MAC Mycobacterium avium complex, MABC Mycobacterium abscessus complex, NB nodular bron-
chiectatic type, FC fibrocavitary type, TB tuberculosis, COPD chronic obstructive pulmonary disease
aNTM-PD: NTM pulmonary disease as defined by ATS criteria
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however, the NTM diseases were mostly caused by MAC (95%) and M. kansasii (3.8%). 
Geographically, the western part of the country along the Pacific coast region showed a 
higher disease incidence than the northern part of the country [64]. The incidence of 
NTM disease was 0.89 per 100,000 in 1971 and remained below 2 until the early 1980s 
[63]. The incidence exceeded 2 per 100,000 people in 1984 and gradually increased [72]. 
The final data from this surveillance showed a rate of 3.2 per 100,000 people in 1997. 
Another study group conducted the survey via questionnaire in 2001 and 2007 following 
the same method and reported rates of 5.9 and 5.7, respectively (the latter study focused 
on MAC, M. kansasii and MABC) [73]. The study methodology was changed to a ques-
tionnaire because the coverage institute had expanded to the general hospital. The most 
recent survey was conducted in 2014 and was supported by the government. This survey 
targeted 884 hospitals certified by the Japanese Respiratory Society [62]; it indicated that 
the incidence rate was 14.7 per 100,000 people. MAC (88.8%) was the major cause of 
pulmonary disease, as in the 1970s, followed by M. kansasii (4.3%) and M. abscessus 
(3.3%). The NTM incidence rate exceeded the TB incidence rate for the first time in this 
country and is likely the highest in the world (Fig. 2).

This surveillance also revealed an interesting transition in the M. kansasii ratio. 
M. kansasii cases were found only in or near Tokyo during the early 1970s [64] but 
were identified in other areas by the late 1970s. Furthermore, the incidence became 
prominent during the early 1980s in the Kinki area, where it exceeded incidence in 
Tokyo by 1984 [72]. Geographical differences between M. avium and M. intracel-
lulare are also interesting. In the 1990s, a genetic test that differentiates between M. 
avium and M. intracellulare became common. Saito et al. first reported geographi-
cal differences between these two species [74], and surveys in 2001 and 2014 
revealed that the incidence of M. avium was higher in the northeast, whereas M. 
intracellulare was higher in the southwest [62, 73].
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Fig. 2 The incidence of 
nontuberculous mycobacte-
rial (NTM) pulmonary 
disease and pulmonary 
tuberculosis from 1971 to 
2014. The epidemiological 
surveillance of NTM 
pulmonary disease from 
1971 to 1997 was 
conducted annually by the 
same research group; 
another group conducted 
the surveys in 2001 and 
2007
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 Laboratory-Based Survey

The current and most sophisticated method for the surveillance of NTM disease is a 
laboratory-based study that uses the microbiological criteria from the 2007 ATS/
IDSA statement [75, 76]. In a recent study, researchers analysed more than 110,000 
mycobacterial examination results outsourced from the institute (which did not 
have an in-house laboratory from 2012 to 2013) [66]. NTM was isolated in 27,142 
cases, and 27.7% of these cases met the criteria. The two-period prevalence rate was 
24/100,000, which was higher in the southwest. Prevalent species were MAC pre-
dominant (93.3%), and the incidence in females was approximately twice that in 
males (1:1.9). Geographically, the data again showed an M. avium predominance in 
the northeast and M. intracellulare in the southwest. M. kansasii was most prevalent 
in Kinki, where its incidence surpassed that of Tokyo in the mid-1980s. Interestingly, 
the prevalence of MABC was highest in Kyushu-Okinawa, which is geographically 
nearest to Taiwan and South Korea (Fig. 3).

 Mortality Data Analysis

Mortality data can reflect the disease status of a country. The first three deaths due to 
NTM were reported in 1970 and increased over the study period. Females have 

Kyusha-Okinawa
Chubu

Chugoku

Shikoku Kinki

Kanto:

Tohoku

10-15 40-45
45-50
50-55
55-60
60-

15-20
20-25
25-30
30-35
35-40

Hokkaido

Fig. 3 M. avium versus M. intracellulare in each region (proportion of M. intracellulare). The M. 
intracellulare ratio was highest in the southwest. The M. avium ratio was highest in the northeast. 
The prevalence of M. kansasii was highest in Kinki, and M. abscessus complex was highest in the 
Kyushu-Okinawa region (underlined) [66].
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dominated the mortality rate since 2000 (1121 cases: male, 409; female, 712). The 
most recent data included 1389 cases (male, 460; female, 929) in 2014 (Fig. 4). The 
crude mortality and age-adjusted rates in females increased until 2010. The standard-
ized mortality ratios showed a higher ratio in the southwest, especially along the Pacific 
coast. In this study, the authors estimated the disease prevalence assuming a mortality 
rate of 1–2%. The NTM disease prevalence was calculated to be 33–65 in 2005 [65].

 A Prefecture Study and Tertiary Hospital Studies

Researchers in Nagasaki prefecture, located in the southwest, analysed disease inci-
dence by dividing the prefecture into five administrative areas between 2001 and 
2010 using the same methods as the national surveillance values calculated from the 
TB incidence ratio [67]. These authors found that the incidence increased from 4.6 
to 10.1. The patient characteristics of the 601 cases indicated an average age of 
71 years and a female predominance (69.7%). The nodular bronchiectatic type was 
the most common radiological pattern (79.7%), followed by the fibrocavitary type 
(15.6%). Interestingly, the authors found that the M. avium to M. intracellulare ratio 
varied within the prefecture.

A tertiary hospital analysis also provided patient characteristics. In a report from a 
university hospital in Kyoto, researchers analysed MAC pulmonary disease between 
1999 and 2005 [68]. The mean age of the 164 cases was 66 years, and females predomi-
nated (56.7%). In a CT analysis of 126 cases, 80 cases (63.5%) showed bronchiectasis, 
and 30 cases (23.8%) had cavitary lesions. The same researchers analysed laboratory 
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data between 2000 and 2013 [69]. They reported that the proportion of NTM increased 
from 44.8% (335/792 samples) to 81.2% (688/847 samples) and that the number of 
newly diagnosed cases increased from 24 in 2000 to 54 in 2013. In an analysis of 634 
MAC cases conducted by researchers in Saitama [70], the mean age was 68.9 years, and 
females predominated (58.5%). The nodular bronchiectatic type was the most common 
radiological pattern (76%), followed by the fibrocavitary type (16.6%).

Conclusion The incidence of NTM pulmonary disease in Japan increased from 
0.89/100,000  in 1971 to 14.7/100,000  in 2014. The number of deaths caused by 
NTM increased by more than 460-fold during this 40-year period. Laboratory-based 
and mortality analyses showed that the prevalence and mortality ratios were higher 
in the western part of the country. MAC was consistently the most prevalent species 
(approximately 90%) throughout the 40-year period. M. avium was more prevalent 
in the northeast, whereas M. intracellulare was most prevalent in the southwest. The 
prevalence of M. kansasii was highest in Kinki and that of MABC was highest in 
Kyusyu-Okinawa. The incidence of NTM pulmonary disease was highest among 
middle-aged and elderly (over 60  years of age) patients and women (55–65%). 
Radiographically, the nodular bronchiectatic type was most common (60–80%).

 South Korea

Although no population-based epidemiological reports have been conducted in 
South Korea, seven reports from tertiary hospitals in Seoul or Goyang (i.e. the 
northern part of the country; Fig. 5) [77–83] provide detailed information on cases 

Seoul

Fig. 5 South Korea. 
Goyang city lies north 
of Seoul. Grey areas are 
outside of South Korea
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and laboratory data including the ratio of NTM isolation among culture-positive 
specimens (Table 7).

Three institutes reported the proportion of NTM isolates among AFB culture- 
positive specimens, and two reported increases, from 22.2% to 45.9% between 2002 
and 2008 [77] and from 43% to 70% between 2001 and 2011 [78]. The remaining 
paper reported 78.6% in 2012 [79]. The number of diagnosed cases increased from 
4 to 32 between 2007 and 2011 [80]. One institute reported that the transition of 
patient population-based isolation and disease prevalence increased from 4.6 to 
14.8/100,000 patients and from 1.8 to 4.4/100,000 patients, respectively [81].

Middle-aged and elderly woman were the most often affected group (median 
age, 63 years old; female proportion, 54.5–64.4%) [77, 79–83].

MAC was the most prevalent species (48.2–76.3%) isolated from the diagnosed 
cases. According to the three reports, the proportion of M. avium (28.7–40.9%) was 
slightly higher than that of M. intracellulare (19.5–35.4%) [79, 81, 83]. MABC was 
the second most prevalent species in all four reports (18.2–33%). The next most 
prevalent species was M. fortuitum (1.8–11% according to three reports) [79, 81, 83].

Conclusion Tertiary centre reports from South Korea showed an increased fre-
quency of isolates and diseases. MAC disease appears to be the cause of disease in 
middle-aged women. The ratios of M. avium and M. intracellulare did not signifi-
cantly differ. MABC was the second most frequent species (10–30%), followed by 
M. fortuitum.

 Taiwan

No population-based report has been published from Taiwan; however, six tertiary 
hospital reports exist [84–89], including one report analysing MAC cases and one 
report focusing on patients 65  years or older [84, 86]. Three reports performed 
patient population-based incidence analyses (Table 8) [84, 85, 87].

The ratio of NTM among AFB culture-positive specimens was 35.6–72%, and 
this ratio was higher in more recent reports [84, 85, 87, 89]. All three patient 
population- based studies showed an increase: from 9.0 to 21.5/100,000 patients 
(1997–2002), from 2.1 to 4.4/100,000 patients (2004–2008) and from 1.3 to 
8.0/100,000 patients (2000–2008) [84, 85, 87].

Patient age ranged from 60 to 79 years old, and most reports showed a male pre-
dominance. The median female percentage was 33.7% (16.7–55%). Two papers 
found that patients frequently showed a history of TB or chronic obstructive pulmo-
nary disease (COPD) [88, 89]. All but one report found that the most isolated spe-
cies was MAC (39.1–44.1%), followed by MABC (19.2–44.8%) and M. fortuitum 
(9.5–23.9%). An institute in Southern Taiwan provided an interesting exception, 
reporting that MABC was the dominant species (approximately 45%), which is 
contrary to the MAC predominance found in the northern institutes [88] (Fig. 6).

Conclusion Isolation and disease frequency seems to have increased according to 
Taiwan institutes. MAC is the most prevalent species, followed by MABC and M. 
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fortuitum. The proportion of male and M. fortuitum cases was higher in Taiwan 
than in South Korea. One institute in Southern Taiwan reported that MABC was 
the most prevalent species, whereas Northern Taiwan institutes found that MAC 
was the most prevalent species. This difference should be confirmed in the future 
studies.

 China

Several studies based on administrative units have been consecutively conducted in 
recent years, including in Shanghai and Beijing; however, most reports originate 
from the eastern coast (Fig. 7) [90–98]. The primary data reported were the propor-
tion of NTM in AFB culture-positive specimens. In addition, a sentinel site survey 
from Zhejiang province reported population-based data, and a few single-institute 
studies summarized patient characteristics (Table 9). A systematic review and meta- 
analysis is separately discussed in this manuscript [99].

Shandong province is located along the east coast at the same latitude as South 
Korea [90]. The authors analysed 3949 culture-positive mycobacterial data from 
2004 to 2009, and the proportion of NTM within the samples was 1.6% (63 sam-
ples). As shown in Table 9, most reports from the provinces and cities in eastern 
China have shown a low ratio of NTM in AFB culture-positive specimens with a 
gradual increase from north to south (1.6%–5.5%) [90–94, 97, 98]. One report from 
the south central region also stated that the rate was low (4.0%) [98]. Isolation and 

Taipei

Kaohsiung

Fig. 6 Taiwan. Four 
reports from Taipei and 
two reports from 
Kaohsiung
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Beijing

Shandong Province

Jiangsu Province

Shanghai

Zhejiang Province

Hubei Province

Fig. 7 China. The grey areas are located outside of China

disease prevalence were reported in a sentinel survey in Zhejiang province [96]. 
These authors reported that the isolation and prevalence rates were 3.1–3.9/100,000 
and 0.4–0.5/100,000, respectively.

The sentinel survey and other reports also showed that NTM-isolated patients 
were predominantly male (53–68.3%) [94, 96–98].

Most isolated species were MAC (35.7–81.2%), except those in Shanghai [95], 
where M. kansasii was predominant (45%). The proportion of M. intracellulare in 
MAC was higher in most provinces (28%–100%), whereas M. avium was present in 
less than 10% of cases. The second and third most prevalent species were MABC 
(13.3–32.7%) and M. kansasii (6.7–25%), respectively, in most provinces. M. for-
tuitum was identified in 4–8% of cases in Shandon, Beijing and Shanghai. As 
described above, the proportion of M. kansasii was higher in Shanghai (45%) and 
the Zhejiang Province (25%), which is located south of Shanghai [95, 96]. A report 
from a single institution in Shandong province showed a higher M. intracellular 
ratio among pulmonary disease cases [94].

Conclusion Although the proportion of NTM among AFB culture-positive sam-
ples was low (median, 2.8%), the proportion showed a gradual increase from 
north to south, and some reports have revealed that the ratio is increasing. M. 
intracellular was identified more frequently from NTM culture-positive speci-
mens and NTM pulmonary disease cases, followed by MABC or M. kansasii. 
These individual case data are insufficient. Notably, the report from Shandon 
clarified that the proportion of NTM was 30.7% among MDR-TB-suspected cases 
and 4% in TB retreatment cases.

Global Epidemiology of NTM Disease (Except Northern America)
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 A Systematic Review and Meta-analysis

This article summarizes the results of 105 articles, including 97 Chinese manu-
scripts, and the results have added new data to the above-described review [99]. A 
combined analysis revealed that the proportion of NTM among TB-suspected cases 
was 6.3%. The regional differences showed that the southeastern region (8.6%) pre-
sented the highest proportion and that the northeastern region exhibited the lowest 
proportion (2.7%). The ratio of the composition of slowly growing mycobacteria 
was significantly higher in the northern part (63.7%) compared with the southern 
part (53%), whereas that of rapidly growing mycobacteria was higher in the south-
ern (44.1%) part compared with the northern part (21.9%). A regional analysis of 
the eastern coast showed that the proportion gradually increased from north to south 
(1.9–16%), and the identified number of species also increased from 6 to 26. 
Moreover, the proportion of M. intracellulare was higher in the north than in the 
south.

 South Asia

Three reports originate from India (Table  10). The median proportion of NTM 
among AFB culture-positive specimens was 3.9% (2.1–9.9%) [100–102]. Although 
species frequency was not apparent in the largest report in this country, M. intracel-
lulare (28%) and MABC (20%) were the most prevalent species among the diag-
nosed cases [102]. According to a report from Pakistan, the species identified among 
patients with pulmonary isolates were M. fortuitum (17.4%), MAC (12%) and M. 
smegmatis (12%) [103]. One report showed that the proportion of pre-existing pul-
monary disease was higher in these cases.

Conclusion Large studies are lacking in this region. Relatively large-scale data 
showed that the proportion of NTM among AFB culture-positive specimens is low 
and that the prevalent species were MAC and rapidly growing mycobacteria. Future 
reports from this region are highly warranted.

 West Asia

To date, all reports from Turkey, Saudi Arabia, Oman, Israel and Iran [104–111] 
were from single institutes or reference laboratories. Two reviews from Iran are also 
included here (Table 10).

The data from Turkey, Oman and Iran showed that the NTM ratio among AFB 
culture-positive specimens was low (median, 3.2%) [104, 108, 109]. The most prev-
alent species differed by country (MAC, MABC, M. kansasii and M. fortuitum). 
One report and two review articles from Iran showed that the most prevalent species 

D. Wagner et al.
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were M. simiae and M. fortuitum. Each report/review stated that the proportion of 
NTM isolation increased throughout the study period [110, 111].

Conclusion The reported proportion of NTM among AFB culture-positive speci-
mens was low. Several similar prevalent species were reported, including MAC, 
MABC, M. kansasii and M. fortuitum. However, M. simiae was most prevalent in 
Iran. The data in this region were not consistent or conclusive and should be clari-
fied by future study.

 Summary

The epidemiological data of NTM pulmonary disease in Asia, which includes 
many countries with a high prevalence of TB, is scarce, but most of the reported 
studies have shown an increasing tendency in recent years. However, in Japan, 
the incidence of NTM pulmonary disease exceeds that of TB, and Japan is con-
sidered to have a high NTM burden because the prevalence rate was estimated 
to be over 100/100,000 individuals. MAC was the most prevalent species in 
Asian countries, and the ratio of M. intracellulare in MAC is higher than that of 
M. avium in MAC in most countries except the northern part of Japan. The other 
characteristics in this area were the same as those detailed in a previous review: 
predominantly found in males, many patients have a previous history of TB, and 
MABC was the second most prevalent species. However, the nodular bronchiec-
tatic type observed in female patients was dominant in South Korea and Japan, 
and M. kansasii was found to be prevalent in specific areas, such as Kinki and 
Shanghai.

Asia is undergoing rapid growth, has an ageing population and will present a 
decreasing incidence of TB and an increasing prevalence of NTM in the next few 
decades. To obtain a better understanding of NTM ecology and the respective clini-
cal situation, future epidemiological reports from this area are highly warranted.

 Oceania

Rachel Thomson

 Western Pacific

The Western Pacific region stretches over a vast area from China in the north and 
west to New Zealand in the south and French Polynesia in the east. The population 
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is approximately 1.8 billion. However, very little data exists on the prevalence of 
NTM. Like African countries the lack of laboratory infrastructure accounts for little 
culture or identification of NTM. A call for more attention to this issue was raised 
by Yew in 2015 [112], given the identified problems with increasing NTM in neigh-
bouring countries such as Australia and New Zealand (Fig. 8).

French investigators retrospectively looked at NTM isolates from TB suspects in 
French Polynesia between 2008 and 2013 [113]. During this time 67.4% of isolates 
were NTM, with a startling predominance of rapid-growing isolates. Figure 9 (Map) 
of 87 isolates (from 83 patients) partial rpoB sequencing identified 95.4%: 
42(48.3%) M. fortuitum complex, 28(32.2%) M. abscessus complex and 8 (9.2%) 
M. mucogenicum complex. In contrast to many countries, only 5.7% were in the M. 
avium complex. The remaining four isolates were identified using 16s rRNA 
sequencing as M. cosmeticum, M. farcinogenes, M. phocaicum (urine isolate) and 
M. acapulcensis. Using ATS criteria, only 4.8% of patients were considered to have 
NTM disease; the remainder considered to be colonized. Three of the patients who 
had disease were infected with M. porcinum and the other with M. senegalense. M. 
porcinum has been reported in water supplies in tropical and subtropical areas of the 
USA [114], Iran [115], Brazil [114] and Mexico [116]. Rapid growers are also more 

French polynesia

New Zealand

Australia

Fig. 8 The map shows countries from Ozeania with data included in the review. Please note that 
data for Papua New Guinea were added after this map had been drawn
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Fig. 9 Geographical distribution of 87 NTM isolates identified in French Polynesia in 2008–2013 
MABSC, Mycobacterium abscessus complex; FORT, M. fortuitum complex; MAC, M. avium 
complex; MUCO, M. mucogenicum complex; other NTM [113]

common in Asia [117, 118]. These areas share similar geographic latitude and cli-
mate, which may account for the species distribution. Of the M. abscessus isolates 
in this study, 14 occurred in 2013, in 14 patients that underwent bronchoscopy in the 
same centre, raising the likelihood of a pseudo-outbreak due to tap water contami-
nation. M. abscessus and M. fortuitum have been isolated from water supplies in 
northeastern Australia [119–121], also of similar latitude to neighbouring French 
Polynesia, again suggesting climatic and environmental factors may contribute to 
the high prevalence of rapid-growing mycobacteria.

 Papua New Guinea (PNG)

As with many other TB endemic countries, little information is known about the 
prevalence of NTM in PNG. A TB case detection study was performed in selected 
provincial hospitals (Madang, Goroka and Alotau), and 335 sputum samples from 
TB cases ≥15 years of age were referred to the Queensland Mycobacterium 
Reference laboratory in Australia for culture and species identification. Of 225 
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culture- positive samples, NTM were detected in only 4% (9/225). Five samples 
grew NTM only – M. fortuitum (3), M. terrae (1) and M. intracellulare (1). Four 
isolates had a mixture of TB and NTM – three MTBC and M. avium and one MTBC 
and M. intracellulare [122].

Limited clinical features of the cases were presented, but all had respiratory or 
systemic symptoms, and interestingly eight of the nine cases were female. Whilst 
this was a relatively limited study, compared to other studies of TB suspects, the 
proportion of NTM was relatively low.

 Australia and New Zealand

The challenges of an aging population and high prevalence of chronic disease in 
Western countries contrast with that of developing countries like Africa.

Since the introduction of TB services in Australia, NTM have been notifiable in 
many Australia states, to avoid confounding of smear-positive cases with TB. This 
notification process has provided a unique opportunity to study the clinical signifi-
cance of NTM isolates. As in many parts of the world, an increasing incidence of 
pulmonary disease and pulmonary isolation of NTM has been demonstrated.

A national survey of mycobacterial reference laboratories in Australia in 2000 
revealed a conservative estimate of 1.8 cases of pulmonary disease per 100,000 
population [123]. This study only included isolates that had been referred for spe-
ciation to a reference laboratory. MAC isolates predominated, accounting for 67.6% 
of pulmonary and 80% of lymphatic infections. M. kansasii accounted for 19.4% of 
pulmonary disease. M. fortuitum, M. chelonae, M. abscessus and M. marinum were 
commonly isolated from soft tissue. M. ulcerans was only isolated from north 
Queensland and Victoria.

Pang reported a threefold increase in M. kansasii disease in Western Australia 
during 1962–1982 and 1982–1987 [124]. A report from the Northern Territory of 
Australia also documented an increase in incidence and prevalence of NTM disease 
between 1989 and 1997 of 2.7 to 4.7 per 100,000 population [125]. MAC was the 
most common species isolated (78%), and the yearly incidence of pulmonary MAC 
(HIV negative) was 2.1/100,000.

A national report from New Zealand examined the clinical significance of iso-
lates referred to each of New Zealand’s mycobacterium reference laboratories 
[126]. The overall incidence of disease in 2004 was 1.92/100,000 (pulmonary 1.17, 
lymph node 0.39 and ST 0.24). Of 368 patients with NTM, 21% were considered 
clinically significant by the treating physicians applying 1997 ATS criteria. This 
varied according to the site of infection with 15% pulmonary, 100% lymph node 
and 89% soft tissues isolates considered significant. MAC was the most common 
species accounting for 83% respiratory, 88% lymph node and 44% soft tissue 
infections.

More detailed reports have emerged from the state of Queensland, Australia, 
using data from the notifiable conditions database. The incidence of clinically 
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reported cases of pulmonary disease caused by MAC has increased from 0.63 per 
100,000 in 1985 to 2.2/100,000 in 1999. A detailed analysis compared clinical and 
epidemiological data from 1999 to 2005 and showed a further increase [127]. The 
total number of isolates in 1999 was 14.8/100,000, and the estimated total in 2005 
was 22.1/100,000. Using clinical information, clinician advice and ATS criteria, the 
authors could determine the proportion who were likely to have clinically signifi-
cant pulmonary disease was 3.2/100,000 in 2005. The species accounting for most 
of the change were M. intracellulare and M. abscessus. The clinical significance of 
the different species varied from 10% for M. gordonae to 52% for M. kansasii. 
Approximately 33% of MAC isolates were considered clinically significant or asso-
ciated with invasive disease.

Of those cases that met ATS criteria for significant pulmonary disease in 2005, 
MAC contributed 72.1% of cases (M. intracellulare 56.8%, M. avium 15.3%) fol-
lowed by M. kansasii (8.1%). Patients were predominantly female and had nodular 
bronchiectatic disease on radiological imaging [127].

Whilst the incidence of pulmonary disease has been increasing consistently, that 
of extrapulmonary disease has remained fairly stable [127]. This was also found to 
be the case in a detailed report of NTM infections in children from a tertiary referral 
centre in Victoria between 2000 and 2010 [128]. Lymphadenitis (86% submandibu-
lar or cervical, 7.5% preauricular) accounted for the majority of infections, and 
MAC was the predominant species (78.9%). This study observed a seasonal varia-
tion in the incidence of NTM disease, with the lowest incidence in autumn and the 
highest in late winter to spring. It has been postulated that seasonal variation in 
vitamin D levels may play a role.

The QLD Communicable Diseases Branch now issues annual reports from the 
notifiable diseases system, and the trend of increasing NTM isolation continues at 
approximately 17% per year [129]. In 2015 there were 1222 cases of NTM notified 
giving a rate of 25.9/100,000 population (Fig.  10). The age range of cases was 
9 months to 95 years, median 66 years. Again, the 65–69-year age group predomi-
nated, but males now represented 49% and females 51% (Fig. 11). Of the 1222 
cases, speciation of the isolate was performed on 953 cases (78%). The most com-
mon species continues to be M. intracellulare (35% of total, 40% of pulmonary 
isolates), M. avium (9% of both total and pulmonary) and M. abscessus (9% of total, 
7% of pulmonary). M. fortuitum was the most common nonpulmonary species 
accounting for 50% of isolates.

In keeping with the documented worldwide differences in geographical distribu-
tion of NTM species, within-state differences were documented according to health 
service district. Rates per 100,000 in 2015 varied from 15 in the south west, 47.2 in 
Wide Bay to 72.4 in the central west. These differences were examined in detail on 
the data from 2001 to 2011 in a geospatial analysis [130]. For selected more com-
mon species, a Bayesian spatial conditional autoregressive model was constructed 
at the postcode level, with covariates including income, land use category, soil, 
rainfall and temperature variables. Each species showed distinct spatial patterns.

The risk for M. intracellulare, M. avium M. kansasii and M. abscessus demon-
strated significant spatial heterogeneity after accounting for the covariates in the 
models.
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Fig. 12 Map of QLD showing spatial risk of M. kansasii disease [130] (a). Highest risk overlies 
the Surat Basin and major site of coal seam gas production [138] (b)

Clusters of high relative risk for M. intracellulare and M. kansasii were found in 
the Darling Downs region of south central QLD. Geographically the clusters were 
located in a region overlying the Surat Division of the Great Artesian Basin (Figs. 12 
and 13). The western geologic border of the Surat Basin corresponds well with the 
western edge of the M. intracellulare cluster (Fig. 13). This region is well known for 
its agricultural and mining activities with a number of developed petroleum and coal 
seam gas wells. In addition, the water supply for many communities in the region is 
primarily from private and communal bores, aquifers and rainwater tanks.

The cluster for M. kansasii was more geographically focused around the town of 
Roma, Yuleba and Clifford areas. Yuleba is a small town and the site of a major 
processing facility for silica deposits. Silicosis is a well-documented risk factor for 
M. kansasii disease. Mining activity is common in this area, and there have been 
several studies linking M. kansasii to industrial activities such as gold mining and 
iron manufacturing in South Africa, Japan and the former Czechoslovakia [131–
134]. In addition, Yuleba has had a reticulated supply from bore water since the 
1960s. M. kansasii has been identified as a cause of opportunistic infections from 
drinking water distribution systems.
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For M. intracellulare and M. kansasii significant covariates were found: soil 
depth, soil bulk density, earning <$52,000 and earning <$32,000. Soil pH was found 
to be a significant predictor variable for M. fortuitum, and soil nitrogen content a 
significant predictor for M. chelonae [130].

Risk of M. intracellulare was estimated to increase by 21% for every meter 
increase in topsoil depth. Potential reasons may include the poor rooting of vegeta-

Relative Risk od
M. intracellulare

<1.00

N

1.00-1.25

1.25-1.50

1.50-1.75

>1.75

0 75 150 300 400 Kilometer

Fig. 13 Map of QLD showing relative spatial risk of M. intracellulare [130]
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tion in shallow soil, leading to decreased uptake of soil nutrients, leaving a nutrient- 
rich topsoil environment in which mycobacteria may thrive [135]. A shallow soil 
depth is usually associated with low plant available water capacity (PAWC) and low 
crop yields. To improve yields, a process of “deep ripping” is undertaken, which 
may aerosolize soil particles and increase the potential for inhalation of 
mycobacteria.

Risk of M. kansasii infection was estimated to increase by 79% per mg/m3 
increase of soil bulk density. This variable can be affected by several other soil 
factors such as permeability, composition and depth. It is also affected by human 
activity, such as constant or inappropriate tilling and compressive forces from 
heavy agricultural machinery [136]. These activities similarly may increase 
exposure to mycobacteria from soil. Increased bulk density impairs root growth, 
further contributing to nutrient-rich topsoil environments conducive to mycobac-
terial growth.

There was also a cluster of high relative risk for M. abscessus in the Whitsunday 
region of north QLD (Fig. 14). This region is well known for its tropical climate and 
pristine marine environments and is a popular tourist destination. Isolates of M. 
abscessus from swimming pools and rainwater tanks have been linked to patient 
isolates in Brisbane [121]. Water characteristics in a coastal lagoon were correlated 
with M. abscessus by Jacobs et al. [137] Positive correlations with water tempera-
ture, nitrogen and phosphorous content and negative correlations with depth and 
salinity were found. However, in the Chou study soil nitrogen and phosphorus con-
tent was not associated with NTM [130].

 Summary

NTM are commonly isolated from patients in Australia, and detailed epidemiologi-
cal analyses confirm an increasing incidence of pulmonary disease, particularly 
nodular bronchiectatic disease due to M. intracellulare in postmenopausal females. 
Geographic hot spots and environmental predictors of disease have been identified 
that warrant further investigation.

Information regarding NTM in the Western Pacific region is scant, but like 
African countries where TB predominates, NTM is likely to confound the diagnosis 
of TB and contribute to the proportion of presumed drug-resistant cases, where 
laboratory infrastructure is lacking for culture and identification of NTM.

 Africa

Rachel Thomson
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 Introduction

Many African countries are renowned for high rates of tuberculosis and HIV infec-
tion. The rising problem of MDR and XDR TB has led to an increased interest in 
accurate identification of isolates and the effect of NTM confounding in TB diagno-
sis [139]. As such NTM reports from many African countries have increased in the 
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last decade. Still, the contribution of NTM to mycobacterial diseases in Africa has 
only been examined on a small scale. One of the main reasons for this is that labora-
tory infrastructure has been lacking for culture and identification of NTM. In many 
resource poor settings with a high prevalence of TB, patients with AFB- positive 
sputum or those with consistent CXR findings are presumed to have pulmonary 
TB. In general, they are treated with standard short course TB regimens. Those who 
fail to respond or develop “chronic TB” are often assumed to have drug-resistant 
disease. The misclassification of chronic TB cases elicits unnecessary use of sec-
ond-line drugs, with associated toxicity and expense. The blind management of 
these cases is also likely to foster the development of further antimicrobial resis-
tance. Recent reports suggest NTM are responsible for varying proportions of such 
cases. The high prevalence of HIV in African countries has also led to an interest in 
NTM, given their potential to cause both pulmonary and disseminated disease.

The presence of NTM in the environment has been reported in a number of 
African locations including soil and water [140]; biofilms in drinking water distri-
bution systems in South Africa [141]; soil, water and faecal matter from cattle and 
pigs in Uganda [142]; and wildlife species and indigenous cattle in Tanzania [143]. 
Table 11. In many parts of Africa, there is a high degree of interaction between 
humans, wildlife and the environment, increasing the potential for animal- and 
human-based contamination of natural water sources and transmission of 
NTM. Hence there has been some interest in the species of NTM in the environment 
and infecting animals.

However, there are no inclusive national population-based studies providing 
good epidemiological data on NTM. Published reports include case-based series, 
individual institutional reviews and regional laboratory-based studies. These pro-
vide snapshots of the species and geographical distribution of NTM in some African 
countries. Figure 15 indicates the countries that have produced articles included in 
this review; Table 12 summarizes the published data.

 South and Eastern Africa

In South Africa, NTM have been reported back as far as the 1950s and 1960s [164].
Prevalence rates of NTM colonization of 1400–6700/100,000 persons have been 

reported [165, 166]. A high incidence of M. kansasii infection has been reported in 
the South African gold-mining workforce, estimated at 320/100,000 [167]. Among 
this population there is a high prevalence of risk factors for NTM disease, including 
a high burden of TB, silicosis, HIV infection and occupational exposure to aerosol-
ized water used for dust control within the mines [156, 167–169].

A retrospective case series of HIV-negative miners from 1993 to 1996 revealed 
M. kansasii and M. scrofulaceum accounted for 68% and 14% of cases, respectively. 
There were also 18 (6%) M. avium-intracellulare (MAI) isolates and 36 (12%) iso-
lates of NTM species not normally considered pathogenic. More than 80% were 
smear-positive, and the majority (>75%) had cavitary changes on CXR. The authors 
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Table 11 Species diversity of rapid-growing (a) and slow-growing (b) NTM reported from 
African countries

(a) Rapid-growing
NTM species Sample source Host Country Reference

M. abscessus Sputum Humans Nigeria, South 
Africa, Zambia

[139, 144–147, 
179]

M. acapulcensis Sputum, soil, animal 
swabs and tissue

Humans, 
animals

Tanzania, South 
Africa

[140, 148]

M. arupense Water Household 
water

Uganda, South 
Africa

[140, 142]

M. chelonae Sputum, animal 
tissues

Humans, 
animals

Burkina Faso, 
Tanzania, 
Zambia, 
Uganda, South 
Africa

[139, 140, 
143–145, 149]

M. chitae Animal tissue Animals South Africa [140]
M. chubuense Water Envt Uganda [142]
M. confluentis Soil, animal tissues, 

sputum
Animals, 
envt, human

South Africa, 
Ethiopia

[140]

M. elephantis Sputum, animal tissue Humans, 
animals

Zambia, South 
Africa

[139, 140, 150]

M. flavescens Sputum, animal 
tissue, animal swabs

Humans, 
animals

Zambia, South 
Africa

[139, 140, 150]

M. fortuitum Sputum, soil, water, 
faeces, animal tissue

Humans, 
animals, 
envt

Nigeria, 
Uganda, 
Zambia, 
Tanzania, Mali, 
Nigeria, South 
Africa

[139, 140, 
142–148, 
150–154, 179]

M. gilvum Sputum, animal tissue Human, 
animals

Zambia, 
Tanzania

[139, 143, 152]

M. goodie Sputum, water, 
animal tissue

Humans, 
mines, 
animals

Zambia, South 
Africa

[140, 144, 152]

M. holsaticum Animal tissue Animals South Africa [140]
M. lacticola Animal tissue Animals South Africa [140]
M. madagascariense Water Envt South Africa [140]
M. mageritense Sputum Human Nigeria [147]
M. monasence Animal tissue Animals South Africa [140]
M. moriokaense Sputum, animal 

tissue, soil, water
Humans, 
animals, 
envt

Mali, South 
Africa

[139, 140, 154]

M. neoaurum Sputum, animal 
tissues, soil

Humans, 
Animals, 
envt

Zambia, 
Uganda, South 
Africa, 
Tanzania

[140, 143, 150, 
152]

M. parafortuitum Soil, animal tissue Envt, 
animals

South Africa [140]

(continued)
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(a) Rapid-growing
NTM species Sample source Host Country Reference

M. peregrinum Sputum, soil, water, 
faeces, animal tissue

Humans, 
animals, 
envt

Nigeria, 
Uganda, 
Zambia

[140, 142, 144, 
146, 150–152]

M. phlei Animal tissue Animals South Africa [139]
M. porcinum Sputum Humans Zambia [152]
M. poriferae Sputum Humans Tanzania [143]
M. pulveris Animal tissue Animals South Africa [140]
M. senegalense Animal Tissue Animals South Africa [139]
M. septicum Soil, animal tissue Envt, 

animals
South Africa [140]

M. sphagni Sputum Humans Tanzania [143]
M. thermoresistibile Soil, animal tissue Envt, Cattle South Africa, 

Tanzania
[140, 143]

M. vaccae Animal tissue, animal 
swabs, soil

Animals, 
envt

South Africa [139, 140]

M. vanbaalenii Water, animal swabs 
& tissue, soil

Envt, 
animals

Uganda, South 
Africa

[140, 142]

M. wolinskyi Animal tissue Animals South Africa [140]

(b) Slow-growing
NTM species Sample source Host Country Reference

M. asiaticum Sputum, animal 
tissue, soil

Humans, 
Animals, 
Envt

Zambia, South 
Africa

[139, 140, 152]

M. avium complex Sputum, blood, 
water, soil

Humans, 
animal 
shelters, 
household 
water

Burkina Faso, 
Zambia, South 
Africa, Uganda

[140, 142, 152, 
155, 156]

M. aurum Sputum Humans Zambia [152]
M. austroafricanum Soil, water Envt South Africa [140]
M. avium Sputum, blood, 

water, soil, faeces
Humans, 
environment, 
animals

Uganda, Burkina 
Faso, Malawi, 
Tanzania, Zambia, 
Guinea-Bissau, 
Mali, 
Mozambique, 
Nigeria, South 
Africa

[142, 144, 145, 
147–150, 152, 
154, 157–161]

M. 
boucherdurhonense

Sputum Humans Zambia, South 
Africa

[150, 160]

M. celatum Sputum Humans Tanzania [148]
M. chimaera Sputum Humans Zambia [150, 179]
M. colombiense/M. 
stomatepiae

Sputum Humans Tanzania [148]

Table 11 (continued)
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Table 11 (continued)

(b) Slow-growing
NTM species Sample source Host Country Reference

M. conspicuum Sputum Humans Zambia [152]
M. duvalii Soil, animal swags 

and tissue
Envt, 
Animals

South Africa [140]

M. engbaekii Soil, animal tissue, 
water

Animal 
shelter, envt

Uganda, South 
Africa

[140, 142]

M. europaeum Sputum Humans Zambia [150]
M. farcinogenes Animal Tissue Animals South Africa [139]

M. 
fluoroanthenivorans

Water Envt South Africa [140]

M. gastri Sputum, gastric 
lavage

Humans 
(children)

South Africa [160]

M. genavense Sputum Humans Tanzania [143]
M. gordonae Sputum, soil, water, 

faeces, animal tissue
Humans, 
animals, 
envt, mines, 
household 
water

Nigeria, Uganda, 
Zambia, Tanzania, 
South Africa, 
Mali, Kenya, 
Ethiopia

[140, 142–146, 
148, 150–152, 
154, 159, 160, 
162]

M. heckershornense Sputum Human South Africa [145]
M. heidelbergense Animal tissue Animals South Africa [139]
M. hiberniae Soil, animal tissue,

sputum
Animal 
shelter, 
animals, 
humans

Uganda, South 
Africa, Tanzania

[139, 142, 148]

M. indicus pranii Sputum Humans Zambia [150]
M. interjectum Sputum, animal 

tissue
Humans, 
Animals

Nigeria, Tanzania, 
South Africa

[139, 140, 145, 
146, 148]

M. intermedium/
triplex

Sputum Humans Tanzania [148]

M. intermedium Sputum, soil, water, 
animal tissue

Humans, 
Envt, 
animals

Tanzania, South 
Africa

[140, 143, 148]

M. intracellulare Sputum, water, soil Humans, 
envt, cattle, 
wildlife, 
household 
water

Nigeria, Uganda, 
Burkina Faso, 
Zambia, Tanzania, 
Guinea-Bissau, 
South Africa

[142–146, 
148–152, 160, 
161, 179]

M. kansasii Sputum, water Humans, 
gold mines

South Africa, 
Nigeria, Tanzania

[144–146, 148, 
156, 159, 160]

M. kubicae Sputum, water Humans 
Household 
water

Mali, Uganda [142, 154]

M. kumanotomense Sputum Humans Zambia
Tanzania

[148, 150]

(continued)
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(b) Slow-growing
NTM species Sample source Host Country Reference

M. lentiflavum Sputum, animal 
tissue

Humans, 
animals, envt

Zambia, Uganda, 
Kenya, Tanzania, 
South Africa

[139, 143, 145, 
148, 150–152]

M. malmoense Sputum Humans Nigeria, South 
Africa

[145, 146]

M. marinum Sputum Humans Tanzania [148]
M. montefiorense Water, soil Gold mines, 

envt
South Africa [140, 144]

M. 
nonchromogenicum

Soil, water, faeces, 
sputum, animal 
tissues

Animals, 
envt, 
household 
water

Uganda, Zambia, 
South Africa, 
Ethiopia, 
Tanzania

[140, 142, 143, 
150]

M. novocastrense Animal tissue Animals South Africa [140]
M. palustre Sputum, soil, animal 

tissue
Humans, 
envt, animals

Mali, South 
Africa

[140, 154]

M. paraffinicum Soil, water Envt South Africa [140]
M. 
parascrofulaceum

Water Gold mines South Africa [144]

M. 
saskatchawanense

Sputum Humans Guinea-Bissau [161]

M. scrofulaceum Sputum Humans South Africa, 
Nigeria, Uganda, 
Tanzania

[145, 146, 148, 
151, 160]

M. senuense Water Envt Uganda, South 
Africa

[140, 142]

M. setense Water Gold mines South Africa [144]
M. sherisii Sputum, blood Humans Burkina Faso, 

Tanzania
[148, 155, 163]

M. simiae Sputum, blood, 
water, soil, animal 
tissue

Humans, 
household 
water, envt, 
animals

Burkina Faso, 
Malawi, Zambia, 
Tanzania, 
Uganda, South 
Africa, Mali, 
Mozambique

[140, 142, 143, 
148, 149, 152, 
154, 157, 158]

M. stomatepiae Sputum, animal 
tissue

Humans, 
Animal

Tanzania, Zambia [148, 179]

M. szulgai Sputum, water Humans, 
envt

Uganda, South 
Africa

[140, 151, 160]

M. terrae complex Sputum Humans Tanzania [148]
M. terrae Water, soil, animal 

tissue, sputum
Household 
water, 
animals, 
envt, humans

South Africa, 
Ethiopia, Zambia, 
Uganda

[139, 140, 142, 
143, 152, 162]

M. triplex Soil, water Envt South Africa [140]
M. triviale Soil, water, animal 

tissue
Envt, 
animals

South Africa [140]

M. tusciae Water Coal mines South Africa [144]
M. xenopi Sputum Humans Nigeria [146]

Table 11 (continued)
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defined NTM disease incidence as a positive isolate in conjunction with new cavita-
tion on CXR, and estimated overall rates of 101/100,000 for NTM, 66/100,000 for 
M. kansasii and 12/100,000 for M. scrofulaceum [169].

Kwenda et al. [144] investigated the presence of M. kansasii in gold and coal 
mine and associated hostel water supplies and compared the genetic diversity of 
clinical (obtained 2005–2007) and environmental isolates of M. kansasii. Potentially 
pathogenic mycobacteria from the gold-mining region included M. kansasii, M. 
avium, M. fortuitum, M. peregrinum, M. chelonae, M. abscessus, M. parascrofula-
ceum, M. setense and M. montefiorense, whilst those from the coal-mining region 
included M. avium, M. intracellulare, M. peregrinum, M. chelonae and M. tusciae. 
M. kansasii was not isolated from the coal-mining region. The data did not estab-
lish/exclude water as a source of infection.

The introduction of liquid culture, and new speciation methods, is likely to have 
contributed to the different distribution of NTM species identified by Van Halsema 
et al. [159] in this population. In an observational study of 232 South African miners 
recruited at workforce TB screening and routine clinics 2006–2009, M. gordonae 
(60 individuals), M. kansasii (50) and M. avium complex (MAC: 38) were the com-
monest species, with notable absence of M. scrofulaceum using 16S sequencing. 

Mali

Guinea-Bissau

Burkina Faso

Nigeria

Ethiopia

Uganda

Kenya

Tanzania

Malawi

Zambia

Mosambique

South Africa

Fig. 15 Countries reporting data summarized in this review. Grey indicates countries without 
reports, and white indicates countries outside of Africa
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Organisms previously identified as M. scrofulaceum in this study were almost all 
subsequently identified as M. gordonae by 16S sequencing.

Another South African study from the Kwa-Zulu province of Natal also included 
molecular techniques to further identify mycobacterial isolates at a species level. A 
laboratory-based prospective study of 200 suspected NTM isolates conducted dur-
ing 2010 (representing 1/6 of the total suspected NTM received by that laboratory) 
revealed 66.5% confirmed to be NTM, with Mycobacterium intracellulare (45.9%), 
M. avium subspecies (11.3%), M. gordonae (6.0%) and M. kansasii (4.5%) the most 
common identified [145].

Lower rates of NTM were reported in a cohort of 503 HIV-infected patients with 
suspected TB in Mozambique [158]. Of 277 isolates tested, only 3 were NTM – 
2 M. avium and 1 M. simiae. These patients had clinical profiles indistinguishable 
from those of other patients. Similarly, low rates were observed in a cross-sectional 
study carried out at 10 hospitals in western Kenya 2007–2009; sputa from 872 TB 
suspects revealed TB (39.7%) and NTM (1.7%) [153].

A cross-sectional study was conducted between November 2012 and January 
2013 in self-presenting TB suspects in two hospitals in Tanga, Northeastern Tanzania 
[148]. The overall frequency of NTM patients was 9.7%. Of the 36 patients with 
NTM, 80.6% were positive for NTM in three samples, and 19.4% positive in 2/3 
samples. HIV co-infection was present in 30.6%. NTM species isolated from the 36 
patients using Genotype CM/AS included M. gordonae (6), M. interjectum (6), M. 
intracellulare (4), M. scrofulaceum (3), M. avium ssp. (2), M. fortuitum (2), M. kan-
sasii (1), M. lentiflavum (1), M. simiae (1), M. celatum (1) and M. marinum (1). 
Eight isolates required 16s rRNA gene sequencing and were identified as M. kuma-
motonense (n = 2), M. intracellulare/kansasii, M. intermedium/triplex, M. acapul-
censis/favenscens, M. stomatepiae, M. colombiense and M. terrae complex (n = 1).

Geographical differences in NTM prevalence are supported by environmental 
studies. NTM are common in a soil and water in the Karonga District of Malawi 
[170]. Regional differences in leprosy rates, skin test positivity and BCG protection 
rates prompted an investigation into the impact of environmental NTM exposure. 
Higher recovery of NTM was seen from soil in the north than south in the dry sea-
son but higher recovery in the south in the wet season. Possible explanations for this 
include a survival advantage in hot, dry soil imposed by the thick lipid-rich wall of 
mycobacteria, greater bacterial competition in cooler/wetter conditions, variable 
detection of NTM in the wet season due to dilution in soil by heavy rain or increased 
inhibitory compounds in wet soil.

The prevalence of NTM among TB suspects in rural Zambia also varied geo-
graphically. In three areas with high rates of HIV co-infection, but very similar TB 
rates (19–25%), NTM proportions ranged from 78% in Katete and 65% in Sesheke 
to 21% in Chilonga. Furthermore, the distribution of NTM species was different at 
the three sites [152].

The potential for cross-species infection or transmission between humans, wild-
life and livestock was investigated in Tanzania, revealing a diversity of NTM spe-
cies in the Serengeti ecosystem, some of which are known disease-causing 
pathogens. Isolates obtained from sputum of 472  TB suspects, 606 tissues from 
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wildlife and indigenous cattle were identified to species level by 16s rRNA sequenc-
ing. A total of fifty-five (55) NTM isolates representing 16 mycobacterial species 
and 5 isolates belonging to the MTBC were detected. Overall, Mycobacterium 
intracellulare (isolated from human, cattle and wildlife) was the most frequently 
isolated species (20 isolates, 36.4%) followed by M. lentiflavum (11 isolates, 20%), 
M. fortuitum (4 isolates, 7.3%) and M. chelonae-abscessus group (3 isolates, 5.5%). 
In terms of hosts, 36 isolates were from cattle and 12 from humans, the balance 
being found in various wildlife species [143].

More detailed clinical reports of patients with NTM disease have emerged from 
Zambia [171, 172] and in children from rural Uganda [151]. Of the 6123 Zambian 
individuals with presumptive TB, 923 (15.1%) were found to have NTM, 13 (0.2%) 
were MTB/NTM co-infected, and 338 (5.5%) were contaminated (indeterminate). 
The prevalence of symptomatic NTM was found to be 1477/100,000 [95% CI 
1010–1943], significantly higher than rates reported in many western countries. 
Smear positivity, history of cough or chest pain and HIV positivity were risk factors 
for NTM. However, there was a significant disease burden in the HIV-negative pop-
ulation. The prevalence of symptomatic NTM increased with participant’s age (both 
male and female) from 452/100,000 among those aged 15–24 years to 5160/100,000 
among those aged 65 years and above. Radiological abnormalities were similar to 
those reported elsewhere and included evidence of bronchiectasis, nodules, fibrosis 
or cavitation [171, 172].

The most prevalent species of NTM reported from four regions of Zambia 2009–
2012 were M. intracellulare followed by M. lentiflavum and M. avium [150]. Other 
species included M. fortuitum M. gordonae, M. kumamotonense, M. indicus pranii, 
M. peregrinum, M. elephantis, M. flavescens, M. asiaticum, M. bouchedurhonense, 
M. chimaera, M. europaeum, M. neoaurum and M. nonchromogenicum.

This was in partial agreement with the findings of the study conducted by Buijtels 
[152] in the Eastern region of Zambia. Of 180 patients admitted to 3 hospitals in 
Zambia in 2001 with infective respiratory symptoms and signs, 60 (33%) had only 
M. tuberculosis isolates in their sputum samples, 12 (7%) had M. tuberculosis and 
NTM, and 19 (11%) had only NTM. Mycobacterium avium complex dominated 
samples (15 patients); a further 15 were identified as M. intracellulare and 3 as M. 
avium. Other species included M. gordonae, M. peregrinum, M. goodie, M. porci-
num, M. lentiflavum, M. fortuitum, M. neoaurum, M. simiae, M. asiaticum, M. 
aurum and M. conspicuum. Although numbers of cases were small, the estimated 
rate of colonization in this study in the patient population was 9% (14/154), and the 
rate of disease was ≈2% (3/154) [152].

 West Africa

In 1996 the presence of MAC organisms was reported in the sputum of patients 
from Guinea-Bissau. Of 1000 isolates, 28 were identified initially as MAC using the 
AccuProbe test and then later using 16s rRNA sequencing as M. avium (2), M. sas-
katchewanense and (4), the rest M. intracellulare (4 different strain types) [161].
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A retrospective study from the Oyo and Osun states of Nigeria looked at 102 
patients diagnosed with pulmonary TB between 2007 and 2009. Of those with posi-
tive cultures, 9.1% had NTM identified; species included M. fortuitum, M. intracel-
lulare and M. chelonae. Fifty-seven percent of the NTM patients had previously 
been treated with TB drugs and were classified as treatment failures [173].

A report from the Cross River State in Nigeria (2008–2009) found that 12.4% of 
AFB-positive patients treated for TB had infections with non-mycobacterial organ-
isms, and 4.1% had NTM and included M. fortuitum I, M. fortuitum II/M. mag-
eritense, M. abscessus and M. avium ssp. [147].

Among 1603 consecutive suspected new TB cases over 12 months 2010–2011 
(age 18 and over) also from Nigeria [146], 444 (28%) were culture positive – 85% 
MTB complex, 15% NTM. Species isolated included M. intracellulare 21 (30.4%), 
M. abscessus 8 (11.6%), M. fortuitum 4 (5.8%), M. scrofulaceum 3 (4.3%), M. gor-
donae 4 (5.8%), M. malmoense 2 (2.9%), M. kansasii 1 (1.4%), M. interjectum 1 
(1.4%), M. peregrinum 1 (1.4%) and M. xenopi 1 (1.4%) species. Mixed infection 
of NTM and MTB was found in one case (0.2%) [146]. The high prevalence (15%) 
of clinical pulmonary NTM was linked to Harmattan dust exposure (Jan–Feb) and 
to HIV co-infection (38%).

As in other parts of the world, there may be differences in the geographical dis-
tribution of NTM in parts of Africa. This is suggested by reports from Nigeria on 
varying prevalence of NTM among TB suspects, between 4.1% in the South [147] 
and 23.1–26.6% in the north [174, 175]. Of note however, the time periods of these 
studies were not comparable, nor culture and identification methods.

In Bamako, Mali, sputum specimens from both newly diagnosed (naïve) and 
previously treated (chronic) TB cases between 2004 and 2009 were re-evaluated for 
NTM. Of 61 chronic cases, 17 (12%) were infected with NTM. Eleven of these 
patients had NTM disease alone (8 M. avium, 2 M. simiae and 1 M. palustre); the 
other six patients were from the treatment-naive group and had co-infection with 
MTB.  Species identified included M. avium, M. moriokaense, M. fortuitum, M. 
kumamotonense and M. kubicae. As these six patients were only treated for MTB, it 
is difficult to know if the NTM isolation was clinically significant, whereas all of the 
11 chronic disease patients with NTM met ATS criteria for disease [154].

Similarly, in Burkina Faso, pulmonary TB cases failing standard therapy with 
positive sputum smear microscopy after 5  months are defined as “chronic” TB 
patients. A prospective, countrywide investigation conducted in 2007–2008 [149] 
registered 83 chronic TB cases, of which 63 provided sputum samples for culture, 
and 13 (20.6%) grew NTM. Four patients were co-infected with HIV, and infecting 
species included M. avium (5), M. intracellulare (4), M. simiae (3) and M. chelo-
nae (1).

As a consequence of these findings, the National Tuberculosis Programme 
(Ouagadougou, Burkina Faso) started a process to develop national guidelines for 
NTM management. A further 314 samples from the same centre were examined in 
2012 [155]. NTM grew in culture in 36 (11%). Most NTM were identified as MAC 
(20 isolates). In culture of samples from four of the remaining patients, M. sherrisii 
grew. This is a relatively recently described species, closely related to M. simiae, 
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and may have been underestimated in many settings due to misidentification as M. 
simiae using the commercially available line probe assays. The clinical characteris-
tics of the patients infected with M. sherrisii were comparable to those infected with 
other common pathogenic species, such as MAC. Other reports suggest that this 
species may be relatively more common in Africa countries [163, 176–178].

 Children

The prevalence of NTM in Ugandan children has been investigated using a different 
approach [151]. Two cohorts of BCG vaccinated infants (2500) and adolescents 
(7500) aged 12–18 years were recruited and followed up for 1–2 years to determine 
the incidence of TB. The prevalence of NTM among infant TB suspects was 3.7% 
and adolescents 4.6%. Of 127 isolates obtained, 103 were confirmed mycobacteria, 
95 were NTM and 8 MTB. The Genotype CM/AS assay identified 63 of the 95 
NTM isolates, whilst 32 remained unidentified. The identified NTM species were 
M. fortuitum (40 isolates, 63.5%), M. szulgai (9 isolates, 14.3%), M. gordonae (6 
isolates, 9.5%), M. intracellulare (3 isolates, 4.7%), M. scrofulaceum (2 isolates, 
3.2%), M. lentiflavum (2 isolates, 3.2%) and M. peregrinum (1 isolate, 1.6%). Strain 
typing revealed minimal clustering within species, consistent with environmental 
sources within the community. In rural agro-pastoral Uganda, a recent study of 310 
samples from soil, water and faecal matter from cattle and pigs isolated 48 NTM 
[142]. The major species identified in that study were 15 (31.2%) M. avium com-
plex, 12 (25%) M. fortuitum-peregrinum complex, 5 (10.4%) M. gordonae and 5 
(10.4%) M. nonchromogenicum.

A similar study in children <5  years of age was conducted in South Africa 
(2001–2005) as part of the TB vaccine surveillance programme [160]. NTM were 
isolated from sputum or gastric lavage in 6% of children investigated for pulmonary 
TB, with 114 isolates coming from 109 children. Only 2% of these children were 
co-infected with HIV, and 95% were symptomatic. M. intracellulare was the most 
common pathogen (51) followed by M. gastri (7), M. avium (5), M. gordonae (5), 
M. flavescens (3), M. scrofulaceum (3), M. szulgai (1) and M. kansasii (1). Compared 
to the children with MTB, the NTM children were older (mean age 18 months; 
range 13–23) and were more likely to have constitutional symptoms including fever 
and weight loss and less likely to have a positive PPD and CXR findings consistent 
with TB [160].

 Summary

Information regarding the epidemiology of NTM in Africa lags behind that of 
developed countries. However, the importance of NTM in confounding TB diagno-
sis and treatment is appreciated, and with laboratory collaborations, more studies 
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are revealing the magnitude of this effect. Rates of NTM in TB suspects in Africa 
are commonly between 5% and 15%. The wide variability in reported studies 
(0.2%–78%) is likely due to varying rates of HIV co-infection, geographical distri-
bution and frequency of NTM in the environment and laboratory methods of culture 
and identification.

Species distribution is similar to other parts of the world with MAC organisms 
the most common. However, some species appear unique to Africa (such as M. sher-
risii) and others more common in some areas (e.g. M. kansasii in miners, M. lenti-
flavum in Zambia).

Importance of correct identification of NTM, to avoid confounding with TB, and 
unnecessary treatment for MDR/XDR TB cannot be overemphasized. The morbid-
ity and mortality of NTM disease in Africa, particularly in association with HIV 
infection, should also be a public/environmental health priority.

 Central and Southern America

Dirk Wagner

 Introduction

Data from Central and South Americas are general laboratory-based surveys, 
mostly from single centre institutions. Since population-based surveys are lack-
ing from this region and in most studies reliable clinical data are missing, esti-
mates of the prevalence and incidence of NTM-PD in these regions are very 
scarce (182). Data are affected by referral bias and from selection bias of sam-
ples that were submitted for culture, e.g. from patients newly diagnosed with TB 
who remain positive for AFB during treatment, patients that had a history of 
prior treatment for TB and are newly AFB positive, patients who are contacts of 
persons with drug-resistant TB, or patients who are part of specific population 
groups, including health professionals, the homeless, prisoners, indigenous 
populations, and HIV-positive persons [182]. This leads to an overproportion of 
or selection of patients with smear-positive NTM-PD disease (Table 13), and – 
although smear-positive patients have a high probability to indeed have NTM-PD 
according to ATS-guidelines – to an underestimation of the true incidence and 
annual prevalence of NTM-PD. Furthermore, data are difficult to compare since 
the number of repetitive isolations of an NTM from the same patient as well as 
the exact specimen that was cultured has not always been stated [181, 183]. 
Figure  16 indicates the countries that have produced articles included in this 
review.
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 South America

NTM isolation Most data for patients infected with NTM in Southern America 
have been collected in Brazil, usually in patients with suspected tuberculosis. 
Predominantly 16S rRNA- and hsp65 gene fragment sequencing or RFLP of hsp65 
PCR product have been used as the detection method (Fig. 17, Table 13). In the 
states Para, Piaui, Bahia and Rhodônia, between 9% and 25% of the culture-positive 
specimens grew NTM. The percentage of individual patients with NTM-positive 
specimens was lower (8–14%), indicating repetitive culture positivity in some NTM 
patients [182, 184–188]. In Sao Paulo, where several studies reported data from 
tuberculosis suspects from 1995 to 2010, consistently a fifth of respiratory speci-
mens grew NTM (17–24%) [189–192]. The isolated species differed substantially 
between studies and regions with a high percentage of rapid-growing mycobacteria 
being reported in Rhodônia [188] and Bahia [186], whereas the slow-growing 
mycobacteria MAC and M. kansasii were the predominant species in Para [184], 
Rio de Janeiro [182] or Sao Paulo [189–192]. In adult patients with cystic fibrosis, 
NTM isolation frequency from sputum was 11% in Campinas (State of Sao Paulo, 
no species data were reported) [193], and – more recently – 8% in children in Rio 
de Janeiro [194]; 8 of the 12 patients were infected with M. abscessus group, 3 with 
MAC [194]. In the two studies from Argentina, Cordoba (1991–2000) [195] and 
Northern Buenos Aires (2004–2010) [196], isolation frequency of NTM from 
mycobacterial cultures or in culture-positive patients was significantly lower 
(4–6%). In both studies a high percentage of MAC as the predominant species was 
reported, although the former study only used biochemical methods for species 
identification.

NTM-PD In general, studies from South and Central America fail to report the 
proportion of NTM-positive patients meeting the definition of disease according to 
the 2007 ATS/IDSA guidelines [197]. One exception is a study from Para [187] in 
which 29 of the 38 (76%) symptomatic patients with radiological abnormalities and 
with an NTM isolated from respiratory secretions had NTM-PD due to M. massil-
iense (45%), MAC (21%), M. simiae complex (10%) and M. abscessus (7%) [187]. 
Several studies [182, 184, 186, 188, 190, 196] have used the microbiological criteria 
as a surrogate, sometimes with the additional note that all patients were symptom-
atic. This approach has been validated in Oregon, USA, finding that 86% of patients 
that met the ATS/IDSA microbiologic criteria for disease also met the full ATS/
IDSA criteria [198]. A second older study from Para, which only used the microbio-
logical criteria [184], showed a similar species distribution in these patients (MAC 
29%, M. massiliense 27%, M. simiae complex 22%, M. bolletii 5%, M. abscessus 
4%). In both studies almost all patients were smear-positive and had been treated for 
presumptive TB.  In comparison to other Brazilian states and the reports from 
Argentina, the higher percentage of M. massiliense, a rapid-growing NTM, in 
patients with NTM-PD is noteworthy. The absence of M. kansasii may be explained 
by pretreatment with a standard TB regimen of rifampin, ethambutol and isoniazid, 
to which M. kansasii is susceptible. Different percentages of pretreated patients 
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(25% [196], 58% [182], 100% [187]) have likely influenced the reported NTM spe-
cies distribution. Still geographic factors as well as environmental factors (such as 
comparably less access to a piped water supply in the state of Para relative to other 
Brazilian states) have been discussed as influencing exposure risk and disease mani-
festation [187]. The fact that in the two studies from Para the patients with NTM 
isolations were predominantly female (64–72%) in contrast to the other studies 
from South America (25–44%, Table 13) points to different risk factors in the state 
of Para. People of Pardo heritage (mixed white and indigenous) were over- 
represented (90% vs background 69.5%). This may be due to increased susceptibil-
ity of Pardo individuals to NTM disease or confounded by greater exposure to NTM 
in agricultural soils or drinking water [187].

Despite the significant limitations (and likely high degree of underestimation) of 
epidemiologic estimates [181], Prevots and Marras [181] analysed two studies [190, 
191]. In the Baixada Santista (coastal) region of Sao Paolo (2000–2005), the annual 
prevalence for NTM isolation was calculated as 1.3/100.000, and for NTM disease 
as 0.25/100,000 [181, 190]. A significantly higher annual prevalence for NTM iso-
lation (5.3/100,000) and NTM disease (1/100,000) was calculated for São José do 
Rio Preto (1996–2005), a more inland region in the state of Sao Paolo [181, 191]. 
The paucity of data allows no firm conclusions to be drawn about population fre-
quency of NTM-PD in Southern America.

 Central America

Very little information has been published from Central American countries (Fig. 16, 
Table 14). In a study from Mexico, 537/1646 (32%) of clinical isolates from acid 
fast-positive respiratory secretions from 2008 to 2011 were identified as NTM by 
hsp65-PCR and restriction enzyme analysis; no data on the species distribution 
were reported [199]. In a study from Honduras (1997) analysing 235 patients with 
suspected tuberculosis, 10% of the 100 specimens that grew mycobacteria were 
NTM; MAC was isolated in three patients, M. fortuitum in two. Five of these ten 
patients were smear-positive, seven had been treated for presumptive tuberculosis, 
one for more than 20 years [200].

 Summary

Information regarding the epidemiology of NTM in South America and more so in 
Central America are comparable to the limited information found in African coun-
tries. Similarly, NTM is confounding TB diagnosis and treatment, but the magni-
tude of the effect has not been determined sufficiently. A significant difference in 
species distribution has been reported in Brazil, but no population-based data have 
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Mexico

Honduras

Brazil

Argentina

Fig. 16 Countries reporting data summarized in this review. Grey indicates countries without 
reports, white countries outside of South and Central America

been reported to correctly estimate the NTM-PD disease burden in this region. 
Efforts to diagnose NTM-PD not only in the tuberculosis suspect will likely increase 
these numbers. Similar to other regions with ageing populations, the decreasing TB 
prevalence, increasing prevalence of risk groups and availability of rapid identifica-
tion methods for NTM-PD will be of increasing importance in the future.

 Summary

This review summarized the heterogeneous epidemiology of NTM isolations and 
NTM disease worldwide. Not only the epidemiology of NTM isolation is heteroge-
neous, as has been shown by the NTM world map study [13], but also the available 
data differ from continent to continent, from country to country and within coun-
tries. Still current available population-based data imply that NTM-PD is increasing 
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not only in North America but also in Europe, Asia and Australia. Often, NTM is 
confounding TB diagnosis and treatment, but the magnitude of the effect has not 
been determined sufficiently. Due to the lack of availability of detection methods 
but also due to the lack of awareness, NTM-PD is probably still underdiagnosed in 
many regions worldwide. Our understanding of the epidemiology of NTM world-
wide would be considerably improved by undertaking large population-based stud-
ies, collecting relevant clinical data and providing information on subsequent 
outcome. A respective registry has been implemented in the USA but is urgently 
needed in other continents. New molecular methodology, e.g. whole-genome 
sequencing, will considerably enhance our appreciation of NTM epidemiology, in 
terms of both subspeciation of potentially disease-causing organisms, and whether 
repeated NTM isolates in an individual represent the same or different strains of the 
organism occurring over time.

Para

Piauí

Bahia

Rondônia

Rio de janeiro

Sao Paulo

Fig. 17 Brazilian states reporting data. White indicates states without reports; grey countries out-
side of Brazil
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Diagnosis of NTM Disease: Pulmonary 
and Extrapulmonary

Jeremy M. Clain and Timothy R. Aksamit

 Introduction

For the past decade, the diagnosis of NTM disease has been guided by criteria laid 
out in an official statement of the American Thoracic Society (ATS) and the 
Infectious Diseases Society of America (IDSA) [1]. Pulmonary and extrapulmonary 
NTM disease are considered separately, but in all cases the clinical and radiographic 
context of laboratory findings is paramount. This chapter serves as a summary of 
current diagnostic principles and common diagnostic dilemmas in NTM disease.

 Diagnosis of Pulmonary NTM Disease

 General Guiding Principles

The diagnosis of NTM pulmonary disease requires consideration of clinical, radio-
graphic, and microbiologic factors, each of which is subject to ambiguity. The 
complexity of the diagnostic criteria for disease derives from two main sources 
of uncertainty. First, NTM pulmonary disease is quite uncommon, relative to the 
universality of NTM exposure. Since environmental reservoirs of NTM are numer-
ous, ubiquitous, and unavoidable, all individuals come into frequent contact with 
NTM. Therefore, NTM organisms cultured from respiratory sites often reflect tran-
sient exposure to NTM and not pathologic disease. The second main source of uncer-
tainty regarding the diagnosis of NTM pulmonary disease is the fact that respiratory 
samples are nonsterile. With environmental reservoirs of NTM that prominently 
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include tap water, this lack of sterility means that there is a considerable possibility 
that a positive NTM culture result reflects contamination, and not disease.

The general diagnostic criteria for NTM pulmonary disease, based on the ATS/
IDSA statement, are summarized in Fig. 1 [1]. Simply stated, these criteria demand 
confirmatory microbiologic evidence of NTM infection in the context of clinical 
and radiographic findings suggestive of NTM pulmonary disease. Though these 
criteria serve as guides to the diagnosis of all NTM pulmonary disease, it is impera-
tive to carefully consider the particular NTM organism encountered when contem-
plating a diagnosis of NTM pulmonary disease. Since these criteria are largely 
based on the experience with M. avium complex (MAC), they are most readily 
applied to the diagnosis of MAC NTM disease but are also extrapolated to other 
NTM isolates. When considering the possibility of a diagnosis of NTM pulmonary 
disease due to non-MAC organisms, the epidemiology and the virulence of the 
NTM in question need to be taken into account, and expert consultation is often 
required [2–5]. Most significantly, isolation of certain low-virulence organisms 
(such as M. gordonae) is rarely associated with clinical disease, even when other 
clinical and radiographic criteria are met [2].

Clinically, the signs and symptoms of NTM pulmonary disease are varied and 
nonspecific. Most affected patients will have chronic or relapsing cough. Some will 

Clinical symptoms that are attributable to NTM lung disease, and not to comorbid conditions
or alternative diagnoses, which may include:  

• Pulmonary symptoms: cough, dyspnea, sputum production, hemoptysis, chest pain
• Constitutional symptoms: fatigue, fevers, night sweats, and weight loss 

AND

Radiographic findings that are consistent with NTM lung disease, which may include:

• Fibrocavitary lesions
• Regions of bronchiectasis, nodular infiltrates, consolidation, and tree-in-bud opacities

AND

Microbiologic evidence that is suggestive of NTM infection, which should include: 
• Positive culture results from at least two separate sputum samples

OR

• Positive culture result from at least one bronchial wash or bronchoalveolar lavage 

OR

• Lung biopsy with mycobacterial histopathologic features and positive culture for NTM 
either from the biopsy specimen or from a single respiratory sample

Fig. 1 Summary of criteria required for the diagnosis of nontuberculous mycobacterial pulmo-
nary disease
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have additional pulmonary symptoms, which can include progressive dyspnea, spu-
tum production, hemoptysis, and chest pain. Constitutional symptoms also occur, 
which can include fatigue, fevers, night sweats, and weight loss. A major challenge 
is differentiating symptoms due to potential NTM pulmonary disease from those 
due to underlying structural lung disease, particularly bronchiectasis or 
COPD.  However, it has been suggested that NTM pulmonary disease should be 
considered in any patient with structural lung disease whose symptoms do not 
respond to treatment of their underlying condition [6].

Radiographically, the cardinal features of NTM pulmonary disease are fibro- 
cavitary lesions or regions of bronchiectasis, nodular infiltrates, consolidation, and 
tree-in-bud opacities (Fig. 2) [1]. No radiographic pattern is specific for NTM pul-
monary disease. The finding of tree-in-bud opacities on chest CT often raises con-
cern for NTM, but one case series showed that among patients in whom the cause 
of tree-in-bud opacities could be established, less than half were due to NTM pul-
monary disease [7]. Certain radiographic patterns are unusual in NTM pulmonary 
disease, including pleural disease, ground-glass opacities, prominent thoracic ade-
nopathy, and air-fluid levels in cavitary lesions.

Mycobacterial culture data is an absolute requirement for the diagnosis of NTM 
pulmonary disease, even in the patient with particularly suggestive clinical and radio-
graphic features. In the patient who is able to produce sputum, either spontaneously 
or via induction with nebulized saline, at least three specimens should be obtained for 
AFB smear and mycobacterial culture. The diagnosis of NTM pulmonary disease is 
best supported by positive culture results on at least two of the three specimens. The 
basis of this two out of three sputum requirement dates back to retrospective observa-
tions made from a single center with respect to patients in whom M. avium complex 
was cultured in sputum through the 1980s [8]. Among these patients, only 2% of 
those with a single positive sputum culture demonstrated significant radiographic 

a b

Fig. 2 Representative CT chest findings from a patient with nontuberculous mycobacterial pul-
monary disease. In panel (a), a fibrocavitary lesion is seen at the right upper lobe. In panel (b), mild 
bronchiectasis and nodular and tree-in-bud infiltrates are demonstrated in the right lower lobe, 
along with consolidative infiltrates at the right middle lobe and lingua
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changes over the course of at least 12 months of follow-up. In contrast, 98% of those 
with two or more positive sputum cultures experienced radiographic progression, 
with new cavitary or infiltrative lesions noted. Furthermore, 97% of this latter group 
had positive cultures observed on at least two of their first three sputum samples.

Among patients unable to produce sputum in whom there is a high index of suspi-
cion for NTM pulmonary disease based on clinical and radiographic findings, culture 
results from a single bronchoscopic wash or bronchoalveolar lavage (BAL) can be 
considered sufficient microbiologic evidence of NTM pulmonary disease. However, 
care should be taken in interpreting the results of bronchoscopic studies. The use of a 
single bronchial washing or lavage sample to establish the diagnosis of NTM pulmo-
nary disease is most appropriate in the patient who is unable to produce sputum. 
Bronchoscopy should be followed up by sputum collection in a patient in whom a posi-
tive NTM culture was unexpected. Additionally, great care should be taken when 
ascribing NTM pulmonary disease to an unusual NTM organism on the basis of a sin-
gle bronchoscopic culture, and expert consultation in this situation is generally required.

When judging the significance of microbiologic results, consideration should 
also be given to quantitative measures. Low numbers of NTM organisms isolated in 
respiratory cultures, whether from sputum or bronchoscopic samples, should cast 
doubt on a potential diagnosis of NTM pulmonary disease. In contrast, positive 
smear results for acid-fast bacilli and/or large numbers of NTM organisms on cul-
ture should increase suspicion for NTM pulmonary disease.

Ultimately, the diagnosis of NTM pulmonary disease is most straightforward 
when a patient exhibits clear signs and symptoms of disease, has chest imaging 
demonstrating classic patterns of NTM infection, and submits multiple respiratory 
samples that grow common, disease-generating NTM on mycobacterial culture. 
Situations in which a diagnosis is not so clear are considered below.

 The Significance of a Single Sputum Culture Positive for NTM

In general, a single respiratory culture that is positive for NTM is an indeterminate 
finding, which could be due to contamination, transient presence of an NTM organ-
ism in the airways following environmental exposure, or true NTM pulmonary dis-
ease [9]. Only a minority of patients with a single sputum culture positive for NTM 
are ultimately diagnosed with NTM pulmonary disease, and so care should be used 
not to over interpret the meaning of a single positive culture [10–12]. For the most 
part, a single sputum culture positive for NTM is an indication to follow a patient 
closely and to collect multiple additional respiratory samples. However, as with 
most aspects of diagnosis of NTM pulmonary disease, the approach needs to be 
individualized, and consideration should be given to the specific organism cultured 
as well as the patient’s ability to produce multiple, high-quality respiratory samples. 
It is not uncommon for experienced clinicians to pursue treatment for NTM pulmo-
nary disease in the absence of multiple positive cultures [13]. Making the diagnosis 
of NTM pulmonary disease with only a single sputum culture positive for NTM is 
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most appropriate in the setting of a particularly virulent organism, such as M. kan-
sasii, M. szulgai, and M. malmoense. However, in most cases, the indolent course of 
NTM pulmonary disease allows for sufficient time to carefully and longitudinally 
establish a microbiologic diagnosis with multiple samples.

 The Significance of an Unexpected NTM Culture Result While 
Treating a Different Mycobacterial Disease

Patients being treated for pulmonary mycobacterial disease typically undergo mul-
tiple sputum cultures during the course of treatment. It is now recognized that isola-
tion of unexpected NTM species among these routine surveillance cultures is not 
uncommon. Rates of unexpected NTM isolation among patients undergoing treat-
ment of pulmonary TB have been reported at 7–14% among populations in the 
USA, Canada, Korea, and Taiwan [14–17]. In all of these populations, the incidence 
of NTM pulmonary disease was felt to be uncommon, but close follow-up of such 
patients beyond completion of TB therapy is thought to be warranted. An analogous 
situation has been described during the treatment of MAC, whereby surveillance 
cultures unexpectedly grow out M. abscessus subspecies abscessus [18]. Here again, 
the clinical significance of the unexpected NTM culture result was uncertain upon 
the initial finding; only a minority of patients with M. abscessus isolated on sputum 
culture were ultimately felt to have M. abscessus pulmonary disease in addition to 
the MAC pulmonary disease for which they were being treated. Current experience 
suggests that the isolation of an unexpected NTM species while treating a different 
mycobacterial disease should prompt close follow-up, with serious consideration as 
to the possibility of the development of a second NTM pulmonary disease.

 When to Pursue Bronchoscopy

Bronchoscopy can be a useful tool in the diagnosis of NTM pulmonary disease. It 
is usually unnecessary in the setting of fibrocavitary disease, where high bacterial 
burdens generally facilitate making the microbiologic diagnosis via serial sputum 
samples. It is not uncommon that patients with nodular-bronchiectatic disease can-
not produce adequate sputum samples, and bronchoscopy should generally be 
reserved for such patients. Prior to pursuing bronchoscopy, the clinician should con-
sider how results will affect management. If a decision has already been made not 
to treat a patient for NTM pulmonary disease at a particular point in time even with 
a positive bronchoscopic NTM culture result, bronchoscopy should be deferred. 
However, if alternative diagnoses are being entertained, including bacterial or fun-
gal infections, bronchoscopy may be justified even if NTM pulmonary disease 
would not immediately be treated. While bronchoalveolar lavage is likely more sen-
sitive than sputum culture in most patients with nodular-bronchiectatic disease, 
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basing the microbiologic diagnosis of NTM pulmonary disease on a single broncho-
scopic sample is only appropriate in the patient who is unable to produce sputum. If 
a bronchoscopic sample unexpectedly yielded NTM on culture, efforts should sub-
sequently be made to obtain three sputum samples for further evaluation.

 When to Pursue Pulmonary Biopsy

Lung biopsy is not usually necessary to establish a diagnosis of NTM pulmonary 
disease, and the risks of biopsy to establish a diagnosis are frequently not justified. 
However, there are two scenarios in which lung biopsy may be indicated: (1) when 
an alternative disease (often malignancy) cannot otherwise be excluded and (2) 
when there is a very high index of suspicion for NTM pulmonary disease, but spu-
tum and/or bronchial wash results have been nondiagnostic. When a lung biopsy is 
obtained, findings of histopathologic features of mycobacterial infection (granulo-
matous inflammation and/or AFB-positive organisms) with NTM isolated on cul-
ture from the sample or from a single separate sputum culture or bronchial washing 
are sufficient for diagnosis.

 The Decision to Treat Pulmonary NTM Disease

In general, establishing a diagnosis of NTM pulmonary disease should not auto-
matically trigger initiation of directed anti-mycobacterial therapy. The decision as 
to whether a patient requires therapy depends on a number of factors, including the 
virulence of the specific organism cultured, the patient’s immune status, the severity 
of symptoms attributable to NTM infection, the presence or absence of cavitary 
lesions, the rate of clinical and radiographic progression, and the patient’s ability to 
tolerate therapy. Antibiotic therapy for NTM pulmonary disease invariably requires 
prolonged exposure to multiple agents, with attendant risks of significant adverse 
effects, and so the decision to pursue treatment should not be taken lightly. Prior to 
initiating therapy for NTM pulmonary disease, careful consideration should be 
given to the balance of risks and benefits involved in pursuing an extended treatment 
regimen. Ideally, this calculus includes clear definitions of a patient’s goals, prefer-
ences, and expectations.

 Diagnosis of Extrapulmonary NTM Disease

The diagnosis of NTM disease outside of the lung depends on direct sampling of 
affected spaces. A high index of suspicion, informed by consideration of host risk 
factors, is required to pursue appropriate diagnostic sampling.
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 Lymphadenitis

Localized cervical lymphadenitis is the most common form of NTM disease in 
immunocompetent children but is rarely seen in immunocompetent adults. The vast 
majority of cases occur in children younger than 5 years, with typical presentation 
involving painless, unilateral lymph node swelling that persists for weeks to months, 
without any associated systemic symptoms. Though spontaneous resolution of the 
lymph node swelling can occur, progression, liquefaction, and prolonged drainage 
are common.

The main differential diagnostic consideration is M. tuberculosis-associated 
lymphadenitis, which can present in an identical fashion. Other infectious organ-
isms should also be considered, as should lymphoma. Diagnosis relies on lymph 
node sampling, either by fine needle aspirate or excisional biopsy, with excisional 
biopsy carrying the advantage of being potentially curative. Definitive diagnosis is 
based on recovery of NTM organisms from lymph node culture or by identification 
of NTM via molecular probe. It should be noted that sensitivity of lymph node cul-
ture is suboptimal, even in the setting of histopathology showing caseating granulo-
mas with AFB, and so molecular probes can be very helpful in differentiating 
between lymphadenitis due to NTM (particularly MAC) and M. tuberculosis.

Lymphadenitis caused by NTM is also discussed in the chapter “Nontuberculous 
Mycobacterial Disease in Pediatric Populations”.

 Skin and Soft Tissue Disease

Though cutaneous exposures to NTM are commonplace, NTM infections of the 
skin and soft tissues due are relatively rare. A population-based study in Olmsted 
County, Minnesota, described an incidence of skin and soft tissue NTM disease of 
2.0 per 100,000 person-years, though this would be expected to vary geographically 
due to environmental considerations [19]. As with other forms of NTM disease, a 
diagnosis of NTM infection of the skin and soft tissue requires consideration of the 
clinical context and supporting data, in addition to culture results. Isolation of NTM 
from skin or wound specimens does not by itself establish a diagnosis of NTM 
infection, and it is necessary to consider whether a patient has risk factors for NTM 
skin and soft tissue disease and whether the histopathology of collected specimens 
is compatible with the diagnosis.

Cutaneous NTM infections manifest with lesions that evolve slowly over the 
course of weeks to months, taking many forms, including abscesses, ulcers, nod-
ules, papules, and rashes [19–21]. The hands and forearms are the sites most com-
monly affected, and pain is the most common symptom, though some will complain 
of pruritus, swelling, or drainage [20]. Causative organisms are most often M. mari-
num or one of the rapidly growing mycobacterium (e.g., M. abscessus, M. chelonae, 
M. fortuitum) [19, 20].
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The major risk factors for NTM skin and soft tissue disease are immunosup-
pression, trauma, surgery, and cosmetic procedures. A history of solid organ 
transplantation and treatment with tumor necrosis factor-alpha inhibitors are key 
immunosuppressive states associated with NTM skin and soft tissue disease [22–
24]. Trauma, surgery, and relevant cosmetic procedures (including tattoos, pierc-
ings, and pedicures) are all risk factors for NTM infection due to disruption of the 
skin’s barrier protection, and initial infection general occurs at the site of this disrup-
tion [24]. Exposure to tap water has been closely associated with many occurrences 
of NTM skin and soft tissue infections, including nosocomial NTM infections [1].

 Osteomyelitis

Infection of bone with NTM is an uncommon cause of osteomyelitis, and diagnosis 
is often delayed due to clinicians’ low index of suspicion for mycobacterial infec-
tion. In immunocompetent hosts, most NTM bone disease develops as a conse-
quence of direct inoculation due to trauma or surgery, with symptoms of pain and 
local inflammation developing slowly over weeks to months [25, 26]. In immuno-
compromised patients, hematogenous spread to bone is more likely, and osteomy-
elitis is often a manifestation of disseminated disease [27]. Radiographic findings of 
NTM osteomyelitis are nonspecific. MRI is often sought in the workup to help 
establish the likelihood of infection, but radiographic features alone cannot gener-
ally distinguish among infections due to bacteria, M. tuberculosis, and NTM [28]. 
The diagnosis of osteomyelitis due to NTM depends on bone biopsy with associated 
mycobacterial culture and histopathologic examination.

 Disseminated Disease

Disseminated disease due to NTM is almost exclusively seen among patients with 
advanced HIV or other profound immunosuppression and is almost always due to 
MAC. In the appropriate clinical context, disseminated NTM should be considered 
in HIV-infected individuals with CD4+ T-cell counts less than 50 cells/μl, though 
most cases occur in the setting of CD4+ T-cell counts less than 25 cells/μl. Symptoms 
of disseminated NTM are nonspecific (particularly in the context of advanced HIV) 
and include fever, night sweats, weight loss, abdominal pain, and diarrhea. Findings 
on routine laboratory studies are also nonspecific but may include anemia and ele-
vated lactate dehydrogenase and alkaline phosphatase. The diagnosis of dissemi-
nated NTM is usually made via positive blood culture, though isolation of NTM 
organisms from lymph node, bone marrow, liver, or another normally sterile com-
partment would also confirm the diagnosis. While mycobacterial loads are typically 
higher in bone marrow than in blood samples, there is little difference in culture 
yield from the two sites, and bone marrow sampling rarely provides more timely 
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results [29, 30]. Therefore, blood culture for mycobacterium should be the initial 
diagnostic step in most HIV-infected patients in whom disseminated NTM is being 
entertained.

Disseminated disease due to NTM is exceedingly rare in immunosuppressed 
states other than HIV infection, though it has been reported in patients following 
solid organ transplantation; in patients with hematologic malignancies, anti- 
cytokine antibodies, and rare genetic disorders; and in patients treated with cortico-
steroids. In such patients, the diagnosis of disseminated disease is based on isolation 
of NTM from culture of blood or other normally sterile compartment, just as in 
HIV-infected patients. However, as compared with patients with advanced HIV, 
those patients not infected with HIV are more likely to have disseminated disease 
due to an NTM other than MAC.
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Nontuberculous Mycobacterial Disease 
Management Principles

Timothy R. Aksamit and David E. Griffith

 Introduction

The reader will undoubtedly notice that throughout this volume, there are repeated 
caveats about the complexities, incongruities, paradoxes, and frustrations involved 
with nontuberculous mycobacterial (NTM) disease management, especially pulmo-
nary disease (PD). This chapter is an attempt to address as many of the difficult 
management problems as possible in one section. Obviously, many areas in this 
discussion lack a firm evidence base and are still controversial and hotly debated. 
Where possible we offer corroborating evidence for recommendations but also fre-
quently call upon almost three decades of experience managing NTM patients. It 
should also be noted that perspectives and recommendations made in this chapter 
are primarily made from a North American perspective and may or may not apply 
equally to other areas in the world, especially in developing countries. We fully 
recognize that the recommendations in this chapter will not be universally endorsed, 
but they will hopefully serve as a starting point for readers to explore difficult man-
agement decisions in more depth. While the initial admonition for this volume is not 
to use it as a quick “how-to” guide, this chapter is the exception. We hope the reader 
will find the recommendations in this chapter helpful in the practical day-to-day 
management of NTM disease patients.
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 Diagnosis

The first essential element in the management of NTM patients is adequate myco-
bacteriology laboratory support. All patient management decisions discussed below 
require accurate NTM identification and in vitro susceptibility testing results [1].

The management of patients with NTM PD begins with confidently establishing 
the diagnosis using published diagnostic criteria [1]. This topic is discussed in detail 
in chapter “Diagnosis of NTM Disease: Pulmonary and Extrapulmonary”. With 
very rare exception, we do not recommend or endorse empiric treatment for NTM 
infection, especially NTM PD.  Meeting diagnostic criteria for NTM PD is the 
essential first step for confidently approaching subsequent management decisions 
such as whether to proceed with an often complicated and prolonged NTM PD 
treatment course. We also understand the limitations of the diagnostic criteria which 
are clearly not applicable to all NTM species isolated from respiratory specimens. 
It is absolutely essential for clinicians to be familiar with the virulence and disease- 
causing potential of NTM species to intelligently apply the NTM PD diagnostic 
criteria [2]. And while newer serologic tests are being developed to assist in the 
diagnosis of NTM PD (especially MAC), there is a large unmet need for additional 
meaningful biomarkers and diagnostic tools, representing an area under active 
investigation [3–8].

 Diagnosis

• Diagnosis of NTM PD requires clinical, microbiologic, and radiographic 
confirmation

• Empiric treatment of NTM PD without confirmed diagnosis is not 
recommended

 NTM Pulmonary Disease and Tuberculosis

Pulmonary tuberculosis (TB) is invariably mentioned as the first differential diag-
nostic consideration for NTM PD, so it seems reasonable to discuss the four impor-
tant intersections between the two disease processes here.

First, patients with cavitary NTM PD present with chest radiographs consistent 
with reactivation pulmonary TB disease and with sputum that is often acid-fast 
bacilli (AFB) smear positive. Problems expeditiously differentiating TB and NTM 
PD in this type of patient are greatly alleviated by the widespread availability of 
sputum nucleic acid amplification testing (NAAT) for TB. In the setting of sputum 
AFB smear positivity, a negative NAAT carries a high negative predictive value and 
can in most, but not all, instances exclude a diagnosis of TB [9]. However, there may 
be instances where patients are at high risk for having TB based on the clinical set-
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ting where NAAT is either not available or negative, and the initial organism identi-
fication by some other means such as high-performance liquid chromatography 
(HPLC) suggests an NTM pathogen. In that circumstance we believe it is prudent to 
treat for TB while waiting for microbiologic confirmation of the diagnosis (Fig. 1).

A second more unusual occurrence is the isolation of MTB during the course of 
NTM PD therapy in a patient with established NTM disease. This circumstance 
represents a more difficult diagnostic challenge. Experience in the USA suggests 
that most M. tuberculosis (MTB) isolated during NTM PD therapy represent speci-
men laboratory contamination. We have, however, also rarely seen newly acquired 

a

c

b

Fig. 1 (a) 57-year-old male from Mexico found as part of a TB contact investigation to have a 
positive QuantiFERON test. Patient with chronic cough and abnormal chest radiograph. Initial 
sputum AFB smear positive but nucleic acid amplification test (NAAT) negative. Patient started on 
multidrug anti-tuberculosis therapy. (b): After 3 months of multidrug anti-tuberculosis therapy, no 
symptomatic improvement and progression of radiographic abnormalities. Multiple sputum speci-
mens culture positive for MAC. (c) After 3 months of guideline-based MAC therapy including 
macrolide, patient symptomatically better with radiographic improvement and conversion of spu-
tum to culture negative
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TB in NTM PD patients who were close or household contacts to TB cases. In either 
case, genotyping of the MTB isolate is essential for determining its significance. 
The processing lab must be notified that specimen contamination is suspected which 
should trigger the appropriate investigation including genotyping of M tuberculosis 
isolates processed in proximity to the specimen in question. Robust communication 
with laboratory colleagues will facilitate efficient and quality decision-making on 
behalf of the patient. Unfortunately, redirecting therapy against TB, at least tempo-
rarily, may be unavoidable. This analysis is significantly more complicated in 
regions outside the USA with high TB incidence and high risk for TB 
transmission.

A third and more common occurrence is the isolation of NTM respiratory patho-
gens during the course of TB therapy [10–12]. There are limited data suggesting 
that most NTM isolated in this circumstance are not clinically significant; however, 
that determination must be made on an individual basis. We generally recommend 
that NTM isolated during TB therapy do not require a change in therapy and that TB 
therapy should be completed before addressing the clinical significance of the NTM 
isolate. Obviously, patients must have ongoing evaluation to determine if the iso-
lated NTM is adversely affecting the patient’s course, thereby necessitating redirec-
tion of therapy to include coverage of the NTM pathogen. Most patients undergoing 
TB therapy in the USA are managed by public health entities, and evaluating the 
significance of NTM isolates is beyond their scope and resources which means that 
these patients will need evaluation in the community to determine the significance 
of NTM isolates. In that context, patients should be referred to appropriate special-
ists to address and possibly treat the NTM PD after TB treatment has been 
completed.

A fourth situation can occur when biopsies of an extrapulmonary organ unexpect-
edly yield an AFB smear-positive specimen. Too often cultures are not obtained 
during these procedures so that culture confirmation of the organism identity is not 
available. In this situation, patients are often assumed to have TB, especially if there 
is also a positive tuberculin skin test or interferon gamma release assay. Recently, 
molecular testing of the AFB smear-positive tissue has been employed through a 
service offered by the Centers for Disease Control and Prevention (CDC) that can 
identify MTB as well as NTM organisms from preserved tissue specimens [13]. The 
invaluable information obtained is not necessarily diagnostic of active mycobacterial 
disease and must be interpreted in the context of the patient’s overall clinical status.

 NTM PD and Tuberculosis

• Differentiation of TB disease from NTM PD may be challenging and requires 
careful clinical assessment, collaboration with laboratory colleagues, and use of 
available molecular diagnostic tools.

• NTM PD during treatment of TB pulmonary disease and, to lesser extent, TB 
pulmonary disease during NTM PD treatment can occur.
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• Treatment of TB is the highest priority with need for referral (from public health) 
of coinfected NTM PD patients after completing TB treatment to appropriate 
pulmonary or infectious disease specialists.

 Respiratory Comorbidities

The most important initial NTM lung disease management effort is typically how 
best to address underlying and often complex comorbidities. The most common of 
these comorbidities are bronchiectasis, chronic obstructive lung disease (COPD), 
sinus disease, and gastroesophageal reflux disease (GERD). These diagnoses are 
covered in more detail in chapter “Management of Lung Diseases Associated with 
NTM Infection”, but some key points are worth emphasizing.

It was observed more than four decades ago that some patients with non-cavitary 
Mycobacterium avium complex (MAC) disease experienced conversion of sputum 
AFB cultures to negative with “pulmonary toilet” measures, usually chest percus-
sion and postural drainage [14]. At the time of that observation, patients with bron-
chiectasis and nodular bronchiectatic (NB) MAC lung disease were not recognized 
as such. More recent studies have confirmed this phenomenon [15–17]. It is our 
experience that treatment of bronchiectasis can be symptomatically transformative 
for some patients. The management of bronchiectasis symptoms, which frequently 
mimic and are indistinguishable from the symptoms of NTM PD, can also help 
clinicians decide whether or not to start NTM therapy. Patients with mild and/or 
indolent NTM PD may experience sufficient symptomatic improvement with air-
way clearance measures and treatment of other comorbidities that NTM therapy 
may not be necessary even though NTM PD is still present.

Controversy exists about the utility of efforts to determine the etiology of bron-
chiectasis in patients without an obvious explanation. A careful and detailed history 
is unquestionably the most important aspect of any effort to determine the etiology 
of bronchiectasis. Recent guidelines have recommended core laboratory evaluation 
for all patients with additional evaluations based on clinical suspicion of specific 
contributing etiologies [18, 19]. The one consensus indication for a more extensive 
etiologic search is young age at onset of bronchiectasis. In our opinion this indica-
tion includes patients diagnosed with bronchiectasis at a young age but also older 
bronchiectasis patient with symptoms that began at a young age (Fig. 2). Severe and/
or extensive bronchiectasis would be other indications for considering an  etiologic 
evaluation (Figs. 3 and 4). The extent of the evaluation is influenced by cost for the 
testing and the potential impact of a positive test including the  availability of inter-
ventions for a specific diagnosis and genetic counselling for family members.

The management of COPD may also provide significant symptomatic benefit to 
the patient; however, it is less likely to allow NTM disease treatment avoidance 
because COPD patients are more likely to have cavitary NTM PD which requires 
aggressive treatment [17, 20–22]. Regardless, the potential symptomatic benefit 
from COPD treatment is a worthwhile goal of its own. It should be noted that 
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 appropriate treatment of advanced COPD may involve use of inhaled corticoste-
roids (ICS), but that ICS may increase the risk of NTM lung disease [23, 24] Our 
approach is to avoid ICS in the management of NTM PD in the absence of a COPD 
phenotype that specifically benefits from ICS administration.

a b

Fig. 2 (a) PA chest radiograph from 32-year-old female with history of recurrent pneumonia since 
childhood. Undergoing infertility evaluation. Sputum culture positive for MAC, M. abscessus, 
three strains of Pseudomonas. Chest radiograph with abnormalities consistent with diffuse bron-
chiectasis. (b) Chest CT slice from the same patient showing extensive upper lobe bronchiectasis 
consistent with cystic fibrosis. Sweat chloride level > 90 mmol/L

a b

Fig. 3 (a) Chest CT slice from 69-year-old patient, never smoker, with bronchiectasis in 2006 
showing bilateral bronchiectasis. Patient with history of recurrent respiratory infections including 
pneumonia since early adulthood. (b) Chest CT slice at comparable level from the same patient in 
2012 showing progression of bronchiectasis. Patient’s sputum culture positive for MAC, M. 
abscessus, Nocardia, Pseudomonas, Stenotrophomonas, Burkholderia, and Aspergillus. Alpha- 
one- antitrypsin level < 30 mg/dl, Zz phenotype
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A second important consideration for cavitary NTM PD patients is the potential 
for surgical intervention, which can dramatically improve NTM disease outcomes. 
Surgery for NTM disease is discussed in detail in chapter “Surgical Management of 
NTM Diseases”. Medical therapy alone for NTM PD has a low likelihood of steril-
izing large cavities and converting associated positive sputum cultures when pres-
ent. Best outcomes, defined as culture conversion, frequently require a combination 
of medical therapy and surgical intervention. It should be further emphasized that 
medical therapy for NTM PD should be given pre- and postoperatively when 
adjunctive lung resection for cavitary NTM PD is considered. Optimizing pulmo-
nary function is critical for a successful surgical outcome and requires comprehen-
sive and coordinated care by a multidisciplinary perioperative program including an 
experienced mycobacterial disease thoracic surgeon [25]. In our opinion, surgery is 
sufficiently effective that it should be considered, if only briefly, for all NTM PD 
patients and especially those with severe or treatment refractory disease.

 Respiratory Comorbidities

• Symptoms of NTM PD are not specific and similar to other comorbidities such 
as bronchiectasis or COPD.

• Treatment of comorbidities is of paramount importance to facilitate etiologic 
discernment of nonspecific symptoms.

• Consider etiologic evaluation for young bronchiectasis patients and those with 
long-standing symptoms or severe disease.

a b

Fig. 4 (a) Chest radiograph from 80-year-old patient with history of recurrent respiratory infec-
tions including pneumonia since childhood. Mother and maternal grandmother with chronic cough 
without diagnosis. Patient diagnosed with MAC disease 6 years prior with multiple subsequent 
treatment efforts including left lower lobe lobectomy. (b) Chest CT slice from the same patient 
showing extensive cavitary consolidation in the remaining left lung. Sputum cultures positive for 
MAC, M. abscessus, Pseudomonas, and Aspergillus. IgG level < 400 mg/dl
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• Bronchial hygiene is a core component of treatment programs for NTM PD 
patients understanding that most patients with NTM PD also have 
bronchiectasis.

• Minimize exposure to ICS unless justified by comorbidities.
• Select NTM PD patients may benefit from adjunctive surgical therapy.

 Starting NTM PD Therapy

After optimizing management of associated comorbidities, the next decision for the 
NTM PD patient is whether to begin therapy. For cavitary NTM PD patients, that 
decision is not difficult due to the inarguable risk for disease progression with atten-
dant morbidity and mortality [20, 21]. Thus, the risk/benefit assessment overwhelm-
ingly favors initiating therapy at the time of NTM cavitary PD diagnosis.

For patients with NTM NB PD, especially NB MAC PD, that decision is fre-
quently complicated and requires a more deliberate approach. It is evident that some, 
perhaps many patients with NB MAC PD have indolent disease so that MAC isola-
tion from a respiratory specimen, whether or not diagnostic criteria are met, does not 
reflexively or automatically require initiation of therapy. While many questions 
remain about the natural history of MAC PD, it is clear that not all patients with 
MAC isolated from respiratory specimens subsequently or inevitably have progres-
sive MAC lung disease that requires treatment [26]. There is even less data regarding 
the natural history for other NTM PD. Nonetheless, the general concept of a variable 
natural history likely holds true for NTM PD other than MAC as well as MAC PD.

The critical element in the decision to start or withhold therapy is a careful risk/
benefit determination for an individual patient. For mild NB MAC PD, the risks of 
treatment with uncertain benefit that potentially exposes patients to medication tox-
icity and side effects must be balanced against possible undertreatment of progres-
sive disease, which exposes patients to disease morbidity. A common scenario is the 
patient with persistently positive sputum AFB cultures for MAC who has minimal 
symptoms and stable NB radiographic abnormalities. There is a consensus that the 
benefit of therapy for this type of patient would not likely outweigh the risks of 
MAC therapy. Fortunately, NB MAC lung disease is sufficiently indolent that care-
ful longitudinal appraisal without therapy is safe and presents little risk for rapid 
progression of MAC PD or later hindrance to favorable therapeutic response. Should 
MAC therapy be held, it is imperative that macrolides are not used for exacerbations 
of bronchiectasis or other indications so as to mitigate the risk of developing 
macrolide- resistant MAC.

The next critical element is persistence in longitudinal follow-up. Those patients 
not started on therapy must be followed indefinitely as there is increasing evidence 
for significant risk of irreversible radiographic progression and pulmonary function 
decline in some patients not on therapy even if guideline-based treatment is started 
at a later date [27]. Our approach to initiating MAC lung disease therapy has rested 
on three essential factors, patient symptoms, microbiologic results, and radiographic 
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findings. The most important factor is the radiographic appearance, especially the 
development of cavitation, which would strongly favor initiation of therapy regard-
less of symptomatic or microbiologic stability.

There are few objective markers of NTM PD disease progression. A recent study 
compared the clinical characteristics of MAC PD patients who had a progressive 
course resulting in treatment initiation within 3 years of diagnosis with patients who 
exhibited a stable course for at least 3 years [26]. Compared to stable MAC PD, 
patients with progressive MAC PD had lower body mass index (BMI) and more 
systemic symptoms, positive sputum AFB smears, and fibrocavitary radiographic 
findings. Hopefully, other biomarkers of disease progression will emerge to supple-
ment or even supplant the current dependence on these clinical, microbiologic, and 
radiographic criteria.

The intensity and frequency of clinical scrutiny is also function of the specific 
NTM causing the patient’s lung disease. It has been recognized for many years that 
there is a spectrum of virulence among nontuberculous mycobacterial lung patho-
gens (chapters “Mycobacterium avium Complex Disease”, “NTM Disease Caused 
by M. kansasii, M. xenopi, M. malmoense and Other Slowly Growing NTM”, and 
“Disease Caused by Mycobacterium abscessus and Other Rapidly Growing 
Mycobacteria (RGM)”) [2]. It is not as clear if other NTM PD pathogens in the set-
ting of NB disease such as M. abscessus, M. kansasii, or M. xenopi behave as 
benignly as MAC. It is incumbent upon the treating physician to be familiar with the 
relative virulence of common NTM pathogens in general as well as locally isolated 
NTM species [28, 29]. For instance, a clinician in Central Texas would need to be 
familiar with the virulence and natural history of M. simiae disease, whereas physi-
cians in the Northern United States must be familiar with the disease-causing poten-
tial and natural history of M. xenopi.

No single or simple algorithm is adequate for determining the intensity of fol-
low- up for all patients. The physician must be familiar with the virulence of the 
NTM pathogen in question and the pattern of disease stability and/or progression 
for each patient rather than depending on arbitrary recommendations for the fre-
quency of clinical, microbiologic, and radiographic follow-up. For patients who 
meet NTM PD diagnostic criteria but who do not start therapy, we recommend 3–6- 
month (or sooner if symptoms worsen) follow-up pulmonary visits with sputum 
collection and radiographic assessment over at least a 24-month period. A 24-month 
period is generally adequate for determining which ostensibly stable patients will 
need therapeutic intervention. If therapy is not started in that time, we recommend 
at least yearly follow-up thereafter. We again stress that individualized patient 
assessment schedules are required. It is quite possible that management of other 
comorbid conditions such as bronchiectasis will dictate more frequent physician 
visits. We strongly urge indefinite follow-up for these patients as there is no recog-
nized or consensus statute of limitations for when progressive NTM PD might 
develop after isolation of NTM from a respiratory specimen.

Patient participation is mandatory and an essential aspect of these considerations. 
A frank discussion with the patient should not be limited to a list of medication tox-
icities but also weighing the possibility of progressive lung disease if therapy is held. 
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Too often patients are simply told that “the treatment is worse than the disease” to 
prejudice the patient against treatment. Our experience is that most patients are quite 
willing to tolerate some diagnostic uncertainties while knowing that they are part of 
a careful and deliberate long-term evaluation. Patients must trust that the process will 
not push them into unnecessary therapy nor abandon them to untreated disease pro-
gression. In our experience a major advantage of this deliberate approach is that by 
the time it is clear to the physician that treatment initiation is necessary, it is also 
usually clear to the patient as well. Attaining confidence in the need for therapy is 
absolutely essential for patient adherence with extended anti- mycobacterial treat-
ment regimens. In our experience the sequential and incremental introduction of 
(oral) NTM medications has generally enhanced tolerance at the beginning of treat-
ment in contrast to starting all NTM medications at full doses all at once. Buildup to 
full dosing and starts of new medication are frequently recommended at 2–3-day 
intervals so as to reach full dosing of all medications in an average of 2–3 weeks. Use 
of probiotics has been associated with a reduction of antibiotic- associated diarrhea 
and, in our experience, may improve gastrointestinal tolerance of medications [30].

 Starting NTM PD Therapy

• The decision to start treatment or observe for NTM PD is complex and unique to 
each patient, comorbidities, and overall risk-benefit assessment.

• The sequential and incremental introduction of NTM medications may improve 
tolerance.

• If treatment for NTM PD is not started, regular and longitudinal follow-up is 
essential.

 Choosing Anti-mycobacterial Treatment Regimens

Two of the greatest challenges for choosing NTM treatment regimens are under-
standing NTM drug resistance mechanisms and recognizing the limitations of 
in vitro susceptibility testing for guiding NTM anti-mycobacterial therapy. The lat-
ter consideration is neither intuitive nor facile and is perhaps the greatest source of 
frustration among clinicians treating patients with NTM disease. This topic is so 
important that it is covered in detail in two chapters in this volume (chapters 
“Laboratory Diagnosis and Antimicrobial Susceptibility Testing of Nontuberculous 
Mycobacteria” and “Drug Susceptibility Testing of Nontuberculous Mycobacteria”). 
The reader is strongly urged to read both of these discussions as they have some-
what different perspectives and emphasis. Even so it is worth reiterating that in vitro 
susceptibility testing for many NTM pathogens is frequently not a reliable guide to 
effective anti-mycobacterial drug choices and clinical responses (Table 1). The most 
important and common example is MAC where only macrolide and amikacin 
in vitro susceptibilities predict in vivo treatment response. This observation is so 
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important and so frequently ignored or misunderstood that it bears reinforcing. 
Awareness of the potential for acquired macrolide resistance for MAC means inclu-
sion of adequate companion medications (usually ethambutol) to prevent acquired 
macrolide resistance which is associated with significantly worse clinical outcomes 
compared with macrolide-susceptible MAC isolates (Table 2; Fig. 5) [31].

Formulating an adequate treatment regimen for a specific NTM pathogen and 
achieving therapeutic success require familiarity with both innate and acquired 
resistance mechanisms for that pathogen [32]. Conversely, a lack of familiarity with 
these mechanisms is not likely to be associated with treatment success and may in 
fact exacerbate or worsen the patient’s status. While specific NTM PD regimens 
including oral, inhaled, and/or parenteral antimicrobial agents vary considerably 
across different NTM species, the concept of using multidrug regimens for avoid-
ance of acquired drug resistance is universally applicable.

 Choosing Anti-mycobacterial Treatment Regimens

• Discordance between in vitro susceptibilities and in vivo treatment responses for 
NTM is common.

• Understanding the mechanisms of drug resistance in NTM is important for suc-
cessful treatment of NTM.

Table 1 Association of NTM in vitro susceptibilities and in vivo clinical response

Correlation between treatment response and in vitro susceptibilities
  MAC (macrolide, amikacin)
  M. kansasii (rifampin, macrolide, isoniazid, ethambutol, fluoroquinolone, streptomycin, 

sulfamethoxazole)
  M. marinum (rifampin)
  M. szulgai (macrolide)
  M. fortuitum (no macrolide, multiple antibiotics)
  M. chelonae (macrolide, multiple antibiotics)
  M. abscessus subsp. abscessus (macrolide if erm gene not active)
  M. abscessus subsp. massiliense (macrolide if erm gene not active)
Limited or no correlation between treatment response in vitro susceptibility
  M. xenopi

  M. malmoense

  M. simiae

  M. abscessus (active erm gene)

Table 2 Nontuberculous 
mycobacteria subject to 
emergence of acquired 
mutational resistance while 
on therapy

M. avium complex:
  (a) 23S rRNA gene (macrolides)
  (b) 16S rRNA gene (amikacin)
M. kansasii: rpo β gene (rifamycins)
M. abscessus: 23S rRNA gene (macrolides)
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 Patient Evaluation During NTM PD Therapy Including 
Response to Therapy

Once the patient has been started on an appropriate anti-mycobacterial treatment 
regimen, there are multiple potential impediments to the completion of adequate 
therapy. Most of these impediments are related to the long duration of treatment and 
the need for multiple potentially toxic anti-mycobacterial medications. Other 
impediments are generally related to the poor overall physical status of NTM 
patients due to other comorbidities, usually bronchiectasis or chronic obstructive 
lung disease. These comorbidities can obfuscate or confuse symptoms of mycobac-
terial disease. In one recent study, it was found that even for patients who responded 
well to anti-mycobacterial therapy, there was invariably at least one bronchiectasis 
exacerbation while on anti-mycobacterial therapy [33]. Some of the potential obsta-
cles to successful anti-mycobacterial therapy are listed in Table 3.

It is noteworthy that a major impediment to successful therapy is a lack of adher-
ence by treating physicians to recommended NTM PD guideline-based treatment 
[34, 35]. We readily concede that current treatment guidelines are suboptimal and 
frequently do not result in treatment success. We just as readily suggest that nonad-
herence to the treatment guidelines does not improve the chances for treatment suc-
cess and may adversely affect a patient’s disease course and prognosis [34, 35].

Fig. 5 68-year-old patient diagnosed with MAC lung disease. Patient started on guideline-based 
therapy including macrolide, ethambutol, and rifampin. Ethambutol discontinued after “resistant” 
MIC for ethambutol reported by reference laboratory. Moxifloxacin substituted for ethambutol 
because of “susceptible” MIC reported by the reference lab. Rifampin stopped due to patient intol-
erance. After 12 months of therapy with macrolide and moxifloxacin, the patient had progressive 
cavitary destruction of the right upper lobe and a macrolide-resistant MAC isolate
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Given the combination of coexisting pulmonary comorbidities and multiple 
potentially toxic medications, it is not surprising that NTM PD patients frequently 
experience problems with anti-mycobacterial therapy requiring therapeutic adjust-
ments. In our experience, the majority of adjustments are needed at the front end of 
the NTM PD regimen. One example of an effective adjustment is the improved 
tolerance of intermittent (three times weekly) medication compared with daily med-
ication administration for NB MAC PD [36, 37]. Changes in mycobacterial treat-
ment required due to gastrointestinal drug intolerances generally become less likely 
once patients are well into the treatment course.

Exceptions for late intolerances include hearing loss with the longer-term use of 
amikacin, and to lesser extent macrolide, and optic nerve toxicity with ethambutol. 
It is essential for the clinician to manage these patients in such a way as to maintain 
as many “first-line” drugs as possible in the patient’s treatment regimen as there are 
few effective alternatives. We recommend audiograms for patients on parenteral 
amikacin and visual and color vision testing for patients on ethambutol in accor-
dance with monitoring recommendations from recent TB guidelines [38].

Macrolides are the most important anti-mycobacterial component in MAC and 
macrolide-susceptible M. abscessus treatment regimens. Simply stated, there is not 
a comparably effective replacement in either circumstance. It is clear that maintain-
ing a macrolide in the treatment regimen in these situations has the highest priority. 
Patients who are intolerant of one macrolide (clarithromycin or azithromycin) 
because of drug toxicity can frequently tolerate the other. Even for mild hypersensi-
tivity responses, there is not complete cross-reaction between the two drugs so that 
patients with a rash on one macrolide should be challenged (under appropriate obser-
vation and monitoring) with the other macrolide. Although not as critical for suc-
cessful therapy, patients with intolerance to one rifamycin (rifampin or rifabutin), 
including mild hypersensitivity reactions, may tolerate the other rifamycin. Rifampin-

Table 3 Impediments to 
effective NTM pulmonary 
disease therapy

Long duration of therapy required
Multiple drugs necessary
Ubiquitous presence of NTM in the environment resulting in 
ongoing exposure
Innate antibiotic resistance mechanisms
  Poor correlation between in vitro susceptibility and clinical (in 

vivo) response
Acquired antibiotic resistance
Marginally effective drugs
Poor correlation between pharmacokinetic and pharmacodynamic 
indices and clinical response
Comorbidities (bronchiectasis/COPD)
  Clinical symptoms nonspecific and exacerbations frequent
  Predisposition for NTM reinfection with ongoing exposure
  As yet unidentified factors inhibiting therapeutic response
Clinician challenges
  Lack of familiarity or adherence with published guidelines
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related hypersensitivity reactions can also be addressed through established rifampin 
desensitization protocols [39]. This step would be especially important for maintain-
ing rifampin in M. kansasii (rifampin susceptible) treatment regimens.

 Patient Evaluation During NTM PD Therapy and Assessment 
of Response to Therapy – 1

• Established guidelines should be followed to optimize chances of successful 
NTM PD treatment outcomes.

• Monitoring while on NTM PD treatment with blood work, visual assessments, 
and hearing/vestibular testing is required without exception and should be tai-
lored individually to patients and associated comorbidities as well as specific 
anti-mycobacterial regimen (see text).

In MAC disease, the most important of the macrolide companion drugs is etham-
butol. While ethambutol is not a potent anti-MAC drug per se, it has been shown to 
protect against the emergence of acquired mutational macrolide resistance [40]. If 
ethambutol is lost in the treatment regimen, it cannot be easily replaced. Intermittent 
ethambutol administration appears to be associated with less ocular toxicity than 
daily ethambutol. It was also shown that older patients taking ethambutol who 
develop ocular symptoms frequently have explanations for those symptoms other 
than ethambutol. Even though many, perhaps most, ophthalmologists currently in 
practice are unfamiliar with ethambutol ocular toxicity, it is our practice to heed the 
advice of an ophthalmology consultant about discontinuation of ethambutol in a 
patient with new or worsening ocular symptoms. Patients with ethambutol hyper-
sensitivity reactions can be successfully desensitized via published protocols so that 
ethambutol can remain in the treatment regimen [39].

Two particularly poor ethambutol replacement strategies for MAC disease are 
the substitution of fluoroquinolone for ethambutol (macrolide + fluoroquinolone ± 
rifamycin) or the use of macrolide with only a rifamycin (Fig. 5). The rifamycins 
decrease macrolide serum levels, and the fluoroquinolones do not protect against 
the emergence of acquired mutational macrolide resistance. Possible substitutions 
include parenteral amikacin, inhaled amikacin, and clofazimine although there is 
little data to support this recommendation.

 Patient Evaluation During NTM PD Therapy and Assessment 
of Response to Therapy – 2

• The use of fluoroquinolones for the treatment of MAC, either alone or in combi-
nation with macrolide, is not recommended.

• Ethambutol as a companion drug in MAC treatment regimens protects against 
development of macrolide resistance.
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• Rifamycins should not be a single companion drug to macrolide in MAC PD 
treatment regimens.

• Alternative MAC companion medications to protect macrolide include amikacin 
and clofazimine.

One trend in MAC PD therapy deserves special mention, that is, the use of 
inhaled generic amikacin [41–44]. Our impression is that inhalation of a paren-
teral amikacin preparation is widely prescribed in the USA, although there is little 
published clinical experience with inhaled amikacin. There is not an FDA-
approved inhalation form of amikacin, so there is no standardization in dosing, 
delivery, or administration. We believe that amikacin is effective against MAC 
when given parenterally, but its effectiveness by inhalation is less certain. Variable 
and heterogenous lung deposition and concentrations conceivably could promote 
acquired amikacin resistance or even acquired macrolide resistance if it is the only 
companion drug for macrolide- susceptible isolates. It is understandable that 
patients and clinicians prefer amikacin inhalation to parenteral amikacin adminis-
tration, but both should be aware that there is no proof that they are comparably 
effective.

In contrast to inhaled generic amikacin, results from a phase II study using lipo-
somal amikacin for inhalation for refractory MAC PD were promising [45]. A sec-
ond Phase III study has been published and confirms the effectiveness of inhaled 
liposomal amikacin for producing sputum conversion in refractory MAC lung dis-
ease [46]. These studies with provide sufficient safety and efficacy information for 
establishing appropriate placement of inhaled liposomal amikacin in treatment regi-
mens for MAC.

Treatment of other NTM PD pathogens such as M. abscessus, M. kansasii, and 
M. xenopi is discussed in detail in chapters “NTM Disease Caused by M. kansasii, 
M. xenopi, M. malmoense and Other Slowly Growing NTM” and “Disease Caused 
by Mycobacterium abscessus and Other Rapidly Growing Mycobacteria (RGM)”. 
Some of the concepts discussed for MAC PD are pertinent to these pathogens 
although each NTM pathogen presents its own challenges and obstacles to success-
ful therapy, such as the need for parenteral therapy for M. abscessus. Our impres-
sion is that for most non-MAC NTM pathogens, expert consultation is sought more 
frequently than for MAC PD so that familiarity with each one may not be as criti-
cally important as with MAC for the general pulmonary or infectious disease 
specialist.

When the patient and the clinician embark on a treatment course for NTM PD, 
there must be a clear understanding that treatment difficulties and medication intol-
erances will inevitably arise but can generally be managed with modifications of 
drug doses or dosing intervals. In our experience, modification of treatment regi-
mens during the course of NTM PD therapy is the rule rather than the exception. 
Given the paucity of effective drugs for treating NTM PD pathogens, premature 
abandonment of “first-line” therapy or specific components of that therapy will usu-
ally not result in a successful treatment outcome and adversely impact long-term 
prognosis. Some frequently encountered medication-related problems are outlined 
in Table 5.
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Just as there are three components (clinical, radiographic, and microbiologic) for 
establishing MAC PD diagnosis and for deciding when to begin NTM PD therapy, 
there are also three major components for evaluating treatment response. Clinically 
it is expected that patients would have symptomatic improvement, with symptoms 
such as cough, sputum production, fatigue, and weight loss. The use and role of a 
recently developed quality of life (QOL) instrument developed for NTM in clinical 
practice remains to be fully clarified [47]. In our experience, improvements in 
microbiologic status (i.e., culture conversion) parallel improvements in clinical 
symptoms and stabilization of radiographic abnormalities [33]. The universal coex-
istence of pulmonary comorbidities such as bronchiectasis and chronic airflow 
obstruction frequently make this assessment difficult and unsatisfying for the 
patient. As discussed above the overlapping symptoms between comorbid pulmo-
nary conditions and NTM PD make optimal management of those comorbid condi-
tions absolutely critical for adequate NTM PD assessment. Clinicians should be 
particularly mindful to recognize undertreated comorbidities if NTM microbiologic 
improvements occur in the setting of progressive clinical symptoms.

We recommend clinic visits at least every 2–3 months while on therapy to evalu-
ate patient medication tolerance, treatment response, and toxicity monitoring under-
standing that the frequency may need to be more often for some patients on 
parenteral-based regimens and/or with substantial intolerances. Patients should be 
regularly and systematically questioned at each visit as to any symptoms including 
common drug toxicity symptoms (Table 4). As noted above, we also recommend 
visual acuity and color vision testing for all patients who are on ethambutol on a 
regular 2- to 3-month interval basis or sooner if symptoms develop. For patients on a 
rifamycin and/or macrolide, we also recommend a complete blood count and chem-
istry panel including liver enzymes at each visit although the utility of this approach 
has not been rigorously evaluated. Patients who are receiving an intravenous amino-
glycoside should have baseline audiometry and vestibular function with follow-up 
monitoring studies guided by patient’s symptoms and published guidelines. Initial 
clinical assessment and follow-up of hearing and vestibular function are also required 
for those patients receiving inhaled aminoglycoside [48]. Baseline EKG is generally 
warranted in all patients starting macrolides to assess for significant baseline EKG 
abnormalities. A role for the ongoing monitoring of patients on macrolide with 
EKG’s is not established nor, in our opinion, justified at this point unless there are 
abnormalities at baseline or if cardiac rhythm risk factors are present. The presence 
of comorbid pulmonary conditions especially bronchiectasis can also complicate the 
interpretation of radiographic response to therapy. Patients with bronchiectasis with 
or without NTM lung disease frequently have waxing and waning densities associ-
ated with secretion retention in the airways as well as acute inflammatory responses 
that can be associated with bronchiectasis exacerbations. It is our experience that 
acute symptomatic and radiographic changes with the development of purulent spu-
tum production most often reflect a bronchiectasis exacerbation rather than failure of 
a NTM PD regimen. These varying radiographic features of bronchiectasis often 
cloud the radiographic assessment of response to NTM PD therapy. Once again the 
aggressive management of the underlying pulmonary comorbidity can greatly facili-
tate interpretation of the patient’s response to anti- mycobacterial therapy. 
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Radiographic abnormalities are not expected to resolve completely even after suc-
cessful completion of a full course of NTM PD therapy. In most instances improved, 
albeit not resolved, radiographic abnormalities parallel improvements in clinical 
symptoms and microbiologic responses while on NTM PD therapy.

We recognize that there is not a universally endorsed approach to the radio-
graphic follow-up for NTM patients on therapy. Patient’s generally have both plain 
chest radiography and chest CT scans at the initiation of therapy. For those patients 
with obvious abnormalities on plain chest radiograph, it may be adequate to obtain 
serial follow-up radiographs for detecting significant radiographic changes. For 
other patients the abnormalities are more subtle and may require serial (low dose) 
chest CT scans to detect changes. Patients are very cognizant about radiation expo-
sure with chest CT scans, and our general approach is to limit the number of chest 
CT scans as much as possible. Ideally after starting therapy, patients would only 
require one follow-up chest CT scan at the termination of therapy.

The microbiologic analysis is ostensibly the most straightforward, but even that 
analysis has important caveats and pitfalls. Arguably the most important single 

Table 4 Common medication side effects

Medication Common side effects

Rifamycins
Rifampin (Rifadin™, Rimactane™)
Rifabutin (Mycobutin™)

Red, brown, or orange discoloration  of  urine, feces, 
saliva, sweat, or tears
Diarrhea
Upset stomach
Rash

Ethambutol (Myambutol™) Vision changes
Numbness, tingling in hands and feet
Rash

Macrolides
Clarithromycin (Biaxin™)
Azithromycin (Zithromax™)

Upset stomach
Unusual taste in mouth
Hearing changes
Diarrhea
Rash

Aminoglycosides
Amikacin (Amikin™)

Hearing changes
Nausea
Muscle weakness
Rash
Kidney problems

Quinolones
Ciprofloxacin (Cipro™)
Levofloxacin (Levaquin™)
Moxifloxacin (Avelox™)

Upset stomach
Rash
Diarrhea
Headache
Dizziness

Tetracyclines
Minocycline (Minocin™)
Doxycycline (Vibramycin™)
Tigecycline injection (Tygacil™)

Sun sensitivity
Nausea
Diarrhea
Dizziness
Rash

Sulfamethoxazole/trimethoprim
Bactrim™

Itching
Loss of appetite
Rash

Nontuberculous Mycobacterial Disease Management Principles



288

 metric for evaluating mycobacterial treatment response is conversion of the patient’s 
sputum to AFB culture negative. There is ongoing debate about the relative impor-
tance of patient symptomatic and radiographic responses and for determining the 
efficacy of therapy. However, it would be difficult to argue that an anti- mycobacterial 
intervention was effective without AFB sputum culture conversion to negative. We 
recommend collection of sputum for AFB analysis on a monthly basis so as to 
establish sustained sputum culture conversion as early as possible while patients are 
undergoing treatment but no less than every 2–3 months. We recommend expecto-
rated sputum collection if possible or sputum induction during clinic visits if expec-
torated sputum is not available. Monitoring of patients with additional sputum 
culture collections is also recommended during NTM therapy (e.g., MAC) under-
standing that a second NTM species (e.g., M. abscessus) may appear [49]. We do 
not recommend routine bronchoscopy for specimen collection while patients are 
undergoing therapy or at the end of therapy even if the original diagnosis was made 
based on a bronchoscopic specimen. The legitimacy of serial bronchoscopic cul-
tures for evaluating treatment response including the impact on the treatment suc-
cess criterion of 12 months sputum culture negativity has not been rigorously tested.

 Patient Evaluation During NTM PD Therapy and Assessment 
of Response to Therapy – 3

• The frequency of regular clinic visits and sputum collections during NTM PD 
therapy are dependent on patient factors and specific medications of the NTM 
PD regimen.

• A second NTM species, sometimes needing treatment, may occur during NTM 
PD therapy.

• Radiographic abnormalities are not expected to resolve completely even when 
successful NTM PD therapy is completed.

 Treatment Endpoints

The current primary NTM PD treatment endpoint most often is microbiologic. 
Patients should achieve 12 months of negative sputum AFB cultures while on ther-
apy. This treatment duration was chosen because it was observed in the past to be 
associated with sustained sputum culture negativity after discontinuation of MAC 
therapy [1]. A major confounding factor for this treatment success criterion is the 
observation that some patients with NB MAC lung disease will have microbiologic 
recurrence either while still receiving therapy (after sputum conversion) or after 
completing adequate therapy due to new or unique MAC genotypes that are differ-
ent from the initial MAC genotype at the time of diagnosis. The source of these 
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new MAC genotypes is not clear. They may represent reinfection or it is possible 
that the original MAC infection was polyclonal and the new genotypes were pref-
erentially selected to grow during therapy. It is noteworthy however that when 
these new genotypes occur during therapy, they are invariably also macrolide sus-
ceptible in vitro although the patient was invariably receiving as part of the original 
guideline-based MAC therapy [36].

Likewise, the goal of 12 months of treatment after sputum conversion is often not 
practically possible when using NTM PD regimens that incorporate one or more 
parenteral agents when alternative transition oral or inhaled medications are not 
available. This practical limitation adds to the risk-benefit assessment complexities 
not only about starting treatment but also about determining the duration of therapy. 
In some instances treatment holidays from parenterally based regimens should be 
considered, even if sputum culture conversion has not occurred. It has been our 
experience that patients and treating physicians are best served by articulating 
expectations and endpoints a priori before the start of a course of NTM therapy.

Patients also, as noted above, sometimes have co-isolation of more than one 
NTM species. A common scenario is the isolation of M. abscessus during the 
course of treatment for MAC. Most of these patients have a limited number of M. 
abscessus isolates without an indication of progressive M. abscessus lung disease. 
No alteration in MAC therapy is necessary for these patients. Some patients how-
ever will have repeated M. abscessus isolation associated with progressive radio-
graphic abnormalities including cavitation and worsening symptoms (Fig. 6). For 
these patients therapy may need to be altered to treat M. abscessus as well as 
MAC. This therapeutic shift is difficult because there are few agents with activity 

a b

Fig. 6 (a) 58-year-old patient with bronchiectasis and MAC lung disease on guideline-based 
therapy including macrolide with initial symptomatic, radiographic, and microbiologic improve-
ment. (b) 58-year-old MAC lung disease patient improving on guideline-based therapy who sub-
sequently had symptomatic regression associated with enlarging cavitary lesion on chest imaging 
and repeated isolation of M. abscessus from sputum
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against both MAC and M. abscessus. Determining the significance of M. abscessus 
isolates during the treatment of MAC requires very close clinical, microbiologic, 
and radiographic assessment to dissect confidently the role of M. abscessus as the 
cause of clinical deterioration or progressive disease. Unfortunately there are no 
surrogate markers to aid in that determination so that the clinician must depend on 
clinical indicators in conjunction with the radiographic as well as microbiologic 
findings.

A second and equally difficult scenario is the isolation of other known respira-
tory pathogens such as fungi and Nocardia species during the course of NTM PD 
therapy. The isolation of fungi, especially Aspergillus species, is common in patients 
with cavitary disease presumably due to colonization of cavities with the fungus as 
well as the use of chronic antimicrobials. In most patients it has been our experience 
that the isolation of Aspergillus was not clinically significant. It is also evident, 
however, that there are patients with extensive cavitary disease who do not respond 
well to anti-mycobacterial therapy and are felt to have progressive cavitary fungal 
disease (Fig. 7) [50, 51]. Unfortunately, we are not aware of a simple diagnostic 
approach for determining the significance of Aspergillus in this circumstance, 
although measuring serum Aspergillus precipitins or other specific biomarkers has 
been touted in this role [52]. Because of the usually severe nature of the cavitary 
disease in these patients, this diagnostic uncertainty means that by default, patients 
will receive antifungal therapy. The assessment of positive fungal cultures is all the 
more important because antifungal and anti-mycobacterial therapies are often 
incompatible due to drug-drug interactions especially with combinations of rifamy-
cins and macrolides. This is clearly an area that urgently needs more research. For 
now, clinicians must rely on a multidisciplinary approach to the patients and careful 
assessment of the effects of all interventions.

Similarly, the isolation of Norcadia species is not rare in NB NTM PD patients 
[53]. Prior to the recent expansion in bronchiectasis interest, it was assumed that 
the isolation of Nocardia from respiratory specimens was an ominous and always 
clinically significant finding and indicative of immune deficiency. More recently, 
it has become clear that bronchiectasis patients can sometimes have Nocardia 
isolated from sputum without evidence of immune deficiency or progressive 
Nocardia lung disease. The current situation of Nocardia isolated in sputum or 
other respiratory specimens is reminiscent of the situation 30 years ago with bron-
chiectasis and NTM. As with Aspergillus, this is also an area that urgently needs 
more research.

In contrast to the utility of the microbiologic endpoint, the role of clinical and 
radiographic changes as endpoints for treatment of NTM PD is even less clear. 
Certainly both symptomatic and radiographic endpoints are important, but they are 
simply more difficult to evaluate given their nonspecific character in relation to 
comorbid medical conditions and lack of validated instruments and endpoints. The 
culprit again is the common coexistence of underlying lung disease especially 
bronchiectasis. Bronchiectasis is associated with permanent radiographic abnor-
malities and shifting patterns of secretion retention with waxing and waning infil-
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trates. Chest radiographs are certain to remain abnormal throughout therapy and at 
the completion of MAC lung disease treatment. This is highlighted further with the 
understanding that all tree-in-bud infiltrates are not NTM PD related [54]. Without 
a clear-cut or unequivocal indication of mycobacterial disease progression, it 
would be difficult to justify treatment extension after the patient meets the micro-
biologic endpoint (culture conversion) for treatment success. Similarly while it is 

a

c

b

Fig. 7 (a) 35-year-old patient with history of immunoglobulin G deficiency and steroid-dependent 
asthma diagnosed with cavitary MAC lung disease. (b) Patient treated with guideline-based ther-
apy including macrolide and parenteral amikacin with symptomatic, radiographic, and microbio-
logic improvement. (c) After initial radiographic improvement on guideline-based MAC therapy 
including macrolide and amikacin, patient developed rapidly enlarging bilateral cavities associated 
with repeated isolation of Aspergillus from sputum and bronchoscopy
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hoped that patients have overall symptomatic improvement, it would also be diffi-
cult to justify treatment extension without clear-cut or unequivocal indicators of 
symptomatic progression due to MAC disease. These areas exemplify the impor-
tance of close familiarity by the clinician with the MAC lung disease patient. As 
importantly in our experience, robust laboratory support and interactions between 
clinician and laboratorians will further optimize successful treatment outcomes. 
Assessing treatment response for MAC lung disease is clearly not as simple as the 
assessment of tuberculosis lung disease treatment response. Pulmonary function 
testing including forced expiratory volume at 1 s (FEV1) and forced vital capacity 
(FVC) is not considered to be sensitive or specific enough to use routinely as an 
endpoint in the assessment of response to NTM treatment. Often, abnormalities of 
pulmonary function are more reflective of the status of comorbidities rather than 
NTM PD.

It is worth emphasizing that treatment endpoints of NTM PD are not static uni-
versal endpoints and may vary as well through the initial evaluation period and the 
treatment course or in the follow-up period. For example, it may be decided based 
on status of disease severity, drug tolerance (or lack thereof), or other contributing 
factors that the goal of therapy is to control symptoms but not to achieve sputum 
culture conversion and or radiographic improvement. Goals of treatment and treat-
ment endpoints are particularly important to discuss with patients prior to the start 
of treatment as well as during treatment. In this instance, modifications in the treat-
ment regimen in intensity and duration may be appropriate. Alternatively, escala-
tion of treatment may also be warranted if anticipated endpoints at the beginning 
of treatment are not being met with initial treatment regimens. One such escalation 
is adjunctive surgical resection of involved lung. This strategy is clearly effective 
for selected patients with localized disease and adequate cardiopulmonary reserve 
in the hands of experienced surgeons. Surgical intervention should be considered 
for all NTM PD patients who do not respond adequately to first-line anti-mycobac-
terial therapy and have surgically favorable lung disease involvement with the 
understanding that many such patients will still not be appropriate surgical candi-
dates. Specific modifications of de-escalation or escalation in NTM PD therapy 
regimens are covered in other chapters addressing specific pathogens or 
interventions.

 Treatment Endpoints

• Goals of treatment and treatment endpoints should be discussed with patients 
prior to the start of therapy as well as during therapy.

• Findings of a second NTM species or other pathogens (e.g.. Aspergillus or 
Nocardia) during NTM PD are not uncommon.

• The significance of co-pathogens and need to treat requires complex assessments 
of clinical, microbiologic, and radiographic factors.
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 Post-therapy Evaluation

After successful treatment of MAC lung disease is completed, we recommend 
continued surveillance of sputum with AFB cultures obtained once in 2–3 months 
and then periodically (up to every 2–3 months) for at least 2–3 years along with 
longitudinal assessment of clinical symptoms and radiographic abnormalities. 
Even if the patient is successfully treated for MAC microbiologically, there is an 
approximate 50% chance of microbiologic recurrence after completion of therapy 
[36]. Most of these microbiologic recurrences are due to new or unique genotypes 
compared with the original genotype isolated from the patient [36]. When micro-
biologic recurrences occur that are due to new or unique genotypes, our approach 
is the same as for any patient with a new isolation of MAC. As previously men-
tioned above, macrolide susceptibility is generally expected to be preserved for 
recurrent MAC lung disease although recheck of macrolide susceptibility on the 
recurrent isolates is warranted. If the microbiologic recurrence is due to a MAC 
genotype identical to the originally isolated genotype, we consider those patients 
as having true disease relapse and generally reinstitute therapy at that point. 
Subsequent rates of microbiologic responses to repeat treatment courses have 
been observed to be less relative to initial treatment responses even with preserved 
macrolide susceptibility [1]. These considerations underscore the critical impor-
tance of having adequate laboratory support to make the appropriate determina-
tions about the significance of microbiologic recurrence isolates. If, however, 
genotyping of microbiologic recurrence isolates is not available, we recommend 
the same systematic assessment (symptomatic, microbiologic, and radiographic) 
as would be applicable after an initial isolation of MAC in a respiratory 
specimen.

The frequency of radiographic follow-up is less certain. Our approach is to obtain 
plain chest radiographs as often as possible reserving (low dose) chest CT scans for 
specific questions that might arise. Patients are frequently and understandably quite 
interested in limiting radiation exposure but also usually quite willing to cooperate 
with appropriately justified requests for CT scans. Clearly the frequency and type of 
radiographic follow-up will depend on the patient’s clinical status.

We view these patients as lifelong patients not only because of the need to man-
age their bronchiectasis and comorbidities but because there is no endpoint for 
exposure to ubiquitous NTM pathogens and presumably to acquisition and reacqui-
sition of these pathogens in the lungs of patients. Moreover, the impact of residen-
tial environmental NTM mitigation including but not limited to increasing water 
heater temperature, the design of showerheads, and showering habits is unknown as 
to risk of recurrent NTM lung disease infection rates (see chapter “Environmental 
Niches for NTM and Their Impact on NTM Disease”) [55].

Certainly there are patients that were not started on anti-mycobacterial therapy 
but have persistently positive sputum AFB cultures and stable clinical and radio-
graphic status who require long-term monitoring for evidence of progressive 
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 mycobacterial disease. We feel strongly that close familiarity with the course of an 
individual’s bronchiectasis and mycobacterial disease facilitates the evaluation of 
mycobacterial disease activity during the waxing and waning course of underlying 
lung disease, especially bronchiectasis. An overview of NTM lung disease manage-
ment recommendations is provided in Table 5.

 Post-therapy Evaluation

• Microbiologic recurrence of NTM PD after successful therapy is not 
uncommon.

• Patients with NTM PD need indefinite follow-up and should be considered life-
long patients.

Appropriate treatment of underlying pulmonary co-morbidities

Identification of NTM pathogen

Does the patient meet NTM lung disease diagnostic criteria?

Yes No: continue F/U indefinitely

Is the patient a candidate for treatment? 

•    How symptomatic is the patient?

•    Is the NTM lung disease associated with cavities?

•    What are the patient’s pulmonary co-morbidities and are they compensated?

•    What is the patient’s short-and long-term prognosis?

•    What does the patient want to do?

Yes No: continue F/U indefinitely

Begin therapy according to published guidelines

Table 5 Algorithm for managing NTM lung disease
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 Extrapulmonary NTM Disease

Early suspicion of NTM infection is the critical element for timely diagnosis of 
extrapulmonary NTM disease. It is typical for patients with NTM wound infections 
to have several courses of unsuccessful antibacterial antibiotic therapy before under-
going diagnostic evaluation for NTM pathogens. In some circumstances the typical 
features of NTM infection are present, such as the purplish nodules of cutaneous 
and disseminated NTM disease (Fig. 8). In that circumstance there should be an 
immediate diagnostic effort to culture for NTM. In other less clear or nonspecific 
circumstances, it is understandable that bacterial pathogens would be therapeuti-
cally addressed first, but hopefully, AFB cultures would also be sent to expedite the 
diagnosis and facilitate initiation of anti-mycobacterial therapy. Findings of granu-
lomatous changes on histopathology, with or without the presence of AFB organ-
isms on AFB stain, should promptly raise suspicion for NTM (or TB) infection.

The general principles of NTM therapy as outlined for NTM PD also generally 
apply for extrapulmonary NTM disease as well albeit frequently with shorter dura-
tion of therapy than as recommended for NTM PD [1].

Following the patient with extrapulmonary NTM disease is also challenging. 
Patients with cutaneous/disseminated disease often have the appearance of new 
nodular lesions even while undergoing appropriate therapy for the mycobacterial 
pathogen. For these patients it is critical to aspirate new lesions to determine if there 
is active infection in the lesions, possibly due to the emergence of resistance to the 
antibiotic regimen, or if they are sterile and immunologically mediated as part of the 
paradoxical inflammatory response to therapy. Similarly patients with mycobacte-
rial lymphadenopathy due to either TB or NTM may show lymph node enlargement 
or the appearance of new lymph nodes even while on appropriate treatment. Again 
it is critical that new or enlarging lesions are aspirated for AFB culture to determine 

Fig. 8 Discolored (purple) 
appearing cutaneous 
nodule that appeared after 
penetrating skin trauma. 
Aspiration of the nodule 
yielded positive cultures 
for M. abscessus
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if there is ongoing infection versus an immunologically mediated paradoxical 
response (e.g., IRIS – immune reconstitution inflammatory syndrome).

For patients who have disseminated NTM infection, it is critically important to 
correct any modifiable underlying immune suppression. The antibiotics used for 
treating NTM disease are not as potent as the antibiotics used for treating TB so that 
without reversal or correction of severe underlying immunosuppression, the chances 
for long-term treatment success are low. The finding of disseminated NTM should 
prompt the clinician to assess the patient and exclude an immunodeficiency. Patients 
with NTM PD at large are not expected to have other immunocompromised infec-
tions or substantial immune defects although this is an area under active investiga-
tion [56, 57].

For patients who have NTM infection associated with a foreign body, it is also 
critically important to remove the foreign body for adequate treatment of the myco-
bacterial infection. Sometimes removal of these foreign bodies is relatively simple 
such as removal of an indwelling venous catheter, a breast augmentation device, or 
a peritoneal dialysis catheter. For other foreign bodies such as joint prostheses, 
removal of the foreign body is more problematic but no less necessary. While there 
may be instances of successful treatment of joint space mycobacterial infections 
without removal of a prosthetic joint, there are also instances where failure to 
remove the joint initially significantly prolongs the duration of antibiotic therapy 
and does not prevent the eventual removal of the joint prosthesis. We feel the evi-
dence strongly supports prosthetic joint removal at the initiation of the anti- 
mycobacterial therapy. Iatrogenic or nosocomial extrapulmonary NTM infections 
often can be traced back to contamination from (tap) water supplies.

Following patients with extrapulmonary NTM disease is often more difficult 
than following patients with NTM lung disease. Aside from the paradoxical thera-
peutic responses that may occur with cutaneous and disseminated disease noted 
above, there are also limited methods of treatment evaluation for other sites of infec-
tion. One particularly troubling area is joint space infection. These areas are espe-
cially difficult to visualize radiographically and are problematic for obtaining serial 
specimens for culture. We find objective assessment of treatment response with 
these infections challenging and all too often frustrating. These types of infections 
are perhaps even more desperately in need of surrogate disease activity biomarkers 
than NTM PD.

 Summary

In summary, management of pulmonary and extrapulmonary NTM disease requires 
the clinician to be experienced and familiar with the protean and complex clinical, 
microbiologic, and radiographic manifestations of NTM disease. Input from patients 
as stakeholders a priori in the planning of and articulation of the treatment goals of 
prolonged multidrug anti-mycobacterial treatment regimens is of paramount impor-
tance. Close relationships between the treating clinicians and their respective 
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colleagues in the microbiology laboratory and surgery consultation services are 
equally critical for optimizing treatment success. We are reminded daily of the 
shortcomings in our treatment options for NTM infections [58]. Currently, success 
rates for treating macrolide-susceptible MAC are not as good as our success with 
multidrug- resistant TB, while the success rate for treating macrolide-resistant MAC 
is closer to the success rate of extensively drug-resistant TB (XDR-TB). We remain 
optimistic that this situation will improve in the near future given the current inter-
national interest and research momentum in NTM diseases.

Bibliography

 1. Griffith DE, Aksamit T, Brown-Elliott BA, et al. An official ATS/IDSA statement: diagnosis, 
treatment, and prevention of nontuberculous mycobacterial diseases. Am J Respir Crit Care 
Med. 2007;175(4):367–416.

 2. van Ingen J, Griffith DE, Aksamit TR, Wagner D. Chapter 3. Pulmonary diseases caused by 
non-tuberculous mycobacteria. Eur Respir Monogr. 2012;58:25–37.

 3. Jeong BH, Kim SY, Jeon K, Lee SY, Shin SJ, Koh WJ. Serodiagnosis of Mycobacterium avium 
complex and Mycobacterium abscessus complex pulmonary disease by use of IgA antibodies 
to glycopeptidolipid core antigen. J Clin Microbiol. 2013;51(8):2747–9.

 4. Shu CC, Ato M, Wang JT, et al. Sero-diagnosis of Mycobacterium avium complex lung disease 
using serum immunoglobulin a antibody against glycopeptidolipid antigen in Taiwan. PLoS 
One. 2013;8(11):e80473.

 5. Kitada S, Kobayashi K, Ichiyama S, et al. Serodiagnosis of Mycobacterium avium- complex 
pulmonary disease using an enzyme immunoassay kit. Am J Respir Crit Care Med. 
2008;177(7):793–7.

 6. Kitada S, Maekura R, Toyoshima N, et al. Use of glycopeptidolipid core antigen for serodi-
agnosis of mycobacterium avium complex pulmonary disease in immunocompetent patients. 
Clin Diagn Lab Immunol. 2005;12(1):44–51.

 7. Qvist T, Pressler T, Taylor-Robinson D, Katzenstein TL, Hoiby N.  Serodiagnosis of 
Mycobacterium abscessus complex infection in cystic fibrosis. Eur Respir J. 2015;46(3):707–16.

 8. Kitada S, Levin A, Hiserote M, et al. Serodiagnosis of Mycobacterium avium complex pulmo-
nary disease in the USA. Eur Respir J. 2013;42(2):454–60.

 9. Peralta G, Barry P, Pascopella L. Use of Nucleic Acid Amplification Tests in Tuberculosis 
Patients in California, 2010-2013. Open Forum Infect Dis. 2016;3(4):ofw230.

 10. Kendall BA, Varley CD, Hedberg K, Cassidy PM, Winthrop KL. Isolation of non-tuberculous 
mycobacteria from the sputum of patients with active tuberculosis. Int J Tuberc Lung Dis. 
2010;14(5):654–6.

 11. Huang CT, Tsai YJ, Shu CC, et al. Clinical significance of isolation of nontuberculous myco-
bacteria in pulmonary tuberculosis patients. Respir Med. 2009;103(10):1484–91.

 12. Chung MJ, Lee KS, Koh WJ, et al. Drug-sensitive tuberculosis, multidrug-resistant tuberculo-
sis, and nontuberculous mycobacterial pulmonary disease in nonAIDS adults: comparisons of 
thin-section CT findings. Eur Radiol. 2006;16(9):1934–41.

 13. Yakrus MA, Metchock B, Starks AM. Evaluation of a u.S. public health laboratory service for 
the molecular detection of drug resistant tuberculosis. Tuberc Res Treat. 2015;2015:701786.

 14. Ahn CH, Lowell JR, Onstad GD, Ahn SS, Hurst GA. Elimination of Mycobacterium intracel-
lulare from sputum after bronchial hygiene. Chest. 1979;76(4):480–2.

 15. Prince D, Peterson D, Steiner R, et  al. Infection with Mycobacterium avium complex in 
patients without predisposing conditions. N Engl J Med. 1989;321:863–8.

 16. Koh WJ, Kwon OJ, Jeon K, et al. Clinical significance of nontuberculous mycobacteria iso-
lated from respiratory specimens in Korea. Chest. 2006;129(2):341–8.

Nontuberculous Mycobacterial Disease Management Principles



298

 17. Lee G, Lee KS, Moon JW, et al. Nodular bronchiectatic Mycobacterium avium complex pul-
monary disease. Natural course on serial computed tomographic scans. Ann Am Thorac Soc. 
2013;10(4):299–306.

 18. Polverino E, Goeminne PC, McDonnell MJ, et al. European Respiratory Society guidelines for 
the management of adult bronchiectasis. Eur Respir J. 2017;50(3):1700629.

 19. Martinez-Garcia MA, Maiz L, Olveira C, et al. Spanish guidelines on the evaluation and diag-
nosis of bronchiectasis in adults. Arch Bronconeumol. 2018;54:79.

 20. Hayashi M, Takayanagi N, Kanauchi T, Miyahara Y, Yanagisawa T, Sugita Y. Prognostic fac-
tors of 634 HIV-negative patients with Mycobacterium avium complex lung disease. Am J 
Respir Crit Care Med. 2012;185(5):575–83.

 21. Lee MR, Yang CY, Chang KP, et al. Factors associated with lung function decline in patients 
with non-tuberculous mycobacterial pulmonary disease. PLoS One. 2013;8(3):e58214.

 22. Aksamit TR. Mycobacterium avium complex pulmonary disease in patients with pre-existing 
lung disease. Clin Chest Med. 2002;23(3):643–53.

 23. Andrejak C, Nielsen R, Thomsen VO, Duhaut P, Sorensen HT, Thomsen RW. Chronic respi-
ratory disease, inhaled corticosteroids and risk of non-tuberculous mycobacteriosis. Thorax. 
2013;68(3):256–62.

 24. Brode SK, Campitelli MA, Kwong JC, et al. The risk of mycobacterial infections associated 
with inhaled corticosteroid use. Eur Respir J. 2017;50(3):1700037.

 25. Mitchell JD, Bishop A, Cafaro A, Weyant MJ, Pomerantz M. Anatomic lung resection for 
nontuberculous mycobacterial disease. Ann Thorac Surg. 2008;85(6):1887–92. discussion 
1892-1883

 26. Hwang JA, Kim S, Jo KW, Shim TS. Natural history of Mycobacterium avium complex lung 
disease in untreated patients with stable course. Eur Respir J. 2017;49(3):1600537.

 27. Kim SJ, Park J, Lee H, et  al. Risk factors for deterioration of nodular bronchiectatic 
Mycobacterium avium complex lung disease. Int J Tuberc Lung Dis. 2014;18(6):730–6.

 28. Ford ES, Horne DJ, Shah JA, Wallis CK, Fang FC, Hawn TR. Species-specific risk factors, treat-
ment decisions, and clinical outcomes for laboratory isolates of less common Nontuberculous 
mycobacteria in Washington state. Ann Am Thorac Soc. 2017;14(7):1129–38.

 29. Hoefsloot W, van Ingen J, Andrejak C, et  al. The geographic diversity of nontuberculous 
mycobacteria isolated from pulmonary samples: an NTM-NET collaborative study. Eur Respir 
J. 2013;42(6):1604–13.

 30. Hempel S, Newberry SJ, Maher AR, et  al. Probiotics for the prevention and treat-
ment of antibiotic- associated diarrhea: a systematic review and meta-analysis. JAMA. 
2012;307(18):1959–69.

 31. Griffith DE, Brown-Elliott BA, Langsjoen B, et al. Clinical and molecular analysis of macro-
lide resistance in Mycobacterium avium complex lung disease. Am J Respir Crit Care Med. 
2006;174(8):928–34.

 32. van Ingen J, Boeree MJ, van Soolingen D, Mouton JW. Resistance mechanisms and drug sus-
ceptibility testing of nontuberculous mycobacteria. Drug Resist Updat. 2012;15(3):149–61.

 33. Griffith DE, Adjemian J, Brown-Elliott BA, et  al. Semiquantitative culture analysis dur-
ing therapy for Mycobacterium avium complex lung disease. Am J Respir Crit Care Med. 
2015;192(6):754–60.

 34. Adjemian J, Prevots DR, Gallagher J, Heap K, Gupta R, Griffith D. Lack of adherence to 
evidence-based treatment guidelines for nontuberculous mycobacterial lung disease. Ann Am 
Thorac Soc. 2014;11(1):9–16.

 35. van Ingen J, Wagner D, Gallagher J, et al. Poor adherence to management guidelines in nontu-
berculous mycobacterial pulmonary diseases. Eur Respir J 2017;49(2).

 36. Wallace RJ Jr, Brown-Elliott BA, McNulty S, et al. Macrolide/Azalide therapy for nodular/
Bronchiectatic: Mycobacterium avium complex lung disease. Chest. 2014;146:276.

 37. Jeong BH, Jeon K, Park HY, et al. Intermittent antibiotic therapy for nodular bronchiectatic 
Mycobacterium avium complex lung disease. Am J Respir Crit Care Med. 2015;191(1):96–103.

 38. Nahid P, Dorman SE, Alipanah N, et  al. Official American Thoracic Society/Centers for 
Disease Control and Prevention/Infectious Diseases Society of America clinical practice 
guidelines: treatment of drug-susceptible tuberculosis. Clin Infect Dis. 2016;63(7):e147-e195.

T. R. Aksamit and D. E. Griffith



299

 39. Matz J, Borish LC, Routes JM, Rosenwasser LJ. Oral desensitization to rifampin and etham-
butol in mycobacterial disease. Am J Respir Crit Care Med. 1994;149(3 Pt 1):815–7.

 40. Bermudez LE, Nash KA, Petrofsky M, Young LS, Inderlied CB. Effect of ethambutol on emer-
gence of clarithromycin-resistant Mycobacterium avium complex in the beige mouse model. J 
Infect Dis. 1996;174(6):1218–22.

 41. Olivier KN, Shaw PA, Glaser TS, et al. Inhaled amikacin for treatment of refractory pulmonary 
nontuberculous mycobacterial disease. Ann Am Thorac Soc. 2014;11(1):30–5.

 42. Yagi K, Ishii M, Namkoong H, et al. The efficacy, safety, and feasibility of inhaled amikacin 
for the treatment of difficult-to-treat non-tuberculous mycobacterial lung diseases. BMC Infect 
Dis. 2017;17(1):558.

 43. Davis KK, Kao PN, Jacobs SS, Ruoss SJ. Aerosolized amikacin for treatment of pulmonary 
Mycobacterium avium infections: an observational case series. BMC Pulm Med. 2007;7:2.

 44. Safdar A. Aerosolized amikacin in patients with difficult-to-treat pulmonary nontuberculous 
mycobacteriosis. Eur J Clin Microbiol Infect Dis. 2012;31(8):1883–7.

 45. Olivier KN, Griffith DE, Eagle G, et  al. Randomized trial of liposomal Amikacin for 
inhalation in Nontuberculous mycobacterial lung disease. Am J Respir Crit Care Med. 
2017;195(6):814–23.

 46. Griffith DE, Eagle G, Thomson R, Aksamit TR, Hasegawa N, Morimoto K, Addrizzo-Harris 
DJ, O’Donnell AE, Marras TK, Flume PA, Loebinger MR, Morgan L, Codecasa LR, Hill 
AT, Ruoss SJ, Yim JJ, Ringshausen FC, Field SK, Philley JV, Wallace RJ Jr, van Ingen J, 
Coulter C, Nezamis J, Winthrop KL; CONVERT Study Group. Amikacin Liposome Inhalation 
Suspension for Treatment-Refractory Lung Disease Caused by Mycobacterium avium 
Complex (CONVERT): a Prospective, Open-Label, Randomized Study. Am J Respir Crit Care 
Med. 2018.

 47. Henkle E, Aksamit T, Barker A, et  al. Patient-centered research priorities for pulmonary 
Nontuberculous mycobacteria (NTM) infection. An NTM research consortium workshop 
report. Ann Am Thorac Soc. 2016;13(9):S379–84.

 48. Blumberg HM, Burman WJ, Chaisson RE, et  al. American Thoracic Society/Centers for 
Disease Control and Prevention/Infectious Diseases Society of America: treatment of tubercu-
losis. Am J Respir Crit Care Med. 2003;167(4):603–62.

 49. Griffith DE, Philley JV, Brown-Elliott BA, et al. The Significance of Mycobacterium absces-
sus Subspecies abscessus Isolation During Mycobacterium avium Complex Lung Disease 
Therapy. Chest. 2015;147(5):1369–75.

 50. Kunst H, Wickremasinghe M, Wells A, Wilson R. Nontuberculous mycobacterial disease and 
Aspergillus-related lung disease in bronchiectasis. Eur Respir J. 2006;28(2):352–7.

 51. Zoumot Z, Boutou AK, Gill SS, et al. Mycobacterium avium complex infection in non-cystic 
fibrosis bronchiectasis. Respirology. 2014;19(5):714–22.

 52. Pinel C, Fricker-Hidalgo H, Lebeau B, et al. Detection of circulating Aspergillus fumigatus 
galactomannan: value and limits of the Platelia test for diagnosing invasive aspergillosis. J Clin 
Microbiol. 2003;41(5):2184–6.

 53. Woodworth MH, Saullo JL, Lantos PM, Cox GM, Stout JE. Increasing Nocardia incidence asso-
ciated with bronchiectasis at a tertiary care center. Ann Am Thorac Soc. 2017;14(3):347–54.

 54. Miller WT Jr, Panosian JS.  Causes and imaging patterns of tree-in-bud opacities. Chest. 
2013;144(6):1883–92.

 55. Falkinham JO 3rd. Reducing human exposure to Mycobacterium avium. Ann Am Thorac Soc. 
2013;10(4):378–82.

 56. Kim RD, Greenberg DE, Ehrmantraut ME, et al. Pulmonary nontuberculous mycobacterial 
disease: prospective study of a distinct preexisting syndrome. American journal of respiratory 
and critical care medicine. 2008;178(10):1066–74.

 57. Chan ED, Iseman MD. Underlying host risk factors for nontuberculous mycobacterial lung 
disease. Semin Respir Crit Care Med. 2013;34(1):110–23.

 58. Wolinsky E.  Nontuberculous mycobacteria and associated diseases. Am Rev Respir Dis. 
1979;119:107–59.

Nontuberculous Mycobacterial Disease Management Principles



301© Springer Nature Switzerland AG 2019 
D. E. Griffith (ed.), Nontuberculous Mycobacterial Disease, Respiratory Medicine,  
https://doi.org/10.1007/978-3-319-93473-0_11

Mycobacterium avium Complex Disease

Michael R. Holt and Charles L. Daley

 Mycobacterium avium Complex

Mycobacterium avium complex (MAC) conventionally consisted of two named spe-
cies, M. avium and M. intracellulare, which are responsible for most human MAC 
infections. Since 2004, the number of named MAC species has grown to at least ten 
by virtue of advances in molecular taxonomy. M. chimaera, which was previously 
indistinguishable from M. intracellulare, stands apart from the newly named spe-
cies as a significant human pathogen [1]. M. chimaera has been responsible for a 
global outbreak of extrapulmonary infection complicating the use of certain heater- 
cooler units during open cardiac surgery [2]. The other MAC species were named 
after being isolated from human pulmonary or extrapulmonary clinical isolates: M. 
colombiense, M. arosiense, M. marseillense, M. timonense, M. bouchedurhonense, 
M.vulneris, and M. yongonense [3–7].

M. avium comprises four subspecies [8]. M. avium subsp. avium and M. avium 
subsp. silvaticum are responsible for tuberculosis-like illness in birds, the latter 
almost exclusively affecting wood pigeons. M. avium subsp. paratuberculosis usu-
ally causes a chronic, progressive, granulomatous enteritis in ruminants. M. avium 
subsp. hominissuis, which causes porcine and human infection, is the predominant 
cause of human M. avium disease [9].

The importance of accurate speciation of MAC is illustrated by species-related 
variation of propensity to cause lung disease, severity of disease, and prognosis 
[10, 11].
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 Epidemiology and Ecology of MAC

MAC is the principal cause of nontuberculous mycobacterial (NTM) pulmonary 
disease in most parts of the world [12]. The considerable geographic diversity of 
MAC was demonstrated by a global study of pulmonary isolates provided by part-
ners in the Nontuberculous Mycobacteria Network European Trials Group [13]. 
The MAC species were the most commonly isolated NTM. When considered by 
continent, MAC constituted the highest proportion of NTM in Australia (71.1%) 
and the lowest proportion in South America (31.3%). The predominant species was 
M. avium in Europe, Asia, South America, and North America. M. intracellulare 
was strikingly predominant in South Africa and the state of Queensland in Australia. 
Isolation of other MAC species was greatest in Asia.

The geographic diversity of MAC species suggests distinct environmental reser-
voirs. Unlike M. abscessus, which has been associated with possible human-to-
human transmission in patients with cystic fibrosis, MAC infection is acquired from 
environmental sources [14, 15]. Putative routes of infection include ingestion of 
contaminated water and inhalation of MAC-containing aerosols. M. avium, which 
demonstrates resistance to disinfectants, proliferates within water distribution sys-
tems and is enriched to high levels in showerhead biofilms [16–18]. Various molec-
ular analyses have matched clinical M. avium isolates to isolates obtained from 
potting soil aerosols, bathroom plumbing fixtures, and household water [19–22]. In 
contrast, M. intracellulare is not found in water. Although household water isolates 
from the US mainland were previously identified as M. intracellulare, molecular 
analysis has revealed these to be M. chimaera [23]. The environmental reservoir of 
M. intracellulare is likely to be soil. M. intracellulare has been isolated from potting 
soils, and the risk of M. intracellulare infection has been linked to topsoil depth, 
although these studies did not differentiate M. intracellulare from M. chimaera [19, 
24]. M. intracellulare was isolated from soil and distinguished from M. chimaera in 
a Hawaiian study [25]. This study also revealed that M. chimaera is the predominant 
species isolated from patient sputum and random water and soil samples in Hawaii. 
The pathogenic potential of waterborne M. chimaera was made evident by reports 
of infection complicating open cardiac surgery in 2015 [26, 27]. Subsequent inves-
tigation linked infection to aerosols produced by a certain brand of heater-cooler 
unit [2]. Whole-genome sequencing and phylogenetic analysis demonstrated inter-
national relatedness of isolates, suggesting a point source of contamination at the 
manufacturing facility [28].

 Virulence of MAC

MAC virulence demonstrates inter- and intraspecies heterogeneity. M. avium 
invades human intestinal cells more efficiently than M. intracellulare and is more 
likely to be associated with pulmonary disease when isolated from sputum [29, 30]. 
M. intracellulare has been associated with a more severe disease phenotype and 
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worse prognosis [10]. Genetic analyses of M. avium have identified strains of high 
virulence and clustering of strains according to propensity to cause progressive pul-
monary disease [31–33].

Membrane glycopeptidolipids (GPLs) are significant determinants of MAC viru-
lence. The historical classification of MAC by serotype was based on the antigenic-
ity of polar GPLs, which varies between species and strains. Apolar GPLs do not 
exhibit this variation. Polar GPLs specific to the pathogenic serotype 4, now known 
to be M. avium, enhance monocyte phagocytosis but impair phagosome-lysosome 
fusion, establishing an intracellular niche for growth [34, 35]. Apolar GPLs may 
contribute to virulence by impairing phagosome acidification and delaying 
phagosome- lysosome fusion [36]. GPLs have also been linked to pathogenicity in 
studies of MAC colony morphology. Rough colonies, which are less pathogenic 
than smooth colonies, lack genes for GPL synthesis [37, 38]. Furthermore, GPL 
biosynthesis appears to be required for the production of M. avium biofilms [39]. 
Other potential M. avium virulence factors include production of hemolysin, 
enhancement of HIV transcription, and the ability to diminish macrophage respon-
siveness to interferon gamma (IFN-γ) [40–42].

The ubiquity of MAC is at odds with the rarity of MAC disease, suggesting a role 
for host susceptibility. Conditions known to confer susceptibility to MAC pulmo-
nary disease include immune dysfunction; pre-existing structural lung disease; and 
genetic conditions that predispose to pulmonary infection, such as cystic fibrosis 
and primary ciliary dyskinesia [43]. Other risk factors include gastroesophageal 
reflux disease, prolonged use of inhaled corticosteroids, and immunosuppressant 
therapy [44–47]. Disseminated MAC disease usually complicates conditions that 
cause failure of acquired immunity, such as HIV infection and inherited defects of 
IFN-γ signaling [48].

 MAC Pulmonary Disease

 Diagnosis and Spectrum of Disease

The diagnosis of MAC pulmonary disease requires the synthesis of clinical, micro-
biologic, and radiographic findings defined by the American Thoracic Society 
(ATS) and Infectious Diseases Society of America (IDSA) (Table 1) [49]. Clinical 
features of disease include cough, sputum production, hemoptysis, fevers, night 
sweats, fatigue, and weight loss [49]. These symptoms often evolve in an insidious 
and non-specific fashion, delaying the diagnosis by months or years.

The microbiologic criteria may possess the greatest discriminatory value. During 
follow-up of Japanese patients for at least 12 months, the finding of a new cavity or 
infiltrative lesion on chest X-ray occurred in 2% of patients with a single isolation 
of MAC and 98% of patients with two or more isolations [50]. These patients were 
characterized by high morbidity and required hospitalization for at least 6 months. 
As a consequence, the results suggest a rate of radiographic progression in excess of 
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that expected for patients with nodular bronchiectatic disease [51]. The poor predic-
tive value of a single positive culture is due to the high likelihood of specimen 
contamination with environmental MAC.  In order to maximize diagnostic confi-
dence, sampling of sputum expectorated on three separate mornings is preferred 
[49]. Sputum induction with hypertonic saline may be used to noninvasively obtain 
samples from patients who are unable to expectorate spontaneously. Bronchoscopic 
bronchoalveolar lavage is more likely than sputum sampling to obtain a smear- 
positive specimen, but its yield of culture-positive samples is not consistently supe-
rior [52, 53]. Testing of isolates for clarithromycin susceptibility is recommended 
for disease-causing isolates that are either treatment-naïve or refractory to macrolide- 
based therapy [49].

Two radiographic patterns of MAC pulmonary disease predominate [54]. The 
fibrocavitary pattern usually manifests as upper lobe cavities in men with smoking- 
related lung disease (Fig.  1). Bronchiectasis with nodules, including tree-in-bud 
changes, is the typical pattern in patients without pre-existing structural lung disease 
(Fig. 2). Nodular bronchiectasis that principally affects the right middle lobe and/or 
lingula tends to afflict otherwise healthy postmenopausal women [55]. This has 
become the most prominent pattern of disease in a number of countries and has been 
associated with tall stature, slender body habitus, and increased frequency of con-
nective tissue disease features, such as scoliosis, pectus excavatum, and mitral valve 
prolapse [56–59]. Although the basis for disease susceptibility in these patients is 
yet to be defined, recent evidence supports multigenic etiology [60]. Polymorphisms 
in the cystic fibrosis transmembrane regulator (CFTR) gene and genes governing 
connective tissue, ciliary and immune functions have been implicated.

A serodiagnostic biomarker is required to simplify the diagnosis and monitoring 
of MAC pulmonary disease. Kitada and colleagues evaluated an enzyme immuno-
assay that measures immunoglobulin A antibodies directed against the lipopeptide 
core of MAC GPL [61]. The performance of this assay was assessed in Asian indi-
viduals with MAC pulmonary disease, MAC contamination, pulmonary tuberculo-
sis, other lung diseases, and no disease [62]. At the optimum cutoff point of 0.7 U/
mL, sensitivity and specificity for MAC pulmonary disease were 84.3% and 100%, 
respectively. The levels of antibody correlated with the radiographic burden of dis-
ease and were significantly higher in patients whose pattern of disease was nodular 
bronchiectatic rather than fibrocavitary. The cutoff point and utility of the assay 

Table 1 Diagnostic criteria for NTM lung disease

Clinical criteria Radiographic criteria Microbiologic criteria

Symptoms consistent with 
disease (e.g., cough, 
dyspnea, hemoptysis, 
fevers, night sweats, weight 
loss, and/or fatigue) and 
appropriate exclusion of 
other diagnoses

Chest radiograph 
demonstrating cavities or 
nodular opacities; or 
high-resolution CT scan 
demonstrating multifocal 
bronchiectasis with multiple 
small nodules

Culture of NTM from sputum 
expectorated on at least two 
separated occasions, a single 
bronchoscopic wash or lavage, or 
any single specimen in combination 
with the lung biopsy finding of 
granulomatous inflammation

Source: Griffith et al. [49]
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differed when evaluated in a predominantly Caucasian US cohort, which included 
patients of greater clinical stability. At a cutoff point of 0.3 U/mL, sensitivity and 
specificity were 70.1% and 93.9%, respectively [63]. A positive sputum culture 
within 6 months before testing was associated with improved sensitivity. Although 
assays such as this hold promise, they are not yet generally available and require 
further development before being implemented in clinical practice.

MAC pulmonary disease is distinguished from “hot tub lung,” a condition simi-
lar to hypersensitivity pneumonitis. Cases of “hot tub lung” have been linked to 
inhalation of MAC-containing aerosols generated by hot tubs, showers, and water- 
based metalworking [64–66]. Common clinical features are dyspnea, cough, and 
fever. Computed tomography (CT) scan findings include ground-glass pulmonary 
infiltrates, centrilobular nodules, and gas trapping (Fig. 3) [67]. Pulmonary speci-
mens are culture-positive for MAC and exhibit granulomatous inflammation on his-
tological analysis. The principal management of “hot tub lung” is avoidance of 
causative exposures. Optimal medical therapy has not been established. Favorable 
outcomes have been reported without medical therapy and with separate or com-
bined administration of corticosteroid and anti-mycobacterial therapies [65, 68]. 
Prednisone, weaned from 1 to 2 mg/kg daily over 4–8 weeks, is recommended for 

Fig. 1 Chest computed tomography image of a 65-year-old man with M. intracellulare and long 
smoking history. Note the emphysema and right upper lobe fibrocavitary disease with severe vol-
ume loss in the right upper lobe
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patients with severe disease or respiratory failure [49]. Anti-mycobacterial therapy, 
administered for 3–6 months according to clinical response, is recommended for 
patients with immune incompetence, bronchiectasis, or persistent disease despite 
antigen avoidance irrespective of corticosteroid use [49].

Fig. 2 Chest computed tomography image of a 68-year-old woman with M. intracellulare lung 
disease. Note the mild pectus excavatum, right middle lobe and lingula predominant bronchiecta-
sis, and scattered tree-in-bud opacities in the lower lobes

a b

Fig. 3 (a) Chest computed tomography (CT) image of an 80-year-old patient who developed 
hypersensitivity pneumonitis due to M. avium after exposure to his indoor hot tub (b) Follow-up 
CT image after 4 months of corticosteroid therapy and drainage of the hot tub
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 Standard Three-Drug Therapy

The treatment of MAC pulmonary disease involves prolonged administration of 
multiple antibiotics with significant adverse effect profiles. Thus, the decision to 
treat should be informed by the patient’s symptoms, radiographic progression, and 
comorbidities. The cornerstone of treatment is a macrolide-containing regimen, 
administered for a duration sufficient to include 12  months of negative cultures 
(Table 2) [49]. Daily administration is recommended for patients with fibrocavitary 
disease or severe nodular bronchiectatic disease.

The efficacy of clarithromycin was demonstrated by a preliminary, open-label, 
non-comparative trial designed to rapidly assess short-term outcomes of clarithro-
mycin monotherapy [69]. After 4 months of therapy, sputum cultures converted to 
negative in 58% patients with clarithromycin-susceptible isolates and demonstrated 
significant microbiologic improvement in a further 21%. Subsequent prospective 
and retrospective studies supported the superiority of regimens that contained clar-
ithromycin to those that did not [70–72]. Poor microbiologic responses were associ-
ated with clarithromycin-resistant isolates and prior anti-MAC treatment [72]. The 
daily dose of clarithromycin is 500–1000 mg which may be administered in divided 
doses to improve tolerability. Daily doses greater than 1000 mg are poorly tolerated 
in elderly patients due to adverse effects, including gastrointestinal symptoms, dys-
geusia, central nervous system symptoms, and elevation of serum liver enzymes 
[73]. Azithromycin-based regimens produce similar microbiologic outcomes to 
clarithromycin-based regimens [74]. The recommended daily dose of azithromycin 
is 250–300 mg. A dose of 600 mg per day was efficacious in a study of short-term 
responses to azithromycin monotherapy, but gastrointestinal adverse effects and 

Table 2 Medical treatment regimens for macrolide-susceptible MAC pulmonary disease

Disease category Macrolide (PO)
Ethambutol 
(PO)

Rifamycin 
(PO) Aminoglycoside (IV)

Treatment-naïve 
nodular 
bronchiectatic 
disease

Clarithromycin 
1000 mg or 
azithromycin 
500–600 mg thrice 
weekly

25 mg/kg 
thrice 
weekly

Rifampin 
600 mg thrice 
weekly

None

Treatment-naïve 
fibrocavitary 
disease

Clarithromycin 
500–1000 mga or 
azithromycin 
250–300 mg daily

15 mg/kg 
daily

Rifampin 
450–600 mga 
daily

Streptomycin or 
amikacin thrice 
weekly for the first 
2–3 months

Severe, extensive 
(multilobar), or 
previously treated 
disease

Clarithromycin 
500–1000 mga or 
azithromycin 
250–300 mg daily

15 mg/kg 
daily

Rifampin 
450–600 mga 
or rifabutin 
150–300 mga, b 
daily

Streptomycin or 
amikacin thrice 
weekly for the first 
2–3 months

Abbreviations: PO administered by mouth, IV administered intravenously
Source: Griffith et al. [49]
aUse lower dose for patients with weight < 50 kg
bUse lower dose when co-administered with clarithromycin
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ototoxicity were frequent [75]. Unlike clarithromycin, azithromycin is not metabo-
lized by hepatic cytochrome p450 (CYP450) enzymes and does not inhibit CYP3A4 
[76]. As a consequence, it has lower potential for interaction with other drugs.

Companion drugs are necessary to protect against macrolide resistance, which 
complicates clarithromycin monotherapy in 16% of patients with MAC pulmonary 
disease treated for 4 months and 46% of HIV-infected patients with disseminated 
MAC after a median of 16 weeks [69, 77]. Ethambutol, 15 mg/kg daily, is the rec-
ommended companion agent [49]. The principal adverse effect of ethambutol is 
optic neuropathy, manifesting as reduced visual acuity or impaired red/green color 
discrimination. The inclusion of a rifamycin is predicated on the historical success 
of three-drug regimens in the treatment of pulmonary disease and evidence that 
rifabutin may reduce the risk of macrolide resistance in HIV-infected patients with 
disseminated MAC [74, 78]. Nonetheless, the superiority of three-drug regimens in 
the treatment of pulmonary disease has not been established. The combination of a 
macrolide and ethambutol may be appropriate for certain patients, including those 
intolerant of a three-drug regimen [49]. A preliminary open-label randomized con-
trolled trial (RCT), involving HIV-negative patients with treatment-naïve pulmo-
nary disease, suggested that omission of rifampin may produce non-inferior 
microbiologic outcomes and superior treatment tolerability [79].

Rifabutin is poorly tolerated in elderly patients without HIV infection [80]. 
Adverse effects include gastrointestinal symptoms, arthralgia, leukopenia, and uve-
itis. Rifampin, which is regarded as having similar efficacy to rifabutin, is therefore 
preferred for the treatment of MAC pulmonary disease [49]. A drawback of rifampin 
is its considerable induction of CYP450 enzyme systems and consequent multiple- 
drug interactions. Rifampin reduces serum levels of macrolides, especially clar-
ithromycin, but the clinical significance of this remains unclear [81]. The daily dose 
of rifampin is 10 mg/kg, usually 450 mg or 600 mg. Rifabutin affects serum macro-
lide levels to a lesser extent than rifampin but is a CYP3A4 substrate. As a conse-
quence, co-administration of clarithromycin warrants reduction of the daily dose of 
rifabutin from 150–300 mg to 150 mg and consideration of serum drug concentra-
tion monitoring.

 The Role of Intermittent Administration

A number of prospective and retrospective studies, predominantly involving patients 
with nodular bronchiectasis, support the notion that intermittent therapy is of simi-
lar efficacy and superior tolerability to daily therapy [80, 82, 83]. Intermittent 
administration permits dosing of azithromycin at 500–600 mg per day, which pro-
duces a higher peak plasma concentration (Cmax) than the daily dose. Although the 
consequences of this higher Cmax are unclear, there is the possibility of improved 
microbiologic outcomes [84]. A prospective, non-comparative trial suggested that 
the efficacy of intermittent therapy is reduced in association with cavitary disease, 
previous treatment for MAC pulmonary disease, chronic obstructive pulmonary 
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disease (COPD), or bronchiectasis [85]. Thrice-weekly therapy is recommended for 
patients with treatment-naïve nodular bronchiectatic disease and those who are 
unable to tolerate daily therapy [49]. In the event that sputum cultures remain posi-
tive despite 12  months of intermittent therapy, switching to daily therapy may 
achieve treatment success in 30% of cases [86].

 Use of an Aminoglycoside

Many of the studies that established the efficacy of three-drug therapy for MAC 
pulmonary disease included an initial period of intravenous aminoglycoside treat-
ment. A double-blind RCT investigated the addition of intramuscular streptomycin 
to the first 3 months of a 24-month three-drug regimen [87]. The frequency of spu-
tum culture conversion was significantly improved, but mortality, microbiologic 
relapse, clinical trajectory, and radiographic findings were not significantly affected. 
Adverse effects of aminoglycosides include ototoxicity, vestibulotoxicity, and neph-
rotoxicity. Ototoxicity has been reported in over a third of patients and is frequently 
irreversible [88]. In order to mitigate practical encumbrances and toxicity risk, ami-
noglycoside therapy is reserved for patients with severe, multilobar or fibrocavitary 
disease. A typical dosing regimen for MAC pulmonary disease is intravenous ami-
kacin, administered thrice weekly for the initial 2–3 months of therapy [49]. The 
usual starting dose is 15–25 mg/kg, and subsequent doses are adjusted according to 
serum drug concentration monitoring. Surveillance for toxicity should include serial 
audiograms and serum creatinine measurements.

 Alternative or Adjunctive Antibiotics

Clofazimine may be a suitable alternative to the rifamycins for treatment of MAC 
pulmonary disease. A retrospective study of patients with predominantly nodular 
bronchiectatic NTM disease suggested that clofazimine- and rifampin-containing 
three-drug regimens produce similar microbiologic outcomes and relapse rates [89]. 
Several retrospective studies have supported the long-term safety and tolerability of 
clofazimine in patients with NTM pulmonary disease [89–91]. Usual dosing is 
100 mg daily. Significant adverse effects include skin pigmentation, gastrointestinal 
complaints, and prolongation of the electrocardiographic QTc interval.

Moxifloxacin has a limited role in the management of MAC lung disease. Due to 
the association of macrolide resistance with the use of a fluoroquinolone in lieu of 
ethambutol, moxifloxacin is not an appropriate choice in the setting of ethambutol 
intolerance [92]. Expert opinion favors parenteral or inhaled amikacin in this sce-
nario. Adjunctive moxifloxacin, 400 mg daily, may improve outcomes for patients 
with pulmonary disease refractory to 6 months of macrolide-based multiple-drug 
therapy. A retrospective study demonstrated treatment success in approximately one 
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third of cases of macrolide-susceptible MAC, but there was no benefit in cases of 
macrolide-resistant MAC [93]. Serious adverse effects include tendinitis, tendon 
rupture, and prolongation of the QTc interval.

Bedaquiline, a diarylquinoline antibiotic developed for the treatment of drug- 
resistant tuberculosis, has excellent in vitro activity against MAC [94]. Bedaquiline 
causes QTc prolongation and was associated with increased mortality of uncertain eti-
ology in a phase 2b clinical trial [95, 96]. A small case series has provided preliminary 
data that bedaquiline may be an efficacious salvage therapy for treatment- refractory 
MAC pulmonary disease [96]. Rifamycins significantly increase the clearance of beda-
quiline and concomitant administration of these agents should be avoided [97].

The utility of oxazolidinone antibiotics for MAC pulmonary disease is uncertain. 
The minimum inhibitory concentration of linezolid is high, and withdrawal from 
therapy is common due to adverse effects such as bone marrow suppression and 
peripheral neuropathy [98, 99]. Tedizolid may have superior efficacy and tolerabil-
ity by virtue of its favorable pharmacokinetic profile and lower MIC [100].

Inhaled amikacin holds promise for patients with treatment-refractory MAC dis-
ease. Nebulization of the parenteral formulation is most commonly tolerated at a 
maximum dose of 250 mg daily. Although this formulation is associated with micro-
biologic and/or symptomatic improvement in some patients, systemic and local tox-
icities are common [101]. Amikacin liposomal inhalation suspension (ALIS), a 
formulation specifically intended for use in NTM pulmonary disease, is designed 
for uptake by macrophages and retention in the lung. The efficacy and safety of 
ALIS, 590 mg daily, were recently appraised in a phase 2 study with the primary 
endpoint of change from baseline on a semiquantitative mycobacterial growth scale 
[102]. Although the primary endpoint was not met, the addition of ALIS to standard 
therapy was associated with increased frequency of enduring culture conversion and 
significant improvement in 6-minute walk test results. ALIS was well-tolerated, the 
principal adverse effects being respiratory symptoms and infectious complications. 
During the double-blind phase, 2 of 44 patients who received ALIS developed aller-
gic alveolitis. A randomized, controlled, phase 3 study confirmed the safety and 
efficacy reported in the earlier trial [102a]. Patients with treatment refractory MAC 
pulmonary disease who received standard therapy plus LAI were more likely to be 
culture negative at six months than controls who received standard therapy alone. 
Respiratory treatment emergent adverse events occurred in 87% of the patients on 
ALIS compared with 50% on standard treatment. The most common adverse events 
were dysponia and cough which were generally transient. Serious treatment emer-
gent adverse events were similar in both groups.

 Surgery

The indications for surgical treatment of NTM lung disease are focal disease refrac-
tory to medical therapy, intractable bothersome or life-threatening symptoms, and 
parenchymal disease amenable to “debulking” in order to slow progression [103]. 
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Preoperative medical therapy is administered for 8–12 weeks. A number of studies 
have reported excellent microbiologic outcomes after surgery although morbidity 
and mortality vary according to the institution and surgical technique [104–106]. 
Open procedures are associated with higher rates of mortality and major morbidity 
than thoracoscopic surgery. Ideally, operators should be experienced in the surgical 
management of mycobacterial lung disease. A review of thoracoscopic lobectomies, 
performed at an institution with a high degree of expertise, revealed low likelihood 
of conversion to an open procedure (3%), low morbidity (7%), no mortality, and a 
short length of stay (mean 3.3 days) [107].

 Macrolide Resistance

The likelihood of emergent macrolide resistance despite treatment with recom-
mended three-drug therapy is less than 5% [92]. Macrolide resistance is usually 
conferred by a point mutation at position 2058 or 2059  in the 23S rRNA gene. 
Prescribing patterns that predispose to macrolide resistance have differed between 
retrospective studies but tend to include macrolide monotherapy, macrolide and 
fluoroquinolone two-drug therapy, and omission of ethambutol [92, 108, 109]. 
Treatment outcomes are poor but may be significantly improved with the combina-
tion of aminoglycoside therapy for at least 6 months and surgical resection [108]. 
This approach may increase the proportion of patients achieving culture conversion 
from 5% to 79% [92]. The optimal drug regimen to support aminoglycoside therapy 
and surgery has not been determined. Although experimental data suggest that clar-
ithromycin may be efficacious despite in vitro resistance, use of a macrolide has not 
been associated with improved clinical outcomes and is not recommended [49, 108, 
110]. Ideally, a multiple-drug regimen should be formulated with reference to drug 
susceptibility testing and expert consultation (Fig. 4). Candidate agents include eth-
ambutol, the rifamycins, and clofazimine. Bedaquiline is likely to be an efficacious 
substitute for rifamycins but may be difficult to obtain [96].

 Outcomes of MAC Pulmonary Disease

Untreated patients with predominantly nodular bronchiectatic MAC disease in a 
Korean retrospective study exhibited radiographic progression or requirement for 
medical therapy in 48% of cases during a mean observation period of 32 months 
[111]. Predictors of progression or need for therapy were pulmonary cavities and 
consolidation. Treatment with a recommended macrolide-containing regimen may 
achieve culture conversion in close to 90% of cases, usually within 6  months. 
Unfortunately, microbiologic recurrences occur in 48% of cases after completion of 
therapy. The majority of recurrences are due to a genotypically distinct strain, con-
sistent with reinfection [74]. Clarithromycin susceptibility testing is predictive of 
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treatment success. A prospective study conducted in Japan demonstrated culture 
conversion in 83.9% of patients with clarithromycin-susceptible MAC and in only 
25% of patients with isolates exhibiting intermediate susceptibility or resistance 
[72]. Prior therapy and smear positivity were also associated with reduced fre-
quency of culture conversion.

The prognostic value of the ATS/IDSA definition of disease is questionable but 
may be greater for MAC than other species of NTM [112, 113]. Five-year all-cause 

†Use lower dose for patients with weight <50kg
‡Adjust dose according to serum amikacin levels

Work-Up

• Drug susceptibility testing
• Expert opinion

Core
Regimen

• Ethambutol 15mg/kg daily
• Rifamycin: rifampin 450-600mg† daily or rifabutin 150-300mg† daily
• IV amikacin 15-25mg/kg‡ thrice weekly (ideal duration is ≥6 months)

Consider
Additions 

• Clofazimine 100mg daily
• Nebulized amikacin, 250-500mg daily of the parenteral preparation or
590mg daily of the liposomal preparation (after completion of IV amikacin)

Consider
Substitutions 

• Bedaquiline 400mg daily for 2 weeks and 200mg daily thereafter (must
not be co-administered with rifampin)

Surgery

• Assess role for surgical resection

Fig. 4 Suggested algorithm for management of macrolide-resistant MAC pulmonary disease. 
(†Use lower dose for patients with weight < 50 kg; ‡Adjust dose according to serum amikacin 
levels)
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mortality varies from 13% to 40% according to the population being studied [114–
116]. Lower mortality rates tend to be associated with female sex, non-cavitary 
disease, and paucity of comorbidities. The mortality rate of macrolide-resistant 
MAC pulmonary disease has been likened to that of multiple-drug-resistant tuber-
culosis and reported to be 47% at 5 years [108, 109].

 Extrapulmonary MAC Disease

 Disseminated MAC and HIV-AIDS

The HIV-AIDS epidemic ushered in new awareness of the pathogenicity of MAC, 
particularly M. avium. Prior to this time, the MAC entities were considered to be rare 
pulmonary pathogens of little clinical significance. Reports of disseminated M. 
avium disease increased dramatically after the condition was recognized in 1982 
[117]. The diagnosis was usually made after culture of blood or tissue, especially 
bone marrow, lymph node, or liver. The CD4 count of afflicted patients averaged less 
than 60cells/mm3 and was rarely greater than 100cells/mm3. Median survival was 
4 months and autopsies demonstrated wide-ranging organ involvement [118, 119].

Recommended treatment for disseminated MAC in HIV-infected patients is daily 
administration of a macrolide and ethambutol with consideration of a rifamycin. 
Although an open-label RCT reported superior microbiologic outcomes with clar-
ithromycin, a double-blind RCT found clarithromycin and azithromycin to have 
similar efficacy in terms of microbiologic outcomes, mortality, and relapse rates [120, 
121]. Doses of clarithromycin exceeding 1000 mg per day are avoided as these have 
been associated with increased mortality [122]. Ethambutol significantly reduces the 
risks of relapse and development of clarithromycin resistance [123]. The inclusion of 
a rifamycin, usually rifabutin, has been associated with improved survival and 
reduced risk of clarithromycin resistance in RCTs [78, 124]. Rifabutin dosing should 
be adjusted according to the choice of macrolide in order to manage the risk of 
adverse effects. Daily doses of rifabutin are 300–450 mg in combination with azithro-
mycin and 300 mg in combination with clarithromycin. Dose adjustment is also nec-
essary to manage interactions with protease inhibitors and non- nucleoside reverse 
transcriptase inhibitors. Use of clofazimine has not been recommended due to its 
association with increased mortality in a RCT [49, 125, 126]. However, a subsequent 
RCT did not associate the substitution of clofazimine for rifabutin with significantly 
altered mortality or bacteriologic outcomes [122]. Moreover, clofazimine has been 
used widely to treat HIV-infected patients, including those with drug-resistant 
tuberculosis.

The incidence of disseminated M. avium declined dramatically after the develop-
ment of highly active antiretroviral therapy (HAART) [127]. HAART also allowed 
for unprecedented enduring cure of afflicted individuals [128]. Anti-MAC treatment 
may be ceased for asymptomatic individuals who are receiving HAART and have 
achieved CD4 counts in excess of 100cells/mm3 for at least 12 months [49].
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Prophylaxis against disseminated M. avium is highly effective and recommended 
for patients with CD4 counts less than 50cells/mm3 [125]. Azithromycin, 1200 mg 
once weekly, is the preferred regimen. Clarithromycin, 500 mg twice daily, is effica-
cious but associated with increased likelihood of breakthrough with macrolide- 
resistant strains [129, 130]. Rifabutin is less efficacious than either macrolide [130, 
131]. Superior efficacy is achieved by the combination of rifabutin and azithromy-
cin, but this regimen is poorly tolerated. Prophylaxis may be withdrawn if CD4 
counts exceed 100cells/mm3 for at least 3 months [125, 132].

 Other Extrapulmonary Diseases

Common extrapulmonary manifestations of MAC infection include cutaneous or 
musculoskeletal infections in adults and cervicofacial adenitis in children. 
Recommended treatment for adults is surgical excision or debridement in combi-
nation with 6–12 months of three-drug therapy [49]. Pediatric adenitis is man-
aged with complete excision which produces superior outcomes to medical 
therapy and negligible morbidity [133]. Surgical excision without accompanying 
drug therapy is associated with a high rate of cure and low likelihood of recur-
rence [134, 135]. Medical therapy may be warranted as an adjunct to surgery for 
recurrent disease [49].

M. chimaera infections, arising from contamination of heater-cooler units, cause 
extrapulmonary disease that is challenging to treat and likely to become increas-
ingly prevalent. Common symptoms include fever, shortness of breath, fatigue, and 
weight loss [26]. Disease manifestations include prosthetic valve endocarditis, pros-
thetic vein graft infection, myocarditis, bone infection, bacteremia, and dissemina-
tion to multiple organs. Symptoms and signs occur at a median of 18 months (range, 
11–40 months) after cardiac surgery. Due to this lag time and the non-specific clini-
cal presentation, diagnosis and initiation of treatment may be delayed by several 
years. Despite surgical intervention and targeted multiple-drug therapy, mortality 
rates of 50% have been reported [2, 26].

 Summary

MAC comprises a number of species of environmental mycobacteria that exhibit 
geographical diversity. MAC disease is often a consequence of immune dysfunc-
tion or structural lung disease. The etiological basis for pulmonary disease in 
healthy people, especially postmenopausal women, remains unclear. 
Manifestations of MAC disease include conditions that are clinically and prog-
nostically disparate. Cervicofacial lymphadenitis in immunocompetent children 
is readily cured with surgical excision. Destructive pulmonary disease in adults is 
associated with high rates of recurrence despite lengthy combination medical 
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therapy and sometimes surgical lung resection. Disseminated disease in individu-
als with immune dysfunction is associated with high mortality rates. The treat-
ment of macrolide-resistant disease is particularly challenging. Disseminated 
MAC disease in HIV-infected patients is rare due to the efficacy of HAART, but 
prophylaxis remains important in patients with low CD4 counts. Contamination 
of heater-cooler units by M. chimaera is an emerging cause of catastrophic extra-
pulmonary disease that complicates open cardiac surgery. Research priorities 
include development of a diagnostic biomarker and expansion of the therapeutic 
armamentarium.
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NTM Disease Caused by M. kansasii,  
M. xenopi, M. malmoense, and Other 
Slowly Growing NTM

Theodore K. Marras and Sarah K. Brode

 Introduction

Slowly growing NTM species comprise some of the most common species encoun-
tered in the management of NTM pulmonary disease (NTM-PD) and non- pulmonary 
infections as well. This chapter will discuss the more commonly encountered spe-
cies of this group (Table 1) with the exception of M. avium complex, which is dis-
cussed in a dedicated chapter. As common causes of NTM-PD, M. kansasii, M. 
xenopi, and M. malmoense will be discussed in greater detail, but additional species 
will be included to provide information and guidance to further resources to assist 
with the clinical management of these infections. For most species, discussion will 
include information about the organism (environmental sources) and the host (com-
mon patient phenotypes), typical anatomic sites of infection (pulmonary, non- 
pulmonary, disseminated) and clinical presentations, and antimicrobial treatment. 
Most slowly growing NTM species considered are likely found primarily in waters, 
and pulmonary infection is believed to often result from inhalation of contaminated 
water aerosols. This critical but inadequately explored area, especially with respect 
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to prevention of infection/reinfection, is explored further in chapter “Environmental 
Niches for NTM and Their Impact on NTM Disease”. The role of antimicrobial 
drug susceptibility testing for most agents in most NTM species remains unclear. 
Drug susceptibility testing (DST) is discussed in several instances below, but data 
are generally lacking regarding the definition of clinically meaningful minimal 
inhibitory concentrations (MICs). The utility of DST is therefore limited, and out-
side of the cases where relevant MICs have been defined, expert consultation should 
be considered in the interpretation. Although the importance of long-term follow-up 
may not be specified throughout, because of the unpredictable progression of what 
may appear to be indolent disease, and very high recurrence rates after successful 
treatment, most patients with NTM-PD should have indefinite follow-up. Non- 
antibiotic therapies are generally not discussed in this chapter but are well-described 
in chapters “Non-tuberculous Mycobacterial Disease Management Principles, 
Mycobacterium avium Complex Disease, Nontuberculous Mycobacterial Disease 
in Pediatric Populations, and Non-Tuberculous Mycobacteria in Cystic Fibrosis”. 
Species-specific information regarding epidemiology, diagnosis, and monitoring of 
treatment may be provided, and additional information can be found in the respec-
tive chapters. In general, regular sputum cultures should be obtained to assess 
microbiologic response to therapy, identify the time of culture conversion, and 
determine duration of therapy. Periodic clinical and radiologic assessments should 
be performed to assess response to therapy. Assessments for drug toxicity should 
include periodic clinical assessments, as well as serum and hematologic testing, 
which is particularly relevant to rifamycin therapy. Summary tables present infor-
mation regarding frequency and anatomic site of disease (Table 1) and antimicrobial 
treatment recommendations for the more commonly encountered causes of pulmo-
nary (Table 2) and non-pulmonary (Table 3) disease. For all species considered in 
this chapter, the ATS/IDSA guidelines [1] criteria should generally be considered as 
the starting point for making a diagnosis of NTM-PD. However, some species are 
more likely than others to be identified in clinical specimens in the absence of dis-
ease [2, 3]. Mycobacterium gordonae is an example of a species that rarely causes 
disease, and some investigators have proposed using more stringent diagnostic cri-
teria for this species [4]. At the other end of the spectrum, M. kansasii is generally 
thought to be highly pathogenic, with the disease considered to be present in the 
majority of patients with a respiratory isolate. However, the apparent pathogenicity, 
or likelihood of a respiratory isolate to signify disease, may vary by geographic 
region [3, 5, 6]. Not only is it important to consider what has been described about 
the pathogenicity of different NTM species, the clinician must also carefully con-
sider all clinical information to make appropriate diagnostic and treatment deci-
sions. Treatment recommendations reflect current guidelines [1] as well as recent 
literature.

NTM Disease Caused by M. kansasii, M. xenopi, M. malmoense
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Table 2 Management of lung disease caused by commonly encountered slow-growing NTM 
species excluding MAC

Species Diagnostic considerations Antimicrobial therapiesa

M. kansasii ATS/IDSA guidelines
Carefully consider any 
positive specimens due to 
high pathogenicity

Rifampin-susceptibleb

  Rifampin 600 mg (or rifabutin 150–300 mg)/d
   plus
  Ethambutol 15 mg/kg/d
   plus, one of
  Azithromycin 250 mg/d, or
  Clarithromycin 500 mg/d bid, or
  Isoniazidc 300 mg/d, or
  Moxifloxacin 400 mg/d
Rifampin-resistant
Three drugs based on drug susceptibility testing
Injectable amikacin or streptomycin may be 
considered
Duration of therapy should be 12 months of 
culture-negative sputum

M. xenopi ATS/IDSA guidelines
Consider possibility of 
specimen contamination/
institutional pseudo-
outbreak depending on local 
factors

Rifampin 600 mg (or rifabutin 150–300 mg/d)
  plus
Ethambutol 15 mg/kg/d
  plus at least one of
Azithromycin 250 mg/d/clarithromycin 500 mg 
bid or moxifloxacin 400 mg/d (combining four 
agents may be consideredd)
Consider addition of injectable amikacin or 
streptomycin in severe disease
Duration of therapy should be 12 months of 
culture-negative sputum

M. malmoense ATS/IDSA guidelines Rifampin 600 mg/d
  plus
Ethambutol 15 mg/kg/d
  plus
Azithromycin 250 mg/d/clarithromycin 500 mg/d 
bid
  plus/minus
Moxifloxacin 400 mg/d or possibly Isoniazid 
300 mg/d
Addition of amikacin should be considered for 
severe disease
Optimal duration of therapy unknown; determine 
according to clinical response and available 
objective findings during treatment; consider 
12 months of culture-negative sputum
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Table 2 (continued)

Species Diagnostic considerations Antimicrobial therapiesa

M. simiae ATS/IDSA guidelines
Respiratory isolates usually 
not indicative of disease

Few data; consider
  Amikacin 5–15 mg/kg IV tiw
   plus
  Trimethoprim-sulfamethoxazole (double 

strength, bid)
   Plus at least one of
  Azithromycin 250 mg/d or clarithromycin 

500 mg bid
  Moxifloxacin 400 mg/d
  Consider additionally
  Linezolid 600 mg/d or clofazimine 100 mg/d
Optimal duration of therapy unknown; determine 
according to clinical response and available 
objective findings during treatment; Consider 
12 months of culture-negative sputum

M. szulgai ATS/IDSA guidelines
Respiratory isolates 
frequently indicative of 
disease

Few data;
  Three or four drugs selected from:
  Azithromycin 250 mg/d or clarithromycin 

500 mg bid
  Rifampin 600 mg/d or Rifabutin 

150–300 mg/d
  Ethambutol daily
  +/− Fluoroquinolone daily Consider adding 

parenteral amikacin for severe disease
Optimal duration of therapy unknown; determine 
according to clinical response and available 
objective findings during treatment; Consider 
12 months of culture-negative sputum

Recommendations are not presented for species that very rarely cause lung disease and/or with 
very little published data, although discussion regarding drug treatment is provided in the text
If moxifloxacin is not tolerated, other fluoroquinolones may provide a similar contribution to regi-
mens listed above, although they are generally considered to be less active agents
aListed treatment regimens are daily for the oral agents; injectable agents generally administered 
intermittently
bThrice weekly rifampin 600  mg, ethambutol 25  mg/kg, and clarithromycin 500–1000  mg for 
12 months of culture-negative sputum demonstrated excellent results in one small study [20]
cIsoniazid is likely the weakest drug among the list that also includes macrolides and moxifloxacin 
and likely should be considered when other agents cannot be used
dGiven the high mortality associated with M. xenopi disease, some believe an aggressive approach 
including four oral agents (rifampin, ethambutol, macrolide, moxifloxacin) may often be war-
ranted, carefully considering the increased and potentially severe toxicity burden
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Table 3 Management of non-pulmonary disease caused by commonly encountered slow-growing 
NTM species excluding MACa

Species Organ involved Antimicrobial therapies

M. genavense Intestinal, hepatic, splenic, 
lymph node, bone marrow, 
bloodstream

Very few data; Consider therapy with at least 
two of:
  Azithromycin 250 mg/clarithromycin 

500 mg bid
  Moxifloxacin 400 mg/ciprofloxacin 

500–750 mg bid
  Rifampin 600 mg (or rifabutin 150–300 mg)
  Ethambutol
  Amikacin/streptomycin
Optimal duration of therapy unknown

M. haemophilum Childhood cervical 
lymphadenitis
Skin/soft tissue, 
disseminated disease

Complete surgical excision alone is curative in 
immune competent children
  Multidrug therapy including clarithromycin
   plus
  Rifampin or rifabutin
   plus
  Ciprofloxacin
  +/− amikacin in severe disease
Duration 12–24 months
Consider surgical debridement

M. kansasii Disseminated, usually in 
context of lung disease

Generally recommended to treat similar to lung 
disease (Table 1)

M. lentiflavum Most commonly 
lymphadenopathy in 
immune competent 
children
Focal non-pulmonary and 
disseminated disease less 
common

Very few data
Surgical resection alone may be curative in 
lymphadenopathy in immune competent 
patients Medical therapy (adjuvant or 
primary – see below) may also be useful
Consider at least two or three drugs selected 
from:
  Azithromycin 250 mg or clarithromycin 

500 mg bid
  Moxifloxacin 400 mg or ciprofloxacin 

500–750 mg bid
  Rifampin 600 mg (or rifabutin 150–300 mg)
  Ethambutol
  Amikacin or streptomycin
  Optimal duration of therapy unknown

M. malmoense Childhood cervical 
lymphadenitis
Skin/soft tissue

Complete surgical excision alone is curative in 
immune competent children
Same as for pulmonary disease, consider 
debridement

M. marinum Skin/soft tissue Clarithromycin 500 mg bid
  plus
Ethambutol 15 mg/kg daily
Other drugs may be used; see text
Duration 1–2 months after symptom resolution 
(at least 3 months total)
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 Mycobacterium kansasii

 The Organism and the Host

It is likely that M. kansasii infections are contracted from potable waters, in that the 
organism has often been isolated from water distribution systems [7]. Five to seven 
strain types have been classified using DNA-based analyses, and although the large 
majority of human isolates from the USA, Europe, and Japan are of subtype I [8], 
this subtype has not been readily identified in environmental samples [9]. 
Mycobacterium kansasii commonly causes pulmonary disease, and in some reports 
this species is among the most commonly encountered causes of NTM-PD, though 
this is highly variable by region. High rates of M. kansasii lung disease have been 
reported in some areas in Europe, the Southern and Midwestern USA, and some 
regions in the Middle East, East Asia, and Australia [10, 11]. Risk factors include 
COPD, prior TB, bronchiectasis [11], and silicosis, the latter described in South 
African gold miners identified as having an extremely high incidence, regardless of 
HIV status [12]. Disseminated M. kansasii infection occurs in immune- compromised 
patients, most commonly with advanced HIV, as well as other immune-deficient 
states [13]. In the respiratory tract, M. kansasii has generally been assumed to be 
relatively pathogenic compared with most other NTM species, and so isolation of 
this organism was believed to be indicative of disease more often than specimen 
contamination or patient colonization. It is therefore perhaps not surprising that 
phylogenetic analyses suggest that, among all NTM species, M. kansasii is particu-
larly closely related to M. tuberculosis [14]. Early North American studies reported 
that 45–88% of patients with pulmonary M. kansasii isolates had disease, compared 
with 25–47% of patients with M. avium complex (MAC) isolates [11]. The propor-
tion of disease among patients with pulmonary M. kansasii isolation in more recent 

Table 3 (continued)

Species Organ involved Antimicrobial therapies

M. xenopi Contaminated wound or 
surgical device, 
tenosynovitis

Generally recommended to treat similar to lung 
disease (Table 1) plus debridement of infected 
tissues

M. ulcerans Skin/soft tissue Rifampin 10 mg/kg daily
  plus
Streptomycin 15 mg/kg I.M. daily, or
Clarithromycin 7.5 mg/kg BID, or
Moxifloxacin 400 mg daily
Duration of 8 weeks
Consider adjunctive surgery
See WHO treatment guidelines [184]

In the above recommendations, unless otherwise indicated, oral agents are daily, and injectable 
agents are intermittent
aTreatment of non-pulmonary infection with species not presented in Table 3 is generally sug-
gested to employ the same regimens as presented in Table 2 (pulmonary disease), with additional 
details provided in the text
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studies from New  York City (70%) [15], the Netherlands (71%), [2] Germany 
(68%), [16] Croatia (40%) [17], Israel (≥50%) [5], and South Korea (52%) [6] have 
suggested relatively high levels of pathogenicity. Data suggest that pulmonary isola-
tion of M. kansasii must be carefully considered regarding pathogenicity, but in a 
significant proportion of patients, disease will be absent.

 Clinical Presentation of M. kansasii Lung Disease

Mycobacterium kansasii infects mostly males, with an average reported patient age 
of 45–62 years [18, 19]. Preexisting pulmonary disease, including COPD, prior TB, 
bronchiectasis, and silicosis, appears to be common. Radiologically, fibrocavitary 
disease is the most common, reported in 46–72% [6, 19, 20], with the nodular bron-
chiectatic type reported in 28–32% (Fig. 1a, b) [6, 20]. The disease presentation is 
very often similar to TB, with upper lobe cavitary disease and productive cough 
seen in the majority [6, 19]. The diagnosis of pulmonary M. kansasii disease should 
generally be made according to guideline definitions [1], but the relatively high 
pathogenicity mandates very careful scrutiny and follow-up of patients with even a 
single sputum isolate.

 Antimicrobial Treatment of M. kansasii Lung Disease

Although a single preferred regimen has not been identified, highly successful treat-
ments for M. kansasii lung disease have been reported with several multidrug regi-
mens. Rifampin, isoniazid, ethambutol, streptomycin, amikacin, clarithromycin, 

a b

Fig. 1 M. kansasii. Chest radiograph (a) and chest CT (b) images from a 44 yo man, heavy 
smoker, emphysema (centrilobular and paraseptal) with bullae, and cavitary LUL M. kansasii 
disease
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azithromycin, and sulfamethoxazole have all been reported as components of suc-
cessful regimens [1, 6]. In vitro data suggest that newer moxifloxacin and linezolid 
are active against M. kansasii [21], and expert opinion holds that these agents may 
be useful components of therapy [22].

In contrast to most NTM species, DST for M. kansasii can generally be inter-
preted in the clinical context, and testing should be routinely performed for both 
rifampin and clarithromycin [22]. Rifampin resistance (MIC >1.0 mcg/mL) is asso-
ciated with treatment failure in the absence of adequate additional effective agents. 
A description of low-level rifampin resistance (MIC 2.0–8.0 mcg/mL) has been 
reported as usually susceptible to rifabutin (MIC ≤0.5 mcg/mL), while higher-level 
rifampin resistance (>8.0 mcg/mL) was resistant to rifabutin [23]. Clarithromycin 
susceptibility is also considered to be clinically relevant, and testing should be con-
sidered. Susceptibility testing for additional agents has been recommended in the 
setting of rifampin resistance (MIC >1.0 mcg/mL) or drug intolerance [1]. It is 
stressed that there are not recognized clinically relevant isoniazid or ethambutol 
MICs and that MICs to these antimycobacterial drugs are not clearly relevant in the 
context of an otherwise strong regimen (e.g., rifampin containing with demonstrated 
rifampin susceptibility) [1].

Although there are few controlled data regarding M. kansasii treatment, consid-
eration of numerous studies illustrates the importance of rifampin. Pre-rifampin 
6-month sputum conversion rates were 52–81%, compared with 100% in several 
studies containing rifampin [1]. The combination of rifampin (600 mg/d), isoniazid 
(300 mg/d), and ethambutol (25 mg/kg/d for 2 months followed by 15 mg/kg/d) for 
18 months [24–26], or for a shorter period of 12 months of culture-negative sputum 
(with [27, 28] or without [29] intermittent streptomycin for 3 months), has been 
highly successful. In addition, a small study demonstrated excellent results using 
thrice weekly rifampin 600  mg, ethambutol 25  mg/kg, and clarithromycin 500–
1000 mg for 12 months of culture-negative sputum [20]. Sputum conversion was 
nearly universal, and recurrence rates are extremely low in studies using the above 
regimens. Some experts, citing the questionable value of isoniazid and the appar-
ent  efficacy of macrolides and fluoroquinolones, favor treating drug-susceptible 
M.  kansasii with the following regimen: rifampin 600  mg/d (or rifabutin 150–
300 mg/d) plus ethambutol 15 mg/kg/d plus one of either azithromycin 250 mg/d or 
clarithromycin 500 mg bid or moxifloxacin 400 mg/d [22].

Recommendations for the treatment of M. kansasii lung disease are presented 
in Table  2. Current guidelines’ first-line recommendation for treating rifampin- 
susceptible M. kansasii PD comprises rifampin (600 mg/d), isoniazid (300 mg/d), 
and ethambutol (15 mg/kg/d) for 12 months of negative sputum cultures [1]. The 
recommendation for 15 mg/kg/day of ethambutol is based on the lack of data prov-
ing that a higher dose is required in the initial months of therapy, the reduced risk of 
ocular toxicity with the lower dose, and the recognition of the primary importance 
of rifampin in this combination. Some experts favor rifampin 600 mg/d (or rifabutin 
150–300  mg/d) plus ethambutol 15  mg/kg/d plus one of either azithromycin 
250 mg/d or clarithromycin 500 mg bid or moxifloxacin 400 mg/d [22], effective in 
two small studies [6, 20]. Given the excellent response to antimicrobial therapy, 
adjuvant surgical intervention is rarely indicated in M. kansasii lung disease [1].
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Pulmonary disease with rifampin-resistant M. kansasii, usually resulting 
from prior therapy, requires special consideration. One demonstrated successful 
treatment regimen includes high-dose isoniazid (900 mg/d), pyridoxine (50 mg/d), 
ethambutol (25 mg/kg/d), sulfamethoxazole (1.0 g thrice daily), and streptomycin 
or amikacin (daily or five times weekly for 2–3 months followed by intermittent 
3–4  months), continued for 12–15  months of sputum negativity [30]. The 2007 
guidelines also suggest that a three-drug regimen, based on susceptibility testing, 
combining a macrolide (clarithromycin or azithromycin), moxifloxacin, ethambu-
tol, sulfamethoxazole, or streptomycin, is likely to comprise an effective regimen 
for rifampin-resistant M. kansasii disease [1].

 Non-pulmonary M. kansasii Disease

M. kansasii is the second most common cause of disseminated NTM disease, most 
commonly occurring in patients with advanced HIV, as well as other immune- 
deficient states [13]. Disseminated M. kansasii is usually seen in the context of 
underlying pulmonary infection. Disease limited to non-pulmonary tissues is rare. 
The treatment of disseminated M. kansasii is generally the same as for pulmonary 
disease. The importance of rifamycins should be borne in mind with respect to com-
patibility with antiviral regimens among HIV-infected patients receiving antiviral 
therapy. Updated guidelines for rifamycin compatibility with antivirals are available 
(http://www.cdc.gov/tb/publications/guidelines/tb_hiv_drugs/default.htm). As 
described above, in the absence of a rifamycin, a macrolide or moxifloxacin could 
be substituted.

 Mycobacterium xenopi

 The Organism and the Host

Potable water systems are extensively described potential sources of human infec-
tion with M. xenopi [31–34]. The organism has been isolated from household water 
among patients with M. xenopi lung disease [31], from hospital water causing dis-
ease outbreaks of postoperative spinal infections when used to rinse surgical devices 
[34], and pseudo-outbreaks when tap water contaminated clinical specimens in 
numerous ways [33]. Mycobacterium xenopi commonly causes pulmonary disease, 
and in some reports this species is among the most commonly encountered causes 
of NTM-PD [10, 11], though this is highly variable by region. Highest rates have 
been reported in several regions in Europe [17, 35, 36], an institution in Israel [5], 
and the province of Ontario, Canada [37]. Although uncommonly encountered in 
the USA overall, appreciable numbers of cases may be encountered in the Northeast 
[15, 38]. Disseminated M. xenopi disease is rare, but localized non-pulmonary 
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disease is described, including cases apparently acquired via wound or surgical 
device contamination with tap water [34] as well as some cases of tenosynovitis 
[39]. There are conflicting data regarding the pathogenicity of M. xenopi. Some 
studies suggest the vast majority of isolates represent contamination [40], while 
more recent investigations suggest that 28–36% of patients with pulmonary isolates 
have true infection [3, 41]. Although it is important to consider the possibility of 
contamination or colonization, the high frequency of M. xenopi lung disease in 
many regions dictates that respiratory isolates of this species should carefully be 
considered as possible pathogens.

 Clinical Presentation of M. xenopi Lung Disease

Mycobacterium xenopi lung disease is strongly associated with COPD [42] and 
presents with cavitation in 36–46% [43, 44]. Given this association, it is not surpris-
ing that M. xenopi has an associated mortality that is among the highest of all NTM 
species [45, 46]. The typical patient with M. xenopi is male, with COPD and fibro-
cavitary disease. However, perhaps a third of patients have been identified with a 
pattern of random, small to large nodules, usually in the setting of COPD [43, 47], 
possibly representing a precursor to fibrocavitation (Fig. 2a, b). Some patients with 
M. xenopi lung disease present with a nodular bronchiectatic pattern that is typical 
of MAC lung disease, although the frequency of this phenotype is inadequately stud-
ied. A nodular bronchiectatic pattern was clearly described in 4% (1/24 patients) in 
one study [43]. Inferences from two studies where a pattern of nodular bronchiecta-
sis was not explicitly sought include a frequency of 44% (4/9 patients with 
coexisting bronchiectasis and nodules but no cavitation) [48] and 4.4% (6/136 
patients with a nodular form that included bronchiectasis) [47]. We believe that 

a b

Fig. 2 M. xenopi. Chest radiograph (a) and chest CT (b) images from 73 yo woman, heavy smoker 
with emphysema and bullae presents with RUL cavitation from M. xenopi
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some minority of patients with M. xenopi lung disease has the nodular bronchiec-
tatic radiologic pattern and that clinicians should consider this possibility. The diag-
nosis of M. xenopi lung disease should be made using the ATS/IDSA diagnostic 
criteria [1], bearing in mind the possibility of contamination and pseudo-outbreaks.

 Treatment of M. xenopi Lung Disease

Controlled data regarding the treatment of M. xenopi lung disease are scarce. Drugs 
thought to have utility have included clarithromycin/azithromycin, ethambutol, 
rifampin, rifabutin, fluoroquinolones, isoniazid, and streptomycin/amikacin [1]. 
Susceptibility testing may be difficult to interpret, and although recommendations 
have been made that susceptibility should be tested according to the recommenda-
tions for rifampin-resistant M. kansasii [49], data regarding clinically relevant MIC 
thresholds are scarce.

At least two randomized trials have been published in full [50, 51], and one 
randomized trial has interim results available [52]. The British Thoracic Society 
(BTS) sponsored a randomized trial, including 42 patients with M. xenopi disease, 
comparing rifampin 450–600 mg/day plus ethambutol 15 mg/kg/day, with or with-
out isoniazid 300 mg/d [50]. Cavitation was present in 85% of cases, and 67% had 
underlying lung disease, likely contributing to the high mortality of 57%. Outcomes 
otherwise included treatment failure or relapse of 12% and a very low rate of 
5-year infection-free survival of 17%. There were no statistically significant dif-
ferences between treatment arms, but patients receiving isoniazid had somewhat 
lower treatment failure or relapse (5% versus 10%) but also reduced 5-year infec-
tion-free survival (10% versus 23%). A second BTS study randomized 34 patients 
with M. xenopi disease to receive rifampin 450–600  mg/day plus ethambutol 
15 mg/kg/day plus clarithromycin 500 mg bid or rifampin plus ethambutol plus 
ciprofloxacin 750  mg bid [51]. Cavitation was present in 62%, and underlying 
lung disease on radiography was apparent in 62%. Outcomes were poor with 35% 
in each arm alive and cured at 5 years. It is noteworthy that both of the above stud-
ies also included separate sub-studies of patients with MAC and M. malmoense 
and that the survival was by far the worst among patients with M. xenopi. A study 
randomizing patients to rifampin plus ethambutol plus either clarithromycin or 
moxifloxacin has reported on a preliminary analysis of 36 patients, with an 83% 
6-month sputum culture conversion rate overall, with no difference between 
groups [52]. The extremely high mortality rates in the BTS-sponsored studies 
make interpretation of drug treatment data somewhat difficult, although the second 
study might suggest that fluoroquinolones may play a useful role in the treatment 
of M. xenopi. This notion is supported by the ongoing randomized trial, wherein 
interim 6-month culture results suggest similar efficacy of clarithromycin- and 
moxifloxacin-based regimens.

Antimicrobial treatment data from uncontrolled studies were summarized in a 
systematic review, combining 188 patients from 23 reports, including 34 different 
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drug combinations [44]. The two statistically significant findings comprised slightly 
lower “end-of-treatment” success rates among patients who receive isoniazid (73% 
versus 87%, p  =  0.028) and also among patients who received aminoglycosides 
(56% versus 82%, p = 0.019). The authors stressed that firm conclusions cannot be 
made due to the heterogeneity of the studies and patients and the high likelihood of 
bias in drug treatment selection. A large retrospective study, published after the 
systematic review, including 13 centers in France and 136 patients, found that drug 
treatment and the use of rifamycin-containing regimens were both associated with 
better survival [47]. The retrospective methods leave this study vulnerable to the 
inherent biases of treatment assignment and drug selection however. Although we 
have inadequate human data regarding aminoglycosides in M. xenopi, data from 
murine models may be useful. Two studies in mice infected with M. xenopi have 
shown reduced colony-forming units among mice treated with amikacin in addition 
to comparator regimens [53, 54]. One study used intravenously infected mice treated 
with clarithromycin and ofloxacin plus/minus amikacin [53], and the other study 
used an inhalational infection and treatment with either clarithromycin/ethambutol/
rifampin or moxifloxacin/ethambutol/rifampin plus/minus amikacin [54], and both 
studies identified microbiologic benefit.

Resectional surgery has been reported as adjunctive therapy for M. xenopi lung 
disease. The largest series studied 57 patients treated between 1964 and 1980, 
including 40 individuals who had been treated with various unsuccessful courses of 
isoniazid, rifampin, and ethambutol and 17 patients with surgery for presumed lung 
cancer but were found to have M. xenopi on surgical resection [55]. Postoperative 
complications were frequent, including 19 patients requiring reoperation (indica-
tion not described) with complex procedures and 2 deaths (1 pulmonary embolism 
and 1 advanced cancer). Patients with pleural lesions, bullae, and respiratory 
impairment had higher rates of complications. It is difficult to know how the results 
of this study should be translated into practice today, with the advent of additional 
drugs employed for M. xenopi (i.e., macrolides, fluoroquinolones, aminoglyco-
sides). We think it is likely that the observed risk factors for postoperative compli-
cations likely remain important, but the magnitude of postoperative risk may be 
lower in selected patients. Other studies have presented only very small numbers of 
patients operated for known M. xenopi, and so minimal additional data are 
available.

Recommendations for the treatment of M. xenopi lung disease are presented 
in Table 2. The 2007 ATS/IDSA guidelines express uncertainty regarding the opti-
mal regimen for M. xenopi lung disease but propose isoniazid, rifamycin, ethambu-
tol, and clarithromycin ± an initial course of streptomycin and that a fluoroquinolone 
(preferably moxifloxacin) might be substituted for one of the antituberculous drugs. 
Based on the available data, we recommend a regimen containing at least three oral 
agents, comprising rifampin (or rifabutin), plus ethambutol plus either a macrolide 
(clarithromycin is most studied) or a fluoroquinolone (preferably moxifloxacin). 
Although it is unclear what proportion of the high mortality is attributable to under-
lying disease versus M. xenopi infection per se, we think an aggressive approach is 
often warranted. Accordingly, we carefully consider a four-drug oral combination 
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of macrolide + fluoroquinolone + rifampin + ethambutol in patients with severe 
disease, mindful of the increased adverse effects associated with additional agents. 
In addition, an injectable aminoglycoside (i.e., amikacin or streptomycin) should be 
considered in advanced disease. In the absence of data regarding the optimal 
 duration of antimicrobial therapy for M. xenopi PD, we suggest continuing therapy 
until sputum specimens have been persistently culture negative for 12 months. In 
our experience, adjunctive surgery for localized residual disease, despite intensive 
therapy, is safe and effective for carefully selected patients. Patients with inade-
quately controlled infection, multifocal destructive infective lesions, and extensive 
underlying lung disease are at substantially increased risk of postoperative morbid-
ity and mortality. Surgical management of NTM disease is described in detail in a 
separate chapter of this monograph.

 Non-pulmonary M. xenopi Disease

Therapy for non-pulmonary M. xenopi infection has not been well-studied. We rec-
ommend considering regimens similar to those listed for treating pulmonary dis-
ease. Surgical debridement is often important for soft tissue infections [39].

 Mycobacterium malmoense

 The Organism and the Host

M. malmoense has rarely been isolated from the environment, perhaps because of 
difficulties in culturing it [56], although it has been found in natural water in Finland 
and soil in Zaire and Japan [1]. M. malmoense most commonly causes lung disease 
but can also cause cervical lymphadenitis, tenosynovitis, skin infections, and rarely 
disseminated disease in the severely immunocompromised [57]. M. malmoense is 
one of the most common species causing NTM lung disease in regions of Northern 
Europe [10, 58]. It has also been reported in laboratory specimens in Southern 
Europe, South Africa, and North America [58].

 Clinical Presentation and Treatment of M. malmoense Lung 
Disease

The clinical presentation of M. malmoense pulmonary disease often mimics tubercu-
losis, with cavities and airspace disease being the most common radiographic find-
ings (Fig. 3a, b) [57]. Approximately 60% of affected patients are male, and almost 
half have underlying COPD or a history of pulmonary TB [57]. When M. malmoense 
is isolated from respiratory secretions, it is usually of clinical significance; in most 
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studies, greater than 70% of individuals with isolation had clinically significant dis-
ease [57]. One notable exception came from the USA, where only 10% of isolates 
were clinically significant [59]; this suggests that pathogenicity may vary by region.

Drugs with some evidence of clinical efficacy against M. malmoense include 
rifampin, ethambutol, isoniazid, macrolides, and fluoroquinolones. Results of in 
vitro drug susceptibility testing have been inconsistent, which may be due to differ-
ences in laboratory techniques or regional variability of the organism. A lack of 
correlation between in vitro drug susceptibility test results and clinical response has 
been described  [50, 60, 61], although this has been incompletely investigated.

There have been very few studies of treatment for M. malmoense pulmonary 
disease. The British Thoracic Society performed a randomized trial involving 106 
patients with M. malmoense pulmonary disease [50, 61], in which patients were 
treated for 2 years with either rifampin and ethambutol or rifampin, ethambutol, and 
isoniazid. Ten percent of patients had a poor clinical outcome (death due to NTM, 
treatment failure, relapse), with no significant difference between groups. Fifty-nine 
percent of patients were alive at 5 years, and 42% of the original 106 patients were 
considered cured. A second BTS trial randomized 167 patients to 2 years of treat-
ment with rifampin, ethambutol, and either clarithromycin or ciprofloxacin [51]. 
Again, there was no significant difference in rates of poor outcomes between groups 
(overall, 7%). However, significantly more patients receiving the clarithromycin 
containing regimen completed treatment and were alive and cured at 5 years (38.4% 
versus 19.8%). That said, there were more side effects in the group that received 
clarithromycin, and the proportion alive and cured at 5 years was the same as that 
seen with only rifampin and ethambutol in the prior trial. It is also of note that com-
pared to patients with MAC and M. xenopi pulmonary disease, who were also 
included in the trial, patients with M. malmoense were significantly less likely to 
have a poor outcome.

A retrospective review of 30 patients with M. malmoense pulmonary disease 
from the Netherlands found that treatment regimens varied considerably [62]. In 

a b

Fig. 3 M. malmoense. Chest CT (a and b) images from 68 year old man with emphysema and 
bullae with left upper lobe fibrocavitary M. malmoense and adjacent airspace disease. (Images 
courtesy of Dr. Jakko van Ingen)
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that study, 21 patients (70%) had a good clinical response to treatment, 5 patients 
(17%) had failure or relapse, and 4 (13%) died. In a series of 14 consecutive patients 
with fibrocavitary M. malmoense lung disease in Edinburgh, Scotland, investigators 
reported 100% culture conversion and symptom reduction after 24 months of daily 
rifampin (450–600 mg), ethambutol (15 mg/kg), and clarithromycin (500 mg bid) 
[63]. In this study, all isolates were judged to be susceptible to rifampin and resis-
tant to isoniazid. Resistance to ethambutol was observed in 23%, clarithromycin in 
8%, and ciprofloxacin in 46%.

Recommendations for the treatment of M. malmoense pulmonary disease are 
presented in Table 2. Given the minimal data, there is no consensus on the optimal 
therapy for M. malmoense pulmonary disease. The ATS/IDSA guidelines have sug-
gested the use of a regimen including isoniazid, rifampin, and ethambutol with or 
without a macrolide or fluoroquinolone [1]. Based on the findings across studies 
described above, we think it is likely that clarithromycin (or azithromycin) is prefer-
able to isoniazid and would probably consider rifampin, ethambutol, and clarithro-
mycin (or azithromycin) as a first-line regimen. The addition of a fluoroquinolone 
or isoniazid may be additionally helpful. In severe disease, we think that adding 
amikacin is a reasonable consideration despite an absence of published experience 
for this organism. This opinion is based on the utility of amikacin for most NTM 
species, often favorable DST profiles, and expert opinion.

 M. malmoense Non-pulmonary Disease

M. malmoense cervical lymphadenitis presents similarly to that caused by MAC; it 
most commonly affects children and causes painless unilateral swelling of the cervi-
cal or submandibular lymph nodes, without other symptoms. A presumptive diagno-
sis of NTM lymphadenitis is based on lymph node biopsy material showing caseating 
granuloma with or without AFB and a negative tuberculin skin test, while a definite 
diagnosis requires recovery of the causative organism from the lymph node cultures, 
obtained either by fine needle aspiration, incision and draining, or excisional biopsy 
[1]. Complete surgical excision alone is typically curative in immunocompetent chil-
dren [62]. M. malmoense is an uncommon cause of tenosynovitis, skin infections, 
and rarely disseminated disease in the severely immunocompromised [57]. There is 
inadequate evidence to guide treatment of M. malmoense infection of these body 
sites, but use of a similar antibiotic regimen to that recommended for M. malmoense 
pulmonary disease, plus surgical debridement when possible, is recommended.

 Mycobacterium simiae

Mycobacterium simiae has been isolated from various freshwater sources [64–66], 
numerous types of animals (originally monkeys [1]), and milk from dairy animals 
[67]. Its presence in potable water supplies and thus a cause of pseudo-outbreaks 
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implicates water as a likely source of M. simiae causing human infections [66]. 
Uncommon in most regions, M. simiae has been most extensively described in 
Israel [68, 69], Arizona [70], and Texas [71]. Respiratory M. simiae isolation is usu-
ally not indicative of disease and is reported to be associated with disease in various 
series from 4% to 21% of cases [70–72]. Recognizing that respiratory isolates of 
M. simiae are most often contaminants, clinicians should maintain a relatively high 
threshold to diagnose lung disease with this NTM species, looking carefully for 
other causes of worsening symptoms or imaging abnormalities. Regarding ana-
tomic sites of infection, pulmonary isolation and disease are most common (Fig. 4a–
c). Disseminated disease in immune-compromised patients [71] and lymph node 
disease in normal hosts [73] are also both described, although the latter appears to 
be quite rare.

Reports regarding DST of M. simiae paint a bleak picture, with resistance to 
almost all tested drugs [71, 72, 74], and most authors describe this infection as 
extremely difficult to treat. Very few data support a particular regimen. Susceptibility 
to clarithromycin, trimethoprim-sulfamethoxazole, moxifloxacin, clofazimine and 
aminoglycosides may variably be observed, and anecdotal support exists for the use 
of linezolid. The use of DST has been recommended to guide drug selection, with 
the caveat that results may not correlate with clinical outcomes [22].

Expert opinion recommends the use of a multidrug regimen selecting several 
agents from a list that includes amikacin, azithromycin or clarithromycin, moxi-
floxacin, trimethoprim-sulfamethoxazole, linezolid and perhaps clofazimine [1, 
22]. The optimal duration of therapy is unknown. Should durable sputum conver-
sion occur, treatment for 12 months after the first negative culture is likely appropri-
ate. Otherwise treatment duration should be guided according to clinical 
circumstance.

 Mycobacterium szulgai

Mycobacterium szulgai has been only rarely isolated from the environment, includ-
ing a case from water and fish from a tropical fish aquarium owned by a patient with 
pulmonary M. szulgai infection [75]. Because of the scarcity of reports of environ-
mental isolation, respiratory isolates had generally been regarded as indicative of 
disease, assuming that environmental contamination was unlikely [1]. This has been 
challenged by findings of a comprehensive national survey from the Netherlands 
[76] and a consecutive series from a South Korean institution [77], wherein the 
proportion of patients with pulmonary M. szulgai isolation who fulfilled disease 
criteria was 76% and 43%, respectively. Given that a significant proportion of 
patients with M. szulgai respiratory isolates do not have disease, clinicians should 
carefully apply current NTM diagnostic criteria while recognizing that the likeli-
hood of disease is substantial. Infections with M. szulgai are uncommon but have 
been reported widely across the globe [78]. Over a 13-year period in Ontario, 
Canada, among 9658 patients who fulfilled microbiological criteria for NTM lung 
disease, only 10 (0.1%) had M. szulgai (unpublished data). The majority of 
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published cases comprise lung disease, although lymphadenitis, skin and soft tissue, 
disseminated, and other focal infections have been described [1, 78, 79]. M. szulgai 
lung disease is frequently described as a TB-like illness, usually in men, with cavita-
tion and systemic symptoms, often in the presence of COPD, and with a prior his-
tory of pulmonary TB (Fig. 5a, b) [76, 77].

Drug susceptibility testing for M. szulgai has been reported in several reviews, 
suggesting frequent susceptibility to antituberculous agents, including rifampin, 
ethambutol and amikacin [49, 78, 79], and more recently clarithromycin [76]. 
However, as for most NTM species, there are no data regarding the appropriate 
clinical correlates for in vitro MIC values for this organism.

Current guidelines suggest treating pulmonary M. szulgai with a three- or four- 
drug regimen and that macrolides, fluoroquinolones, and standard TB drugs often 
have activity. In addition to numerous case reports, two recent series report that 
clarithromycin, azithromycin, rifampin, ethambutol, isoniazid, and less often fluo-

a

c

b

Fig. 4 M. simiae. Chest radiograph (a) and chest CT (b and c) images from 82 year old man, 45 
pack-year former smoker, with RUL bronchiectasis and cavitation with M. simiae disease
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roquinolones have been components of successful treatment regimens in pulmonary 
disease [76, 77]. Treatment duration of 8–18 months is most frequently reported, 
and response to treatment is usually very good, with prognosis often dependent on 
comorbid conditions. Based on the available observational retrospective data, we 
think that a reasonable treatment regimen comprises a three- or four-drug combina-
tion selected from clarithromycin or azithromycin, a rifamycin (usually rifampin), 
ethambutol, and possibly a fluoroquinolone, continued until 12 months after achiev-
ing negative sputum cultures. In severe disease, we think that adding amikacin is a 
reasonable consideration despite very limited published experience for this organ-
ism. This opinion is based on the utility of amikacin for most NTM species, often 
favorable DST profiles, and expert opinion. Although interpretation is not clear, 
DST should be considered. Non-pulmonary M. szulgai infection, when limited to a 

a

b

Fig. 5 M. szulgai. Chest 
CT (a and b) from 47 year 
old man with  
M. szulgai lung disease 
with associated bilateral 
upper lobe disease and 
extensive fibrocavitation in 
the left upper lobe. (Images 
courtesy of  
Dr. Won-Jung Koh)
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single focus, is likely to be adequately treated with 4–6 months of treatment with 
similar agents [1], though in the setting of immune deficiency, dissemination, or 
multifocal disease, longer duration therapy is undoubtedly preferred [76]. Treatment 
response is expected to be good in the absence of immune deficiency or severe 
underlying comorbidities.

 Mycobacterium genavense

 The Organism and the Host

Mycobacterium genavense is an uncommon cause of NTM disease that was first 
described in patients with advanced HIV infection and extensive disseminated 
mycobacterial disease [80]. The organism has been detected by molecular methods 
in hospital tap water [81] and unchlorinated water from the distribution system of 
water treatment plants [82], as well as by culture from infected pets and zoo ani-
mals, predominantly birds [83, 84]. Mycobacterium genavense is a fastidious organ-
ism requiring prolonged incubation in liquid media or supplemented solid media for 
growth and detection. Human infection with M. genavense has been described 
almost exclusively in immunocompromised individuals and usually with dissemi-
nated infection [85, 86]. Pulmonary involvement occurs in few patients, and pre-
dominantly pulmonary disease appears to be very rare [87]. Mycobacterium 
genavense is not a common cause of NTM disease in any region. Most reported 
cases have been in Europe, and it appears to be very rare in North America.

 Non-pulmonary M. genavense Disease

As noted above, almost all infections with M. genavense are non-pulmonary and 
involve immunocompromised patients [85, 86]. Sites of involvement include intesti-
nal, hepatic, splenic, lymph node, bone marrow, and bloodstream [85, 86]. Although 
susceptibility has been reported to macrolides, rifamycins, fluoroquinolones, amika-
cin, and streptomycin, and resistance has been reported to ethambutol and isoniazid 
[88, 89], clinically significant MIC thresholds have not been defined. The treatment 
of non-pulmonary M. genavense disease is probably best guided by published series. 
In a multicenter series of 25 patients in France, including 20 HIV- infected patients, 
treatment included clarithromycin (84%), rifamycins (72%), ethambutol (88%), 
fluoroquinolones (24%), and amikacin (28%) [85]. Overall, cure was achieved in 
32%, while an additional 25% had chronic controlled disease. In 13 patients from 
the Netherlands, including four HIV-infected patients, treatment included clarithro-
mycin (92%), rifamycins (77%), ethambutol (84%), and fluoroquinolones (15%) 
[86]. Cure was achieved in 31%, while 38% had chronic controlled disease.
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The ATS/IDSA guidelines did not provide a recommendation on treatment but 
suggested that macrolide-containing regimens may be preferred [1]. On balance, it 
appears that a combination of drugs including at least two agents selected from a 
macrolide, rifamycin, ethambutol, fluoroquinolone, and amikacin or streptomycin 
may comprise an appropriate regimen. Clinicians should be mindful of interactions 
between rifamycins and antiviral drugs used for treating HIV infection and consult 
appropriate resources to develop compatible regimens. The optimal duration of 
therapy is unknown and will therefore be determined according to clinical response 
and available objective findings during treatment.

 Pulmonary M. genavense Disease

Successful treatment in two cases of predominantly pulmonary disease has been 
described [87]. One patient had HIV coinfection and was treated with clarithromy-
cin, ethambutol, amikacin, as well as combination anti-retroviral therapy. The addi-
tion of subcutaneous thrice-weekly interferon-gamma injections was followed by 
improvement. Antimycobacterial therapy was administered for 2 years. The other 
patient, post renal transplant, was treated with clarithromycin, rifabutin, moxifloxa-
cin, and ethambutol. Despite major regression of lesions, therapy was continued 
beyond 2 years because of ongoing immunosuppressive therapy to prevent rejection 
of the renal graft. There are inadequate data to distinguish treatment of pulmonary 
from non-pulmonary M. genavense, either for drug selection or duration of 
therapy.

 Mycobacterium gordonae

 The Organism and the Host

M. gordonae has been isolated from freshwater and water distribution systems. 
Many clusters of positive M. gordonae cultures, or pseudo-outbreaks, have been 
reported and have implicated contaminated drinking water [90, 91], ice machines 
[91, 92], laboratory water [93], an antibiotic solution [94], a topical anesthetic 
[95], and bronchoscope cleaning fluid [96]. M. gordonae is a very commonly 
isolated contaminant in respiratory specimens [1]. It has been hypothesized that 
M. gordonae in tap water or ice water is deposited in the mouth or oropharynx 
when ingested and then subsequently contaminates respiratory specimens during 
sputum expectoration, tracheal suctioning, or bronchoscopy [91, 92]. Therefore, 
it has been recommended that patients avoid mouth rinsing or drinking beverages 
containing tap water for several hours before collection of respiratory specimens 
[1, 97].
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Although weakly pathogenic, M. gordonae has rarely been reported to cause 
pulmonary [4, 98–100], peritoneal [101], skin and soft tissue [102, 103], lymph 
node [2], and disseminated disease [104–106] with extrapulmonary disease typi-
cally occurring in immunocompromised patients.

True pulmonary disease caused by M. gordonae is very uncommon, with the vast 
majority of respiratory isolates representing contamination. The proportion of 
patients with M. gordonae isolated in respiratory specimens in the laboratory who 
meet ATS/IDSA microbiologic criteria (i.e., ≥2 positive sputum samples or 1 posi-
tive bronchoalveolar lavage [BAL] or lung biopsy) for pulmonary disease has been 
reported to be as high as 10.3% in one study from Croatia but only 1.7% when stricter 
microbiologic criteria are applied (> 2 positive sputum samples or 1 positive BAL 
and ≥ 1 positive sputum samples) [3]. The proportion of patients with M. gordonae 
respiratory isolates who meet the full ATS/IDSA pulmonary disease criteria is very 
small; 3.5% [3], 2% [2], and 1% [4] have been reported (the latter study used stricter 
microbiologic criteria, including ≥3 positive sputum cultures, with ≥1 smear posi-
tive) [4]. Therefore, possible pulmonary disease due to M. gordonae should be con-
sidered with healthy skepticism, including diligent efforts to identify other cause(s) 
for a patient’s illness. Some authors have proposed stricter diagnostic criteria be 
applied for M. gordonae pulmonary disease than for pulmonary disease caused by 
other mycobacteria, given that it is frequently isolated in respiratory specimens as a 
contaminant or colonizer and only very rarely associated with true disease [3, 4]. 
Morimoto et al. proposed that time to positive culture detection in liquid broth could 
be useful, as could rpoB gene sequencing, as all of their definite cases of M. gordonae 
pulmonary disease had relatively short median times to culture detection, and rpoB 
subtype C [4]. However, these criteria require further evaluation. Although anecdotal, 
among nearly 800 NTM patients we have assessed, we have treated only a single case 
of M. gordonae lung disease, despite its frequency of isolation as the third most com-
mon pulmonary NTM isolate in Ontario, Canada. We wish to stress that making a 
diagnosis of M. gordonae lung disease requires a much higher level of evidence than 
other NTM species discussed in this chapter and likely throughout this monograph.

 M. gordonae Pulmonary Disease

Given the rarity of true M. gordonae pulmonary disease, there is little data on clini-
cal presentation or treatment. Morimoto et al. describe five patients with M. gordo-
nae pulmonary disease who presented similar to patients with MAC lung disease: 
two males with smoking histories and fibrocavitary disease and three female non- 
smokers with nodular bronchiectatic disease [4]. Interstitial fibrosis [99, 107], orga-
nizing pneumonia [107], and mediastinal lymphadenitis [99, 108] have also been 
histologically described as part of the possible reaction to M. gordonae infection.

In vitro, antimicrobial agents most consistently active against M. gordonae 
include ethambutol, rifabutin, clarithromycin, linezolid, and the fluoroquinolones 
[109, 110]. The optimal antimicrobial regimen is unknown. Several reports have 
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described successful treatment outcomes for M. gordonae lung disease with a com-
bination of rifampin and ethambutol [98], plus macrolide [4, 100].

 Mycobacterium haemophilum

 The Organism and the Host

Water appears to be the most likely source of M. haemophilum in the environment 
[56, 111], and the organism has been isolated from water distribution systems [112]. 
M. haemophilum has unique culture requirements; it requires special medium with 
hemin- or iron-containing compounds for growth and grows optimally at lower tem-
peratures of 28–30 °C [113, 114]. In immunocompromised patients, it can cause 
skin and soft tissue infections, septic arthritis, and osteomyelitis [111]. It can also 
cause cervicofacial lymphadenitis in immunocompetent children, and rarely in 
immunocompetent adults, while lung disease is very rare [111]. The organism has 
been isolated from patients on most continents [111].

 Clinical Presentation of M. haemophilum Disease

M. haemophilum has been reported to cause a variety of infections in immunocom-
promised patients, particularly those with HIV infection and post-solid organ or 
bone marrow transplant, and less commonly in patients with rheumatic diseases or 
malignancy receiving corticosteroids, chemotherapy, or other immune-suppressing 
medications [111]. Skin lesions are the most common manifestation and can present 
as erythematous papules, plaques, nodules, necrotic abscesses, or chronic ulcers. 
They are most frequently found on the extremities. Septic arthritis, osteomyelitis, 
eye infections, catheter infections, and disseminated disease (with positive blood 
cultures) have been described [111].

In immunocompetent children, M. haemophilum can cause cervicofacial lymph-
adenitis [111]. In Israel and the Netherlands, M. haemophilum was the second most 
commonly recognized pathogen in children with cervical NTM lymphadenitis, after 
M. avium [115, 116]. The disease presents similarly to that caused by M. avium, 
except that children tend to be older. In immunocompetent adults, M. haemophilum 
rarely causes skin or lymph node infection [111]. An outbreak of M. haemophilum 
skin and lymph node infection due to permanent eyebrow makeup in healthy adults 
has been reported [117].

M. haemophilum very rarely causes pulmonary disease. Most reports of lung 
infection due to M. haemophilum have occurred in immunocompromised hosts, in 
whom it may cause isolated lung infection, manifesting most commonly as airspace 
disease or pulmonary nodules, or as one of several organs infected in patients with 
disseminated disease [111].
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Given its unique culture requirements, clinical suspicion of M. haemophilum 
should prompt supplementation of culture media to recover the organism. M. hae-
mophilum should be considered with an AFB smear positive, draining skin lesion 
that has no growth on ordinary (routine) AFB media. Specimens from immunocom-
promised patients, such as skin lesions or ulcerations, lymph node aspirates, joint 
fluid, or other undiagnosed lesions, with a positive AFB smear result, should be 
cultured for M. haemophilum. Additionally, specimens obtained from adenitis in 
immunocompetent children should be cultured for M. haemophilum [1].

 Antimicrobial Treatment of M. haemophilum

There are no standardized susceptibility methods for M. haemophilum, but drugs 
that appear to be active in  vitro include clarithromycin, ciprofloxacin, rifampin, 
rifabutin, and amikacin [1]. Discrepant results have been found with streptomycin 
[111, 118], doxycycline, and sulfonamides [1]. All isolates are resistant to ethambu-
tol [1] and isoniazid [111, 118].

Optimal therapy for M. haemophilum infection is unknown. In immunocompro-
mised hosts, successful outcomes have been reported with multidrug regimens 
including clarithromycin, rifampin or rifabutin, and ciprofloxacin [111, 118–120] 
with the addition of amikacin in severe disease [118]. Treatment for 12–24 months 
has been recommended by some authors [111, 118]. Surgical excision/debridement 
may be helpful for localized disease [111, 121]. Surgical excision alone is usually 
adequate treatment for lymphadenitis in immunocompetent hosts [111].

 Mycobacterium lentiflavum

 The Organism and the Host

It is likely that human infection with M. lentiflavum is contracted through exposure 
to contaminated waters. The organism has been isolated from drinking water and 
water-related facilities in Australia [65], the Czech Republic [64], Finland [122], 
and the USA. In a clinical environmental study in Brisbane, Australia, environmen-
tal sites that yielded M. lentiflavum overlapped geographically with home addresses 
of patients who had clinically significant disease, and automated repetitive sequence- 
based PCR genotyping showed a dominant environmental clone closely related to 
clinical strains [123].

Mycobacterium lentiflavum disease has been described most commonly as cervi-
cal adenopathy, especially in immunocompetent children, likely comprising 
 approximately half of reported cases, followed by disseminated, focal non-pulmo-
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nary, and pulmonary disease [124]. In a large sample of patients with pulmonary M. 
lentiflavum isolates in Australia, only 7.4% (2/27) patients were judged to have a 
significant disease [123]. A study from Crete, Greece, identified M. lentiflavum as 
the most common NTM isolate, but clinical significance was questioned [125]. 
Among 4417 immunosuppressed cancer patients with mycobacterial isolates in the 
USA, M. lentiflavum was identified in respiratory specimens of 10 patients and was 
judged to be insignificant in all [126]. It may therefore be concluded that this gener-
ally uncommon isolate is of relatively low pathogenicity and most often a colonizer 
or contaminant when isolated from pulmonary specimens. Accordingly, care should 
be taken before deciding that patients with respiratory M. lentiflavum isolates have 
clinically important disease. However, non-pulmonary isolates with objective evi-
dence of infection, especially in the context of immune suppression, should be care-
fully considered as important pathogens [124].

 Pulmonary M. lentiflavum Disease

Although M. lentiflavum pulmonary isolates have been reported to be most often 
clinically insignificant, disease that appears similar to more common NTM species 
seems to occur. Pulmonary M. lentiflavum disease has been described in nodular 
bronchiectatic form typical for M. avium [123, 127], and at least one case of acute 
necrotizing pneumonia has been described [128]. Among 354 cystic fibrosis patients 
in France, 6 (1.7%) had M. lentiflavum isolated from respiratory tract secretions, 
and in 2/6 the organism was judged to be causing disease [129].

There are few data regarding treatment of M. lentiflavum lung disease. Case 
reports generally describe treatment responses with the use of three or more of clar-
ithromycin, rifampin (or rifabutin), ethambutol, or ciprofloxacin [123, 128, 130]. In 
a study including M. lentiflavum isolates from 36 patients in the USA, all isolates 
were deemed susceptible to clarithromycin and moxifloxacin, while resistance was 
judged to be variably present to rifampin (79%), rifabutin (46%), ethambutol (83%), 
ciprofloxacin (4%), amikacin (33%), kanamycin (71%), streptomycin (8%), clo-
fazimine (50%), and linezolid (66%) [74]. Judging by these data, macrolides and 
fluoroquinolones would be expected to be particularly useful agents, but recom-
mendations advise susceptibility testing to guide therapy of clinically significant 
disease [49].

There are inadequate data upon which to make firm treatment recommendations. 
It seems prudent to obtain DST on clinically significant respiratory isolates, though 
data to assist with interpretation are lacking. A combination of agents including 
clarithromycin and a fluoroquinolone and possibly one or more of a rifamycin or 
ethambutol may comprise an effective regimen. The optimal duration of treatment 
is unknown. Treatment duration might reasonably be guided by clinical and objec-
tive testing response as well as 12 months of negative sputum cultures.
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 Non-pulmonary M. lentiflavum Disease

Non-pulmonary M. lentiflavum disease may be divided into cervicofacial adenopa-
thy or other non-pulmonary sites that may include disseminated disease. In a study 
of 17 children with M. lentiflavum cervicofacial adenitis, treatment included surgery 
alone (5/17, 29.5%), antimycobacterials plus surgery (11/17, 64.7%), and antimi-
crobials alone (1/17, 5.9%) and all experienced resolution [131]. The antimycobac-
terials included clarithromycin in 4/12 (33%), rifampin in 3/12 (25%), isoniazid in 
2/12 (17%), and ciprofloxacin, ethambutol, and pyrazinamide in 1/12 (8%). Based 
on this information, and the often high rate of apparent drug resistance, perhaps M. 
lentiflavum cervicofacial adenopathy is best treated with a combination of surgery 
plus antimycobacterials to which the isolate appears susceptible. Disease in other 
body sites might be treated in a fashion similar to that described for pulmonary 
disease, with drug susceptibility test results employed to guide selection of drugs. 
One might consider the use of a combination of agents including clarithromycin and 
a fluoroquinolone and possibly one or more of a rifamycin or ethambutol as part of 
an effective regimen. The optimal duration of treatment is unknown and should 
probably be guided by clinical and objective evidence of response and the host’s 
immune status.

 Mycobacterium marinum

 The Organism and the Host

The environmental source of M. marinum infection in humans is water, and M. 
marinum has been found in a variety of aquatic environments, including fish tanks, 
unchlorinated swimming pools, and natural bodies of fresh and salt water [56]. M. 
marinum typically causes infection of the extremities, which may be cutaneous or 
may invade to deeper structures. Skin and soft tissue infections occur in both immu-
nocompetent and immunocompromised hosts. Infection usually occurs following a 
break in the skin in contaminated water or from direct contact with fish or shellfish 
[56, 132]. Rare cases of pulmonary disease, cervical lymphadenitis, and dissemi-
nated disease in immunocompromised patients have been reported. M. marinum 
infections have been reported worldwide [132].

 Clinical Presentation of M. marinum Disease

M. marinum skin and soft tissue infection typically occurs in the extremities, most 
commonly the hands. Cutaneous infections present as nodular or ulcerating skin 
lesions [1, 133]. Most lesions are solitary, but “ascending” lesions that resemble 
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sporotrichosis can occur [1, 134]. The infection can invade to involve the deeper 
structures of the extremities, resulting in tenosynovitis, septic arthritis, or osteomy-
elitis (i.e., invasive disease) [132, 133]. Most cases have a history of aquatic expo-
sure, including fish tank exposure, handling fish or seafood, or boating/fishing 
[132]. Most case series have described deeper/invasive infection in less than half of 
cases, with the exception of a recent series from a tertiary referral center that 
reported 68% of cases were invasive [132]. The diagnosis is made when the tissue 
from a surgical biopsy or aspiration from an involved site cultures M. marinum; 
histologic examination of involved tissue demonstrating granulomatous inflamma-
tion and acid fast bacilli is supportive. M. marinum has also rarely been reported to 
cause cervical lymphadenitis in healthy children [135] and to cause disseminated 
disease in immunocompromised patients, which typically involves the skin [136–
139]. Although case reports of pulmonary M. marinum infection have been pub-
lished [140, 141], this entity appears to be very rare in comparison with 
non-pulmonary disease.

 Antimicrobial Treatment of M. marinum Infection

Routine susceptibility testing of M. marinum is not recommended by the ATS/IDSA 
guidelines, because there are no reports of mutational resistance, and there is little 
variability in susceptibility patterns to clinically useful agents [1]. However, it 
should be done in cases of treatment failure. In vitro, M. marinum isolates are sus-
ceptible to rifampin, rifabutin, clarithromycin, ethambutol, sulfonamides, and 
trimethoprim- sulfamethoxazole; intermediately susceptible to streptomycin, doxy-
cycline, and minocycline; and resistant to isoniazid, pyrazinamide [1], and most 
fluoroquinolones [133].

There are no robust studies evaluating the treatment of M. marinum skin and soft 
tissue infections. The ATS/IDSA guidelines advise treatment with at least two 
active agents for 1–2 months after resolution of symptoms, typically for at least 
3 months total duration [1]. Longer durations may be needed for invasive disease 
[132, 133]. However, some studies have reported good outcomes with a single drug 
(clarithromycin or tetracyclines) for a limited cutaneous disease [142–144]. In the 
largest case series reported to date, 63 patients were treated for a median of 
3.5 months, with monotherapy in 37% and at least two drugs in 63%. The combina-
tion of clarithromycin and rifampin was most commonly used. Eighty-seven per-
cent of patients were cured and 13% failed; failure was associated with infection of 
deeper structures, but not related to antibiotic regimen. Excellent outcomes have 
also been reported with the combination of clarithromycin and ethambutol [145], 
which may be an ideal combination because of tolerability [1]. Addition of a third 
drug may be beneficial for deep structure infection [1]. Surgical debridement(s), 
sometimes multiple, may be indicated for invasive infection or cases of treatment 
failure [1, 132, 133].

NTM Disease Caused by M. kansasii, M. xenopi, M. malmoense



354

 Mycobacterium scrofulaceum

 The Organism and the Host

M. scrofulaceum has been found in natural bodies of freshwater [56]. Water distribu-
tion systems do not appear to be a source of human M. scrofulaceum exposure cur-
rently [56, 146]. In the early 1980s, M. scrofulaceum was a fairly common 
mycobacterial isolate found in clinical samples in the USA, and most clinical cases 
were due to cervical lymphadenitis in children. However, cases of M. scrofulaceum 
cervical adenitis have significantly decreased over time [147], and the organism is 
now rarely seen in the laboratory. Some have hypothesized that tap water was previ-
ously the source of human infection, and changes in chlorination have removed it 
from water distribution systems [1], although there is data to suggest that the organism 
has become less prevalent in the natural environment [56]. In addition to childhood 
cervical lymphadenitis, M. scrofulaceum has been rarely reported to cause pulmonary 
disease, skin and soft tissue, and disseminated infections in immunocompromised 
hosts. M. scrofulaceum has been found in clinical laboratories worldwide [1].

 M. scrofulaceum Pulmonary Disease

M. scrofulaceum is an uncommon cause of NTM lung disease. Case series suggest 
that most M. scrofulaceum lung infections present in middle-aged or elderly men, 
with underlying lung disease such as COPD, previous pulmonary TB, or silicosis 
[12, 148]. A high incidence of M. scrofulaceum lung disease has been reported in 
HIV-negative South African gold miners [12]. Fibrocavitary disease predominates, 
but nodular bronchiectatic disease has also been reported [148].

There is little data on the in vitro susceptibility of M. scrofulaceum nor on the 
treatment of these infections. Susceptibility testing for clinically significant isolates 
is recommended, with multidrug antibiotic regimens chosen based on susceptibility 
results [1]. Drugs that have been used previously and may be considered based on 
drug susceptibility test results include macrolides, fluoroquinolones, rifamycins, eth-
ambutol, isoniazid, and aminoglycosides [12, 148]. Daily therapy with at least three 
drugs based on drug susceptibility testing, selected from azithromycin or clarithro-
mycin, moxifloxacin, rifampin or rifabutin, ethambutol, isoniazid, and an aminogly-
coside (streptomycin, amikacin, or kanamycin), may comprise a useful regimen.

 M. scrofulaceum Non-pulmonary Disease

Childhood cervical lymphadenitis due to M. scrofulaceum is rarely seen today; exci-
sional surgery without chemotherapy is the recommended treatment. M. scrofulaceum 
has been reported to cause skin [149, 150] and soft tissue infection [151, 152] and 
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disseminated disease [153] usually in immunocompromised hosts. While skin infections 
have been reported to respond to clarithromycin monotherapy [150, 154], multidrug 
antibiotic therapy is recommended for deeper infections and disseminated disease.

 Mycobacterium shimoidei

Mycobacterium shimoidei is a rarely isolated species [1]. Although data regarding its 
frequency are lacking, in Ontario, Canada, we observed M. shimoidei in only 
43/35,556 (0.12%) NTM isolations (unpublished data). It has been isolated almost 
exclusively from human respiratory specimens, and environmental sources have not 
been identified. Most reports identified lung infection in the setting of underlying 
destructive lung disease and have emanated from Canada, Europe, Australia, 
Madagascar, and Japan [155, 156]. Reports of lung disease presenting with bronchi-
ectasis and nodules, typical of MAC lung disease [156], as well as disseminated 
disease with positive blood cultures in an HIV-infected patient [157] have both been 
described. In a recent study, Baird and colleagues reported on all isolates of M. shi-
moidei in Queensland, Australia, during 2000–2014 (contemporary population 3.6–
4.7 million) [158]. They identified 23 patients (16 (69.6%) male), of mean age 
66 years, 43.5% (10/23) with obstructive airways and 26.1% (6/23) with bronchiec-
tasis. Cavitation, nodules, and consolidation were observed in nine (39.1%), eight 
(34.8%), and two (8.7%) patients, respectively. Within their cohort, ten (43.5%) 
patients fulfilled ATS/IDSA diagnostic criteria, and clinically significant disease was 
felt to be “likely” in nine (39.1%) patients and “possible” in seven (30.4%). Based 
on this study, it appears that a respiratory isolate of M. shimoidei is often indicative 
of disease and so should be carefully considered. We recommend that clinicians 
consider the ATS/IDSA criteria for diagnosing M. shimoidei lung disease.

Drug susceptibility test results have been reported in some studies, with results of 
most published cases summarized in two reviews [155, 156]. Moxifloxacin, clar-
ithromycin, ethambutol, rifabutin, streptomycin, kanamycin, linezolid, and sulfa-
methoxazole seem to be drugs to which the organism is most often susceptible. 
Because these data reflect only a very small number of cases, drug susceptibility 
testing should be sought when antibiotic treatment is being considered, but as is usu-
ally the case, data guiding interpretation of DST are lacking. Reports on clinical 
outcomes are variable. Good outcomes have been reported in some cases with the use 
of clarithromycin, rifampin or rifabutin, ethambutol, and sometimes additional 
agents [156, 159–161]. Other reports suggest a high mortality with death frequently 
attributed to underlying lung disease [155]. In a recent study, Baird and colleagues 
reported on all isolates of M. shimoidei in Queensland, Australia during 2000-2014 
(contemporary population 3.6-4.7 million) [158]. In the recent Australian study, ten 
(43.4%) patients improved or remained stable, five (27.1%) died, while eight (34.7%) 
did not have follow-up data. Antimicrobial treatment was administered in six patients, 
including clarithromycin/azithromycin in 5/6 (83.3%), a rifamycin in 3/6 (50%), eth-
ambutol in 3/6 (50%), and miscellaneous other agents. Five of six treated patients 
(83.3%) stabilized or improved, and 1/6 (16.7%) died of lung disease [158].
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Based on very little evidence, antibiotic treatment of M. shimoidei lung disease 
should probably include at least three drugs, the selection of which may be guided 
by drug susceptibility test results. Daily administrations of macrolide, moxifloxa-
cin, rifabutin (or rifampin), and ethambutol appear to be reasonable considerations 
for first-line therapy and might be supplemented with an injectable agent (strepto-
mycin and kanamycin most commonly described) in severe disease. The optimal 
duration of therapy is unknown. In some recent cases with good outcomes, treat-
ment was continued for 12  months after sputum culture conversion [156, 159], 
which we would support.

 Mycobacterium terrae Complex

 The Organism and the Host

M. terrae complex is composed of multiple species, including M. terrae, M. 
nonchromogenicum, M. arupense, M. heraklionense, M. virginiense, and others 
[162, 163]. The individual species are difficult to distinguish by biochemical 
and culture methods, and molecular methods are required. The number of spe-
cies in the complex has grown considerably in recent years with the greater 
availability of DNA sequencing. However, molecular identification of these 
organisms to the species level is not performed in most clinical laboratories. 
The environmental source of M. terrae complex human exposure is thought to 
be natural water, soil, and/or water distribution systems [164, 165]. M. terrae 
complex is weakly pathogenic and often felt to be a contaminant when isolated 
in clinical laboratories [1]. However, it is known to cause skin, soft tissue, and/
or bone infection (typically tenosynovitis and/or osteomyelitis) and has also 
been rarely reported to cause infection of the lungs [166–172], genitourinary 
system [173], gastrointestinal tract [174], lymph nodes [175], and disseminated 
disease [176].

 Clinical Presentation of M. terrae Complex Disease

Numerous cases of chronic tenosynovitis and/or osteomyelitis due to M. terrae 
complex have been described [162, 165]. They typically occur in immunocompe-
tent hosts and involve the hand. Many are associated with an antecedent wound or 
trauma to the involved area [165]. Although most cases were previously believed 
due to M. nonchromogenicum, a recent study using molecular techniques has 
shown this to be false and has attributed these infections to other species in the 
complex [162]. M. terrae complex pulmonary disease is rare, and most cases of M. 
terrae complex isolation in respiratory specimens are likely due to contamination 
or colonization [1]. However, cases of true lung disease have been reported 
[166–172].
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 Antimicrobial Treatment of M. terrae Complex Disease

In vitro, M. terrae complex isolates are susceptible to clarithromycin. Most isolates are 
susceptible to ethambutol and trimethoprim-sulfamethoxazole, and most are resistant 
to rifampin and fluoroquinolones [162, 165]. Findings regarding rifabutin are mixed 
[162, 165]. In one series, half of the isolates were susceptible aminoglycosides [165].

The optimal antimicrobial treatment for M. terrae complex infections has not 
been established. The use of a macrolide plus ethambutol and/or another drug based 
on antimicrobial susceptibility testing seems reasonable [1]. Surgical debridement(s) 
for soft tissue infections may also be indicated. Clinical outcomes of M. terrae com-
plex tenosynovitis cases have not been ideal, with one review of 31 cases reporting 
29% with persistent disease that required repeated debridement, tendon extirpation, 
or amputation [165].

 Mycobacterium ulcerans

 The Organism and the Host

Mycobacterium ulcerans typically requires 6–12 weeks to grow at temperatures of 
25–33 °C [1]. Conventional decontamination methods may prevent growth of the 
organism, and supplementation of media with egg yolk or reduction of oxygen ten-
sion may enhance recovery [1]. Molecular techniques are often used to more rapidly 
identify the organism. M. ulcerans is unique in its ability to produce mycolactone, 
a cytotoxin that induces necrosis and ulceration [177].

M. ulcerans is the third most common cause of mycobacterial infection world-
wide, after M. tuberculosis and M. leprae. The organism causes “Buruli ulcer” in 
individuals residing in humid, rural, tropical regions, most commonly in Africa. The 
infection has also been reported in South and Central America, Southeast Asia, 
Australia, and Japan [178, 179].

 Clinical Presentation and Management of M. ulcerans Skin 
and Soft Tissue Disease

Buruli ulcer presents initially as a painless nodule, papule, plaque, or area of edema, 
which progresses to a painless ulcer with undermined edges within days to weeks 
[178]. Ulcerations slowly progress, and can become quite extensive, and involve 
deep tissues such as tendons, joints, and bones [178]. Involvement of other organs 
is very rare. Extremities are the most commonly involved sites, but other sites can 
be involved. The infection can affect any age group but most commonly affects 
immunocompetent children and young adults [180]. Infection is believed to occur 
when compromised skin comes in contact with contaminated water, typically stag-
nant or slow-moving water [181, 182].
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The diagnosis of Buruli ulcer is often made based on clinical manifestations in 
an endemic region and not confirmed microbiologically because of limited access to 
laboratory services. Histologic findings may be supportive. Specimens obtained by 
swabs of undermined edges of ulcers, punch or surgical biopsies, or fine need aspi-
ration may demonstrate AFB or be culture positive, although the sensitivity is low 
(up to 60%) [183]. Molecular techniques have improved sensitivity (approximately 
85%) [183].

The World Health Organization has published treatment guidelines that divide 
Buruli ulcer infections into three categories based on lesion size and stage [184]. 
Antibiotic therapy for 8 weeks is recommended for all infections, with surgical ther-
apy (excision for small lesions, debridement for larger lesions) sometimes indicated 
as an adjunct, after the first 4 weeks of antibiotics [184]. Several antibiotic regimens 
have been evaluated, but the best outcomes have been observed with the combina-
tion of rifampin plus one other agent, including an aminoglycoside, fluoroquinolone, 
or macrolide. The combination of rifampin and streptomycin is most widely accepted 
and can be given for the entire 8  weeks, or for the initial 4  weeks, followed by 
4 weeks of rifampin and clarithromycin [185]. A regimen consisting of rifampin plus 
clarithromycin or moxifloxacin for 8 weeks is also effective and is preferred in some 
countries [184, 186]. Cure rates are high [185, 187], but patients with more extensive 
lesions are often left with significant deformity and functional disability [188].
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 Taxonomy

 Historical Background and Current RGM Classification

The term rapidly growing mycobacteria (RGM) was originally used to describe 
mycobacterial organisms with growth on subculture in less than 7 days. The first 
rapidly growing mycobacterium was described in the early twentieth century 
when Mycobacterium chelonae was recovered from the lungs of sea turtles [1]. 
Mycobacterium fortuitum was originally recovered from frogs in 1905 and 
dubbed Mycobacterium ranae later to become M. fortuitum at the suggestion of 
Ernest Runyon [2]. In 1953 Mycobacterium abscessus was first reported as a 
cause of human skin and soft tissue infection in a patient with multiple soft tissue 
abscesses [3].

There are now more than 75 recognized RGM species, representing approxi-
mately 50% of all mycobacterial species. (Table 1) [4–11]. The three most clinically 
important pathogenic species that represent more than 80% of clinical RGM iso-
lates are M. fortuitum, M. chelonae, and M. abscessus. Mycobacterium abscessus 
was separated from M. chelonae more than 20 years ago, but some mycobacterial 
laboratories still utilize anachronistic nomenclature labeling M. abscessus isolates 
with a group label, “M. chelonae/abscessus complex,” rather than species or sub-
species identification. This approach is not adequate or acceptable for contemporary 
RGM disease management.

Unfortunately, even the advent of molecular organism identification methods has 
not eliminated nomenclature confusion as illustrated by the recent controversies 
surrounding M. abscessus species and subspecies taxonomic designations. 
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Mycobacterium bolletii and M massiliense were originally described as unique 
 species distinct from M abscessus in 2004 and 2006, respectively, but were subse-
quently found to be indistinguishable based on 16S rRNA sequence analysis [5, 
12–15]. This latter finding suggested that the putatively unique species were in fact 
the same species [12–15]. In 2011, a proposal was made that the two organisms 
should be combined as one species and reclassified as M. bolletii [14]. Subsequently, 
with multigene and whole genome sequencing, it became apparent that the two 
organisms are in fact distinct species with an extremely important genetic difference 
[15, 16]. One organism has an active erythromycin ribosomal resistance methylase 
(erm) gene and one does not. The erm gene results in methylation of the 23S rRNA 
macrolide binding site and inducible loss of macrolide activity/function, discussed 
in detail below.

Adoption of the 2011 proposal would have created significant confusion because 
the taxonomic designation M. massiliense had already been widely accepted in the 
medical literature to describe the “M. abscessus” organism without an active erm 
gene, while the term M. bolletii was used to describe the other similar organism with 
an active erm gene. There was a clear need to standardize the nomenclature for the 
three closely related M. abscessus organisms, two with active erm genes and one 
with an inactive erm gene.

In an effort to clarify this situation, Tortoli et al. recently proposed that the three 
organisms in the M. abscessus complex should be emended to three subspecies: 
M.  abscessus subsp. abscessus and M. abscessus subsp. bolletii with active erm 
genes and M. abscessus subsp. massiliense with an inactive erm gene [16, 17]. The 
Tortoli proposal is not without controversy as universally accepted criteria for spe-
cies and subspecies designations does not exist. A counter proposal has recently 
been advocated to grant species designations for the three M. abscessus organisms 
[18]. It should be emphasized that the M abscessus subsp. massiliense, or M. mas-
siliense as sometimes cited, remains the generally accepted name for the M. absces-
sus organism with an inactive erm gene which remains the most clinically important 
aspect of the taxonomy debate [16, 17, 19, 20]. From a nihilistic standpoint, the 
clinician may not care what an organism is named but absolutely must know the 
status of the erm gene and in vitro macrolide susceptibility of the organism.

Table 1 RGM species associated with human disease

Common M. abscessus subsp. abscessus, M. abscessus subsp. massiliense

Infrequent M. chelonae, M. fortuitum, M. porcinum, M. abscessus subsp. bolletii

Rare but proven 
pathogens

M. fortuitum group (M. boenickei, M. houstonense, M. peregrinum, 
M. senegalense), M. franklinii, M. immunogenum, M. mageritense, 
M. mucogenicuma, M. wolinskyi, M. bacteremicum, M. canariasensec, 
M. celeriflavum, M. cosmeticum, M. goodiic, M. iranicum, M. neoaurum,  
M. smegmatis

aM. mucogenicum group is composed of M. mucogenicum, M. aubagnense, and M. phocaicum
cLate pigmentation
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For this chapter we have adopted the M abscessus nomenclature suggested by 
Tortoli et al. with M. abscessus subspecies designations [16]. Where possible, an 
M.  abscessus subspecies is identified in the text. When the term M. abscessus 
 without a subspecies designation is used, it was not possible to tease out a particular 
subspecies designation. The term M. abscessus without a subspecies designation is 
not, therefore, synonymous with M. abscessus subspecies abscessus but indicates a 
lack of subspecies differentiation in the cited references.

 Identifying RGM

Laboratory techniques for identifying RGM are briefly summarized here. A detailed 
discussion is beyond the scope of this chapter. For a more in-depth discussion, 
please see chapter “Laboratory Diagnosis and Antimicrobial Susceptibility Testing 
of Nontuberculous Mycobacteria”.

Phenotypic laboratory identification of RGM was previously based on growth in 
subculture in less than 7 days, colony morphology, and biochemical growth require-
ments. While the group of organisms categorized as RGM can be identified in this 
manner, definitive RGM identification is not possible. High-performance liquid 
chromatography (HPLC) of mycolic acids can identify only a few RGM species. 
HPLC may be useful for separating organisms into complexes or groups but lacks 
the specificity needed for full species-level identification [11, 21].

Lipid and ribosomal protein analyses by matrix-assisted laser desorption 
ionization- time of flight mass spectrometry (MALDI-TOF MS) is a method cur-
rently being used to identify the NTM including RGM [21–23]. Although MALDI- 
TOF MS has been successful in the identification of many species of NTM, several 
clinically significant species and subspecies of RGM, including M. abscessus subsp. 
abscessus, M. abscessus subsp. massiliense, and M. abscessus subsp. bolletii, have 
been difficult to differentiate by MALDI-TOF.

Currently, the only nucleic acid probe available for identification of the RGM is 
the INNO-LiPA multiplex probe assay (Innogenetics, Ghent, Belgium). The major 
advantage is that a large variety of species can be identified by a single probe with-
out necessitating the selection of a specific probe for each species. Disadvantages 
include cross-reactivity among closely related M. fortuitum groups and the inability 
to differentiate isolates of M. chelonae from M. abscessus [24, 25].

The primary gene target of molecular taxonomic studies has been the 16S rRNA 
gene which is a highly conserved gene within mycobacterial species [26]. 
Differentiation of M. chelonae and M. abscessus and some species within the 
M.  fortuitum group requires complete 16S rRNA sequence analysis for species 
identification unless other gene targets are sequenced. The limitations of complete 
16S rRNA sequencing for RGM species and subspecies differentiation were exposed 
by the recent M. abscessus subspecies controversy described above.

Disease Caused by Mycobacterium Abscessus
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The 65-kDa heat shock protein gene (hsp65) is also useful for species-level 
RGM isolates such as M. abscessus and M. chelonae and for most of the common 
RGM species [27, 28]. Some RGM species, including M. fortuitum, are more 
 readily discriminated with the hsp65 gene analysis than by 16S rRNA gene analy-
sis [29]. The rpoβ gene has been used recently in the identification of RGM, includ-
ing the identification of several new species [5, 12, 30–33].

Multiple different erm genes have been recognized in RGM species, including 
erm (M. fortuitum) and erm (M. abscessus subsp. abscessus). Some RGM species 
such as M. chelonae have no detectable erm gene which allows reliable identifica-
tion of this organism.

Whole genome sequencing (WGS) and phylogenomic analysis are the most 
recently utilized methods for studying genetic variations and population studies in 
mycobacteria. Whole genome sequencing enables the study of multiple genetic 
regions which may be associated with pathogenicity, antibiotic resistance, viru-
lence, and/or host relationships to the NTM. [34–38]. As previously noted, there are 
no universally accepted WGS criteria for defining NTM species and subspecies. 
Recent publications in cystic fibrosis literature have revealed M. abscessus subsp. 
massiliense isolates from patients in different countries including the United 
Kingdom, Brazil, and the United States, to have high levels of genetic relatedness 
by WGS and thus provided the first suggestion of possible person-to-person RGM 
transmission [17, 39, 40]. The future of NTM identification and epidemiological 
studies will likely be based upon WGS findings.

Clinicians must be familiar with the laboratory methods used for RGM identifi-
cation including the limitations of the specific methods available to them. Clinicians 
should clearly communicate to laboratorians that optimal management of RGM dis-
ease patients requires timely and accurate organism identification. Clinicians face 
many challenges impeding successful treatment of these patients, and the laboratory 
should not be one of them.

 Clinical Disease

The RGM are frequently isolated in the environment and have been found in 30% 
to 78% of soil samples from various geographical regions in the United States 
[11, 41, 42]. Although it is a much less common occurrence than with 
Mycobacterium avium complex (MAC), M. abscessus has also been isolated 
from municipal water [43]. Until recently, the majority of reported cases were 
from the United States, with a strong disease geographic localization in the 
southern United States [11, 44]. Human infections have now been reported from 
most areas of the developed world (see chapters “Epidemiology of Nontuberculous 
Mycobacterial Pulmonary Disease (NTM PD) in the USA” and “Global 
Epidemiology of NTM Disease (Except Northern America)”). The route of 
organism acquisition for RGM pulmonary disease is presumably inhalation of 
contaminated aerosols, similar to MAC [44]. Community-acquired localized 
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skin, soft tissue, and/or bone disease usually follows a traumatic injury with 
potential soil contamination. Nosocomial infections are strongly associated with 
tap water exposure or contamination.

 Chronic Pulmonary Infections

Chronic RGM pulmonary infections are most often associated with M. abscessus 
subspecies [11, 42, 44] (Tables 2 and 3). The majority are due to either M. abscessus 
subsp. abscessus or M. abscessus subsp. massiliense. These infections are typically 

Table 2 Rapidly growing mycobacterial (RGM) species and their common clinical diseases

M. fortuitum group M. chelonae M. abscessus

Localized posttraumatic 
infections

Disseminated skin infections Chronic lung infections

Catheter infections Localized posttraumatic wound 
infections

Localized posttraumatic wound 
infections

Surgical wound infections Catheter infections Catheter infections
Augmentation 
mammaplasty

Sinusitis Disseminated skin infections

Cardiac surgery Corneal infections Corneal infections

Table 3 Pulmonary syndromes associated with positive respiratory cultures for RGM

Finding Interpretation
Most common 
RGM involved

Single AFB smear-negative culture-positive 
specimen

Transient infection or 
specimen contamination

M. abscessus

Multiple culture-positive specimens
Elderly nonsmoking patients, usually female, 
with nonspecific radiographic findings 
consistent with bronchiectasis and multiple 
sputum AFB-positive cultures

Probable nodular 
bronchiectasis disease: 
confirm by HRCTa

M. abscessus

Cavitary radiographic changes either apical 
typical of fibrocavitary mycobacterial disease, 
usually male, or mid and lower lung field 
associated with bronchiectasis, usually female

Possible association with 
prior granulomatous disease 
(TB) or due to progressive 
nodular/bronchiectatic 
disease

M. abscessus

Achalasia with chronic vomiting and bilateral 
interstitial/alveolar infiltrates or known lipoid 
pneumonia

Chronic pneumonitis, 
reversal of underlying GI 
problem essential for 
adequate therapy

M. fortuitum any 
RGM

Cystic fibrosis Focal pneumonitis, transient 
infection or progressive 
disease (HRCT may be 
helpful in determination)

M. abscessus

aHRCT, high-resolution computerized tomography
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found in postmenopausal nonsmoking females who present with chronic cough, 
weight loss, fatigue, and sometimes hemoptysis. By high-resolution computerized 
tomography (HRCT) of the chest, most patients have patchy cylindrical bronchiec-
tasis and small nodules involving the right middle lobe and lingua (Fig. 1a, b). This 
radiographic pattern is referred to as nodular bronchiectatic (NB) disease and is also 
typical of patients with Mycobacterium avium complex (MAC) lung disease. 
Chronic NB lung disease caused by MAC and M. abscessus are radiographically 
and clinically indistinguishable. RGM lung disease tends to be slowly progressive, 
with indolent symptomatic and radiographic progression [42, 44].

Patients undergoing therapy for MAC lung disease sometimes have co-isolation 
of M. abscessus from respiratory specimens. The clinical significance of these iso-
lates is variable and must be determined with longitudinal evaluation [45]. In one 
recent series of MAC patients with co-isolation of M. abscessus, most M. absces-
sus isolates did not appear to be clinically significant when they occurred only once 
or twice without clinical and radiographic impact [45]. For some patients, how-
ever, M. abscessus was isolated from multiple specimens over time and was associ-
ated with radiographic progression, especially new or expanding lung cavitation. 
In these patients M. abscessus appeared to be a significant pathogen requiring 
therapeutic intervention. This latter consideration is not inconsequential as there 
are few antibiotic agents with activity against both MAC and M. abscessus subspe-
cies with an active erm gene and therefore little overlap in treatment regimens for 
M. abscessus and MAC.

Cavitary lung disease that occurs with M. abscessus subspecies is a more aggres-
sive disease than the NB form. Patients with long-standing NB RGM lung disease, 
either untreated or refractory to treatment, can evolve from NB lung disease to a 
mixed NB and cavitary lung disease (Fig. 2). Patients with primary cavitary disease 
are similar clinically to cavitary MAC lung disease patients, usually male with a 
history of cigarette smoking and COPD. Mycobacterium abscessus infection is also 

a b

Fig. 1 M. abscessus lung disease with nodular bronchiectasis

J. V. Philley and D. E. Griffith



375

sometimes associated with other lung diseases and infections that leave residual 
areas of bronchiectasis and scarring such as tuberculosis.

Pulmonary infections with the M. fortuitum group are rare and most often seen 
in patients with achalasia, chronic vomiting, and other forms of gastrointestinal 
disturbances associated with chronic aspiration [42]. Mycobacterium fortuitum is a 
relatively non-virulent pathogen and a rare cause of lung disease outside of these 
conditions [42, 46]. Mycobacterium mucogenicum is sometimes a significant 
pathogen in the setting of chronic obstructive lung disease but overall is rarely 
associated with progressive chronic pulmonary infection [42]. Mycobacterium for-
tuitum and M. mucogenicum are examples of the poor specificity of the current 
NTM diagnostic guidelines in that patients with multiple sputum AFB cultures 
positive for M. fortuitum or M. mucogenicum are unlikely to develop progressive 
disease and require therapy. In the absence of a specific predisposition, such as 
chronic aspiration, clinicians are urged to use more rigorous diagnostic criteria for 
M. fortuitum and M. mucogenicum isolates than for other more common NTM 
respiratory pathogens.

Chronic pulmonary infections with M. abscessus also are seen in patients with 
cystic fibrosis (CF) (chapter “Non-tuberculous Mycobacteria in Cystic Fibrosis”) 
[47–49]. Patients with CF have aggressive and rapidly progressive bronchiectasis in 
addition to chronic recurrent airway and parenchymal infections due to Pseudomonas 
aeruginosa and other bacterial pathogens [48, 49]. Nontuberculous mycobacteria 
were previously thought not transmissible between humans. Recently, however, 
geographically widely dispersed cases associated with M. abscessus subsp. massil-
iense isolates that are indistinguishable by DNA analysis have been identified, sug-
gesting direct or indirect spread of identical infections that can occur at least in this 
highly vulnerable population [17, 50].

Fig. 2 Bronchiectasis with 
cavitary lesions in a patient 
with M. abscessus spp. 
abscessus
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The most common pathogens associated with CF lung disease in some series 
have been members of the M. abscessus group. One-half of 104 NTM isolates 
recovered in a multicenter study involving 1582 CF patients in France were 
M. abscessus [51]. A 3-year longitudinal clinical study from Brazil recovered NTM 
from 8% of 129 children with the majority of RGM isolates M. abscessus [52]. 
An early large study from US CF centers found that M. abscessus isolates were 
second in prevalence to those of the MAC [49]. Although some patients appear to 
have transient carriage, other patients remain culture positive, with significant 
symptoms and high morbidity and mortality [49].

The difficulty effectively treating M. abscessus lung infections in CF patients 
adds an additional layer of complexity to their management. Because of resistance 
to antibiotic therapy and the specter of postoperative infections with poor wound 
healing, isolation of M. abscessus can preclude lung transplant for CF patients in 
some centers.

 Localized Posttraumatic Wound Infections

Wound infections are typically associated with accidental penetrating trauma with 
soft tissue infection sometimes followed by osteomyelitis [11] (Fig. 3). Patients with 
this type of infection are usually healthy without systemic immune suppression. 
After an incubation period of 3–6 weeks, local redness and swelling with spontane-
ous drainage typically occurs. Systemic symptoms such as fever, chills, malaise, and 
fatigue are infrequent. The drainage is usually thin and clear but occasionally can be 
thick and purulent. Sinus tract formations with intermittent drainage are common.

The most common pathogens in these settings are the M. fortuitum group includ-
ing M. fortuitum, M. porcinum, and M. houstonense, but almost any of the  pathogenic 

Fig. 3 M. abscessus 
subsp. abscessus skin and 
soft tissue infection 
following penetrating 
trauma to the finger 
demonstrating 
characteristic purple 
discoloration associated 
with purulent drainage
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RGM species can cause disease in patients with infected open fractures [4, 8, 11]. 
Furthermore, these infections may be polymicrobial, reflecting environmental con-
tamination with more than one species of mycobacteria or a combination of bacteria 
and mycobacteria. Timely diagnosis requires clinical suspicion in a patient who is 
not responding to or improving with standard antibacterial antibiotics.

 Surgical Wound Infections

Most outbreaks of healthcare-associated RGM infections or pseudo-infections 
have been associated epidemiologically with various water sources, including 
water- based solutions, distilled water, tap water, ice, and ice water [11, 52, 53]. 
The utilization of pulsed-field gel electrophoresis and randomly amplified poly-
morphic DNA PCR methods for analyzing genomic DNA has improved the inves-
tigation of nosocomial outbreaks [11, 54, 55]. DNA fingerprinting for some of 
these outbreaks has confirmed molecular identity between water and human iso-
lates. One study of hemodialysis centers in the United States showed that 55% of 
incoming city water contained mycobacteria, of which RGM species were the 
most common [56]. Biofilms, which are the lipid-rich layers that form at water-
solid interfaces, are present in most water transport pipes. Up to 90% of these 
from community-piped water systems contain mycobacteria [57]. Compared with 
free-living mycobacteria, mycobacteria associated with biofilms are more resis-
tant to water treatment [58].

Surgical wound infections, including cataract excision, corneal graft, laser sur-
gery, extremity amputations, dacryocystorhinostomy, plastic surgery of the face, 
prosthetic hip or knee insertions, coronary artery bypass, excision of basal cell car-
cinoma, augmentation mammaplasty, and cosmetic surgeries including liposuction 
and liposculpture, clinically present in a similar fashion to accidental trauma [11, 
59–64]. After an incubation period of 2–8 weeks, the healing wound will develop 
serous drainage and redness. Localized nodular areas adjacent to the incision may 
develop which are often painful and may require incision and drainage. Isolates of 
the M. fortuitum group are most commonly recovered in these settings, but other 
species may also be involved [11, 64]. Rare cases of M. wolinskyi infection have 
been reported, mainly skin and soft tissue infection following surgery including 
cosmetic procedures [65–68]. Additionally, pseudo-outbreaks of M. abscessus or 
M. immunogenum related to contaminated automated bronchoscope disinfection 
machines, contaminated gastric endoscopes, and laboratory contamination have 
been described [11, 69, 70].

A recent large nosocomial outbreak of M. abscessus subspecies in lung trans-
plant patients was associated with positive cultures for M. abscessus from patients, 
biofilms, and water sources obtained from hospital water outlets [71]. Using 
pulsed- field gel electrophoresis (PFGE), 4 of 10 patients and 8 of 12 environmen-
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tal cultures showed the same strain of M. abscessus. Multiple interventions were 
made, and the incidence rate of M. abscessus decreased from 3.9 cases/month 
during the outbreak period to 1 case/month during the intervention period. This 
decrease in incidence showed that the outbreak of clonally related pulmonary 
M. abscessus was epidemiologically linked to the water sources and amenable to 
targeted infection control efforts [71]. Please see chapter “Environmental Niches 
for NTM and Their Impact on NTM Disease” for a more extensive discussion of 
nosocomial RGM disease.

 Catheter-Related Infections

The most common healthcare-associated NTM disease since the 1990s has been 
central venous catheter infections. These may manifest as occult bacteremia, granu-
lomatous hepatitis, septic lung infiltrates, tunnel infections, or exit site infections 
[11]. The timing of these infections usually involves catheters that have been in 
place at least several months. The most frequent etiologic agent is M. fortuitum, 
although pigmented species such as M. neoaurum and M. bacteremicum have also 
been associated with catheter sepsis [72–75]. Other long-term catheters, including 
chronic peritoneal dialysis catheters, hemodialysis catheters, nasolacrimal duct 
catheters, and ventriculoperitoneal shunts also have been associated with RGM 
infection [4, 76, 77]. Removal of catheters is necessary for successful treatment.

 Disseminated Cutaneous Infections

One type of RGM skin involvement occurs in patients who require chronic steroid 
therapy and is characterized by the presence of multiple noncontiguous nodules with 
spontaneous drainage on one or more extremities. These multiple skin lesions develop 
without life-threatening sequelae and almost always involve the lower extremity and 
are typically due to M. chelonae [11]. Steroid doses may be as low as 5–10 mg of 
prednisone daily. The most common underlying disease is rheumatoid arthritis but 
may also include organ transplants and chronic autoimmune disorders [11]. The 
patients are frequently asymptomatic except for the local discomfort of the lesions.

A second type of disseminated skin disease is seen in immune-compromised 
patients, some with rapidly fatal disorders such as poorly controlled hematologic 
malignancies [11, 77, 78]. This type of infection is usually systemic, with positive 
cultures of the blood and bone marrow. A portal of entry for the organism is rarely 
identified, although central catheters may be involved. It is usually caused by 
M. abscessus and, combined with the underlying disease, was often fatal in the era 
before current antimicrobial therapy was available. Interestingly, members of the 
M. fortuitum and M. mucogenicum groups are rarely associated with either type of 
disseminated disease [11, 79]. As with most infections associated with immune sup-
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pression, reversal of the immune suppression is necessary for adequate treatment 
response for the RGM pathogen.

 Ophthalmic Infections

A recent study of 100 patients with nontuberculous mycobacterial ophthalmic infec-
tions showed that 95% of the infections were due to RGM, commonly M. chelonae 
and M. abscessus [80]. Ophthalmic infections due to RGM are often associated 
with poor visual outcomes despite aggressive treatment [81–83].

 Nail Salon/Footbath-Associated Folliculitis

RGM lower extremity skin infections involving M. fortuitum, M. mageritense, and 
a newly described species, M. cosmeticum, is associated with the use of contami-
nated nail salon whirlpool footbaths [81–83]. Patients were salon customers with 
persistent skin infections below the knee [83]. Most often the infections involved a 
furunculosis of the lower leg hair follicles [82]. The disease pathogenesis likely 
results from microtrauma caused by shaving the legs prior to pedicures and footbath 
water that is heavily contaminated with RGM due to failure to routinely clear the 
footbath filters [82–84].

 Anti-TNF-α Therapy-Associated Infections

NTM infections associated with the use of biologic therapies that inhibit tumor 
necrosis factor alpha (TNF-α) have been reported and are discussed in detail in 
chapters “Vulnerability to Nontuberculous Mycobacterial Lung Disease or Systemic 
Infection Due to Genetic/Heritable Disorders and Immune Dysfunction and 
Nontuberculous Mycobacterial Disease”. Patients receiving anti-TNF-α therapy are 
at high risk for activation of tuberculosis and appear to have some increase in dis-
ease risk or difference in clinical manifestation for NTM as well [85]. A recent 
review of the US Food and Drug Administration MedWatch database reports identi-
fied 239 possible cases of NTM disease associated with TNF-α inhibitor use from 
1999 to 2006 of which 105 cases (44%) met NTM disease criteria. NTM infections 
were associated with immunosuppressive therapies including infliximab, etaner-
cept, and adalimumab, while 65% and 55% of patients were also taking prednisone 
and methotrexate, respectively. Infections with MAC were most commonly reported, 
while 20/105 cases (20%) involved RGM species including M. abscessus, 
M.  chelonae, and M. fortuitum [85].
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 Interferon-Gamma/Interleukin 12 (IFN- γ/IL-12)- 
Associated Infections

IFN-γ/IL12 is an immunological pathway designed for intracellular killing of 
mycobacteria and is discussed in more detail in chapter “Vulnerability to 
Nontuberculous Mycobacterial Lung Disease or Systemic Infection Due to Genetic/
Heritable Disorders”. An apparently acquired autoantibody-mediated immunodefi-
ciency was recently described and found to be almost exclusively among Asian- 
born women [86, 87]. Most cases related to NTM were associated with MAC; 
however, recent reports suggest that approximately 45% of the NTM cases are due 
to RGM including M. abscessus (32%) and M. fortuitum (12%). Infections were 
typically multifocal affecting lymph nodes, osteoarticular tissue, lungs, skin, and/or 
soft tissues. IFN-γ autoantibodies should be considered in cases of unexplained dis-
seminated NTM infection, especially in the Asian-born population. [86, 87].

 Drug Therapy/Drug Resistance

 Antimicrobial Susceptibility

Antimicrobial regimens for disease caused by the RGM are usually based upon 
their in vitro susceptibility patterns. While this approach is appealing from a tradi-
tional infectious diseases perspective, it is frequently frustrating with limited prac-
tical applicability [11, 42, 88–94]. Recognizing those limitations is a prerequisite 
for successful RGM patient treatment. RGM isolates are not susceptible to the 
first-line antituberculous drugs and require in vitro susceptibility testing in special-
ized laboratories that are experienced in processing RGM. The current drugs that 
should be tested for susceptibility include amikacin, cefoxitin, imipenem, moxi-
floxacin, meropenem, sulfamethoxazole or trimethoprim-sulfamethoxazole, clar-
ithromycin, ciprofloxacin, doxycycline/minocycline, linezolid, and tobramycin 
(the latter only for isolates of M. chelonae) [90]. Tigecycline is frequently included 
in routine testing, but no minimum inhibitory concentration (MIC) breakpoints 
have been determined [88, 89].

Clarithromycin inhibits all RGM isolates with no functional erm gene, including 
M. chelonae and M. abscessus subsp. massiliense at a concentration of 4 μg/ml at 
3 days [90]. The MICs for several species, including M. abscessus subsp. abscessus, 
M abscessus subsp. bolletii, and M. fortuitum may be in the susceptible range with 
only 3 days of incubation but due to the presence of the erm gene become resistant 
with a 14-day macrolide incubation. Most RGM species that have late intrinsic 
resistance to clarithromycin contain an inducible erm gene [91–94]. The finding of 
the erm gene in the RGM helps explain the lack of effectiveness for macrolide 
therapy despite ostensibly “susceptible” routine in vitro MICs with standard (3 days) 
incubation times.
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It cannot be overemphasized that routine in vitro macrolide susceptibility testing 
that does not include macrolide preincubation of the RGM isolate for 14 days is not 
reliable and cannot be used for basing treatment decisions [92]. In 2011, the Clinical 
and Laboratory Standards Institute (CLSI) recommended the final reading of the 
clarithromycin MICs for RGM at 14  days, to detect inducible resistance [88]. 
Alternatively, the need for extended incubation could be eliminated for isolates 
where erm gene functionality has been molecularly determined by erm gene 
sequencing [89].

Multiple studies have shown that patients with RGM lung disease due to an erm 
gene inactive isolate respond significantly more favorably to therapy than patients 
with an erm gene active RGM [95, 96]. Because of the impact on treatment response, 
determining the erm gene functionality of clinically significant RGM isolates is 
absolutely essential, either with preincubation of the RGM isolate in the presence of 
macrolide or by molecular methods. Clinicians can also be confident that RGM 
isolates accurately identified as M. chelonae or M. abscessus subsp. massiliense do 
not have an active erm gene and will respond to macrolide-containing regimens.

For antibiotics other than the macrolides, the terms “susceptible” and “resis-
tant” have limited meaning as treatment regimens based on these designations are 
not predictably effective. In general, isolates of M. abscessus (all subspecies) and 
M. chelonae are more resistant to antibiotics than other RGM species and are usu-
ally susceptible or intermediate only to amikacin, imipenem, and clarithromycin, 
in the absence of an active erm gene [11]. Isolates of M. abscessus (all subspecies) 
are moderately susceptible (intermediate) to cefoxitin (MIC ≤64 μg/mL), whereas 
isolates of M. chelonae are highly resistant (MIC ≥256 μg/mL). Additionally, 
MICs of tobramycin for M. chelonae are lower than those of amikacin, so that 

Table 4 Antimicrobials used for treatment of commonly encountered species of RGM

Species Drugsa

M. fortuitum Oral: ciprofloxacin, levofloxacin, trimethoprim-sulfamethoxazole, moxifloxacin, 
clarithromycinb (80%), doxycycline (50%), linezolid (86%)
Parenteral: amikacin, cefoxitin, imipenem,c tigecyclined

M. abscessus 
subspecies

Oral: clarithromycin or azithromycin in isolates with nonfunctional erm genes 
(i.e., approximately 20% M. abscessus subsp. abscessus, 100% M. abscessus 
subsp. massiliense), doxycycline (<5%), ciprofloxacin (<5%), moxifloxacin 
(<15%), linezolid (23%)
Parenteral: amikacin, tigecycline,d cefoxitin (70%), imipenem

M. chelonae Oral: doxycycline (25%), ciprofloxacin (25%), linezolid (54%), clarithromycin 
or azithromycin
Parenteral: tobramycin, amikacin (70%), imipenem, tigecyclined

aUntreated strains are 100% susceptible unless otherwise noted
bDoes not include inducible (erm) resistance determination. M. fortuitum isolates must be assumed 
to be macrolide resistant. No studies have yet addressed specific percentage of inducible erm genes 
present in the M. fortuitum group
cSusceptible or intermediate
dNo breakpoints are currently available for tigecycline with RGM, but most MICs for M. fortuitum, 
M. abscessus, and M. chelonae have been ≤1 μg/mL
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M. chelonae is the only species of RGM for which amikacin is not the preferred 
aminoglycoside. Approximately 20% of the strains of M. chelonae are also sus-
ceptible to achievable serum levels of ciprofloxacin and/or doxycycline or mino-
cycline [11, 97] (Table 4).

Amikacin is an important antibiotic in RGM treatment regimens. An amikacin 
resistance breakpoint MIC of >64 μg/mL (compared to ≥64 μg/mL for IV amika-
cin) has been proposed to the CLSI for inhaled amikacin and has been correlated 
with the finding of a mutation in the 23S rRNA gene [89, 98]. A recent randomized 
placebo controlled trial of inhaled liposomal amikacin in patients with MAC and 
M.  abscessus lung disease demonstrated the efficacy of inhaled amikacin in 
Mycobacterium avium complex (MAC), but only a small number of conversions 
occurred in patients with M. abscessus [99].

Among the oxazolidinones, linezolid has in vitro activity against the M. fortui-
tum group and M. chelonae [100]. Linezolid has been used subsequently in the 
treatment of infections due to RGM, including disseminated M. chelonae with 
acquired mutational resistance to clarithromycin [101]. Isolates of M. abscessus 
have variable susceptibility to linezolid. Recently a new oxazolidinone, tedizolid, 
has shown early in vitro activity among isolates of RGM [102]. No clinical experi-
ence in the treatment of RGM disease has been reported so far with this antibiotic.

Tigecycline, a glycylcycline derivative of minocycline, has shown excellent 
in vitro activity against all species of RGM, including M. chelonae, M. abscessus, 
and M. fortuitum group with MICs of <1 μg/mL [97]. A clinical trial of patients 
treated with tigecycline showed limited efficacy of the drug for salvage therapy of 
patients with respiratory M. abscessus infections [103]. However, MIC breakpoints 
for this agent with the RGM have not been established so that tigecycline MICs are 
reported without interpretation [89].

Clofazimine, a riminophenazine antibiotic, has been used in the treatment of 
M. leprae and multidrug-resistant (MDR) M. tuberculosis. Recently there has been 
a revival of interest in its efficacy against RGM, especially M. chelonae and 
M. abscessus. Synergism between clofazimine and amikacin against M. abscessus 
was demonstrated in vitro [104, 105]. Clofazimine may also act to increase expo-
sure to other important antimicrobials including macrolides. There are no CLSI 
breakpoints available yet for the interpretation of clofazimine MICs, and large 
 prospective clinical studies have not been done. A recent retrospective study of 42 
patients treated with clofazimine as part of multidrug treatment regimens for M. 
abscessus subsp. abscessus found a 24% sputum conversion rate and 81% treatment 
response rate based on symptoms with 31% radiographic response [106]. Although 
clofazimine MICs are frequently reported and the drug appears to be widely used, 
the clinical efficacy of clofazimine for treating M. abscessus subsp. abscessus 
remains unclear and its role in this context not yet established. As with most aspects 
of this difficult process, further studies are necessary.

The new diarylquinolone antibiotic, bedaquiline, was recently approved by the 
FDA to treat multidrug-resistant (MDR) tuberculosis. It causes disruption of ATP 
synthesis and has impressive in vitro activity against isolates of NTM including M. 
abscessus subspecies. In a study of four patients with M. abscessus lung infection, 
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two patients had microbiologic improvement (i.e., decrease in semiquantitative 
colony counts), and all but one patient showed symptomatic improvement [107]. 
Large clinical studies along with in vitro susceptibility studies, however, remain to 
be performed.

A 2014 in vitro study showed the lack of bactericidal antibiotics, including ami-
kacin, in the currently recommended treatment regimens for M. abscessus [108]. 
This finding was hypothesized to be due to the presence of functional aminoglycoside- 
modifying enzymes encoded by specific genes in the M. abscessus chromosome 
[108]. In vitro studies, such as this, emphasize the need for novel antibiotics and/or 
therapeutic options to improve the therapeutic outcome of patients with RGM, espe-
cially M. abscessus [108, 109].

Isolates of the M. fortuitum group, M. smegmatis group, and M. mucogenicum 
group are generally the most susceptible of the commonly encountered RGM spe-
cies [6, 11]. In vitro, they are usually susceptible or intermediate to amikacin, cefox-
itin, imipenem, ciprofloxacin, sulfonamides, and moxifloxacin, with about 50% of 
the isolates of M. fortuitum susceptible to doxycycline (Table 4). Both minocycline 
and doxycycline are preferred over tetracycline because of greater in vitro activity 
of the former two antimicrobials in previous studies of the RGM [97].

 Treatment of RGM Disease

Therapy for most RGM infections has not been established from clinical trials. 
Current recommendations are generally based on uncontrolled case series and clini-
cal experience. There is a clear dichotomy in the anticipated response of RGM 
pathogens to therapy. Infections caused by M. fortuitum group pathogens are usu-
ally responsive to antibiotic therapy, while infections due to M. abscessus subsp. are 
usually less responsive to antibiotic therapy.

Effective therapy for many RGM, especially M. abscessus subsp. abscessus, is 
thwarted by two major mechanisms of drug resistance. The first is innate or natural 
drug resistance best illustrated by the erm gene whereby initial, routine, MICs for 
macrolides appear susceptible, but subsequent MICs after macrolide exposure show 
resistance consistent with the activation of the inducible macrolide resistance gene 
[91–94, 109]. While the description of the erm gene has opened windows into the 
perplexing and complicated realm of innate antibiotic resistance, it is by no means 
the end of the story. M. abscessus subsp. abscessus possesses multiple innate drug 
resistance mechanisms that frustrate antibiotic therapy [109].

Patients infected with M. abscessus with a nonfunctional erm(41) gene, primar-
ily those due to M. abscessus subsp. massiliense, have the best prognosis as they are 
macrolide susceptible [96, 109]. The prognostic difference between an RGM patho-
gen with an active versus an inactive erm gene is so critical that it necessitates a 
pause at this point in the narrative to explicitly emphasize this concept. When a 
clinician is faced with an RGM infection, especially one due to an organism identi-
fied as “M. abscessus,” the clinician must know the functional status of the erm gene 
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from that organism. The erm gene status can usually be deduced from the 
 identification of the organism but must be corroborated after incubation of the 
organism in the presence of macrolide for 14 days. Identification of an organism as 
M. abscessus subsp. massiliense will inevitably mean the organism does not have an 
active erm gene. Identification of an organism as M. abscessus subsp. abscessus 
does not inevitably mean that the organism will have an active erm gene as approxi-
mately 20% of these isolates will have an erm gene mutation that renders it non-
functional [110]. The clinician must have both taxonomic and erm gene functional 
status for all clinically significant RGM isolates. It is imperative that the clinician is 
familiar with the method used to determine in vitro macrolide susceptibility.

The second mechanism of resistance is through acquired mutational drug resis-
tance in isolates that do not have an active erm gene such as Mycobacterium 
abscessus subsp. massiliense, M. chelonae, and approximately 20% of M. absces-
sus subsp. abscessus isolates [109]. Mutational drug resistance can develop on 
therapy and is a concern for ribosomal active drugs, such as clarithromycin (23S 
rRNA gene) and amikacin (16S rRNA gene). The mechanism of acquired muta-
tional resistance for these organisms is the same as for all mycobacteria, inade-
quate companion medications to prevent the emergence of isolates with naturally 
occurring ribosomal gene mutations. The recognition that clinically significant 
RGM isolates without erm gene activity can subsequently develop acquired muta-
tional macrolide resistance dictates that these isolates must be treated with ade-
quate companion medications for macrolide to prevent the emergence of acquired 
mutational macrolide resistance.

The difference in clinical response for M. abscessus subspecies with and without 
active erm genes is profound [95, 111–114]. It would be extraordinarily disappoint-
ing for a patient with M. abscessus subsp. abscessus disease who was fortunate 
enough to have an inactive erm gene to become macrolide resistant because of inap-
propriate therapy resulting in acquired mutational macrolide resistance. Protection 
against the emergence of acquired mutational amikacin resistance is equally as 
important. Physicians must treat these patients with adequate aggressiveness to pre-
vent acquired mutational resistance. This is, yet again, another reminder that there 
are no shortcuts in the management of these infections.

Mutational resistance is also a concern for the quinolones. Hence, therapy with 
these agents for organisms such as M. chelonae and M. fortuitum should include 
combination therapy, especially for extensive disease with large numbers of organ-
isms. Acquired mutational resistance with the tetracyclines and sulfonamide mono-
therapy has not been described.

Treatment of M. abscessus lung disease is impeded not only by the antibiotic 
resistance of the organisms but by the complexity, expense, and toxicity of the 
required antibiotics [42]. See Tables 4 and 5 for a summary of drugs and suggested 
therapeutic approaches.

A critical evaluation, comparison, and summary of the literature reporting treat-
ment outcomes for “M. abscessus” are impossible for studies done prior to knowl-
edge and demonstration of erm gene activity. Prior to erm gene analysis, published 
M. abscessus case series included variable numbers of patients with erm gene active 
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(M. abscessus subsp. abscessus) and erm gene inactive (M abscessus subsp. mas-
siliense) patients which explains the wide variability in reported treatment responses. 
For instance, in one study from the United States, 69 M. abscessus lung disease 
patients without subspecies identification or reported erm gene activity were aggres-
sively treated for 52 antibiotic months, including 6  months parenteral antibiotic 
therapy and surgery in 33% of cases [115]. Forty-eight percent of patients were 
AFB culture negative by the end of the study including 57% of the patients who had 
surgery [115]. In a retrospective study from the Republic of Korea, 65 patients with 
M. abscessus lung disease were treated with 1 month parenteral and oral antibiotics 
followed by 24 months oral antibiotics usually including a macrolide [116]. Sputum 
conversion and maintenance of negative sputum cultures for ≥12  months were 

Table 5 General principles of therapy of RGM disease

Clinical setting Drug treatmenta

Pulmonary disease
M. fortuitum. Short-term parenteral treatment (4–6 wks.) and then multiple (at least 2) 

oral antibiotics with in vitro activity for minimum of 6 mos.
M. abscessus subsp. 
abscessus, and 
M. abscessus subsp. 
bolletii

Isolates with functional erm(41) gene will be difficult to treat effectively, 
relatively low-dose amikacin (single daily dose with peaks in low- to 
mid-20 range), cefoxitin, and/or tigecycline or imipenem. Consider 
linezolid and/or clofazimine. We recommend a minimum of three 
antibiotics initially. Consider inhaled amikacin after microbiologic 
conversion. Initial therapeutic attempt should be to attain sputum culture 
negativity for 12 months
For isolates with nonfunctional erm genes (i.e., approximately 20% 
M. abscessus subsp. abscessus, 100% M. abscessus subsp. massiliense), 
best oral antimicrobials are clarithromycin or azithromycin and linezolid 
with addition of pyridoxine (to potentially reduce risk of peripheral 
neuropathy). In addition to oral drugs, begin with relatively low-dose 
amikacin (single daily dose with peaks in low- to mid-20 range) and 
consider inhaled amikacin after microbiologic conversion

Localized skin/soft tissue/bone disease
M. fortuitum, 
M. chelonae, 
M. abscessus

Initial (4–8 weeks) parenteral antibiotics for extensive disease followed by 
oral medicines as guided by in vitro susceptibility; for minor disease, oral 
antibiotics only. Essential to remove catheter or foreign body. Treat 6 mos. 
total for significant disease, including all cases with osteomyelitis
Linezolid (oral or parenteral) with pyridoxine has also been successful for 
treatment of M. chelonae

Disseminated (cutaneous) disease
M. chelonae Once-daily low-dose tobramycin or intermittent daily imipenem plus 

clarithromycin for first 2–4 wks and then clarithromycin only to complete 
6 mos.; linezolid with pyridoxine may also be effective

M. abscessus subsp. 
abscessus

Same as for M. chelonae except use of amikacin in place of tobramycin 
and cefoxitin may replace imipenem; 80% of the isolates will be 
macrolide resistant, 20% macrolide susceptible

M. abscessus subsp. 
massiliense

Best oral antimicrobials are clarithromycin or azithromycin and linezolid 
with pyridoxine

aGuided by in vitro susceptibility results
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achieved in 58%. In another study from the Republic of Korea 41 patients, 41% 
received macrolide and one parenteral agent while 59% received a macrolide and 2 
parenteral agents [117]. Sputum conversion was achieved in 81% of patients with-
out a difference between the two groups. It is clear that the improved outcomes in 
the Korean studies cited above were due to a much higher prevalence of M. absces-
sus subsp. massiliense patients in the study cohorts compared to the US cohorts.

In a subsequent study from the Republic of South Korea with subspecies organ-
ism identification, sputum conversion and maintenance of culture negativity 
occurred in 88% of 33 patients with M. massiliense lung disease compared with 
only 25% of 24 patients with M. abscessus subsp. abscessus infection [95]. 
Similar results were reported in a Japanese study that evaluated 62 patients and 
found higher sputum conversion rates (50% vs 31%) and lower relapse rates (30% 
vs 65%) in patients with M. abscessus subsp. massiliense lung disease compared 
with M. abscessus subsp. abscessus lung disease [118]. In a prospective cohort of 
16 M. abscessus subsp. massiliense and 27 M. abscessus subsp. abscessus lung 
infection cases with CF, clarithromycin-based combination therapies led to myco-
bacterial eradication in 100% of M. massiliense cases but only in 27% of 
M. abscessus cases [119].

The preponderance of patients with erm gene inactive M. abscessus subsp. mas-
siliense not only explains the improved treatment outcomes reported in the Republic 
of Korea compared with the United States but also the success of less aggressive 
treatment regimens with only brief exposure to parenteral medications and long- 
term oral antibiotic therapy including macrolide monotherapy [120]. While attrac-
tive from the standpoint of patient convenience and avoidance of drug toxicity, this 
approach has been reported to result in acquired macrolide resistance and is not 
recommended [95, 111–114].

It cannot be emphasized too strongly that patients with macrolide susceptible 
M. abscessus subsp. abscessus isolates because of an inactive erm gene are vulner-
able to acquired mutational macrolide resistance due to mutations in the 23S rRNA 
gene. These mutations emerge during therapy with inadequate companion medica-
tions for the macrolides. This development is especially pernicious because it sig-
nals a significant decline in the chances for successful therapy of the patient [95, 
111–114]. We are concerned by the recommendations for oral drugs of uncertain, 
even dubious, activity as companions for macrolides against M. abscessus isolates 
that do not have an active erm gene, and we strongly disagree with this approach 
[121]. It perhaps doesn’t matter what oral drugs are used with erm gene active 
M. abscessus subsp. abscessus, but the creation of acquired mutational macrolide 
resistance for these difficult to treat organisms is an incalculable disservice to the 
patient. Expert consultation for management of RGM lung disease patients should 
occur prior to the advent of acquired mutational macrolide resistance.

So far, there is no consensus on the optimal composition of multidrug therapy for 
M. abscessus subsp. abscessus with the exception of the necessity for including a 
macrolide for patients with an inactive erm gene. The therapy of the patient is 
directed by the erm gene activity analysis and in vitro macrolide susceptibility sta-
tus. Patients who are macrolide susceptible unquestionably have a much greater 
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chance of completing successful therapy than those patients with macrolide- resistant 
isolates. For erm gene active isolates, there is also consensus that amikacin is an 
important element in the therapeutic regimen.

a

c d

b

Fig. 4 (a) Chest CT cut from 71-year-old man with M. abscessus subsp. abscessus lung disease 
and right apical cavitation. (b) Chest CT cut from the same patient showing extensive right upper 
lobe inflammatory density. (c) Chest CT cut at same level as Fig. 4a showing improvement in cavi-
tary lesions after extended therapy with tigecycline, tedizolid switched to linezolid, and amikacin 
switched to imipenem for a duration including 12 months sputum culture negativity. (d) Chest CT 
cut a same level as Fig. 4b showing improvement in extensive inflammatory densities after therapy. 
(e) Chest CT cut from 62-year-old patient with M. abscessus subsp. abscessus lung disease. Her 
M. abscessus subsp. abscessus isolate was macrolide susceptible in vitro because the isolate had 
an erm gene mutation rendering it inactive. (f) Chest CT cut from the same patient at the same level 
showing closure of the cavity associated with 12 months sputum culture negativity while on ther-
apy. Her treatment consisted of 6 months oral azithromycin and linezolid with intravenous amika-
cin followed by 8 months oral azithromycin and linezolid with inhaled amikacin
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Our approach to patients with RGM diseases including lung disease is to treat 
with the intent to eradicate the infection (Fig. 4a–d). We recognize that this approach 
is not universally accepted due to extensive RBM drug resistance and the need for 
potentially toxic parenteral medications in a prolonged multidrug treatment regi-
men. We also do not promote the concept of “induction” and “maintenance” therapy 
for RGM in general and M. abscessus subsp. abscessus in particular. First, those 
concepts make pathophysiologic sense for tuberculosis, but we are not aware of 
information that supports similar pathophysiology for RGM lung disease. Second, 
also in contrast to TB, there are not a plethora of oral medications with activity 
against M. abscessus subsp. abscessus to choose from which brings into play the 
possibility that an erm gene inactive macrolide susceptible M. abscessus subsp. 
abscessus isolate might undergo macrolide therapy with oral drugs of questionable 
activity resulting in acquired mutational macrolide resistance.

We are also aware that some clinicians, as a result of multiple obstacles, toxicity, 
and complexities presented by parenteral medication administration, choose to treat 
patients with relatively short and intermittent regimens. Given the lack of a predict-
ably favorable response to current antibiotic choices, it is hard to argue vehemently 
against this approach which should be left to the discretion of the patient and treat-
ing physician.

We base initial therapy on in vitro susceptibility results, which is clearly not opti-
mal but is the best default approach available in our view. Obviously, an inactive erm 
gene isolate should be treated with a macrolide (Fig. 4e, f). For M. abscessus subsp. 
abscessus and M. massiliense, we would then choose at least one parenteral agent, 
usually amikacin. The next choice would depend on disease severity. For cavitary 
disease we would choose a second parenteral agent, such as tigecycline, imipenem, or 
cefoxitin. If the isolate was susceptible in vitro to linezolid, that would be a reasonable 
third drug choice as well. Some experts would use clofazimine in this situation. As 
noted, our goal initially is eradication of the organism. We do not a priori assume that 

e f

Fig. 4 (continued)
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any patient is untreatable, although regrettably, a significant proportion of these 
patients will turn out to be refractory to even aggressive therapeutic efforts (Fig. 5a–d). 
Our recommendation for a specific treatment strategy is outlined in Table 5.

For erm gene active M. abscessus subsp. abscessus isolates, we recommend at 
least two parenteral agents including amikacin plus oral linezolid or clofazimine 
(Table 5). We do not believe that the inclusion of a macrolide favorably influences 
the outcome of therapy for these organisms, but the macrolide may have a beneficial 
effect on bronchiectasis as an immune modulating agent. Mycobacterium bolletii 

a

c d

b

Fig. 5 (a) Chest radiograph from 76-year-old patient with M. abscessus subsp. abscessus lung 
disease showing nonspecific bilateral densities consistent with bronchiectasis and nontuberculous 
mycobacterial disease. (b) Chest CT cut from the same patient showing bronchiectasis and nodular 
densities with tree-in-bud pattern. (c) Chest radiograph showing progressive right lower lung field 
densities associated with persistently positive sputum cultures for M. abscessus subsp. abscessus 
in spite of treatment with amikacin, imipenem, and tedizolid switched to linezolid and azithromy-
cin. (d) Chest CT cut at same level as Fig. 5b at same time as chest radiograph in Fig. 5c showing 
bronchiectasis with increased peribronchial inflammation and early cavitation
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isolates would be treated identically to M. abscessus subsp. abscessus isolates, 
guided by erm gene activity. As with other NTM respiratory pathogens, the target 
duration of therapy is 12 months of sputum culture negativity while on therapy.

In the (hopefully) rare situation where a clinician is faced with an M. abscessus 
isolate of unknown erm gene activity, then we believe it would be reasonable to 
include a macrolide in the regimen on the small chance that the isolate had an inac-
tive erm gene.

Surgery is an important option for selected patients with M. abscessus disease, 
especially those with macrolide resistance from any mechanism, and is covered in 
detail in chapter “Surgical Management of NTM Diseases”. For an organism that is 
so difficult to eradicate with medication alone, surgery is associated with improved 
clinical outcomes [115] (Fig. 6a, b). While a minority of patients will be appropriate 
candidates for adjunctive surgery, for various reasons, we feel that the surgical 
option should be considered for all M. abscessus patients, even if only briefly to 
confirm a patient’s non-suitability.

Fortunately, M. fortuitum is usually susceptible in vitro to multiple oral antibiot-
ics with the exception of macrolides due to the presence of an active erm gene. We 
recommend treatment of M. fortuitum disease with at least two agents to which the 
organism is susceptible in vitro. Parenteral agents may be necessary for severe or 
refractory disease. Removal of any foreign body is also essential for successful 
therapy of extrapulmonary or disseminated M. fortuitum infection associated with 
foreign material.

M. chelonae does not have an active erm gene and is also frequently more sus-
ceptible to oral antibiotics than M. abscessus subsp. abscessus, including macrolide, 
which offers opportunities for therapy without parenteral agents. It must be empha-

a b

Fig. 6 (a) Chest CT cut from 64-year-old female with M. abscessus subsp. abscessus lung disease 
and persistently positive sputum cultures in spite of aggressive therapy including parenteral antibi-
otics. (b) Chest CT cut from the same patient at a comparable level to Fig. 6b after right middle 
lobe lobectomy and 12 months sputum culture negativity following surgery and antibiotic therapy 
including tigecycline and amikacin
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sized again that monotherapy with macrolide can result in acquired macrolide resis-
tance and worse prognosis.

The general recommendation for serious wound infections is combination ther-
apy with initial parenteral therapy for M. chelonae and M. abscessus until clinically 
improved, followed by oral therapy for a total treatment duration of at least 6 months. 
Development of new skin lesions on therapy is not necessarily indicative of treat-
ment failure. Cultures should be obtained, and antibiotic therapy should be contin-
ued. In most cases, cultures are sterile following approximately 6–8 weeks of proper 
treatment. The new skin lesions likely represent a paradoxical immunological 
response rather than microbiological persistence or relapse. New lesions on therapy 
are not unexpected but should be aggressively evaluated including new AFB 
 cultures. As long as cultures of these new lesions remain negative, treatment should 
be continued for a minimum of 4 months for less serious infections and 6 months 
for more serious infections. Abscess drainage and surgical debridement are essen-
tial. Surgical debridement may be necessary more than once. Cultures for AFB must 
be sent with each biopsy and debridement procedure. Sadly, this simple requirement 
is not always met.

In summary, the management of RGM infections in general and M. abscessus 
infections, specifically, remains challenging. There are many confounding 
aspects to RGM disease from nomenclature to drug resistance mechanisms that 
confuse or intimidate clinicians caring for these patients. Given those unfavor-
able circumstances, there is no other group of NTM organism that require as 
much knowledge by the clinician for optimal patient management. The clinician 
must have accurate organism identification and must know the significance of 
in vitro susceptibility results. With that knowledge, the clinician must craft drug 
treatment regimens that, at a minimum, do not make the patient’s status worse. 
There is simply no substitute for an in-depth understanding by the clinician of 
the nuances and idiosyncrasies of RGM disease and no short cuts in the manage-
ment of these patients (Table 6).

Accurate Organism Identification, Do Not Accept “Group” Designation or Nomenclature

For in vitrosusceptibility testing, all clinically significant RGM isolatesa must be preincubated
with macrolide to determine erm gene activity;do not accept any in vitrosusceptibility result
without this step

Preincubation step must be done even if the isolate is identified as M. abscessus subsp.
abscessus because 20% of these isolates will have mutations inactivating the erm gene

erm Gene Active

YES NO

Therapy with macrolide-based regimen and
adequate companion drugs to prevent
acquired macrolide resistance

Therapy without macrolide

Table 6 Essentials for evaluation of an RGM clinical isolate

aWith the exceptions of M. chelonae and M. abscessus subsp. massiliense because they do not have 
an active erm gene
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Management of Lung Diseases Associated 
with NTM Infection

Anne E. O’Donnell

 Introduction

Nontuberculous mycobacterial (NTM) infections are associated with a variety of 
structural lung diseases, especially bronchiectasis but also chronic obstructive 
 pulmonary disease (COPD) and fibrotic lung disease. Many patients with NTM 
lung infections are also coinfected with other bacteria as well as fungi and viruses. 
In dealing with patients who are infected with NTM organisms, it is important for 
the clinician to take a holistic approach to the patient. Treatable underlying causes 
of the lung disease need to be identified, all infections need to be addressed, and 
treatment plans may need to include multiple therapeutic modalities individualized 
for the specific patient.

 Underlying Diseases

NTM lung infection is a complication of several different lung diseases as well as a 
cause of structural lung disease. For many years, NTM infections were most com-
monly seen in older males with postinfectious fibro-cavitary disease or chronic 
obstructive pulmonary disease (COPD) [1–3]. NTM infections are increasingly 
being diagnosed in patients with underlying bronchiectasis due to multiple etiolo-
gies but especially in cystic fibrosis (CF) bronchiectasis [4–6]. A recently emerging 
group of NTM-infected patients, primarily female, have NTM-related fibro-nodular 
bronchiectasis and bronchiolitis, seemingly caused by the NTM infection. This 
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group of patients has been recognized with increasing frequency over the past 
25 years, particularly in North America and Asia [7, 8]. NTM infection is also seen 
in patients with fibrotic lung disease and “traction” bronchiectasis, especially in 
association with underlying autoimmune diseases like rheumatoid arthritis [9]. A 
much smaller number of NTM patients present with a solitary or dominant pulmo-
nary nodule with or without other obvious structural lung disease [10]. Finally, a 
rare phenomenon of “hot tub” lung has also been reported where NTM infection 
due to intensive aerosol exposure causes an inflammatory reaction in the lungs [11].

 Addressing the Underlying Disease

Chronic fibro-cavitary lung damage due to various causes predisposes patients to 
NTM infection. Clinicians need to recognize that patients who have parenchymal 
lung scarring due to prior infections (including mycobacterium tuberculosis) or 
other insults may become infected with NTM organisms. Sarcoidosis and prior 
radiation therapy can cause such scarring; patients with these underlying condi-
tions who present with cough and sputum production need to be assessed, by 
respiratory secretion culture, for NTM infection. NTM infection in COPD is 
likely under- recognized; one retrospective series of 142 lung volume reduction 
surgery specimens showed that 10% had histologic evidence of mycobacterial 
infection [12]. Bronchiectasis due to any cause also predisposes the patient to 
NTM infection. As mentioned above, approximately 13 percent of CF patients in 
the United States are chronically infected with NTM [6]; outbreaks of NTM infec-
tion have been reported in CF centers in the United States and United Kingdom 
[13, 14]. Patients with ciliary disorders are at risk for development of NTM lung 
infections [15]. A recent publication from the US Bronchiectasis Research 
Registry showed that 50% of 1826 patients with diverse causes of non-cystic 
fibrosis bronchiectasis enrolled in the multicenter registry project had at least one 
culture positive for NTM organism [16]. Eleven percent of patients enrolled in a 
large retrospective study in Shanghai, China, were found to have at least one posi-
tive AFB culture with 5% having NTM lung disease as defined by ATS/IDSA 
guidelines [17, 18].

Increasingly recognized since the late 1980s is nodular bronchiectatic lung dis-
ease that appears to be caused by NTM infection. This disease primary affects older 
Caucasian women with a tall, lean body habitus and other morphometric abnormali-
ties; there may be genetic or immune predisposing factors that have not yet been 
clearly identified [19–21]. A study from Japan published in 2003 demonstrated the 
pathologic changes that occur with NTM airway infection resulted in nodular bron-
chiectasis [22].

NTM infections appear to be increased in patients with lung disease associated with 
rheumatoid arthritis [10] as well as in patients on antirheumatic medications [23].
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 Imaging Findings in Lung Disease Associated  
with NTM Infection

See Figs.  1, 2, 3, 4, and 5; these are representative images of the five main 
 radiographic presentations of the lung disease associated with NTM infection. None 
of the radiographic features are pathognomonic for NTM infection. Fibro-cavitary 
disease (Fig. 1) may or may not have superimposed NTM infections; other infecting 
organisms, including fungi, may mimic the findings seen in NTM. Traction bronchi-
ectasis seen in interstitial/fibrotic lung diseases (Fig. 2) is a non-specific finding. 

Fig. 1 CT slice 
demonstrating fibro-
cavitary disease; sputum 
culture from this patient 
confirmed superimposed 
MAC infection

Fig. 2 CT slice 
demonstrating fibrotic lung 
disease in the left lower 
lobe; bronchoalveolar 
lavage confirmed MAC 
infection
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The tree-in-bud nodularity seen in Fig. 3 is thought to be diagnostic of NTM infec-
tion; however, two recent studies have shown the tree-in-bud pattern reflects endo-
bronchial inflammation from any cause, including noninfectious etiologies [24, 25]. 
Though right middle lobe and lingular bronchiectasis (Fig. 3) is often thought to be 
strongly suggestive of NTM infection, other infecting organisms can result in the 
same radiographic presentation. A solitary pulmonary nodule (Fig. 4) due to NTM 
is indistinguishable from a malignant nodule; PET/CT scans cannot definitively dis-
tinguish an infectious versus malignant nodule [26]. The radiographic findings in 
“hot tub” lung (Fig. 5) are no different from any other interstitial/hypersensitivity 

Fig. 3 CT slice 
demonstrating right 
middle lobe and lingua 
bronchiectasis and 
scattered areas of 
“tree-in-bud” bronchiolitis; 
sputum culture confirmed 
MAC infection

Fig. 4 CT slice 
demonstrating a solitary 
pulmonary nodule 
surrounding an airway; 
surgical pathology 
confirmed granulomatous 
inflammation and tissue 
culture was positive 
for MAC
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process. Hence, the clinician and the radiologist need to confirm “suspicious for 
NTM” findings with culture and/or tissue identification of the  organism (Table 1).

 Why the Underlying Disease Matters

Identifying and categorizing the underlying lung disease are important metrics in 
NTM-infected patients. Prognosis may be impacted by the severity of the underly-
ing disease (COPD/bronchiectasis). The finding of overlapping bronchiectasis in 
patients with COPD portends a worse prognosis [27]. A rising mortality rate from 
NTM infection has been observed in the United States, particularly when the patient 
also carries the diagnosis of bronchiectasis [28]. NTM infection, particularly infec-
tion with Mycobacterium abscessus, subspecies abscessus, is associated with poorer 
outcomes in CF patients [29]. Because NTM infection is not a reportable disease, it 
is difficult to assess how much impact it has in patients with underlying complex 
lung diseases. Hence it is important to recognize both the underlying disease and the 
impact of the NTM infection when personalizing treatment options.

Fig. 5 CT slice 
demonstrating diffuse 
patchy ground-glass 
infiltrates with mosaicism 
in a patient who used an 
indoor hot tub; 
bronchoalveolar lavage 
culture confirmed MAC 
infection

Table 1 Lung diseases 
associated with NTM 
infection

Lung conditions associated with NTM infection

Fibro-cavitary scarring
COPD/emphysema
Bronchiectasis: multiple etiologies including cystic fibrosis
Bronchiolitis
Solitary pulmonary nodules
Fibrotic lung diseases
Inhalation injury
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 Microbiology/Coinfection

Many patients with NTM lung disease are infected only with NTM, at least when 
assessed by routine culture methods. However, the US Bronchiectasis Research 
Registry data shows that coinfection with other organisms is common. Thirty per-
cent of the NTM-infected patients in that Registry were also culture positive for 
Pseudomonas aeruginosa, and many other coinfecting organisms were also seen, 
including other gram-negative organisms, Staphylococcus aureus and Streptococcal 
pneumoniae [16]. More sophisticated microbiome technology, now only used in 
research settings, shows that anaerobic organisms may play a role in the pathogen-
esis of nontuberculous mycobacterial infection [30]. It is also clear that antibiotic 
treatment aimed at various organisms in bronchiectasis patients may alter the com-
position and balance of the airway microbiome [31].

 Treatment of the Underlying Disease  
in NTM-Infected Patients

Antibiotic treatment aimed at NTM infection is discussed extensively in the previ-
ous chapters. It is important to keep in mind that therapies aimed at the underlying 
disease and at coinfecting organisms are also major components of the treatment 
of patients with NTM infection. In fact, optimization of the underlying lung con-
dition and antibiotic treatment aimed at the “other” microorganisms may obviate 
or at least delay the need to initiate NTM-specific antibiotic therapy. However, 
there may be conflicts between treatments that might help the structural lung dis-
ease (such as corticosteroids or macrolides) yet might result in a proliferation of 
the NTM organisms. Balancing the various treatment components is crucial in 
each patient.

 Treating Underlying COPD

Though there is little published data regarding NTM-infected COPD patients, these 
patients probably benefit from standard COPD regimens that include bronchodila-
tors, especially beta-agonist and anticholinergic therapies. However, clinicians need 
to be cautious about using inhaled corticosteroids (ICS), oral steroids, and chronic 
oral macrolides in COPD patients with NTM infection. Steroid medications may 
enhance the growth of NTM organisms (or at least make the airways more suscep-
tible), and monotherapy with macrolide agents might result in development of resis-
tant NTM organisms [3, 32, 33].
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 Treating Underlying Bronchiectasis

Much more is known about the treatment of bronchiectasis (with or without NTM 
infection), both due to cystic fibrosis and to other etiologies. Airway clearance is 
considered to be a basic component of treatment in bronchiectasis [34, 35]. Airway 
clearance can be done by mechanical means (manual chest physiotherapy, positive 
expiratory/resistance devices, chest wall oscillating vests). The superiority of one 
technique over the other has not been clearly documented, so the choice of therapy 
should be based on what best suits the patient’s needs [36]. Hypertonic saline 
(3–7%) treatments have salutary effects in both CF and non-CF bronchiectasis [37, 
38]. Regular exercise and participation in pulmonary rehabilitation also may benefit 
patients with bronchiectasis.

Other therapies that have become common in the treatment of bronchiectasis 
must be viewed with extreme caution when the patient is infected with NTM organ-
isms. Chronic macrolide therapy may be beneficial in bronchiectasis patients 
infected with “routine” organisms like Pseudomonas aeruginosa [39], but there is a 
risk of developing macrolide-resistant NTM organisms which may already be pres-
ent (though not necessarily identified) in the airways of these patients [40]. Growth 
of other resistant organisms may also be enhanced by a chronic macrolide strategy 
[41]. Additionally, adverse effects from macrolides such as hearing loss or cardiac 
dysfunction may be more prominent in an older bronchiectasis population with 
underlying comorbidities. Inhaled corticosteroids with or without long-acting bron-
chodilators may benefit patients with bronchiectasis [42], but there is a risk of prop-
agating NTM infection with ICS therapy [32].

When the bronchiectasis patient is coinfected with NTM and other organisms, it 
can be difficult to decide which infection to target with antibiotics. Pseudomonas 
aeruginosa is commonly seen in these patients. It must not be assumed that all of 
the patient’s infectious symptoms are due to one organism versus another. There is 
no consensus on which organism to treat “first”; expert opinion is to use airway 
clearance treatments as a cornerstone of therapy and then consider shorter-term 
antibiotic strategies against the “regular” organisms before embarking on full-blown 
prolonged NTM antibiotic treatment.

 Treating Other Underlying Lung Diseases  
When NTM Is Present

Patients with underlying fibrotic lung disease and traction bronchiectasis may have 
positive cultures for NTM organisms; there is no evidence that treatments aimed at 
lung fibrosis have any impact on the secondary infections. Patients with such under-
lying lung disease may have positive NTM cultures that should only be treated if 
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they fit the treatment threshold recommended in the ATS/IDSA guidelines [18]. 
Patients with alpha-1 antitrypsin deficiency who have emphysema or bronchiectasis 
may benefit from replacement therapy [43], but there is no evidence that this treat-
ment impacts the infectious complications. Likewise, patients who have bronchiec-
tasis due to immunoglobulin deficiency may benefit from immunoglobulin 
replacement [44], but the impact of this therapy on control of NTM infections in 
these patients is uncertain. An unknown number of patient have structural lung dis-
ease and possibly enhanced susceptibility to NTM infections because of gastro-
esophageal reflux and aspiration; one study from South Korea showed that 26% (15 
of 58) of patients with NTM infection had proven GERD even though only 27% of 
those patients (4 of 15) had typical GERD symptoms [45]. Testing may include 
modified barium swallow and video stroboscopy for swallowing and barium esoph-
agram/24  h pH monitoring for assessment of esophageal and gastroesophageal 
sphincter function. It remains unproven that treatment of acid reflux, esophageal 
dysmotility, or aspiration impacts outcome of NTM infections; however, simple 
measures such as elevation of the head of the bed at night may be reasonable for 
patients with these infections.

 Treating Solitary Pulmonary Nodules Due to NTM  
and “Hot Tub” Lung

NTM in solitary nodules is often diagnosed at the time of resectional surgery. 
Generally, NTM antibiotic treatment is not needed after such surgery, but the patient 
must be closely followed for subsequent spread of disease. “Hot tub” lung due to 
NTM exposure is treated by cessation of hot tub use; steroids have also been 
reported to have benefit.

 Summary and Conclusions

There is a spectrum of lung diseases that are either the cause or the consequence of 
NTM infections. The most common of these diseases are COPD and bronchiectasis. 
Identifying and treating the underlying lung diseases may have a role in mitigating 
the impact of the NTM infection. Without question, the quality of life of patients 
with NTM infection can be improved by addressing the lung disease and other com-
plicating factors that contribute to morbidity and possibly mortality. Antibiotic ther-
apy for NTM lung infections, even when well tolerated and given according to 
guidelines, is unlikely to “cure” many of these patients. A multimodality approach 
that includes airway clearance, exercise, attention to nutrition, and treatment of 
coinfections is needed so that symptoms can be controlled and quality of life can be 
maximized. A collaborative approach between treating clinicians from various dis-
ciplines (pulmonary medicine, respiratory care, infectious diseases) can maximize 
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the benefit to the individual patient. Patient-centered priorities have recently been 
published that stress the need for additional clinical education to improve screening 
and diagnosis of NTM infections and development of a geographically distributed 
network of NTM disease specialists [46].
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Surgical Management of NTM Diseases

James A. Caccitolo

 History of Thoracic Surgery and Tuberculosis

Hippocrates of ancient Greece is credited with the first reference describing a tho-
racic surgical procedure [1]. He described treatment of “empyema” first with herbal 
remedies and chest physical therapy and if unsuccessful then open surgical evacua-
tion of the empyema. For centuries, thoracic surgery was limited to surgical drain-
age of the chest cavity. Many patients died due to the open pneumothorax that was 
created to allow drainage of blood or infection. Early thoracic surgeons persisted 
and developed means to apply suction to drains which could then evacuate air from 
the chest cavity and re-expand a collapsed lung. These early techniques were mainly 
employed for treatment of traumatic injuries sustained in battle or complications 
due to infections. In the early 1900s, Mycobacterium tuberculosis was a leading 
cause of death. With no effective antimicrobial agents, and the knowledge that M. 
tuberculosis was an obligate aerobe, thoracic surgeons began to develop procedures 
that were intended to treat mycobacterial infections. A range of surgical techniques 
were developed including collapse therapy, thoracoplasty, plumbage, and even early 
thoracoscopy [2]. Swiss reports of patients with Mycobacterium tuberculosis treated 
with thoracoplasty and extrapleural pneumothorax provided the first hope that 
patients could be cured of the disease. At the time, limitations of anesthetic tech-
niques prevented much surgical intervention inside of the chest [3]. Pneumonectomy 
and early lobectomies were rare and crude, accomplished essentially by tourniquet 
techniques. With the concurrent developments of endotracheal intubation and posi-
tive pressure ventilation, more surgical options became available, and isolated sin-
gle lung ventilation paved the way for the development of modern anatomic lung 
resection procedures. The development of antimicrobial agents quickly led to 
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medical treatment becoming the primary therapy for the majority of patients with 
mycobacterial disease and surgical intervention becoming a rarity.

Today, for selected patients with mycobacterial disease, the original indications 
for thoracic surgical intervention still apply, although the specific surgical tech-
niques available have evolved. Thoracoplasty, rather than a first-line technique, is 
reserved as a last resort for only the most challenging cases, while minimally inva-
sive video-assisted thoracic surgery (VATS) is often the initial procedure of choice. 
In general, lower morbidity and faster recovery associated with minimally invasive 
techniques have helped to make thoracic surgical lung resection an important 
adjunct to antibiotic therapy in the treatment of mycobacterial disease.

 Indications for Surgical Intervention

The primary treatment of patients diagnosed with NTM is a multidrug antibiotic 
regimen; however, a number of patients will not respond to medical therapy alone. 
The rate of successful sputum clearance in patients with NTM treated with antibiot-
ics varies widely and, particularly in the case of Mycobacterium abscessus infec-
tions, can be quite poor. Furthermore, compliance with multidrug regimens over 
many months can be difficult due to significant side effects and, in some studies, has 
been less than 80% [4]. Surgical intervention and specifically anatomic resection of 
areas of gross cavitary disease or severe bronchiectasis can be of significant benefit 
in treating select patients. The goals of surgery are similar to those of antibiotic 
therapy and include eradication of the infection to prevent further destruction of the 
lung and relief of symptoms including cough, sputum production, and hemoptysis. 
The official ATS/IDSA statement does not list clear indications for which surgical 
resection is recommended, but does state that the more difficult to treat an infection 
is, the more likely surgery should be considered. The statement also recommends 
expert consultation with a multispecialty group experienced with treating NTM dis-
ease [5]. While there is no definitive statement regarding indications for surgical 
resection, there are circumstances in which surgical resection should be considered. 
Table  1 includes a list of generally accepted indications for surgical resection in 
patients with NTM disease. The Japanese Society for Tuberculosis (JST) has 

Table 1 Indications for 
consideration of surgical 
resection

Failed antibiotic therapy
Localized disease amenable to anatomic resection
Patients have cardiopulmonary fitness to tolerate a lung resection
Hemoptysis
Large cavitary disease
Severe bronchiectasis
Progressive disease on imaging
Recurrence of positive sputum off antibiotic therapy
Medication intolerance/non-compliance
Macrolide resistance
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published guidelines for surgical therapy for pulmonary NTM disease in 2008 [6]. 
Those guidelines are similar to the generally accepted indications and are listed in 
Table 2.

 Failed Antibiotic Therapy

Treatment failure has been described as no microbiologic, clinical, or radiographic 
response after 6 months of appropriate therapy or no achieved conversion of sputum 
to AFB culture negative after 12 months of appropriate therapy [5]. Based on this defi-
nition, most patients who are considered for surgery have been on a prolonged antibi-
otic therapy regimen of usually 1 year or more. After 1 year of unsuccessful sputum 
clearance, it is reasonable to consider surgical intervention as an option to continued 
antibiotic therapy alone. Referral of patients for surgical resection earlier in their anti-
biotic course can also be considered if based on expert opinion, likelihood of sputum 
clearance with antibiotics alone is low due to radiographic extent of disease, or patients 
exhibit other confounding sequalae such as unrelenting cough or hemoptysis.

 Localized Disease Amenable to Anatomic Resection

Patients who are considered for surgical resection have a distribution of cavitary 
disease or bronchiectasis that is confined to an anatomically defined pulmonary lobe 
or segment. Optimally, once that anatomic area is removed, the remaining of the 
lung is relatively free of gross disease. Patients with diffuse involvement of both 
lungs are generally not candidates for resection. Depending on preoperative pulmo-
nary function testing, however, patients with diffuse disease of one lung or bilateral 
disease present may be candidates for pneumonectomy or staged bilateral resec-
tions. The latter scenario is commonly seen in patients who have middle lobe and 
lingular bronchiectasis with sparing of the upper and lower lobes bilaterally. Patents 

Table 2 Indications for NTM lung disease surgery (JST guidelines) [6]

1.  When sources of bacterial discharge or major lesions being sources of bacterial discharge are 
clearly noted and, in addition, one of the following disease conditions is observed:

  (a) Chemotherapy has failed to stop bacterial discharge.
  (b) Bacteriological relapse is noted.
  (c)  Radiographically enlarged lesions or tendencies of lesion enlargement are either revealed 

or predicted.
  (d)  Even though bacterial discharge has been stopped, cavitary lesions or bronchiectatic 

lesions remain, suggesting that relapse or reactivation may occur.
  (e)  Acute exacerbation has repeatedly occurred due to lesions that are sources of massive 

bacterial discharge, leading to the rapid progression of disease.
2.  In patients with hemoptysis, repeated airway infection, or comorbid aspergillosis, responsible 

lesions are subject to resection irrespective of the status of bacterial discharge.
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with upper lobe involvement may also have concomitant lower lobe disease. When 
the lower lobe involvement is limited to superior segment, upper lobectomy with 
lower lobe superior segmentectomy can be accomplished to preserve the majority of 
the unaffected lower lobe.

Figure 1 depicts a patient with right upper lobe cavitary disease. Typically, with 
large apical cavities, much of the upper lobe is destroyed, and a lesser resection than 
lobectomy is not practical. In the lower lobe, however, it is not uncommon to have a 
cavity in the superior segment with sparing of the basilar segments. Patients with clas-
sic Lady Windermere syndrome, (right middle lobe bronchiectasis) or lingular 
involvement, are good candidates for middle lobectomy or lingulectomy via a mini-
mally invasive or VATS approach [7]. Figure 2 shows a patient with right middle lobe 
and lingular bronchiectasis who had Mycobacterium avium complex (MAC)  infection 

Fig. 1 Axial and coronal CT images demonstrating a large right upper lobe cavity and smaller 
cavity of the left upper lobe

Fig. 2 CT images of a patient with right middle lobe and lingular nodular bronchiectasis due to 
Mycobacterium avium complex disease
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and presented with recurrent hemoptysis. Figure 3 shows a coronal CT image of the 
same patient following bilateral VATS right middle lobectomy and lingulectomy.

 Patients Have Cardiopulmonary Fitness to Tolerate a Lung 
Resection

In order to be considered for lung resection, patients must have adequate pulmonary 
reserve to tolerate a resection and must not have other uncontrolled medical condi-
tions that put them at a prohibitive risk for a major surgical procedure. CT imaging 
and pulmonary function testing are needed to determine the extent of resection and 
the pulmonary reserve of a candidate for resection. Nutritional status and general 
functional status are also important considerations. The preoperative evaluation of 
patients is discussed in detail below.

 Hemoptysis

Hemoptysis is most commonly due to bronchiectasis. Massive hemoptysis of greater 
than 500 cc of blood in 24 h or greater than 100 cc of blood loss an hour requires 
immediate intervention [8]. Prior to the 1970s, the emergency lung resection was 
performed in this situation but was associated with high complication rates and 
mortality. Modern series demonstrate a significant reduction in morbidity and mor-
tality with bronchial artery embolization for treatment of hemoptysis [9]. In patients 

Fig. 3 Coronal CT image 
following right VATS 
middle lobectomy and left 
VATS lingulectomy
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with known NTM disease, who present with hemoptysis, an initial evaluation should 
include high-resolution CT scan and flexible bronchoscopy. Initial management 
includes ICU admission, cardiopulmonary stabilization, and airway management 
including intubation if needed. Approximately 25% of patients with massive hemop-
tysis for all reasons will not require intervention; half typically undergo interven-
tional radiologic embolization [10]. Bronchoscopy, in addition to localizing the 
bleeding source, can provide therapeutic options for some control of bleeding. In 
over half of cases with hemoptysis, a bleeding site is not identified at the time of 
bronchoscopy [11]. CT imaging in patients with NTM disease can identify the most 
suspect areas of involvement localizing a potential source of bleeding and helping 
to guide a bronchoscopy examination.

Bronchial artery embolization is the treatment of choice for management of mas-
sive or recurrent hemoptysis [12–14]. Success rates for treatment of massive hemop-
tysis range from 75% to 99% and in studies with recurrent hemoptysis are in the 
range of 10–55% [15]. Urgent surgical resection is reserved for patients who have 
ongoing massive bleeding not controlled with other measures and should be consid-
ered as a last resort. Emergency lung resection for massive hemoptysis carries a mor-
tality risk of 20% and morbidity as high as 50% [16]. Elective surgical resection for 
the primary treatment of recurrent hemoptysis associated with NTM as the primary 
indication for surgical intervention has been reported for about 10% of patients [17].

 Large Cavitary Disease

Cavitary lesions in NTM lung disease patents can remain as reservoirs for large 
numbers of infectious organisms. In patients with large fibrocavitary lesions, lung 
destruction may progress more rapidly than in patients with primarily bronchiectatic 
nodular disease [5]. Antimicrobial agents do not effectively penetrate these areas and 
thus can continue to spread and cause further lung destruction over time [18]. Further 
destruction of lung can lead to continuing decline in pulmonary function until a 
patient no longer has adequate pulmonary reserve to tolerate resection. Resection of 
large cavities can reduce the mycobacterial burden and help to prevent further lung 
destruction. Additionally, large cavities can provide refuge for secondary bacterial or 
fungal infections, which can also lead to hemoptysis. Figure 4 shows CT images of 
a patient with cavitary disease due to MAC with a secondary mycetoma.

 Severe Bronchiectasis

Severe bronchiectasis can be associated with chronic cough, daily sputum production, 
and hemoptysis. Additionally, patients are susceptible to recurrent secondary bacterial 
infections, which over time may include multidrug-resistant strains. The CT scanning 
is more useful that plain chest X-ray in identifying and quantifying the degree of 
bronchiectasis. Patients with NTM infections, who have continued symptoms and 
progression of disease on CT imaging, are candidates for possible lung resection. 
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Cough and sputum production continuing over long periods can significantly impact 
quality of life. Lady Windermere syndrome refers to a pattern of middle lobe and 
lingular bronchiectasis seen with NTM infections. In a report by Yu et al. [7], a total 
of 134 patients underwent 172 operations, with 38 patients having staged bilateral 
resections. Video-assisted thoracic surgery (VATS) approach was used, and 102 mid-
dle lobectomies and 70 lingulectomies were performed. There were no operative mor-
talities and a complication rate of 7%. The reported cure rate with antibiotic therapy 
alone in similar groups ranges between 55% and 67% [5, 19, 20]. The operative group 
reported 84% of patients were negative for mycobacterial disease after surgical resec-
tion, and 27 patients (29%) who had operative tissue were positive for mycobacteria 
subsequently converted to a sputum culture-negative status [7].

 Progressive Disease on Imaging

Despite appropriate antibiotic therapy, patients who have progressive disease 
including enlarging cavities or increasing nodular bronchiectasis should be evalu-
ated for surgical resection. Large cavitary disease in particular tends to progress at 
a more rapid pace than nodular bronchiectasis. Ongoing destruction of the lung 
without eradication of infection can lead to worsening pulmonary function which 
will eventually exclude a patient from consideration of lung resection.

 Recurrence of Positive Sputum Off Antibiotic Therapy

Reactivation of MAC after a period of negative sputum smear and culture has been 
reported in patients with nodular bronchiectasis. It has been reported that patients 
with NTM and bronchiectasis may be infected with multiple genetic strains [21]. 

Fig. 4 CT image shows a large right upper lobe cavity with secondary development of a 
mycetoma
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When patients with MAC develop recurrent positive cultures after a period of nega-
tive sputum cultures, the infection is often due to a different genetic strain. This has 
led to the implication that the underlying bronchiectasis is the substrate which 
allows for NTM infection [22]. Lung resection in this circumstance should help to 
eliminate the infection and reduce the likelihood of recurrent infection, by removing 
the affected lung tissue.

 Medication Intolerance/Non-compliance

Drug treatment regimens for NTM disease require multiple medications over 
extended periods. Medication side effects, intolerance, and non-compliance have 
been a significant factor in the treatment of patients with those infections [23]. Side 
effects from antibiotic regiments range from gastrointestinal upset to hepatitis and 
hearing loss. Weight loss and malaise can be a significant sequalae of antibiotic 
therapy. Continuance of antibiotic therapy in this circumstance can lead to a debili-
tated metabolic state, excluding the patient from possible surgical candidacy. 
Monitoring for side effects and toxicity is imperative for patients on undergoing 
long-term therapy. In patients who have difficulty maintaining a prescribed antibi-
otic regimen, surgical resection should be considered.

 Macrolide Resistance

Two risk factors have been associated with the development of macrolide-resistant 
NTM disease. These include treatment of the disease with macrolide monotherapy 
or treatment with a macrolide and an inadequate companion medication [24]. The 
management of macrolide-resistant NTM requires “complex clinical decision mak-
ing” and, according to 2007 ATS guidelines, should only be undertaken with expert 
consultation [5]. In regard to treatment of patients with macrolide-resistant MAC 
lung disease, the overall outcome is poor, but the treatment strategy associated with 
the most success included both the use of a parenteral aminoglycoside (streptomy-
cin or amikacin) and surgical resection of disease for patients with either cavitary or 
nodular/bronchiectatic disease [24].

 Preoperative Evaluation of Patients

When patients are referred for surgical resection, they are best considered for a 
procedure in the context of a multidisciplinary evaluation by a team experienced 
with treatment of NTM disease [5]. At a minimum, patients should have complete 
culture data with species identification of their infection, pulmonary function 
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testing with FEV1 and DLCO measurements, and recent CT imaging of the chest. 
History and physical examination should focus on determining if patients are fit for 
surgery with focus on pulmonary, cardiac, nutritional, and overall physical condi-
tions. Other medical conditions should be under good control. An initial surgical 
evaluation may identify areas of potential risk that require further testing or even 
intervention prior to undergoing lung resection.

All patients considered for resection should have undergone at least an initial 
regimen of multidrug antibiotic therapy prior to consideration of surgical interven-
tion. The duration of antibiotic therapy prior to surgery is dependent on the particu-
lar organism identified, response to antibiotics, extent of disease, and the patient’s 
fitness to undergo a resection [25].

 Pulmonary Function Testing

Most recommendations on preoperative assessment of patient’s fitness for lung 
resection are developed from literature focusing on patients with malignancies. 
While such recommendations do not apply in every circumstance, patients with 
NTM referred for possible lung resection are evaluated preoperatively utilizing 
similar testing methods. The goal of testing remains the same, to determine if 
patients who are considered for resection of NTM disease have adequate cardio-
pulmonary fitness to safely endure a lung resection. As recommended by the 
American College of Chest Physicians (ACCO) [26] and British Thoracic Society 
(BTS) [27], the initial step in evaluating patients for potential lung resection can-
didates is to complete pulmonary function testing that incudes spirometry and 
measurement of DLCO. Patients with an FEV1 and DLCO>80% can usually toler-
ate a pneumonectomy. Patients who have an FEV1 > 1.5 liters can usually tolerate 
a lobectomy [28]. Patients who do fall in these categories may still be candidates 
for resection; however, further risk stratification is usually recommended. Although 
still obtained, preoperative pulmonary functions may not be as predictive of out-
comes for patients who undergo minimally invasive procedures as opposed to tho-
racotomy [29].

Due to the frequency of underlying lung disease in many patients with NTM 
disease, many patients considered for lung resection will have significantly impaired 
pulmonary function and will not fall into a low-risk group. Patients who undergo 
lung resection for infectious reasons, however, tend to lose mostly destroyed and 
nonfunctioning lung. Thus, the loss of cavitated and bronchiectatic lung may not 
result in as much a detriment to the patient’s overall lung function as one would 
calculate using the standard anatomic method (post-op predicted FEV1 = pre-op 
FEV1 *(1- # of segments resected /19). A similar phenomenon is seen in patients 
with severe bullous emphysema who undergo lung resection for treatment of malig-
nancy. The concomitant lung volume reduction that occurs with removal of a 
severely emphysematous lobe can improve post-op lung function by decompressing 
the remaining functional lung [30].
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When calculated post-op FEV1 and DLCO are both <30%; patients are clearly 
at increased risk of morbidity and mortality with lung resection for malignancy 
[31]. In patients with NTM disease, it is in that circumstance, with severe impair-
ment, that eradication of infection becomes paramount to preserve the remaining 
lung function patients have. Every effort should be made to pursue a course that will 
lead to cure. Radionuclide ventilation and perfusion scanning can be helpful in 
more objectively predicting post-op FEV1 and DLCO [32]. In certain circumstances 
the lung slated for resection will contribute marginally to overall pulmonary 
function.

To illustrate this scenario, Fig. 5 shows the CT images and VQ scan of a patient 
with a large left upper lobe cavity due to Mycobacterium avium disease. FEV1 and 
DLCO were 28% and 32%, respectively. A VQ scan however, revealed only mini-
mal perfusion to the left lung (Fig. 6). Since the contribution from the left lung to 
overall lung function was so little, this patient underwent pneumonectomy without 
complication and achieved negative sputum cultures.

Cardiopulmonary exercise stress testing can also stratify operative risk for 
patients who based on pulmonary function are classified as high risk. Patients with 
a maximal oxygen consumption (VO2 max) less than 1 liter/minute are at prohibi-
tively high risk and should not undergo resection [33]. Expressing VO2 max in 
terms of body mass is useful in evaluation of patients who may have had signifi-
cant weight loss as an effect of long-standing NTM disease. Patients who demon-
strate a VO2 max <10  mL/kg per min are at very high risk for morbidity and 
mortality and also should not be considered for lung resection [34]. Although 
patients with poor FEV1 and DLCO and reduced VO2 max are at high risk, their 
pulmonary function may improve with optimal medical management of their 
underlying lung disease and a formal pulmonary rehabilitation program [35]. 
Patients who are still smoking must stop and then commit to completing a formal 
pulmonary rehabilitation  program. Following completion of the program, repeat 
testing can be completed to see if the patient has improved enough to be reconsid-
ered for resection.

Fig. 5 The CT images show large cavity of the left upper lobe, with an apparently spared left 
lower lobe
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Fig. 6 Pulmonary function testing showed an FEV1 of 9 L (32% predicted) and a DLCO of 35% 
perfusion images from a quantitative VQ scan show that the left lung accounts for less than 15% 
of perfusion. The patient underwent a left pneumonectomy and recovered without incident

 Cardiac Evaluation

Cardiac evaluation prior to lung surgery follows guidelines established and pub-
lished by the American Heart Association for patients undergoing surgery for other 
non-cardiac procedures [36]. Initial evaluation starts with a complete history and 
physical and includes questions specifically about angina, prior cardiac events, 
stroke, history of valve disease, arrhythmias, smoking, peripheral vascular disease, 
cerebrovascular disease, stroke, hypertension, and dyslipidemia. Patients also 
undergo EKG and a determination of cardiac functional status. For patients with 
low risk, no further evaluation is needed. In patients with high risk, additional car-
diac testing including echocardiography, stress testing, formal cardiology evalua-
tion, or invasive cardiac procedures may be indicated.

 Metabolic Status

Second to pulmonary function, overall metabolic status is an important consider-
ation in patients undergoing lung resection. Chronic malaise and weight loss may 
result from either NTM infection or as a side effect of antibiotic therapy. Weight 
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loss due to malnutrition can lead to increased complication rates including infection 
and poor wound healing. A history and physical should include questions about 
weight loss, diet, and a calculation of BMI. Patients should also undergo routine 
laboratory testing including a serum albumin. In elderly patients undergoing surgi-
cal procedure, a negative catabolic state indicated by a serum albumin of less than 
2.2 g/dl has been shown predictor of poor outcomes [37]. Patients who are identified 
to be malnourished should be seen by a dietitian who can help define a program of 
nutritional supplementation to improve the patients’ overall nutritional status. In 
some case of severe malnutrition, feeding tube placement and enteral supplementa-
tion may be necessary prior to undergoing an operation to reverse severe malnutri-
tion. Unlike thoracic surgical patients who undergo lung resection for malignancies, 
most patients with NTM disease do have ample time to optimize their metabolic 
state prior to surgery.

 Perioperative Antibiotic Coverage

All patients undergoing surgical interventions for NTM disease must also be on 
optimized antibiotic coverage pre- and postoperatively to minimize the risk of post-
operative complications related to poor wound healing. Ideally, patients should have 
sputum that is acid-fast bacilli (AFB) culture negative prior to surgery, but unfortu-
nately, many patients are deemed surgical candidates due to the inability to accom-
plish sputum culture conversion with antimicrobials alone. Choosing adequate 
antimicrobial therapy is further impeded by the general drug resistance of NTM 
pathogens. Regardless, surgical candidates should be on the best antimicrobial regi-
men possible for as long as possible, typically at least 3 months, prior to a surgical 
procedure. Parenteral agents such as amikacin should be included in the antimicro-
bial regimen during hospitalization in the immediate perioperative period. 
Appropriate antimicrobials should be continued postoperatively until the patient has 
met the microbiologic criterion for treatment success, 12 months of sputum culture 
negativity while on therapy.

 Surgical Techniques

The majority of patients who require surgical intervention for NTM disease do so as 
an adjunct to antibiotic therapy to increase the likelihood of cure. A minority of 
patients undergo thoracic surgical procedures to treat complications of NTM infec-
tions which can include bleeding, pneumothorax, or empyema. Indications for treat-
ments of these complications are considered on a case by case basis. In general, 
major lung resection is best not performed in an emergency setting, especially when 
a more conservative option is available such as chest tube drainage or an interven-
tional radiologic procedure. Once the acute issue is addressed, then patients can be 
evaluated for a definitive procedure.
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In planning an operation for a patient with NTM disease, there are three key ele-
ments to consider including the virulence of the infection, the pattern of disease 
present, and the patient’s ability to tolerate an operation. An understanding of these 
elements will help guide decisions on timing of an operation, approach, and extent 
of resection.

Of the hundreds of NTM species, only a few account for lung disease that may 
need to be considered for surgical resection. These can be divided into fast- and slow-
growing categories. Rapid-growing mycobacteria include M. abscessus, M. fortuitum, 
and M. chelonae. The slow-growing organisms include MAC (M. avium and M. intra-
cellulare, M. Kansasii, M. xenopi, and M. simiae) [38]. Mycobacterium avium com-
plex is the most commonly found respiratory pathogen. Mycobacterium abscessus 
can be very difficult to eradicate with antibiotics; therefore, surgical resection is typi-
cally considered earlier than for other organisms after an initial antibiotic course [5]. 
Similarly, with macrolide-resistant organisms, earlier surgical resection is favored.

The pattern of disease is also important in deciding the timing of surgery and the 
specific operation to be planned. Fibrocavitary disease tends to progress rapidly, and 
the large cavities serve as a reservoir of mycobacteria into which antimicrobial pen-
etration is limited. Patients with large residual cavities after a period of negative 
sputum samples may tend to become positive again, due to survival of mycobacteria 
in those cavities. Nodular bronchiectasis pattern may be more diffuse and often 
involves both the middle lobe and lingula. In patients with bilateral disease, where 
staged resection is necessary, reassessment of fitness with repeat pulmonary func-
tion testing needs to be considered prior to a second operation.

In both disease patterns, the volume of the lung to be resected is determined by 
the extent of disease. The goal of surgical resection is to remove all gross areas of 
disease. Typically, this is accomplished with anatomic lung resection such as lobec-
tomy or segmentectomy; however, smaller cavities may sometimes be resectable 
with wedge excision. All three, lobectomy, segmentectomy, and wedge resection, 
may be utilized in a single case to remove all areas of disease. Historically, these 
resections were accomplished through a thoracotomy incision, but application of 
minimally invasive VATS has demonstrated excellent results [39].

While the surgical approaches utilized today in the treatments of NTM have 
advanced to include minimally invasive procedures such as VATS, certain principles 
of treating patients with NTM have not changed. The goal of surgical approaches is 
gross resection of diseased lung while preserving as much functional lung as possible. 
Gross resection of any large cavities is necessary, while small areas of nodular disease 
can be allowed to remain if removing them requires loss of significant “normal” lung.

 Thoracotomy

In planning an approach for resection of NTM disease, the preoperative CT scan is 
invaluable. In patients with large cavities that have destroyed much of the upper lobe 
and appear to extend to the chest wall, typically a thoracotomy approach is war-
ranted. When patients have had a prior thoracotomy, the previous incision is 
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utilized. If they have no history of prior chest surgery, then a longitudinal muscle- 
sparing incision is used just anterior to the border of the latissimus dorsi muscle. 
The latissimus is retracted posteriorly, and the serratus anterior is retracted anteri-
orly to expose the ribs. This muscle-sparing incision allows for the harvest of full 
latissimus if muscle transposition is needed. Once exposed, the chest is then entered 
above the fifth rib if possible. With dense fibrous adhesions, resection of a rib may 
be required to gain entry. A complete pneumonolysis is then performed by freeing 
the lung within the pleural space. The use of extrapleural dissection is avoided if 
possible due to the increased bleeding it causes. Electrocautery and blunt and sharp 
dissection are used, with meticulous technique to avoid tears in the visceral pleura. 
If an extrapleural approach is taken, often it is safer to enter an apical cavity to free 
the lung from the apex of the chest cavity and then with better visualization com-
plete the removal of the attached cavity from the apex of the chest in the area of the 
subclavian artery. On occasion a second thoracotomy incision is required to com-
pletely free the base of the lung. Also, a VATS scope can be used to help visualize 
the base or apex of the lung when difficult to see through the thoracotomy incision.

Once the lung is free in the chest cavity, a complete assessment is made with 
careful palpation to identify all areas of disease. Typically, a lobectomy is performed 
by dividing the hilar structures with an endo-GIA stapler. Dissection in the fissure 
is avoided if possible, and then it is divided last with serial firings of the stapler. This 
technique can help to limit air leak from the remaining lung. In some cases, dense 
reaction in the hilum due to granulomatous nodal inflammation makes initial hilar 
dissection treacherous, and dissection in the fissure to identify the pulmonary artery 
is necessary. On rare occasions, dense reaction in the hilum will make an anatomic 
dissection impossible, with vascular structures being unrecognizable. In that cir-
cumstance, a combination of clamping, electrocautery, and oversewing along the 
clamp can be used to complete a nonanatomic resection of diseased tissue.

Once the main area of disease is resected, the lung is carefully examined, and any 
additional areas of disease are resected with segmentectomy or wedge resection. 
Tissues are cultured prior to being sent for pathologic review.

The chest is then irrigated with warm sterile water, and the lung is ventilated, 
while a careful inspection for air leaks is performed. Special attention is focused on 
bronchial stumps and other staple lines to ensure that they are pneumostatic. Any air 
leak from the bronchus is repaired with interrupted sutures. Air leaks from the lung 
parenchyma are also oversewn. An assessment is then made of any significant resid-
ual pleural space. If there is a large space not filled by the remaining lung, then a 
muscle flap can reinforce the bronchial closure and fill thoracic cavity. The latissi-
mus dorsi can be used. It is usually a large muscle and provides well-vascularized 
bolstering of the bronchial stump while filling the apical chest cavity. It is freed 
subcutaneously, and then its inferior and posterior attachments are divided. With 
careful attention to its axial orientation, the muscle is transposed into the chest 
through a resected 5 cm portion of the second rib. The muscle is sutured to the bron-
chial stump. Figure 7 shows a patient with a large left upper lobe cavity. The patient 
underwent left upper lobectomy, and the remaining left lower lobe did not fill his 
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Fig. 7 CT image showing 
large left upper lobe cavity, 
due to NTM

Fig. 8 Post-op coronal CT 
image following left upper 
lobectomy and latissimus 
dorsi muscle flap 
transposition. The 
remaining lung is well 
expanded and the apical 
space is filled by muscle 
flap

left chest cavity well at the time of surgery. A latissimus dorsi muscle flap was trans-
posed into the left chest. Figure 8 shows a post-op coronal CT image demonstrating 
good expansion of the remaining lung and filling of the apical chest cavity space 
with muscle.
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If the lung adequately fills the pleural space, following resection, then a large 
muscle transposition is not necessary. A pleural flap, pericardial fat pad, or intercos-
tal muscle flap can be used to reinforce the bronchial closure. Two chest tubes are 
placed, one anterior and one posterior to the lung. For pain control a soaker catheter 
is tunneled along the rib margins and connected to a pain pump device that runs a 
continuous infusion of local anesthetic (On-Q pain relief system, Halyard, Irvine, 
CA). Alternatively, a thoracic epidural may be placed prior to the onset of the 
procedure.

 VATS Resection

For patients with a cavity centrally located (not in contact with the chest wall) or 
with middle lobe or lingular bronchiectasis, a VATS approach is typically planned. 
Two 10 mm ports are utilized, one in the eighth interspace at about the midaxillary 
line and one in the sixth interspace anteriorly. A utility incision of about 4 cm is 
made in the fourth interspace. A soft tissue retractor is used (Alexis retractor, 
Applied Medical, Rancho Santa Margarita, CA) at the utility incision site, without 
rib spreading. A complete mobilization of the lung is performed if adhesions exist. 
The mediastinal pleura is opened using electrocautery. The pulmonary vein branch 
to the lobe to be resected is then divided using an endo-GIA stapler. Next the pul-
monary artery branches are similarly divided with staplers and finally the bronchus. 
The remaining fissure is then divided, and the lobe is then placed in a plastic endo- 
bag and removed though the utility port. Water is instilled and an inspection for air 
leaks is undertaken. Any leaks are addressed. Pericardial fat pad, pleura, or intercos-
tal muscle flaps can be used to cover the bronchial stump. The port incisions are all 
thoroughly irrigated to minimize abscess development, especially with M. abscesses 
infections. Figure 9 shows closed VATS incisions following lingulectomy.

Fig. 9 Operative photo 
showing closed VATS 
incisions following 
lingulectomy. A chest tube 
is exiting the middle port 
site. The ruler is near the 
utility incision. A small 
pain pump catheter exits 
posteriorly
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 Bronchial Coverage

Reoperation and treatment of bronchopleural fistulas is difficult and associated 
with significant morbidity and mortality. To avoid that complication, routine flap 
coverage of the bronchial stump can be employed. There are a number of tissue flap 
options for coverage of bronchial stumps. A pleural flap is relatively easy and does 
provide vascularized tissue coverage of the bronchial stump. Due to dense pleural 
adhesions in many patients with NTM disease, a viable pleural flap may not be 
available following mobilization of the lung. The pericardial fat pad can be used 
when pleura is not available. Mobilization of the pericardial fat pad is accomplished 
by elevating the fat from the pericardium starting inferiorly. The upper portion of 
the pad remains intact and vascularized from branches from the internal mammary 
artery. It is a good choice for use in covering a middle lobe bronchus, although it 
can be used to cover any airway closure. Pedicle intercostal muscle flap also pro-
vides good vascularized tissue coverage of bronchial closures. The flap can be har-
vested during the time of a thoracotomy or via a minimally invasive technique [40]. 
It remains an option in patients who have had a previous thoracotomy involving 
division of the latissimus dorsi muscle. Latissimus dorsi muscle flap provides well- 
vascularized muscle coverage as well as helps to fill the pleural space. The muscle 
flap is created by freeing the latissimus from the skin and then detaching it from the 
iliac crest inferiorly and spine posteriorly. Creation of a large skin flap in harvesting 
the muscle can result in the development of post-op seroma. A subcutaneous drain 
is left in the bed of the latissimus when transposed until drainage remains low.

 Thoracoplasty

Thoracoplasty remains as an option for dealing with complicated space issues. The 
Schede thoracoplasty was originally described as a collapse mechanism in which ribs 
and intercostal muscles were resected allowing collapse of pectoral muscles and skin 
[41]. Alexander described extrapleural thoracoplasty in which the ribs were resected, 
but periosteum, intercostals, and pleura were preserved [42]. While effective in eradi-
cating infected spaces and airway fistulas, thoracoplasty can be disfiguring and over 
the long-term lead to scoliosis and chronic pain. Today, thoracoplasty is not usually 
employed as a primary maneuver to treat patients with NTM, but is generally reserved 
for management of a complication such as empyema or bronchopleural fistula.

 Post-op Management

Postoperative management of patients who undergo lung resection for NTM dis-
ease is similar to patients who undergo lung resection for other indications. 
Typically, patients are admitted to the ICU post-op and are monitored closely for 
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adequate respiration and bleeding. Adequate pain control allows early mobiliza-
tion and participation in physical therapy. Patients are educated on the use of an 
incentive spirometer and receive regular respiratory therapy evaluation with 
encouragement to cough and expectorate. Oral mucolytics, nebulized hypertonic 
saline or mucomyst, and chest physical therapy are used regularly. Chest tubes are 
kept to −20 cm suction until air leaks resolve and then are placed to water seal. 
Chest tubes are removed when there are no air leaks, and daily drainage is less than 
250 cc per 24 h.

 Air Leaks

One of the most common complications with lung resection in NTM patients has 
been air leak. This often occurs due to the scarring and fibrosis caused by chronic 
infection. Dense adhesions may be present throughout the pleural space to the point 
where the entire pleural space is obliterated. Extrapleural dissection can result in 
significant bleeding, but intrapleural dissection can result in visceral pleural tears 
which then leak air. Meticulous intra-op technique to avoid tears is important in 
avoiding prolonged air leak, but a complete pneumonolysis is essential to allow full 
expansion of the remaining lung. A combination of electrocautery and sharp and 
blunt dissection is utilized to free the lung. Avoidance of excessive dissection in 
incomplete fissures also helps to avoid air leaks. Hilar structures are first identified 
and divided using stapling devices, and then the fissure can be divided with a sta-
pler. Careful attempts at identification and intervention to stop air leaks at the time 
of surgery is best way to avoid the reoperation.

For small air leaks which do not resolve after 5 days, chest tubes can be placed 
to Heimlich valve. Serial chest X-rays are done to determine if the patient’s lung 
will remain expanded without continuous suction. If so, the patient may be dis-
charged with a chest tube in place and reevaluated for chest tube removal as an 
outpatient. Most small air leaks with no large residual space can be managed con-
servatively. When patients have a large persistent air leak beyond 14 days, develop 
a large pneumothorax off of suction, or have a large residual space, re-exploration 
is usually considered. An inspection is performed, and an attempt at direct closure 
of the leak, additional tissue flap bolstering, or thoracoplasty may be required.

Endobronchial valves (Spiration, Olympus Respiratory, USA) have received an 
FDA Investigational Device Exemption for use with air leaks after lobectomy or 
segmentectomy. Figure 10 shows the IBV valves, and Fig. 11 shows a broncho-
scopic view following deployment. In patients with persistent air leak, bronchos-
copy is performed, and a systematic balloon occlusion of the airways is performed 
while carefully watching the water seal chamber for a change in air leak, as evi-
denced by decreased bubbling. Once the airway or airways contributing to the air 
leak have been identified, IBV valves are deployed. The patient’s chest tube can be 
removed once complete resolution of air leak is confirmed. The valves are left in 
position for 6 weeks, and then the patient returns for outpatient bronchoscopy and 
retrieval of the valves.
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Fig. 10 IBV valves

Fig. 11 Two IVB valves 
following deployment

 Outcomes with Pulmonary Resection for NTM Disease

In general, there have been good results with surgical series for NTM disease. 
Table 3 summarizes some of the largest modern series. The vast majority of patients 
included in these reports had MAC infections. A smaller number patients had M. 
abscessus infections. Mortality ranges from 0% to 23% with sputum conversion 
being reported at 54–100%. The morbidity associated with lung resection ranges 
from 8% to 50%. Centers with more experience tend to have the lowest morbidity 
and mortality rates. Patients with nodular bronchiectasis more frequently undergo 
VATS and tend to have fewer complications. Wound complications and infections 
tend to be higher in patients with M. abscessus infections. Overall survival rates are 
good, but in general morbidity following lung resection for NTM disease is high 
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and ranges from 5% to 50%. In comparison, a review of the STS database including 
20,657 lobectomy cases from 231 centers, mostly for malignant indications, dem-
onstrated a 1.5% mortality rate and 9.6% major complication rate [55].

 Late Complications

Most bronchopleural fistulas are identified early but may present late, even years 
following the original operation. Patients may present with a range of symptoms 
ranging from mild to severe sepsis. An enlarging air-filled cavity or air- and fluid- 
filled cavity is a common radiologic finding. Patients may admit to increased cough, 
sputum production, or even a bubbling sensation in their chest. CT scanning and 
bronchoscopy are done to assess the location of the fistula. Ventilation scan can also 

Table 3 Surgical outcomes for NTM surgery

Author Patients Resections Organism
Morbidity
%

Mortality
%

Sputum 
conversion %

Pomerantz 
[43]

13 15 MAC (12) 8 0 100

Ono [44] 8 8 MAC (8) 0 0 100
Shiraishi [45] 33 33 MAC (33) 15 0 94
Nelson [25] 28 28 MAC (28) 29 7 79
Shiraishi [46] 21 21 MAC (21) 29 0 100
Shiraishi [47] 11 11 MAC (10)

MA (1)
36 18 100

Sherwood 
[48]

26 26 MAC (15)
MA (1)

46 23 82

Watanabe 
[49]

22 25 MAC (22) 5 0 100

Koh [50] 23 23 MAC (10)
MA (12)

35 4 100

Mitchell [38] 236 265 MAC (189)
MA (32)

12 3 NA

Van Ingen 
[51]

8 8 MAC (7) 50 13 88

Yu [7] 134 172 MAC (118)
MA (14)

7 0 84

Jarand [52] 24 29 MA (24) 25 17 57
Mitchell [39] 171 212 MAC (147)

MA (36)
9 0 NA

Shiraishi [17] 60 65 MAC (55)
MA (3)

12 0 100

Kang [53] 70 74 MAC (45)
MA (23)

20 1 81

Zvetina [54] 35 38 M. Kansasii (35) 37 3 100
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help determine if a gas-filled space is truly in continuity with the airway. Reoperation 
is required to drain any infection and close the fistula. Typically, direct closure is 
quite difficult, and tissue flap buttressing to the area of fistula is necessary.

 Wound Infections

Subcutaneous infections due to NTM can occur following surgical resection. The most 
common occur with M. abscessus. Careful irrigation of incisions is important at the 
time of surgery, and use of tissue protectors and specimen bags for minimally invasive 
procedures limits contamination. When patients present with a draining wound, inci-
sion and drainage with culturing is the initial step. Bacterial infections can usually be 
treated with drainage, packing, and antibiotics based on culture results. Mycobacterial 
infections may require wide local excisional debridement and reclosure.

 Extrapulmonary Surgical Infections

NTM infections in children may present as painless head and neck lymphadenopa-
thy which involves the skin. The most common NTM pathogen is MAC. Proposed 
treatments have included antibiotics alone, aspiration, incision and debridement, or 
surgical excision. The best results in regard to healing favor surgical excision [56]. 
Excision can be associated with nerve injury, and as an alternative to excision, inci-
sion and drainage with a course of antibiotics may be an option when the risk of 
nerve injury is high.

Mycobacterium marinum is an endemic fish pathogen which is present in aquatic 
environments. Human infections can occur with skin injuries that are exposed to 
contaminated water, fish, or shellfish. The American Thoracic Society (ATS) and 
Infectious Disease Society of America (IDSA) guidelines recommend two active 
agents (clarithromycin/azithromycin, ethambutol, or rifampin) for 3–4 months with 
adjunctive surgical debridement for invasive infections [5]. In a recent series and 
review, only 44% of superficial skin infections required surgical excision, while 
95% of invasive infections (tenosynovitis or septic arthritis) required surgery [57].

Infection of cardiac surgical wounds and diffuse systemic infections have also 
been reported in cardiac surgical patients who were exposed to NTM from the 
heater/cooler units used with cardiopulmonary bypass. Mycobacterium chimaera, a 
member of the M. avium complex, has been cultured from municipal water supplies. 
That water when used in the reservoir of the heater/cooler equipment can become a 
source of contamination for patients undergoing cardiac surgery. Prosthetic valve 
endocarditis, local wound infections, and systemic disease have occurred as a result 
of exposure. Infections were fatal in four of ten reported cases [58].

NTM infections have also been reported following plastic surgical procedures 
[59], eye surgery [60], vascular surgery [61], and other surgical procedures. There is 
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variability in the management based on the specific infection and location. When 
surgical implants are present, they may require surgical removal in addition to anti-
biotic therapy to resolve the infection [62]. In non-healing and recurrent wounds, a 
high index of suspicion is needed as standard bacterial wound cultures will not iden-
tify NTM organisms. AFB stains and cultures must be specifically obtained. Accurate 
diagnosis is key to guiding appropriate antibiotic therapy with surgical intervention.

 Conclusion

Surgical resection for NTM infections has a reputation of being an option of last 
resort. This may be partly due to the historical treatment of mycobacterial tuberculo-
sis with collapse therapy and disfigurement that patients had to endure with thoraco-
plasty. In centers with experienced multidisciplinary teams, modern thoracic surgical 
techniques can be utilized in patients with NTM disease to achieve a cure and resolve 
symptoms. Minimally invasive video-assisted techniques have demonstrated excel-
lent outcomes, with fewer complications and faster recovery. Surgical resection is an 
effective and important adjunct to treating selected patients with NTM infections.
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 Introduction

Nontuberculous mycobacterial (NTM) species can cause four major disease 
 morphologies in children. Lymphadenitis is the most common manifestation and is 
seen most frequently in young (preschool-aged) immunocompetent children. 
Pulmonary NTM disease is most common in children with underlying pulmonary 
dysfunction, including children with cystic fibrosis. NTM skin and soft tissue infec-
tions (SSTIs) can be caused by direct inoculation of NTM species in immunocom-
petent children or can be seen as a manifestation of  disseminated disease. 
Disseminated NTM disease, including bacteremia, is predominantly seen in chil-
dren with underlying immunodeficiencies or children with indwelling vascular 
catheters. The most common species and host risk factors seen in each form of 
NTM disease are described in Table 1. Children with disseminated or pulmonary 
NTM species should be evaluated for immunocompromising conditions. Evaluation 
for immunocompromise may be performed in collaboration with an immunologist. 
Preliminary testing may include a complete blood count, testing for human immu-
nodeficiency virus (HIV), and testing for Mendelian susceptibility to mycobacterial 
disease (MSMD). The latter testing can evaluate for mutations in interferon, STAT, 
interleukin, and NEMO genes. Children with pulmonary NTM disease should be 
evaluated for cystic fibrosis (CF); not all mutations resulting in CF can be detected 
in newborn screens.

The true burden of NTM disease in children is unclear, as it is not a reportable 
disease to public health authorities. Surveillance studies have demonstrated wide 
variation in incidence rates in industrialized countries, ranging from 0.6 per 
100,000 in Australia to 77 per 100,000 in the Netherlands [1, 2]. Across studies, 
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however, the most common form of NTM described in children has been 
 lymphadenitis. In industrialized nations, the incidence of NTM infections is far 
greater than the incidence of tuberculosis.

 Lymphadenitis

 Epidemiology

Most cases of NTM lymphadenitis occur in previously healthy children, in contrast 
to the other forms of NTM infection. However, children with certain immunodefi-
ciencies (Table  1) can be predisposed to also having NTM lymphadenitis. 

Table 1 The most common comorbid medical conditions and nontuberculous mycobacterial 
(NTM) species identified in children

Disease type Comorbid conditions Most common NTM speciesa

Lymphadenitis Usually occurs in previously healthy 
young (< 5-year-old) children

Mycobacterium avium complex 
(MAC)b

M. kansasii
M. simiae
M. fortuitum
M. haemophilum

Skin/soft tissue Usually occurs in previously healthy 
children who sustained cutaneous trauma

M. fortuitum
M. abscessus
M. kansasii
M. marinum
M. ulcerans
M. leprae

Pulmonary Cystic fibrosis
Interleukin (IL)-12 mutations
Polymorphisms in NRAMP1 gene
Hematopoietic stem cell transplantation
Interferon-gamma receptor mutations

Mycobacterium avium complex 
(MAC)b

M. abscessus
M. kansasii

Disseminated HIV infection
Chemotherapy
Indwelling central venous catheter (CVC)
Solid organ or hematopoietic stem cell 
transplantation
Mendelian susceptibility to mycobacterial 
disease (MSMD)
Interleukin (IL)-12 mutations
Interferon-gamma receptor mutations
STAT 1 mutations
NEMO

Mycobacterium avium complex 
(MAC) most common in 
children without CVCs
Several species have been 
isolated from children with 
CVCs (M. scrofulaceum, M. 
haemophilum, M. abscessus, 
M. fortuitum)

CVC central venous catheter, HIV human immunodeficiency virus, NEMO nuclear factor-kappa B 
essential modulator deficiency syndrome
aMany species have specific growth requirements (e.g., incubation temperature, need for additives 
to culture media) that may result in lower culture yield with standard cultivation techniques
bThe most common species isolated in the United States from previously healthy children
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Immunocompetent children with NTM lymphadenitis usually are younger than 
5 years of age and most lack risk factors for Mycobacterium tuberculosis (MTB) 
infection [3] (Table 2). However, if an older (school-aged) child were to be diagnosed 
with NTM lymphadenitis, that child should be evaluated for immunodeficiency.

The most common species isolated from lymph nodes of children in the United 
States are Mycobacterium avium complex (MAC), M. kansasii, and M. simiae. In 
European countries, M. haemophilum is the most frequently isolated species. One 
consideration in the United States is M. bovis. While a member of the M. tuberculosis 
complex, M. bovis is usually transmitted from consumption of unpasteurized dairy 
products. This species is more common in Latino patients and, due to the mode of 
transmission, is more associated with extrapulmonary disease than other species [4].

 Clinical Presentation

Preschool-aged children usually have palpable cervical lymph nodes even when 
they are not ill. This examination finding reflects the same immune system matura-
tion process that results in relative tonsillar hypertrophy in children in this age 
group. Cervical lymph nodes peak in size in otherwise healthy children by 4–7 years 
of age. However, it is important for clinicians who may care predominantly for 
adults to be cognizant of this. In contrast to the shotty lymph nodes that can be 
appreciated in asymptomatic children, children with NTM lymphadenitis present 
with a slowly enlarging, often painless lymph node in the cervicofacial chain. 
Usually, a single node is involved, and the most common location is submandibular 
but can occur in any anatomic location in the head or neck. Preauricular involve-
ment is particularly difficult because of the proximity to the facial nerve. Children 
usually lack fever or constitutional symptoms. Children may present for subspe-
cialty (including surgical) care after the adenopathy has failed to respond to anti-
staphylococcal or antistreptococcal antibiotics. The overlying skin may develop 
violaceous discoloration (Fig.  1). Over time, the nodes increase in size, become 
tethered to the overlying skin, and become fluctuant. It is the latter two features that 
are commonly seen before the development of a fistulous sinus tract (Fig. 2). Once 

Table 2 Differentiation of nontuberculous mycobacteria (NTM) from tuberculous lymphadenitis

Characteristic TB NTM

Age School aged or adolescent Toddler or preschool aged
Born in high TB prevalence nation Yes No
Contact with adult with TB Sometimes Rarely
Abnormal CXR Up to 50% of cases Rarely
TST size >10 mm Almost all cases Up to 50% of cases
Positive TST in family members Common Rare
IGRA result Often positive Rarely positivea

Adapted in part from [3]
CXR chest radiograph, TB tuberculosis, TST tuberculin skin test
aExceptions: M. bovis, M. flavescens, M. kansasii, M. marinum, and M. szulgai
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a b

Fig. 1 (a) right preauricular and submandibular lymphadenitis, with formation of a fistulous sinus 
tract over the latter node and fluctuance over the preauricular node. (b) right submandibular lymph-
adenitis with a small draining central fistulous sinus tract

Fig. 2 Fistulous sinus 
tract caused by 
nontuberculous 
mycobacterial 
lymphadenitis. This child 
has had the development of 
several fistulous tracts as 
her NTM nodes eroded 
outward. The lesions 
initially were fluctuant and 
then became adherent to 
the overlying skin prior to 
development of the tract
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a sinus tract develops, purulent material may continuously or intermittently drain 
from the site for weeks or months.

A special case is the child with ipsilateral axillary lymphadenitis following bac-
ille Calmette-Guérin (BCG) administration. BCG can cause a painless bulky axil-
lary lymphadenitis that can occasionally suppurate. This can occur up to 2 years 
following immunization. Lymphadenitis is estimated to occur in <1/1000 children 
who receive the BCG vaccine. There are reports of increased cases of lymphadenitis 
in some countries after a shift to a new strain of the vaccine (Danish 1331 strain) [5]. 
BCG-related lymphadenitis almost always resolves without treatment in immuno-
competent children if suppuration has not occurred. Information on BCG vaccine 
coverage, the number of doses utilized, and the most common BCG strains used in 
different countries are available online [6].

 Diagnosis

The diagnostic evaluation for a child with suspected NTM lymphadenitis should 
include a chest radiograph (frontal and lateral) to evaluate for intrathoracic lymph-
adenopathy that can be seen with tuberculosis or malignancy. As hematologic 
malignancies are on the differential diagnosis of subacute to chronic lymphadenitis, 
obtaining a complete blood count and peripheral smear is reasonable if the child has 
constitutional symptoms or disseminated lymphadenopathy.

Tests for TB infection, either tuberculin skin tests (TSTs) or interferon-gamma 
release assays (IGRAs), are often performed as part of the evaluation of lymphade-
nopathy. TST induration can exceed 15 mm in up to 60% of children with NTM 
lymphadenitis [7], including children with culture-confirmed MAC. Consequently, 
a large TST induration result per se does not rule out NTM infection, nor does a 
negative TST result exclude it. IGRAs can help differentiate TB lymphadenitis from 
NTM, as IGRAs are far more specific than TSTs. However, it is important for clini-
cians to be aware that several NTM species can yield positive IGRA results. These 
include M. bovis (disease, rather than BCG immunization), M. flavescens, 
M.  kansasii, M. marinum, and M. szulgai.

Imaging findings overlap considerably with lymphadenopathy caused by other 
pathogens. Ultrasound can demonstrate decreased echogenicity, necrosis, matted 
nodes, and soft tissue edema adjacent to the node(s) [8]. Computed tomography 
(CT) findings – with intravenous contrast – include asymmetric lymphadenopathy 
with necrotic, ring-enhancing masses that can involve the subcutaneous fat and skin 
(Fig. 3). Punctate calcifications can be seen. Unlike lymphadenitis caused by pyo-
genic bacteria, fat stranding is unusual [9]. While imaging often does not help with 
the medical management of NTM lymphadenitis, it is useful if surgical intervention 
is being considered.

If a tissue diagnosis is sought (either by fine needle aspiration (FNA) or exci-
sional biopsy), tissue or purulent material should be sent in a syringe or in sterile 
container to the laboratory. Purulent material should not be sent on swabs, as this 
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will decrease the culture yield. For lymph nodes not amenable to surgical resection 
(e.g., due to proximity to the facial nerve or nodes that would require a radical neck 
dissection), microbiologic diagnosis may be feasible through an FNA. If sufficient 
fluid is aspirated, cultures are positive in up to one-half of cases [10] with a minimal 
risk of creating a draining sinus tract. Fluid or tissue should be sent for acid-fast 
stain and culture, histopathology (and flow cytometry if malignancy is suspected), 
and fungal and routine bacterial cultures. Diagnostic findings are described in 
Table 3.

 Treatment

Treatment of NTM lymphadenitis is controversial (Tables 4 and 5). Observation 
alone may be a very appropriate option for children with lymph nodes in locations 
where resection may be difficult (e.g., preauricular nodes adjacent to the facial 
nerve). While combination of medical and surgical therapy is often utilized, several 
studies have indicated that time to symptom resolution and cosmetic outcome are no 
different in children who receive only antibiotics compared to those who do receive 
combined medical and surgical management [11–13]. Most children had resolution 
within 6 months, and all children who received no antibiotic or surgical therapy had 

Fig. 3 Computed 
tomography findings in a 
toddler with right-sided 
nontuberculous 
mycobacterial cervical 
lymphadenitis. This toddler 
had several right-sided 
anterior nodes that were 
enlarged. The central 
portion of the nodes 
appears hypoechoic, and 
there is only minimal 
edema in the adjacent fat
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resolution by 12 months [13]. However, the long duration of symptoms may make 
the observation-only approach not palatable for some families.

The American Academy of Pediatrics (AAP), the American Thoracic Society 
(ATS), and the Infectious Diseases Society of America (IDSA) recommend an exci-
sional biopsy when feasible. Several studies indicate the superiority of surgical ver-
sus medical management of NTM lymphadenitis in terms of time to symptom 
resolution and cosmesis [14, 15]. Curettage of nodes may be an alternative if com-
plete excision is not possible (e.g., proximity to the facial nerve or very bulky nodes 
in which excision would entail a radical neck dissection). Feasibility of surgical 
excision can be limited in preauricular and submandibular nodes, which course very 
near the facial nerve. Transient facial nerve palsies have been noted in up to 30% of 

Table 3 Diagnostic yield of testing for suspected nontuberculous mycobacterial infectiona

Site Test Finding(s)

Lymph node AFB smear Positive in a minority of children
AFB culture 50–80% yield; can take more than 6 weeks for organisms to 

be speciated
MAC PCR Sensitivity of up to 75%; specificity is close to 100%
Histopathology Necrosis, granulomas, microabscesses

Pulmonary AFB smear Usually negative except in patients with CF
AFB culture Positive in a minority; may require invasive procedures

Skin/soft 
tissue

AFB smear Sensitivity <25%
AFB culture Sensitivity 40–50%, higher in tissue biopsy than in purulent 

material
Histopathology Granulomas, necrosis; neutrophilic predominance
M. lepraeb AFB smear sensitivity 20–90% by FNA

ELISA sensitivity ~ 50%
PCR sensitivity 70–90%

M. ulcerans AFB smear sensitivity up to 40%
Culture sensitivity 20–60% (can take 6–8 weeks to grow)
PCR sensitivity over 95%
Histopathology sensitivity ~ 90% (should be sent from edge 
of ulcer)

Disseminated AFB smear, 
tissue

Positive in less than 25% of children

AFB culture, 
blood

90% sensitivity for MAC; bacteremia may be intermittent 
and low grade for other NTM species

Histopathology Poorly developed granulomas

AFB acid-fast bacilli CF cystic fibrosis, ELISA enzyme-linked immunosorbent assay, FNA fine 
needle aspirate, MAC Mycobacterium avium complex, PCR polymerase chain reaction
aSensitivity of all tests is based on the quality and quantity of the specimen, and higher sensitivity 
is reported for tissue submitted as part of excisional biopsy versus fine needle aspiration; sending 
swabs of draining lesions is suboptimal. Some NTM have very specific growth requirements (e.g., 
M. haemophilum requires iron-impregnated media), and since laboratory standards vary by coun-
try and laboratory, some of the apparent differences in epidemiology may be related to differences 
in laboratory protocols
bCultures are not usually attempted for M. leprae
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children in whom excisional biopsy for NTM is performed, and up to 5% may have 
permanent facial nerve paralysis [16]; facial nerve palsies are more common in 
children with submandibular or preauricular adenopathy. One important consider-
ation is to avoid incision and drainage of suspected NTM nodes, as this can result in 
creation of a draining sinus tract. The surgical management of NTM disease is dis-
cussed in more detail in chapter “Non-tuberculous Mycobacteria in Cystic Fibrosis”.

When complete surgical resection is not feasible and observation is not an attrac-
tive option for the family, antibiotic management can be initiated. It is important 
that, similar to TB, multidrug therapy begun to decrease the probability of selecting 
for drug-resistant organisms. As the most common isolate in the United States is 
MAC, empiric therapy can consist of a macrolide combined with either rifampin or 
ethambutol [17]. Early studies of NTM treatment included clarithromycin (15–
30 mg/kg/day in two divided doses; maximum dose, 500 mg/dose). However, the 
twice-daily treatment schedule and the poor taste of clarithromycin make azithro-
mycin (10 mg/kg/day as a single daily dose; maximum dose, 500 mg/dose) a poten-
tially better option. In addition, azithromycin is less likely to alter the metabolism 
with other antibiotics used to treat NTM species. The second drug is usually either 
rifampin (10–20 mg/kg/day as a single daily dose; maximum dose, 600 mg) or eth-
ambutol (15–25 mg/kg/day as a single daily dose; maximum dose, 1600 mg). It is 

Table 4 Antibiotic dosing for nontuberculous mycobacterial disease in children

Drug Class Antibiotic
Dosing in mg/kg/daya

[maximum daily dose]

Macrolides Azithromycin 10 [500 mg]
Clarithromycin 15–30 mg/kg/day divided BID [1 g/day]

Rifamycins Rifampin 10–20 [600 mg]
Rifabutin 10–20 [300 mg]

Aminoglycosides Amikacin 15 [1 g]
Streptomycin 15 [1 g]

Fluoroquinolones Ciprofloxacin 20–30 mg/kg/day divided BID [1.5 g/day]
Levofloxacin 0–5 years: 7.5–10 mg/kg BID [500 mg]

>5 years: 7.5–10 mg/kg [500 mg]
Moxifloxacin 10 [400 mg]

Carbapenems Imipenem 60–100 mg divided every 6–8 h [2–4 g]
Meropenem 60 mg/kg/day divided TID

Other Cefoxitin 80–160 divided every 6 h [12 g]
Clofazimine 1–2 [50 mg]
Dapsone 1–2 [100 mg]
Doxycycline 1–2 mg/kg/dose BID [200 mg]
Ethambutol 15–25 [varies by weight bracket]b

Isoniazid (INH) 10–15 [300 mg]
Linezolid < 10 years: 10 mg/kg/dose BID [600 mg]

≥ 10 years: 300 mg
aAll doses are single daily doses unless otherwise specified; the mg/kg dose for children often 
exceeds that of adults due to children metabolizing medications more rapidly
bSee Griffith et al. [17]
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important to find a dose that is feasible given the available formulations of medica-
tions (e.g., ethambutol, in the United States, is available in 100 mg and 400 mg 
tablets) [18]. In addition, providers need to realize that ethambutol can be very dif-
ficult to find at commercial pharmacies. For this reason, rifampin may be more 
commonly utilized. There have been no randomized controlled trials of different 
antibiotic regimens for NTM; all treatment outcome data have been anecdotal or 
from non-controlled case series. Therapy for other NTM species is described in 
Chapters 11, 12, and 13.

At times, it may not be clear if a child has NTM or tuberculous lymphadenitis. In 
this instance, one option is to start the child on a combined regimen to treat both, 
such as isoniazid (10–15 mg/kg/day in a single daily dose; maximum dose, 300 mg/
day), rifampin, ethambutol, and azithromycin. With this regimen, the child is receiv-
ing three drugs for TB (isoniazid, rifampin, and ethambutol) and three drugs for 

Table 5 Suggested empiric and definitive treatment regimens for children with nontuberculous 
mycobacterial disease caused by the most common nontuberculous mycobacterial species seen in 
the United States

Organism Site Most common regimen Usual duration (months)

MAC Lymphadenitis Macrolide + (RIF and/or EMB) Minimum 3–4
Pulmonary Macrolide + EMB + RIF 6–12 months
SSTI Macrolide + EMB + RIF 6–12
Disseminated Macrolide + EMB + rifabutin 6–12 months after 

immune restoration
M. abscessus Pulmonary Usually 3 drugs based on drug 

susceptibilitiesa

12 months [non-CF 
related]; antibiotics often 
cycled for several months 
in patients with CF

SSTI Macrolidea + (amikacin, cefoxitin, 
or imipenem)

4–6

M. fortuitum Pulmonary At least 2 drugs to which isolate 
has in vitro susceptibilityb

12 months after sputum 
conversion

SSTI At least 2 drugs to which isolate 
has in vitro susceptibilityb

4–6

M. kansasii Lymphadenitis INH + RIF + EMB 6–12
Pulmonary and 
disseminated

INH + RIF + EMB 12 months after sputum 
conversion

SSTI INH + RIF + EMB 6–12
M. marinum SSTI Macrolide + (EMB or RIF); 

osteomyelitis should be treated 
with all 3 agents

1–2 months after 
symptom resolution

EMB ethambutol, INH isoniazid, MAC Mycobacterium avium complex, RIF rifampin, SSTI skin/
soft tissue infection, CF cystic fibrosis
aA macrolide should always be used if the M. abscessus isolate is susceptible. However, two of the 
three subspecies (M. abscessus abscessus and M. a. bolletii) have inducible macrolide resistance. 
Other commonly used drugs, depending on drug susceptibility testing, include amikacin, imipe-
nem, cefoxitin, tigecycline, linezolid, and minocycline
bM. fortuitum isolates usually are susceptible to amikacin, carbapenems, fluoroquinolones, macro-
lides, and sulphonamides
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most NTM species that cause lymphadenitis (azithromycin, rifampin, and ethambu-
tol). In young children, adding an additional drug (such as pyrazinamide, PZA) can 
result in medication intolerance simply due to the volume of medication required, 
rather than due to adverse effects. In older children, PZA (30–40 mg/kg/day as a 
single daily dose; maximum dose, 2 grams) should be added, as MTB is more com-
mon than NTM species in the school-aged child and adolescent. Of note, M. bovis 
is inherently resistant to PZA, requiring longer courses of therapy.

The optimal duration of therapy is unknown; a 3–6-month course of therapy 
results in symptom resolution in most children. It is important for clinicians to dis-
tinguish between scar tissue and lymphatic tissue, as well as to warn parents that 
symptom progression (including fistula formation) can occur even when children 
are receiving effective antibiotic therapy. Immunocompetent children with isolated 
lymphadenitis in whom complete surgical excision is performed do not require anti-
biotic therapy.

A recent systemic review found no benefit in using TB medications to treat BCG 
lymphadenitis [19]. Needle aspiration of fluctuant nodes can result in more rapid 
symptom resolution [20]. Excision of suppurative nodes is of unclear benefit. 
Nonsuppurative nodes usually resolve without medical or surgical intervention.

 Pulmonary Disease

 Epidemiology

Isolated pulmonary infection caused by NTM is rare in immunocompetent chil-
dren, and several problems impede its epidemiologic description [1]. The infection 
is rarely fatal, so mortality statistics are not helpful. NTM infections are not cov-
ered by mandatory reporting, and smaller laboratories often do not refer isolates to 
references laboratories for identification and drug susceptibility testing. Most 
importantly, isolating a NTM organism from respiratory samples, especially gas-
tric aspirates and induced sputum, is not sufficient to establish a diagnosis of pul-
monary disease. Distinguishing among saprophytes, colonizers, and true pathogens 
requires clinical correlation not available from just laboratory reports. Pseudo-
outbreaks of respiratory tract colonization caused by various NTM species have 
been associated with contaminated ice machines, contaminated bronchoscopes and 
bronchoscopy supplies, showers, potable water supplies, infected laboratory sup-
plies, contamination of topical anesthesia agents, and tap water in hospitals. 
Isolation of the same NTM species from bronchoscopy samples from two or more 
children in a short time period should prompt an investigation to determine possi-
ble sources of contamination.

While many adults with NTM pulmonary infection have preexisting lung disease 
of some kind, the majority of children described with pulmonary NTM infection 
have not had previous lung disease [2, 21]. In these previously normal children, the 
most common species to cause pulmonary infection have been MAC, Mycobacterium 
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kansasii, a rapidly growing mycobacterium and other rare species that cause disease 
that mimics pulmonary tuberculosis [22]. Anatomic malformations of the lung may 
predispose to NTM infection with unusual species [23].

An increasing proportion of NTM pulmonary disease in children occurs among 
those with certain immunologic abnormalities, either as isolated pulmonary disease 
but, more commonly, as part of a disseminated infection [24] (Table 1). These condi-
tions include advanced HIV infection (usually with a CD4+ count of less than 50 per 
mm3), leukemia and other malignancies, and after organ transplantation [25]. Several 
mutations cause Mendelian susceptibility to mycobacterial diseases (MSMD). Most 
of the known defects are involved with interferon-γ signaling [26–29].

Various NTM species have been isolated from the respiratory secretions of chil-
dren with cystic fibrosis (CF) [30]. The chronic, suppurative lung disease present in 
patients with long-standing CF provides an ideal environment for NTM. Malnutrition, 
diabetes mellitus, and frequent use of corticosteroids and antibiotics are risk factors 
for NTM infections in patients with CF. It is often difficult to compare the various 
reports and analyses of case series because the methods of ascertainment, culture 
methods, and definitions of colonization and disease have differed widely [31]. The 
reported prevalence of NTM isolation has varied widely among pediatric CF cen-
ters, from highs above 30% of patients to lows of 3%, with most centers reporting 
10–15% [32]. In addition, it is difficult to apply the diagnostic criteria of the ATS/
IDSA guidelines to this patient population [17]. The rate of isolation of NTM 
increases as the children become older, but isolation from younger CF patients is 
not uncommon. It is often difficult to assess the role of the NTM in individual 
patients because they tend to already have severe and progressive underlying pul-
monary disease. In some patients the initial isolate of NTM from the sputum or a 
bronchoscopy specimen may be associated with a worsening clinical and radio-
graphic course; however, in other CF patients, the presence of NTM in the sputum 
may be an incidental finding not associated with clinical deterioration. Historically, 
MAC was isolated most frequently, but M. kansasii, Mycobacterium gordonae, and 
the rapid growers also are encountered.

Special mention must be made of Mycobacterium abscessus complex (com-
prised of M. a. abscessus, M. a. bolletii, and M. a. massiliense), which is causing an 
increasing number and severity of NTM pulmonary infections in many CF centers. 
Its appearance in the sputum is often accompanied by a deteriorating clinical course. 
While it is accepted that most NTM are not transmitted between patients, this issue 
is controversial when considering the M. abscessus complex. In at least one center, 
whole genome sequencing of M. abscessus complex isolates did not demonstrate 
clustering [33]. However, in several centers, whole genome sequencing of M. absces-
sus complex isolates has demonstrated clustering among CF patients; as no environ-
mental source for the organism could be found, it has been suggested that 
person-to-person transmission likely occurred [34]. A more extensive analysis of 
isolates from geographically diverse CF centers has suggested that many M. absces-
sus complex isolates may be acquired through human transmission, potentially via 
fomites and aerosols, and that recently emerged dominant circulating clones have 
spread globally [35].

Nontuberculous Mycobacterial Disease in Pediatric Populations



450

 Clinical Presentation

The clinical manifestations of NTM pulmonary infections in children depend on the 
species involved and the presence of underlying conditions in the child. This section 
will present the most common manifestations of pulmonary NTM infection in 
immunocompetent hosts and then will present special considerations in patients 
with immunocompromise and patients with CF.

The vast majority of children diagnosed with M. avium complex lung infection 
have been under 5 years of age and have been immunocompetent with no underly-
ing anatomic or physiologic pulmonary abnormalities [36, 37]. The most common 
clinical and radiographic patterns have been similar to those in children with tuber-
culosis [38]. Some children with pulmonary NTM infection have been initially mis-
diagnosed as having pulmonary tuberculosis but were further investigated because 
of unusual clinical or radiographic findings or failure to respond to standard tuber-
culosis chemotherapy [39]. Most affected children have come to clinical attention 
because of fairly mild but persistent symptoms including cough and low-grade 
fever; severe systemic signs or symptoms such as high fever, night sweats, and sig-
nificant weight loss have been rare [40, 41]. Localized wheezing has been noted 
occasionally and the diagnosis of aspirated foreign body considered; this is more 
common with endobronchial involvement [42, 43]. Rare children with NTM lung 
abscess may have more severe manifestations including high fever, respiratory dis-
tress, and signs of sepsis [44].

The most common radiographic presentation of M. avium complex pulmonary 
disease in children has been enlargement of the hilar or mediastinal lymph nodes, 
sometimes with accompanying distal atelectasis [45]. Occasionally the lymph node 
enlargement is so great that the presentation is a mediastinal mass [46]. Some chil-
dren have experienced repeated episodes of fever and cough, interpreted as recur-
rent pneumonia or bronchitis. These children tend to have more extensive 
radiographic involvement that is likely due to partial or complete obstruction of a 
bronchus caused by an enlarged lymph node and/or endobronchial lesion [47]. 
Several reported children have had acute onset of pneumonia with extensive pulmo-
nary infiltrates in one or several lobes, with a subsequent prolonged chronic course. 
Involvement of the pleura is exceedingly rare, and a miliary-like picture has not 
been described.

Several reported children with M. avium complex pulmonary disease have under-
gone bronchoscopy, which has demonstrated granulation tissue within one of the 
bronchi. Narrowing of the bronchus because of external compression from an 
enlarged lymph node can be seen occasionally. It is often the culture of this endo-
bronchial material that leads to the isolation of the M. avium complex organism. 
Histologic examination of this tissue usually reveals caseating granulomas or non-
specific chronic inflammation.

While many cases of M. kansasii pulmonary infection in adults occur in indi-
viduals with underlying pulmonary disease, most of the reported children and ado-
lescents diagnosed with this infection have been previously normal. In the United 
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States, this organism occurs mainly in the Midwestern and Southwestern states, 
especially in Texas. The disease is often clinically similar to tuberculosis. The most 
common signs and symptoms are cough, mild weight loss, and low-grade fevers. 
Adolescent patients may experience chest pain or hemoptysis, but these are rare in 
younger children, who usually experience milder illness. The typical radiographic 
findings in adolescent patients are similar to those with pulmonary tuberculosis. 
Most pulmonary findings are in the apical regions, but abnormalities may be found 
throughout the lungs. About 40% of adolescents have bilateral disease. About one- 
half of these patients have lung cavitation with or without fibrosis. Pleural scarring 
and nonspecific pulmonary infiltrates are common. Adenopathy is rare and pleural 
effusion is exceedingly rare. In contrast, in the few reported cases in young children, 
the radiographic findings have mimicked those of childhood tuberculosis. 
Intrathoracic adenopathy is usually present and may lead to collapse-consolidation 
lesions. Calcification of lymph nodes occurs commonly. It is likely that some cases 
of disease in young children caused by M. kansasii are misdiagnosed as tuberculosis 
because of an inability to isolate the offending organism, the similarity of the radio-
graphic and clinical presentations, the positivity of both the tuberculin skin test and 
the interferon-gamma release assays with both infections, and the good response of 
M. kansasii to standard tuberculosis chemotherapy.

Reports of pulmonary disease caused by other NTM in otherwise normal chil-
dren are exceedingly rare [36, 37, 48]. The most common presenting symptom of 
pulmonary disease caused by a rapidly growing mycobacterium is usually chronic 
cough, and significant systemic signs and symptoms are usually absent. The young 
child may have intrathoracic adenopathy or a reticulonodular appearance to the 
lungs. Pulmonary disease in children caused by other mycobacteria such as 
Mycobacterium xenopi, Mycobacterium malmoense, and Mycobacterium szulgai is 
either exceedingly rare or is not detected because of difficulties isolating the organ-
ism from children. In the few existing case reports, the clinical and radiographic 
presentations in children have been similar to that of tuberculosis.

It appears that the prevalence of disease caused by NTM is increasing in patients 
with CF. One fundamental problem when a NTM is found in the sputum of a patient 
with CF is determining the difference between colonization and true disease [30]. 
The American Thoracic Society and Infectious Disease Society of America have 
published guidelines for the diagnosis of NTM disease [17]. For individuals without 
cavitary lesions on chest radiography, the criteria include (1) two or more sputum 
smears being acid-fast stain positive and/or resulting in moderate to heavy growth 
on culture of the same NTM species, (2) failure of the sputum cultures to convert to 
negative with either bronchial hygiene or 2 weeks of antimicrobial therapy, and (3) 
the exclusion of other reasonable causes of pulmonary disease. Unfortunately, these 
basic guidelines fail to differentiate among NTM species and are difficult to apply 
to CF patients with extensive underlying and progressive pulmonary disease. The 
signs and symptoms that often differentiate NTM colonization from infection in the 
healthy host include productive cough, dyspnea, hemoptysis, malaise, and fatigue, 
which are often present for the child with CF without NTM infection. Thus, in the 
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child with CF, clinical indicators of tissue damage cannot adequately differentiate 
between NTM colonization and disease.

The signs and symptoms of NTM disease in children with CF are usually non-
specific. Many patients experience an increase in productive cough, weight loss, 
low-grade fevers, and night sweats that cannot be explained by other pathogens 
associated with CF. The incidence of hemoptysis seems to be the same in patients 
with CF with and without NTM disease. Many patients will experience deteriora-
tion of pulmonary function test results (decline in forced expiratory volume in the 
first second of expiration – FEV1) in association with the new onset of NTM in the 
sputum. Patients who have a positive acid-fast stain of the sputum, indicating a 
higher bacterial load, are more likely to have NTM disease as are those who dem-
onstrate progression by high-resolution CT scan of typical findings associated with 
NTM disease, such as cavitary disease, subsegmental parenchymal consolidation, 
atelectasis, nodules, and tree and bud opacities [32, 49].

 Diagnosis

The diagnosis of NTM pulmonary disease in an immunocompetent child is often 
exceedingly difficult. In general, the ATS/IDSA guidelines for diagnosing pulmo-
nary NTM infection [17] should be used, but this likely will result in missed diag-
noses in young children. Nonspecific laboratory tests such as blood counts, 
inflammatory markers, urinalysis, and serum chemistry tests are usually normal in 
children and adolescents with NTM pulmonary disease. The key to diagnosis is usu-
ally a high index of suspicion based on epidemiologic factors and the clinical and 
radiographic presentation. Affected children are often suspected clinically of having 
pulmonary tuberculosis but lack epidemiologic risk factors for that disease. The 
tuberculin skin testing (TST) has been useful in some cases. Infections caused by 
the M. avium complex organisms commonly are associated with reactions of 
0–10 mm, but larger reactions occur occasionally. Other species of NTM that cause 
pulmonary infections – M. kansasii and M. szulgai – can cause large TST reactions 
and positive interferon-gamma release assay results. Of course, similar results can 
be seen with pulmonary tuberculosis. Investigation of adults in the child’s environ-
ment may be helpful in determining if a positive reaction in these tests is being 
caused by Mycobacterium tuberculosis complex or one of the NTM.

Acid-fast stains of appropriate respiratory specimens or tissues may give an early 
clue to the presence of NTM infection, but the number of NTM causing disease is 
usually small, and acid-fast stains of fluids and tissues are frequently negative when 
the disease is present. When pulmonary involvement is part of disseminated disease, 
acid-fast stain and mycobacterial culture of blood and urine and any other affected 
fluid or tissue should be obtained. Similarly, histologic examination of tissue is 
helpful when classic granulomatous changes are seen, but many NTM infections in 
immunocompetent hosts cause only nonspecific acute and/or chronic inflammation 
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without granulomas. Unfortunately, many species of NTM can be isolated from the 
oral and gastric secretions of healthy children. Repeated isolation of the organism 
from the sputum or a single isolation from a bronchoscopy specimen in association 
with an abnormal chest radiograph is suggestive but not necessarily diagnostic of 
significant disease. Five clinical facts have been found useful in distinguishing 
NTM colonization from disease: (1) the amount of growth usually increases with 
disease; (2) repeated isolation of the same organism is associated with invasive dis-
ease; (3) a site of origin from a closed anatomic site is more significant; (4) the 
species is usually a pathogen; and (5) the host has risk factors for NTM disease. 
Disease in the respiratory tract in adults is usually associated with moderate to 
heavy growth of NTM, but light growth in specimens from children often indicate 
invasive disease. Many reported children with intrathoracic NTM disease have 
required biopsy of lymph nodes with appropriate culture and histologic examination 
to determine the diagnosis.

 Treatment

Pulmonary infections caused by NTM in young immunocompetent children are 
often similar in clinical and radiographic presentation to tuberculosis. In general, 
until a NTM is proven as the cause of the disease, initial therapy is directed at M. 
tuberculosis; this is particularly important for infants and toddlers and immunocom-
promised children of any age for whom untreated pulmonary tuberculosis can have 
grave consequences. Fortunately, the clinical progression of most NTM pulmonary 
infections is slow enough that a period of several weeks to months of treatment 
directed at tuberculosis will not have a significant deleterious effect on the outcome 
of the NTM infection.

Determining the infecting species of NTM is critical for directing chemotherapy. 
Unfortunately, there have been no published clinical trials of different regimens for 
treating any of the NTM species in immunocompetent or immunocompromised 
children with lung disease. In general, the principles and drug regimens used to treat 
adults with NTM pulmonary infections are also used in children and adolescents 
(see chapters “Nontuberculous Mycobacterial Disease Management Principles and 
Nontuberculous Mycobacterial Disease in Pediatric Populations”). However, com-
pared with immunocompetent children with pulmonary NTM infection, adults tend 
to have more extensive NTM disease with a larger burden of organisms and underly-
ing pulmonary disease. Regimens that are effective in adults are highly likely to be 
effective in children, but many children may require shorter durations and, occa-
sionally, fewer drugs.

There are no published guidelines and little clinical experience about the need 
for resectional lung surgery in children with pulmonary NTM disease. In several 
case reports, excision of endobronchial lesions or large intrathoracic lymph nodes 
has been undertaken for both diagnostic and therapeutic reasons (as when extensive 
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bronchial obstruction with severe symptoms has occurred), but resection of lung 
parenchyma has been performed exceedingly rarely and does not appear to be 
necessary.

One controversial area is lung transplantation for children with CF who also have 
lung infection with M. abscessus complex. While some centers will not consider 
transplantation in these patients, other centers have had moderate to good success 
with posttransplant survival up to 80% using aggressive antimicrobial therapy 
before and after transplantation [50, 51].

 Skin and Soft Tissue Infections (SSTIs)

 Epidemiology

The most common NTM species associated with SSTIs in immunocompetent chil-
dren are described in Table 1. While skin involvement can be seen as part of dis-
seminated disease, it is most frequently observed in previously healthy children in 
whom the portal of entry was penetrating trauma. This trauma can include 
innocuous- appearing abrasions when children are in contact with water sources. 
The classic NTM species associated with SSTIs is M. marinum. This endemic fish 
pathogen has been most commonly reported after children are in contact with fish 
tanks, fish or shellfish, and bodies of water [52]. While chlorination has reduced 
the incidence of M. marinum in industrialized nations, outbreaks have been 
reported from taro farmers in Micronesia who farmed in water-filled World War III 
bomb craters [53].

NTM infections can follow a child stepping on a sharp object but can also include 
older patients obtaining body piercings or tattoos or young children in whom tym-
panostomy tubes are placed [54]. Disease caused by penetrating trauma is most 
associated with the rapidly growing mycobacterial (RGM) species (M. abscessus, 
M. chelonae, and M. fortuitum). Patients may be predisposed to these deeper infec-
tions if open fractures are irrigated with tap water, rather than sterile water. Children 
with central venous catheters (CVCs) should not let the end of the catheter contact 
tap water. In contrast to disseminated NTM disease, identification of an NTM SSTI 
should not automatically prompt an automatic evaluation for a primary or secondary 
immunodeficiency. However, SSTIs may also be the first manifestation of dissemi-
nated disease in immunocompromised patients.

Two NTMs that are infrequently seen in the United States are worth special 
mention; both have incubation periods of several years. M. leprae, the causative 
agent of leprosy, is most common in Southeast Asia, and India accounts for almost 
60% of all leprosy cases [55]. While skin-to-skin contact can result in transmis-
sion, discharge of bacilli from nasal mucosa is now thought to be a more important 
route of transmission. M. ulcerans, the species causing Buruli ulcer disease, is 
most common in tropical areas, with the largest number of cases reported from 
West Africa. This bacterium is spread through contact with water; person-to-per-
son transmission is rare.

A. T. Cruz and J. R. Starke



455

 Clinical Presentation

NTM SSTIs can have protean manifestations, and there is no one dermatologic 
 finding that is pathognomonic. One way to think of the findings is to think of “a 
bump you can feel, a wart that won’t peel, an ulcer that won’t heal” (Fig. 4). Findings 
can include folliculitis or furunculosis (e.g., after exposure in a hot tub), as well as 
papules, nodules, or verrucous lesions (Fig. 5). The lesions, usually painless, often 

Fig. 4 A verrucous lesion 
caused by Mycobacterium 
marinum. This lesion over 
the knee was seen in an 
adolescent who was 
kneeling in water while 
boating. The verrucous 
lesion is painless and has 
central ulceration with 
surrounding satellite 
lesions

a b

Fig. 5 Cutaneous Mycobacterium abscessus infection on the face of an immunocompetent ado-
lescent. The raised, nontender, erythematous, verrucous lesions with some ulceration are noted in 
this 12-year-old girl prior to initiation of therapy (a) and after 3 months of multidrug therapy (b)
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start as indolent, indurated regions and progress to ulcerations [56]. Constitutional 
symptoms and regional lymphadenopathy are uncommon. Penetrating trauma, 
including open fractures, can result in subacute or chronic osteomyelitis or pyomyo-
sitis. One diagnostic clue is that the child will not have a response to the usual 
antibiotics used to treat pyogenic SSTIs.

The dreaded complication of M. marinum infection is tenosynovitis. Kanavel’s 
signs are the symptoms found in patient with tenosynovitis of the flexor tendons of 
the hand. Patients hold the affected finger(s) in flexion, there is swelling and pain 
over the affected tendon, and pain is worsened with passive extension of the fingers. 
M. marinum can also cause septic arthritis, osteomyelitis, or lesions that spread in a 
centripetal pattern, mimicking sporotrichosis (Fig. 6). M. marinum lesions are more 
common on the fingers and hands.

There are several forms of leprosy, divided into paucibacillary (≤5 skin lesions) 
and multibacillary forms. The first symptom often is a hypoesthetic area on the skin; 
this can be seen prior to any dermatologic manifestations being evident. Macules or 
plaques then develop and peripheral neuropathy symptoms become more evident. 
The number of lesions and presence of satellite lesions vary based upon the type of 
leprosy.

Buruli ulcer lesions are classified based upon size (<5 cm, 5–15 cm, >15 cm) and 
whether lesions are localized (often at the site of antecedent trauma) or dissemi-
nated. Similar to other NTM lesions, the morphology of skin findings varies from 
papules and plaques to nodules and ulcers. Deeper infection can occur, with both 
contiguous and metastatic osteomyelitis being described. HIV infection has been 
associated with more aggressive forms of Buruli ulcer disease [57].

Fig. 6 Forearm lesions in a lymphatic distribution caused by Mycobacterium marinum. These 
nodular lesions began distally on the left arm of this toddler and progressed proximally in a pattern 
that mimics sporotrichosis
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 Diagnosis

Tissue biopsy is the most sensitive source from which to obtain cultures (Table 3) 
[58]. Sensitivity of drainage material is lower, particularly if the specimens were 
obtained by swabs. Some species (e.g., M. fortuitum) can grow on routine culture 
media in addition to growing on Lowenstein-Jensen or other mycobacterial-specific 
media. It is important for clinicians to differentiate between true infection and con-
tamination. Several pseudo-outbreaks of NTM SSTI and other infections have been 
reported when laboratory water supplies contain NTM species [59]. Many NTM 
species (M. kansasii, M. simiae) are resistant to commonly used disinfecting agents, 
making laboratory contamination possible.

Surgical procedures often are necessary to diagnose M. marinum infections. In 
one case series, over one-third of patients had biopsy results lacking granulomatous 
inflammation and had negative acid-fast stains. Instead, biopsy findings can include 
necrosis, synovitis, or chronic inflammation [52]. Thus, the absence of necrotizing 
granulomas does not rule out M. marinum infection.

Leprosy is predominantly a clinical diagnosis and should be considered in 
endemic countries in any patient with peripheral neuropathy. The organism cannot 
be cultured, and smear yield is poor in persons unfamiliar with the techniques 
required. Skin testing is not recommended, and serologies are insensitive. PCR 
yield is excellent (Table 3). Similarly, Buruli ulcer disease is primarily diagnosed 
clinically. The organism is hard to grow in culture due to fastidious temperature 
requirements; consequently, PCR has become the modality of choice. Tissue should 
be obtained from the edge of the ulcer, not the center, and should include several 
skin layers.

 Treatment

Management of children with NTM SSTIs often involves combined medical and 
surgical therapy. Any indwelling foreign bodies (including CVCs) need to be 
removed, as many species form a biofilm that precludes organism eradication with 
the foreign body in situ. Surgical debridement is essential for serious localized dis-
ease, in order to debulk in addition to draining abscesses into which antibiotic pen-
etration would be poor.

Antibiotic therapy alone is not curative for NTM SSTIs (in contrast to NTM 
lymphadenitis), but antibiotics decrease time to symptom resolution [17] (Tables 
4 and 5). While therapy needs to be organism specific once speciation is avail-
able, an empiric regimen may consist of a macrolide in addition to one of the 
following antibiotics: a fluoroquinolone, doxycycline (for children ≥8 years of 
age), or trimethoprim- sulfamethoxazole. Parenteral therapy, often including an 
aminoglycoside (e.g., amikacin) and a carbapenem (e.g., meropenem), should be 

Nontuberculous Mycobacterial Disease in Pediatric Populations



458

considered for immunocompromised children or those with serious NTM SSTIs. 
Once speciation occurs, the child should be changed to a regimen containing at 
least two drugs to which the isolate is susceptible. As in  vitro susceptibilities 
correlate poorly with in vivo response, a change in antibiotics should be consid-
ered if a child does not demonstrate clinical improvement in 1–2 months. Details 
on the routine antibiotic susceptibilities and treatment of RGM species are 
described in chapter “Surgical Management of NTM Diseases”, and treatment of 
M. abscessus is reviewed in chapter “Management of Lung Diseases Associated 
with NTM Infection”.

M. marinum isolates usually are susceptible to rifamycins, ethambutol, macro-
lides, and sulphonamides. They are resistant to isoniazid and pyrazinamide, and 
many isolates are resistant to tetracyclines. ATS guidelines suggest treating with 
two active agents for 1–2 months following symptom resolution; this often results 
in a 3–4-month total treatment course [17]. The use of a third antibiotic may be 
considered for deeper infections. There are no comparative trials on which regimens 
may be most effective.

Therapy for leprosy is based on the burden of disease. Paucibacillary disease is 
usually treated for 6–12 months with a combination of rifampin (10–20 mg/kg/
day; maximum dose, 600  mg) and dapsone (1–2  mg/kg/day; maximum dose, 
100  mg). In contrast, multibacillary disease is treated for 12–24  months with 
rifampin, dapsone, and clofazimine (1 mg/kg/day; maximum dose, 50 mg) [60]. 
The WHO recommends treating Buruli ulcer disease with an 8-week course of 
rifampin (10 mg/kg; maximum dose, 600 mg) and an aminoglycoside, either ami-
kacin or streptomycin (15 mg/kg; maximum dose, 1 g) [61]. Monotherapy is never 
recommended for any NTM SSTI.

 Disseminated Disease (Including Mycobacteremia)

 Epidemiology

Disseminated NTM disease is very uncommon in immunocompetent hosts. Most 
cases occur in children with primary (e.g., Mendelian susceptibility to mycobac-
terial diseases (MSMD), interferon receptor, or interleukin-12 mutations) or 
acquired immunodeficiencies, including HIV infection. In the HIV-infected child, 
MAC used to be the most common pathogen after the CD4+ T cell count dropped 
below 50. However, with the advent and widespread implementation of highly 
active antiretroviral therapy (HAART), disseminated NTM has become increas-
ingly rare in HIV- infected children. Now, bacteremia can be caused by direct 
inoculation into central venous catheters (CVCs) [e.g., when CVCs are flushed 
with or come into contact with tap water] or from entry into the gastrointestinal 
and respiratory tracts. Conditions predisposing to disseminated NTM disease are 
listed in Table 1 [26, 28, 56].
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 Clinical Presentation

In contrast to children with NTM disease at other sites, children with disseminated 
NTM often present with constitutional symptoms, including fever, night sweats, 
myalgia, and weight loss or failure to gain weight. Abdominal pain and diarrhea 
may also be seen in the initial presentation, particularly in HIV-infected patients in 
whom the gastrointestinal tract was the portal of entry. Physical examination find-
ings reflect involvement of the reticuloendothelial system (generalized lymphade-
nopathy, hepatosplenomegaly) or of other affected sites (please see sections on 
lymphadenitis, pulmonary disease, and SSTIs). Isolated skin findings may be the 
first sign of disseminated disease. Unmasking immune reconstitution inflammatory 
syndrome (IRIS), in which NTM disease develops after immune system recovery, 
has been reported in a small percentage of HIV-infected patients in whom HAART 
was initiated. The main clinical presentations noted included peripheral and visceral 
lymphadenopathy and pulmonary infiltrates [62].

 Diagnosis

Commonly obtained laboratory findings are of minimal utility in children with dis-
seminated NTM disease. Imaging findings can include intrathoracic or mesenteric 
lymphadenopathy and pulmonary nodules. The diagnosis is made by isolation of 
an NTM species from sterile sites such as blood, bone marrow, or lymphatic tissue. 
In affected children with HIV infection, MAC is often isolated from the stool. M. 
tuberculosis PCR and culture should be performed to distinguish between dissemi-
nated TB and disseminated NTM disease. While blood cultures are positive in 
approximately 90% of children with disseminated MAC, mycobacteremia is low 
grade and more sporadic with other NTM species. As such, multiple mycobacterial 
blood cultures may be required to document bacteremia. Definitive diagnosis may 
require more invasive procedures, including biopsies of visceral nodes or bone 
marrow aspiration. This tissue may then be sent for histopathology in addition to 
acid- fast stain and culture. As most children with disseminated NTM are immuno-
compromised, well-developed granulomas may not be observed. AFB smears are 
positive in less than one-quarter of children. The diagnostic test yield for dissemi-
nated NTM is described in Table 3.

 Treatment

NTM bacteremia in children with indwelling CVCs should prompt immediate 
removal of the central line. There are some reports of CVC removal alone being 
sufficient to resolve the mycobacteremia [63]. However, antibiotic therapy (Tables 4 
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and 5) is often initiated as NTM bacteremia almost uniformly occurs in immuno-
compromised children in whom the potential for dissemination is high. Similar to 
TB, treatment of disseminated NTM is divided into initial and continuation phases. 
Empiric therapy should target MAC until speciation is known, unless the child has 
had other NTM species isolated previously. The cornerstone of therapy for MAC is 
a macrolide (either azithromycin or clarithromycin), to which ethambutol and a 
rifamycin are added. In HIV-infected patients, use of rifabutin decreases the risk of 
interaction with HAART. The value of rifabutin over rifampin in HIV-uninfected 
patients, where drug-drug interactions are less of a concern, is unclear. Addition of 
an aminoglycoside or a fluoroquinolone should be considered for children who 
develop disseminated MAC while receiving a macrolide for MAC prophylaxis, 
given concern for macrolide resistance. For children in whom macrolide resistance 
is not a concern, either the rifamycin or ethambutol can be stopped after 1–2 months 
and the child transitioned to two-drug therapy for a total of 6–12 months. Response 
to treatment can take several weeks to become evident, and treatment failure is 
defined by persistent mycobacteremia after 8–12 weeks of therapy. Fewer data exist 
about optimal therapeutic regimens for children with non-MAC disseminated 
mycobacteremia. Treatment courses for other NTM species causing disseminated 
disease are less well described. However, once speciation data are available, treat-
ment should be targeted for the species of mycobacteria isolated.

HIV-infected children with disseminated MAC should receive lifelong macro-
lide prophylaxis unless they are older (> 2 years of age), have completed at least 
12 months of MAC therapy and remain asymptomatic, and have had immune resto-
ration (≥ 6 months of CD4+ T cell count recover above age-specific target) on a 
stable HAART regimen [64].
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Non-tuberculous Mycobacteria  
in Cystic Fibrosis
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 Introduction

Cystic fibrosis (CF) is a systemic disease caused by autosomal recessive inheritance 
of defective genes that encode for cystic fibrosis transmembrane conductance regu-
lator (CFTR). Much is now known about the structure and function of CFTR and the 
clinical phenotypes associated with defective CFTR [1]. The pulmonary aspects are 
generally responsible for most of the morbidity and mortality associated with the 
disease. These are thought to relate to abnormal airway host defense, especially 
reduced mucociliary clearance and retention of airway secretions, leading to a cycle 
of chronic infection and neutrophilic inflammation of the airways and bronchiecta-
sis [2]. CF most commonly occurs in Caucasians (~1 in 2500 live births), although 
there is increasing recognition of the occurrence of CF in non-Caucasian or mixed 
ethnicities [3, 4]. The chronically inflamed, damaged lung in CF provides a rich 
milieu for chronic infection. Over time patients with cystic fibrosis generally 
become chronically infected with bacteria such as Pseudomonas, other pathogenic 
gram-negative organisms, and methicillin-resistant Staphylococcus aureus. Non- 
tuberculous mycobacteria (NTM) have been recognized for about 20 years as other 
important infecting organism in CF patients [5, 6].
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 Epidemiology

NTM were not commonly recognized in patients with CF prior to the 1990s prob-
ably due to multiple factors [7]. Early observations hypothesized that the emergence 
of NTM in CF patients is likely due to a combination of increased recognition of the 
role of NTM in the CF microbiome, the aging CF population (as survival improved) 
with more exposure time to environmental sources of NTM, and improved detection 
through better culture techniques of airway samples [8]. However, this increase in 
the prevalence of NTM in the CF population mirrors that of the general population 
where an increase in NTM infection was noted from 8.7 to 13.9 cases per 100,000 
from 2008 to 2013, with NTM observed in older patients compared with non-CF 
patients [9]. One of the first studies on this issue prospectively and rigorously exam-
ined sputum specimens from a large number (n = 986) of patients with CF at sepa-
rate institutions across the United States and found the prevalence of NTM to be 
13%, with a range of 7–24% depending on the location of the CF center. 
Mycobacterium avium complex (MAC) was the most commonly encountered NTM 
(72% of NTM isolates) followed by Mycobacterium abscessus (16% of NTM iso-
lates) [5]. A more recent study shows a 20% detection rate of pathogenic NTM in 
16,153 persons with CF from 2010-2014. Of the 20% with NTM, 61% had MAC 
isolated. MAC was three times more likely to be recovered in those who were older 
and had a lower weight [10]. That study, with its sister “nested cohort” study, both 
performed during the 1990s and published in 2003, launched what has become a 
very important issue in monitoring and treating patients with CF and also has a 
major impact on lung transplant candidacy for patients with advanced end-stage 
lung disease [6].

The prevalence of positive NTM cultures in patients with CF, and the individual 
species of NTM that tend to predominate, seems to relate to patient age (even to 
quite young patients) and geographic locale. A French study of a fairly large number 
of patients with CF under the age of 24 (n = 385, mean age 12) found mycobacterial 
colonization in 8% of patients. Notably, MAC was not isolated from any patient 
under 15 years of age, while Mycobacterium abscessus was quite prevalent, and 
recovered across all ages in the cohort. Mycobacterium gordonae was also common 
(18% of mycobacterium-positive isolates) [11]. Environmental factors likely play a 
role. Areas with higher environmental saturated vapor pressure seem to be associ-
ated with a higher prevalence of NTM infection in patients with CF (interestingly, 
high saturated water vapor pressure also seems to promote Pseudomonas coloniza-
tion). Possibly related to this, NTM have been found to cluster around certain geo-
graphic points in the United States. MAC is most common in the upper Midwest, 
West, and Southeast, and M. abscessus is found in the majority of positive NTM 
cultures in Louisiana, Nebraska, and Delaware [12]. A comparison of NTM culture- 
positive CF patients (n = 48) with non-infected controls (n = 85) showed a modest 
increase in risk of NTM infection in CF patients who participate in indoor swim-
ming, but the total number in the NTM infected group who participated in indoor 
swimming was low (19%). There was also no difference in the exposure to  municipal 
water sources via showering. The study concluded that common individual risk fac-
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tors outside of geographic locale need still to be identified [13]. In Scandinavian 
countries, where microbiologic screening begins between 6 and 10 years of age, the 
prevalence of CF patients with positive NTM cultures was found to be 11% over a 
12-year period. Much like the study from France, M. abscessus was found to be the 
predominant organism in younger patients, followed by MAC. In this cohort, MAC 
was again found in older patients (median age ~22) when compared to M. abscessus 
(median age ~17). An independent risk factor found in this patient population for 
the development of NTM colonization was diabetes [14]. In a patient population 
from Israel (age > 5 years old), where both M. abscessus and M. simiae were more 
commonly isolated than MAC, it was noted that CF patients with NTM colonization 
had significantly lower lung function (forced expiratory volume in 1  s; FEV1); 
spent more days in the hospital annually, with more antibiotic exposure; and had 
higher rates of Pseudomonas species and Aspergillus species compared to non- 
NTM colonized patients [15]. In contrast, in the United States where MAC is the 
most predominantly encountered NTM, colonization is often associated with older 
patients, preserved lung function, and Staphylococcus aureus coinfection and 
appears inversely related to colonization with Pseudomonas species [5]. However, 
patients that develop clinically active (treatment requiring) pulmonary infection 
with MAC generally develop NTM culture positivity at lower lung function levels, 
with a greater yearly decline in lung function than those who have only an intermit-
tent or persistent MAC colonization [16]. As an added complication, recent data 
suggests that common CF therapies may add to the risk of MAC infection. For 
example, NTM acquisition may be promoted by azithromycin by a mechanism 
involving reduced macrophage autophagy [17]. Given that azithromycin therapy 
has become standard in the preventive regimen for CF, this is an important issue for 
patients and CF teams to watch.

In general, NTM have been considered to be ubiquitous organisms that are 
acquired by humans from the environment, and not transferred from person-to- 
person [7]. M. abscessus is a hardy organism that can survive desiccation, undergo 
aerosolization, and may only require a small inoculum to cause infection. There 
are suggestions in the literature that M. abscessus may be capable of person-to-
person spread [18]. Studies on M. abscessus genomics propose international 
spread of M. abscessus that could be due to a cluster of clones that have spread 
globally [19]. Studies on MAC have failed to show any convincing person-to-per-
son transmission, but MAC transmission among patients from a common source is 
conceivable in concept, illustrating the general importance of fomite control in CF 
centers. It would seem prudent, therefore, to execute rigorous infection control in 
the form of contact precautions for all patients with CF in the clinic and hospital 
setting [20, 21].

In summary, the profile of patients with CF infected with NTM is variable world-
wide, and regional and global patterns of spread and infection are of increasing 
concern. In the clinic setting, dry surfaces, medical equipment, and providers’ hands 
can harbor infection such that a program of disinfection and infection control should 
probably be in place, to prevent transmission of pathogens, including NTM (even if 
the evidence is still emerging) and especially M. abscessus [22].
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 Pathogenesis

The pathogenesis of NTM infection in a cystic fibrosis patient consists of a complex 
interaction between the mycobacterium and the dysfunctional airway host defense 
milieu of the CF airway. Foremost is the inadequacy of mucous transport and reduced 
airway surface liquid volume. The prevailing hypothesis is that of dehydrated and 
inspissated mucous leading to reduced mucociliary transport of mucous from the 
distal airways which causes an enhanced environment for chronic macro- colonization 
of bacteria in static and remarkably nutrient-rich mucous plugs [23, 24]. Impaired 
mucociliary clearance is not the only lung defense mechanisms against bacterial col-
onization that is faulty in cystic fibrosis. Neutrophils are important components of the 
immune system’s initial response to the presence of bacteria. The dehydrated mucous 
makes neutrophil chemotaxis more difficult than it would be in better hydrated 
mucous. Viscous mucous is associated with decreased neutrophil uptake of bacteria 
and killing capacity [25]. Further, neutrophils that enter the airway in cystic fibrosis 
often have reduced killing capacity due to destruction of the CXCR1 chemokine 
receptor on the neutrophil surface by unopposed proteolysis in the airway [26]. The 
acidic microenvironment of the airway surface liquid in CF may play an inhibitory 
role to innate antimicrobial molecules [27]. Macrophages undergo apoptosis in the 
airway contributing their DNA to the mucoid sludge of CF, further promoting chronic 
infection. Taken together, these data support the notion that the abnormal milieu of 
the CF lung is an ideal environment for organisms such as NTM to flourish.

Non-tuberculous mycobacteria are resilient organisms that can survive in other-
wise “sterilized” environments such as water sources, which can escape immune 
response via biofilm, and have been shown to have the ability to survive within cul-
tured macrophages [28]. The enhanced ability for intracellular survival of NTM is 
likely magnified in the CF patient who is thought to be deficient in inducible nitric 
oxide synthetase and may have a suboptimal oxidative burst necessary to eradicate 
NTM [29, 30]. This effect may be promoted by co-colonizing bacteria and has been 
shown in studies on Pseudomonas and Burkholderia species [31]. Further, mouse 
models of infection with M. abscessus suggest that this particular species of NTM has 
the ability to induce a lethal, tumor necrosis factor alpha (TNFa)-driven inflammatory 
response in a murine model [32]. Indeed, the ability of NTM to evade, or at least 
engage in a war of attrition against, the innate immune system is likely magnified in 
the CF patient with poor airway clearance and cell-mediated killing. The ubiquitous 
and resilient nature of NTM combined with the inviting nature of the airway environ-
ment in CF acts in synergy to promote NTM colonization and overt infection.

 Clinical Features

If isolated, and suspected of causing “treatment-requiring” disease, NTM should be 
assessed across three facets of the condition: the clinical, the microbiological (see 
below), and radiologic. Also important is exclusion of other causes, which may 
cause challenges in CF, given the complex nature of the pulmonary phenotype and 
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coexistent infections, all of which may mimic active NTM infection. Patients with 
clinically significant NTM will usually demonstrate respiratory symptoms com-
prised of worsening cough, increased sputum production, dyspnea, and possibly 
hemoptysis. Patients may also complain of insidious onset of fever, chills, and/or 
night sweats, anorexia, and weight loss. Obviously, this spectrum of symptoms 
overlaps a good deal with those of a CF exacerbation, hence the need for a compre-
hensive overview. Chest radiography may show progression of chronic lung disease 
or findings consistent with NTM infection (nodular changes, tree-in-bud opacities, 
or cavitary disease), and spirometry may show worsening obstruction, with reduc-
tions in the forced expiratory volume in 1 s (FEV1). These overlap with CF lung 
disease signs and symptoms, generally, such that the presence of NTM after ade-
quate and aggressive treatment of other colonizing gram-negative and gram-positive 
bacteria (maximal airway clearance, adequate nutrition, control of other possible 
CF-related issues) should prompt the clinician to suspect clinically relevant NTM 
infection that may require targeted therapies [33].

 Detection and Diagnosis

The overall national prevalence of regular NTM screening among CF patients with 
acid-fast bacteria (AFB) smear and culture in the United States is estimated to be 
~50% [12]. The most recent recommendations for NTM screening come from a con-
sensus document jointly authored by the US Cystic Fibrosis Foundation and the 
European Cystic Fibrosis Society. This document recommends that patients who 
spontaneously produce sputum should have yearly smears and cultures performed to 
detect acid-fast bacteria. These guidelines also suggest that sputum should not be 
induced when evaluating for NTM and oropharyngeal swabs should not be employed 
[34]. Obviously, physician discretion in individual cases remains – the recommenda-
tions are the minimum, and for more complex patients, more frequent sampling, 
including induction of sputum samples, or bronchoscopic samples may be indicated.

Laboratory techniques have improved over the years – while initial efforts to 
culture mycobacteria from CF sputum samples were hindered by the overgrowth of 
Pseudomonas aeruginosa, since the development of decontamination processes, the 
yield and accuracy of AFB cultures have improved [35]. Sample decontamination is 
an important aspect of specimen preparation. Physicians are urged to develop a 
close liaison with their microbiologic and laboratory colleagues to ensure optimal 
interpretation of stain and culture results of airway samples.

As with non-CF bronchiectasis, the diagnosis of NTM infection in CF has tradi-
tionally followed the guidelines published by the now somewhat dated 2007 
American Thoracic Society/Infectious Disease Society of America document on 
diagnosis, treatment, and prevention of NTM. Microbiologic diagnosis of NTM 
infection is made by the presence of two or more sputum cultures positive for NTM, 
a bronchoalveolar lavage culture that is positive for NTM, or a lung biopsy (trans-
bronchial or otherwise) with NTM histopathologic features (granulomata or pres-
ence of AFB) and a positive AFB culture for NTM [7]. The advent of 
culture-independent molecular methods has been timely and should permit more 
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accurate detection of strains of NTM in CF patients – hopefully to ameliorate the 
problems that have plagued the interpretation of specimens, such as the aforemen-
tioned overgrowth by other bacteria. The techniques are still evolving, however, as 
initial assessment of a 16 s rRNA probes for the detection of NTM in CF sputum 
samples proved to be disappointing, possibly because of poor mycobacterial lysis 
during sample preparation. For example, one study assessed a modified lysis proto-
col for NTM identification; it was found that polymerase chain reaction (PCR) iden-
tified NTM in only 3 of 15 culture-positive samples and 16 s rRNA detection was 
successful in only 4 of 15 culture-positive samples using that institution’s standard 
sample preparation. After the investigators modified preparation protocol, NTM 
was accurately detected by PCR and 16S rRNA in 6 of 15 culture-positive samples 
and 8 of 15 culture-positive samples, respectively [36]. Further work on sample 
preparation protocols need to be undertaken before rRNA probes and DNA PCR 
can be employed to detect NTM in CF sputum. An attempt to employ a bovine 
enzyme-linked immuno-absorbent assay was studied in Scandinavia, which proved 
to be highly sensitive, but was hindered by a prohibitively high false-positive rate 
[37]. It appears that progress still needs to be made in culture-independent detection 
of NTM in CF. For the time being, annual smear and culture remain the most pru-
dent way to assess a CF patient for colonization of NTM.

CF patients who are found to persistently harbor NTM species in their airways 
on routine screening, or during exacerbations, need to be further assessed for the 
signs and symptoms of active NTM disease, especially if the number of organisms 
seems heavy (repeatedly strongly stain positive [3–4+ in our laboratory] with heavy 
culture growth). Most clinicians collect several serial samples of sputum over time, 
to assess the “burden” of infection as objectively as possible. These data, with, as 
noted above, persistent constitutional symptoms such as fever, chills, or night 
sweats, respiratory symptoms of cough with an increase in sputum production, and/
or hemoptysis, despite aggressive standard CF therapies should prompt the clinician 
to consider active “treatment-requiring” NTM infection more strongly. Clearly, 
radiographic findings that would be indicative of the presence of NTM add to the 
diagnostic algorithm for active disease [38]. Representative images (Figs. 1, 2, 3 
and 4) are included. The accuracy and interobserver agreement in the radiographic 
diagnosis of NTM disease has been studied in the comparison of chest CT scans 
between NTM infection, tuberculosis infection, and cystic fibrosis bronchiectasis. 
The presence of tree-in-bud opacities, consolidation, and atelectasis were associated 
with the diagnosis of NTM infection [39]. Thus, a patient with CF who is failing to 
thrive despite aggressive standard treatment including optimal airway clearance and 
who is persistently stain and culture positive for NTM with compatible radiologic 
changes, is likely to need treatment for their NTM.

 Treatment

As stated above, the consideration to treat NTM in the CF patient should ideally be 
made after other airway pathogens are addressed with standard CF care, including 
appropriate systemic antibiotics and airway clearance, and after the comorbidities 
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Fig. 1 Computed 
tomography (CT) 
cross-sectional image of 
the upper lung lobes from 
a patient with cystic 
fibrosis and MAC 
infection. These changes 
(retained airway secretions, 
dilated airways, and mucus 
plugging) might be 
considered to be the same 
as those of underlying CF

Fig. 2 CT cross-sectional 
image of the upper lung 
lobes from the same 
patient as Fig. 1 showing 
more pronounced changes 
(cystic cavitary changes 
especially) in the 
dependent areas of the 
right lower lung

Fig. 3 CT cross-sectional 
image of the upper lung 
lobes from a patient with 
cystic fibrosis and M. 
abscessus infection. The 
changes are severe, with 
widespread tree-in-bud, 
retained secretions and 
mucus plugging, and early 
cavitary/cystic 
abnormalities
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of CF are addressed and optimized (allergic bronchopulmonary aspergillosis, diabe-
tes and malnutrition, as examples) [33, 40]. Since the treatment schedules for any of 
the NTM are onerous, time-consuming, prolonged, and carry the risk of significant 
adverse events, the decision to treat is not trivial and should be discussed in detail 
ahead of time with the patient and his or her support system. The placement of long-
term indwelling intravenous catheters may be necessary, with all attendant possible 
complications, as well as the necessity for drug level monitoring. Some patients 
may simply be unable to handle the rigors of the possible therapies, and some nego-
tiation, for example, on the length of treatment, may be needed and is entirely rea-
sonable. For the purpose of this discussion, we will discuss treatment of MAC and 
M. abscessus separately.

 Treatment of MAC in Cystic Fibrosis

At the time of this writing, there is a paucity of randomized, controlled trials con-
cerning the treatment of MAC infection in HIV non-infected patients and none on 
the treatment of MAC in the CF patient. Treatment of CF patients with MAC infec-
tion is generally similar to that of patients without CF, with the exception that 
patients with CF have altered pharmacokinetics, and thus drug dosing, drug serum 
levels, and monitoring need extra attention [40].

Determining macrolide sensitivity is a critical first step prior to the initiation of 
treatment for MAC-associated pulmonary disease in CF. In macrolide-susceptible 
strains, therapy generally consists of a regimen containing a macrolide, a rifamy-
cin (usually rifampin), and ethambutol [7, 40]. Azithromycin can be considered 

Fig. 4 CT cross-sectional image of the upper lung lobes from a patient with cystic fibrosis and M. 
abscessus infection. While the changes are not as severe as those depicted in Fig. 3, there is a more 
pronounced cystic cavitary abnormality in the right lower lung and an early cystic change in the 
left lower lung
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the preferred macrolide (over clarithromycin) in the treatment of MAC in CF. Not 
only has azithromycin been shown to have other benefits in CF, pharmacokinetic 
and dynamic studies on MAC treatment regimens demonstrate azithromycin 
reaches a therapeutic serum concentration more reliably than does clarithromycin 
[41, 42].

Those with signs considered to be indicative of a high bacterial “burden,” includ-
ing those with systemic symptoms recalcitrant to standard CF treatments, strongly 
positive sputum smear, heavy growth on culture, and cavitary lung disease, may 
garner some benefit from the addition of intravenous amikacin or streptomycin to 
the aforementioned three-drug oral regimen [7, 40]. In practice, amikacin is more 
frequently used than streptomycin despite concerns for a moderate increase in oto-
toxicity. Amikacin via inhalation is one strategy that is frequently employed. Yet, 
when inhaled, there are concerns that the drug levels at the infected tissues might be 
lower than with intravenous administration. This is, however, a reasonable strategy 
during the consolidation phase of M. abscessus treatment as described later [40, 43]. 
One study assessed the role of inhaled liposomal amikacin in a small number of 
NTM infected patients considered to be refractory to standard treatment (15 with M. 
abscessus and 5 with MAC). Patients were administered inhaled amikacin and fol-
lowed for a median of 19 months, with 8/20 patients having at least 1 negative cul-
ture and 5/20 having persistently negative cultures. Unfortunately, seven patients 
stopped amikacin in this trial because of toxicity [44]. A larger trial assessed inhaled 
amikacin in 89 patients finding no statistically significant decrease in a semiquanti-
tative mycobacterial growth scale but did show a greater change of negative culture 
and improved 6-min walk distance in the treatment group [45]. Further study is 
needed into the use of inhaled amikacin for treatment of previously treatment- 
resistant NTM lung infection at this time.

Macrolide resistance due to acquired mutations (not the erm mutation of M. 
abscessus), usually from intentional or unintentional use of azithromycin mono-
therapy in a MAC-infected patient, can complicate the treatment of the pulmonary 
disease associated with MAC [38]. Second line of treatment of MAC in the CF 
infected is not well described. An intravenous aminoglycoside with a rifamycin and 
ethambutol is a reasonable alternative with the addition of other agent based on 
clinical experience, a complete list of which is provided in the 2007 ATS guidelines 
on the treatment on non-tuberculous mycobacteria, and more recently and very 
comprehensively in the NACF/ESCF guidelines [7, 40]. See Table 1 for treatment 
strategies of MAC lung disease in CF.

Recently, the anti-leprosy drug clofazimine has shown promise in treating pul-
monary MAC infections. In a three-drug regimen with ethambutol and a macrolide 
in which treatment was carried out for an average of 10 months, cultures became 
negative after treatment in 26/30 patients, while 20/30 patients continued to have 
negative cultures at the closing of the study [46]. Clofazimine is therefore an option 
added to the abovementioned regimen for treatment of macrolide-resistant strains of 
MAC [40]. As discussed below, surgery can be considered for localized, cavitary 
disease that is favorable to resection, although these cases are rare in the CF popula-
tion [40].
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 Treatment of Mycobacterium Abscessus in Cystic Fibrosis

Subspecies identification seems to be important in predicting the clinical outcome 
of patients who are treated for M. abscessus pulmonary involvement. Patients with 
the M. massiliense subspecies are more likely to have bacterial clearance with treat-
ment and develop less inducible resistance to clarithromycin than subspecies 
abscessus [47]. Juxtaposed to this is subspecies abscessus which universally pro-
duces a gene, erm, that leads to universal macrolide resistance in this particular 
organism [43].  Mycobacterium abscessus, unfortunately, can present with an 
unpredictable and broad resistance pattern. In the absence of firm evidence-based 
guidelines, treatment is expert opinion based. Most would consider that the treat-
ment of the infection be considered in phases. The initial “induction” phase, in 
concept, is an attempt to rapidly decrease the mycobacterial load and usually 
includes two intravenous antibiotics with favorable activity against the patient’s M. 
abscessus strain (usually IV amikacin, with choices of imipenem, cefoxitin, or 

Table 1 Suggested regimens for the treatment of MAC and M. abscessus

1. First-line treatment in macrolide- 
sensitive strains of MAC

1. Clarithromycin 500 mg twice daily or azithromycin 
500 mg once daily
And
2. Rifampin 600 mg once daily (450 mg once daily if 
less than 50 kg) or rifabutin 300 mg once daily 
(150 mg if taking CYP3A4 inhibitor or 450–600 mg if 
taking CYP3A4A inducer)
And
3. Ethambutol 15 mg/kg once daily
General recommendation is that treatment be 
continued for 12 months after sputum conversion to 
stain/culture negativity

2. Adjunctive treatment to consider in 
patients with smear-positive samples, 
cavitary lung disease on imaging, or 
signs of systemic illness

Treatment as above with the addition of one of the 
following to the initial phase (first 1–3 months) of 
treatment:
  1. Amikacin 10–30 mg/kg once daily
  Or
  2. Streptomycin 15 mg/kg (max 1000 mg) once 

daily
3. Second-line treatment of MAC 1. Rifampin 600 mg once daily (450 mg once daily if 

less than 50 kg) or rifabutin 300 mg once daily 
(150 mg if taking CYP3A4 inhibitor or 450–600 mg if 
taking CYP3A4A inducer)
And
2. Ethambutol 15 mg/kg once daily
And one of
3. Amikacin 10–30 mg once daily
Or
4. Moxifloxacin 400 mg once daily
Or
5. Clofazimine 50–100 mg daily
Treatment duration: similar recommendation as above

M. abscessus:

(continued)
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Table 1 (continued)

1. Initial “intensive”  phase Three months of two intravenous antibiotics with 
activity against M. abscessus and one or more oral 
medication
Two of
  1. Amikacin 10–30 mg once daily
  And/or
  2. Tigecycline 100 mg loading dose followed by 

50 mg once or twice daily
  And/or
  3. Imipenem 1 g twice daily
  And/or
  4. Cefoxitin 200 mg/kg/day divided into 3 doses 

(12 g/day maximum)
  With one or more of
  5. Linezolid 600 mg once or twice daily
  And/or
  6. Azithromycin 500 mg daily or clarithromycin 

500 mg once daily
  And/or
  7. Moxifloxacin 400 mg daily
  And/or
  8. Minocycline 100 mg twice daily
  And/or
  9. Clofazimine 50–100 mg daily
Duration of this phase is controversial, and patients 
with macrolide-resistant strains may require prolonged 
courses of IV antibiotics

2. Follow-up “continuation”  phase Continuation phase lasts and indeterminate amount of 
time and consists of 2–3 of the following, with 
possible continuation of IV antibiotics in resistant 
strains.
  1. Linezolid 600 mg once or twice daily
  And/or
  2. Azithromycin 500 mg daily or clarithromycin 

500 mg once daily
  And/or
  3. Moxifloxacin 400 mg daily
  And/or
  4. Minocycline 100 mg twice daily
  And/or
  5. Clofazimine 50–100 mg daily
  And/or
  6. Inhaled amikacin 250–500 mg once or twice daily

Adapted from Ref. [40]

tigecycline) with concomitant oral medications (linezolid, clofazimine, moxifloxa-
cin, or minocycline) for up to 3 months. An exception that may require prolonged 
IV antibiotic treatment is infection with the aforementioned erm-positive strain 
based on concerns of efficacy of exclusively oral regimens. Note that the treatment 
of these particular infections is controversial, and the reader is referred to another 
chapter of this book, the Rapidly Growing Mycobacterium. The NACF/ESCF 
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guidelines provide a treatment timetable and dosing regimens summarized in the 
accompanying Table 1. After this, patients may be treated with two oral antibiotics, 
to include a macrolide with or without inhaled antibiotics (amikacin usually) for up 
to 16 months of total treatment [40]. There is no evidence-based recommendation 
for total duration, but most experts and guidelines recommend treatment for 
12 months post clearing of sputum (as measured by monthly specimen collection – 
either expectorated or induced), if “cure” is the goal. Thus, the optimal duration of 
treatment is not known. Treatment failure is not uncommon and patients may not 
clear their sputum. Despite this, patients who do not clear their sputum cultures may 
benefit from repeated or continued treatments, much like repeatedly treating “non- 
eradicable” gram-negative organisms in the patient with CF [40].

Unfortunately the intravenous antibiotics used in M. abscessus infection suffer 
from a remarkable side effect profile which, together with their unpredictable suc-
cess rate, adds to a certain nihilistic attitude to its treatment in general. Amikacin is 
generally considered the anchor of an antibiotic regimen directed at M. abscessus 
and has a side effect profile similar to other aminoglycosides. A study of 52 M. 
abscessus infected patients found that treatment with tigecycline for greater than 
1 month led to a 60% clinical improvement rate (10/15 for cystic fibrosis patients) 
but greater than 90% of patients experienced antibiotic-related side effects, most 
common being nausea and vomiting [42]. Imipenem has the most favorable side 
effect profile when used in combination with amikacin, but some would argue its 
utility. Long-term cefoxitin can cause neutropenia, thrombocytopenia, and hepati-
tis, and eventually allergy is also very common [48]. While this is problematic, 
desensitization is possible [49]. The “consolidation” phase of M. abscessus treat-
ment usually centers around the use of oral agents, which can be problematic based 
on the broad resistance patterns of particular strains and subspecies of M. abscessus, 
as noted above. Macrolides are thought to be consistently usable for treatment, but 
inducible resistance may hinder the use of this class [40]. Despite concerns sur-
rounding clarithromycin and inducible resistance, there may be no difference in the 
induction of macrolide resistance between clarithromycin and azithromycin [50]. 
Linezolid is a promising therapy as it has activity against half of M. abscessus iso-
lates, but treatment at the highest dose (600 mg twice daily) can lead to hematologic 
and neurologic side effects [40]. The oral leprosy treatment, clofazimine, is a prom-
ising treatment because of its in vitro activity against M. abscessus but is not com-
mercially available in the United States at the time of this writing, although it may 
be obtained for individual patients with permission from the FDA and the manufac-
turer through forms at the following website: https://www.ntminfo.org/component/
k2/item/39-clofazimine [51]. Side effects of this treatment include reddening and 
dryness of the skin, erythroderma, intestinal obstruction, and retinopathy [52]. 
Table 1 shows treatment strategies for M. abscessus lung disease.

R. Burkes and P. G. Noone

https://www.ntminfo.org/component/k2/item/39-clofazimine
https://www.ntminfo.org/component/k2/item/39-clofazimine


477

 Monitoring Treatment

During the course of treatment, it is important to both monitor for efficacy of treat-
ment and for adverse reaction to medication. The combined US Cystic Fibrosis 
Foundation and European Cystic Fibrosis Society recommend that during treatment 
sputum be sampled via the expectorated or hypertonic saline-induced route every 
4–8 weeks to assess for microbiological clearance [40]. Likewise, a strategy for 
monitoring the side effects of treatment in real time needs to be rigorously devel-
oped out before beginning treatment; the reader is referred to the comprehensive 
Table 3 of the NACF/ESCF guidelines on the treatment of NTM in CF [40]. Further, 
the combined groups recommend high-resolution computed tomography of the 
chest (HRCT) be performed before and after treatment to monitor for radiographic 
response [40].

 Special Considerations

 Lung Transplantation

Because CF patients frequently require lung transplantation as a life-prolonging 
measure, considering the role of NTM in the lung transplant candidate is important. 
Many centers regard the presence of mycobacteria in the airways of patients with 
CF as a contraindication, although there are no data to support that (unlike the situ-
ation with Burkholderia cenocepacia, as a comparison pretransplant infection, 
where the effect on posttransplant mortality has been well documented). It is likely 
team decisions on candidacy are based on local center experience in dealing with 
mycobacterial infections pre- and posttransplantation. It was the consensus recom-
mendation in the NACF and ESCF summary recently that NTM (both MAC and M. 
abscessus) should not preclude transplant candidacy consideration (assuming other 
candidacy factors are favorable) and are not a major cause of posttransplant mortal-
ity [49, 53, 54]. One study looking specifically at M. abscessus (the usual cause for 
concern with lung transplant teams internationally) did not reveal a mortality differ-
ence in individuals infected with M. abscessus prior to transplantation when com-
pared to the general CF posttransplant population at the same center (though 
morbidity related to skin and incision site infections may require prolonged post-
transplant therapy for mycobacterial disease) [49]. Macrolide-resistant M. absces-
sus is usually regarded as an absolute contraindication to lung transplant at most 
centers.
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 Alternate Therapies

Replacement of interferon-gamma in those deficient in the cytokine or as an adju-
vant therapy has been evaluated in very small studies in the non-CF population. One 
study, with only 18 patients in the treatment arm and 14  in placebo, received a 
course of interferon-gamma for 24 weeks, and there was a significant improvement 
in a composite endpoint of symptomatic improvement, radiographic improvement, 
and microbiologic improvement after the treatment phase [55]. The small sample 
size, lack of similar studies, and use of a composite endpoint need to be noted for 
this work.

Surgery (non-transplant) is an option to be considered in extreme circumstances. 
Despite the existence of case series on the matter, it appears it should be reserved for 
patients with severe, localized, cavitary disease that is nonresponsive to treatment 
[40, 56]. Therefore, because localized disease is rare in CF patients who have NTM 
infections, surgery is an option only in rare cases.

 Conclusions

Cystic fibrosis patients are at a high risk of developing active NTM pulmonary 
disease because of their impaired airway defense mechanisms and susceptible lung 
microenvironment. Annual smear and culture assays for acid-fast bacilli should be 
performed in CF patients who spontaneously expectorate sputum. When active 
“treatment-requiring NTM infection is under consideration, the clinician should 
ensure that there is a plan for optimal management of CF pulmonary and extrapul-
monary disease underway.” Repeated strongly positive stain and AFB cultures, in 
the presence of persistent symptoms, and HRCT imaging findings consistent with 
NTM infection must be assessed in toto, when considering treatment. MAC and M. 
abscessus are treated differently. MAC treatment while certainly not straightfor-
ward, and is prolonged, is less complicated than that of M. abscessus, which 
requires organism speciation and drug sensitivity testing, and usually involves an 
intensive eradication phase for up to 3 months and consolidation treatment with 
inhaled and oral medications for a very prolonged period of time with all the atten-
dant drug and line adverse event possibilities. Patients being treated for NTM need 
frequent microbiologic and drug toxicity screening. Interferon-gamma replace-
ment and surgery have been used in rare instances and are not recommended out-
side of very specific situations. Lung transplant candidacy for patients with NTM 
remains controversial, but patients with NTM and end-stage disease judged to have 
limited survival without lung transplant deserve at least a close look to assess for 
candidacy, as published data suggests no effect on short- or longer-term 
mortality.
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 Introduction

Nontuberculous mycobacteria (NTM) are hardy organisms ubiquitous in the envi-
ronment. They are common microorganisms in municipal and hospital water sys-
tems, including hot water and chlorinated systems [1–4]. Not only are the NTM able 
to survive in harsh environmental conditions, but they are also resistant to many 
disinfectants commonly used in healthcare facilities [3, 5, 6]. Indeed, some of the 
species, including M. abscessus, M. fortuitum, and M. chelonae, are among the most 
commonly encountered and difficult to treat healthcare-associated infections [7]. 
All species of NTM are hydrophobic, enabling the formation of biofilms, the layer 
of organisms at the water-solid interfaces of pipes in tubings in hospital and munici-
pal (household) water supplies. Some species, especially M. abscessus complex, 
exhibit two colonial morphotypes, smooth and rough. While the rough morphotype 
has been associated with increased virulence, the smooth type has an increased pro-
duction of glycopeptidolipids that is believed to increase their mobility and ability 
to form biofilms which increase their resistance to antimicrobials and disinfectants 
[8, 9]. It is hypothesized that up to 90% of all biofilms contain NTM [10–12]. The 
incidence of these organisms in the healthcare environment is steadily increasing 
causing a multiplicity of opportunistic infections including postsurgical infection 
(e.g., cardiopulmonary and cosmetic surgery); central line infections; bacteremia; 
ophthalmic infections; sternal wound infections; infected augmentation mamma-
plasty sites; infections following insertion of prosthetic devices including prosthetic 
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heart valves, lens implants, artificial knee and hips, and metal rods inserted to stabi-
lize bones following fractures [13–23]; and invasive and disseminated diseases, 
especially among immunocompromised patients [24]. Additionally, outbreaks of 
postinjection abscesses associated with the Mycobacterium abscessus complex have 
previously been reported throughout the world including Colombia, China, Korea, 
and the USA [25–29] (see Table 1) primarily in immunocompetent individuals.

It should be noted that mycobacterial taxonomy in the pre-molecular era (prior to 
1990) was not as advanced as currently due to the unavailability of molecular testing 
during those years. Thus, for example, species that were reported as M. chelonae 
(previously M. chelonae subsp. chelonae) may be modern technology classified as 
M. abscessus complex (previously M. chelonae subsp. abscessus), and some species 
and subspecies (e.g., subsp. massiliense) were not recognized at that time.

 Waterborne Outbreaks

The majority of hospital- and healthcare-associated NTM outbreaks and pseudo- 
outbreaks have involved exposure of invasive devices or non-intact skin and soft 
tissue to tap water and water-based solutions [30, 31] including in tap water con-
taminated dialysis systems, cardioplegia solution contaminated by tap water, ice 
machines, surgical and bronchoscopic instruments rinsed in tap water, and most 
recently heater-cooler units used in cardiac surgery (see Table 1). A 1988 study of 
hemodialysis centers in the USA by Carson and colleagues reported that 55% of 
incoming city water contained NTM, the majority of which were rapidly growing 
mycobacteria (RGM) [32]. More recent studies in the twenty-first century estimate 
20–60% of hospital water system contain NTM [11].

A recent systematic review by Li and colleagues reviewed 21 outbreaks associ-
ated with NTM from 1982 to 2015 [33], including 2 outbreaks of M. avium in a 
hospital hot water system involving disseminated disease in AIDS patients [33–35]. 
Nine outbreaks of M. chelonae/abscessus complex from 1982 to 2009 including 
infections associated with tap water following the use of tympanostomy tubes in 17 
pediatric patients, liposuction in 34 patients, 8 patients who received injections in a 
podiatry clinic, 22 patients infected post-rhinoplasty, and 6 patients post- sternotomy 
with M. fortuitum and M. abscessus complex were detailed [33, 36–40] (see 
Table 1). Additionally, the authors reviewed three outbreaks associated with hemo-
dialysis and peritoneal dialysis equipment which were improperly disinfected [41–
43] and multiple patients with severe subcutaneous infections resulting from rinsing 
a multiple inoculation device in tap water in a mesotherapy clinic at a tertiary care 
center in France [44].

The investigators also reviewed two cases (non-outbreaks) with M. fortuitum 
including a laboratory-confirmed case of breast infection in a patient with breast 
cancer with M. fortuitum related to the hospital water supply [45] and a case of 
nosocomial acquisition of M. fortuitum disseminated infection in a patient with leu-
kemia linked to showering with tap water [46].
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Table 1 Nontuberculous mycobacteria outbreaks and pseudo-outbreaks

Organism type of infection References Year

Rapidly growing mycobacteria

M. chelonae
   Peritoneal dialysis Band et al. [43] 1982
   Tympanostomy Lowry et al. [36] 1988
   Hemodialysis Band et al. [43] 1982

Bolan et al. [42] 1985
Lowry et al. [41] 1990

   Podiatric injections Wenger et al. [38] 1990
   Rhinoplasty Soto et al. [39] 1991
   Liposuction Meyers et al. [37] 2002
    Pulmonary (pseudo-outbreaks associated with contamination 

of automatic bronchoscopy washer
Chroneou et al. [100] 2008

   Mesotherapy Carbonne et al. [44] 2009
   Cutaneous (dermal facial injections) Rodriguez et al. [54] 2013
   Hematopoietic cell transplant Iroh tam et al. [53] 2014
   Ophthalmic infections Edens et al. [17] 2015
M. fortuitum group
   Sternotomy Kuritsky et al. [40] 1983
   Breast abscess Kauppinen et al. [46] 1999
   Septicemia (disseminated)
   Breast (reconstruction) abscess Jaubert et al. [45] 2015
   Cardiac surgery Robicsek et al. [81] 1978
   Cutaneous (post-nail salon whirlpool baths) Winthrop et al. [76] 2004
   Pulmonary, localized, infected port peritonitis Brown-Elliott et al. [55] 2011
   Wounds (associated with “medical tourism”) Schnabel et al. [68] 2016
    Pulmonary pseudo-outbreak associated with contaminated 

ice machine
Laussucq et al. [21] 1988

M. mucogenicum group (M. phocaicum, M. mucogenicum)
   Catheter sepsis (malignancy) Baird et al. [50] 2011

Kline et al. [49] 2004
Cooksey et al. [51] 2008
Livni et al. [52] 2008
Tagashira et al. [20] 2015

   Sepsis (sickle cell) Ashraf et al. [18] 2012
M. immunogenum
    Pulmonary (pseudo-outbreak of contaminated 

bronchoscopes)
Wilson et al. [6] 2001

    Hypersensitivity pneumonitis (associated with metal- 
working fluids)

Wilson et al. [6] 2001

   Keratitis Sampaio et al. [114] 2006
   Blepharoplasty Flesner et al. [47] 2011

(continued)
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Table 1 (continued)

Organism type of infection References Year

M. abscessus complex
   Wounds (postsurgical) Chadha et al. [56] 1998
   Ophthalmic infections Hung et al. [118] 2016
  M. abscessus subsp. abscessus and subsp. massiliense

    Pulmonary post (lung transplant and cardiopulmonary 
bypass)

Baker et al. [61] 2017

   Postinjection abscess Villanueva et al. [25] 1997
Zhibang et al. [26] 2002

  M. abscessus subsp. massiliense Kim et al. [27] 2007
  M. abscessus complex
   Pseudo-outbreak associated with bronchoscope washer Fraser et al. [107] 1992
   Pseudo-outbreak, laboratory-distilled water Lai et al. [110] 1998
   Wounds (associated with “medical tourism”) Schnabel et al. [68] 2016
   Sternotomy Kuritsky et al. [40] 1983
M. wolinskyi
    Septicemia (aortic prosthesis associated with heater-cooler 

units
Dupont et al. [87] 2016

   Wound infections (post-cardiothoracic surgery) Nagpal et al. [86] 2014
M. mageritense
   Cutaneous (post-nail salon whirlpool baths) Gira et al. [79] 2004
M. neoaurum
   Catheter sepsis Baird et al. [50] 2011
Slowly growing mycobacteria

M. avium complex
   Septicemia (HIV/AIDS) von Reyn et al. [34] 1994
   Pulmonary (HIV/AIDS) Tobin-D’Angelo et al. 

[35]
2004

  M. avium

    Disseminated (AIDS and non-AIDS associated with 
contaminated water)

Aronson et al. [60] 1999

  M. chimaera

    Endocarditis, septicemia ventricular graft infection 
(associated with heater-cooler units)

Sax et al. [90] 2015
Kohler et al. [89] 2015
Perkins et al. [92] 2016
Marra et al. [91] 2017
Lyman et al. [88] 2017

M. genavense
    Disseminated in HIV patients on corticosteroids associated 

with hospital tap water
Hillebrand-Haverkort 
et al. [58]

1999

M. gordonae
    Pulmonary, pseudo-outbreak associated with contaminated 

bronchoscope equipment
Scorzolini et al. [101] 2016
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Six outbreaks of Mycobacterium mucogenicum from 2001 to 2012 from con-
tamination of central venous catheter sites with tap water in multiple immunocom-
promised patients were also detailed [33]. There was also one case series of 
Mycobacterium immunogenum associated with direct application of ice to eyelids 
following blepharoplasty [47] involving 3 patients and 49 patients with postsurgical 
Mycobacterium xenopi infections following the use of tap water to rinse discoverte-
bral surgical equipment [48] (see Table 1).

Twelve additional cases and outbreaks from 1997 to 2015 associated with water 
reservoirs were also summarized by Kanamori and colleagues [24]. These included 
four cases of M. mucogenicum again involving catheter sepsis in a central venous 
line following exposure to tap water [49–52]. Two outbreaks of M. chelonae 
occurred in hematopoietic all transplant patients exposed to contaminated water and 
ice [53] and cutaneous infections in patients after cosmetic dermal injections fol-
lowing application of nonsterile ice to the skin [54]. Contaminated water was also 
incriminated in a large case series of Mycobacterium porcinum pulmonary and 
extrapulmonary infections [55]. Furthermore, inadequate sterilization of surgical 
instruments resulted in an outbreak of M. abscessus in postsurgical wounds [56] 
(see Table 1).

Most waterborne outbreaks have involved RGM as noted in the above reviews [2, 
24, 33, 57]. However, Kanamori also noted four unusual outbreaks with slowly 
growing mycobacterial species including Mycobacterium genavense disseminated 
disease in three HIV-infected patients following ingestion of contaminated water 
[58] and a second outbreak involving pulmonary infections with Mycobacterium 
simiae in patients with lung cancer and chronic pulmonary disease [59] (see 
Table 1). A third unusual outbreak involved 49 patients with M. xenopi traced to the 
use of tap water to rinse surgical instruments following vertebral disk surgeries [48]. 

Table 1 (continued)

Organism type of infection References Year

    Pulmonary pseudo-outbreak associated with contaminated 
tap water supply

Zlojtro et al. [108] 2015

M. kansasii
   Gastric washing contamination with tap water Lévy-Frébault et al. 

[22]
1983

M. lentiflavum
    Disseminated, cervical lymphadenitis associated with 

drinking water
Marshall et al. [23] 2011

M. simiae
   Pulmonary Conger et al. [59] 2004
M. szulgai
    Keratitis following laser-assisted in situ keratomileusis 

(LASIK)
Holmes et al. [15] 2002

M. xenopi
    Surgical site infection following discovertebral surgery 

(associated with contaminated water supply)
Astagneau et al. [48] 2001

Healthcare-Associated Outbreaks and Pseudo-Outbreaks of Nontuberculous Mycobacteria
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Another outbreak involved another slowly growing NTM, M. szulgai, which caused 
keratitis following exposure of medication syringes to contaminated ice following 
laser-assisted in situ keratomileusis (LASIK) [57]. M. avium has also been associ-
ated with waterborne outbreaks [34, 35]. A 1999 study of the genetic relatedness of 
isolates of M. avium in potable water in Los Angeles, California, showed a close 
relationship between clinical (patient) and water isolates and thus proposed potable 
water as a presumptive source of nosocomial infection [60].

Recently a large biphasic outbreak of M. abscessus complex (M. abscessus 
subsp. abscessus and M. abscessus subsp. massiliense) among lung transplant and 
cardiopulmonary surgical patients at a tertiary care hospital in the southeastern 
USA was reported. The investigators initiated a multidisciplinary epidemiologic 
field and laboratory investigation. Phase 1 of the outbreak occurred from August 
2014 to May 2014 [61]. Thirty-six of 71 (51%) Phase 1 cases were lung transplant 
patients with respiratory cultures positive for M. abscessus complex. Seventeen 
patients (27%) died within 60 days of the first positive culture. After strict control 
measures including elimination of tap water to the aerodigestive tract among high- 
risk patients were implemented, the incidence rate decreased from 3.0 cases per 
10,000 patient days to baseline (0.7 cases/10,000 patient days). In Phase 2 (December 
2014 to June 2015), 12 of 24 (50%) cases occurred in cardiac surgery patients with 
invasive infections. Twenty-one patients required cardiopulmonary bypass during 
surgery. All patients had extensive perioperative comorbidities and complicated 
postoperative courses. Nine patients died within 60 days of the first positive cul-
tures. After implementation of an intensified disinfection protocol and the use of 
sterile water in the heater-cooler unit (HCU) of the cardiopulmonary bypass 
machines, Phase 2 of the outbreak was also resolved. Additional water engineering 
mitigation intervention to decrease improve water flow and increase disinfectant 
levels also contributed to resolution of the outbreak. Complete eradication of M. 
abscessus complex and biofilms from tap water and piping was not possible given 
the mycobacterial burden in the hospital water supply and environmental persis-
tence of NTM. However, a sustained decrease in cases of M. abscessus complex was 
achieved following institution of mitigation strategies [61].

 Cosmetic Procedure Outbreaks

Cosmetic surgical procedures including liposuction, breast augmentation, and 
mesotherapy have also been associated with exposure to tap water, resulting in out-
breaks of Mycobacterium chelonae, Mycobacterium fortuitum, and Mycobacterium 
immunogenum [16, 37, 62–66]. In 2008, outbreaks involving M. abscessus complex 
and M. fortuitum among US tourists (“lipotourists”) who underwent abdomino-
plasty in the Dominican Republic (DR) were reported [67]. Schnabel and coworkers 
reported 21 case patients from 6 states who had surgery in 1 of 5 DR clinics from 
2013 to 2014. Ninety-two percent of the patients were culture positive for M. 
abscessus complex [68]. Understanding the role of “medical tourism” in risk 

B. A. Brown-Elliott and R. J. Wallace Jr.



489

assessment for disease and improving patient protection in this context require con-
tinual monitoring by the international public health agencies and medical institu-
tions and heightened vigilance among immigrants and travelers. Additional reports 
of NTM outbreaks have been described following tattooing and fractionated CO2 
laser cosmetic resurfacing procedures [69, 70].

Biomesotherapy, a new therapeutic procedure for pain management and general 
well-being, combines homo-toxicology, mesotherapy, and acupuncture with injec-
tions of homeopathic formulations at specific body points with simultaneous oral 
treatment of homeopathic formulations which has also been associated with expo-
sure to tap water and with outbreaks of M. chelonae including 27 cases in a single 
practitioner’s office in Australia [71]. Additional outbreaks of NTM including 
alcohol- resistant strains of NTM, following acupuncture, have also been reported 
including in two patients with M. chelonae and two patients with M. nonchromo-
genicum [72].

A single strain of 2% glutaraldehyde disinfectant-resistant M. abscessus subsp. 
massiliense recently was associated with a widespread epidemic of more than 150 
patients following laparoscopic surgeries and cosmetic procedures in Brazil from 
2006 to 2007. The strain was also recovered from pulmonary samples and urine 
from non-epidemic patients. After 2008, reports of the surgically related infections 
decreased. However, in 2010 more cases surfaced in other geographic areas of 
Brazil emphasizing the epidemiological importance of this strain [73, 74]. Other 
RGM postsurgical outbreaks in 62 hospitals in Brazil including laparoscopic, 
arthroscopic plastic surgery or cosmetic procedures have been continuing since 
2004 [75].

Several case reports and outbreaks of lower extremity furunculosis involving  
M. fortuitum, M. abscessus, and M. mageritense associated with contaminated 
water baths at nail salons have also been reported as described in Table 1 [76–79].

 Cardiothoracic Surgery Outbreaks

Outbreaks in cardiothoracic surgical sites following exposure to tap water have 
occurred since the 1970s [80]. One of the first outbreaks associated with cardiac 
surgery was reported in 1978. Nineteen patients with M. fortuitum complex (later 
identified at CDC as M. fortuitum and M. abscessus complex) infections following 
open-heart surgery were described [81–83].

In 1983, Kuritsky et al. reported sternal wound M. fortuitum and M. abscessus 
complex infections, endocarditis, and saphenous graft site infections due to a con-
taminated cardioplegia solution. The outbreak strain was later found in the cold tap 
water and ice used to cool the cardioplegia solution [40]. Later in 2010, another M. 
fortuitum outbreak related to the use of a single contaminated patch for septal defect 
repair was described in three children in Serbia [84] who recovered from the infec-
tions following antimicrobial treatment. Again in 2010, contamination during the 
manufacturing of biological prosthetic valves in Brazil resulted in multiple cases of 
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M. chelonae endocarditis (identified several years following the patient diagnoses in 
2002) [85].

Outbreaks of NTM in patients following cardiothoracic surgery have continued 
and include other NTM species. In 2014, a cluster of six cases of Mycobacterium 
wolinskyi, a rarely encountered RGM, was reported following cardiothoracic sur-
gery in a large academic medical center. Although no single point source of infec-
tion or environmental source was established, when two potential sources including 
a self- contained water system used in heart-lung machines for cardiothoracic sur-
geries and a cold-air blaster were removed, no active cases occurred [86]. A similar 
case in France in 2016 recovered multiple NTM species, but not M. wolinskyi, from 
the HCU and tap water sources [87].

In 2015, outbreaks of invasive infections with Mycobacterium chimaera, a spe-
cies within the Mycobacterium avium complex, associated with contaminated 
Stöckert 3 T HCU (LivaNova, formerly Sorin Group Deutschland, GmbH) HCU 
devices used during cardiopulmonary bypass for cardiac surgery were reported in 
three European hospitals [88, 89]. In Zurich, Switzerland, six cases of disseminated 
M. chimaera cardiac infection were identified from August 2008 to the end of May 
2012. Following the Swiss cases, healthcare authorities in Germany and the 
Netherlands reported similar cases [90]. In total, nine cases (eight adults and one 
infant plus one presumptive case) were described. Initially, the adults complained of 
fever, shortness of breath, fatigue, and weight loss. All patients exhibited anemia, 
pronounced lymphocytopenia, and thrombocytopenia; creatinine levels, C-reactive 
protein, lactate dehydrogenase, and transaminases were also elevated. In the infected 
infant, clinical findings included episodes of fever and failure to thrive. The pre-
sumptive case presented with fever of unknown origin. The patient had been treated 
for presumptive sarcoidosis due to granulomatous hepatitis. M. chimaera was 
detected in the sternoclavicular joint, bone marrow, liver, and blood; however no 
endocarditis was detected [89]. Despite extensive treatment, five patients died. 
Following investigation, public health authorities in Europe recommended placing 
the Sorin 3-T HCU outside the operating room in an area with independent air flow. 
Additionally, they recommended that the water reservoir and piping should be made 
airtight and/or reliably disinfected. Numerous reports in Europe detailed the epide-
miological risk assessment and investigations of the outbreaks: Investigation of 
Mycobacterium chimaera infection associated with cardiopulmonary bypass. Public 
Health England. https://www.gov.uk/government/publications/health-protection-
report-volume-9-2015/hpr-volume-9-issue-15-news-30-april; Risk assessment on 
Mycobacterium chimaera infections associated with heater-cooler units. ECDC. 
http://ecdc.europa.eu/en/publications/Publications/myocbacterium-chimaera-infec-
tion-associated-with-heater-cooler-units-rapid-risk-assessment-30-April-2015.pdf.

Investigation of Mycobacterium chimaera infection associated with cardiopul-
monary bypass: an update. Public Health England. https://www.gov.uk/government/
publications/health-protection-report-volume-9-2015/hpr-news-volume-9-issue-18-
21-may; Epidemiological update: invasive infections with Mycobacterium chimaera 
potentially associated with heater-cooler units used during cardiac surgery. ECDC. 
http://ecdc.europa.eu/en/press/news/_layouts/forms/News_DispForm.
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aspx?ID=1223&LIst=8db7286c-fe2d-476c-9133-18ff4cb1b568&Source=http%3A
%2F%2Fecdc.europa.eu%2Fen%2Fpress%2Fnews%2FPages%2FNews.aspx.

Ongoing whole-genome sequencing indicated a match between patient isolates 
and air samples collected near the HCUs. The outbreak was subsequently found to 
result from contamination at the factory in Germany in units built before 2014. Of 
note, these patients were not severely immunodeficient, but manifestation of bactere-
mic embolization and manifestations similar to other disseminated NTM disease 
including osteomyelitis or other bone lesions, cholestatic hepatitis or granulomatous 
nephritis, and chorioretinitis or vasculitis of unknown origin preceded cardiac infec-
tion symptoms. Biopsy samples of affected organs and tissues and cardiac valve sam-
ples for mycobacterial culture and/or molecular analysis were important in the 
investigation. As with all foreign body infections, the primary treatment resulting in 
resolution of the infections was the removal of the prosthetic material and surgical 
debridement [89].

Following the European reports of the recovery of M. chimaera from multiple 
HCU devices, Lyman and colleagues from the Pennsylvania Department of Public 
Health notified the CDC in Atlanta, Georgia, about a prolonged cluster of eight 
NTM patients following cardiothoracic surgery and exposure to HCUs from January 
2010 to July 2015 who exhibited clinical signs of NTM infection [88]. Only three 
case isolates were available and all were identified as M. chimaera. Water and bio-
film samples from the HCUs also grew M. chimaera. Additionally, M. chimaera was 
also cultured from air samples near the HCU exhaust vent. Subsequent whole- 
genome sequencing and pulsed-field gel electrophoresis for DNA strain typing 
proved the clinical HCU and air sample isolates of M. chimaera were highly related 
[88]. These results strongly suggested transmission of M. chimaera from the HCUs 
through aerosolization. Other cases were subsequently identified in 2016, including 
the University of Iowa Hospitals and Clinics [91]. More than 250,000 cardiotho-
racic surgeries are performed per year in the USA alone, and it has been estimated 
that approximately 60% of them have been associated with these HCUs [92]. The 
field investigation by the Pennsylvania Department of Health with the CDC investi-
gation identified approximately 1300 potentially exposed patients. This investiga-
tion emphasized the global nature of this ongoing outbreak and prompted the 
issuance of the following FDA/CDC guidelines [92].

 Centers for Disease Control (CDC) and Prevention Guidelines

In October 2015 (and updated in 2016), as a result of the increasing reports of inva-
sive NTM infection with M. chimaera following cardiac surgical patients exposed 
to HCUs, the CDC issued recommendations for “increased vigilance for NTM 
infections by health departments, healthcare facilities, and individual providers.” 
Moreover, the Food and Drug Administration (FDA) also issued a “Safety 
Communication on Nontuberculous Mycobacterium Infections Associated with 
HCUs” regarding the proper use and maintenance of HCUs [93, 94].
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In summary, for health departments, the main recommendations included provi-
sions that [1] local and state health departments should communicate with health-
care facilities who provide surgeries that use Sorin 3-T HCUs to ensure that all 
HCUs are in proper working condition and clinical staff should be instructed how to 
identify NTM infections potentially associated with HCUs and [2] health depart-
ments should track/monitor potential HCU-related infections and encourage health-
care facilities to report events to the FDA and be prepared for further investigations 
as needed. Thus far, no cases of disease with any HCU manufacturer other than the 
LivaNova (previously Sorin) have been reported.

For healthcare facilities (HCFs):

 1. Immediate assessment of HCUs for safe and proper use and vigilance of possible 
NTM infection.

 2. Ensure HCFs are following the FDA’s recommendations for maintenance, clean-
ing, disinfection, and monitoring HUCs.

 3. Microbiology laboratory data and records of surgeries should be reviewed to 
identify any patients with NTM within 4 years following cardiac surgery if their 
HCU tests positive for NTM or if there is concern for patient infection related to 
the HCU.

 4. If the HCU is suspected to have caused an NTM infection or tested positive for 
NTM, the HCF should promptly notify the local health department, submit 
report to the FDA, and assess means for notifying patients.

Healthcare providers (HCPs) should have increased suspicion for NTM infection 
among patients with signs of infection and history of cardiac surgery:

 1. The HCP should assess patients who report signs or symptoms of NTM infection 
within 4 years following cardiac surgery.

 2. The HCP should assess patients for exposure to cardiac surgery, exposure to the 
LivaNova (previously Sorin 3-T) HCUs. Healthcare exposures such as injec-
tions, plastic surgery, and dialysis may also be associated with NTM infection 
and may warrant consultations with FDA or public health authorities.

 3. The HCP should order mycobacterial cultures in patients who show signs and 
symptoms of NTM infection who have undergone cardiac procedures within 
4 years.

Finally, CDC advised that patients who have recently had cardiac surgery should 
contact their HCP if they have signs or symptoms of NTM infection including fever, 
pain, erythema, heat, pus around the incision, night sweats, joint and/or muscle 
pain, weight loss, and/or fatigue. In infants failure to thrive is an important sentinel 
event and should be reported. The patient should also contact the HCP if they have 
any questions about exposure to HCUs and keep in communication with their clini-
cian for epidemiological and clinical evaluation/tracking purposes.

The above recommendations are designed to increase awareness of the possibil-
ity of infection/outbreaks among HCFs and patients to facilitate earlier diagnosis 
and treatment in cases [88]. Recognition and reporting of such cases are crucial for 
evaluation and management of potentially infected individuals and identification of 
options to mitigate risk of infection/outbreaks [93].
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 M. abscessus Complex Outbreak in Cystic Fibrosis Clinic

One of the most publicized recent NTM respiratory outbreaks involved patients 
with M. abscessus subsp. massiliense among five patients in a cystic fibrosis clinic 
in Seattle [95]. The index case was a 22-year-old man who was diagnosed at another 
center several years prior to the outbreak. Eight months after his transition to the 
Seattle clinic, four additional patients were found to have the same organism as 
confirmed by DNA strain typing. No environmental source of the strain was found 
despite efforts to recover the strain. The current hypothesis, largely based on current 
whole genomic sequence data, is that transmission may have occurred by patient-to- 
patient spread or by contact with contaminated areas or equipment within the clinic 
[96, 97]. Additional reports have identified the same strain in the United Kingdom 
and in South America triggering massive ongoing investigations and efforts in both 
the USA and Europe to determine the mode of transmissibility of M. abscessus [97]. 
Moreover, this global outbreak has provided strong impetus for rigorous prevention 
and control measures in cystic fibrosis clinics in the USA and Europe [98, 99].

 Pseudo-Outbreaks

NTM pseudo-outbreaks are characterized by positive NTM culture results from 
patients in the absence of true infection. Typical pseudo-outbreaks or clusters of 
pseudo-infections, known as pseudo-outbreaks, usually result from contamination 
during specimen processing/handling. Like outbreaks, NTM colonization of pota-
ble water systems has resulted in nosocomial pseudo-outbreaks. An increase in the 
frequency of an NTM species or numbers of organisms isolated in patients without 
signs of infection should raise high suspicion of an NTM pseudo-outbreak. 
Recognition of pseudo-outbreaks of NTM may be delayed due to the length of time 
it takes to culture and identify some species of NTM.

As seen in Table  1, the most common type of NTM pseudo-outbreaks has 
involved respiratory samples. Tap water contamination of bronchoscopes or bron-
choscopy equipment are frequent causes of NTM pseudo-outbreaks [100, 101]. 
NTM pseudo-outbreaks related to ice machines (including one outbreak involving 
an unusual NTM, M. paraffinicum), contaminated water, and bronchoscope repro-
cessing have also been described [101–103]. Early studies revealed that contamina-
tion occurred when the terminal rinse for the bronchoscopy equipment was found to 
be tap or distilled water, not sterile water [104–107].

A 2015 study of 135 patients with positive cultures for M. gordonae, a typical 
nonpathogenic NTM, was associated with tap water contamination of sputum cul-
tures [108].

A pseudo-outbreak of M. abscessus subsp. massiliense (previously subsp. bol-
letii) was described in Brazil. The implicated strain was the same clone as the one 
which was identified in the previously described large laparoscopic surgical out-
break [109].
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Laboratory contamination has also resulted in pseudo-outbreaks. Contamination 
of laboratory-distilled water was previously associated (as cited in Table 1) with a 
pseudo-outbreak of M. abscessus complex [110]. Another laboratory-related 
pseudo-outbreak was related to NTM contamination of the sampling needle of an 
automated radiometric mycobacterial culture detection system [111].

An initial report of a 2016 pseudo-outbreak was reported as M. fortuitum in 12 
patients from 2 hospitals in less than 1 week. Treatment was instituted for several 
patients. However, subsequent investigation proved the organisms to be M. terrae, a 
common laboratory/environmental contaminant which is not typically considered 
pathogenic [112]. This issue not only emphasizes the problem of unnecessary treat-
ment but also the necessity for prompt and accurate identification of isolates to spe-
cies level, optimally using molecular methods.

Pseudo-outbreaks can be problematic for healthcare personnel as they can cause 
additional expense and time to investigate and unnecessary administration of poten-
tially toxic medications to patients.

 Surveillance and Control of Outbreaks

Hospital and community water supplies and water-related devices are the most 
common sources of healthcare-associated outbreaks and pseudo-outbreaks involv-
ing NTM. This chapter is not meant to be an exhaustive review of all of the pub-
lished NTM outbreaks and pseudo-outbreaks, yet it does provide a review of many 
of the most important cases.

Ongoing active surveillance and education of healthcare personnel should help 
facilitate the identification of healthcare-associated infections and pseudo- infections 
and thus help to limit the extent of problems associated with outbreaks and pseudo- 
outbreaks. It is likely that many outbreaks go unrecognized. Clinical laboratories 
and infection control and prevention personnel should be vigilant to recognize any 
surgical or device-related infection (e.g., central line infection, sternal wound infec-
tion, etc.) or any increase in the number of NTM bronchoalveolar lavage infection 
reported (as they do for bacterial species). Large numbers of reports of one species 
of NTM should be investigated often requiring medical chart review or correspon-
dence with the clinical staff carefully to determine whether the increase represents 
contamination or a possible outbreak. Advances in species strain identification 
methods have provided better understanding of reservoirs and transmission of NTM 
pathogens. The understanding of pathways of NTM transmission is essential for 
development of risk assessments, prevention strategies, and control measures of 
healthcare outbreaks and pseudo-outbreaks. Laboratories that do not have capabil-
ity of molecular identification should send their isolates in question to a qualified 
reference laboratory with experience in DNA strain typing. Strain variation among 
NTM is well recognized and requires expertise in performance of the strain typing 
method and interpretation of results. Strain typing is an essential component to an 
NTM epidemiological investigation, especially if a single clone can be associated to 
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the source of the outbreaks or pseudo-outbreaks. Pulsed-field gel electrophoresis 
(PFGE) is the standard method for most NTM species DNA strain typing [83, 113, 
114]. Other techniques including repetitive sequence-based PCR (rep-PCR, 
DiversiLab; bioMerieux; Marcy-l’Etoile, France), randomly amplified polymorphic 
DNA PCR (RAPD), and variable number tandem repeat (VNTR) have also been 
useful to show strain differentiation in some species [2, 16, 61, 115, 116]. Whole 
genomic sequencing may soon be available as another technology. Molecular tech-
niques to identify specific strains of NTM should be instituted as soon as possible in 
the investigation.

The premise of the investigation of outbreaks and pseudo-outbreaks is to charac-
terize the exposed individuals and identify the sources of these increasingly recog-
nized microorganisms with the major aim to institute control measures to mitigate 
the effects of the outbreak and prevent future outbreaks.

Control of healthcare-associated outbreaks of NTM requires thorough investiga-
tion by infection control personnel, prompt identification of the source of infection 
by application of molecular DNA strain typing in the laboratory, and institution of 
effective control measures designed to prevent and/or mitigate the outbreak. Records 
of routine cleaning of equipment should be reviewed along with clinical and labora-
tory policies and procedures to assure strict adherence to protocols. In some cases 
direct observation of the performance of the procedure may be necessary to provide 
evidence of sources of contamination. Autoclaving of equipment or in the case of 
plumbing fixtures, flushing with appropriate disinfectants that are mycobactericidal 
may be necessary. Single-use devices are preferable to multi-use devices, including 
medication vials. Tap water should not be used in the collection and processing of 
NTM samples. Careful monitoring of glutaraldehyde concentration in disinfectant 
and close adherence to the shelf life of disinfectant activity are essential for the 
prevention of healthcare-associated infections and pseudo-infections [117].

 Prevention of Outbreaks

The use of an alcohol terminal rinse of equipment used for invasive procedures 
(e.g., bronchoscopes) may aid in preventing NTM outbreaks and pseudo-outbreaks. 
Increasing the temperature for probe sterilization between samples in automated 
culture systems may also help to prevent cross-contamination and decrease the inci-
dence of pseudo-outbreaks related to laboratory procedures. Overall, strict adher-
ence to manufacturer guidelines for all equipment and reagents is essential for the 
prevention of outbreaks and pseudo-outbreaks due to NTM.

Although no controlled studies have been performed, a suggestion to increase the 
temperature of the hot water may be a reasonable and effective control measure for 
the prevention of NTM outbreaks and pseudo-outbreaks. However, most states reg-
ulate the allowable temperature (mean 116 °F) because of the risk of scald injuries. 
Analysis of risk-benefit and cost-effectiveness is necessary to compare the risk of 
scald injury to inhibition of NTM contamination [117].
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Education of clinical and laboratory staff to recognize increases in numbers of 
NTM isolates and development of multiple types of control measures including 
cleaning, disinfection, and engineering approaches as well as ongoing surveillance 
and clinical management can help to reduce the risk for healthcare-associated infec-
tions and pseudo-infections. Communication between healthcare personnel and the 
laboratory is essential to the investigation and the development of control and pre-
vention strategies.
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