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Purpose: The prevalence of pulmonary nontuberculous mycobacteria (NTM) infection and disease is increasing globally. Pediatric
studies on treatment of pulmonary NTM disease in immunocompetent infants are limited, and adult guidelines lack details regarding
age-specific management strategies. This systematic review analyzes pharmaceutical, procedural, and supportive management
strategies for pulmonary NTM infections in immunocompetent infants based on published case reports and series.

Methods: A systematic review of PubMed for case reports on pulmonary NTM infections in immunocompetent infants (<24 months)
until December 2023 was conducted. Demographic information, therapeutic interventions, procedural details, and patient outcomes
were extracted to Covidence. Data on therapeutic strategies were summarized descriptively.

Results: Twenty-six case reports describing 33 infants with pulmonary NTM were identified. Study demographics included: 55%
female, median age at diagnosis was 12 months, and Mycobacterium avium complex (58%) was the most common NTM strain. Most
patients (94%) received antibiotic therapy, with a median treatment duration of 30 weeks. Common regimens included combined
ethambutol with rifampin (n=9) or clarithromycin (n=6), and clarithromycin with amikacin (n=6). Most patients started on therapy for
tuberculosis before switching treatment courses after NTM diagnosis. Common antibiotic classes after NTM diagnosis were macro-
lides, antituberculous, and aminoglycosides. Non-pharmaceutical therapies included 79% undergoing diagnostic bronchoscopy, 39%
receiving tissue debulking, 33% undergoing surgical biopsy for diagnostic confirmation, and 12% requiring lung resection. Two
patients underwent surgical interventions without antibiotics. Supportive therapies included non-invasive supplemental oxygen (12%)
and mechanical ventilation (6%), with three patients admitted to intensive care units. Overall survival rate was 94%.

Conclusion: This study reports diverse therapeutic approaches to management of immunocompetent infants with diagnosed
pulmonary NTM disease, which utilized varying antibiotics and procedural interventions. Although few patient deaths were reported,
these results suggest a need for additional prospective studies to compare efficacy of treatment regimens and establish tailored
pediatric guidelines for disease management.
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Introduction
Nontuberculous mycobacteria (NTM) are a group of opportunistic bacteria that manifest as lymphadenitis or pulmonary,
cutaneous, or disseminated infection.' Although pulmonary NTM infections are generally associated with chronic
disease, including cystic fibrosis and immunodeficiency,” epidemiologic data show that rates of pulmonary NTM
infections are increasing in the general population.®> ® Limited studies have reported increases in NTM infection amongst
children as well.”®

NTM pulmonary infection is uncommon amongst children in comparison to lymphadenitis.” Pulmonary NTM disease
is typically associated with cystic fibrosis-related bronchiectasis or immunodeficiency,” and management of patients with

these underlying diseases may include transplantation and other strategies intended to target multiple systems that may
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not be appropriate in immunocompetent patients. Conversely, some treatments for pulmonary NTM may be less effective
in patients with pre-existing structural and immunologic deficits.'®!' As a result, the paucity of data regarding the
management of pulmonary NTM disease among otherwise healthy infants who develop this infection represents a distinct
knowledge gap.

Recommendations for diagnosis and management are generally based on guidelines established for adult patients,'?
such as for susceptibility testing, antibiotic therapy, and surgical management. Applying these guidelines to pediatric
populations is imperfect, as pediatric patients may be subject to differing response to pulmonary therapies and age-specific
pharmacokinetics and dynamics such as lower levels of plasma binding proteins or maturational changes in hepatic and
renal metabolism of compounds, as well as distinct side effect profiles such as unique adverse drug reactions to tetracyclines
reported solely in children under the age of 8.'*'* For example, calculations to adjust dosing intervals or dosage of renally
cleared drugs are complicated by challenges in accurately assessing GFR or tubular secretion in young infants.'> Studies
exploring the pathogenesis of pulmonary NTM infections in adults have suggested that phenotypic characteristics such as
shortened anterior-posterior thoracic dimension, as well as immunologic differences in IFN-y, IL-12, and TNF-a levels may
play a contributory role in pulmonary NTM pathogenesis.'® However, the implications of these factors on the pathogenesis
of pulmonary NTM in infants are unclear and must be considered in the context of immune development and differing
response in infants compared to adults, such as delayed IL-12 synthetic capacity that extends into late childhood.'”'®

This project aims to address the absence of aggregated data in the literature focused specifically on the treatment and
management of pulmonary NTM infections in otherwise healthy infants, including procedural, pharmaceutical, and
supportive management techniques.

Materials and Methods

Search Strategy

Following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines,'® we
conducted a literature search of PubMed for all articles published up to December 2023. Our search focused on
identifying studies addressing NTM pulmonary infections specifically in otherwise healthy infants. Search terms included
“infant” “NTM” “pulmonary” “Mycobacterium abscessus” and “Mycobacterium Infections, Nontuberculous.” We
utilized Medical Subject Headings (MeSH) terms in PubMed to refine our search and applied specific exclusion criteria
to avoid irrelevant results.

Specifically, the search was conducted through four specific PubMed queries with filters for Case Reports, Humans,
English, and Infant (birth-23 months): 1. ((infant) AND (NTM)) AND (pulmonary); 2. (Mycobacterium abscessus)
AND (infant)) AND (pulmonary); 3. (Mycobacterium abscessus) AND (infant); 4. (“Mycobacterium Infections,
Nontuberculous”[Mesh]) NOT (cystic fibrosis).

Eligibility Criteria

Our search criteria included all English-language case reports documenting treatment for NTM pulmonary infection in
infants, defined per American Academy of Pediatrics guidelines®® as <24 months and/or under, at the time of symptom
presentation.

We excluded non-English studies and those that presented only aggregate data and thus lacked therapeutic data for
individual patients. Cases were also excluded if they lacked clear documentation of NTM diagnosis with documented
pulmonary symptoms or if they were reported in languages other than English. Pulmonary NTM infections in included
cases were diagnosed according to the American Thoracic Society/Infectious Diseases Society of America (ATS/IDSA)
guidelines, or according to the case report authors’ reasoning from clinical and microbiologic findings when ATS/IDSA
guidelines were not directly referenced. Given the predisposition for opportunistic infection associated with cystic
fibrosis and immunodeficiency conditions, we excluded cases diagnosed with these conditions. This search strategy is
adapted from our previous work, but it has been updated to include more recent works and refined to exclude any

. . 21
documented cases of immunodeficiency.
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Data Extraction

Data extraction was conducted using Covidence, an online platform designed for systematic review management. Two
reviewers (AB and HD) independently screened abstracts of the case reports for potential inclusion. In cases of
disagreement between the two reviewers, a consensus was reached through discussion. Following the abstract review,
the full texts of selected studies were assessed by the two reviews to ensure that they met the eligibility criteria. Studies
meeting all criteria were included for data extraction, and any studies failing to meet these criteria were excluded from
further analysis.

Extracted data were categorized under standardized fields that included demographic information, therapeutic
interventions, additional procedural details, and patient outcomes. Specifically, data fields included patient gender, age
at diagnosis, identified NTM strain, course and duration of pharmacotherapy, immune status, any additional treatment
procedures undertaken, and outcomes recorded at the time of the case report’s publication. Information not presented in
the case report was assumed to be noncontributory.

To standardize data, we converted patient age in days to months, considering each month as four weeks. Similarly,
treatment durations reported in months were converted to weeks. Any reports mentioning “antituberculous therapy”
without specifying the drug regimen were assumed to utilize empiric four-drug tuberculosis therapy of isoniazid,
rifampin, pyrazinamide, and ethambutol (HRZE) unless otherwise specified.

Statistical Analysis
Descriptive statistics were used to analyze and summarize the extracted data. Data from each included case were
extracted from Covidence. Quantitative variables were analyzed based on their frequency, mean, and standard deviation,
while qualitative variables were analyzed based on their proportions or percentages. Data points extracted for quantitative
analysis included patient demographics, NTM strain, drug regimen, duration of treatment and hospitalization, as well as
patient immune status. Additionally, procedural interventions and patient outcomes were analyzed quantitatively.
Outcomes were recorded at the time of each respective case report’s publication, and pooled data were used to
calculate descriptive statistics such as sums, percentages, means, and medians (£ IQR) where applicable. In cases where
no data were reported for a given field, we assumed the absence of any significant findings relevant to that specific data
point. These assumptions were incorporated into our data analysis to ensure that findings accurately reflected the
limitations and available information within the reviewed case reports.

Results

Search Results

The initial PubMed search yielded a total of 283 articles across four queries. After removing 48 duplicates, 235 articles
remained for further screening. The title and abstract screening excluded 108 studies that did not meet the eligibility criteria.
The remaining 127 studies proceeded to full-text evaluation, during which 101 additional studies were excluded due to lack of
relevance, insufficient data on NTM pulmonary infection in infants, or otherwise not meeting the inclusion criteria. This
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process ultimately yielded a final sample of 26 published case reports,>**’ comprising a total of 33 patients, as several reports

included multiple infants concurrently hospitalized with confirmed pulmonary NTM infection (Figure 1).

Patient Characteristics

Of the 33 patients documented in the case studies, 36% (n=12) were male, 55% (n=18) were female, and 9% (n=3) did
not specify patient sex. Median age was 12 months (IQR: 5-19 months) at the time of diagnosis. Among the identified
NTM strains, 58% (n=19) were Mycobacterium avium complex (MAC),18% (n=6) were Mycobacterium abscessus, 12%
(n=4) were Mycobacterium fortuitum, and 6% (n=2) were Mycobacterium chelonae. M. smegmatis was cultured in 1
patient, and 1 patient had an unidentified NTM strain. Median length of hospitalization was 25 days (IQR 14-112). Of
the 33 patients included in the study 94% (n=31), were reported as alive at the time of the publication of the case report,

while 6% (n=2) were reported as deceased.
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Figure | PRISMA Flow Diagram of Search Process.

Pharmaceutical Therapeutics
Antibiotic treatment duration varied from 0 to 432 weeks, with a median duration of 30 weeks (IQR=10-55).

Patients in the study received multiple medications to manage NTM infections. Overall, 94% (n=31) of patients were
treated with antibiotic therapy. Two patients did not receive antibiotic therapy. Both of these patients underwent either

surgical resection or subtotal excision of the bronchial mass as their primary treatment.
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Pre-Admission Pharmacotherapies

Therapeutic strategies initiated before patients were admitted for further treatment were reported in 17 cases. Patients
received bronchodilators in 6 cases and corticosteroids in 3 cases. Nine cases referenced antibiotic therapy, which
included 2 cases of azithromycin, 2 cases of amoxicillin, 2 cases of ceftriaxone, 1 case of cefdinir, 1 case of clindamycin,

1 case of roxithromycin, and 1 case of trimethoprim-sulfamethoxazole (TMP/SMX).

Post-Admission, Pre-NTM Diagnosis Pharmacotherapies

Of the total 33 patients, 21 cases reported pharmacotherapeutic management after admission, but before a diagnosis of
NTM was made. This included 18 cases where anti-tuberculosis medication was started, with 18 patients receiving
rifampin, 18 patients receiving isoniazid, 17 patients receiving pyrazinamide, and 8 patients receiving ethambutol.
Medication treatment before NTM diagnosis is summarized in Table 1.

Post-NTM Diagnosis Pharmacotherapies

The medications that patients received after NTM were identified as the causative agent for pulmonary infection are

detailed in Table 2. Unique classes of antibiotics used in patient management are detailed in Table 3. Changes in

pharmacotherapeutic management were described among 17 patients after NTM was diagnosed as causative of patients’

pulmonary infections. The median number of antibiotics given after definitive NTM diagnosis was 3 (IQR: 2-4).
Patients were often treated concurrently with multiple antibiotics. Macrolides (n=23) were commonly paired with

quinolones in 9 cases, rifampin in 8 cases, ethambutol in 8 cases, aminoglycosides in 7 cases, and cephalosporins in 5

Table | Most Frequently Administered Medications Before Non-
Tuberculous Mycobacterial Diagnosis

Medication Number of Patients Receiving
Isoniazid 18
Rifampin 18
Pyrazinamide 17
Ethambutol 8
Corticosteroids 5
Ceftriaxone 3
Gentamicin 2
Vancomycin 2
Ampicillin 2
Azithromycin 2
Clindamycin 2
Streptomycin |
Amoxicillin + Clavulanic acid |
Piperacillin + Tazobactam |
Cefdinir |
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Table 2 Most Frequently Administered Medications After Non-
Tuberculous Mycobacterial Diagnosis

Medication Number of Patients Receiving
Clarithromycin 17
Rifampin 13
Amikacin I
Ethambutol 10
Azithromycin 7
Ciprofloxacin 6
Isoniazid 5
Imipenem 4
Corticosteroids 4
Cefoxitin 4
Rifabutin 4
Meropenem 2
Clofazimine 2
Trimethoprim-Sulfamethoxazole | 2

Cilastatin

Levofloxacin

Cephaloridine

Streptomycin

Para-aminosalicylic acid

Ethionamide

Linezolid

Moxifloxacin

Cefprozil

Tigecycline

Ofloxacin

Table 3 Antibiotic Classes Used to Treat >| Patient After
Non-Tuberculous Mycobacterial Diagnosis

Medication Class

Number of Patients Receiving

Aminoglycosides

Macrolides

23

Carbapenems

5

(Continued)
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Table 3 (Continued).

Medication Class Number of Patients Receiving
Cephalosporins 5
Quinolones 9
Sulfonamides 2

Antituberculosis (any HRZE) | 14

Isoniazid 5
Rifampin 13
Pyrazinamide 3
Ethambutol 10

cases. Aminoglycosides (n=11) were commonly paired with cephalosporins in 6 cases, carbapenems in 4 cases,
quinolones in 4 cases, rifampin in 3 cases, and ethambutol in 3 cases.

For specific medications, the most common pairings (n>5) were ethambutol with rifampin (n=9) or clarithromycin
(n=6), clarithromycin with amikacin (n=6) or rifampin (n=5), and rifampin with isoniazid (n=5).

Notable three-medication regimens were ethambutol, rifampin, and a macrolide in 7 cases; a macrolide, quinolone,
and aminoglycoside in 4 cases; a macrolide, cephalosporin, and aminoglycoside in 4 cases; and a macrolide, cephalos-
porin, and carbapenem in 4 cases.

In antibiotic treatment of MAC (n=17), 13 patients were treated with a macrolide and 11 were treated with at least one
HRZE medication (rifampin n=10, ethambutol n=8, isoniazid n=4). In treatment of M. abscessus (n=5), clarithromycin
was used in all cases, 4 of 5 were treated with amikacin, and 3 of 5 treated with ciprofloxacin. In treatment of
M. fortuitum, 3 of 4 patients received amikacin, but no other medication classes were shared across patients.

Non-Pharmaceutical Therapies and Procedures

In addition to medical therapy, several of the infants included in this study received additional therapy or underwent other
therapeutic or diagnostic procedures. Of the 33 infants, 85% (n=28) underwent some sort of procedure. Among those
procedures, the most common procedure was a diagnostic bronchoscopy with 79% (n=26) of infants receiving
a bronchoscopy. Moreover, 39% (n=13) received debulking therapy or removal of granulation tissue. Furthermore, an
additional 33% (n=11) of infants had a surgical biopsy to assist with confirmation of NTM diagnosis. Only 12% (n=4) of
infants had a pneumonectomy, lobectomy, or other lung resection. Procedure data is summarized in Figure 2. Other
supportive therapies following NTM diagnosis included non-invasive supplemental oxygen (12%, n=4), and mechanical
ventilation (6%, n=2). Additionally, three patients (9%, n=3) were admitted to an intensive care unit, and two (6%, n=2)
patients were placed into a negative pressure isolation room.

Discussion
Our study focused on the therapeutic interventions of NTM pulmonary infections among infants. This study contributes
new knowledge in the area of treatment of NTM pulmonary infections among this study group.

With regard to treatment regimens, recommendations for the total length of pulmonary NTM therapy in adults is at
least 12 months of treatment with at least three active drugs, of which one should be azithromycin or clarithromycin.***°
In our sample, published treatment durations were generally shorter (median 30 weeks), although cases did publish
treatment of up to 9 years, which may capture variability in clinicians’ decisions to end therapy in infants sooner
following resolution of symptoms or negative cultures. Duration of therapy should be considered as infants may be

susceptible to developmental impacts of prolonged antibiotic use that adult patients are not.”* >
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Bronchoscopy Tissue Debulking

7 (21.2%)

20 (60.6%)

Biopsy Lung Resection

22 (66.7%) 29 (87.9%)

@® Underwent Procedure No Procedure

Figure 2 Procedures Performed on Infants.

Guidelines for the treatment of pulmonary NTM are largely empirical, and specific recommendations exist for some
but not all strains of disease-causing NTM species.*®>*** The commonly administered classes of antibiotics in our
sample are reflective of these guidelines, with antibiotic therapy utilized in the majority of cases in our study (94%). Of
studies reporting medications started before a diagnosis of NTM infection was made, the majority (86%) documented
initiation of HRZE therapy for presumed tuberculosis, further highlighting the diagnostic challenge of distinguishing
tuberculosis from pulmonary NTM infection on differential. The proportion of patients receiving antituberculous therapy
after NTM diagnosis decreased (45%), which may reflect the mixed susceptibility of some but not all strains to rifampin,
ethambutol, and/or isoniazid, with updated ATS/IDSA guidelines recommending these medications as part of multi-drug
therapy in some cases.*® Macrolides (n=23), aminoglycosides (n=11), and quinolones (n=9) were other commonly
prescribed antibiotic classes in our patient sample. Overall, these trends are also reflected in the relative frequency
with which these drug classes were prescribed together. Although clarithromycin was the most administered macrolide in
our sample, ATS/IDSA guidelines conditionally suggest azithromycin-based over clarithromycin-based regimens for the
treatment of pulmonary NTM. The higher proportion of treatment with these medications is of note as drug-resistance
genes in NTM are also most commonly associated with resistance to macrolides and aminoglycosides.’® Other studies
have demonstrated that combined macrolide and fluoroquinolone therapy is associated with higher resistance, while
macrolide, rifampin, and ethambutol combinations are associated with lower rates of culture conversion and treatment

failure.®>7
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M. abscessus infection in particular has been documented as resistant to antibiotic therapy and sputum conversion among
adults with pulmonary NTM infection, with a lower cure rate compared to MAC pulmonary disease.” In our sample, all
infants diagnosed with M. abscessus (n=5) survived and were considered by case authors to be successfully managed,
although 2 cases did not describe long-term culture results. Of the mycobacterial strains discussed in this paper, Meoli et al
note that M. abscessus exhibits extensive antibiotics resistance in the pediatric population due to its full-length erm(41) gene
expression, necessitating careful antibiotic selection—especially for macrolides—to avoid treatment failure.®

We have previously reported that Mycobacterium avium complex (MAC) was the most common species responsible
for infection in a population similar to the current sample,?' which is consistent with previous literature on pulmonary
NTM infections in immunocompromised patients.’® M. abscessus and M. fortuitum were the next most common species
in our sample (18% and 12% respectively), which are also commonly identified disease-causing strains in previous
epidemiologic studies, although relative proportions vary by geography.®

The clinical course of NTM pulmonary infections was characterized by prolonged hospital stay (median 25 days; IQR
14-112), indicative of the complicated factors affecting NTM infection diagnosis and treatment in infants. The length of
hospitalization may reflect the severity of disease, but also the diagnostic uncertainty associated with pulmonary NTM
infections. Due to its similarity in clinical presentation to tuberculosis, NTM pulmonary infections are frequently misdiag-
nosed in early stages, which can delay appropriate treatment and complicate patient outcomes.® Positive acid-fast staining of
sputum smears can increase suspicion for NTM pulmonary disease that requires treatment, but limitations include inability of
this test to differentiate between M. tuberculosis and NTM as well as reported variable sensitivity and limited use in
paucibacillary populations, such as pediatric patients.®’ Molecular methods are recommended to aid in NTM detection,
differentiation from M. tuberculosis, and NTM species identification, but access to these tests can be limited in low-resource
settings and can similarly be limited by lower bacterial levels in pediatric mycobacterial infections.> Additionally, our
previous work in a similar population of infants showed that published case reports on pulmonary NTM infections turned
positive acid-fast bacilli staining in only about half of cases tested, and that tuberculin skin tests returned positive results in 9
out of 22 cases, further highlighting the need for careful clinical consideration to make a pulmonary NTM diagnosis.”' Growth
of NTM from respiratory specimen alone is not sufficient to diagnose NTM as the causative agent of infection, both due to the
possibility of environmental contamination and because not all respiratory NTM growth is associated with progressive
disease.*® Instead, radiographic and clinical criteria must also be fulfilled, and multiple positive cultures across time are also
recommended, increasing the time required to make a diagnosis.

Although procedures for the purpose of diagnosis were common in this sample as well as a similar previous sample
that included immunocompromised infants,?' procedural interventions intended for treatment of nontuberculous myco-
bacterial infections were infrequent and generally reserved for specific clinical scenarios such as hemoptysis or severe
bronchiectasis, as they were only utilized in 12% (n=4) of the patients included in this study. ATS guidelines suggest that
the cure rate for NTM was not statistically significant when comparing patients treated with antibiotics alone compared to
patients treated with both antibiotics and surgery. Additionally, per ATS guidelines, surgical complications were observed
in 7-35% of patients who received surgery, underscoring the limited role of surgical interventions in the management of
NTM infections.*® Furthermore, Lu et al also report that early post-surgical mortality for NTM treatment is low, while
long-term mortality—measured between 6 and 8 years—can vary widely between 3% and 21%. However, there is
a dearth of specific information regarding surgery for pulmonary NTM among children.®® Furthermore, given that
lymphadenitis is the most common clinical manifestation of NTM disease in immunocompetent children, it is important
to note that surgical excision of affected lymph nodes is preferred treatment.’® Given the pediatric population of this
study, high long-term post-surgical mortality should be considered as a critical factor when evaluating the risk-benefit
ratio of surgical interventions, as it may influence the decision to prioritize less invasive treatments and focus on
optimizing antibiotic regimens tailored to the specific needs of younger patients.

Key limitations of this study include its retrospective design and the heterogeneous nature of case reports and
case series from which data was extracted. Included studies may have been written and published upon discharge
from the hospital or apparent resolution of clinical symptoms, limiting this study’s ability to report on long-term
patient outcomes. Mortality outcomes and duration of antibiotic therapy may be biased by lack of reporting of
complete outpatient antibiotics regimens and adjustments, long-term complications, rehospitalizations, or deaths
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that occurred after patients’ apparent improvement at the time of discharge and case report preparation. The
results of this study should be interpreted in this context. Despite these limitations, the management data
presented in this paper is of relevance for contextualizing existing treatment strategies in a specific subset of
patients with this uncommon infection, especially given the empiric nature of pulmonary NTM treatment. Further
investigations through retrospective chart review and prospective study designs are warranted to more fully
characterize management, long-term followup, and outcomes among this population.

Conclusions

This review is the first to our knowledge to address and review the complexity of managing pulmonary NTM infections
in immunocompetent infants and to describe the diverse therapeutic approaches with varying antibiotic use and
procedural interventions present in the existing literature. Our findings underscore the reliance on antibiotic therapy as
the cornerstone of present treatment practices, where macrolides paired with quinolones, aminoglycosides paired with
cephalosporins, and combined ethambutol and rifampin were among the most common combinations administered.
Nonetheless, antibiotic regimens were highly variable with no combinations being administered to more than a third of
our sample, which reflects the absence of tailored pediatric-specific guidelines that can be applied to this population.
Procedural interventions were less commonly utilized but have also been documented as successful adjuvant manage-
ment options, or even as the sole treatment technique in rare cases. Supplemental therapies were infrequently reported in
the literature.

The retrospective nature of this review, drawn from disparate case studies and series, limits the generalizability of
findings and underscores the need for standardized data collection and reporting in future studies. Despite these
limitations, this analysis serves as a foundational step in addressing the knowledge gap regarding the management of
pulmonary NTM infections in immunocompetent infants. The treatment modalities reported in this study may provide
a baseline of existing evidence for clinicians to consider in the management of patients with this disease in the absence of
population-specific guidelines based on observational and experimental studies among otherwise healthy infants. Future
research, especially prospective and randomized controlled trials, to investigate relative efficacy of different antibiotics,
treatment regimens, and long-term outcomes is necessary to refine treatment guidelines, optimize outcomes, and mitigate
risks in this vulnerable patient population.

Abbreviation
NTM, Nontuberculous mycobacteria.
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