
cross-resistance between isoniazid and
ethionamide/prothionamide (153).

Conclusions.When the individualized
treatment regimen for patients with
MDR-TB contains newer-generation, more-
effective drugs, the addition of
ethionamide/prothionamide does not
appear to provide benefit.

Research needs.Research efforts are
underway to identify potential boosters of
potency for ethionamide, which, if
successful when coadministered, may
result in improved therapeutic index and
overall better risk-benefit ratio for use (154).

Fluoroquinolones: Levo � oxacin,
Moxi � oxacin, Cipro � oxacin, and
O� oxacin
The fluoroquinolones are a family of
chemically related drugs characterized by a
common core dual-ring structure (155).
Ofloxacin, then levofloxacin, then moxifloxacin
sequentially improved on earlier generation’s
spectrum of activity, including mycobacteria,
and their antimycobacterial action increased as
evidenced by lower minimum inhibitory
concentrations (MICs) and increasing success
in clinical use (156, 157). Physicians began
using these drugs to treat MDR-TB on the
basis ofin vitro data, with subsequent case
series and observational studies showing
efficacy (158), although none of the
fluoroquinolones are currently indicated by
regulatory authorities for the treatment of
TB. In general, these drugs are well absorbed
orally, have favorable pharmacological
profiles for once-daily dosing, are generally
well tolerated, and now are available in
generic formulations (155).

Summary of the evidence.Procedures
and methodology to assemble and rank the
certainty in the evidence are reported in
APPENDIXA, with evidence profiles for PICO
questions reported in APPENDIXB. In our PS-
matched IPDMA, ofloxacin was used most
commonly (n=4,020), followed by levofloxacin
(n=3,872), moxifloxacin (n=2,132), and
ciprofloxacin (n=431); 734 patients did not
receive afluoroquinolone, the comparison
group for subsequent analyses, and 828 patients
received two or more quinolones and were
excluded (3). The groups were similar in age,
sex, proportion AFB smear positive, proportion
with cavitary disease on chest radiograph, and
prior treatment withfirst-line drugs. However,
the no-quinolone group had substantially more
HIV coinfection (44% vs. 13–28%; proportion
with HIV coinfection across different

quinolones), more past treatment with second-
line drugs (52% vs. 8–25%), more quinolone
resistance (86% vs. 6–33%), more second line
injectables resistance (74% vs.12–34%), and
more XDR TB (73% vs. 4–19%). In terms of
treatment, the no-fluoroquinolone group
received less amikacin (7% vs. 18–43%) and
kanamycin (13% vs, 26–65%) and more
capreomycin (66% vs. 6–34%). Therefore, the
median number of effective drugs (intensive
phase) was lower in the no-fluoroquinolone
group (2.1) than in the other groups (3.3–4.0).
Thus, treatment success was lower in the no-
fluoroquinolone group (35% vs. 55–68%) and
failure/relapse was higher than but not greatly
different from the others (13% vs. 2–10%);
mortality, however, was much higher (40% vs.
11–15%).

Benefits. In our PS-matched IPDMA,
among patients with susceptible isolates,
levofloxacin-containing regimens compared
with no quinolone were associated with
significantly more treatment successes
(aOR, 4.2; 95% CI, 3.3–5.4) and significantly
fewer deaths (aOR, 0.6; 95% CI, 0.5–0.7).
Moxifloxacin, compared with no
quinolone, was also associated with
significantly more treatment successes
(aOR, 3.8; 95% CI, 2.8–5.2) and
significantly fewer deaths (aOR, 0.5; 95%
CI, 0.4–0.6). In the subgroup with
resistance to an injectable drug(s),
levofloxacin or moxifloxacin were
associated with a significant improvement
in treatment success (aOR, 1.8; 95% CI,
1.2–2.8) and reduction in death (aOR, 0.6;
95% CI, 0.4–0.8), although the
corresponding adjusted risk differences
were not statistically significant. In pairwise
comparisons, both levofloxacin and
moxifloxacin were associated with
significantly better treatment outcomes
than ofloxacin. The aORs of death were
lower for the two later-generation
quinolones when compared with ofloxacin
(levofloxacin: aOR, 0.8; 95% CI, 0.6–0.9;
moxifloxacin: aOR, 0.8; 95% CI, 0.6–1.0)
(data not shown). Ofloxacin and
ciprofloxacin are considered inferior
quinolones againstM. tuberculosis (144,
149, 159, 160). Levofloxacin and
moxifloxacin did not differ significantly
from each other.

In a recent IPDMA describing
treatment outcomes in children treated for
MDR-TB (113), new and repurposed TB
drugs, including late-generation
fluoroquinolones, were not used enough to
adequately evaluate efficacy, but most experts

and emerging evidence suggest that the
efficacy offluoroquinolones noted in adults
should be similar in children (83, 161).

Harms. In our PS-matched IPDMA,
grade 3 adverse events were recorded
systematically in a subset of 1,962 patients
from a cohort study of MDR-TB at
27 sites in nine countries. Permanent
discontinuation offluoroquinolones due to
adverse events was uncommon. Among 150
patients treated with levofloxacin, the drug
was stopped permanently because of adverse
events in 6 (4.0%). Among 398 patients
treated with moxifloxacin, the drug was
stopped permanently in 14 (3.5%) patients.
Among 1,167 patients treated with
ofloxacin, the drug was stopped
permanently in 56 (4.8%) patients. An
analysis of 56 clinical trials comparing
quinolones against placebo or against other
antimicrobial agents found generally similar
adverse event profiles (3). Seven studies
reported more frequent adverse events and
six studies reported fewer adverse events in
fluoroquinolone-treated patients. The most
frequent adverse effects reported are those
of the gastrointestinal tract in 3% to 17%
and CNS in 0.9% to 11% of patients (155,
162). Allergic and other hypersensitivity
reactions and other skin reactions occur in
0.5% to 2.8% of patients. Other adverse
effects that occur in.1% of patients are
cardiac (QT interval prolongation) and
endocrine (hypoglycemia). Recently, FDA
strengthened warnings in the prescribing
information for the entire class of
fluoroquinolones on risks of severe
hypoglycemia, certain mental health side
effects, and tendonitis, as well as risks
of ruptures or tears in the aorta (163).
Safety concerns persist for long-term
pediatric use offluoroquinolones,
especially regarding arthropathy.
However, several long-term prospective
and retrospective studies in children have
confirmed that severe adverse effects with
the fluoroquinolones are rare, including
musculoskeletal, neurological, and QT
interval prolongation adverse effects
(164–166).

Additional considerations.As later-
generationfluoroquinolones have become
generic, their cost has decreased greatly and
their use has expanded to many different
indications, so procurement and availability
have not been problematic, but resistance
is more common than among
aminoglycosides. Some foods or beverages
and antacids high in content of divalent or

AMERICAN THORACIC SOCIETY DOCUMENTS

American Thoracic Society Documents e113



pharmacokinetic and pharmacodynamic
properties with thrice-weekly dosing,
especially after conversion of cultures to
negative, decreasing healthcare system
demands and the requirement for
daily injections (16, 177). Intramuscular
injections are painful, and 6 months of
injections can be traumatic, especially
to younger patients. Patients’ values may
differ sharply from providers in this
respect and should be considered when
determining whether to use injectable
agents.

Conclusions.In our PS-matched
IPDMA, the use of amikacin and
streptomycin when the patient’s isolate was
susceptible to these drugs was associated
with an increase in treatment success when
compared with the control group not
receiving these injectables. However,
because of their toxicity and modest
efficacy compared with other drugs, which
also are less toxic, these drugs should be
reserved for when more-effective or less-
toxic therapies cannot be assembled to
achieve a total offive effective drugs. In our
analyses, amikacin and streptomycin had
similar aORs for treatment success in a
minority of patients withfluoroquinolone
resistance. Kanamycin and capreomycin
were ineffective. We recommend against
using kanamycin or capreomycin. As is
the case for adults, the use of amikacin
and streptomycin for children should
also be reserved to when more-effective
or less-toxic therapies cannot be
assembled to achieve a total offive
effective drugs.

Research needs.N-acetylcysteine, a
thiol-containing antioxidant, may limit the
severity and irreversibility of
aminoglycoside-induced ototoxicity (187,
188), warranting additional research into
this and other otoprotective measures that
may improve the balance of benefits and
harms for using these injectable agents.

Linezolid
Linezolid is an oxazolidinone antibiotic
that inhibits bacterial protein synthesis by
preventing the fusion of 30S and 50S
ribosomal subunits (189). It also binds to
human mitochondria and inhibits protein
synthesis, which is the mechanism of
toxicity in clinical use (190, 191).
Linezolid was initially used off-label in the
absence of consistent scientific evidence as
part of the regimen for difficult-to-treat
cases of MDR- and XDR-TB (192). The
first large retrospective observational
study suggested linezolid was effective, but
with frequent and often severe adverse
events (192). The same study suggested,
for the first time, that reducing the daily
dose from 1,200 mg to 600 mg per day
might be associated with fewer adverse
events and improved tolerability. Several
systematic reviews, IPDMAs, and one
controlled clinical trial have been
published on linezolid for treatment of
MDR-TB (87, 193–196). The clinical trial
confirmed previous observationalfindings
and, in particular, the effectiveness of
linezolid and its potential toxicity (195). A
meta-analysis with 121 cases of patients
with MDR-TB from 11 countries, treated
with linezolid, confirmed linezolid
effectiveness (culture conversion, 93.5%;
treatment success, 81.8%) and that the 600-
mg daily dose was safer than the 1,200-mg
dose (46.7% adverse events vs. 74.5%,
respectively) without lowering its
effectiveness (196). The clinical trial
confirmed the efficacy, safety, and
tolerability of linezolid in patients with
XDR-TB (194). There are insufficient data
regarding the effectiveness of initiating
treatment with doses,600 mg daily to
recommend lower doses. Recently, the
importance of therapeutic drug
monitoring to reduce adverse events
potentially due to linezolid has been
emphasized (197, 198).

Summary of the evidence.Linezolid
was used in regimens for MDR- and XDR-
TB across 38 studies (3). The initial dose of
linezolid was 1,200 mg/d for 91 patients in
five studies, 600 mg/d for 784 patients in 28
studies, and 300 mg/d for 99 patients infive
studies (3). Procedures and methodology to
assemble and rank the certainty in the
evidence are reported in APPENDIX A, with
evidence profiles for PICO questions
reported in APPENDIX B.

Benefits. In our PS-matched IPDMA,
patients who received linezolid-containing
regimens were more likely to achieve
treatment success (aOR, 3.4; 95% CI,
2.6–4.5) and to have a lower rate of death
(aOR, 0.3; 95% CI, 0.2–0.3) than those who
did not receive linezolid. The effect on
treatment success was more pronounced
when studies from only high-income
countries were included (aOR, 3.9; 95% CI,
2.6–5.8). The greatest impact was found in
patients with XDR-TB, where the aOR for
successful treatment versus failure or
relapse was 6.3 (95% CI, 3.9–10.1) and the
aOR for death was 0.1 (95% CI, 0.1–0.2).
When PS-matched pairs analyses were
performed comparing the effects of
bedaquiline and linezolid with those of no
bedaquiline or linezolid, the combination
of bedaquiline and linezolid was associated
with an aOR of 2.7 (95% CI, 1.5–4.9) for
success versus failure/relapse, and of 0.3
(95% CI, 0.2–0.4) for death versus
success/failure/relapse. The efficacy of
linezolid in children with TB has been
shown in two studies of children,18 years
of age, albeit with few patients (199, 200).

Harms. Adverse effects associated with
linezolid in patients with TB include
neurotoxicity (i.e., peripheral neuropathy
and optic neuritis), myelosuppression,
hyperlactatemia, and diarrhea, all of which
are presumably secondary to the inhibition
of mitochondrial protein synthesis (190,
201). A published systematic review of 12
studies conducted in 11 countries globally
reported an adverse event rate of 58.9%
(hematological, neurological, and
gastrointestinal), predominantly noted in
individuals treated with a dosages.600
mg/d (196). Hematological toxicity can
occur quickly after starting treatment and
can involve any cell line. Neurotoxicity,
including optic neuritis and peripheral
neuropathy, occur later, usually after 12 to
20 weeks of treatment. Toxicity has been
associated with trough levels of.2.0

PICO Question 14—Linezolid: In patients with MDR-TB, are outcomes safely improved
when regimens include linezolid compared with regimens that do not include
linezolid?

Recommendation 14: We suggest including linezolid in a regimen for the treatment
of patients with MDR-TB (conditional recommendation, very low certainty in the
evidence). This is a conditional recommendation despite linezolid-containing
regimens showing large reduction in mortality and improved treatment success,
similar to bedaquiline and later-generationfluoroquinolones, because linezolid had
more adverse effects and the balance of benefits and harms was less favorable
compared with those drugs.
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(see ROLE OF THERAPEUTICDRUG

MONITORING IN TREATMENT OFMDR-TB)
(202–204). Adverse effects, especially
myelosuppression, are also noted to be
common at the currently recommended
dose of 10 mg/kg twice daily in children
,10 years of age.

Additional considerations.Although
use of linezolid for the FDA-approved 28
days or less for non-TB indications is
associated with an acceptable adverse effect
profile (205), the data on the longer-term
use necessary for MDR-TB are limited (3,
195, 200). Strict clinical monitoring for
potential toxicity (in particular peripheral
neuropathy, optic neuritis, anemia, and
leukopenia) is necessary because of the risk
of adverse events associated with the long-
term use of linezolid (16). If optic neuritis
occurs, many patients may be rechallenged
successfully with linezolid once vision
normalizes. Assessment for visual toxicity
must continue after restarting linezolid.
Some patients are able to be rechallenged
with the full dose; others are able to avoid
recurrent visual toxicity with a reduced
dose of linezolid at 300 mg daily (195).
Linezolid should generally not be
administered to patients taking
serotonergic agents, such as monoamine
oxidase inhibitors, because of the potential
for serious CNS reactions, such as serotonin
syndrome. Because monoamine oxidase
type A deaminates serotonin, and selective
serotonin reuptake inhibitors potentiate the

action of serotonin by inhibiting its
neuronal reuptake, administration of
linezolid concurrently with a selective
serotonin reuptake inhibitor can lead to
serious reactions, such as serotonin
syndrome or neuroleptic malignant
syndrome–like reactions (16). One
randomized clinical trial demonstrated that
lowering the dose from 600 mg/d to 300
mg/d after culture conversion reduced
toxicity (195). For children, one modeling
study reported that linezolid dose of 15
mg/kg in full-term neonates and infants
aged<3 months and 10 mg/kg in toddlers,
administered once daily, achieved
cumulative fraction of response of>90%,
with ,10% achieving linezolid area
under the concentration-versus-time curve
(AUC) of 0 to 24 associated with toxicity
(173). On the basis of modeling of
pharmacokinetic data from 48 children,
WHO and Sentinel Project recommend
pediatric doses of linezolid as 15 mg/kg
once daily for children,15 kg and 10 to
12 mg/kg once daily for those
weighing.15 kg (7, 17). It is common
practice for patients on linezolid to be
prescribed vitamin B6 (16).

Conclusions.In our PS-matched
IPDMA, patients who received linezolid-
containing regimens were more likely to
achieve treatment success and to have a
lower rate of death than those who did not
receive linezolid. We suggest including
linezolid in a regimen for the treatment of

patients with MDR-TB. This is a
conditional recommendation despite
linezolid-containing regimens showing
large reduction in mortality and
improved treatment success, similar to
bedaquiline and later-generation
fluoroquinolones, because linezolid
had more adverse effects and the
balance of benefits and harms was
less favorable compared with those drugs.

Research needs.Clinical trials of
combinations of new chemical entities plus
linezolid, including when administered at
different doses and durations to optimize its
therapeutic effect while minimizing toxicity
are underway (Nix-TB, ClinicalTrials.gov
Identifier: NCT02333799; ZeNix [Safety
and Efficacy of Various Doses and
Treatment Durations of Linezolid Plus
Bedaquiline and Pretomanid in Participants
with Pulmonary TB, XDR-TB, Pre-XDR-
TB or Non-responsive/Intolerant MDR-
TB], NCT03086486). Further linezolid
pharmacokinetic and safety data are needed
to find optimal dosing in adults and
children.

Macrolides: Azithromycin and
Clarithromycin
The macrolides azithromycin and
clarithromycin have unclear efficacy and
role in the treatment of MDR-TB (23).
Macrolides are commonly used to treat
upper and lower respiratory tract infections
and have an essential role in the treatment
of nontuberculous mycobacteria
(206). They are believed to have
immunomodulatory and antiinflammatory
effects.M. tuberculosis has intrinsic,
inducible resistance to clarithromycin (207,
208), andin vivo murine TB models
confirm the lack of activity of macrolides
(209). Clarithromycin may increase
linezolid serum exposure when used in
combination (210), prompting some
consideration of potential synergy between
macrolides and other MDR-TB drugs (211).
WHO does not recommend use of
macrolides to treat MDR-TB (23).

Summary of the evidence.Procedures
and methodology to assemble and rank the
certainty in the evidence are reported in
APPENDIX A, with evidence profiles for PICO
questions reported in APPENDIX B. In our PS-
matched IPDMA, patients who received
macrolides (n= 1,067) were more likely to
have been treated with second-line drugs and
to have resistance tofluoroquinolones or any

PICO Question 15—Macrolides: In patients with MDR-TB, are outcomes safely
improved when regimens include macrolides compared with regimens that do not
include macrolides?

Recommendation 15: We recommend NOT including the macrolides azithromycin
and clarithromycin in a treatment regimen for patients with MDR-TB (strong
recommendation, very low certainty in the evidence). Our recommendation against
the use of the macrolides azithromycin and clarithromycin in MDR-TB treatment is
strong despite the evidence being judged to be of very low certainty because we viewed
the increased mortality and decreased likelihood of treatment success associated with
the use of this drug class as having a notably unfavorable balance of benefits to potential
harms.

PICO Question 16—p-Aminosalicylic Acid: In patients with MDR-TB, are outcomes
safely improved when regimens includep-aminosalicylic acid compared with
regimens that do not includep-aminosalicylic acid?

Recommendation 16: We suggest NOT includingp-aminosalicylic acid in a
treatment regimen for patients with MDR-TB (conditional recommendation, very low
certainty in the evidence). When the individualized treatment regimen for patients
with MDR-TB contains newer-generation, more-effective drugs, the addition of
p-aminosalicylic acid does not appear to provide a benefit.
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Pyrazinamide has been demonstrated to
have substantial sterilizing activity as part
of combination regimens and has allowed
for treatment shortening in drug-
susceptible TB (223, 224). Higher doses
have been shown to be more effective in
animal models and phase 2A studies, but
doses of 40 to 70 mg/kg were found to be
too toxic to be pursued further in human
studies (224).

Summary of the evidence.Procedures
and methodology to assemble and rank the
certainty in the evidence are reported in
APPENDIX A, with evidence profiles for
PICO questions reported in APPENDIX B.
Our PS-matched IPDMA compared
outcomes in 1,986 individuals with isolates

susceptible to pyrazinamide who received
the drug with 307 individuals with isolates
susceptible to pyrazinamide who did not
receive the drug (3). However, the groups
were not balanced with regard to other
effective drugs; in particular, the patients
not receiving pyrazinamide were more
likely to receive linezolid and a later-
generationfluoroquinolone. Thus, the
ability to detect an effect of pyrazinamide
might have been partially obscured. In a
previous IPDMA, before linezolid and
bedaquiline were more commonly used,
administration of pyrazinamide among
patients with susceptible isolates was
associated with an aOR of 1.9 (95% CI,
1.3–2.9) for cure/complete versus

failure/relapse and an aOR of 1.6 (95% CI,
1.3–2.1) for cure/complete versus
failure/relapse/death, compared with
patients receiving pyrazinamide whose
isolates were resistantin vitro (6).

Benefits. In our PS-matched IPDMA,
treatment success was significantly less
likely with regimens containing
pyrazinamide (aOR, 0.7; 95% CI, 0.5–0.9),
but death was also significantly less
frequent (aOR, 0.7; 95% CI, 0.6–0.8). This
paradox may be due to confounding in our
PS-matched IPDMA, as patients who did
not receive pyrazinamide were substantially
more likely to receive linezolid. Moreover,
our PS-matched IPDMA did not assess the
potential ability of pyrazinamide to

Table 9. (Continued )

Step Drug
Route of

Administration Adults Children
Reduced Renal

Function*

6 Ethionamide p.o. 15–20 mg/kg total (usually
250–500 mg once or
twice daily)**

15–20 mg/kg total (divided
1–2 times/d)

No change needed

Prothionamide p.o. 15–20 mg/kg total (usually
250–500 mg once or
twice daily)**

15–20 mg/kg total (divided
1–2 times/d)

No change needed

Imipenem–cilastatin i.v. 1,000 mg 3–4 times/d (imipenem component)
15–25 mg/kg/dose 4
times/d

May reduce frequency

Meropenem i.v. 1,000 mg 3 times/d†† 20–40 mg/kg/dose 3 times/d May reduce frequency
Clavulanate (component
of amoxicillin–
clavulanate) for
coadministration with
carbapenems
(imipenem–cilastatin
and meropenem)

p.o./i.v. 250 mg 3 times/d 25 mg/kg/dose of amoxicillin
component 3 times/d

May reduce frequency to
match carbapenem

p-Aminosalicylic acid p.o./i.v. 4 g 2–3 times/d‡‡ 200–300 mg/kg/d in two
divided dosesxx

No change needed

High-dose isoniazidjjjj p.o./i.v. 15 mg/kg daily 15–20 mg/kg/d No change needed

Definition of abbreviations: M/W/F = Monday/Wednesday/Friday; TDM = therapeutic drug monitoring.
Updated and modi�ed from References 11, 16, 343, and 344.
*Dosages may not apply to patients with severely decreased kidney function, including in the setting of dialysis, for which consultation with a nephrologist
is advised.
†Levo�oxacin doses of up to 1,250 mg have been used safely when needed to achieve therapeutic concentrations. A recent population pharmacokinetic
study in South African children found that higher levo�oxacin doses from 18 mg/kg/d for younger children, up to 40 mg/kg/d for older children, may be
required to achieve adult-equivalent exposures (170).
‡Higher moxi�oxacin doses have been used safely when the isolate is resistant to o�oxacin and the minimum inhibitory concentration for levo�oxacin or
moxi�oxacin suggests higher doses may overcome resistance. Higher doses also are used in cases of malabsorption.
xCycloserine doses can be divided if needed (typically twice daily). Doses.750 mg are dif�cult for many patients to tolerate.
jjCycloserine dose may be lowered if serum concentrations exceed 35mg/ml, even if patient is not experiencing toxicity, to prevent central nervous system
toxicity.
¶Modi�ed from adult intermittent dose of 25 mg/kg, and accounting for larger total body water content and faster clearance of injectable drugs in most
children. Dosing can be guided by serum concentrations.
**Ethionamide can be given at bedtime or with a meal to reduce nausea. Experienced clinicians suggest starting with 250 mg once daily and gradually
increasing the dose over 1 week. Serum concentrations may be useful in determining the appropriate dose. Few patients tolerate 500 mg twice daily.
††Studies are ongoing evaluating meropenem at higher doses (ClinicalTrials.gov identi�ers: NCT03174184 and NCT02349841).
‡‡Some experts prescribep-aminosalicylic acid at 6 g, and up to12 g, administered once daily (16, 216).
xx For children, some experts prescribep-aminosalicylic acid at 200 mg/kg administered once daily (216).
jjjj Isoniazid is tested at two concentrations. Some experts use these results (or resistance conferred through mutations ininhA) to select a higher dose
when it tests resistant at the lower concentration and susceptible at the higher concentration. The higher dose may achievein vivo concentrations
suf�ciently high to overcome low-level resistance (16, 216).
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contribute to treatment shortening, as has
been achieved in drug-susceptible TB.
Because pyrazinamide is associated with
increased success only when used to treat
patients whose isolates are susceptible to
the drug (144), whenever feasible, the
decision to include pyrazinamide in a
regimen should be based on pyrazinamide
susceptibility results.

In an IPDMA of children with MDR-
TB, the addition of pyrazinamide to a
regimen showed no benefit in the treatment
of confirmed MDR-TB cases (aOR, 1.63;
95% CI, 0.41–6.56;P= 0.484) (113).
Pyrazinamide resistance was, however, not
tested and improved selection of cases on the
basis of resistance might change this outcome.

Harms. Pyrazinamide has been used
extensively in the treatment of TB, and
toxicities are well documented (225). The
most common is gastrointestinal upset or
intolerance. In a recent review of the
tolerability of TB drugs, pyrazinamide was
associated with serious adverse events in 56
of 2,023 (2.8%) patients (226). This is
consistent with previous reports of
pyrazinamide toxicity (11, 225, 227).
Hepatic enzyme elevations are common
with pyrazinamide, and significant
hepatotoxicity, although less common, can
occur. Modest elevated serum uric acid
levels are also expected, although the
clinical significance of this is unclear.
Nongouty polyarthralgias and
hypersensitivity reactions can occur. Flares
of clinical gout can also occur, especially in
those with a history of prior gouty arthritis.

Additional considerations.All patients
receiving pyrazinamide as part of an MDR-
TB treatment regimen should be monitored
carefully for signs or symptoms of
hepatotoxicity and have their pyrazinamide
dose held or decreased if such toxicity is
detected. Isolated increases in uric acid
without symptoms of gout are common and
are not an indication to discontinue the
drug. Recent population-based studies have
found that pyrazinamide resistance is
common in the setting of MDR with some
regional variability, suggesting that
pyrazinamide susceptibility should be
confirmed or suspected if the drug is
included in the regimen (217, 228, 229).
Although there are known challenges
related to accurately determining
phenotypic DST for pyrazinamide, recent
highly predictive DNA sequencing
techniques show significant promise
for newer genomic approaches (230).

When included in the regimen, most
experts use doses of 25 to 40 mg/kg/d
orally. The recommended dose of
pyrazinamide in children is 30 to 40
mg/kg daily.

Conclusions.We suggest including
pyrazinamide in a regimen for the treatment
of patients with MDR-TB, when theM.
tuberculosis isolate has not been found
resistant to pyrazinamide.

Research needs.Pyrazinamide is being
evaluated as part of novel treatment
regimens for both DS and MDR-TB in
multiple clinical trials (56). Development of
a reliable, simple molecular test for
pyrazinamide susceptibility is a critically
important research need. Dose
optimization studies for pyrazinamide are
warranted, as higher doses may be more
efficacious but also may be more toxic.

Building a Treatment
Regimen for MDR-TB

The guideline committee proposes a clinical
strategy tool for building a treatment
regimen for MDR-TB (Table 10). The
clinical strategy tool incorporates the
evidence-based review of the individual
drugs, with consideration of the balance of
benefits and harms for each drug, the
experience of MDR-TB experts on the
committee, as well as perspectives of
patients. This clinical strategy tool
encourages the building of all oral regimens
with five effective drugs (to which the
isolate is susceptible or has low likelihood
of resistance) for the treatment of MDR-
TB. In our PS-matched IPDMA, significant
favorable synergies were identified with
improved treatment success and reduced
mortality when bedaquiline was used in
combination with linezolid or clofazimine.
As noted, amikacin and streptomycin show
modest effectiveness when the patient’s
isolate is susceptible to these drugs;
however, because of their significant
toxicities, aminoglycosides should be
reserved for when a more-effective or less-
toxic regimen cannot otherwise be
assembled. Thefinal choice of drugs and
drug classes is contingent on many factors,
including patient preferences, harms and
benefits associated with agents, the capacity
to appropriately monitor for significant
adverse effects, consideration of drug–drug
interactions, comorbidities, and drug
availability. Final regimen development,

therefore, is individualized and may differ
substantially from the approach described
in Table 10. Doses of the drugs for treating
adults and children with MDR-TB are
provided in Table 9, modified and updated
from the 2016 ATS/CDC/IDSA Treatment
of Drug-Susceptible TB Practice Guidelines
(11).

Role of Therapeutic Drug
Monitoring in Treatment of
MDR-TB

Specific pharmacokinetic (PK)/
pharmacodynamic (PD) targets, especially
the AUC divided by the MIC over 24 hours
(AUC0–24/MIC), are being recognized as
playing an important role in determining
efficacy (231). This has been demonstrated
most clearly in hollowfiber systemsin vitro
that isolate the activity of the drug against
the organism (232, 233). Further evidence
has been provided by animal models
(mouse, rabbit, nonhuman primates) and
through human clinical trials (234–237).
Drug levels are usually chosen to be four to
five times greater than the MIC. Because of
the complexities of clinical disease, it is
more challenging to isolate the PK/PD
contribution of individual drugs, but
studies have nonetheless been informative
on the relationships between efficacy
and drug exposure (238–240). In human
TB, a combination of drugs is used, and
each patient has his or her unique
duration of disease, host genetics, and
particular strain ofM. tuberculosis. The
general term for these PK/PD data is
“exposure–response” data (i.e., for a
given amount of drug exposure, how
much response can you expect?). Much
of the published data focus on thefirst-line
TB drugs, with some emerging data
becoming available for second-line drugs
(241–243).

In clinical practice, the actual MIC for
each drug often is not available.
Epidemiological cut-off values or“critical
concentrations” that separate wild-type
from more resistant isolates can be used
for selecting what drugs to include in a
regimen (244). Thesein vitro cut-offs are
based on patterns of susceptibility
compared with achievable concentrations
within humans. An organism is not just
“susceptible” as an inherent property; it is
susceptible to inhibition or killing by
specific, tested concentrations of the
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long-regimen group (HR in apost hoc
analysis, 2.23; 95% CI, 0.76–6.60) (8).
Similarly, in a recently published IPDMA, a
greater proportion of individuals who
received the shorter regimen had less
treatment success and more death (249). In
the IPDMA, other adverse effects were also
statistically insignificant with the shorter
regimen, including deafness and ototoxicity
(relative risk, 1.5; 95% CI, 0.6–4.0), liver
injury (relative risk, 2.2; 95% CI, 0.5–10.3),
hepatitis (relative risk, 2.5; 95% CI,
0.3–21.2), and renal impairment (relative
risk, 4.5; 95% CI, 0.6–35.2). One of the
most concerning adverse effects of the
shorter regimen is hearing loss, with 7.1%
reported in the African study and between
0% and 23% in the meta-analysis (249,
250). The STREAM Stage 1 trial found that
ear and labyrinth disorders occurred in
7.4% participants on the shorter regimen,
compared with 5.7% with the longer
regimen, which was not statistically
significant (8); the frequency may have
been lower than in cohort studies because
hearing loss was not monitored by
audiometry in STREAM Stage 1.

Additional Considerations
When applying the eligibility criteria from
WHO for using the shorter-course,
standardized regimen to the population
included in our PS-matched IPDMA
(7, 253),.15% of individuals would have
been eligible for the standardized, shorter
regimen. In Europe, patient eligibility for
the shorter-course regimen has ranged
from 7.9% (48 of 612 new cases) in a study
performed at TB reference centers (254) to
16.9% in a surveillance-based study

performed by the European Centre for
Disease Prevention and Control (ECDC)
(93, 107, 255). In the United States,.15%
of patients with MDR-TB would be eligible
for the shorter-course MDR-TB regimen
(256). Data from California showed either
14.6% or 20.5% eligibility, based on
whether high-dose isoniazid or
ethionamide would be determined effective
on the basis of genetickatG or inhA
mutations, respectively (257). The
availability of molecular and growth-based
DST is key to determining the potential
eligibility of shorter-course regimen use.
The combined use of both modalities can
better inform drug resistance and potential
treatment regimens. High-dose isoniazid is
likely to be active against organisms with
low-level isoniazid resistance, commonly
associated with a mutation in theinhA gene
that also confers resistance to ethionamide
(257). Ethionamide is more likely to be
active againstM. tuberculosis organisms
with high-level resistance to isoniazid,
associated with a mutation inkatG and
which are less commonly resistant to
ethionamide (257). Global data have shown
that katG is present in 64.3% of the cases
tested andinhA in 19.2%, with some
regional differences (258). The shorter
regimen includes both ethionamide and
high-dose isoniazid and therefore is likely
to be effective against both of these
common MDR-TB resistance patterns (257,
259). There is uncertainty regarding the
diagnostic accuracy and reproducibility of
ethambutol and pyrazinamide growth-
based DST assays (260). For ethambutol,
the ECDC has reported that the
growth-based DST when performed on

Mycobacteria Growth Indicator Tube
(MGIT) is reliable (107), whereas Model
Performance Evaluation Program data have
identified variability in detecting
ethambutol resistance, with the majority of
laboratories having disagreement on one to
several strains with ethambutol resistance
(261). Alternatively, molecular testing for
pncA mutations as a method for
determining pyrazinamide resistance may
be more reliable, because on average 85% of
TB strains resistant to pyrazinamide will
have such a mutation (217, 221, 222). In
limited-resourced settings, testing all the
drugs composing the shorter-course
regimen may not be possible (106, 108). In
contrast, in Europe, DST for ethambutol
(93, 107) and pyrazinamide (106) is well
studied, butkatG and inhA genetic
mutations are not. In the United States,
growth-based DST data are available for
ethambutol, pyrazinamide, high- and low-
level isoniazid, and ethionamide, and
molecular testing is available through some
state public health laboratories and through
the CDC’s MDDR service (257). Therefore,
considering patients with eitherkatG or
inhA (but not both) mutations to be eligible
for the shorter regimen might be rational.
Last, the rate of cross-resistance between
ofloxacin and moxifloxacin is likely not
complete. Data from the ECDC showed
that 81% ofM. tuberculosis isolates that
were resistant to ofloxacin were also
resistant to moxifloxacin. However, other
settings (e.g., Bangladesh and Pakistan)
have shown cross-resistance as low as 7%
(107).

Conclusions
The shorter-course regimen was judged by the
guidelines committee to have minimal
desirable effects (on treatment success,
mortality, and culture conversions) and
small to moderate undesirable effects
(adverse events, limited applicability, and
the use of kanamycin as part of the
standardized regimen), and includes drugs
for which there is documented or high
likelihood of resistance (e.g., isoniazid,
ethionamide, and pyrazinamide).
Although the WHO’s STREAM Stage 1
randomized trial found the shorter-course
regimen to be noninferior to a long regimen
with respect to the primary efficacy
outcome (8), the guideline committee
cannot make a recommendation
either for or against this standardized
shorter-course regimen compared

PICO Question 19—Surgery for MDR-TB: Should elective lung resection surgery
(i.e., lobectomy or pneumonectomy) be used as an adjunctive therapeutic option in
combination with antimicrobial therapy, versus medical therapy alone, for adults with
MDR-TB?

Recommendation 19a: We suggest electivepartial lung resection (e.g., lobectomy or
wedge resection), rather than medical therapy alone, for adults with MDR-TB
receiving antimicrobial-based therapy (conditional recommendation, very low
certainty in the evidence). The writing committee believes this option would be
beneficial for patients for whom clinical judgement, supported by bacteriological and
radiographic data, suggests a strong risk of treatment failure or relapse with medical
therapy alone.

Recommendation 19b: We suggest medical therapy alone, rather than including
electivetotal lung resection (pneumonectomy), for adults with MDR-TB receiving
antimicrobial therapy (conditional recommendation, very low certainty in the
evidence).
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with longer individualized regimens.
We instead make a research
recommendation for the conduct of
randomized clinical trials evaluating
the efficacy, safety, and tolerability of
modified shorter-course regimens that
include newer oral agents, exclude
injectables, and include drugs for which
susceptibility is confirmed or deemed to
be highly likely. If this shorter-course
regimen is used, we recommend obtaining
DST for all medications in the regimen,
with the exception of clofazimine,
for which reliable testing is not
available, and recommend careful
side effect monitoring, including
high-quality audiometry, monthly
microbiologic monitoring, and close
case management, especially in persons
with HIV.

Research Needs
We make a research recommendation for the
conduct of randomized clinical trials
evaluating the efficacy, safety, and tolerability
of modified shorter-course regimens that
include newer oral agents, exclude
injectables, and include drugs for which
susceptibility is confirmed or deemed to
be highly likely. Further research is
needed on medications such as linezolid,
bedaquiline, and other medications
currently in clinical trials as substitutions
in the regimen if patients experience
adverse effects or resistance develops
to any of the medications in the
regimen (262). Research on modified
shorter-course regimens for pediatric
patients and in individuals living with
HIV is also needed. Until more data
regarding the use and outcomes of the
shorter-course regimens in patients

with HIV are available, this treatment
approach should preferentially
be considered only within a research
study. Current trials are underway to help
answer some these questions (262).

Role of Surgery in MDR-TB

Surgery was one of thefirst therapeutic
approaches for treating TB. It was replaced
by chemotherapy between 1960 and 1975.
However, several scientific societies and
national and international organizations
suggest consideration of surgery as an
adjunctive therapy for MDR-TB. This is
based on the results of observational
retrospective studies. Selected
indications are highlighted, including failure
of drug therapy, relapse, localized (e.g., an
isolated cavity) or extensive pulmonary
TB, and clinical complications (e.g.,
hemoptysis or empyema) (23, 263–270).

Summary of the Evidence
Systematic reviews and meta-analyses have
been performed on the role of surgery in
patients with MDR- and XDR-TB (263, 271,
272). The main limitation of systematic
reviews of surgery in MDR and XDR-TB
that summarize results of observational
studies combining study-level data is the
tremendous variability in patient
characteristics, background chemotherapy
regimens, and types of surgical procedures
(263, 271, 272). An IPDMA of surgery in
MDR-TB was designed to address those
shortcomings (271). Procedures and
methodology to assemble and rank the
certainty in the evidence are reported in
APPENDIX A, with evidence profiles for
PICO questions reported in APPENDIX B.

The IPDMA identified 67 cohort studies, of
which 45 could not be used because either
individual patient data were not available or
the surgical status of patients was not
known. Twenty-six studies comprising
6,431 patients with MDR-TB were included
(271). We used data from this IPDMA to
generate the evidence profiles. Despite the
analytic advantages of an IPDMA, which
allows for adjustment on baseline
imbalance in many prognostic factors, there
was a substantial residual risk of bias in the
results. There is no information about the
impact of surgery on adverse effects or
quality of life.

Bene� ts
Patients with partial lung resection had a
higher probability of treatment success, as
opposed to treatment failure, relapse, or
death (aOR, 3.0; 95% CI, 1.5–5.9). However,
the estimate is very uncertain because of the
limitations of individual studies and lack of
precision in results.

Harms
In the published IPDMA, a substantially
higher proportion of patients who had a
pneumonectomy died (8.5%) compared
with those who had a partial resection
(2.2%), but the authors could not establish
whether patients died as a result of surgical
complications or of their TB (271). The
estimates of the effects of pneumonectomy
on risk of death (aOR, 1.8; 95% CI, 0.6–5.1)
and treatment success (aOR, 0.8; 95% CI,
0.1–6.0) were not statistically significant. As
for partial lung resection, both estimates are
very uncertain. Treatment success in
patients with XDR-TB was noted to be
lower when patients underwent surgery
compared with patients who did not (aOR,

PICO Question 20—Treatment of isoniazid-resistant TB: PICO Question 20a: Should patients with isoniazid-resistant TB be treated
with a regimen composed of afluoroquinolone, rifampin, ethambutol, and pyrazinamide for 6 months compared with rifampin,
ethambutol, and pyrazinamide (without afluoroquinolone) for 6 months?

PICO Question 20b: Should patients with isoniazid-resistant TB be treated with a regimen composed offluoroquinolone, rifampin,
and ethambutol for 6 months and pyrazinamide for thefirst 2 months compared with a regimen composed of afluoroquinolone,
rifampin, ethambutol, and pyrazinamide for 6 months?

Recommendation 20a: We suggest adding a later-generationfluoroquinolone to a 6-month regimen of daily rifampin, ethambutol,
and pyrazinamide for patients with isoniazid-resistant TB (conditional recommendation, very low certainty in the evidence).

Recommendation 20b: In patients with isoniazid-resistant TB treated with a daily regimen of a later-generationfluoroquinolone,
rifampin, ethambutol, and pyrazinamide, we suggest that the duration of pyrazinamide can be shortened to 2 months in selected
situations (i.e., noncavitary and lower-burden disease or toxicity from pyrazinamide) (conditional recommendation, very low
certainty in the evidence).
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ART regimens should be developed in
consultation with HIV and ART experts. A
thorough review of all patients’ medications
should be performed, in consultation with
MDR-TB experts, to select individualized
regimens with less potential for
overlapping ART/TB drug toxicities
(Table 11). Useful webpages regarding
drug interactions (TB/HIV and other)
are available from AIDSinfo
(https://aidsinfo.nih.gov/guidelines), CDC
(http://www.cdc.gov/tb/publications/
guidelines/TB_HIV_Drugs/default.htm),
University of California San Francisco (http://
hivinsite.ucsf.edu/insite?page=ar-00-02),
University of Liverpool (http://www.hiv-
druginteractions.org/), and Indiana
University (http://medicine.iupui.edu/
clinpharm/ddis/).

The management of MDR-TB is more
complex among patients with HIV
infection. The higher pill burden of
combined ART with expanded TB drug
therapy, potential drug–drug interactions,
the management of immune reconstitution
inflammatory syndrome, and other
concurrent HIV-associated opportunistic
diseases all pose unique challenges in the
care of these patients. The management of
patients with HIV and MDR-TB can best
be performed by a multidisciplinary care
team composed of health providers
experienced in MDR-TB, HIV, and
public health case management (304, 305).
MDR-TB experts can be found through
CDC-sponsored TB Centers of Excellence
for Training, Education, and Medical
Consultation (http://www.cdc.gov/
tb/education/rtmc/default.htm), national,
state and local TB control programs
(https://www.cdc.gov/tb/links/tboffices.htm),
and international MDR-TB expert groups
such as the Global TB Network (6).

Children
On the basis of recent modeling studies, it is
estimated that there are about 1 million
incident cases of TB in children annually
and 230,000 deaths caused by the disease
(306, 307). About 35,000 cases of MDR- and
XDR-TB occur in children annually (308,
309). Our PS-matched IPDMA did not
include sufficient numbers of children to
allow the formulations of GRADE-based
recommendations. Nonetheless, on the basis
of a recent IPDMA of 975 children with
MDR-TB from 18 countries, recent
pharmacokinetic studies in children, and
several observational studies showing good

outcomes, the recommendations noted on
choice of drugs, composition of regimens,
and durations of treatment for adults can
also be applied to children with MDR-TB
(113, 119, 124, 161, 165, 170, 200, 310).

There are some special considerations for
formulating effective regimens for children of
various ages and adolescents. The bacterial
burden in young children with TB is much
smaller than that in most adults with TB. As a
result, most drug resistance in children was
present when the organism was inhaled
(primary resistance), and further development
of resistance while on therapy (secondary
resistance) is much less common in children.
However, the paucibacillary nature of
childhood TB also makes microbiologic
confirmation much more difficult. The only
way to determine drug susceptibility in cases
that meet clinical definitions of TB disease
(i.e., microbiologic confirmation is not
available) is by linking the child to a specific
source case for whom the drug susceptibilities
of the organism are known. Linking the child
and a specific case is more feasible in low-
burden settings to which these guidelines apply
but can be difficult in high-burden settings
when there may be more than one possible
source case. Also, standard definitions of
relapse and treatment failure for pediatric TB
trials are inconsistent because the low burden
of organisms in children makes microbiologic
confirmation of these outcomes difficult.

There are several technical factors that
can affect the outcome of treatment for
MDR- and XDR-TB in children. The two
age extremes of childhood have been
somewhat neglected in studies of MDR- and
XDR-TB. Little is known about the
pharmacokinetics, safety, and tolerability of
the drugs used to treat drug-resistant TB in
neonates, infants, and toddlers (115).
Children, especially those,2 years of age,
are more prone to developing disseminated
TB, including meningitis. Drugs that
penetrate well into the CSF, such as
linezolid, might have an advantage over
drugs that appear to have less penetration,
such as ethambutol and bedaquiline.
Adolescents can develop TB similar to that
found either in adults or in young children.
However, adolescent patients often have
been excluded from TB treatment trials.
Most of the oral drugs used to treat MDR-
and XDR-TB are not licensed for children.
Although the Global Drug Facility has
pediatric dispersible tablets available
(http://stoptb.org/gdf/drugsupply/drugs_
available.asp), these formulations are not

registered with FDA or the European
Medicines Agency, which has limited
commercial availability of child-friendly
dosage forms. As a result, for younger
children, the medication often has to be
crushed or put into suspension or capsules
once opened, and the pharmacokinetics and
pharmacodynamics of these various
preparations are unknown. HIV-infected
children may be exposed to lower
concentrations of certain orally administered
drugs than HIV-uninfected children given
the same bodyweight dose. Unfortunately,
the pharmacokinetics in HIV-infected
children of drugs used to treat MDR- and
XDR-TB are largely unstudied. Children
generally have a more difficult time
tolerating injectable medications because of
pain and the fact that many children with
TB are malnourished and have diminished
muscle mass. With the recent development
of new oral drugs, it is hoped that injectable
drugs can be avoided in children whenever
possible. Fortunately, children generally
tolerate the oral TB drugs better than adults,
with fewer serious adverse events resulting in
fewer breaks in therapy. Also, most children
with TB have not developed the common
chronic diseases of adulthood and will not
suffer complications of them during
treatment. However, drug adverse effects can
be difficult to assess in children and likely
are underreported. In general, the same
schedules used to monitor adverse events
and laboratory abnormalities in adult
patients treated for MDR- or XDR-TB also
should be used for children.

Outcomes of MDR-TB treatment in
children. A recently published systematic
review (33 studies) and IPDMA (28 of the
studies) described treatment outcomes for
975 children with MDR-TB using random
effects multivariate logistical regression
adjusted for age, sex, HIV infection,
malnutrition, severe extrapulmonary
disease, and severe pulmonary disease on
chest radiograph (113). Overall, 78% had a
successful treatment outcome, including
75% of the microbiologically confirmed
cases. However, treatment was successful in
only 56% of HIV-infected children who did
not also receive ART during TB treatment
compared with an 82% success rate in those
also treated with ART. In children with
confirmed MDR-TB, the use of injectable
agents and high-dose isoniazid was
associated with treatment success.
Unfortunately, limitations of this study
included that the vast majority of patients
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