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Treatment correlates of successful outcomes in pulmonary 
multidrug-resistant tuberculosis: an individual patient data meta-
analysis

A full list of authors and affiliations appears at the end of the article.

Summary

Background—Treatment outcomes for multidrug-resistant tuberculosis remain poor. We aimed 

to estimate the association of treatment success and death with the use of individual drugs, and the 

optimal number and duration of treatment with those drugs in patients with multidrug-resistant 

tuberculosis.

Methods—In this individual patient data meta-analysis, we searched MEDLINE, Embase, and 

the Cochrane Library to identify potentially eligible observational and experimental studies 

published between Jan 1, 2009, and April 30, 2016. We also searched reference lists from all 

systematic reviews of treatment of multidrug-resistant tuberculosis published since 2009. To be 

eligible, studies had to report original results, with end of treatment outcomes (treatment 

completion [success], failure, or relapse) in cohorts of at least 25 adults (aged >18 years). We used 

anonymised individual patient data from eligible studies, provided by study investigators, 

regarding clinical characteristics, treatment, and outcomes. Using propensity score-matched 

generalised mixed effects logistic, or linear regression, we calculated adjusted odds ratios and 

adjusted risk differences for success or death during treatment, for specific drugs currently used to 

treat multidrug-resistant tuberculosis, as well as the number of drugs used and treatment duration.

Findings—Of 12 030 patients from 25 countries in 50 studies, 7346 (61%) had treatment 

success, 1017 (8%) had failure or relapse, and 1729 (14%) died. Compared with failure or relapse, 

treatment success was positively associated with the use of linezolid (adjusted risk difference 0·15, 

95% CI 0·11 to 0·18), levofloxacin (0·15, 0·13 to 0·18), carbapenems (0·14, 0·06 to 0·21), 

moxifloxacin (0·11, 0·08 to 0·14), bedaquiline (0·10, 0·05 to 0·14), and clofazimine (0·06, 0·01 to 

0·10). There was a significant association between reduced mortality and use of linezolid (–0·20, –

0·23 to –0·16), levofloxacin (–0·06, –0·09 to –0·04), moxifloxacin (–0·07, –0·10 to –0·04), or 

bedaquiline (–0·14, –0·19 to –0·10). Compared with regimens without any injectable drug, 
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amikacin provided modest benefits, but kanamycin and capreomycin were associated with worse 

outcomes. The remaining drugs were associated with slight or no improvements in outcomes. 

Treatment outcomes were significantly worse for most drugs if they were used despite in-vitro 

resistance. The optimal number of effective drugs seemed to be five in the initial phase, and four in 

the continuation phase. In these adjusted analyses, heterogeneity, based on a simulated I2 method, 

was high for approximately half the estimates for specific drugs, although relatively low for 

number of drugs and durations analyses.

Interpretation—Although inferences are limited by the observational nature of these data, 

treatment outcomes were significantly better with use of linezolid, later generation 

fluoroquinolones, bedaquiline, clofazimine, and carbapenems for treatment of multidrug-resistant 

tuberculosis. These findings emphasise the need for trials to ascertain the optimal combination and 

duration of these drugs for treatment of this condition.

Funding—American Thoracic Society, Canadian Institutes of Health Research, US Centers for 

Disease Control and Prevention, European Respiratory Society, Infectious Diseases Society of 

America.

Introduction

WHO estimated that in 2016, there were almost 600 000 new cases of multidrug-resistant 

tuberculosis, defined as disease due to Mycobacterium tuberculosis that is resistant to 

isoniazid and rifampin; of the 99 165 people with multidrug-resistant tuberculosis that 

started treatment in 2014, only 53 549 (54%) were cured.1 These poor cure rates reflect the 

lengthy treatment with second-line tuberculosis drugs, which are less effective and more 

toxic than those used for drug-susceptible tuberculosis.2,3 To date, there have been very few 

phase 3 randomised controlled trials investigating the treatment of multidrug-resistant 

tuberculosis, so most evidence for regimen selection is still from observational studies,3 or 

individual patient data (meta-analyses of these studies).4

In the past decade, several experimental and observational studies have documented the use 

of new and repurposed drugs, such as bedaquiline,5,6 linezolid,7,8 delamanid, clofazimine,9 

and the carbapenems.10,11 We assembled a database of individual records of patients treated 

for multidrug-resistant tuberculosis to estimate the association of treatment outcomes with 

use of specific anti-tuberculosis drugs, as well the optimal number and duration of treatment 

with those drugs.

Methods

Search strategy and selection criteria

The protocol for this study followed PRISMA guidelines and is available from the authors.

In September 2015, we did a systematic review to identify studies published between Jan 1, 

2009, and Sept 15, 2015, of treatment of multidrug-resistant tuberculosis, including 

extensively drug-resistant tuberculosis.12 We updated the search in April, 2016, using the 

same search terms in MEDLINE, Embase, and the Cochrane library (appendix p 2). We also 

searched reference lists from all systematic reviews of treatment of multidrug-resistant 
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tuberculosis published since 2009. MB and ZL screened titles, abstracts, and full texts for 

inclusion, and differences were resolved by consensus of both authors. Eligible studies 

reported original results, with end of treatment outcomes (ie, success, failure or relapse, and 

death) for 25 or more adults with bacteriologically confirmed pulmonary multidrug-resistant 

tuberculosis, to avoid small series reporting unusual cases. Studies exclusively in children, 

or of patients treated with the short regimens, were excluded, because these were the topics 

of two other individual patient data meta-analyses done simultaneously.13,14

We invited investigators of potentially eligible studies, and investigators who participated in 

our earlier meta-analysis of multidrug-resistant tuberculosis,4 to contribute individual-level 

patient data. Studies were included if the investigators provided information about clinical 

characteristics, diagnosis (including confirmation of rifampin resistance by phenotypic 

testing), treatment, and outcomes. To assess potential selection bias, we compared 

characteristics of patients within the studies included in the meta-analysis to those of 

patients from studies not included in the meta-analysis, but included in the systematic review 

published in 2017.12

Investigators provided the following de-identified information for all patients: clinical 

information (age, sex, HIV infection, antiretroviral therapy, previous treatment with first-line 

or second-line tuberculosis drugs, height, weight, diabetes mellitus, cigarette smoking, and 

alcohol consumption), diagnostic information (sputum acid-fast bacilli microscopy results, 

chest radiograph findings, site of disease, and drug susceptibility tests to first-line and 

second-line tuberculosis drugs), treatment information (drugs used for at least 1 month, 

phase of treatment [initial vs continuation], and duration), and outcomes (defined end of 

treatment outcomes, relapse, and sputum culture conversion). For patients with multiple 

courses of treatment with first-line or second-line tuberculosis drugs, investigators provided 

information only for the last complete treatment course. Investigators also provided 

information regarding site policies for outcome definitions, drug doses, directly observed 

therapy, hospital admission, and laboratory methods, including the critical concentrations to 

define resistance. Variables of each received dataset were reformatted and mapped to one 

common dataset and verified with investigators, then compared with baseline characteristics 

reported in the original publications.

We developed a checklist of seven indicators, adapted from the Risk of Bias In Non-

randomised Studies of Interventions (ROBINS-I) tool, to assess the quality of included 

studies. Of these indicators, two were considered to be essential: population selection using 

a census (all) or random selection approach, and availability of drug susceptibility tests 

results to at least one fluoroquinolone and one second-line injectable medication (defined as 

any of amikacin, kanamycin, or capreomycin). Of the remainder, quality was judged to be 

adequate if the participation rate exceeded 80%, loss to follow-up was less than 20%, 

treatment outcomes were defined according to published guidelines,15,16 and more than 90% 

of patient records had information about HIV infection, previous tuberculosis treatment, and 

age—all important determinants of outcomes.4 Participation rates were based on the 

reported total number of eligible patients and the number enrolled, although if the 

investigators stated that all patients with multidrug-resistant tuberculosis were enrolled, we 

considered the participation rate to be 100%. Studies of high quality met both essential 
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criteria and at least four of the other six. Studies of moderate quality met one of the two 

essential parameters and at least five in total. Remaining studies were considered of low 

quality.

Data analysis

We assessed end of treatment success (defined as cure or completion), compared with failure 

or relapse; and death from any cause during tuberculosis treatment, compared with success 

or failure or relapse. These treatment outcomes were defined according to WHO16 or 

Laserson and colleagues15 in 47 studies (appendix, p 4). We did not combine the outcomes 

of death and failure or relapse, because these cannot be considered as equivalent.

We analysed the association of each drug with success and death in patients with M 
tuberculosis isolates with confirmed susceptibility, or resistance to that drug. We assumed all 

isolates were susceptible to carbapenems, bedaquiline, linezolid, or clofazimine unless there 

was documented resistance. For all other drugs, if drug susceptibility test results were 

missing, susceptibility was assumed if more than 90% of isolates from other patients at the 

same centre were confirmed as being susceptible to that drug. For the analysis of the number 

of possibly effective drugs, we counted drugs with published evidence from randomised 

trials of effectiveness. Possibly effective drugs were: ethambutol, pyrazinamide, all 

injectable drugs and fluoroquinolones, ethionamide and protionamide, cycloserine and 

terizidone, and para-aminosalicylic acid, if there were tests showing susceptibility to those 

drugs; clofazimine, linezolid, carbapenems, bedaquiline, and delamanid were considered if 

the patient was susceptible, or there was no drug susceptibility test for that drug. We did not 

count amoxicillin and clavulanic acid (in the absence of a carbapenem), and macrolides, 

because there is no published evidence of their efficacy against tuberculosis.

For the analysis of each drug, patients were included if they received at least 1 month of the 

drug. Patients who received two or more fluoroquinolones, or two or more injectable drugs, 

were excluded from analysis of the respective drug classes because treatment outcomes 

could not be attributed to one of the drugs. Linezolid, clofazimine, bedaquiline, amoxicillin 

and clavulanic acid, macrolides, and the carbapenems were used only in some centres, and 

often for a minority of patients in those centres. Therefore, patients who received each of 

these six drugs were compared with patients who were treated at centres where that drug 

was not used at all, to reduce potential confounding by indication.17,18

For the analyses of optimum duration of initial treatment phase, or total treatment duration, 

we excluded patients who died or were lost to follow-up during treatment because these 

outcomes determined the duration of individualised regimens. We defined the start of 

treatment for multidrug-resistant tuberculosis as the date on which one or more second-line 

tuberculosis drugs were started, and the duration of the initial phase was defined as the 

duration of injectable drugs. Sputum culture conversion was defined as two consecutive 

negative sputum cultures, at least 30 days apart; the date of conversion was the date of 

specimen collection for the earlier negative culture.

We used propensity score matching19 (caliper method with difference of 0·02 allowed, 1:1 

matching with replacement) based on individual-level covariates of age, sex, HIV co-
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infection, acid-fast bacilli smear results, cavitation on chest radiographs, history of 

tuberculosis treatment with first-line or second-line tuberculosis drugs, and number of 

possibly effective drugs in the initial phase. In the analysis of number of effective drugs, we 

did not adjust estimates for the number of effective drugs. For the analysis of individual 

drugs, we also adjusted for resistance to fluoroquinolones or second-line injectable drugs, 

unless the drugs of interest were the fluoroquinolones or second-line injectable drugs 

themselves, or the analysis was restricted to the subgroup with extensive drug resistance. We 

used a random-effects (random intercept and random slope for matched pairs) generalised 

logistic mixed effects model (PROC GLIMMIX in SAS) to estimate adjusted odds ratios 

(ORs) and 95% CIs of success (versus failure or relapse, but not death) or death (versus 

success) during treatment associated with use of specific drugs, or with number of drugs, or 

duration of treatment. We calculated adjusted risk differences and 95% CIs with fixed effects 

generalised linear models with identity link, adjusted for the propensity score, because the 

random effects models did not converge. For propensity score matching only, we imputed 

missing patient characteristics from the mean values of other patients at the same centre. We 

estimated I² for the adjusted ORs using a generalised linear mixed model with a simulation-

based approach.20 I² was not calculated for some adjusted ORs because τ², on which I² is 

based, could not be estimated in SAS.

We did sensitivity analyses in subgroups of patients treated at centres in high-income, upper-

middle-income, and low and low-middle-income countries, or with additional resistance to 

any fluoroquinolone or any second-line injectable drug, or both (ie, had extensive drug 

resistance).

We did all analyses using SAS (version 9.4).

This study was approved by an ethics committee of the Research Institute of the McGill 

University Health Center. Ethics approval was also obtained at participating sites, if 

considered necessary.

Role of the funding source

The funders of the study had no role in study design, data collection, data analysis, data 

interpretation, or writing of the report. The corresponding author had access to all the data in 

the study and had final responsibility for the decision to submit for publication.

Results

We identified 87 individual studies, of which 50 (57%) provided adequate data for patients 

with confirmed pulmonary rifampin resistance (n=12 030; figure).5,7,8,10,11,21–77 Of these 

patients, 11 918 (99·1%) had documented isoniazid resistance, 31 (0·3%) had isoniazid-

susceptible isolates, and another 81 (0·7%) did not have drug susceptibility tests to isoniazid, 

and these 112 patients were considered together with all others with multidrug-resistant 

tuberculosis in all analyses. Relapse was ascertained in only 16 (32%) studies with 2509 

patients. The characteristics of the study settings, such as laboratory methods and usual drug 

doses, and quality assessment of the 50 included studies are summarised in the appendix (pp 

4–21). Quality was judged as being high in 39 studies, moderate in nine studies, and low in 
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two studies. Characteristics of the patients included in this meta-analysis were similar to 

those of patients within studies that had been originally identified as being potentially 

eligible, but who were not included (appendix, pp 23–26).

The mean age of patients was 38·3 years (SD 13·8), 289 (2·4%) were children, 7586 (63%) 

of 12028 were male, and 1833 (18·3%) of 10021 patients tested were HIV positive, of whom 

906 (49%) were receiving antiretroviral therapy (appendix, p 23). 8128 (78·5%) of 10 467 

had been previously treated for tuberculosis, and 1618 (25·7%) of 6305 had previously 

received second-line drugs. Of the isolates tested, about half were resistant to pyrazinamide, 

streptomycin, or ethambutol, about a quarter were resistant to any of the second-line 

injectable drugs or to a fluoroquinolone (appendix, p 24), and 1281 (10·6% of all patients) 

had extensive drug resistance.

In total, 7346 (61%) patients were cured or successfully completed treatment, 1017 (8%) 

had failure or relapsed, 1729 (14%) died, and the remainder of patients (1938 [16%]) 

decided to stop therapy, were lost to follow-up, were transferred, or otherwise had unknown 

outcomes. Using aggregate data at study level, the overall pooled success rate was 65%, 

failure and relapse rate was 6%, and death rate was 11% (table 1). Patients with extensively 

drug-resistant tuberculosis had the highest failure or relapse rates (14%), and HIV-positive 

individuals had the highest mortality, particularly those not receiving antiretroviral therapy 

(29%; table 1).

Treatment success or death were both associated with positive acid-fast bacilli smears, 

cavitation on chest radiographs, and resistance to fluoroquinolones or a second-line 

injectable drug (table 2). Death was also associated with HIV infection, whereas success was 

also associated with history of tuberculosis treatment with first-line or second-line drugs 

(table 2). These associations supported our decision to adjust for these variables in all 

regression analyses.

Thioacetazone, delamanid, and rifabutin could not be analysed because of small numbers of 

patients receiving these drugs in the data we received (appendix, p 25). In adjusted analyses, 

use of ethambutol, ethionamide and protionamide, or para-aminosalicylic acid were 

associated with no benefit in patients with susceptible isolates, and worse outcomes in 

patients with resistant isolates (table 3). Use of pyrazinamide was associated with lower 

mortality (adjusted risk difference −0·03, 95% CI −0·05 to −0·01) if isolates were 

susceptible, but significantly less success (−0·05, −0·08 to −0·03) and higher mortality (0·05, 

0·02 to 0·07) if isolates were resistant. Use of cycloserine or terizidone was beneficial in 

patients with susceptible isolates, but not in patients with resistant isolates (table 3).

Compared with the 613 individuals who received no injectable drugs, use of amikacin in 

people with susceptible strains was associated with greater success (adjusted risk difference 

0·06, 95% CI 0·04 to 0·08) but no difference in death, whereas use of kanamycin was 

associated with significantly lower success (–0·07,–0·08 to –0·05) but no difference in death 

(0·01, –0·01 to 0·02), and capreomycin use with lower success (–0·03, –0·06 to 0·00) and 

more deaths (0·04, 0·01 to 0·07; table 3). Of the 2387 capreomycin-treated patients, 1838 
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(77%) received no other second-line injectable drug and were treated in centres where 

capreomycin was the most commonly used second-line injectable drug.

Compared with 734 patients who received no fluoroquinolones, use of ofloxacin was 

associated with no difference in treatment success, but lower mortality (adjusted risk 

difference −0·08, 95% CI −0·11 to −0·06), whereas use of levofloxacin or moxifloxacin was 

associated with significantly greater success (0·15, 0·13 to 0·18 for levofloxacin and 0·11, 

0·08 to 0·14 for moxifloxacin) and lower mortality (−0·06, −0·09 to −0·04 for levofloxacin 

and −0·07, −0·10 to −0·04 for moxifloxacin). Among individuals whose isolates were 

resistant to ofloxacin, success was significantly greater if they received levofloxacin or 

moxifloxacin compared with ofloxacin (0·08, 0·04 to 0·13).

Significantly greater success was seen with use of linezolid (adjusted risk difference 0·15, 

0·11 to 0·18), bedaquiline (0·10, 0·05 to 0·14), clofazimine (0·06, 0·01 to 0·10), and the 

carbapenems (0·14, 0·06 to 0·21), compared with non-use of each drug. Significant reduction 

in death was associated with use of linezolid (carbapenems (table 3). Use of amoxicillin-

clavulanic acid or a macrolide were both associated with significantly less success and 

greater mortality (table 3). For some of these analyses, the estimated heterogeneity exceeded 

50%, which is considered high.

In sensitivity analyses, results were essentially unchanged within subgroups of patients with 

fluoroquinolone resistance, or second-line injectable drug resistance alone (pre-extensive 

drug resistance), or when controls were selected from all centres (data not shown). When 

analyses were stratified by country income level, findings with the new or repurposed drugs 

were also unchanged, but findings with regard to injectables were different in that 

kanamycin, in particular, was not associated with worse outcomes within low-middle 

income countries (data not shown).

In patients with extensive drug resistance, use of capreomycin, regardless of drug 

susceptibility test result, was associated with significantly lower success (adjusted risk 

difference –0·14, −0·20 to –0·07) and increased mortality (0·25, 0·20 to 0·30; table 4). Use of 

moxifloxacin or levofloxacin was associated with reduced mortality, even though all isolates 

(by definition) were resistant to fluoroquinolones. Linezolid and bedaquiline were both 

associated with significantly greater success and lower mortality rate, whereas clofazimine 

was associated with lower mortality rate only (table 4).

The maximal odds of success with lowest odds of mortality was seen with use of at least five 

drugs in the initial phase, and at least four drugs in the continuation phase (table 5).

Initial phase duration was analysed in 6858 patients, among whom the odds of success were 

maximal with an initial phase lasting 6–8 months (mean 7·9 months; table 6). The interval 

between sputum culture conversion and the end of the initial phase was analysed in 4122 

patients, among whom the odds of success were maximal with intervals of 5–7 months 

(mean 5·9 months; table 6). Total duration of treatment was analysed in 7832 patients, 

among whom the optimal duration was 19–22 months (mean 21 months; table 6). The 

interval from sputum culture conversion to end of treatment was analysed in 4535 patients, 

in whom the optimal interval was 15–18 months (mean 16·9 months; table 6).
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Discussion

We assessed 50 datasets from 25 countries, with 12 030 patients treated for multidrug-

resistant tuberculosis. Of the drugs analysed, levofloxacin, moxifloxacin, linezolid, and 

bedaquiline were associated with greater treatment success and reduced death. Clofazimine 

and the carbapenems were associated with significantly improved treatment success but not 

reduced death. Pyrazinamide, streptomycin, amikacin, and cycloserine and terizidone were 

associated with modest benefits, but only in patients with susceptible isolates, whereas the 

use of kanamycin, capreomycin, ethionamide and protionamide, para-amino-salicylic acid, 

the macrolides, and amoxicillin-clavulanic acid (when used without carbapenems), were 

associated with no significant benefit or significantly worse outcomes.

Despite the large number of patients, this study had weaknesses, particularly the 

observational design andindividualised treatment policies in most studies; this might have 

resulted in confounding of the use of certain drugs with clinical characteristics. For example, 

the poor treatment outcomes associated with use of capreomycin could have resulted from 

selective use in patients with worse clinical characteristics. However, this explanation seems 

less likely because 77% of patients receiving capreomycin were treated in centres where this 

was the most frequently used second-line injectable drug. Efficacy of linezolid might have 

been overestimated because it was used more often in high-income countries, whereas 

kanamycin was predominantly used in low-resource settings. However, verestimation wasnot 

an issue for bedaquiline, since more than 80% of patients who received bedaquiline were 

treated in lowmiddle income countries, nor capreomycin, since only271 (9%) of 

capreomycin recipients were treated in lowincome countries (data not shown). Comparisons 

were potentially biased by the fact that certain drugs we analysed were used only at a limited 

number of centres; because of concerns that patients who received these drugs at these 

centres were highly selected, we usedcontrols from centres where these drugs were not used 

at all. However, this approach might have resulted in an opposite bias, if the centres using 

these drugs also hadpoorer outcomes.

The duration analyses were particularly prone to bias, because duration might have been 

truncated or prolonged one basis of clinical response, and the numbers of patients included 

in each analysis was reduced because of missing information—particularly for the duration 

post-conversion analyses. We could not analyse acquired drug resistance because this was 

reported in too few studies, nor adverse events because of wide variability in methods of 

investigation, management, and reporting. Inferences for the a bapenems are also limited by 

small numbers of patients and studies. The effect of drug doses could not be analysed 

because most centres followed standard dosing recommendations, resulting in little 

variability. Effects of individual drugs might have been underestimated because patients 

were considered as being exposed to each drug if it was taken for a month or more. Analysis 

within subgroups of interest, such as children, pregnant women, people with only extra-

pulmonary disease, or people with diabetes was precluded by limited numbers. Finally, a 

high proportion of individuals were lost to follow-up during treatment, which might bias 

estimates of effects.
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Nevertheless, this study had several strengths. Patients with widely varying severity of 

disease and additional resistance were treated in settings with very different practices and 

available resources, enhancing generalisability. Although almost all studies were 

observational, quality was judged as being high in 39 studies, and low in only two studies. 

The availability of information for many clinical characteristics allowed adjustment for 

potentially confounding differences using propensity score matching, considered to be a 

robust statistical method for observational studies.19 Availability of drug susceptibility test 

results in most patients allowed assessment of the efficacy of each drug among patients with 

susceptible or resistant isolates.

The study has several key implications, including the consistent finding of better outcomes 

with use of drugs in patients with susceptible isolates, compared with resistant isolates to 

those drugs. This finding emphasises the value of drug susceptibility test results to guide 

regimen selection, and the urgent need for expansion of laboratory capacity to perform these 

drug susceptibility tests. The high mortality among HIVpositive patients, of whom only half 

had received antiretroviral therapy, is a stark reminder of the need to treat the HIV co-

infection as well as the multidrug-resistant tuberculosis. Our findings call into question 

current multidrug resistance treatment recommendations to give certain drugs, such as pyra 

zinamide, despite in-vitro resistance. Second-line injectable drugs do not seem to be equal; 

amikacin was associated with better outcomes than were kanamycin or capreomycin, even in 

patients with extensive drug resistance, which might reflect recently described differences in 

pharmacokinetics between these drugs.78

The substantial benefit of linezolid, bedaquiline, and carbapenems, even in patients with 

extensive drug resistance, was not seen in our previous individual patient data meta-analysis,

4 because too few patients received these drugs in that study. Use of these new drugs, and 

greater use of later generation fluoroquinolones, could have contributed to the higher overall 

pooled success ratein this study (65%), compared with 54% in the previous meta-analysis4 

and the 2017 WHO report.1 Our findings support immediate efforts to enhance access to 

thesedrugs, which currently is limited, despite WHO guidelines recommending wider use.
2,79,80

A surprising finding was the lack of benefit of several commonly prescribed drugs to treat 

multidrugresistant tuberculosis, including kanamycin, capreomycin, and ethionamide, by 

contrast with previous reports.4 The difference might reflect the modest activity of these 

drugs, so they appeared beneficial in past studies when compared with weaker drugs and 

regimens. The limited benefits of the injectable drugs (other than carbapenems) support the 

need for trials to assess all-oral multidrug-resistant tuberculosis regimens with the new and 

repurposed drugs. Finally, the negative outcomes associated with use of macrolides and 

amoxicillin-clavulanic acid should guide clinicians and control programmes to avoid these 

drugs (except when amoxicillin-clavulanic acid is used as a companion drug with 

carbapenems).

This meta-analysis of individual patient data highlights the importance of selection of drugs 

on the basis of drug susceptibility test results, and provides useful information regarding the 

potential benefit of linezolid, bedaquiline, clofazimine, later generation fluoroquinolones, 
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and the carbapenems. These results should motivate immediate and vigorous efforts to 

conduct randomised trials, as well as high quality observational studies, to adequately assess 

these drugs, and parallel efforts to expand access to them. Our findings also suggest that 

many of the drugs currently used for multidrug-resistant tuberculosis treatment—notably 

capreomycin, kanamycin, ethionamide, or protion amide, and para-aminosalicylic acid— are 

of uncertain benefit and their use should be reassessed.
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Refer to Web version on PubMed Central for supplementary material.
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Research in context

Evidence before this study

Treatment of multidrug-resistant tuberculosis (defined as resistance to at least isoniazid 

and rifampin) is difficult, with high mortality and low rates of cure or treatment 

completion.There have been ten other systematic reviews of mainly observational studies 

of treatment of multidrug-resistant tuberculosis in the past decade; these have produced 

contradictory findings, suggesting benefits of certain drugs, but not others. In 2010, we 

did an individual patient data meta-analysis with 9153 patients treated in 32 centres, 

detecting modest benefits from many commonly used second-line tuberculosis drugs. We 

did an aggregate data meta-analysis of all studies of multidrug-resistant tuberculosis 

treatment published between Jan 1, 2009, and April 30, 2016, in MEDLINE, Embase, 

and the Cochrane Library, which did not detect a benefit of any specific tuberculosis 

drugs and revealed the limitations of aggregate data meta-analysis in this context. We 

repeated the individual patient data meta-analysis, inviting participation of authors of 

studies published since 2009, with the objective of analysing a more contemporary group 

of patients, some of whom would have received newer or repurposed drugs.

Added value of this study

For almost all drugs for which we had adequate information, treatment outcomes were 

consistently better if the isolate of Mycobacterium tuberculosis was susceptible, rather 

than resistant, to the drug used. The later generation fluoroquinolones linezolid, and 

bedaquiline were associated with significantly greater treatment success and lower 

mortality in all patients, and in the subgroup with extensive drug resistance. The 

carbapenems and clofazimine were associated with significantly greater treatment 

success in patients with multidrug resistance, but not extensive drug resistance. On the 

other hand, amikacin—a commonly used second-line injectable drug—had modest 

benefits, whereas use of kanamycin or capreomycin were associated with worse 

outcomes. Several other traditionally used drugs, including pyrazinamide, ethionamide, 

and para-aminosalicylic acid, were associated with no benefit.

Implications of all the available evidence

Our findings have two major implications. The first is the urgent need for rapid 

expansion, in many countries, of laboratory capacity to test isolates for resistance to all 

first-line tuberculosis drugs, and the most commonly used second-line drugs. This would 

allow individualisation of therapy and ensure that use of ineffective drugs, with their 

attendant toxicity and cost, is avoided. The second is that the traditionally used drugs for 

treatment of multidrug-resistant tuberculosis, especially oral second-line drugs and even 

the injectable drugs, appear to be less effective than the later generation fluoroquinolones, 

linezolid, bedaquiline, clofazimine, and possibly the carbapenems. Further assessment of 

these newer drugs in well designed randomised trials, while expanding global access to 

these drugs, should be urgent priorities.
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Table 4:

Association of selected drugs used in extensively drug-resistant tuberculosis with success and death

Drug given (events/total) Drug not given 
(events/total)

Propensity score matched multivariate regression

Pairs (n) Adjusted OR (95% CI) I2 Adjusted RD (95% CI)

Injectables

Amikacin*

  Success 62/69 384/551  68 2·5 (0·9−6·6) NC  0·09 (−0·04 to 0·22)

  Death 15/84 395/946  83 0·4 (0·2−0·8) NC  −0·16 (−0·30 to −0·03)

Kanamycin†

  Success 52/74 394/546  73 0·9 (0·5−1·9)  15·1% −0·01 (−0·16 to 0·14)

  Death 19/93 391/937  93 0·9 (0·5−1·9)  40·5% −0·01 (−0·13 to 0·10)

Capreomycin (all patients)

  Success 217/338 229/282 332 0·5 (0·4−0·7)  3·7%  −0·14 (−0·20 to −0·07)

  Death 354/692 56/338 675 3·4 (2·7−4·3) NC 0·25 (0·20 to 0·30)

Capreomycin (sensitive patients only)

  Success 72/91 229/282  91 0·8 (0·4−1·7)  6·0% −0·04 (−0·16 to 0·08)

  Death 25/116 56/338 115 3·8 (1·6−8·9) NC 0·16 (0·07 to 0·25)

Other drugs

Levofloxacin or moxifloxacin‡

  Success 279/360 119/182 359 1·2 (0·8−1·6)  7·7%  0·01 (−0·05 to 0·06)

  Death 122/482 253/435 482 0·6 (0·4−0·8) NC  −0·07 (−0·12 to −0·02)

Linezolid

  Success 255/281 221/392 280 6·6 (4·1−10·6)  7·3% 0·31 (0·24 to 0·38)

  Death 33/314 418/810 314 0·2 (0·1−0·3)  7·5%  −0·29 (−0·36 to −0·23)

Clofazimine

  Success 141/173 335/500 173 1·5 (0·9−2·6) NC  0·04 (−0·04 to 0·13)

  Death 43/216 408/908 216 0·4 (0·2−0·6)  19·7%  −0·18 (−0·27 to −0·10)

Bedaquiline

  Success 126/145 350/528 139 2·5 (1·3−4·8) NC 0·12 (0·03 to 0·21)

  Death 18/163 433/961 155 0·5 (0·2−0·9) NC  −0·09 (−0·17 to −0·02)

The analyses were done for all patients with extensively drug-resistant tuberculosis, and all patients who received each drug were compared with all 
patients who did not receive that drug. Patients who switched injectable drugs were excluded, as were patients who switched fluoroquinolones. 
OR=adjusted odds ratio. RD=adjusted risk difference. NC=not calculated.

*
Of the 84 patients that received amikacin, 39 were susceptible.

†
Of the 93 patients who received kanamycin, 12 were susceptible.

‡
All of these patients were resistant to ofloxacin; only 175 had drug susceptibility testing results to later generation fluoroquinolones, and all of 

them were resistant.
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