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Summary

Background—Treatment of multidrug-resistant tuberculosis requires long-term therapy with a 

combination of multiple second-line drugs. These drugs are associated with numerous adverse 

events that can cause severe morbidity, such as deafness, and in some instances can lead to death. 

Our aim was to estimate the absolute and relative frequency of adverse events associated with 

different tuberculosis drugs to provide useful information for clinicians and tuberculosis 

programmes in selecting optimal treatment regimens.

Methods—We did a meta-analysis using individual-level patient data that were obtained from 

studies that reported adverse events that resulted in permanent discontinuation of anti-tuberculosis 

medications. We used a database created for our previous meta-analysis of multidrug-resistant 

tuberculosis treatment and outcomes, for which we did a systematic review of literature published 

between Jan 1, 2009, and Aug 31, 2015 (updated April 15, 2016), and requested individual 

patient-level information from authors. We also considered for this analysis studies contributing 

patient-level data in response to a public call made by WHO in 2018. Meta-analysis for 

proportions and arm-based network meta-analysis were done to estimate the incidence of adverse 

events for each tuberculosis drug.

Findings—58 studies were identified, including 50 studies from the updated individual patient 

data meta-analysis for multidrug-resistant tuberculosis treatment. 35 of these studies, with 9178 

patients, were included in our analysis. Using meta-analysis of proportions, drugs with low risks 

of adverse event occurrence leading to permanent discontinuation included levofloxacin (1·3% 

[95% CI 0·3–5·0]), moxifloxacin (2·9% [1·6–5·0]), bedaquiline (1·7% [0·7–4·2]), and clofazimine 

(1·6% [0·5–5·3]). Relatively high incidence of adverse events leading to permanent discontinuation 

was seen with three second-line injectable drugs (amikacin: 10·2% [6·3–16·0]; kanamycin: 7·5% 

[4·6–11·9]; capreomycin: 8·2% [6·3–10·7]), aminosalicylic acid (11·6% [7·1–18·3]), and linezolid 

(14·1% [9·9–19·6]). Risk of bias in selection of studies was judged to be low because there were 

no important differences between included and excluded studies. Variability between studies was 

significant for most outcomes analysed.

Interpretation—Fluoroquinolones, clofazimine, and bedaquiline had the lowest incidence of 

adverse events leading to permanent drug discontinuation, whereas second-line injectable drugs, 

aminosalicylic acid, and linezolid had the highest incidence. These results suggest that close 

monitoring of adverse events is important for patients being treated for multidrug-resistant 
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tuberculosis. Our results also underscore the urgent need for safer and better-tolerated drugs to 

reduce morbidity from treatment itself for patients with multidrug-resistant tuberculosis.

Funding—Canadian Institutes of Health Research, Centers for Disease Control and Prevention 

(USA), American Thoracic Society, European Respiratory Society, and Infectious Diseases 

Society of America.

Introduction

The treatment of multidrug-resistant tuberculosis and rifampicin-resistant tuberculosis 

requires long-term therapy with a combination of multiple second-line drugs, which are less 

effective, more costly, and more toxic than first-line drugs. The WHO report on the global 

cohort that started multidrug-resistant tuberculosis treatment in 2014 found that only 54% 

were cured, highlighting the low success rates achieved with regimens of second-line drugs.1 

Adverse events are common with existing regimens for multidrug-resistant tuberculosis and 

can lead to major morbidity, including blindness, deafness, myelosuppression, renal failure, 

or liver failure, with resultant hospital admission or even death, as well as treatment 

interruptions or failure.2 A better understanding of the toxicity of all drugs used to treat 

multidrug-resistant tuberculosis is an important and much-needed first step in improving 

patient management and treatment outcomes.

Previous reviews of adverse events associated with drugs used to treat multidrug-resistant 

tuberculosis include a 2016 systematic review that estimated the pooled incidence of specific 

adverse events; however, this review did not summarise any information regarding the drugs 

considered to have caused the events, making it difficult to use the findings to inform 

treatment decisions.3 A systematic review in 2017 analysed severe adverse events occurring 

during treatment of multidrug-resistant tuberculosis in settings with a high HIV prevalence, 

but again did not identify the drugs that caused the adverse events; the authors stated that the 

meta-analysis was limited by heterogeneity in the definitions of adverse events.4 Several 

other systematic reviews have summarised the adverse event information for specific drugs, 

such as cycloserine,5 clofazimine,6–8 linezolid,9–11 and carbapenems.12 However, without 

analysing drug-associated adverse events in the context of all available multidrug-resistant 

tuberculosis drugs, comparing the relative toxicity of different drugs is difficult.

Individual participant data meta-analysis is based on individual-level data for each 

participant from all relevant studies. This approach allows consistent inclusion and exclusion 

criteria, application of standardised exposure or outcome definitions, and adjustment for the 

same confounders across all studies.13 In 2016, we did an individual patient data meta-

analysis for multidrug-resistant tuberculosis treatment (the IPD-MDR), which assessed the 

association of treatment outcomes with individual drugs.14 Using the same database, the aim 

of this study was to estimate the absolute and relative frequency of adverse events leading to 

permanent drug discontinuation associated with different tuberculosis drugs, with an overall 

goal to provide useful information for clinicians and tuberculosis programmes in selecting 

optimal treatment regimens.
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Methods

Search strategy and selection criteria

To identify eligible studies for the IPD-MDR, in September, 2015, we did a systematic 

review of the available literature on multidrug-resistant tuberculosis treatment and outcomes 

published in English, French, Chinese, Portuguese, or Spanish between Jan 1, 2009, and 

Aug 31, 2015.15 The search was updated using the same search strategy on April 15, 2016, 

and reference lists of other systematic reviews of multidrug-resistant tuberculosis treatment 

published since Jan 1, 2009, were also screened. Additionally, we corresponded with authors 

involved in an individual participant data meta-analysis16 done in 2010 to invite them to 

contribute any new data. In 2018, WHO announced a public call for data to inform the 

multidrug-resistant tuberculosis treatment guideline; studies contributing patient-level data 

as a result of this call were considered potentially eligible for our analysis. A study was 

considered eligible if it reported treatment regimens and end-of-treatment outcomes for at 

least 25 patients with culture-confirmed multidrug-resistant tuberculosis (the 25-patient 

threshold criterion did not apply to studies describing use of bedaquiline, linezolid, or 

carbapenems), and the authors agreed to share individual patient data.

Reporting of adverse events was not required for inclusion in the IPD-MDR, but more than 

half of the studies included in this individual patient data meta-analysis did provide 

participant-level adverse event information. Studies were included in the adverse event 

analysis if they reported the drug that caused the adverse event and reported adverse events 

resulting in permanent discontinuation of a drug by the treating physician; or if they graded 

the severity of adverse events from 1 to 517 and reported that their policy was to permanently 

discontinue drugs that caused grade 3–4 adverse events (grade 5 is defined as death related 

to an adverse event). Methods of study selection and data gathering of the IPD-MDR have 

been described previously, as have the characteristics of centres and patients included.14 To 

identify eligible studies, MEDLINE (through OVID), EM BASE (through OVID), and The 

Cochrane Library were searched for literature published between Jan 1, 2009, and Aug 31, 

2015 (updated on April 15, 2016), using a combination of Medical Subject Heading terms 

and free-text words related to multidrug-resistant tuberculosis, tuberculosis medications, and 

treatment outcomes. The search and data extraction were done by two reviewers (M L 

Bastos and Z Lan), and disagreements were resolved by consulting a third reviewer (D 

Menzies).

This study was approved by the ethics committee of McGill University Health Centre 

(Montreal, QC, Canada; BMB-07-021t). Ethics approvals were obtained at participating 

centres when necessary.

Data management

The authors of each study were asked to provide the following individual patient-level 

information: (1) baseline characteristics, including age, sex, HIV status, diabetes diagnosis, 

smoking, alcohol consumption, history of tuberculosis treatment, acid-fast bacilli smear 

result, cavitation on chest x-ray, and drug-susceptibility testing results; (2) drugs used during 

the multidrug-resistant tuberculosis treatment episode, defined as drugs administered for at 
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least 1 month (if a drug was permanently discontinued within 1 month of use because of 

adverse events, it was considered as used); (3) end-of-treatment outcome, as defined by 

Laserson and colleagues18 in 2005 or by the WHO Definitions and Reporting Framework 

for Tuberculosis19 2013; and (4) variables related to adverse events, including severity and 

type of event, drugs considered to be the cause, and whether drugs were permanently 

stopped because of the adverse event. The usual dosage of the drugs was obtained as centre-

level information.

If more than one drug was stopped because of adverse events in one patient, each drug 

stopped was counted as having caused an adverse event either if multiple drugs were stopped 

but all on different days, or if multiple drugs were stopped on the same day because of 

different types of adverse event. An adverse event was divided equally among all drugs 

stopped if multiple drugs were stopped on the same day because of the same adverse event 

type (eg, if both ethionamide and pyrazinamide were stopped at day 300 because of 

vomiting, each was assigned half an event)20 or if the type of adverse event was unknown; or 

if multiple drugs were stopped because of the same type of adverse event but the stop day 

was unknown. If multiple drugs were stopped but there was no information on the type of 

adverse event or the day on which the drugs were stopped, each drug was assumed to have 

caused an adverse event independently.

Data analysis

The primary outcome measures were absolute and relative frequency of adverse events 

leading to permanent discontinuation of each anti-tuberculosis drug. The secondary 

outcomes were the association between patient characteristics and the occurrence of at least 

one adverse event leading to permanent drug discontinuation, as well as the most common 

types of adverse event for each anti-tuberculosis drug. In the descriptive analysis for patient 

characteristics and adverse event types, simple pooling was done. In all analyses, a study 

done within a single country was considered as one cohort; a study done in multiple 

countries was divided into separate cohorts by country because adverse event management 

might have varied between countries. At a minimum, five patients within each cohort had to 

receive a specific drug for that cohort to be included in the pooled analysis. If a study or 

cohort reported adverse events for only specific drugs (such as linezolid), the cohort was 

used in the meta-analyses for those drugs.

To assess the characteristics of patients in whom at least one drug was stopped because of 

adverse events (only in the studies that described adverse events for all drugs), we did 

multivariable logistic regression with cohort-level random intercepts estimated via maximum 

residual log pseudo-likelihood (PROC GLIMMIX in SAS). The outcome analysed was 

whether the patient had at least one drug permanently discontinued because of adverse 

events. The base model contained age, sex, HIV status, previous tuberculosis treatment, and 

treatment in high-income countries. Additional characteristics were assessed by adding each 

of them to the base model individually (base model plus one additional variable), including 

acid-fast bacilli smear positive, cavitary disease, diabetes, smoking, and alcohol 

consumption. For variables in the base model, missing values were imputed using the means 
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of patients in the same cohort with available information. For the additional variables, only 

patients with non-missing data were included in the analyses.

We used three approaches to analyse the occurrence of adverse events. First, we did a 

standard aggregate data meta-analysis for proportions. We estimated the incidence of 

adverse events leading to permanent discontinuation for each drug within each cohort, 

calculated as the total number of adverse events leading to permanent drug discontinuation 

due to that drug, divided by the total number of patients who received the drug. The 

incidence of adverse events leading to permanent drug discontinuation for each drug from 

each cohort was then pooled using a generalised linear mixed model with random effects at 

cohort level using the metaprop function within the R package, meta; a binomial distribution 

model and logit transformation was implemented to calculate an overall proportion.21,22

Second, we did an arm-based network meta-analysis using the nma.ab.bin function within 

the R package, pcnetmeta.23 In this approach, drugs not evaluated in a study were 

considered as missing at random. The use of a multivariate Bayesian mixed model allowed 

estimation of the population-averaged treatment-specific event rates. This model took into 

account the correlation between different treatments within each cohort, unlike the first 

approach, which estimated drug-specific event proportions solely on the basis of cohorts that 

used the particular drug.24 The absolute risk of adverse events leading to permanent drug 

discontinuation for each drug was estimated using a random effects model within the 

Bayesian framework, and the median value with 95% credible interval and the mean value 

with SD were reported.

The definitions, detection, and management of adverse events varied between cohorts. To 

account for this variation, we used a ranking-based non-parametric method as the third 

analytic approach,25 because we felt this would more accurately assess the relative toxicity 

of different drugs. Within each cohort, the drugs used were ranked in the order of observed 

incidence of adverse events leading to permanent drug discontinuation, from one to N 

(representing the total number of distinct drugs prescribed). If two or more drugs had the 

same adverse event incidence in a study, the drugs were assigned tied ranks. The raw ranks 

were then adjusted by the maximum distinct number of drugs in all cohorts. The unweighted 

average rank for each drug was calculated across all cohorts in which the drug was used, 

with equal weight ascribed to each cohort. The weighted average rank for each drug was 

obtained in the same way, except a weight was assigned for each cohort on the basis of the 

number of patients using the drug in that cohort. The unweighted ranking was considered the 

primary approach to minimise the dominance of cohorts with a large sample size. A 

permutation test was used to determine the statistical significance of ranks. In this method, 

the ranks from each cohort were randomly permuted 10 000 times to generate null 

distributions of average ranks (the distributions that would have been seen if there was no 

difference in adverse event occurrence among all drugs). Then the observed average rank for 

each drug was tested against the null distribution to determine the significance level, an 

indication of whether a drug had a statistically significant low or high average rank.
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Data management and logistic regression were done using SAS version 9.4. Meta-analysis 

of proportions, arm-based network meta-analysis, and drug ranking with permutation tests 

were done in R (version 3.4.4).26

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 full access to all the 

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

Results

In the IPD-MDR, authors of50 studies agreed to participate and contributed adequate data. 

Characteristics of these 50 included studies and the included patients were similar to those 

of the studies that were identified in the 2017 systematic review15 but were not included in 

the IPD-MDR.14 One additional study that contributed data after the initial data collection 

phase,27 two studies from a 2010 individual participant data meta-analysis with additional 

adverse event data provided by the authors,28,29 and five studies with adverse event 

information identified during WHO’s public call for data in 2018 were also included in this 

adverse event analysis (Fox G and Chang VWL; Rodrigues D; and Kuksa L, all 

unpublished).30,31 As shown in the figure, 35 studies (9178 patients) reporting adequate 

adverse event information were included in this analysis (Jarlsberg L and Nahid P; Brode 

SK; Barry PM; and Chan ED, all unpublished).27–64 Of these, three studies recorded adverse 

event severity using standardised grading, and their usual policy was to permanently stop 

any drug causing a grade 3–4 adverse event. Hence, within these three studies, drugs that 

caused a grade 3–4 adverse event were considered as permanently stopped.27,45,48 25 of the 

35 included studies (8622 patients) had adverse event data available for all drugs used, and 

22 of these studies, with 5658 patients, reported adverse event types. Ten studies only 

reported adverse events for particular drugs; all ten reported adverse events due to linezolid, 

and three also reported adverse events due to carbapenems or bedaquiline.

The characteristics of patients in the 25 studies that reported adverse events for all drugs, the 

ten studies that reported adverse events for only particular drugs, and the 23 studies that 

were excluded from this analysis because they either did not report adverse events or did not 

specify which drug was the cause of the event, were generally similar (appendix p 1). 

However, the participants in the studies that did not report adverse events, and were 

therefore excluded from this analysis, were less likely to be from high-income countries or 

to receive individualised regimens, which might have resulted in an overestimate of adverse 

events. We were unable to ascertain whether the data from the public call were 

representative of all potentially available datasets.

In the 25 studies that reported adverse events for all drugs used, the median age was 37 years 

(IQR 28–47), 5665 (65·7%) of 8622 were men, 821 (10·5%) of 7835 were HIV-positive (271 

[51·9%] of 522 received antiretroviral therapy), and the median year of treatment initiation 

for multidrug-resistant tuberculosis was 2006 (IQR 2003–2008; appendix p 1). By 

comparison, the 23 studies that were included in the IPD-MDR but were not eligible for 

adverse event analysis reported similar median age and proportion of men, but a higher HIV 
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prevalence (1317 [21·8%] of 6052) and a later median treatment initiation year (2008; 2005–

2011). In the ten studies that only reported adverse events for particular drugs, the HIV 

prevalence was low (44 [3·3%] of 1316), and most patients were from high-income countries 

(1223 [87·7%] of 1394; appendix p 1). Risk of bias in selection of studies was judged to be 

low because there were no important differences between included and excluded studies. 

Variability between studies was significant for most outcomes analysed.

Of the 8622 patients included in the analysis, 2027 (23·5%) had at least one drug 

permanently stopped because of an adverse event (table 1), and among these patients, the 

mean number of adverse events leading to permanent drug discontinuation per patient was 

1·4 (SD 0·8). The proportion of patients who had at least one drug stopped because of 

adverse events varied across different studies, with a median of 29·1% (IQR 16·1–53·3; 

appendix pp 2–3). Having at least one adverse event leading to permanent drug 

discontinuation was significantly associated with female sex (adjusted odds ratio 1·3 [95% 

CI 1·1–1·4]), older age (per 10 years: 1·1 [1·1–1·2]), and treatment in high-income countries 

(4·0 [2·2–7·6]; appendix p 4). After adjustment for these three factors, HIV infection, 

previous tuberculosis treatment, acid-fast bacilli smear positive, cavitary disease, diabetes, 

smoking, or alcohol consumption were not independently associated with the risk of adverse 

events leading to permanent drug discontinuation. Additionally, after adjustment for the 

same three factors plus HIV status and previous tuberculosis treatment, the occurrence of 

adverse events leading to permanent drug discontinuation was significantly lower in 

individuals who dropped out (odds of adverse event leading to permanent drug 

discontinuation in patients who were lost to follow-up: 0·56 [0·47–0·66]). After excluding 

patients who were lost to follow-up from analysis, adverse events leading to permanent drug 

discontinuation were not associated with failure of the treatment, death, or treatment success 

(appendix p 4).

The effect of drug dosage on adverse event incidence was not assessed in this study because 

individual-level dosage information was not available and because WHO guidelines were 

followed in almost all included studies. The usual daily dosage for each drug used in each 

study is reported in appendix pp 5–7.

23 drugs were analysed. Rifampicin and isoniazid were excluded from the analysis. Fewer 

than 150 patients used high-dose isoniazid, rifabutin, gatifloxacin, or delamanid, so these 

four drugs were not analysed. Cycloserine and terizidone were grouped together because 

they have similar properties, as were ethionamide and protionamide, and imipenem and 

meropenem.

Using meta-analysis of proportions, low estimates of the occurrence of adverse events 

leading to permanent drug discontinuation were seen with levofloxacin (1·3% [95% CI 0·3–

5·0]), moxifloxacin (2·9% [1·6–5·0]), and clofazimine (1·6% [0·5–5·3]; table 2). Bedaquiline 

was permanently stopped in nine of 464 patients who received the drug, with a pooled 

incidence of 1·7% (0·7–4·2). Much higher incidences of adverse events leading to permanent 

drug discontinuation were observed with the second-line injectable drugs (amikacin: 10·2% 

[6·3–16·0]; kanamycin: 7·5% [4·6–11·9]; capreomycin: 8·2% [6·3–10·7]), and with 

aminosalicylic acid (11·6% [7·1–18·3]) and linezolid (14·1% [9·9–19·6]; table 2).
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The arm-based network meta-analysis estimated slightly higher absolute risks of adverse 

events leading to permanent drug discontinuation for each drug, but the pooled risk 

estimates were low for bedaquiline, moxifloxacin, and clofazimine, and high for amikacin, 

kanamycin, aminosalicylic acid, and linezolid (table 3).

Using the non-parametric unweighted ranking approach to assess the relative safety of the 

20 different drugs (table 4), the fluoroquinolones had the lowest incidence of adverse events 

leading to permanent drug discontinuation, followed by bedaquiline, clofazimine, and 

ethambutol. Cycloserine and terizidone, ethionamide and protionamide, second-line 

injectable drugs, aminosalicylic acid, and linezolid had the highest incidence of adverse 

events leading to permanent drug discontinuation. When comparing the three analytic 

approaches (appendix p 8), fluoroquinolones, clofazimine, and bedaquiline consistently had 

the lowest incidence of adverse events leading to permanent drug discontinuation, and 

second-line injectable drugs, aminosalicylic acid, and linezolid had the highest incidence of 

adverse events leading to permanent drug discontinuation.

Subgroup analyses to investigate heterogeneity were based on age, sex, and country income 

level, because these factors were significantly associated with the occurrence of adverse 

events leading to permanent drug discontinuation in multivariable analyses (appendix p 4). 

The rank orders of drugs from least to most toxic was not different between these different 

subgroups (appendix pp 9–11).

Information on the types of adverse events leading to permanent drug discontinuation was 

available in 31 studies (22 studies that reported adverse events for all drugs used and nine 

studies that reported adverse events for only specific drugs) for 1145 events (table 5). 

Among the patients who had linezolid-associated adverse events, the three most common 

adverse event types leading to permanent drug discontinuation were peripheral neuropathy 

(87 [64%] of 137), myelosuppression (30 [22%] of 137), and optic neuritis (7 [5%] of 137). 

Among injectable drugs, types of adverse events leading to permanent drug discontinuation 

for amikacin and kanamycin were most likely to be ototoxicity (183 [87%] of 211 for 

amikacin and 42 [75%] of 56 for kanamycin), whereas nephrotoxicity accounted for 36 

(51%) of 71 capreomycin-associated adverse events leading to permanent drug 

discontinuation. Gastrointestinal disorders were the most common type of adverse event 

leading to permanent drug discontinuation due to aminosalicylic acid (95 [79%] of 120) and 

ethionamide and protionamide (52 [48%] of 108), whereas psychiatric disorders were the 

most common type of adverse event leading to permanent drug discontinuation due to 

cycloserine and terizidone (92 [66%] of 140). Clofazimine was stopped in only 12 (1·6%) of 

1712 patients who were taking it, but skin hyperpigmentation and rash accounted for more 

than half of these episodes.

Discussion

In this study, we showed that fluoroquinolones, bedaquiline, and clofazimine were the drugs 

associated with the lowest incidences of adverse events leading to permanent drug 

discontinuation, whereas second-line injectable drugs, aminosalicylic acid, and linezolid had 

the highest incidences of adverse events leading to permanent drug discontinuation. Our 
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findings provide valuable information to guide clinicians and tuberculosis programmes in 

selecting regimens, and support treatment guidelines for injectable-free regimens.65

To our knowledge, the individual participant database we assembled is the largest cohort 

with detailed individual-level data including information on adverse events that led to 

permanent discontinuation of anti-tuberculosis medications. The 9178 patients originated 

from 28 countries; this diversity of populations should enhance the generalisability of the 

results. Another major strength of our study was the consistency of findings between three 

different analytical methods to estimate absolute and relative frequency of adverse events 

leading to permanent discontinuation of the different second-line tuberculosis drugs.

Our study had several limitations. Despite the large number of patients analysed, all but two 

of the studies included in this individual patient data meta-analysis had observational 

designs, which might result in biases. In particular, some drugs were already known to cause 

specific types of adverse event and might, therefore, have been more likely to be identified 

by unmasked clinicians as being the cause of specific adverse events in the analysed studies, 

confirming previous results. We only considered adverse events that led to permanent 

discontinuation of the drug because this definition was used in most studies reporting 

adverse events. However, information on the severity or seriousness of adverse events, and 

information on adverse events that led to temporary discontinuation or dose reduction was 

not available. This restriction to adverse events that resulted in permanent discontinuation 

meant that we restricted this analysis to the most serious events, with important clinical 

consequences. This definition is relevant and well understood by clinicians, but this 

approach excludes consideration of milder toxicity, which still can be important from a 

patient perspective. We did not consider drug duration for each individual, because this 

information was not available in more than half of the studies. The effect of drug dosage on 

adverse event incidence could not be assessed because most patients received standard 

dosing of drugs according to WHO guidelines. Linezolid had the most diverse dosing 

regimens, with 513 (71%) of 719 patients receiving 600 mg per day, 86 (12%) patients 

receiving 300 mg per day, and 92 (13%) patients receiving 1200 mg per day (data not 

shown). We did not include delamanid in our analysis because individual-level data from 

recent trials66,67 were not available, and only 41 patients took delamanid in the studies 

included in this analysis.

The much higher incidence of adverse events leading to permanent drug discontinuation 

among patients treated in high-income countries than in low, lower-middle, and upper-

middle income countries might have reflected true differences due to older age of the 

patients in high-income countries, but might also have reflected differences in management 

policies, diagnostic resources, or availability of alternative regimens in different settings. 

Compared with resource-limited settings, higher-resource settings might have greater 

availability of monitoring tools to detect adverse events, greater resources to monitor 

patients more frequently, better reporting, or lower clinical threshold for discontinuation of 

drugs suspected of causing an adverse event because of better access to alternative 

tuberculosis drugs. There might also have been other differences in ascertainment and 

reporting between sites. However, this problem of between-site differences should not have 

affected the ranking of the relative safety of drugs generated by the non-parametric 
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approach, because the relative toxicities of each drug to all the other drugs used should have 

been similar in different settings.

The findings for some drugs, such as bedaquiline, should be interpreted with caution 

because of the relatively few studies and small number of participants. The occurrence of 

permanent discontinuation of bedaquiline because of adverse events might be 

underestimated because several studies had strict criteria for the use of this drug; these 

criteria excluded patients with specific comorbidities, such as HIV infection with CD4 cell 

count less than 250 cells per μL or cardiac arrhythmia.32,36

This study has several implications for the clinical care of patients with multidrug-resistant 

tuberculosis. Using three different analytical approaches, later-generation fluoroquinolones, 

bedaquiline, and clofazimine were consistently shown to have the lowest incidences of 

discontinuation due to adverse events. In other analyses using the same data, the use of these 

three drugs was associated with significantly improved treatment success and reduced 

mortality compared with not using each of these three drugs.14 These findings together 

suggest that the use of these three drugs could improve the effectiveness and tolerability of 

multidrug-resistant tuberculosis treatment regimens. Among second-line injectable drugs, 

amikacin showed modest benefits in multidrug-resistant tuberculosis treatment, whereas 

kanamycin and capreomycin were associated with worse outcomes in efficacy analyses. The 

relatively high incidence of adverse events leading to permanent discontinuation of all three 

second-line injectable drugs shown in this study support the need for evaluation of all-oral 

multidrug-resistant tuberculosis regimens using new and repurposed drugs.68 Linezolid has 

shown a substantial benefit for patients with multidrug-resistant and extensively drug-

resistant tuberculosis,14 but this drug had the highest incidence of discontinuation due to 

adverse events in this study, similar to the Nix-TB study,69 which also reported a high 

incidence of permanent discontinuation of linezolid due to adverse events. These results 

suggest that in switching from regimens with injectable drugs to all-oral regimens with 

linezolid, tuberculosis programmes might be trading a familiar problem for a new problem 

with less well understood consequences. The hyperpigmentation associated with prolonged 

use of clofazimine is an adverse event that is important to many patients. However, 

hyperpigmentation did not seem to be a common cause of permanent drug discontinuation, 

either because there were few alternatives, or perhaps because only patients who accepted 

this predictable adverse event started taking the drug.

Despite the importance of adverse events to patients, and the frequency of these events in the 

treatment of multidrug-resistant tuberculosis, diagnosis and reporting of adverse events are 

poorly done in many studies. We found marked differences in the diagnosis and management 

algorithms between the 35 studies included, and another 23 studies could not be included 

because they reported adverse events inadequately, or not at all. These findings emphasise 

the urgent need for improved reporting of adverse events;15 the WHO guidelines for 

pharmacovigilance could serve as a framework to develop a more robust adverse event 

reporting system.70 The use of this system by a large collaborative group was reported in 

2019,71 although the incidence of adverse events reported in that system for most drugs was 

much lower than in this analysis, suggesting that these reports might account for just a small 

proportion of the total adverse events. Innovations are also needed to improve adverse event 
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monitoring, including the use of patient-friendly technology.72 This improvement will be 

particularly important as new drugs and new regimens are developed and tested.

This individual patient data meta-analysis of adverse events highlights the relatively low 

frequency of adverse events leading to permanent discontinuation of later-generation 

fluoroquinolones, bedaquiline, and clofazimine, but also highlights the high incidence of 

adverse events leading to permanent discontinuation of linezolid and the second-line 

injectable drugs. These results suggest that close monitoring of adverse events is important 

for patients being treated for multidrug-resistant tuberculosis. Our results also underscore 

the urgent need for safer and better-tolerated drugs to reduce the morbidity from treatment 

itself for patients with multidrug-resistant tuberculosis.
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Research in context

Evidence before this study

Treatment of rifampicin-resistant or multidrug-resistant tuberculosis has low cure rates, 

despite the use of multiple second-line tuberculosis drugs; these drugs are used second-

line because of lower efficacy or greater toxicity, or both, compared with first-line 

treatments. Guidelines for rifampicin-resistant or multidrug-resistant tuberculosis 

treatment suggest use of at least five effective drugs initially for a total of 20 months or 

more. Use of these toxic drugs for such long periods can cause major morbidity, 

including permanent neuropathies, deafness, and blindness, or death from 

haematological, renal, or hepatic failure. As many as half of all patients have at least one 

adverse event that requires discontinuation of one of these second-line drugs. The 

resultant changes in the regimen will further reduce the already low likelihood of cure. 

Fortunately, after decades of neglect, there has been renewed interest in development of 

drugs for multidrug-resistant tuberculosis treatment. In the past 10 years, new drugs, such 

as bedaquiline, have been introduced and other drugs, such as the fluoroquinolones, 

carbapenems, clofazimine, and linezolid have been repurposed. These drugs have 

superior efficacy to many of the older second-line drugs, as shown in a 2019 individual 

patient data meta-analysis of more than 13 000 patients. However, there is little evidence 

of the toxicity of these new agents, particularly in comparison with the second-line drugs 

traditionally used. MEDLINE (through OVID), EMBASE (through OVID), and The 

Cochrane Library were searched for literature published between Jan 1, 2009, and Aug 

31, 2015 (updated on April 15, 2016), using a combination of Medical Subject Heading 

terms and free-text words related to multidrug-resistant tuberculosis, tuberculosis 

medications, and treatment outcomes. Studies were included if they reported treatment 

information and clinical characteristics for at least 25 patients with microbiologically 

confirmed pulmonary multidrug-resistant tuberculosis, and either end-of-treatment 

outcomes, 6-month culture conversion, or severe adverse events.

Added value of this study

We assembled a dataset of more than 13 000 patients with rifampicin-resistant or 

multidrug-resistant tuberculosis treated at 53 centres from more than 30 countries. In a 

subset of 35 studies with 9178 patients, adverse events were reported in a sufficiently 

standardised way to allow pooling of results and comparison across these studies. We 

used three different approaches to estimate the rates of adverse events causing permanent 

drug discontinuation, and the relative toxicity of the different drugs used. In the 35 

studies included in this analysis, the rates of adverse events leading to drug 

discontinuation were lowest with the fluoroquinolones and bedaquiline, and highest with 

the use of injectable second-line drugs (amikacin, kanamycin, and capreomycin) as well 

as aminosalicylic acid and linezolid. The relative order of drugs from least to most toxic 

was consistent using the three different methods of analysis.

Implications of all the available evidence

The fluoroquinolones and bedaquiline appear to have the ideal combination of good 

efficacy and low toxicity. At the other end of the spectrum are the second-line injectable 
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drugs and aminosalicylic acid, which combine modest efficacy with relatively high 

toxicity. The use of these drugs should be reconsidered and, if possible, avoided. Other 

commonly used second-line drugs such as cycloserine or ethionamide and protionamide 

have moderate efficacy and toxicity. Linezolid is notable among the drugs introduced in 

the past decade for evidence of very good efficacy but also relatively high toxicity. Given 

the high efficacy, the toxicity of this drug requires further evaluation to define the optimal 

dose that is efficacious while minimising risk of toxicity. It would also be helpful to 

identify patient characteristics that are associated with increased or reduced risk of 

toxicity, to optimise patient selection for use of this drug. Overall, we conclude that the 

search for efficacious and safe, well tolerated drugs for the treatment of rifampicin-

resistant and multidrug-resistant tuberculosis must continue.
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Figure: Study selection
In all analyses, adverse events were defined as those that resulted in permanent 

discontinuation of a drug. IPD-MDR=individual patient data meta-analysis for multidrug-

resistant tuberculosis. *For details of the selection of the 50 studies, refer to Ahmad et al 

(2018).14 †For these three studies, if the grade of an adverse event was 3–4, the causal drug 

was considered as permanently stopped. ‡Patients without treatment regimen information 

and patients who were still on treatment were excluded, patients with extrapulmonary 

disease were included. §Two studies had adverse event information for more than one drug. 

¶dverse events for bedaquiline reported: one study with 130 patients; adverse events for 

linezolid reported: ten studies with 508 patients; adverse events for carbapenem reported: 
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two studies with 139 patients (each patient number includes only the patients who used the 

drug for which adverse events were reported).
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Table 1:

Comparison of characteristics among patients with at least one adverse event versus patients with no adverse 

event

Patients with at least one adverse event 
(N=2027)

Patients with no adverse events 
(N=6595)

Baseline clinical characteristics

Age, years  39 (29–49)*  37 (28–47)*

Men 1327/2027 (65·5%)* 4338/6595 (65·8%)*

HIV-positive   134/1601 (8·4%)   687/6234 (11·0%)

 Patients with HIV receiving antiretroviral therapy  52/107 (48·6%)   219/415 (52·8%)

Diabetes   199/1671 (11·9%)   433/5714 (7·6%)

Smoking   425/1367 (31·1%) 1045/5392 (19·4%)

Alcohol   496/1788 (27·7%) 1291/5603 (23·0%)

Smear positive 1475/1969 (74·9%) 5284/6403 (82·5%)

Cavitary disease 1203/1870 (64·3%) 4581/6161 (74·4%)

Previous tuberculosis treatment 1506/2004 (75·2%) 5296/6523 (81·2%)

Received second-line drugs (among patients with 
previous treatment)

  291/1102 (26·4%)   585/2174 (26·9%)

Resistance to fluoroquinolone   249/1711 (14·6%)   666/3216 (20·7%)

Resistance to second-line injectable drug   536/1738 (30·8%) 1154/3266 (35·3%)

Treatment in high-income countries   843/2027 (41·6%)* 1142/6595 (17·3%)*

Treatment outcome

Success 1412/2027 (69·7%) 4043/6595 (61·3%)

Failure and relapse   154/2027 (7·6%)   514/6595 (7·8%)

Death   219/2027 (10·8%)   995/6595 (15·1%)

Lost to follow-up   242/2027 (11·9%)* 1043/6595 (15·8%)*

Data are median (IQR), n/N (%). For all variables, N is the total number of patients with multidrug-resistant tuberculosis with available 
information. 25 studies reported adverse events for all drugs and were included in this analysis. Adverse events were defined as those that resulted 
in permanent discontinuation of a drug.

*
Differences in these characteristics between patients with at least one versus no adverse events were statistically significant in the multivariable 

analysis adjusted for age (p<0·0001), sex (p=0·0005), HIV-positive (p=0·06), previous tuberculosis treatment (p=0·18), and treatment in high-
income countries (p<0·0001).
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Table 3:

Pooled absolute risk of adverse events for each drug using arm-based network meta-analysis

Cohorts using 
the drug*

Adverse events†/
patients using the 
drug

Pooled absolute risk of adverse 
events, median‡ (95% credible 
interval)

Pooled absolute risk of 
adverse events, mean 
(SD)

Ciprofloxacin   8  4/723   1·0% (0·2–3·9)   1·2% (1·0)

Bedaquiline 10  7/348   2·8% (0·9–7·3)   3·1% (1·7)

Moxifloxacin 27   30/904   3·1% (1·6–5·8)   3·2% (1·1)

Amoxicillin-clavulanate 23   21/695   3·3% (1·8–6·0)   3·5% (1·1)

Clofazimine 13   12/1712   3·5% (1·3–8·3)   3·8% (1·8)

Ofloxacin 22   71/6062   3·8% (1·6–9·2)   4·2% (2·0)

Ethambutol 33 124/6089   4·1% (2·5–6·9)   4·2% (1·1)

Levofloxacin 20   22/1012   4·2% (2·1–8·0)   4·5% (1·5)

Streptomycin 17   34/1208   5·1% (2·7–9·8)   5·4% (1·8)

Clarithromycin 16   18/457   5·2% (2·6–10·3)   5·6% (2·0)

Imipenem and 
meropenem   3  3/44   5·5% (0·6–27·0)   7·7% (7·1)

Cycloserine and 
terizidone 40 337/7547   7·9% (5·8–11·0)   8·0% (1·3)

Capreomycin 29 161/1932   9·4% (6·6–13·4)   9·5% (1·7)

Pyrazinamide 35 410/5141   9·5% (6·5–14·5)   9·8% (2·1)

Ethionamide and 
protionamide 39 376/4627 10·7% (7·7–15·3) 10·9% (2·0)

Kanamycin 25 268/1995 12·0% (7·9–17·8) 12·2% (2·5)

Amikacin 23 235/4106 13·6% (9·3–19·6) 13·8% (2·6)

Thioacetazone   3 103/719 14·4% (4·8–31·8) 15·5% (7·0)

Linezolid 17   58/292 16·6% (10·9–23·9) 16·8% (3·3)

Aminosalicylic acid 35 532/2929 17·6% (13·0–24·1) 17·9% (2·8)

Studies that only reported adverse events of specific drugs were excluded from this analysis.

*
A study done in a single country was considered as one cohort; a study done in multiple countries was divided into separate cohorts by country.

†
Adverse events were defined as those that resulted in permanent discontinuation of a drug.

‡
Absolute risk of adverse events for each drug was estimated using a random effects model within the Bayesian framework.
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