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Abstract  1 

Rationale: Treatment outcomes may be compromised among patients with multidrug- 2 

or rifampicin-resistant tuberculosis with additional fluoroquinolone resistance. Evidence 3 

is needed to inform optimal treatment for these patients. 4 

Objectives: We compared the effectiveness of longer individualized regimens 5 

comprised of bedaquiline for 5 to 8 months, linezolid, and clofazimine to those 6 

reinforced with at least 1 third-tier drug and/or longer duration of bedaquiline.   7 

Methods: We emulated a target trial to compare the effectiveness of initiating and 8 

remaining on the core regimen to one of five regimens reinforced with (1) bedaquiline 9 

for ≥9 months, (2) bedaquiline for ≥9 months and delamanid, (3) imipenem, (4) a 10 

second-line injectable, or (5) delamanid and imipenem. We included patients in whom a 11 

fluoroquinolone was unlikely to be effective based on drug susceptibility testing and/or 12 

prior exposure. Our analysis consisted of cloning, censoring, and inverse-probability 13 

weighting to estimate the probability of successful treatment. 14 

Measurements and Main Results: Adjusted probabilities of successful treatment were 15 

high across regimens, ranging from 0.75 (95%CI:0.61, 0.89) to 0.84 (95%CI:0.76, 0.91). 16 

We found no substantial evidence that any of the reinforced regimens improved 17 

effectiveness of the core regimen, with ratios of treatment success ranging from 1.01 for 18 

regimens reinforced with bedaquiline ≥9 months (95%CI:0.79, 1.28) and bedaquiline ≥9 19 

months plus delamanid (95%CI:0.81, 1.31) to 1.11 for regimens reinforced by a second-20 

line injectable (95%CI:0.92, 1.39) and delamanid and imipenem (95%CI:0.90, 1.41).  21 

All rights reserved. No reuse allowed without permission. 
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 

The copyright holder for this preprintthis version posted January 20, 2024. ; https://doi.org/10.1101/2024.01.18.24301453doi: medRxiv preprint 

https://doi.org/10.1101/2024.01.18.24301453


2 
 

Conclusions: High treatment success underscores the effectiveness of regimens 22 

comprised of bedaquiline, linezolid, and clofazimine, highlighting the need for expanded 23 

access to these drugs.  24 

Abstract word count: 250/250 25 

Keywords: fluoroquinolone resistance, rifampicin resistance, target trial, inverse-26 

probability weighting, endTB observational study.  27 
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Introduction 28 

The use of new and repurposed drugs, such as bedaquiline (Bdq), delamanid 29 

(Dlm), linezolid (Lzd), pretomanid, and clofazimine (Cfz), has drastically improved the 30 

effectiveness of treatment for multidrug- or rifampicin-resistant tuberculosis (MDR/RR-31 

TB).1-5 For the first time in history, the recommended treatment duration for MDR/RR-TB 32 

is as short as six-to-nine months for the majority of patients.6-10 However, longer 18-20 33 

month regimens are still recommended in cases where shorter regimens cannot be 34 

used (i.e., due to confirmed or suspected drug resistance and/or unavailability of drugs 35 

in the shorter regimens).6 Key research priorities highlighted by the World Health 36 

Organization (WHO) with regard to longer MDR/RR-TB regimens are studies on the 37 

optimal number and combination of drugs for patients previously treated for RR/MDR-38 

TB; the approach to regimen design; and the optimal duration of Bdq.6  39 

 40 

Patients previously treated for MDR/RR-TB, are at increased risk for unfavorable 41 

treatment outcomes, in part due to a higher risk of resistance to fluoroquinolone drugs, 42 

a cornerstone of longer individualized treatments for MDR/RR-TB.1,11 In this paper, we 43 

sought to address knowledge gaps with regard to the optimal treatment for patients 44 

requiring treatment for MDR/RR-TB, in whom a fluoroquinolone (FQ) is unlikely to be 45 

effective. Specifically, we emulated a target trial to compare the effectiveness of a “core” 46 

regimen comprised of Bdq for 5 to 8 months, Lzd, and Cfz with regimens that were 47 

reinforced with at least one third tier (i.e., Group C) drug and/or a longer duration of Bdq. 48 

 49 

Methods  50 
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Data resources and study population 51 

The prospective endTB observational cohort (NCT03259269) aimed to generate 52 

evidence on the safety and effectiveness of Bdq or Dlm when used as part of a longer 53 

multidrug regimen for RR/MDR-TB.12 The cohort includes 2788 patients from 17 54 

countries who initiated a Bdq- or Dlm- containing regimen between April 2015 and 55 

September 2018 and consent to be enrolled. Each participant was followed according to 56 

local program norms. Data were collected using standardized forms and entered into an 57 

electronic medical record. For this analysis, we excluded participants from the 58 

Democratic People’s Republic of Korea (DPRK) due to differences in diagnosis and 59 

treatment compared with the rest of the cohort. 60 

 61 

Specification of the target trial 62 

The (hypothetical) pragmatic trial would enroll participants within a week of 63 

MDR/RR-TB treatment initiation in whom a FQ is unlikely to be effective and in whom 64 

the following drugs are likely to be effective: Bdq, Lzd, Cfz, Dlm, Imipenem (Imp), and at 65 

least one second-line injectable (SLI) drug (i.e., Capreomycin [Cm], Kanamycin [Km], 66 

and Amikacin [Am]). The likely-effectiveness of a drug in an individual is based on drug 67 

susceptibility testing (DST) or prior history of these drugs (if no DST was available).  68 

 69 

Two weeks after enrollment, each eligible individual would be randomly assigned 70 

to one of six treatment strategies: the core regimen (Bdq for 5 to 8 months, Lzd, Cfz) or 71 

one of five reinforced regimens: (1) Bdq (≥ 9 months)-Lzd-Cfz; (2) Bdq (≥ 9 months)-72 

Lzd-Cfz-Dlm; (3) Bdq (≥ 5 months)-Lzd-Cfz-Imp; (4) Bdq (≥ 5 months)-Lzd-Cfz-SLI; (5) 73 
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Bdq (≥ 9 months)-Lzd-Cfz-Dlm-Imp (Online Data Supplement Table E1). Lzd is initiated 74 

at a dose of 600mg daily but can be reduced to other doses if clinically indicated. 75 

Regimens are intended to last 18 to 20 months, but clinicians determine the total 76 

duration of treatment and of each individual drug, except Bdq, which is protocolized into 77 

one of three durations: ≥ 5 months, 5-8 months, ≥ 9 months. Clinician-directed Bdq 78 

interruptions of less than or equal to 14 days are allowable for any reason (e.g., toxicity, 79 

drug stock-out). Bdq suspensions of longer than 14 days and additions of any drug for 80 

longer than 14 days are not permitted unless in response to an adverse event (AE) or 81 

acquired-resistance to a drug in the assigned treatment strategy. Bdq can be reinitiated 82 

after the stoppage indicated by the assigned strategy, if clinically indicated, and drugs 83 

that are unlikely effective can be included in the regimen.  84 

 85 

The outcome of interest is treatment success, defined as cure or treatment 86 

completion at the end of treatment. Death, treatment failure, and loss to follow-up are 87 

considered unsuccessful end-of-treatment (EOT) outcomes. All EOT outcomes are 88 

calculated based on the WHO guidance and identify the first point at which failure 89 

occurs.13,14 For each individual, follow-up would start at assignment to a regimen (time 0) 90 

and continue each week until the end of treatment. The causal contrasts of interest are 91 

the intention-to-treat effect and the per-protocol effect.  92 

 93 

 94 

 95 

Statistical analysis of the target trial 96 
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In the intention-to-treat analysis, the probabilities of treatment success in each 97 

group can be estimated nonparametrically or via a parametric logistic regression model 98 

for the weekly probability of treatment success (the model can include baseline 99 

covariates if their distribution differs between groups). The predicted probabilities of 100 

treatment success are then compared via success ratios and differences. The 95% 101 

confidence intervals are computed using the bootstrapping method with 500 samples.  102 

 103 

 The per-protocol analysis is identical except that individuals are censored if/when 104 

their treatments deviated from their assigned strategy for any reasons other than 105 

adverse effects or acquired-resistance to a drug in the assigned strategy. Specifically, 106 

individuals are censored if they have any new likely-effective drugs added to their 107 

assigned strategy or if they do not follow the assigned duration of Bdq. To adjust for the 108 

potential selection bias introduced by censoring, we can incorporate inverse-probability 109 

(IP) weights.  110 

 111 

Target trial emulation 112 

We emulated the target trial using the endTB prospective observational dataset 113 

(Online Data Supplement Table E1 and Figure E1).15,16 Inclusion criteria were the same, 114 

except that eligible individuals were those in whom at least Bdq, Lzd, and Cfz were 115 

likely to be effective (i.e., likely-effectiveness to a SLI, Dlm and/or Imp was not required 116 

for inclusion). Because individuals can have data compatible with more than one 117 

treatment strategy at time 0, we made one modification to the per-protocol analysis15,17: 118 

we cloned individuals in the dataset and assigned each clone to each of the Bdq 119 
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durations (i.e., Bdq ≥ 5 months, Bdq 5 to 8 months, or Bdq ≥ 9 months) that were 120 

compatible with their observed data at time 0. Online supplement Figure E2 shows an 121 

overview of the cloning and censoring steps. We fit an IP-weighted logistic regression 122 

model for the probability of treatment success among uncensored clones that included 123 

the following baseline covariates18: treated in Georgia (yes/no), year of enrollment 124 

(continuous), low BMI (yes/no), sputum smear (positive/negative), sputum culture 125 

(positive/negative), and receiving cycloserine (Cs), although it was unlikely to be 126 

effective in the individual (yes/no).  127 

 128 

We estimated the denominator of the stabilized IP weights using separate logistic 129 

models for the weekly probability of “not adding any new likely-effective drugs to the 130 

baseline regimens” and of “remaining on Bdq” conditional on baseline and time-varying 131 

covariates. Time-varying confounders were sputum smear (positive/negative) and 132 

receipt of Cs which was unlikely to be effective in the individual (yes/no). Time was 133 

modelled with linear and quadratic terms for the week of follow-up. We estimated the 134 

numerator of the stabilized IP weights using analogous models without time-varying 135 

covariates. Online supplement Table E2 provides the calculation of IP weights for each 136 

treatment strategy. IP weights were not truncated. 137 

 138 

Research ethics  139 

The endTB observational study protocol was approved by all study countries and 140 

central ethics review committees for each consortium partner (Partners In Health, 141 
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Doctors Without Borders, Epicentre, and Interactive Research and Development). 142 

Participants provided written informed consent for inclusion in the observational cohort.  143 

 144 

Results  145 

Of 446 eligible patients across 13 countries, 443 had a known EOT outcome and 146 

were included in our analysis (Online Data Supplement Figure E1). One-third (149/443) 147 

of the participants were female, and the median age was 35 (IQR: 28, 45) (Table 1). 148 

The prevalence of comorbidities was: 4% HIV infection, 12% diabetes mellitus or 149 

glucose intolerance, 6% hepatitis B infection, and 17% hepatitis C infection. Also, 96% 150 

had resistance to a FQ, 69% had bilateral disease, and 75% had cavitary disease.  151 

 152 

Of the 443 individuals, 23% (n=100) initiated a regimen containing Bdq, Lzd, and 153 

Cfz, without additional likely effective drugs. The remaining individuals received one or 154 

more likely effective third-tier drugs, including Dlm (18%, n=81), Imp (17%, n=74), SLI 155 

(23%, n=103), and Dlm and Imp together (19%, n=85). All but 1 individuals (0.2%) 156 

initiated Lzd at a dose of 600 mg daily. The proportion who received Cs that was 157 

unlikely effective for them was 65% (65/100) among participants who initiated Bdq-Lzd-158 

Cfz and 67% (69/103) among those initiating a reinforced regimen containing injectable. 159 

In other regimens, the receipt of Cs ranged from 6 (Bdq-Lzd-Cfz-Dlm-Imp: 5/85) to 36% 160 

(Bdq-Lzd-Cfz-Imp: 27/74; Online Data Supplement Table E3).  161 

 162 

The probability of treatment success ranged from 0.75 (95%CI: 0.61, 0.89) for 163 

Bdq (5 to 8 months)-Lzd-Cfz to 0.84 (95%CI: 0.76, 0.91) for Bdq (≥5 months)-Lzd-Cfz-164 
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SLI (Table 2). Compared with Bdq (5 to 8 months)-Lzd-Cfz, the treatment success ratios 165 

ranged from 1.01 for regimens reinforced with bedaquiline ≥9 months (95%CI:0.79, 1.28) 166 

and bedaquiline ≥9 months plus delamanid (95%CI:0.81, 1.31) to 1.11 for regimens 167 

reinforced by a second-line injectable (95%CI:0.92, 1.39) and by delamanid and 168 

imipenem (95%CI:0.90, 1.41) (Table 2). The risk difference ranged from 0.01 for 169 

regimens reinforced with bedaquiline ≥9 months (95%CI:-0.18, 0.17) and bedaquiline ≥9 170 

months plus delamanid (95%CI:-0.16, 0.19)  to 0.08 for regimens reinforced by a 171 

second-line injectable (95%CI:-0.08, 0.23) and by delamanid and imipenem (95%CI:-172 

0.08, 0.26) (Figure 1). The mean of stabilized IP weights was 1.00 (standard deviation: 173 

0.13; range: 0.71, 4.20).   174 

 175 

Discussion 176 

In a cohort of individuals with MDR/RR-TB in whom a FQ was unlikely to be 177 

effective, longer regimens containing at least Bdq for five months, Lzd, and Cfz yielded 178 

high proportions of treatment success that align with those from randomized trials and 179 

observational cohorts of patients treated with longer regimens comprised of new and 180 

repurposed drugs.1-5,8 The regimens reinforced with at least one Group C drug and/or a 181 

longer duration of Bdq did not substantially improve the frequency of treatment success 182 

compared with the Bdq (5 to 8 months)-Lzd-Cfz core regimen. This finding underscores 183 

that Bdq (5 to 8 months)-Lzd-Cfz was a potent regimen for treating individuals with 184 

MDR/RR-TB in whom a FQ was unlikely to be effective. Lzd was initiated at a dose of 185 

600 mg daily, which likely contributed to the effectiveness of the core regimen.7 Prior 186 
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studies have highlighted the challenges of evaluating the effectiveness of adding a 187 

single drug to a highly effective regimen.19,20   188 

 189 

Use of a target trial framework to address this research question facilitated 190 

inference and interpretation in several regards. First, it enabled clear articulation of the 191 

research question and the treatment strategies to be compared.  Second, it informed 192 

the design of an analysis that accounted for two important sources of potential bias: (1) 193 

regimens were assigned and changed based on clinical judgment, not at random, which 194 

can lead to important differences among the individuals who receive each regimen (i.e., 195 

confounding); (2) individuals who live longer can be treated longer (i.e., immortal 196 

person-time bias).17,21 Although both biases are important considerations in 197 

observational comparative effectiveness analyses of treatment duration, methods to 198 

appropriately account for them have been applied infrequently in TB cohorts.4,21-23 199 

 200 

The 2022 WHO guidance recommends that longer regimens for MDR/RR-TB 201 

prioritize drugs from Groups A (Bdq, Lzd, FQ) and B (Cfz and Cs).6 Under this guidance, 202 

the recommended longer regimen for someone with FQ-resistant TB consists of at least 203 

the four-drug regimen Bdq-Lzd-Cfz-Cs. We were unable to study this regimen because 204 

Cs rarely met the definition of a likely-effective drug in this cohort of individuals 205 

previously exposed to second-line drugs. Therefore, the core combination of Bdq-Lzd-206 

Cfz plus Cs, where all four drugs were likely effective, could not be evaluated in this 207 

study.  208 

 209 
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Although we observed a moderately higher frequency of treatment success with 210 

three regimens, one reinforced with Imp, one reinforced with a SLI, and one reinforced 211 

with Dlm, Imp and longer Bdq duration, 95% confidence intervals around these 212 

estimates were wide. These modest increases in effectiveness may be due to true 213 

differences, chance, or residual confounding.24 The relatively small sample size for this 214 

analysis forced us to balance confounder adjustment and model stability, and therefore 215 

we focused on the strongest and most likely confounders. Therefore, residual 216 

confounding is a possibility. We used the missing indicator method to account for 217 

missing data on confounders, an approach that retains the original analytic sample size 218 

but cannot completely adjust for confounding.25   219 

 220 

One example of residual confounding is that regimen composition is often 221 

clustered by study sites based on the national TB program guidelines. For example, the 222 

regimen reinforced with an injectable was disproportionately used in Georgia; we 223 

adjusted for this site, but the sample size precluded us from adjusting for all 13 sites 224 

included in this analysis. Addressing this question within a larger longitudinal cohort 225 

could facilitate more conclusive findings in several ways. First, it would increase 226 

statistical power and reduce sampling variability. Second, it would afford greater 227 

flexibility to adjust for all potential confounders. Third, it would facilitate the potential for 228 

comparisons in key subgroups, such as individuals living with HIV. 229 

 230 

In conclusion, among individuals with MDR/RR-TB in whom a FQ is unlikely to be 231 

effective due to resistance or prior exposure to the second-line treatment, we found high 232 
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rates of treatment success but no conclusive evidence that reinforcing a core regimen of 233 

Bdq (5 to 8 months)-Lzd-Cfz with additional Group C drugs and/or a longer duration of 234 

Bdq improved the treatment effectiveness. The high treatment success underscores the 235 

need for expanded access to these drugs and supports the effectiveness of current 236 

WHO drug hierarchy for the design of longer regimens. Future evaluations could 237 

examine alternative strategies for optimizing this and other core regimens and informing 238 

management strategies for suspension and discontinuation of core drugs. Analyses will 239 

be improved through larger longitudinal cohorts, which will enhance precision, enable 240 

more complete control of potential biases and permit examination of subgroup 241 

heterogeneity.242 

All rights reserved. No reuse allowed without permission. 
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 

The copyright holder for this preprintthis version posted January 20, 2024. ; https://doi.org/10.1101/2024.01.18.24301453doi: medRxiv preprint 

https://doi.org/10.1101/2024.01.18.24301453


13 
 

Acknowledgements 243 

The authors thank the participants for their participation in the endTB Observational 244 

Study and the clinicians and program staff for their support on recruitment, operation, 245 

and management. The authors also thank endTB staff at Partners In Health, Doctors 246 

Without Borders, Epicentre, and Interactive Research and Development.  247 

All rights reserved. No reuse allowed without permission. 
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 

The copyright holder for this preprintthis version posted January 20, 2024. ; https://doi.org/10.1101/2024.01.18.24301453doi: medRxiv preprint 

https://doi.org/10.1101/2024.01.18.24301453


14 
 

Reference 248 

1. Bastard M, Guglielmetti L, Huerga H, Hayrapetyan A, Khachatryan N, Yegiazaryan 249 

L, et al. Bedaquiline and Repurposed Drugs for Fluoroquinolone-Resistant 250 

Multidrug-Resistant Tuberculosis: How Much Better Are They?. Am J Respir Crit 251 

Care Med. 2018;198(9):1228-1231. doi:10.1164/rccm.201801-0019LE 252 

2. Rich ML, Khan U, Zeng C, LaHood A, Franke MF, Atwood S, et al. Outcomes of 253 

WHO-conforming, longer, all-oral multidrug-resistant TB regimens and analysis 254 

implications. Int J Tuberc Lung Dis. 2023;27(6):451-457. doi:10.5588/ijtld.22.0613 255 

3. Roelens M, Battista Migliori G, Rozanova L, Estill J, Campbell JR, Cegielski JP, et 256 

al. Evidence-based Definition for Extensively Drug-Resistant Tuberculosis. Am J 257 

Respir Crit Care Med. 2021;204(6):713-722. doi:10.1164/rccm.202009-3527OC 258 

4. Trevisi L, Hernán MA, Mitnick CD, Khan U, Seung KJ, Rich ML, et al. Effectiveness 259 

of Bedaquiline Use beyond Six Months in Patients with Multidrug-Resistant 260 

Tuberculosis. Am J Respir Crit Care Med. 2023;207(11):1525-1532. 261 

doi:10.1164/rccm.202211-2125OC 262 

5. Gler MT, Skripconoka V, Sanchez-Garavito E, Xiao H, Cabrera-Rivero JL, Vargas-263 

Vasquez DE, et al. Delamanid for multidrug-resistant pulmonary tuberculosis. N 264 

Engl J Med. 2012;366(23):2151-2160. doi:10.1056/NEJMoa1112433 265 

6. World Health Organization Geneva, Switzerland: WHO; 2020. WHO consolidated 266 

guidelines on tuberculosis: Module 4: treatment - drug-resistant tuberculosis 267 

treatment, 2022 update. Geneva: World Health Organization; 2022. 268 

All rights reserved. No reuse allowed without permission. 
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 

The copyright holder for this preprintthis version posted January 20, 2024. ; https://doi.org/10.1101/2024.01.18.24301453doi: medRxiv preprint 

https://doi.org/10.1101/2024.01.18.24301453


15 
 

7. Conradie F, Bagdasaryan TR, Borisov S, Howell P, Mikiashvili L, Ngubane N, et al. 269 

Bedaquiline-Pretomanid-Linezolid Regimens for Drug-Resistant Tuberculosis. N 270 

Engl J Med. 2022;387(9):810-823. doi:10.1056/NEJMoa2119430 271 

8. Conradie F, Diacon AH, Ngubane N, Howell P, Everitt D, Crook AM, et al. 272 

Treatment of Highly Drug-Resistant Pulmonary Tuberculosis. N Engl J Med. 273 

2020;382(10):893-902. doi:10.1056/NEJMoa1901814 274 

9. Goodall RL, Meredith SK, Nunn AJ, Bayissa A, Bhatnagar AK, Bronson G, et al. 275 

Evaluation of two short standardised regimens for the treatment of rifampicin-276 

resistant tuberculosis (STREAM stage 2): an open-label, multicentre, randomised, 277 

non-inferiority trial [published correction appears in Lancet. 2022 Nov 278 

19;400(10365):1766]. Lancet. 2022;400(10366):1858-1868. doi:10.1016/S0140-279 

6736(22)02078-5 280 

10. Nyang'wa BT, Berry C, Kazounis E, Motta I, Parpieva N, Tigay Z, et al. A 24-Week, 281 

All-Oral Regimen for Rifampin-Resistant Tuberculosis. N Engl J Med. 282 

2022;387(25):2331-2343. doi:10.1056/NEJMoa2117166 283 

11. Falzon D, Gandhi N, Migliori GB, Sotgiu G, Cox HS, Holtz TH, et al. Resistance to 284 

fluoroquinolones and second-line injectable drugs: impact on multidrug-resistant TB 285 

outcomes. Eur Respir J. 2013;42(1):156-168. doi:10.1183/09031936.00134712 286 

12. Khan U, Huerga H, Khan AJ, Mitnick CD, Hewison C, Varaine F, et al. The endTB 287 

observational study protocol: treatment of MDR-TB with bedaquiline or delamanid 288 

containing regimens. BMC Infect Dis. 2019;19(1):733. Published 2019 Aug 20. 289 

doi:10.1186/s12879-019-4378-4 290 

All rights reserved. No reuse allowed without permission. 
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 

The copyright holder for this preprintthis version posted January 20, 2024. ; https://doi.org/10.1101/2024.01.18.24301453doi: medRxiv preprint 

https://doi.org/10.1101/2024.01.18.24301453


16 
 

13. World Health Organization Geneva, Switzerland: WHO; 2020. Definitions and 291 

reporting framework for tuberculosis-2013 revision: updated December 2014 and 292 

January 2020. 2020. 293 

14. Zeng C, Mitnick CD, Hewison C, Bastard M, Khan P, Seung KJ, et al. Concordance 294 

of three approaches for operationalizing outcome definitions for multidrug-resistant 295 

TB. Int J Tuberc Lung Dis. 2023;27(1):34-40. doi:10.5588/ijtld.22.0324 296 

15. Hernán MA, Robins JM. Using Big Data to Emulate a Target Trial When a 297 

Randomized Trial Is Not Available. Am J Epidemiol. 2016;183(8):758-764. 298 

doi:10.1093/aje/kwv254 299 

16. Hernán MA, Wang W, Leaf DE. Target Trial Emulation: A Framework for Causal 300 

Inference From Observational Data. JAMA. 2022;328(24):2446-2447. 301 

doi:10.1001/jama.2022.21383 302 

17. Hernán MA. How to estimate the effect of treatment duration on survival outcomes 303 

using observational data. BMJ. 2018;360:k182. Published 2018 Feb 1. 304 

doi:10.1136/bmj.k182 305 

18. Cole SR, Hernán MA. Constructing inverse probability weights for marginal 306 

structural models. Am J Epidemiol. 2008;168(6):656-664. doi:10.1093/aje/kwn164 307 

19. von Groote-Bidlingmaier F, Patientia R, Sanchez E, Balanag V Jr, Ticona E, Segura 308 

P, et al. Efficacy and safety of delamanid in combination with an optimised 309 

background regimen for treatment of multidrug-resistant tuberculosis: a multicentre, 310 

randomised, double-blind, placebo-controlled, parallel group phase 3 trial. Lancet 311 

Respir Med. 2019;7(3):249-259. doi:10.1016/S2213-2600(18)30426-0 312 

All rights reserved. No reuse allowed without permission. 
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 

The copyright holder for this preprintthis version posted January 20, 2024. ; https://doi.org/10.1101/2024.01.18.24301453doi: medRxiv preprint 

https://doi.org/10.1101/2024.01.18.24301453


17 
 

20. Rodriguez CA, Lodi S, Horsburgh CR, Mitnick CD, Bastard M, Huerga H, et al. 313 

Comparative effectiveness of adding delamanid to a multidrug-resistant 314 

tuberculosis regimen comprised of three drugs likely to be effective. PLOS Glob 315 

Public Health. 2023;3(4):e0000818. Published 2023 Apr 28. 316 

doi:10.1371/journal.pgph.0000818 317 

21. Franke MF, Mitnick CD. Time for a change: considering regimen changes in 318 

analyses of observational drug-resistant TB treatment cohort data. Int J Tuberc 319 

Lung Dis. 2020;24(11):1151-1155. doi:10.5588/ijtld.20.0076 320 

22. Rodriguez CA, Sy KTL, Mitnick CD, Franke MF. Time-Dependent Confounding in 321 

Tuberculosis Treatment Outcome Analyses: A Review of a Source of Bias. Am J 322 

Respir Crit Care Med. 2020;202(9):1311-1314. doi:10.1164/rccm.202001-0220LE 323 

23. Franke MF, Rodriguez CA, Mitnick CD. Causal inference in tuberculosis treatment 324 

studies: bias considerations and data needs. Int J Tuberc Lung Dis. 325 

2019;23(8):960-961. doi:10.5588/ijtld.19.0037 326 

24. Khan PY, Franke MF, Hewison C, Seung KJ, Huerga H, Atwood S, et al. All-oral 327 

longer regimens are effective for the management of multidrug-resistant 328 

tuberculosis in high-burden settings. Eur Respir J. 2022;59(1):2004345. Published 329 

2022 Jan 20. doi:10.1183/13993003.04345-2020 330 

25. Knol MJ, Janssen KJ, Donders AR, Egberts AC, Heerdink ER, Grobbee DE, et al. 331 

Unpredictable bias when using the missing indicator method or complete case 332 

analysis for missing confounder values: an empirical example. J Clin Epidemiol. 333 

2010;63(7):728-736. doi:10.1016/j.jclinepi.2009.08.028 334 

 335 

All rights reserved. No reuse allowed without permission. 
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 

The copyright holder for this preprintthis version posted January 20, 2024. ; https://doi.org/10.1101/2024.01.18.24301453doi: medRxiv preprint 

https://doi.org/10.1101/2024.01.18.24301453


18 
 

Figure Legend 336 

Figure 1. Adjusted risk differences for treatment success of reinforced regimens 337 

compared to the Bdq (5 to 8 months)-Lzd-Cfz core regimen  338 

Abbreviations: Bdq: Bedaquiline. Lzd: Linezolid. Cfz: Clofazimine. Dlm: Delamanid. Imp: 339 

Imipenem. SLI: Second-line injectable. CI: Confidence interval.  340 
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Table 1. Baseline characteristics of 443 individuals receiving treatment for MDR/RR-TB 341 

who were previously treated with second-line tuberculosis drugs, 2015-2018 342 

Characteristics  n (%)*  

Demographic characteristics   

Age at treatment initiation (year, median, IQR, range) 35 (28, 45; 14, 71) 

Female 149 (34) 

Marital status, married or living together  211 (48) 

Substance and drug use   

Alcohol use  55 (12) 

Tobacco use (N=441) 142 (32) 

Injection drug use (N=441) 6 (1) 

Non injection drug use (N=439)  14 (3) 

Comorbidities   

Anemia (N=439) 181 (41) 

HIV infection  19 (4) 

Diabetes mellitus or glucose intolerance (N=442) 53 (12) 

Hepatitis B virus infection (N=442) 28 (6) 

Hepatitis C virus infection  77 (17) 

At least one comorbidity other than those above  48 (11) 

TB-related characteristics  

Prior TB treatment with second-line drugs 439 (99) 

Bilateral disease (N=427) 296 (69) 

Cavitary disease (N=417) 313 (75) 

Positive culture (N=412) 276 (67) 

Positive smear (N=423) 250 (59) 

Resistance profile   

MDR/RR-TB without any testing to FQ 33 (7) 

MDR/RR-TB with resistance to any FQ 410 (96) 

Numbers of not likely effective drugs included in baseline 

regimen (median, IQR, range) 

1 (0, 2; 0, 5) 
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Impaired functional status (limited self-care or completely 

disabled) (N=377) 

192 (51) 

Body mass index <18.5 (N=442) 154 (35) 

Abbreviations: MDR/RR-TB: Multidrug- or rifampicin- resistant tuberculosis. FQ: 343 

Fluoroquinolone. *: Unless otherwise noted. IQR: Interquartile range. 344 
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Table 2. Adjusted probabilities and ratios of MDR/RR-TB end-of-treatment success 345 

among individuals previously treated with second-line tuberculosis drugs 346 

Treatment strategy Adjusted probability of 

treatment success 

(95%CI) 

Adjusted ratio of 

treatment success 

(95%CI)  

Bdq-(5 to 8 mos)-Lzd-Cfz 0.75 (0.61, 0.89) Ref. 

Bdq-(≥ 9 mos)-Lzd-Cfz 0.77 (0.64, 0.87) 1.01 (0.79, 1.28) 

Bdq-(≥ 9 mos)-Lzd-Cfz-Dlm 0.76 (0.65, 0.87) 1.01 (0.81, 1.31) 

Bdq-(≥ 5 mos)-Lzd-Cfz-Imp 0.80 (0.68, 0.90) 1.06 (0.83, 1.34) 

Bdq-(≥ 5 mos)-Lzd-Cfz-SLI 0.84 (0.76, 0.91) 1.11 (0.92, 1.39) 

Bdq-(≥ 9 mos)-Lzd-Cfz-Dlm-Imp 0.83 (0.74, 0.91) 1.11 (0.90, 1.41) 

Abbreviations: MDR/RR-TB: Multidrug- or rifampicin- resistant tuberculosis. Bdq: Bedaquiline. 347 

Lzd: Linezolid. Cfz: Clofazimine. Dlm: Delamanid. Imp: Imipenem. SLI: Second-line injectable. 348 

mos: Months. CI: Confidence interval. 349 

 350 

Adjusted for year of enrollment (i.e., 2015, 2016, 2017, 2018), treated in Georgia (yes/no), low 351 

BMI (yes/no), sputum smear (negative/positive), time-varying sputum smear (negative/positive), 352 

sputum culture (negative/positive), received cycloserine that was unlikely to be effective 353 

(yes/no), time-varying receipt of cycloserine (yes/no), and missing indicator of sputum culture.354 
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355 

Figure 1. Adjusted risk differences for treatment success of reinforced regimens compared to the Bdq (5 to 8 months)-356 

Lzd-Cfz core regimen  357 

Abbreviations: Bdq: Bedaquiline. Lzd: Linezolid. Cfz: Clofazimine. Dlm: Delamanid. Imp: Imipenem. SLI: Second-line injectable. CI: 358 

Confidence interval.  359 

 360 
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Online Supplement Materials 361 

Table E1. Protocol of comparative effectiveness analysis of a regimen comprised of Bdq-(5 to 8 months)-Lzd-Cfz, among 362 

individuals in whom a FQ was unlikely to be effective 363 

Component  Hypothetical clinical trial 
Emulated trial using endTB 

observational cohort 

Eligibility criteria 

- Confirmed MDR/RR-TB 

- Started Bdq within a week of treatment 

initiation  

- Fluoroquinolone unlikely to be effective 

- Likely-effectiveness of Bdq, Lzd, Cfz, Dlm, 

Imp, and at least one SLI drug (Cm, Km, and 

Am) 

Same except that individuals had 

likely effectiveness to at least Bdq, 

Lzd, and Cfz. They could also have 

likely-effectiveness to at least one 

SLI or Dlm and/or Imp 

 

Treatment strategies 

 

0. Bdq (5 to 8 months)-Lzd-Cfz 

1. Bdq (≥ 9 months)-Lzd-Cfz 

2. Bdq (≥ 9 months)-Lzd-Cfz-Dlm  

3. Bdq (≥ 5 months)-Lzd-Cfz-Imp 

4. Bdq (≥ 5 months)-Lzd-Cfz-SLI 

5. Bdq (≥ 9 months)-Lzd-Cfz-Dlm-Imp 

 

- Regimens are intended to last 18 to 20 

Same 
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months, but clinicians determine the total 

duration of treatment and of each individual 

drug, except Bdq, which is protocolized into 

one of three durations: ≥ 5 months, 5-8 

months, and ≥ 9 months. 

- Clinician-directed drug interruptions of less 

than or equal to 14 days were allowable for 

any reason (e.g., toxicity, drug stock-out). 

- Drug additions or suspensions of longer than 

14 days are not permitted except in response 

to an AE or acquired resistance to a drug in 

the assigned treatment strategy. 

- Bdq can be reinitiated after the stoppage 

indicated by the assigned strategy, if clinically 

indicated. 

- Drugs that are unlikely to be effective can be 

included in the regimen. 

Treatment assignment 

Individuals are randomly assigned to one of the 

six treatment strategies on day 14 of treatment 

and are aware of their assignment. 

Individuals are assigned to the 

treatment strategies that their 

observed data are compatible with at 

day 14 of treatment. 

Follow-up period Follow-up starts at assignment and continues Same  
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until the occurrence of an end-of-treatment 

outcome. 

Outcome 

Treatment success (i.e., cure or treatment 

completion). Individuals who die, become lost to 

follow-up, or in whom treatment fails would be 

considered to have unsuccessful treatment 

outcomes. 

Same 

Causal contrast of interest Intention-to-treat and per-protocol effects 
Observational analogue of the per-

protocol effect 

Analysis plan 

Per-protocol effect: Individuals are censored if 

their treatment deviates from their assigned 

strategy, and potential selection bias introduced 

by censoring is adjusted for via IP weighting. 

Estimates are adjusted for baseline covariates 

that differ across groups. Probabilities of 

treatment success are compared via ratios and 

differences.  

Same except that person clones are 

used.  

Abbreviations: FQ: Fluoroquinolone. MDR/RR-TB: Multidrug- or rifampicin-resistant tuberculosis. AE: Adverse event. Bdq: 364 

Bedaquiline. Lzd: Linezolid. Cfz: Clofazimine. Dlm: Delamanid. Imp: Imipenem. SLI: Second-line injectable. Cm: Capreomycin. Km: 365 

Kanamycin. Am: Amikacin. IP: Inverse-probability. 366 
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Table E2. Probabilities of being uncensored for each Bdq duration strategy and follow-up period 367 

Bdq duration strategy  Probabilities of being uncensored 

0 < t < 5-month 5-month < t ≤ 8-month 9-month t > 9-month  

At least 5 months  

Bdq, Lzd, Cfz, Imp 1*Prob. no added drugs 1*Prob. no added drugs 1*Prob. no added drugs 1*Prob. no added drugs 

Bdq, Lzd, Cfz, SLI 1*Prob. no added drugs 1*Prob. no added drugs 1*Prob. no added drugs 1*Prob. no added drugs 

5 to 8 months     

Bdq, Lzd, Cfz 1*Prob. no added drugs 1*Prob. no added drugs (1-Prob. on Bdq for those who 

had never stopped Bdq before�)* 

Prob. no added drugs 

1*Prob. no added drugs 

At least 9 months  

Bdq, Lzd, Cfz  1*Prob. no added drugs Prob. on Bdq*Prob. no added drugs 1*Prob. no added drugs 1*Prob. no added drugs 

Bdq, Lzd, Cfz, Dlm  1*Prob. no added drugs Prob. on Bdq*Prob. no added drugs 1*Prob. no added drugs 1*Prob. no added drugs 

Bdq, Lzd, Cfz, Dlm, Imp 1*Prob. no added drugs Prob. on Bdq*Prob. no added drugs 1*Prob. no added drugs 1*Prob. no added drugs 

Abbreviations: Bdq: Bedaquiline. Lzd: Linezolid. Cfz: Clofazimine. Dlm: Delamanid. Imp: Imipenem. SLI: Second-line injectable. Prob: 368 

Probability. t: Time. �: For other individuals, it is “1*Prob. no added drugs”.  369 

 370 

The probability of being uncensored is calculated for each week. At time 0, the probability of being uncensored (��) is 1. 371 

Subsequently, for each week i, the overall probability of being uncensored (��) is the cumulative product of the conditional 372 

probabilities of being uncensored in each week up to and including week i, i.e. ��,…, �� (Table E2). The formula for calculating �� is 373 

shown in Formula 1: 374 

�� � ���� · �� � �� �����

���

� · ��                                                                           	
����� 1� 
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 375 

For each week, the weight (��) is calculated as the inverse of the probability of being uncensored (��) (Formula 2). The final weight at 376 

the end of treatment was retained for each individual and adjusted in the analysis.  377 

 378 �� � 1��                                                                                                    	
����� 2� 
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Table E3. Inclusion of cycloserine that was unlikely to be effective in regimens of 443 379 

eligible individuals treated for MDR/RR-TB (day 14) 380 

Treatment strategy No use of Cs Use of Cs that was 

unlikely to be effective 

Bdq-Lzd-Cfz 34 (34) 65 (65) 

Bdq-Lzd-Cfz-Dlm 56 (69) 25 (31) 

Bdq-Lzd-Cfz-Imp 47 (64) 27 (36) 

Bdq-Lzd-Cfz-SLI 34 (33) 69 (67) 

Bdq-Lzd-Cfz-Dlm-Imp 80 (94) 5 (6) 

Abbreviations: Cs: Cycloserine. Bdq: Bedaquiline. Lzd: Linezolid. Cfz: Clofazimine. Dlm: 381 

Delamanid. Imp: Imipenem. SLI: Second-line injectable. 382 
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 405 

 406 

 407 

Figure E1. Inclusion flowchart of endTB Observational Study individuals included in the 408 

present analysis  409 

 410 

Abbreviations: DPRK: Democratic People’s Republic of Korea. MDR/RR-TB: Multidrug- or 411 

rifampicin- resistant tuberculosis. EOT: End-of-treatment. Bdq: Bedaquiline. Lzd: Linezolid. Cfz: 412 

Clofazimine. Dlm: Delamanid. Imp: Imipenem. SLI: Second-line injectable.  413 

Patients enrolled in the endTB 
observational cohort between April 
2015 to September 2018 (N=2788) 

Excluded (N=2345) 
 
- 155 from DPRK 
- 24 not MDR/RR-TB  
- 376 who did not start a Bdq within one-week of 

treatment initiation 
- 985 fluoroquinolone likely to be effective  
- 788 did not initiate a regimen of interest by the 

end of week 2 
- 17 EOT outcome not evaluated 

Analytic sample (N=443) 

Bdq-Lzd-Cfz (n=100)  
Bdq-Lzd-Cfz-Dlm (n=81)  
Bdq-Lzd-Cfz-Imp (n=74)  
Bdq-Lzd-Cfz-SLI (n=103)  
Bdq-Lzd-Cfz-Dlm-Imp (n=85) 
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414 

Figure E2. Cloning, censoring, and IP weighting processes for each treatment strategy   415 

Abbreviations: mos: Months. SLI: Second-line injectable. IP: Inverse-probability. Bdq: Bedaquiline. Lzd: Linezolid. Cfz: Clofazimine416 

Dlm: Delamanid. Imp: Imipenem.  417 

Clones were censored if their treatment deviates from their assigned strategy; the uncensored clones were used to calculate the IP418 

weights.  419 
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