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Abstract

Clarity about the role of delamanid in longer regimens for multidrug-resistant TB is needed

after discordant Phase IIb and Phase III randomized controlled trial results. The Phase IIb

trial found that the addition of delamanid to a background regimen hastened culture conver-

sion; the results of the Phase III trial were equivocal. We evaluated the effect of adding dela-

manid for 24 weeks to three-drug MDR/RR-TB regimens on two- and six-month culture

conversion in the endTB observational study. We used pooled logistic regression to esti-

mate the observational analogue of the intention-to-treat effect (aITT) adjusting for baseline

confounders and to estimate the observational analogue of the per-protocol effect (aPP)

using inverse probability of censoring weighting to control for time-varying confounding. At

treatment initiation, 362 patients received three likely effective drugs (delamanid-free) or
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three likely effective drugs plus delamanid (delamanid-containing). Over 80% of patients

received two to three Group A drugs (bedaquiline, linezolid, moxifloxacin/levofloxacin) in

their regimen. We found no evidence the addition of delamanid to a three-drug regimen

increased two-month (aITT relative risk: 0.90 (95% CI: 0.73–1.11), aPP relative risk: 0.89

(95% CI: 0.66–1.21)) or six-month culture conversion (aITT relative risk: 0.94 (95% CI: 0.84,

1.02), aPP relative risk: 0.93 (95% CI: 0.83, 1.04)). In regimens containing combinations of

three likely effective, highly active anti-TB drugs the addition of delamanid had no discern-

ible effect on culture conversion at two or six months. As the standard of care for MDR/RR-

TB treatment becomes more potent, it may become increasingly difficult to detect the benefit

of adding a single agent to standard of care MDR/RR-TB regimens. Novel approaches like

those implemented may help account for background regimens and establish effectiveness

of new chemical entities.

Introduction

An estimated 10 million people globally developed tuberculosis (TB) disease in 2021 [1]. Of

these, nearly 500,000 became sick with a strain resistant to at least rifampin (rifampin resistant

TB, RR-TB), or rifampin and isoniazid (multidrug-resistant TB, MDR-TB), the most effective

first-line drugs to treat TB [2]. World Health Organization (WHO) guidance on treatment for

MDR/RR-TB at the time of study conduct recommended a shorter (9–11 month) seven-drug

regimen and longer (18–24 month) regimens of at least four drugs likely to be effective. Many

of the drugs that comprise these regimens cause debilitating side effects [3–5].

The introduction of delamanid (OPC-67683, Deltyba)—one of the first drugs with a novel

mechanism of action against M. tuberculosis in nearly 50 years—offers the potential to improve

treatment for RR/MDR-TB. In 2014 the European Medicines Agency (EMA) conditionally

approved delamanid for TB [6]. Results of the Phase IIb randomized controlled trial (RCT)

(ClinicalTrials.gov identifier NCT00685360) showed delamanid to be efficacious: at two

months, 45.4% of patients in the delamanid-plus-standard treatment arm experienced culture

conversion vs 29.6% in the standard treatment arm (p = 0.008) [7]. However, the Phase III

trial (ClinicalTrials.gov identifier NCT01424670) did not demonstrate a clinically relevant or

statistically significant difference: 87.6% in the delamanid-plus-standard treatment arm experi-

enced conversion by six months vs 86.1% in the placebo-plus-standard treatment arm [8].

One major difference between the trials was the composition of the background regimen.

Phase II trial participants received four to five drugs on average, as compared to a mean of 6.5

drugs in Phase III trial. And, Phase III trial regimens tended to be more potent, which could

have potentially masked delamanid’s contribution to treatment outcomes. The conflicting

findings and different treatment regimens used across these trials beg for further investigation

of delamanid’s role in MDR-TB regimens.

Based on the Phase III trial results, delamanid was categorized as a lower priority drug, to

be used if a regimen with more effective drugs cannot be composed (e.g., resistance, intolera-

bility) [9, 10]. There have also been calls for studies of delamanid in regimens compromised by

resistance or intolerability, two features often resulting in patients receiving too few effective

drugs [11]. However, evidence to date has not been from robust comparative effectiveness

studies. In an early descriptive report of 66 patients with limited treatment options receiving

delamanid under compassionate use, 80% were culture negative at six months [12]. Patients

PLOS GLOBAL PUBLIC HEALTH Adding delamanid to a 3-drug MDR-TB regimen

PLOS Global Public Health | https://doi.org/10.1371/journal.pgph.0000818 April 28, 2023 2 / 15

assurance that principles of GDPR regulations will

be met.

Funding: This work was supported by the National

Institute Of Allergy And Infectious Diseases of the

National Institutes of Health [F31AI157333] to CR.

The endTB observational study was funded by

UNITAID. CR’s effort was supported by the PhRMA

Foundation Pre-doctoral Fellowship in Health

Outcomes. The content is solely the responsibility

of the authors and does not necessarily represent

the official views of the National Institutes of

Health. MF, CM, and CR were supported by the

National Institute Of Allergy And Infectious

Diseases of the National Institutes of Health

[R01AI146095]. The funders had no role in study

design, data collection and analysis, decision to

publish, or preparation of the manuscript.

Competing interests: The endTB Consortium

coordinated donations of delamanid (Otsuka

Pharmaceutical) and bedaquiline (Janssen) to be

used for treatment by some of the patients

included in the endTB Observational Study. All

authors report no additional potential conflicts of

interest. There are no patents, products in

development or marketed products associated with

this research to declare. This does not alter our

adherence to PLOS ONE policies on sharing data

and materials.

https://doi.org/10.1371/journal.pgph.0000818


had, on average received 3.3 likely effective drugs. This treatment response—which far

exceeded that from historical cohorts treated without delamanid—suggested delamanid may

be beneficial for patients on few drugs. Subsequent descriptive studies of patients treated with

delamanid showed similar early success, with 70–95% of patients achieving conversion within

six months of delamanid initiation [13–17]. However, owing to a lack of comparative studies,

the role of delamanid when added to a regimen containing fewer than four drugs, the number

recommended by WHO for longer individualized treatment, remains an open question.

Here, using a robust analytic design and methods grounded in causal inference, we evalu-

ated the comparative effect on two- and six-month culture conversion of adding versus not

adding delamanid for 24 weeks to MDR-TB regimens comprising only three likely effective

drugs instead of the four recommended by WHO at the time of the study.

Materials and methods

Data source and study population

We used data from the endTB observational cohort (ClinicalTrials.gov identifier

NCT03259269), a prospective research cohort across 17 countries, and included participants

with a positive culture and documented MDR/RR-TB at enrollment. Full details on the study

protocol have been published previously [18]. In summary, participants were treated under

routine programmatic conditions with a longer multidrug regimen including bedaquiline

and/or delamanid, in accordance with guidelines of their respective countries and of WHO

during the study period (2015–2020) [19, 20]. Clinical care was further informed by the endTB

clinical guide [21]. Research activities were directed by a common protocol [18]. Data were

collected using standardized forms and adverse events were monitored through a unified phar-

macovigilance system [22].

Design of comparative effectiveness analysis

We designed our analysis using target trial emulation to answer the causal question of interest:

[23–28] what is the comparative effectiveness of adding delamanid for 24 weeks to an

MDR-TB regimen of three drugs likely to be effective? We first specified a hypothetical, prag-

matic “target” RCT (Appendix A in S1 Text). We then emulated this target trial with our

observational data and conducted a statistical analysis to control for potential biases.

Outcome

Culture conversion is used as an interim microbiological indicator and surrogate endpoint in

both observational studies and RCTs [29, 30]. We assessed two- and six-month culture conver-

sion risks. We defined culture conversion as the first of two consecutive negative cultures col-

lected�15 days apart. Participants who died or were lost to follow-up (LTFU) before

conversion were considered as not having converted. LTFU was defined as treatment interrup-

tion (i.e. no treatment) for�2 months.

Eligibility criteria

We included participants with a positive baseline sputum culture, defined as any culture on a

sputum specimen collected�90 days before treatment initiation in the endTB cohort [31, 32].

We excluded patients treated in the Democratic People’s Republic of Korea due to substantial

differences in diagnosis, treatment delivery, and lack of HIV testing, compared to the rest of

the cohort. Likely effectiveness of a drug was considered established if: (1) resistance testing

indicated the participant’s M.tb strain was not resistant to the drug, or (2) no resistance testing
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had been conducted and the participant had not previously received the drug for one month

or more, according to the medical record. All drugs in the WHO hierarchy were considered.

Baseline regimens (i.e., those prescribed at the end of first week of treatment) were categorized

as follows, based on the number of likely effective drugs and irrespective of WHO drug group

hierarchy:[5] (1) receiving a regimen of delamanid plus a background regimen of three likely

effective drugs, (2) receiving a regimen of exactly three likely effective drugs, none of which

was delamanid, or (3) neither 1 or 2 (excluded from analyses). A three-drug regimen was used

as the comparator because such regimens did not conform to WHO recommendations of the

time, and we hypothesized that, among patients receiving three-drug regimens, culture con-

version could be hastened with delamanid. In this cohort, a patient may have received a regi-

men of three likely effective drugs when other options were not available, because of high drug

resistance, adverse events, or unavailability of drugs. Applying these criteria resulted in regi-

mens primarily comprised of bedaquiline, linezolid, levofloxacin/moxifloxacin, and

clofazimine.

Statistical analysis

We estimated the observational analogue of the intention-to-treat (aITT) effect and the obser-

vational analogue of the per-protocol effect (aPP). The analysis estimating the aITT effect

includes all participants, classified by their baseline treatment, and adjusted for baseline con-

founders. This analysis estimates the effect of initiating delamanid plus a background regimen

of three drugs versus initiating a background regimen of three drugs, not including delamanid.

Treatment could change during follow-up. For some participants in the delamanid-containing

group, delamanid was discontinued; for some participants in the delamanid-free group, dela-

manid was started; and in both groups, some patients experienced changes in the number of

background drugs. The aPP effect estimates the effect of adding and remaining on delamanid

among participants who received a regimen of three likely effective drugs for the duration of

follow-up (up to 24 weeks). Because MDR-TB treatment can vary over time, aPP analyses may

be biased by time-dependent confounding [33–35].

Estimating the intention-to-treat analogue relative risk and risk difference of culture

conversion. We fitted a pooled logistic regression model and its predicted probabilities to

estimate the risk of conversion for delamanid-containing versus delamanid-free regimens. The

model was adjusted for the following baseline confounders chosen a priori using content

knowledge and directed acyclic graphs: age, sex, hospitalization at treatment initiation, the

number of Group A drugs (i.e., those classified as priority drugs in the 2020 WHO MDR/

RR-TB guidelines including bedaquiline, linezolid, moxifloxacin/levofloxacin), whether the

patient was receiving imipenem-cilastatin, body mass index <18.5, HIV infection, and hepati-

tis C antibody positivity. Confidence intervals were estimated using nonparametric bootstrap-

ping with 500 samples [36]. Missing data were rare for most confounders (<1%), with the

exception of baseline cavitation on chest radiography (Table 1). Primary analyses were com-

plete case.

Estimating the per-protocol analogue relative risk and risk difference of culture conver-

sion. To estimate the aPP effect, we artificially censored participants when their treatment

deviated from that administered at baseline. To adjust for selection bias due to this artificial

censoring, we applied inverse probability of censoring weights [37].

To simulate the per-protocol population, we censored observations in the delamanid-con-

taining group when delamanid had been discontinued for >2 consecutive weeks prior to the

end of treatment and there was no evidence that delamanid discontinuation was in response

to an adverse event. Therefore, estimated effects reflect continuation of delamanid for up to 24
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Table 1. Baseline characteristics of participants receiving three drugs likely to be effective +/- delamanid, endTB observational cohort (N = 362).

Treatment group Overall, N = 362

DLM-containing, n = 123 DLM-free, n = 239

n (%) N (%) N (%)

Site

Armenia 11 (8.9) 11 (4.6) 22 (6.1)

Bangladesh 9 (7.3) 25 (10.5) 34 (9.4)

Belarus 15 (12.2) 2 (0.8) 17 (4.7)

Georgia 12 (9.8) 49 (20.5) 61 (16.9)

Haiti 5 (4.1) 0 0 5 (1.4)

Indonesia 0 0 1 (0.4) 1 (0.3)

Kazakhstan 53 (43.1) 56 (23.4) 109 (30.1)

Kyrgyzstan 2 (1.6) 2 (0.8) 4 (1.1)

Lesotho 3 (2.4) 5 (2.1) 8 (2.2)

Myanmar 3 (2.4) 0 0 3 (0.8)

Pakistan 9 (7.3) 35 (14.6) 44 (12.2)

Peru 0 0 51 (21.3) 51 (14.1)

South Africa 1 (0.8) 0 0 1 (0.3)

Vietnam 0 0 2 (0.8) 2 (0.6)

Age, median (SD) 39 (11.6) 35 (12.6) 36 (12.3)

Male 80 (64.0) 166 (69.7) 246 (67.8)

Baseline cavity

Missing 6 (4.9) 33 (13.8) 39 (10.8)

Cavitation 90 (73.2) 141 (59.0) 231 (63.8)

No cavitation 27 (22.0) 65 (27.2) 92 (25.4)

Bilateral disease

Missing 3 (2.4) 26 (10.9) 29 (8.0)

Bilateral 87 (70.7) 146 (61.1) 233 (64.4)

Non-bilateral 33 (26.8) 67 (28.0) 100 (27.6)

Smear grade (-90 days, +0 days from treatment initiation)

Missing 6 (4.9) 5 (2.1) 11 (3.0)

Negative 27 (22.0) 65 (27.2) 92 (25.4)

Scanty 1–3 3 (2.4) 2 (0.8) 5 (1.4)

Scanty 4–9 4 (3.3) 8 (3.3) 12 (3.3)

One plus 44 (35.8) 77 (32.2) 121 (33.4)

Two plus 16 (13.0) 37 (15.5) 53 (14.6)

Three plus 22 (17.9) 44 (18.4) 66 (18.2)

Disease site

Extrapulmonary 0 0 3 (1.3) 3 (0.8)

Pulmonary 123 (100.0) 236 (98.7) 359 (99.2)

HIV

Missing 1 (0.8) 0 0 1 (0.3)

Negative 105 (85.4) 228 (95.4) 333 (92.0)

Positive 17 (13.8) 11 (4.6) 28 (7.7)

Hepatitis B infection

Missing 1 (0.8) 0 0 1 (0.3)

Negative 114 (92.7) 232 (97.1) 346 (95.6)

Positive 8 (6.5) 7 (2.9) 15 (4.1)

Hepatitis C infection

(Continued)
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weeks, unless contraindicated due to an adverse event. In the delamanid-free group, we cen-

sored observations when delamanid was added for >2 consecutive weeks. In both groups,

observations were censored if drugs were added or removed from the regimen such that it con-

tained either less than three or more than three drugs likely to be effective for>2 consecutive

weeks. To control for selection bias due to artificial censoring, for each individual and for each

week, we estimated time-varying inverse probability of censoring weights equal to the inverse

of the probability of being uncensored, i.e. maintaining a regimen consistent with the baseline

treatment group.

To estimate time-varying weights, we fitted a pooled logistic regression model to estimate

the probability each participant remained on their baseline treatment (i.e., was not censored)

conditional on time-varying predictors of changing treatment and time since baseline. These

predictors included time-varying number of Group A drugs according to WHO classification,

sputum smear result, number of adverse events, hospitalization, time, and a quadratic function

of time (Primary Model, Appendix B in S1 Text). Full detail on the derivation of weights is

provided in Appendix C in S1 Text.

Using a weighted logistic regression model adjusted for baseline confounders of treatment,

we estimated the predicted probabilities of culture conversion for each uncensored participant.

We then used the mean predicted probability of conversion by treatment group to calculate

the point estimate for the relative risk and risk difference. Confidence intervals were calculated

using nonparametric bootstrapping with 500 samples.

Table 1. (Continued)

Treatment group Overall, N = 362

DLM-containing, n = 123 DLM-free, n = 239

n (%) N (%) N (%)

Missing 2 (1.6) 0 0 2 (0.6)

Negative 94 (76.4) 212 (88.7) 306 (84.5)

Positive 27 (22.0) 27 (11.3) 54 (14.9)

Malnutrition (body mass index <18.5)

Missing 2 (1.6) 0 0 2 (0.6)

No malnutrition 71 (57.7) 156 (65.3) 227 (62.7)

Malnutrition 50 (40.7) 83 (34.7) 133 (36.7)

Diabetes

Missing 1 (0.8) 3 (1.3) 4 (1.1)

No diabetes 95 (77.2) 209 (87.4) 304 (84.0)

Diabetes 27 (22.0) 27 (11.3) 54 (14.9)

Previous TB treatment

Missing 4 (3.3) 4 (1.7) 8 (2.2)

Only with first-line drugs 12 (9.8) 2 (0.8) 14 (3.9)

With second-line drugs 104 (84.6) 233 (97.5) 337 (93.1)

Number of Group A drugs*
3 Group A drugs 0 0 24 (10.0) 24 (6.6)

2 Group A drugs 72 (58.5) 197 (82.4) 269 (74.3)

1 Group A drug 49 (39.8) 18 (7.5) 67 (18.5)

No Group A drugs 2 (1.6) 0 0 2 (0.6)

Abbreviations: standard deviation (SD), delamanid (DLM)

*Group A drugs include bedaquiline, linezolid, moxifloxacin/levofloxacin

https://doi.org/10.1371/journal.pgph.0000818.t001
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Sensitivity analyses. To account for the possibility that adjustment for the number of

Group A drugs did not adequately control for the efficacy of the background regimen across

treatment groups, we conducted a sensitivity analysis among patients who had received beda-

quiline. We restricted the delamanid-containing group to those who also received bedaquiline.

Ethical approval

We obtained approvals from the central ethics review committees for each consortium partner

and local ethics committees in each country. This study was approved by the Partners Health-

care Human Research Committee (Boston, MA, USA), the MSF Ethics Review Board (Geneva,

Switzerland), IRD Institutional Review Board (Karachi, Pakistan) and in all 17 implementing

countries by appropriate government authorities or local ethics committees (Armenia: Ethics

Committee of Yerevan State Medical University after Mkhitar Heratsi; Bangladesh: Ethical

Committee, National Institute of Diseases of the Chest and Hospital; Belarus: Ethics Commit-

tees of the Republican Scientific and Practical Centre of Pulmonology and Tuberculosis;

DPRK: Ministry of Public Health; Ethiopia: National Research Ethics Review Committee of

Ministry of Scient and Technology; Georgia: Ethics Committee of National Center for Tuber-

culosis and Lung Diseases; Haiti: Comité Des Droits Humains Des Centres GHESKIO, Zanmi

Lasante Research Committee; Indonesia: Ethics Committee, Faculty of Medicine, Universitas

Indonesia; Kazakhstan: National Scientific Center of Phthisiopulmonology of the Ministry of

Health; Kenya: The Scientific and Ethics Review Unit, Kenya Medical Research Institute; Kyr-

gyzstan: Committee on Bioethics under the MoH of the Kyrgyz Republic; Lesotho: Ministry of

Health Research and Ethics Committee; Myanmar: Ethics Review Committee, Department of

Medical Research, Ministry of Health and Sports; Pakistan: IRD Institutional Review Board;

Peru: Institutional Research Ethics Committee at the Peruvian University of Cayetano Here-

dia; South Africa: Bio Medical Research Ethics Committee, University of KwaZulu-Natal; Viet-

nam: Sciences and Ethical Committee of the National Lung Hospital and Independent Ethics

Committee, Ministry of Health). Participants provided written informed consent.

Results

Between April 1, 2015 and September 30, 2018, 2757 patients were initiated on a first MDR/

RR regimen containing bedaquiline and/or delamanid and consented to participate in the

endTB observational study (Fig 1). We excluded 1999 (72.5%) participants whose baseline reg-

imen did not correspond to a treatment group of interest. Patients who did not have RR/

MDR-TB (n = 5), had a negative or missing baseline sputum culture (n = 359), or were treated

in the Democratic People’s Republic of North Korea (N = 32) were excluded, leaving 362 par-

ticipants (N = 123 delamanid-containing, N = 239 delamanid-free) in the aITT cohort (Fig 1).

Most patients were treated in Kazakhstan (30.1%), Georgia (16.9%), Peru (14.1%), or Paki-

stan (12.2%) (Table 1). Treatment groups were comparable in age, sex, and indicators of dis-

ease severity such as cavitation, bilateral disease, and smear grade; however, missing data on

cavitation and bilateral disease was more common for participants in the delamanid-free

group. The delamanid-containing group had a greater proportion of participants with comor-

bidities (Table 1).

Although participants in both groups received a background regimen of three drugs likely

to be effective, there was substantial heterogeneity in companion drugs (Appendix D in S1

Text). On average, participants in the delamanid-containing group had fewer Group A drugs.

In the delamanid-free group, 10.0% of participants received all three Group A drugs and

82.4% received two Group A drugs. In the delamanid-containing group, no participant

received all three Group A drugs and 58.5% received two Group A drugs (Table 1).
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The baseline treatment regimen was maintained for 24 continuous weeks (Fig 2) in 63.5%

of participants. Of the 132 whose treatment regimen changed, 33 were short term (<2 weeks).

In one additional participant, delamanid was removed due to an adverse event. The remaining

98 participants had regimen adjustments that resulted in a treatment group change and cen-

soring due to addition of delamanid (n = 8); delamanid withdrawal without a documented,

related adverse event (n = 5); and a background regimen change (n = 85, Fig 2). The distribu-

tion of censoring weights is shown in Appendix B in S1 Text. Adjusted aPP estimates were cal-

culated from 348 of 362 participants with complete data (Table 2).

Within two months, 49.6% of participants in the delamanid-containing group and 55.6% of

participants in the delamanid-free group experienced culture conversion. Among participants

Fig 1. Flowchart of patients eligible for the comparative effectiveness of delamanid analysis in the endTB

observational cohort.

https://doi.org/10.1371/journal.pgph.0000818.g001
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who did not have culture conversion, 6 (4.8%) (3 deaths, 3 LTFU) participants in the delama-

nid-containing group and 7 (2.9%) (2 deaths, 5 LTFU) participants in the delamanid-free

group were not retained in care. In aITT analyses, the RR of culture conversion for delamanid-

containing versus delamanid-free regimens was 0.90 (95% CI: 0.73, 1.11) and RD was -0.05

(95% CI: -0.16, 0.06). In the aPP analysis the RR of culture conversion for delamanid-contain-

ing versus delamanid-free regimens was 0.89 (95% CI: 0.66, 1.21) and the RD was -0.06 (95%

CI: -0.21, 0.11)) (Table 2).

By six months, 81.3% of participants in the delamanid-containing and 88.7% of participants

in the delamanid-free group experienced sputum culture conversion. Fifteen (12.2%) (7

deaths, 8 LTFU) participants in the delamanid-containing group died or were LTFU before

conversion versus 14 (5.9%) (4 deaths, 10 LTFU) in the delamanid-free group. In aITT

Fig 2. Flowchart of participants censored due to changing treatment strategies in the endTB observational cohort.

https://doi.org/10.1371/journal.pgph.0000818.g002
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analyses, the RR of culture conversion for delamanid-containing versus delamanid-free regi-

mens was 0.94 (95% CI: 0.84, 1.02) and the RD was -0.06 (95% CI: -0.14, 0.02). In the aPP anal-

ysis the RR of culture conversion for delamanid-containing versus delamanid-free regimens

was 0.93 (95% CI: 0.83, 1.04) and RD was -0.06 (95% CI: -0.16, 0.03) (Table 2).

When we restricted analyses to participants receiving bedaquiline in their baseline regimen,

the two-month aPP RR of culture conversion suggested comparable frequencies, with an RR of

0.94 (95% CI: 0.54, 1.33) and RD of -0.04 (95% CI: -0.28, 0.17) (Table 2). Estimates for six-

month culture conversion were similar, with an RR of 1.04 (95% CI: 0.91, 1.11) and RD of 0.04

(95% CI: -0.08, 0.10) (Table 2).

Discussion

In the context of regimens containing exactly three likely effective drugs, many of which com-

prised at least two Group A drugs and clofazimine, we found no evidence of an effect of adding

delamanid on culture conversion within two and six months. This finding is consistent with

the previously reported Phase III delamanid trial but different from that of the Phase IIb trial

[7, 8]. A major strength of our study is that we collected and used longitudinal data on treat-

ment changes and time-varying risk factors that have historically not been represented in

observational TB cohorts [38]. This, in combination with an approach rooted in target trial

emulation, allowed us to answer a precise comparative effectiveness question and account for

potential biases that could not be addressed in prior observational studies of MDR/RR

treatment.

Our treatment groups were defined by the quantity of drugs in a regimen. However, the

efficacy of drugs in the regimen cannot be ignored. The advent of bedaquiline, repurposed

drugs, such as linezolid and clofazimine, and late generation quinolones, such as levofloxacin/

moxifloxacin, have transformed the TB treatment landscape. Regimens comprised of drugs

with lesser efficacy, like those used in the Phase IIb trial that showed a significant effect of dela-

manid, [7] are not represented in large numbers in the endTB cohort. For example, in the

Phase IIb trial, many patients received pyrazinamide, kanamycin, cycloserine, and ethambutol.

In contrast, regimens in our study included bedaquiline, and made even greater use of other

potent drugs like linezolid and moxifloxacin/levofloxacin than did the Phase III trial, [8, 39]

which, similarly, found no effect of delamanid on median time to culture conversion over six

Table 2. Effect of adding delamanid to a regimen composed of three drugs likely to be effective, endTB observational cohort (N = 362).

Two-month culture conversion Six-month culture conversion

Analysis N RR (95% CI) RD (95% CI) RR (95% CI) RD (95% CI)

Crude 362 0.89 (0.72, 1.10) -0.06 (-0.17, 0.05) 0.92 (0.83, 1.01) -0.07 (-0.15, -0.01)

Intention-to-treat analogue (aITT)
Logistic regression 358a 0.90 (0.73, 1.11) -0.05 (-0.16, 0.06) 0.94 (0.84, 1.02) -0.06 (-0.14, 0.02)

Per-protocol analogue (aPP)
IP censoring weighted, unstabilized 348b 0.89 (0.60, 1.30) -0.06 (-0.26, 0.16) 0.93 (0.82, 1.05) -0.06 (-0.17, 0.05)

IP censoring weighted, stabilized 348b 0.89 (0.66, 1.21) -0.06 (-0.21, 0.11) 0.93 (0.83, 1.04) -0.06 (-0.16, 0.03)

IP censoring weighted, stabilized, among patients on BDQ 288c 0.94 (0.54, 1.33) -0.04 (-0.28, 0.17) 1.04 (0.91, 1.11) 0.04 (-0.08, 0.10)

Abbreviations: Inverse probability (IP), risk ratio (RR), risk difference (RD), bedaquiline (BDQ)
a N = 4 participants excluded for missing baseline data
b N = 10 participants excluded for missing time-varying data, N = 2 participants excluded for missing baseline and time-varying data, N = 2 participants excluded for

missing baseline data
c N = 7 participants excluded for missing time-varying data, N = 1 participant excluded for missing baseline data

https://doi.org/10.1371/journal.pgph.0000818.t002
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months. Thus, it is not surprising our findings resemble those from the latter study. Whether

delamanid can improve the effectiveness of regimens compromised by toxicity or resistance to

Group A drugs, or prevent acquired resistance through protection of these drugs, remains

unanswered.

Future MDR-TB treatment research aimed at comparative effectiveness should examine

both the number and efficacy of drugs in a regimen. Delamanid-free regimens comprised of

only three, primarily Group A drugs rather than the recommended four drugs performed

exceedingly well, with>90% culture conversion at six months. These findings point to the pos-

sibility that three potent drugs may be sufficient in many patients. In addition, that these find-

ings corroborate those of the Phase III trial, and are at odds with the Phase II, raises red flags

about the strategy used for evaluating both delamanid and bedaquiline: each was added as a

single drug to a background regimen. The relative efficacy of bedaquiline compared to placebo

in the Phase IIB trial was even more pronounced than that of delamanid [40]. It is critical to

note the extremely poor performance of background regimen plus placebo in the bedaquiline

trial: in the placebo plus background regimen, only 9% of participants experienced culture

conversion at 8 weeks. In comparison, in the delamanid Phase IIB trial, 54% of control-arm

participants experienced this outcome. The improved standard of care likely contributed to

the equivocal results in the Phase III trial of delamanid and the present observational study

analysis. The confirmatory Phase III trial of bedaquiline has altered the approach, by consider-

ing the potential for bedaquiline to contribute to treatment shortening and bedaquiline as a

replacement for a toxic, injectable drug, kanamycin (ClinicalTrials.gov Identifier:

NCT02409290). As RR/MDR-TB treatment effectiveness increases, quantifying the contribu-

tion of any singular drug will become increasingly difficult, underscoring the importance of

evaluating regimens, rather than individual drugs, an approach adopted by several recent piv-

otal trials [41, 42].

This study highlights important considerations for investigators analyzing MDR-TB treat-

ment cohorts. Analyses of baseline regimen compositions might not answer the most relevant

clinical question when regimen composition commonly changes throughout the course of

treatment [43].

We did not identify a clinically meaningful difference between results of standard baseline-

adjusted models—which estimates the aITT—and the inverse probability censoring weighted

analysis estimating the aPP. This tells us that, in this cohort, the effect of adding delamanid to

a three-drug regimen at baseline is similar to that of adding and maintaining delamanid in a

three-drug regimen for the first six months of treatment. The likely reason for not identifying

differences between these analyses is that among patients who changed their regimen, changes

to the primary drug of interest, delamanid, were rare (13/98, 13.3%). Only one patient discon-

tinued delamanid due to an adverse event, reinforcing the safety of delamanid and potential

use of delamanid in regimens compromised by toxicity. Changes in the number of likely effec-

tive background drugs in the background regimen were more common; however, meaningful

differences between estimates will be observed if censoring (i.e., change in the baseline regi-

men) is highly (many-fold) associated with both the treatment group (i.e., delamanid at base-

line) and the outcome. This was not the case in this analysis (Appendix E in S1 Text) [43, 44].

While we did not observe a meaningful difference between aITT and aPP estimates, when the

objective is to estimate the effect of starting and remaining on a treatment, the approach

applied here is one strategy that also resolves the potential for time-dependent confounding

[37]. Target trial emulation is an intuitive framework to assist investigators through the steps

of identifying the research question, the treatment groups to be compared, and an analytic

approach that will produce an estimate of the desired causal effect [26].
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A limitation of this analysis is that, despite narrowly defining our treatment groups, and

adjusting for the number of Group A drugs, there may be residual differences in the quality of

the background regimen across the groups. There was an imbalance of the number Group A

drugs in the three-drug regimen without delamanid (92.4% had 2 or 3 Group A drugs) and

three-drug regimen plus delamanid (58% had 2 or 3 Group A drugs). Few efforts have been

made to meaningfully capture the heterogeneity of individualized MDR-TB regimens in com-

parative effectiveness studies, likely because hundreds or even thousands of distinct regimens

can be represented in any one cohort. For example, the 2012 individual patient data meta-anal-

ysis comprises over 9000 patients on 1626 different baseline regimens [45]. Further methodo-

logic work in this area is needed, as global treatment guidance relies largely on observational

cohorts for the evidence base [45–47]. Unmeasured confounding by non-regimen factors

(patient-level factors such as demographics or disease severity) is also possible, though less

likely because we collected and adjusted for a multitude of baseline and time-varying factors.

Lastly, culture conversion is an imperfect predictor of final treatment outcome, therefore we

cannot conclude the association of delamanid with the proportion cured.

In conclusion, although, we did not identify a benefit for 2- or 6- month culture conversion

of adding delamanid to an MDR/RR-TB regimen with only three likely effective, and often

highly-potent drugs, the rarity of delamanid suspension reinforces existing evidence about its

safety. Important questions remain about how to optimize the use of delamanid, including

whether delamanid can improve the effectiveness of regimens comprised of drugs with subop-

timal efficacy or improve the safety (or efficacy) of treatment through substitution for more

toxic (less potent) agents. Our findings also highlight the risk of equivocal results if the drug-

development approach used for bedaquiline and delamanid is applied to new chemical entities

in the context of the current, improved background regimen. Finally, the analytic methods

used here can facilitate articulation of precise research questions and should be considered as a

strategy for reducing bias in analysis of MDR/RR-TB regimens, when treatment changes are

frequent.
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