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Abstract 

Background: Rifampicin-resistant tuberculosis (RR-TB) remains an important global health problem. Ideally, the 
complete drug-resistance profile guides individualized treatment for all RR-TB patients, but this is only practised in 
high-income countries. Implementation of whole genome sequencing (WGS) technologies into routine care in low 
and middle-income countries has not become a reality due to the expected implementation challenges, including 
translating WGS results into individualized treatment regimen composition.

Methods: This trial is a pragmatic, single-blinded, randomized controlled medical device trial of a WGS-guided auto-
mated treatment recommendation strategy for individualized treatment of RR-TB. Subjects are 18 years or older and 
diagnosed with pulmonary RR-TB in four of the five health districts of the Free State province in South Africa. Partici-
pants are randomized in a 1:1 ratio to either the intervention (a WGS-guided automated treatment recommendation 
strategy for individualized treatment of RR-TB) or control (RR-TB treatment according to the national South African 
guidelines). The primary effectiveness outcome is the bacteriological response to treatment measured as the rate of 
change in time to liquid culture positivity during the first 6 months of treatment. Secondary effectiveness outcomes 
include cure rate, relapse rate (recurrence of RR-TB disease) and TB free survival rate in the first 12 months following 
RR-TB treatment completion. Additional secondary outcomes of interest include safety, the feasibility of province-
wide implementation of the strategy into routine care, and health economic assessment from a patient and health 
systems perspective.

Discussion: This trial will provide important real-life evidence regarding the feasibility, safety, cost, and effectiveness 
of a WGS-guided automated treatment recommendation strategy for individualized treatment of RR-TB. Given the 
pragmatic nature, the trial will assist policymakers in the decision-making regarding the integration of next-genera-
tion sequencing technologies into routine RR-TB care in high TB burden settings.
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Introduction
Background and rationale {6a}
Background
The occurrence of 500,000 cases of rifampicin-resistant 
tuberculosis (RR-TB) annually threatens TB control and 
global efforts to reach the targets of the World Health 
Organization (WHO) End TB Strategy [1]. RR-TB treat-
ment is complex, lengthy, often associated with side 
effects, and costly from the patient, health care provider, 
and health care system perspective. This results in poor 
treatment outcomes, high death rates, and continued 
transmission of drug-resistant TB in the community and 
health care settings [2].

Great progress in RR-TB management has been made 
in the past decade. The WHO endorsement of the first-
line molecular line probe assays (LPA) in 2008 resulted 
in rapid diagnosis of resistance to rifampicin (RIF) and 
isoniazid (INH) in people at high risk of multidrug-resist-
ant TB (MDR-TB) [3]. Endorsement of the Xpert MTB/
RIF [4] assay in 2011 and Xpert Ultra assay in 2017 [5] as 
the initial test for patients presenting with symptoms of 
TB has revolutionized RR-TB diagnosis and reduced the 
diagnostic RR-TB gap, from 7% of patients with bacterio-
logically confirmed TB being tested for RIF resistance in 
2012 to 71% in 2020 [1, 6].

The approval of bedaquiline (BDQ) for treatment of 
RR-TB enabled the replacement of the lengthy (15 to 18 
months) treatment with a shorter (9–12 month) all-oral 
treatment regimen. Since 2019, a 7-drug regimen includ-
ing BDQ, a fluoroquinolone (FQ), ethionamide (ETO), 
ethambutol (EMB), high dose INH, pyrazinamide (PZA) 
and clofazimine (CFZ) is recommended as the regimen 
of choice for most patients diagnosed with RR-TB [7]. For 
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patients who previously received treatment for RR-TB 
or in whom FQ resistance is diagnosed, a longer all-oral 
regimen [BDQ, linezolid (LZD), a FQ, CFZ and/or cyclo-
serine or terizidone (TZD), with or without additional 
drugs] can be used. In August 2019, pretomanid (Pa) was 
approved by the United States Food and Drug Adminis-
tration in combination with BDQ and LZD for patients 
with FQ resistance who have not been exposed to these 
drugs [8].

Although these regimens greatly improve treatment 
outcomes of patients suffering from RR-TB [9–11], this 
one-size-fits-all approach could contribute to the ampli-
fication of resistance, followed by transmission of drug-
resistant strains [12]. As Acquah and Furin wrote “If we 
are serious about ending TB, we need to do things dif-
ferently. And this means simplicity cannot be the goal” 
[13]. To achieve maximal patient benefit and to protect 
the long-term effectiveness of the novel RR-TB treatment 
regimens, detailed drug susceptibility testing (DST) at the 
individual level is needed. The WHO recommends that 
RR-TB patients should receive at least 4 effective drugs 
as this has been associated with improved treatment out-
comes [7]. This could then in turn reduce the risk of drug 
resistance amplification, limit the development of very 
hard-to-treat TB, and lessen the risk of transmission of 
highly drug-resistant TB. Unfortunately, DST is currently 
a complex, lengthy, multi-step process that requires spe-
cialized skills and laboratory infrastructure to perform 
PCR-based tests and Mycobacterium tuberculosis (Mtb) 
culture. Due to these hurdles, treatment for RR-TB con-
tinues to focus on empiric regimens, where treatment 
is prescribed in the absence of knowledge of the drug 
resistance profile of the Mtb strain.

Whole genome sequencing (WGS) can identify the 
presence of variants in all known candidate resistance 
genes in a single procedure. In 2018, the WHO endorsed 
next-generation sequencing (NGS), which includes both 
whole genome and targeted sequencing, given its poten-
tial for rapid diagnosis of drug-resistant TB in diverse 
clinical laboratory settings worldwide. NGS overcomes 
many challenges associated with conventional pheno-
typic testing as well as the limitations of less compre-
hensive molecular tests [14]. The uptake of NGS for DST 
has been hindered by concerns regarding the sensitivity 
and specificity of NGS/WGS for second-line drugs, the 
challenges in translating WGS results into individual-
ized treatment regimen composition, the cost and human 
resource requirements, and the expected implementation 
challenges in high TB burden settings [12, 14].

In this paper, we outline the background and rationale 
for the Sequencing Mycobacteria and Algorithm-deter-
mined Resistant Tuberculosis Treatment (SMARTT) trial 
and describe the design of the pragmatic single-blinded 

randomized controlled medical device trial in accordance 
with the Standard Protocol Items: Recommendations for 
Interventional Trials (SPIRIT) [15].

Rationale

Drug‑susceptibility testing of Mycobacterium tuberculo‑
sis: current practice Even though the WHO emphasizes 
the importance of DST in guiding RR-TB treatment deci-
sions [7], most RR-TB patients receive an empiric treat-
ment regimen solely based on the presence of resistance 
to RIF and drug exposure history. The tools to perform 
DST upon RR-TB diagnosis currently used in routine 
care include first-line LPA to detect resistance to RIF and 
INH by evaluating the presence of a number of mutations 
in rpoB and katG genes, and inhA promoter region [3], a 
second-line LPA to detect resistance to aminoglycosides 
(eis and rrs genes), and FQ (gyrA and gyrB genes) [16], 
and culture-based phenotypic testing for other drugs.

The WHO recommends DST for INH in all RR-TB 
patients and assessment of FQ resistance for all MDR-TB 
patients, this is rarely implemented in high-burden coun-
tries [1]. In 2016, only 36% of patients with RR-TB glob-
ally received DST for second-line drugs. In a few settings, 
such as South Africa, the national guidelines recommend 
that all people presenting with symptoms or signs of TB 
are assessed by the Xpert Ultra assay, that first-line LPA 
is performed in all people diagnosed with RR-TB, FQ 
resistance is evaluated in patients with confirmed MDR-
TB, and phenotypic testing of BDQ and LZD is per-
formed in all patients with FQ resistance [17]. Neverthe-
less, a study in three provinces in South Africa showed 
that under routine conditions, only 63% of RR-TB cases 
were assessed for INH resistance, and only 65% of MDR-
TB cases were evaluated for the presence of FQ resist-
ance [18].

DST for ETO, EMB, PZA, CFZ, LZD, TZD, delamanid 
(DLM), and Pa is rarely determined in any high RR-TB 
burden setting. Consequently, the presence of four effec-
tive drugs in the current standard all-oral 7-drug empiric 
treatment regimen is rarely confirmed for any RR-TB 
patient residing in high MDR-TB burden settings.

To improve rapid molecular DST, the WHO recently 
endorsed the Xpert MTB/XDR assay which can detect 
resistance to INH, ETO, FQs and second-line injectable 
drugs directly on a sputum specimen by investigating a 
number of variants in eight drug resistance-conferring 
genes [19]. While this expands the reach of current rapid 
tests, the assay still lacks the ability to detect mutations 
in other candidate resistance genes and cannot assess 
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resistance to BDQ and LZD, two of the three core drugs 
for RR-TB treatment.

Whole genome sequencing for drug susceptibility testing of 
Mycobacterium tuberculosis WGS analyses the entire 
Mtb genome, thus allowing the identification of all vari-
ants in all candidate resistance genes as well as variants 
outside the currently known targets. This offers several 
advantages, such as the ability to monitor the emergence 
of novel causal resistance mechanisms, the flexibility of 
investigating more targets without the need to revise 
a commercial assay, and the ability to perform accurate 
transmission dynamics analyses.

In 2021, the WHO endorsed a catalogue of mutations to 
guide the interpretation of genotypic DST results [20]. 
The catalogue classifies variants in 50 candidate resist-
ance genes for 13 anti-tuberculosis drugs: the four first-
line drugs (RIF, INH, EMB and PZA), the three second-
line group A drugs [levofloxacin (LVX), moxifloxacin 
(MXF) BDQ and LZD], as well as CFZ, DLM, amikacin 
(AMK), streptomycin (STM), and ETO [20]. The cata-
logue is based on the analysis of over 38,000 Mtb isolates 
from 41 countries with paired WGS and phenotypic DST 
data. The performance of mutations (graded with confi-
dence to be associated with resistance) to predict pheno-
typic drug susceptibility varied by drug. Specificity was 
very high (>90%) for all 13 drugs. Sensitivity was high 
(>80%) for RIF, INH, FQ, EMB, and STM, moderate (>70 
%) for AMK, PZA, and ETH, but low for BDQ, DLM, 
CFZ, and LZD as few mutations could be confidently 
classified given the low prevalence to date of phenotypic 
resistance to these drugs in clinical isolates [20, 21].

WGS for routine DST and clinical care Following the 
observation that WGS has high accuracy for DST of first-
line drugs and reduces the need for phenotypic DST by 
90% in low MDR-TB burden, WGS for genotypic DST 
has been successfully implemented in reference labora-
tories in several high-income countries [22, 23]. Refer-
ence laboratories of Public Health England and New York 
State were the first to implement WGS for routine Mtb 
DST [24, 25]. A shift to perform WGS for routine DST 
has since been implemented at several national reference 
laboratories, including the Netherlands [23], Belgium 
[26], and New South Wales in Australia [27].

Experience in using WGS to evaluate resistance to sec-
ond-line drugs and to guide the individualization of 
RR-TB treatment is limited. A retrospective analysis of a 
patient with extensive drug-resistant (XDR)-TB in Aus-
tralia showed that WGS provided superior data as com-
pared to phenotypic DST in a much shorter timeframe 

[28]. A study of six suspected XDR-TB cases at a Lon-
don teaching hospital demonstrated that WGS data can 
be available weeks before phenotypic DST and that 
WGS can contribute to clinical decision-making [29]. A 
study of 20 MDR-TB and five XDR-TB patients admit-
ted to the Medical Clinic of the Research Center Bor-
stel in Germany showed that treatment regimens were 
correctly designed in 93% of patients when using WGS 
results compared to phenotypic DST, and WGS-guided 
regimens did not contain any drugs to which phenotypic 
DST showed resistance [30]. A report on a South African 
MDR-TB patient highlighted the ability of WGS to design 
an effective individualized treatment regimen by a more 
complete understanding of the patient’s drug resistance 
pattern [31].

Translating WGS results into optimal individualized 
treatment regimens In most high TB burden countries, 
medical doctors and nurses in charge of RR-TB patient 
care are not equipped with the knowledge required to 
translate Mtb WGS data into individualized treatment 
regimen [32]. Getting the right drugs to each patient 
poses an enormous challenge in these settings and diffi-
culties in translating WGS data to patient management 
impede patient benefit from scientific advances. Data-
driven approaches could facilitate the clinical use of Mtb 
WGS data. First, the use of a variant-calling tool, such as 
TB profiler, is important to identify the variants that con-
fer drug resistance [33]. Next, the drug resistance profile 
of a strain has to be translated into an individualized regi-
men. Using data mining and machine learning methods, 
computational models can be generated to automatically, 
accurately and efficiently translate WGS Mtb data into 
individualized RR-TB treatment regimens [34]. These 
recommender models are highly flexible and can easily 
integrate new drugs or new knowledge on genotypic-
genotypic associations as they become available. Soft-
ware tools can be developed to create a user-friendly and 
intuitive tool for health care workers. The software can 
also be flexible when drug stock-outs occur, or patients 
develop drug toxicity.

The need for a clinical trial to assess the use of WGS and 
automated treatment recommendation for individualized 
treatment of RR‑TB in a high RR‑TB burden setting Even 
though the cost of sequencing technologies has reduced 
substantially, the use of WGS remains limited to research 
settings and reference laboratories in high-income coun-
tries [35]. To inform global policy, a randomized clinical 
trial (RCT) to evaluate the use of WGS for individualized 
management of RR-TB in high-burden, resource-limited 
settings is needed.
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Two trials of WGS for management of RR-TB are regis-
tered of which only one uses WGS to guide individualized 
treatment. The Individualized Drug-resistant TB Treat-
ment Strategy trial in South Africa, which is recruiting 
since August 2017, randomizes patients to WGS-guided 
individualized treatment or standard of care [36]. The 
open-label MDR-TB Treatment Regimens for Ultra Short 
Therapy (TB-TRUST) trial in China, which is recruiting 
since June 2020, uses the WGS-determined PZA status 
to randomize participants to one of three standard regi-
mens [37]. In addition, one trial of targeted sequencing 
is registered. The Test to Treat TB RCT in South Africa, 
which is not yet recruiting, aims to determine the impact 
of sputum-based targeted sequencing on guiding MDR-
TB treatment [38].

Objectives {7}
The primary objective is to evaluate the effect of 
WGS-guided individualized treatment recommenda-
tion on bacteriological response to treatment meas-
ured as the rate of change in time to culture positivity 
in liquid culture. We hypothesize that people rand-
omized to the WGS DST strategy arm will experience 
faster time-to-culture conversion on RR-TB treatment 
compared to people randomized to the standard of 
care (SOC) DST strategy arm. Secondary effectiveness 
measures include cure rate on treatment and relapse 
rate (recurrence of RR-TB disease) and TB free sur-
vival rate in the first 12 months following RR-TB treat-
ment completion. Exploratory objectives include safety 
and feasibility of the intervention and a health eco-
nomics assessment from the health system and patient 
perspective.

Trial design {8}
We designed a phase 4, single-blinded, randomized, 
parallel-group, pragmatic, medical device, superior-
ity trial to evaluate a WGS-guided automated treat-
ment recommendation strategy for individualized 
treatment of RR-TB. The trial is a pragmatic trial with 
8 of 9 Pragmatic Explanatory Continuum Indicator 
Summary (PRECIS) domains scoring high (≥4) on the 
level of pragmatism (Table  1) [39]. Only the selection 
of microbiological response as the primary outcome (a 
surrogate marker for the patient-relevant outcomes of 
cure) scored <4. Another deviation from pragmatism 
is the reimbursement of participants for their time and 
effort related to attending the enrolment visit, collec-
tion of study sputum samples at weeks 2, 3, 5 and 6, and 
attending the treatment individualization visit.

Methods: participants, interventions and outcomes
Study setting {9}
The trial is embedded in the MDR-TB care infrastruc-
ture of the Lejweleputswa, Thabo Mofutsanyane, Man-
gaung Metro, and Fezile Dabi districts of the Free State 
Province of South Africa. Initial RR-TB treatment 
initiation, patient management, treatment monitor-
ing and adherence monitoring are performed under 
routine conditions by the district MDR-TB teams that 
consist of an MDR-TB coordinator, NIMDR (Nurse-
Initiate and Manage Drug-resistant TB) trained nurses 
and/or MDR-TB clinician(s) according to Department 
of Health (DoH) guidelines [40]. Only those drugs 
approved by South African DOH for TB treatment at 
standard dosing are used for trial participants. All deci-
sions regarding clinical management are the authority 
of the DoH health care providers, regardless of partici-
pant allocation to the WGS or SOC arm.

Eligibility criteria {10}
All adults (≥18 years) diagnosed with RR-TB not yet 
on RR-TB treatment are eligible unless they have com-
plicated RR-TB disease (TB meningitis or TB of the 
bone), extrapulmonary TB without pulmonary involve-
ment, refuse any RR-TB treatment, are unable to give 
informed consent, or reside far removed (>2-h drive) 
from the location of study field staff.

Who will take informed consent? {26a}
Written informed consent from potential trial partici-
pants will be obtained in person by trained research 
staff.

Additional consent provisions for collection and use 
of participant data and biological specimens {26b}
Additional consent is requested for storage for a mini-
mum of 10 years of the Mycobacterium tuberculosis 
cultures and sputum samples.

Interventions
Explanation for the choice of comparators {6b}
The comparator is the standard of care RR-TB manage-
ment as recommended by the South African national 
DoH guidelines [40]. All participants randomized to 
the control arm should initiate a short or long injec-
tion-free RR-TB treatment regimen upon RR-TB diag-
nosis. The care provider can individualize the treatment 
based on first- and second-line LPA and/or phenotypic 
DST results. Specifically, according to the guidelines, 
the dose of INH should be lowered to 300 mg daily in 
patients with INH-susceptible TB. When mutations in 
both katG and inhA are present or when FQ resistance 
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is detected, patients should be switched to a long regi-
men or start the BDQ + LZD + DLM regimen. Patients 
with resistance to LZD, CFZ and/or BDQ should start a 
rescue regimen that is recommended by the Provincial 
Clinical Advisory Committee.

Intervention description {11a}
The intervention consists of the use of Mtb WGS for 
determining the drug-resistance profile and automated 
individualized treatment recommendation of the optimal 
4-drug regimen [34], with communication of the recom-
mended regimen to the health care worker via a mobile 
phone app (Fig. 1).

Fig. 1 Strategy for whole genome sequencing-guided drug resistance profile determination and automated individualized treatment 
recommendation
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All participants randomized to the intervention arm 
start a short or long injection-free RR-TB treatment regi-
men upon RR-TB diagnosis [40]. WGS is performed in 
real-time on DNA extracted from early positive Myco-
bacterium Growth Indicator Tube (MGIT) culture iso-
lates of sputum specimens collected before the start of 
RR-TB treatment. In a sub-group of patients, culture-free 
WGS directly on DNA extracted from sputum specimens 
will be performed to evaluate the effect of a shorter turn-
around time. An Illumina MiniSeq instrument is used for 
sequencing and WGS data are analysed using the com-
pleX Bacterial Samples (XBS) bioinformatics pipeline 
[41]. Based on the WGS-derived drug resistance pro-
file, the treatment recommender ranks all possible drug 
regimens for an individual patient. Regimens are scored 
based on the quantitative drug and regimen features 
including bactericidal and sterilizing activity, propensity 
to acquire resistance, toxicity, mechanism of action, route 
of administration, antagonistic and synergistic interac-
tions, and cost. After taking into account clinical data 
(presence of contraindications, drug toxicity) and health 
systems data (drug stock out), the highest ranked 4-drug 
individualized treatment regimen is recommended for 
6 months [34]. When healthcare workers question the 
WGS-guided treatment recommendation, a central clini-
cal committee (CCC) of international experts in RR-TB 
treatment and clinical microbiology provides evidence-
based guidance to the care provider.

To ensure the safety of participants randomized to the 
intervention, standard-of-care diagnostics are also per-
formed and can be used to guide treatment when WGS 
results are not available due to poor quality sequencing 
reads or in case of negative cultures. In addition, phe-
notypic DST is performed for the drugs included in the 
WGS-guided individualized treatment regimen to iden-
tify possible errors in WGS-based resistance calling.

Criteria for discontinuing or modifying allocated 
interventions {11b}
Criteria for discontinuing or modifying the allocated 
intervention for a given trial participant include the 
presence of a discordant phenotypic-genotypic drug 
resistance profile that suggests the administration of an 
ineffective treatment regimen or lack of culture conver-
sion 4 months after initiation of the RR-TB treatment 
regimen.

Strategies to improve adherence to interventions {11c}
In line with the design of a pragmatic trial, no strategies 
are implemented to improve adherence beyond those of 
routine care to improve adherence to RR-TB treatment. 
Participants in both trial arms will be phoned to remind 

them of the date of collection of four study sputum 
samples.

Relevant concomitant care permitted or prohibited 
during the trial {11d}
Trial participation will not require alteration to usual 
RR-TB care pathways except for the recommendation of 
the individualized RR-TB treatment regimen in the inter-
vention arm. Any concomitant care interventions are 
allowed during the trial.

Provisions for post‑trial care {30}
There is no anticipated need for ancillary and post-trial 
care. The trial is insured for compensation to those who 
may suffer harm from trial participation.

Outcomes {12}
The primary effectiveness outcome is the bacteriological 
response to treatment measured as serial time to liquid 
culture positivity of sputum samples collected at baseline, 
weeks 2, 3, 4, 5, 6 and 8 and monthly thereafter. Second-
ary effectiveness outcomes include cure rate, treatment 
success rate, relapse rate (recurrence of RR-TB disease) 
and TB free survival rate in the first 12 months follow-
ing RR-TB treatment completion. The outcome measure 
for the feasibility assessment is the number of patients in 
whom WGS is not successful (due to no Mtb growth, cul-
ture contamination or failed WGS) and the proportion of 
participants in whom the treatment recommendation is 
not followed. For the health economics assessment out-
come, unit diagnostic and treatment costs for both arms 
will be estimated to calculate the total health system cost. 
The safety outcome is the proportion of participants who 
experience a serious adverse event.

Participant timeline {13}
An overview of the screening, enrolment, participant 
timeline and schedule of assessments is provided in 
Fig. 2.

Sample size {14}
The sample size was simulated for the primary objective 
using a non-linear mixed effect model. We re-calibrated 
the model described by Svensson and Karlsson [42] 
using RR-TB patient data from the Free State province to 
account for differences in study populations. We hypoth-
esize that the intervention will reduce the mean half-life 
of mycobacterial load (βexp parameter in the model) by 
28%. This would correspond to a difference in median 
time to culture conversion of 4 weeks (12 vs. 16 weeks). 
Given the equal balance across arms, and a significance 
level of 0.05, a total sample size of 173 individuals is 
needed to achieve 90% power to detect the hypothesized 
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effect size. To account for negative or contaminated cul-
tures at baseline (expected 16%) and death or loss to fol-
low-up prior to achieving culture conversion (expected 
21%), the total sample size was set at 248 participants.

Recruitment {15}
All newly diagnosed RR-TB patients are notified to the 
study team either by central data warehouse notification 
of RIF-resistant cases or through communication by the 
district MDR-TB team. A district MDR-TB team mem-
ber briefly informs the patient about the trial. If inter-
ested, the patient is referred to a study staff member for 
informed consent.

Assignment of interventions: allocation
Sequence generation {16a}
Randomization 1:1 to the WGS or control arm is auto-
mated and performed by Randomizer, a secure dedi-
cated internet site [43].

Concealment mechanism {16b}
Randomization is web-based and performed in real-
time which guarantees unbiased allocation and elimi-
nates the need for a concealment mechanism.

Fig. 2 Schedule of screening, enrolment, interventions, and assessments. *Assessments listed are limited to the study-specific assessments. 
In addition to these, several assessments are performed on all study participants as per standard of care procedures. W, week; M, month; MGIT, 
Mycobacteria Growth Incubator Tube. ** Individualization of treatment occurs when drug susceptibility test results become available (whole 
genome sequencing for the experimental arm; line probe assays and phenotypic drug susceptibility test for standard of care arm). This is expected 
to occur a median of 5 to 6 weeks after the start of treatment. ***Closeout is performed at month 6 for patients who receive a 6-month treatment 
regimen
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Implementation {16c}
Randomization is web-based [43]. Minimization is 
implemented to obtain balanced groups by strata of fac-
tors associated with time to culture conversion (baseline 
mycobacterial load as determined by Xpert Ct value or 
smear microscopy grading), risk of mortality (age, diabe-
tes, HIV status and if HIV positive whether the viral load 
is suppressed or not) and history of prior treatment with 
second-line drugs.

Assignment of interventions: blinding
Who will be blinded {17a}?
Participants are blinded to allocation to avoid any influ-
ence on adherence or reporting of adverse events by trial 
arm. Health care providers are not blinded to allocation 
but are blinded to the routine DST results for patients 
randomized to the WGS arm (unless required for patient 
safety) and to WGS results for patients randomized to 
the control arm.

Procedure for unblinding if needed {17b}
Because the trial is single-blinded, where only the patient 
is blinded, we do not anticipate any circumstances under 
which unblinding is needed during the trial.

Data collection and management
Plans for assessment and collection of outcomes {18a}
The date of liquid sputum culture positivity is extracted 
from the MGIT instrument. Clinical and laboratory 
patient data is captured from the patient’s medical file, 
the South African DoH DR-TB treatment paper file and/
or the Electronic Drug-Resistant Tuberculosis Register 
[44] (EDRWeb), and the NHLS laboratory Track Care 
system. Data extracted include TB treatment history, co-
morbidities, HIV-related information, chest X-ray, spu-
tum results (Xpert, LPA, smear microscopy), relevant 
laboratory test results, audiological screening, electrocar-
diogram, initial RR-TB regimen and drug doses, regimen 
adjustments, adherence, concomitant medications, toxic-
ity, and treatment outcomes. The phenotypic drug resist-
ance profile of the participant’s Mtb isolate is obtained by 
standard phenotypic drug resistance tests. The genotypic 
drug resistance profile is obtained through standard DNA 
extraction and sequencing procedures. Raw sequencing 
data will be retrieved from the Illumina Minseq instru-
ment and analysed using the XBS bioinformatics pipeline 
[41]. Any failures encountered during the laboratory or 
bioinformatic analytic steps of the determination of the 
drug resistance profile will be entered in the electronic 
study database. Information on the prescription of WGS-
guided individualized RR-TB treatment regimens will be 
captured through the secure treatment recommender 

web app. For the health economics assessment out-
come, data on patient socioeconomic status, household 
assets, illness, and treatment-related costs, is collected 
by administering a questionnaire (adapted from a vali-
dated tool [45]) in the first month, after 6 months, and 
at the end of treatment for patients receiving more than 
6 months of treatment. Data on quality of life is collected 
monthly using the EQ-5D-5L questionnaire [46]. Serious 
adverse events (SAEs) data will be captured from the SA 
DoH Pharmacovigilance form [17] and extracted from 
EDRWeb [44] and graded by an independent physician.

Plans to promote participant retention and complete 
follow‑up {18b}
Given the pragmatic design, there are no plans to pro-
mote participant retention beyond those implemented by 
the routine RR-TB care program.

Data management {19}
Data will directly be entered in the electronic Research 
Electronic Data Capture (REDCap) database [47], which 
is developed to ensure data security and promote data 
quality through real-time data entry validation for data 
types and range checks. Source data collected as print-
outs such as pictures of the line probe assays will be cap-
tured in pdf format and stored in the REDCap database. 
Similarly, a picture of the signed informed consent form 
is uploaded in the electronic database. The REDCap data-
base system employs various methods to protect and 
secure the data stored in the database.

Confidentiality {27}
We use REDCap [47] to protect the confidentiality of 
personal data before, during, and after the trial. RED-
Cap is a secure, web application designed to support 
data capture for research studies. It includes a full audit 
trail, user-based privileges, and de-identified data export 
mechanisms to statistical packages. Access to specific 
study data in REDCap will be restricted to the relevant 
members of the study team with authentication through 
password credentials.

Plans for collection, laboratory evaluation and storage 
of biological specimens for genetic or molecular analysis 
in this trial/future use {33}
Sputum samples will be collected for laboratory evalua-
tion and storage for genetic analyses of Mycobacterium 
tuberculosis in the current trial and for future use in 
ancillary studies.
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Statistical methods
Statistical methods for primary and secondary outcomes 
{20a}
The primary analysis will be an intent-to-treat analysis. 
A non-linear mixed-effects model that includes a lon-
gitudinal representation of mycobacterial load, prob-
ability of bacterial presence in a sputum sample, and a 
time-to-event model to describe the changes in time to 
culture positivity in liquid media will be used to com-
pare the bacteriological response between the two trial 
arms [42]. The feasibility of the WGS strategy will be 
determined based on the proportion of participants 
in whom WGS is not successful and the proportion of 
participants in whom the recommended treatment reg-
imen is not prescribed. For the health economic evalu-
ation, the mean incremental costs incurred by patients 
and the health care system for the WGS versus the con-
trol arm will be estimated. For evaluation of safety, we 
will compare the SAE rate during treatment between 
the two arms.

Interim analyses {21b}
An interim analysis estimating the SAE rate will be per-
formed when 50% of participants (n=124) are enrolled 
in the study and reviewed by the data safety monitor-
ing board. The trial will be stopped if the rate of SAEs 
is significantly greater in the WGS arm as compared to 
the SOC arm.

Methods for additional analyses (e.g., subgroup analyses) 
{20b}
Adjusted analyses will be performed to correct for 
possible differences in patient characteristics between 
groups. Subgroup analyses may be performed by drug 
resistance profile categories.

Methods in analysis to handle protocol non‑adherence 
and any statistical methods to handle missing data {20c}
The extent of missing data and patterns of missing-
ness will be assessed once all study participants have 
completed the study. If needed, multiple imputation 
methods will be used and sensitivity analyses, including 
complete case analysis, will be conducted to evaluate 
the impact of missing data on study findings.

Plans to give access to the full protocol, participant‑level 
data and statistical code {31c}
We will abide by the requirements regarding making 
the underlying data and statistical code available set 
by the journal where we publish the results of the main 
trial outcome results. If not required by the journal, the 
de-identified dataset generated and analysed as well as 

the associated statistical codes will be made available 
after the publication of the main trial outcome results 
upon request from the corresponding author. Raw 
sequencing data will be submitted to a public sequence 
repository (European Nucleotide Archive) as part of 
the publication process.

Oversight and monitoring
Composition of the coordinating centre and trial steering 
committee {5d}
Several committees monitor the trial. The trial coordina-
tor and field workers of the Clinical Research Organiza-
tion (Aurum Institute) hold team meetings twice a week 
to provide day-to-day support for the trial. The central 
steering committee consists of 5 senior investigators. 
The central steering committee holds weekly meetings 
(also attended by the trial coordinator, four laboratory 
staff and three field workers) to solve any problems that 
arise during the implementation of the trial. The cen-
tral clinical committee meets upon request to discuss 
potential patient safety issues that occur, such as pheno-
typic-genotypic discordance or failure to achieve culture 
conversion by week 16 of RR-TB treatment. The central 
microbiological committee meets upon request to dis-
cuss the interpretation of variants identified by WGS in 
drug resistance candidate genes that are not classified 
by the WHO catalogue of mutations in Mycobacterium 
tuberculosis [20]. When WGS data indicate possible BDQ 
resistance, the Free State Provincial Clinical Advisory 
Committee will be consulted to select the optimal indi-
vidualized treatment.

Composition of the data monitoring committee, its role 
and reporting structure {21a}
The data safety monitoring board (DSMB) consists of 
three experts in clinical trials and clinical management 
of drug-resistant TB. The members are independent of 
the sponsor and the clinical trial team and have no com-
peting interests. The primary role of the committee is to 
safeguard the interests of the study participants by eval-
uating the difference in SAE rate between the two arms 
of the trial. The DSMB will meet when 50% of all par-
ticipants have been enrolled and whenever required. The 
DSMB may also be asked to review factors external to the 
study such as scientific or therapeutic developments that 
may impact participant safety. Details about the commit-
tee are stated in the DSMB charter.

Adverse event reporting and harms {22}
All SAEs reported to the study staff are reported to Free 
State University ethics committee and the South African 
Health Products Regulatory Authority. Because this is 
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a pragmatic trial, all adverse events are managed by the 
physician in charge of the patient’s care.

Frequency and plans for auditing trial conduct {23}
All data entered in the electronic database is audited 
weekly by the team of the principal investigator, inde-
pendent of the sponsor. The trial conduct is not audited 
by a team that is independent of the investigators.

Plans for communicating important protocol amendments 
to relevant parties (e.g., trial participants, ethical 
committees) {25}
Important protocol modifications will be communicated 
to the relevant parties, which may include the central 
clinical committee, data safety monitoring board, rel-
evant ethics committees, South African Health Products 
Regulatory Authority, trial registries, and the sponsor.

Dissemination plans {31a}
The investigators will communicate trial results to 
the provincial (Free State Province) and national (SA) 
DoH and the scientific community via presentations at 
national and international conferences. Results will be 
published in peer-reviewed scientific journals. De-iden-
tified data will be shared at the time of publication as 
per journal requirements or will be made available upon 
request.

Discussion
WGS holds the promise to be a transformative technol-
ogy in clinical microbiology, especially for slow-growing 
bacteria such as Mtb. While several low TB burden coun-
tries have successfully implemented WGS for routine 
DST, the integration of WGS into routine laboratories 
in high TB burden countries should be carefully evalu-
ated before the capital investment, operational costs and 
human resource development required for such endeav-
our can be justified. Public health policymakers increas-
ingly demand context-specific real-world evidence before 
implementing a novel intervention. This real-world evi-
dence is most often obtained through observational stud-
ies, which are prone to biases. An explanatory RCT could 
provide an unbiased answer to the question of whether 
WGS-guided individualized treatment improves time 
to culture conversion under ideal conditions, not under 
real-life conditions. We designed a pragmatic RCT to 
answer the question whether of WGS-guided automated 
individualized treatment recommendation for RR-TB 
is effective under routine conditions in high-burden, 
low-resource settings. The pragmatic trial is designed 
to provide unbiased real-world evidence by maximizing 
generalizability while maintaining internal validity.

Several limitations to the trial should be noted. First, 
while the most important clinical endpoint is 2-year 
relapse free cure, the lengthy study duration required 
for this endpoint brings obvious challenges such as high 
cost and risk of high loss to follow-up rates. We therefore 
opted to employ a surrogate endpoint and replaced the 
clinical endpoint with a biomarker. We acknowledge that 
the surrogate endpoint may not be an accurate indicator 
for how effective the intervention is. Second, the WHO 
catalogue of mutations [20] is not exhaustive and knowl-
edge on resistance-causing mutations is incomplete, 
especially for the new and repurposed drugs. This may 
reduce the effectiveness of WGS for guiding RR-TB treat-
ments when newer regimens rely mainly on these drugs. 
Third, because culture-free WGS is still in its infancy, 
WGS will continue to rely on early positive liquid cul-
tures in the near future. Finally, other molecular technol-
ogies are being developed and new treatment regimens 
are being evaluated. In 2021, the WHO has endorsed the 
Xpert MTB/XDR, which allows rapid identification of 
resistance to FQ but does not assess the resistance profile 
to other drugs included in most of the current and novel 
RR-TB treatment regimens [19]. The targeted deep-
sequencing assay Deeplex Myc-TB can be used directly 
on sputum specimens with relatively high mycobacterial 
load for the prediction of resistance to 11 anti-tubercu-
lous drugs/drug classes when investigating 18 of the 50 
candidate resistance genes. Using phenotypic DST as the 
reference, high specificity (≥91%) was achieved for all 
drugs; sensitivity ranged from 54% for STM to 98% for 
RIF but could not be estimated for LZD and BDQ [48]. 
New standardized treatment regimens such as BDQ, Pa, 
LZD and moxifloxacin (BPaLM) mostly rely on the use of 
new drugs, making the regimen less prone to amplifica-
tion of resistance [49]. The role of WGS-directed indi-
vidualized treatment should thus be evaluated relative to 
these new developments.

In conclusion, as Cox et al. wrote, “seeking the highest 
quality of care in all settings should be an ethical impera-
tive for treatment of drug-resistant tuberculosis” [50]. 
Without individualized treatment guided by drug resist-
ance profiles, routine use of any novel empiric regimen 
in high RR-TB burden settings will over time result in the 
emergence of resistance. WGS to determine the com-
plete Mtb drug resistance profile has already replaced 
phenotypic DST in several high-income countries, where 
precision medicine based on the individual patient 
and pathogen characteristics is already established. 
In low- and middle-income countries, WGS is not yet 
used for clinical care in part due to technical challenges 
and difficulties in analyzing WGS data and translat-
ing WGS information into individualized RR-TB treat-
ment regimens. The use of an individualized treatment 
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recommendation system could overcome this hurdle by 
automating the individualization of treatment regimen 
selection and guiding clinicians independent of their 
level of expertise. Hopefully, quantifying the effectiveness 
of WGS-guided individualized treatment recommen-
dation for RR-TB treatment, evaluating the feasibility 
thereof, and assessing health economics from both the 
health system and patient perspective will play a critical 
role in answering the question of whether WGS should 
be recommended for the management of RR-TB in high 
TB-burden, low-resource settings.

Trial status
The trial with protocol version 6.0 (June 9, 2021) was reg-
istered on the clinical trials.gov register with the number 
NCT05017324 on August 23, 2021. The first patient was 
recruited on September 23, 2021, and is expected to be 
completed by the end of 2022.
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