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Abstract:  433 words 

 

Background 

 

World Health Organisation recommends that electronic medication monitors (EMMs), a form of 

digital adherence technology, complement directly observed treatment (DOT) for tuberculosis 

(TB), as DOT is inconvenient and costly. However, existing evidence about their effectiveness is 

inconclusive. We evaluated the effectiveness of a comprehensive package based on EMMs 

among TB patients in Tibet. 

 

Methods 

 

We conducted this pragmatic, unblinded, multi-centre, individually-randomised, controlled, 

superiority trial in six counties in Shigatse, Tibet. Eligible participants were drug-susceptible TB 

patients aged ≥15 years starting standard TB treatment. TB doctors recruited patients from the 
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public TB dispensary in each county and randomised them to intervention or control (near 1:1 

ratio), based on the predetermined randomised allocation sequence (using a permuted block 

design with variable block sizes of two/four/six, stratified by county). Intervention patients 

received an EMM box. This included audio medication-adherence reminders and recorded box-

opening data, which were transmitted to a cloud-based server accessible to healthcare 

providers to allow remote adherence monitoring. A linked smartphone app enabled 

text/audio/video communication between patients and healthcare providers. We provided a 

free data plan to patients. We also trained family members to support patients with using the 

EMM and app. Control patients received usual care plus a deactivated EMM (this only recorded 

and transmitted box-opening data that was not accessible to healthcare providers), no access 

to the app, and we did not train family treatment supporters. Our primary outcome was a 

binary indicator of poor monthly adherence, defined as missing ≥20% of planned doses in the 

treatment month, measured using EMM opening data and verified by counting used 

medication blister packages during consultations. We recorded other secondary treatment 

outcomes based on national tuberculosis reporting data. We analysed the primary outcome 

based on the intention-to-treat population. Registered at ISRCTN: 52132803. 

 

Findings 

 

Between 17 November 2018 and 5 April 2021 we randomised 278 patients: 143 to the 

intervention and 135 to the control. The final patient ended treatment on 4 October 2021. In 

the intervention arm 10.2% (87/854) of patient treatment months showed poor adherence 

compared to 36.5% (290/795) in the control arm. The corresponding intervention versus 

control adjusted risk difference was -29.2 percentage points (95% CI: -35.3, -22.2; p≤0.001). 

Five out of six secondary treatment outcomes also demonstrated clear improvements including 

treatment success, which was 93.7% (133/142) in the intervention arm and 73.1% in the control 

arm (98/134), with an adjusted risk difference of 21 percentage points (95% CI: 12.4, 29.4); 

p≤0.001. 

 

Interpretation 

 

Our interventions were considerably effective at improving TB treatment adherence and 

outcomes, and our trial suggests that a comprehensive packaged involving EMMs may 

positively impact TB programmes in high-burden and low-resource settings. 

 

Funding: TB REACH. 
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Introduction 

Tuberculosis (TB) has long been the leading killer of infectious disease, with an estimated 9.9 

million new cases and 1.3 million deaths in 2020 globally, only recently becoming the second 

leading infectious cause of death after COVID-19.1 Tuberculosis treatment is lengthy, usually six 

months or longer, and is often difficult to complete due to medication side effects. Medication 

non-adherence poses a serious challenge to TB management efforts as it fuels the development 

of drug resistance, reduces treatment success, and contributes to disease transmission.2 

Recognising the need to support people with TB in completing their treatment, the World 

Health Organization (WHO) introduced directly observed treatment short course (DOTS) for TB 

treatment in 1990s. Directly observed treatment (DOT), a key strategy in TB programmes 

globally, requires people with TB to visit a health worker daily who observes them take their 

medication. However, delivering DOT also requires considerable resources and time 

commitments, particularly in low-resource settings, and imposes costs and the inconvenience 

of daily health facility visits on patients.3 

 

Due to the lack of trial evidence for requiring patients to physically attend health facilities for 

DOT,4 the WHO DOTS strategy has evolved towards more patient centred care, including 

recommending patient support (which may include DOT) be done by community health 

providers and lay health workers.5 Yet, where DOT is still a requirement, as in China, in practice 

a significant proportion of TB patients self-administer therapy,6 which is associated with non-

adherence, lower rates of treatment success, and higher rates of developing drug resistance.7 It 
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is therefore imperative to identify innovative ways to support TB patients to take their 

medications and complete their treatment. 

 

Digital adherence technologies (DATs) are a promising tool to link TB patients to their care 

providers both for medication taking and for ongoing supportive care. These technologies 

include simple approaches such as short messenger services (SMS), as well as more advanced 

electronic medication monitors (EMM) that can record medication taking in real-time, and, via 

linked apps, enable communication with healthcare providers and provide health education.8 

However, systematic reviews reported mixed results in terms of their apparent ability to 

improve treatment adherence and other relevant outcomes.8-11 In recent trials, DAT 

interventions using newer technologies, such as EMMs,12,13 and video-observed therapy 

(VOT),14  have shown promising effectiveness at improving medication adherence, but they 

have not demonstrated clear impacts on patients’ treatment outcomes. Two studies employing 

99DOTS in Uganda15 and EMM in China16 found that 20-50% of eligible participants did not 

enrol or use the new technologies, and reported that those who adopted the intervention 

appeared to reap the benefits, with non-adopters tending to be poorer, older, and having low 

smartphone literacy.  To maximise use, DATs in future studies need to be tailored to the TB care 

delivery context, connect patients to their health care providers, and be versatile to 

accommodate varying patient circumstances.8 

 

In this study we therefore evaluated a comprehensive package based on a new generation of 

EMMs for TB medication adherence among TB patients in the Tibet Autonomous Region 
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(hereafter Tibet), China. The monitors included features of accurate, real-time dose-recording 

(with the data accessible to healthcare providers), and audio voice reminders. We also provided 

an easy-to-use add-on for an existing popular smartphone app (WeChat) that aimed to improve 

communication between patients, their treatment supporters, and their health care providers. 

This setting has a high burden of TB and significant challenges with non-adherence given the 

typically long travel distances between communities and health facilities, the often-severe 

weather impeding access to care, and the severe shortage of human resources required to 

implement DOT.17 We previously co-developed the intervention with partners in Tibet and 

piloted them for feasibility and acceptability testing. Here we report the results of a multi-

centre, randomised, controlled trial comparing treatment adherence and other relevant 

outcomes between TB patients given an EMM, access to the associated app and a free data 

package, and a treatment supporter, with those who received usual care.  

 

Methods 

 

See the supplementary materials for a CONSORT checklist, further methodological details, and 

details of deviations from protocol-planned methods. We used R statistical software for 

randomisation, sample size calculation and analysis.18 

 

Study design, setting, and participants 

We conducted a pragmatic, multi-centre, individually-randomised, parallel-arm, controlled trial, 

to evaluate whether our intervention was superior to our control. The protocol was previously 
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published.19 The intervention development was guided by implementation science and eHealth 

behavioural theory, specifically Unified Theory of Acceptance and Use of Technology.20  We 

conducted the trial in six TB dispensaries, each located in a different county, in Shigatse, Tibet. 

This region is characterised by a very low population density with only four people per km2. 

Most residents are ethnic Tibetans. Tuberculosis prevalence in Tibet was 758 per 100,000 

people (0.76%) in 2014, twice the national average of China in 2010.21 We originally planned to 

run the trial in two counties: Samzhubze and Sa’gya (recruitment started in November 2018). 

However, during the trial the COVID-19 pandemic caused periodic lockdowns in Tibet, and a 

change to the national TB care model interrupted treatment services, which substantially 

delayed recruitment. We therefore extended the trial to four counties based on their relatively 

high TB prevalence and TB patient numbers: Gyantse (recruitment started in June 2019), 

Ngamring and Tingri (recruitment started in June 2020), and Bainang (recruitment started in 

September 2020). Tuberculosis dispensaries are public facilities providing TB treatment on an 

outpatient basis, and they are the only designated health facilities providing TB treatment in 

these counties (one per county). All TB dispensaries in the six counties, except Gyantse, were 

originally located in the county Centres for Disease Control and Prevention (CDCs). All the TB 

dispensaries were transferred from CDCs to county general hospitals during the project period 

following a change in China’s national TB care model.22 Tuberculosis drug sensitivity analysis 

was not available in Shigatse during the trial. Therefore, patients who were assumed to have 

drug resistant TB were sent to Lhasa for diagnosis and treatment. Mobile connectivity in Tibet is 

functional but limited to residential areas. Most patients either had a smartphone or had access 

to one owned by a relative in their home. 
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During the recruitment phase all new pulmonary TB patients referred or self-presented to the 

TB dispensaries, who were diagnosed according to national and WHO guidelines of TB care,23 

aged ≥15 years, and started on the standard 6-month short-course chemotherapy on an 

outpatient basis were considered eligible. Patients were excluded if they had any serious 

communication impairment(s) (mental, visual, auditory or speech), or had any family members 

within their household who had already been enrolled into the trial to avoid contamination. 

Consequently, we also excluded retreatment patients because they received an 8-month 

treatment and were likely to be drug resistant, and any patients with multi-drug resistant TB 

because they received 18-month treatment based on national guidelines, and were often 

treated in Lhasa. We also excluded patients with ex-pulmonary TB as they had to receive 

individualised treatment in Lhasa. TB doctors in the dispensaries identified all eligible patients, 

and recruited patients by obtaining their written informed consent. We obtained ethical 

approval from the Office of Research Ethics at the University of Toronto (Ref: 36569) and the 

Ethics Review Committee of the Tibet Centre for Disease Control and Prevention (Ref: 006). 

 

Randomisation and masking 

We randomly assigned participants to either the intervention or control arm in a near 1:1 ratio 

using a computer-generated randomised permuted-block design, stratified by county. For each 

county the trial statistician (JPH) generated an allocation sequence with an initial unequally 

sized block (7: 3 intervention and 4 control) followed by randomly selected blocks of two, four 

or six (equal allocation), which further masked the allocation sequence. The lead statistician 
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(JPH) generated the allocation sequence and then passed it to the study team to print 

individually numbered cards with the allocation sequence. Study team members then sealed 

the cards in opaque envelopes and delivered them to study sites, where they were opened by 

TB doctors in each TB dispensary as each patient was recruited to decide patient assignment. 

Due to the nature of the intervention, it was not possible to mask patients or health care 

providers to treatment allocation. 

 

Procedures 

In both arms all patients received six months’ standard TB care (or seven months’ treatment if 

their sputum smear had not converted at the end of the second month of intensive treatment) 

based on WHO and Chinese national TB programme guidelines for the treatment of drug-

susceptible TB patients, using daily fix-dose-combinations for the entire treatment period.23 In 

Tibet, patients visit their TB dispensary every other month to collect their medication due to the 

particularly harsh travel conditions in the region. All patients were further supported by 

community-based health care providers known as village doctors, who acted as a treatment 

supervisors based on national TB programme guidelines. 

 

Patients in the intervention arm also received an EMM box to store their medications in, which 

had two key features (Box 1). First, it reminded patients to take their medication on time using 

human-voice based recordings. Second, it recorded every time the box was opened and 

transmitted this information to a cloud-based server. This information could then be accessed 

by a patient’s village doctor and their TB doctor could also access this information via a 
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computer web-based interface or a password protected WeChat-based smartphone app (a very 

popular Chinese multi-media messaging app similar WhatsApp) in real-time. Patients who 

refused to start/continue treatment, missed more than three consecutive doses, or where 

either doctor had concerns about their adherence, received daily real-time VOT/audio calls by 

the village doctor until they had taken more than three consecutive doses.  

 

We also helped all intervention-arm patients select a treatment supporter, whose role was to 

help the patient adhere to their medication and use the electronic medication monitor and the 

WeChat app. Treatment supporters were typically a family member who lived with the patient 

and who had good smartphone literacy. Either TB doctors or family supporters then trained 

patients on how to use the monitor and the app during recruitment following their diagnosis, or 

alternatively village doctors trained them during their first home visit within the first week after 

diagnosis. The WeChat app also enables direct communication between the patient, their 

treatment supporter, and healthcare providers. We provided all patients with a free 

smartphone data plan, and although most patients used their own smartphones we also 

provided a few to patients who did not have access to one. 

 

We gave patients in the control arm a deactivated EMM as a medication storage box. These 

boxes recorded each opening and transmitted the information to the cloud-based server, but 

patients, treatment supporters, and their healthcare providers could not access this 

information. Under usual care, the national guidelines recommend that village doctors visit 

patients at least once a week. However, they connected with patients through traditional 
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means, such as physical visits or phone calls. We also did not select or train family treatment 

supporters in this arm as per national guidelines.  

 

Data collection 

We recruited patients between 17 November 2018 and 5 April 2021 and followed the cohort 

until the final patient completed their treatment on 4 October 2021. This period overlapped 

with the COVID-19 pandemic. We collected routinely reported patient-level information from 

the national TB reporting database, regarding their name, age, sex, address, education level, 

profession, diagnoses, and standard TB treatment outcomes. We allocated a unique participant 

number to each patient to mask patient identifiable information to researchers. We collected 

patients’ adherence data, recorded by their EMMs, from the cloud-based server. 

 

We also asked patients to bring all used medication blister packages when replenishing their 

medications, and TB doctors conducted empty blister counts at each outpatient to allow us to 

correctly determine adherence given any discrepancies compared to the EMM data.  Village 

doctors conducted blister counts by home visits for patients who were lost-to-follow-up. The 

main cause of discrepancies was when the EMM box was opened but did not record this on the 

server due to technical issues, such as a lack of power or offline. 

 

Outcomes 

During each of their six or seven months of treatment (each treatment month = 30 days) 

patients are expected to take 30 daily doses of their TB medication. The primary outcome is a 
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binary variable indicating if poor adherence to TB treatment medication occurred during each 

treatment month, and defined as occurring if the patient missed ≥20% of planned medication 

doses in the treatment month.12 In a standard treatment month this was equal to missing six or 

more doses.  

 

We also recorded the following secondary outcomes at the patient-level: 1) Total percentage of 

missed doses over the entire treatment period. 2) Overall poor adherence: a binary variable 

indicating if the patient missed ≥10% of all planned doses (based on the corresponding 

indicator from China’s national TB programme). Then the following WHO standard TB 

outcomes.24 3) Treatment success: a binary variable indicating either patient cure or treatment 

completion, where cure indicates "a pulmonary TB patient with bacteriologically confirmed TB 

at the beginning of treatment who was smear or culture-negative in the last month of 

treatment and on at least one previous occasion", and treatment completion indicates "a TB 

patient who completed treatment without evidence of failure but with no record to show that 

sputum smear or culture results in the last month of treatment and on at least one previous 

occasion were negative, either because tests were not done or because results are 

unavailable." 4) Lost to follow-up: a binary variable indicating “a TB patient who did not start 

treatment or whose treatment was interrupted for two consecutive months or more.” 5) Poor 

treatment outcome: a binary variable indicating a TB patient having either of the WHO standard 

TB outcomes24 of death, treatment failure (“a TB patient whose sputum smear or culture is 

positive at month five or later during treatment”) or loss to follow-up. 6) Sputum conversion at 
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the end of the second month of treatment: a binary variable indicating if a patient diagnosed as 

sputum positive tested sputum negative at the end of their second month of treatment. 

 

We also conducted a complementary process evaluation to explore programme 

implementation using the Consolidated Framework for Implementation Research, as well as a 

cost-effectiveness study, which we will report elsewhere. 

 

Statistical analysis 

We based our sample size calculation on our primary outcome and we used a simulation-based 

approach. See our protocol for full details.19 In summary, based on prior unpublished data we 

assumed 40% monthly poor adherence in the control arm and a moderate within-patient 

correlation between each patients’ six monthly outcome values of 0.5,12 a 1:1 

intervention:control allocation ratio, and a target difference (based on stakeholder views) of an 

absolute reduction in monthly poor adherence of 12 percentage points (i.e. down to 28% in the 

intervention arm). Our simulations used generalised estimating equations (GEEs) with binomial 

errors, identity links, first-order autoregressive (AR[1]) correlation structures, and Wald-based, 

two-tailed p-values. They showed we needed 300 patients to have 81.5% power to detect the 

target difference or greater at the p≤0.05 level, assuming no loss of data. 

 

We summarised study design, socio-demographic, and treatment related characteristics at 

baseline via frequencies and percentages or medians and interquartile ranges, as appropriate. 

We analysed all outcomes other than sputum conversion based on the intention-to-treat 
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population, which included all individuals recruited into the trial as per their original treatment 

allocations. Our analysis of the sputum conversion outcome analysed patients as per their 

original treatment allocation but was restricted to the subgroup of individuals who were 

sputum positive at diagnosis and could therefore potentially convert. However, our primary 

outcome, total percentage of missed doses outcome, and overall poor adherence outcome, are 

all based on dose adherence data, which was incomplete for patients who died. Therefore, for 

these outcomes we present complete case results below that use the dose adherence available 

from patients who died prior to their deaths, but in the supplementary materials we present 

results from sensitivity analyses of these outcomes based on imputing the missing, post-death, 

outcome data for patients who died under the two most extreme potential scenarios in each 

treatment arm (see supplementary materials for full details).25 For all other secondary 

outcomes we have complete data. 

 

As per our protocol, and as recommended by CONSORT,26 we draw our conclusions about the 

impact of the intervention on our binary primary outcome primarily based on the (adjusted) 

risk difference, which we calculated via marginal standardisation.27-29 This involved first fitting a 

GEE to the data with a binomial distribution and logit link, clustering at the patient-level 

assuming an AR(1) correlation structure (across treatment months), and covariates for county 

(the stratum and centre), age (years), sex (male or female), job (farmer or other), marriage 

status (married or single/divorced/widowed), treatment month (1-6/7, and treated as a 

“continuous” variable), treatment arm, and the interaction between treatment month and 

treatment arm. We then used the GEE coefficients to calculate monthly predicted outcome 
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probabilities (via inverse logit transformation) for all patients with their covariates at their 

observed values other than the treatment arm variable which for all patients was first set to the 

(possibly counterfactual) intervention arm. We then repeated the predictions while the 

treatment assignment variable was set to the control arm for all patients. We then computed 

the adjusted risk difference by contrasting (intervention minus control) the means of these two 

sets of counterfactual marginal probabilities. We calculated the associated 95% confidence 

intervals via a clustered (at the patient-level) bootstrapping approach using the bias-corrected 

and accelerated method,30 and the associated two-tailed p-values via a clustered (at the 

patient-level) permutation approach (10,000 bootstraps and permutations).31 This approach to 

estimating risk differences deviated from our original protocol. 

 

As a sensitivity analysis we also calculated the crude risk difference using the same approach 

but while only adjusting for county and treatment month. To aid interpretation and usability of 

our results, we also calculated adjusted and crude risk ratio estimates by contrasting the two 

sets of probabilities on the ratio scale. We estimated the intervention’s effect on all our (binary) 

secondary outcomes as adjusted and crude risk differences and risk ratios and their associated 

95% confidence intervals and p-values via the same approach described above but while using 

logistic regression models instead of GEEs as all secondary outcomes were binary and recorded 

at the patient level. 

 

We also explored whether there was any effect modification on the additive scale for our 

primary outcome between treatment month groups (months one to three and months four to 
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six or seven), and for our primary outcome and treatment success outcome between sexes 

(male and female) and age groups (≥56 and <56).  We estimated the adjusted risk difference for 

these outcomes within each subgroup using the same approach described above, and then 

estimated the effect modification on the additive-scale as the difference between each 

subgroups’ adjusted risk difference. We calculated all associated 95% confidence intervals and 

p-values using the same approaches described above. 

 

 

Results 

Between 16 November 2018 and 5 April 2021, 664 patients were diagnosed with TB across our 

six trial sites, when each was recruiting. Of these 250 were ineligible. Among the remaining 414 

eligible patients 119 were diagnosed during periods when the trial was suspended due to either 

COVID-19 lockdowns or the TB service delivery model change (where TB dispensaries were 

transferred from CDCs to county hospitals), and a further 17 refused. Therefore, we ultimately 

recruited and randomised 278 patients (67% of eligible participants), slightly short of our target 

sample size. We subsequently removed one patient from each arm for ineligibility as they were 

both later diagnosed with multi-drug resistant TB (Figure 1). Our intention-to-treat population 

therefore included 142 patients in the intervention arm and 134 patients in the control arm. 

We followed-up all patients until the end of their planned treatment period or death, and the 

last patient ended treatment on October 4 2021. 
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Overall, 62% (170) of patients were male, the median age was 56 years old, 87% (239) only had 

an education level of primary or below, 77% (213) were farmers, 82% (226) were married, the 

median reported monthly income was US$154, and the median family size was five. At 

diagnosis 75% (206) were sputum negative. There were no sizable differences in the measured 

characteristics between the two treatment arms, and the distribution of recruitment dates 

appeared well balanced (Table 1). All health providers and patients were followed-up regularly 

based on either our interventions or the requirements of the national TB programme. In the 

intervention arm only 1.4% (2/142) of patients were triggered to receive VOT in month 1 but 

this rose to 31.2% (44/141) by month 6, while over 91% (93/102) of patients requiring VOT 

successfully received it, with the rest receiving audio calls via WeChat due to poor signal (Table 

S7). When comparing EMM adherence data to the prioritised empty blister counts 2.1% (3/142) 

of patients in the intervention arm and 8.2% (11/134) of patients in the control arm had some 

discrepancies.  

 

When considering the complete case analyses for our primary outcome the percentage of 

patients’ treatment months with poor adherence was 10.2% (87/854) in the intervention arm 

and 36.5% (290/795) in the control arm, and the corresponding adjusted risk difference was -

29.2 percentage points (95% CI: -35.3, -22.2; p<0.001). The crude risk difference was very 

similar. The sensitivity analyses exploring how imputing the missing primary outcome data (due 

to patient death) under the two most extreme potential scenarios showed very little 

differences from the complete case results (Table S1). Figure 2 shows that levels of poor 

adherence increased in both intervention and control arms across patient treatment months, 
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with the gap between the two arms appearing to remain broadly constant. This was reflected 

by the effect modification analysis of the primary outcome comparing treatment periods, which 

indicated a small but clear reduction, on the additive scale, in the adjusted risk difference 

during treatment months four to six or seven compared to during treatment months one to 

three, under the complete case and more plausible intervention-best control-worst scenario, 

but not the intervention-worst control-best scenario (Table S2). There was no evidence for any 

additive-scale effect modification of the primary outcome due to sex or age (Table S3 and S4). 

All the effect modification analyses had very low power though and should be treated as 

exploratory. 

 

The intervention appeared to beneficially impact all secondary outcomes other than sputum 

conversion (Table 2). Treatment success was 93.7% (133/142) in the intervention arm and 

73.1% (98/134) in the control arm, with an adjusted risk difference of 21 percentage points 

(95% CI: 12.4, 29.4; p<0.001) and a similar crude risk difference. There was no clear evidence of 

any effect modification on this outcome by sex (Table S5) or age group (Table S6). The total 

percentage of missed doses (complete case data) was 7.7% (1976/25594) in the intervention 

arm and 29.1% (6937/23872) in the control arm, with an adjusted risk difference of -22.4 

percentage points (95% CI: -28.3, -16.9; p<0.001) and a similar crude risk difference. Overall 

poor adherence (complete case data) was 22.5% (32/142) in the intervention arm and 53.7% 

(72/134) in the control arm, with an adjusted risk difference of -32.7 percentage points (95% CI: 

-43.2, -21.8; p<0.001) and a similar crude risk difference. For the total percentage of missed 

doses and overall poor adherence outcomes the sensitivity analyses exploring how imputing 
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the missing outcome data due to patient death under the two most extreme potential 

scenarios again showed very minimal differences from the complete case results (Table S1). 

Lost to follow-up was 2.8% (4/142) in the intervention arm and 21.6% (29/134) in the control 

arm, with an adjusted risk difference of -19.3 percentage points (95% CI: -26.7, -11.8; p<0.001) 

and a similar crude risk difference. Poor treatment was 7% (10/142) in the intervention arm and 

29.1% (39/134) in the control arm, with an adjusted risk difference of -23.1 percentage points 

(95% CI: -31.6, -14.1; p<0.001) and a similar crude risk difference. Finally, among patients who 

were sputum positive at diagnosis, sputum conversion at the end of the second month of 

treatment was 90% (36/40) in the intervention arm and 73.1% (19/26) in the control arm, with 

an adjusted risk difference of 13.2 percentage points (95% CI: -2.5, 41.1; p=0.2). The crude risk 

difference was slightly higher (19.2 percentage points [95% CI: -3, 39.5; p=0.077), but neither 

estimate provided clear evidence for any treatment effect on this outcome.  

 

Discussion 

In this trial, we evaluated the effect of a comprehensive intervention package including an 

EMM, an associated app to facilitate adherence monitoring and communication between 

patients and healthcare workers, provision of a treatment supporter, and a free smartphone 

data package, on TB treatment adherence and outcomes. Our intervention substantially 

reduced the monthly-level percentage of poor adherence by -29 percentage points (95% CI: -

35, -22), representing a very clear benefit for patients and public health. We also observed clear 

improvements in treatment success, the total percentage of missed doses, overall poor 
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adherence, lost to follow-up, and poor treatment outcomes. In all cases, the size of the 

improvements implied clear benefits for patient and public health. 

 

Our adherence-related results are broadly consistent with previous studies employing DATs to 

improve TB treatment adherence. Among five published randomised controlled trials using 

DATs to support TB treatment,12-15,32 four studies were conducted in LMIC settings,12,13,15,32 but 

only two, which were both in China, looked at adherence measures.12,13 Compared with the two 

trials Liu and colleagues conducted in China12,13 that employed an earlier version of EMMs, we 

identified a larger reduction of monthly-level poor adherence (missing ≥20% of monthly doses), 

and compared to their earlier trials we also found a larger reduction in the more stringent 

measure of exceeding 10% non-adherence overall, which has been strongly linked with 

unfavorable treatment outcomes.33 We would recommend future adherence trials also report 

this more stringent measures. The 99DOTS trial in Uganda reported no improvement regarding 

treatment outcomes, but improved treatment success for TB patients who used the DAT, whom 

accounted for 52% of the total during the intervention period.15 To the best of our knowledge, 

our trial, which employed a comprehensive package including a DAT, is one of the first such 

trials to report clear and substantial improvements in TB treatment success. We also 

demonstrated a large reduction in poor treatment outcomes, though direct comparison with 

the Kenya trial32 is prohibitive due to heterogeneity in trial design and reporting. The possible 

reasons for these findings are  1) the poor adherence rate in Tibet was much higher compared 

to that of the rest of China, 2) we employed a new generation of EMMs that can update 

healthcare providers on adherence in real time, 3) we employed a comprehensive package of 
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interventions that improved communications between patients and health providers at the 

village, township, and county levels, and 4) most patients in our intervention arm used their 

EMMs during treatment.  

 

One of our strengths is that we employed a comprehensive intervention package based on 

EMMs with a wide range of components to support treatment adherence. These included voice 

reminders and, via a linked app, simultaneous messaging to doctors’ smartphones to record 

medication-taking, which facilitated follow-up communications (often in the form of WeChat 

audio/video calls). Our interventions also included family treatment supporters, who helped 

patients managing the EMM and app, which was particularly beneficial for older patients who 

had low smartphone literacy. We asked patients to report any side effects to their TB doctors 

by using the app. Patients also received health education messages from the app. Other 

intervention components have emphasised the importance of equitable access to interventions 

relying on technology, as such we also provided a data package to every patient in the 

intervention arm. While most intervention-arm patients used their own smartphones we 

provided a limited number (10.6% [15/142]) to those who did not have access to one. All the 

intervention components were co-designed with partners in Tibet to ensure good 

understanding of the cultural context.34 We followed the Medical Research Council (MRC)’s 

guidelines in designing complex interventions,35 which helped us to identify the specific aim of 

improving the communication between patients and health providers. Indeed, systematic 

reviews suggest that DATs alone will not improve treatment unless they also improve 

communication between patients and their care teams.7 We first piloted our intervention 
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package to test feasibility and acceptability, before revising and then evaluating it in this trial. 

Another strength of the trial is that it comprises a robust real-world evaluation of the impact of 

EMMs on TB treatment outcomes in a remote and low-resource setting, similar to other 

settings in high TB-burden LMICs. We implemented a hybrid pragmatic trial that tested both 

the intervention package and its implementation strategy. We embedded our interventions 

within the roles of existing care providers to ensure feasibility. We used minimal exclusion 

criteria and our findings can apply widely to new pulmonary TB patients, given that 99% 

(248/250) of ineligible patients were ineligible due to their (pre-defined) type of TB and only 

6.1% (17/278) of patients meeting those criteria refused to participate (Figure 1). We also 

followed the MRC guideline36 in conducting a process evaluation to understand key issues of 

reach, fidelity, feasibility, adaptation and sustainability, which will be reported elsewhere.  

 

The trial has several limitations. First, the operational nature of the trial made it impossible to 

blind patients, TB doctors, village doctors, or treatment supporters to the intervention but the 

investigators were blinded during data preparation. Second, the trial recruitment experienced 

long suspension periods due to the COVID-19 pandemic and TB service delivery model 

transitions. Tibet implemented several strict lockdowns in response to the COVID-19 outbreaks 

in China, and patients were not able to travel to TB dispensaries for diagnosis or treatment 

during the lockdowns. During the TB model transfer periods there were staff shortages, 

meaning that only routine diagnosis and treatment services were provided and trial 

recruitment had to suspend. We found no clear difference in the distribution of sex or age 

characteristics between the 136 eligible TB patients registered in the national TB programme 
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during the recruitment period who were not approached compared with the 278 recruited 

patients (Table S8). We expanded the trial to another four counties to fulfill the recruitment 

target. Third, there may be some ascertainment bias because healthcare providers were not 

blinded during the blister counts, and we used EMMs to collect adherence data while EMMs 

were one of the intervention components. Though our process evaluation did not find any 

evidence of "pill-dumping", i.e. participants disposing of pills prior to prescheduled adherence 

evaluation visits, this was still a possibility. Ideally we would have used objective measures such 

as urine isoniazid testing, but this was not feasible in this setting. Fourth, the EMM with voice 

message may not be applicable to people who live in dormitories, such as students or workers, 

as seen from our refusal cases. Fifth, we did not include retreatment cases, non-pulmonary TB 

patients, and MDR-TB patients because their treatment is much longer, may involve injectable 

medication, and may require hospitalisation in Lhasa. Therefore, our results may not be 

generalisable to this patient population group, who may have greater need for EMMs. 

Consequently, specific treatment adherence-support guidance using EMMs should be 

developed and trialed in these patient populations in future research. Finally, we included the 

option of VOT but some patients opted to use WeChat audio calls with their health providers.  

 

There is an urgent global need for more DATs that are patient-centred and act as a low-cost 

alternative to DOT to ensure effective adherence to TB treatment. This need became more 

urgent during the pandemic when lockdowns and travel disruptions were more frequent. A 

variety of DATs, including EMMs, VOT, and 99DOTs were included in the recently published 

WHO consolidated guidelines for treating drug-susceptible and drug-resistant TB.37 Our 
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experience showed that, although promising, new DATs need to be adapted into the local 

context to improve patient communications with health providers so to maximise patient 

uptake and use, and these technologies need to be embedded into the routine work of health 

providers.  

 

In conclusion, our trial has provided evidence that a comprehensive package of interventions 

involving EMMs can improve treatment adherence and treatment outcomes among drug-

susceptible TB patients in Tibet. Based on our results and continuous engagement with policy 

makers, our intervention package, including the EMM and associated app, has been included in 

the national TB programme within Tibet, with the local government providing funding to ensure 

every TB patient can access an EMM and the other interventions in our package.38 In settings 

where mobile connectivity functions, EMMs that are adapted to the local context can be a key 

tool towards reaching the ambitious goals of the global END-TB Strategy by 2035. 
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Box 1. Detailed intervention and control arm procedures 

Intervention 

components 
Intervention arm Control arm 

Electronic 

medication 

monitors 

(EMMs) 

1. At recruitment the patient’s TB doctor assigned them an EMM box, linked it with 
the patient’s medical record, and demonstrated how to use the EMM box. The 
treatment supervisor (village doctor) visited the patient’s home within the first week 
of treatment and helped them solve any remaining problems they may have had 
when using the EMM. 
2. The EMM reminded the patient to take their medicine on time everyday using 
human voice recordings. 
3. The EMM transmitted medication adherence history, based on when the patient 

opened their EMM, to a cloud-based server that could be accessed by their TB 

doctor and treatment supervisor through the website or an app. These health staff 

were then able to use this information to monitor the patient’s adherence history 

and outpatient visits, and could provide specific follow-up support accordingly. 

1. At recruitment the patient’s TB doctor assigned 
them an EMM box, linked it with the patient’s 
medical record, and demonstrated how to use the 
EMM. The treatment supervisor (village doctor) 
visited the patient’s home within the first week of 
treatment and helped them solve any remaining 
problems they may have had when using the 
EMM. 
2. The EMM reminder function was disabled.  
3. EMMs transmitted medication adherence 

history, based on when the patient opened their 

EMM, to a cloud-based server, but this 

information could not be accessed by their TB 

doctor or treatment supervisor. These health staff 

visited patients to provide follow-up support at 

their own discretion. 

Treatment 

supporter 

(family member) 

1. During recruitment or at the first home visit by the treatment supervisor a family 
member was chosen to act as a treatment supporter. The family member had to 
live in the same house as the patient, care about the patient, and be literate in 
using a smartphone.  
2. When appointed, the family member was trained by the treatment supervisor 

about their responsibilities, which included an expectation of providing 

psychological support to patients and helping them to use the EMM and the 

WeChat app (see below). 

Family treatment supporters were not selected. 

Smartphone-

enhanced 

communication 

1. At recruitment or during the first home visit the TB doctor or treatment supervisor 
demonstrated to the patient how to install and use the WeChat app on their 
smartphone, or if the patient was not able to use a smartphone or WeChat they 
demonstrated to the patient’s treatment supporter how to install and use the 
WeChat app on their smartphone. 
2. This app enabled direct communication between the patient (or their treatment 
supporter) and their TB doctor and/or treatment supervisor about their medication, 
medication adherence history, follow-up issues, and/or specific health education. 

Patients or treatment supporters were not able to 

use the WeChat app, and were not provided with 

free data plans or smartphones, and TB doctors 

and treatment supervisors contacted patients 

through traditional means, such as physical visits 

or phone calls. 



3. Free smartphone data plans were provided to all patients, and free smartphones 

were provided to patients or their treatment supporters who did not have one. 

Video-observed 

treatment (VOT) 
1. TB treatment supervisors or TB doctors identified patients at high risk of being 
lost to follow-up (not starting treatment or missing all medication doses for two or 
more consecutive treatment-months) based on whether the patient a) refused to 
start or continue treatment, b) missed three consecutive medication doses (as 
recorded by the EMM data), or c) expressed serious concerns about maintaining 
their adherence to their medication. 
2. Treatment supervisors were trained that if their patient was considered a high 
risk of becoming lost to follow-up they should explore with the patient their reasons 
for non-compliance and what help may be needed. The treatment supervisor or TB 
doctor then initiated VOT while trying to provide any help needed. 
3. The treatment supervisor documented the implementation of VOT. Patients who 

accepted the invitation to begin VOT were given instructions either in the TB 

dispensary or at home during the visit of their treatment supervisor. Using the 

WeChat app VOT was done with the TB supervisor via a live video conversation or 

via recorded video/pictures showing them taking their medicine. VOT was provided 

until three consecutive doses were completed on time, after which the patient 

switched back to the normal approach using their EMMs. Patients who did not 

agree to receive VOT were called daily by treatment supervisors until three 

consecutive doses were completed. 

Video-observed treatment was not provided to 

patients. 



Table 1. Characteristics of the 276 participants in the trial 

Patient characteristics Intervention 

group 

Control group Overall 

Number of patients 142 134 276 

County of residence    

Samzhubze 36 (25.4%) 34 (25.4%) 70 (25.4%) 

Sa’gya 39 (27.5%) 37 (27.6%) 76 (27.5%) 

Gyantse 44 (31.0%) 41 (30.6%) 85 (30.8%) 

Ngamring 12 (8.5%) 12 (9.0%) 24 (8.7%) 

Tingri 9 (6.3%) 5 (3.7%) 14 (5.1%) 

Bainang 2 (1.4%) 5 (3.7%) 7 (2.5%) 

Sex    

Male 89 (62.7%) 81 (60.4%) 170 (61.6%) 

Female 53 (37.3%) 53 (39.6%) 106 (38.4%) 

Age (years) 57.0 (40.2, 64.8) 55.0 (40.0, 62.8) 56.0 (40.0, 64.0) 

Education level    

Primary school or below 127 (89.4%) 112 (83.6%) 239 (86.6%) 

High school 12 (8.5%) 13 (9.7%) 25 (9.1%) 

College or above 3 (2.1%) 9 (6.7%) 12 (4.3%) 

Job    

Farmer 106 (74.6%) 107 (79.9%) 213 (77.2%) 

Other 36 (25.4%) 27 (20.1%) 63 (22.8%) 

Monthly income (U.S. Dollars*) 154.6 (0.0, 309.1) 185.5 (0.0, 463.7) 154.6 (0.0, 343.9) 

Number of family members 5.0 (3.0, 7.0) 6.0 (4.0, 8.0) 5.0 (3.0, 7.0) 

Marital status    

Married 116 (81.7%) 110 (82.1%) 226 (81.9%) 

Single, divorced, or widowed 26 (18.3%) 24 (17.9) 50 (18.1%) 

Sputum smear test at diagnosis    

Negative 102 (71.8%) 104 (77.6%) 206 (74.6%) 

Positive 40 (28.2%) 30 (22.4%) 70 (25.4%) 

Planned treatment length    

6 months 138 (97.2%) 128 (95.5%) 266 (96.4%) 

7 months 4 (2.8%) 6 (4.5%) 10 (3.6%) 

Recruitment date count† 519.5 (280.0, 

711.5) 

545.0 (305.2, 

709.0) 

527.0 (289.2, 710.5) 

Data are frequency (%) for categorical variables and median (IQR) for numerical variables. There are 

no missing values for any variable. * Based on the exchange rate on 30 April 2021: 1 US dollar = 6.47 

RMB. † Count of the number of days between each patients’ recruitment date and the date the first 

patient was recruited. 



Table 2. Intervention effects on all outcomes 

 Summary values Risk difference in percentage 

points (95% CI); p-value 

Risk ratio (95% CI); p-value 

Outcome Intervention Control Adjusted Crude Adjusted Crude 

Primary outcome       

Monthly poor treatment adherence 

(missing ≥20% of planned doses in the 

treatment month) 

10.2% (87/854) 36.5% (290/795) -29.2 (-35.3, -
22.2); <0.001 

-28.7 (-34.5, -
21.8); <0.001 

0.33 (0.23, 
0.43); <0.001 

0.34 (0.26, 
0.45); <0.001 

Secondary outcomes       

Treatment success (cured [negative at 

completion and ≥1 other month] or 

completed treatment [complete with no 

evidence of failure but results proving 

cured were not done/unavailable]) 

93.7% (133/142) 73.1% (98/134) 21 (12.4, 29.4); 

<0.001 

21.4 (12.8, 

29.8); <0.001 

1.29 (1.16, 

1.45); <0.001 

1.3 (1.17, 1.46); 

<0.001 

Total % of planned doses missed 

during treatment 

7.7% 

(1976/25594) 

29.1% 

(6937/23872) 

-22.4 (-28.3, -

16.9); <0.001 

-22.2 (-27.9, -

16.8); <0.001 

0.25 (0.18, 

0.35); <0.001 

0.25 (0.18, 

0.35); <0.001 

Overall poor treatment adherence 

(missing ≥10% of all planned doses) 

22.5% (32/142) 53.7% (72/134) -32.7 (-43.2, -
21.8); <0.001 

-32.2 (-42.7, -

21.4); <0.001 

0.4 (0.28, 0.56); 
<0.001 

0.41 (0.28, 

0.57); <0.001 

Lost to follow-up (never started 

treatment after diagnosis or missed ≥2 

consecutive months of treatment) 

2.8% (4/142) 21.6% (29/134) -19.3 (-26.7, -
11.8); <0.001 

-19.7 (-27.1, -
12.2); <0.001 

0.12 (0.03, 0.3); 
<0.001 

0.12 (0.03, 
0.29); <0.001 

Poor treatment (died, lost to follow-up, 

or treatment failure [positive at 

treatment month ≥5]) 

7.0% (10/142) 29.1% (39/134) -23.1 (-31.6, -
14.1); <0.001 

-23.1 (-31.5, -

14.3); <0.001 

0.23 (0.11, 
0.42); <0.001 

0.23 (0.11, 
0.41); <0.001 

Sputum conversion (positive to 

negative) at end of 2nd month 

90% (36/40) 73.1% (19/26) 13.2 (-2.5, 41.1); 

0.2 

19.2 (-3, 39.5); 

0.077 

1.18 (1, 2.74); 

0.2 

1.28 (1, 1.88); 

0.077 

Treatment arm summary values are % (number of events/total possible events). Denominators for the primary outcome represent the number of patient 

treatment-months per arm across all patients. Denominators for the total % of planned doses missed during treatment outcome represent the number of 



planned doses per arm across all patients. All other outcome denominators represent the number of patients per arm. For the treatment effect results the 

binary primary outcome was derived and analysed at the patient treatment-month level (planned treatment length being six/seven months), and all other 

outcomes were derived and analysed at the patient level. All treatment effect results calculated via a marginal standardisation approach using bootstrapping 

and permutation methods to obtain the confidence intervals and p-values respectively (incorporating a clustered approach for the primary outcome). All 

adjusted results were adjusted for the covariates county (the stratum/centre), age (years), sex (male/female), job (farmer/other), marriage status 

(married/single or divorced or widowed), and the primary outcome alone was also adjusted for treatment month (treated as a “continuous” variable). All crude 

results were only adjusted for county (the stratum/centre), and the primary outcome alone was again also adjusted for treatment month. All outcomes other 

than sputum conversion included the intention-to-treat population. When analysing the primary outcome, the total % of planned doses missed during 

treatment outcome, and the overall poor adherence outcome, these analyses included outcome values for patients who died during treatment that were 

derived only from their dose adherence data available prior to death (see supplementary materials for full details and sensitivity analyses). Sputum conversion 

analyses included the subset of the intention-to-treat population who were sputum negative at diagnosis.  



 

Figure 1. Trial profile 

a. Patients were identified from 16 November 2018 to 31 March 2021 in six counties in Tibet, 
China. 

b. Inclusion criteria were patients aged 15 years or older and newly diagnosed as active 
pulmonary TB starting outpatient (ambulatory) care on the standard 6-month treatment 
regimen. 

c. During the recruitment period the trial was suspended for 9 months in Samzhubze, 7 
months in Sa’gya, and 3 months in Gyantse in total due to either 1) impact of COVID-19 
emergency response or 2) TB diagnosis and treatment functions were transferred from 
county CDC to county hospital according to the local policy change. During the suspension 
period, all patients received usual TB management but were not invited to participate in 
the trial. There were 50, 46, and 23 eligible patients identified during the suspension period 
in Samzhubze, Sa’gya and Gyantse respectively. 

d. Among 17 patients who refused to participate in the trial, 6 patients (35.3%) were students 
who did not want to bring the electronic monitor into their dormitories, 6 patients (35.3%) 
were bus drivers or construction workers who did not have a place for the electronic 
monitor in their dormitory, and 5 patients (29.4%) simply refused to participate in the trial 
without providing clear reasons. 

e. According to the local TB management policy, bacteriologically positive TB sample will be 
sent for drug susceptibility testing. There were two participants identified as MDR-TB later 
and thus no longer met the inclusion criteria, as such these participants were excluded for 
analysis.



 

Figure 2. Percentage of patients missing ≥20% planned medication doses per treatment month 

Patients are expected to take 30 medication doses per treatment month. Bar heights represent the percentage of patients who missed ≥20% of their 30 

planned medication doses in the given treatment month by treatment arm. Numbers above bars represent the number of patients who missed ≥20% of their 

30 planned medication doses in the given treatment month out of the number of patients receiving treatment that month. Patients who died are included in the 

figure’s results for months up to and including the month of their death if it was possible to determine their poor/non-poor adherence status for that month, but 

otherwise excluded, and are also excluded from the results for any months subsequent to their death. 
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1. Additional statistical analysis details 

 

1.1. Software 

 

We used the blockrand1 package to create the randomisation scheme and cards. We used 

the geepack2 package to fit the generalised estimating equations (GEEs), base R functions 

to fit the logistic regressions, the rsample3 package to do the bootstrap resampling, the 

coxed4 package to calculate the bias-corrected accelerated bootstrap confidence intervals, 

and the permute5 package to do the permutations necessary to calculate the permutation-

based p-values. 

 

1.2. Missing data 

 

1.2.1. Overview 

 

For all patients we were able to collect full covariate data and full outcome data for our 

secondary outcomes of treatment success, lost to follow-up, poor treatment outcome, and 

sputum conversion at the end of the second month of treatment. Therefore, for these 

outcomes we had no missing data. Note that lost to follow-up is a WHO standard 

tuberculosis outcome, and is defined as a patient either not initiating treatment or missing 

treatment for two consecutive months or more. It therefore represents a patient being “lost” 
from treatment but necessarily not lost from the study, and in this study we were indeed able 

to track all patients and their outcomes for the duration of the study, either via direct contact 

or via contact with their treatment provider or treatment supporter. However, our primary 

outcome of monthly poor adherence and our secondary outcomes of the total percentage of 

doses missed and overall poor adherence were all computed from patient medication dose 

adherence data. Therefore, patients who died during treatment by definition did not have full 

dose adherence data for their entire treatment period (while all other patients did). 

 

Our broad approach to deal with this missing data problem for these three outcomes was to 

present complete case analyses based on the available data in the main paper, and then 

present a set of sensitivity analyses here in the supplementary materials to explore how the 

results for these outcomes change when imputing the missing data under two contrasting 

extreme assumptions. 

 

1.2.2. Complete case analyses 

 

For our primary outcome complete case analyses for patients who died we set the binary 

monthly indicator of poor adherence (missing ≥20% of planned doses for that month) for the 
treatment month during which they died to missing unless there was sufficient data to impute 

a guaranteed outcome. Specifically, if the patient had lived long enough during that month 

and had either missed enough doses or taken enough doses such that that month’s primary 
outcome could only be poor/good adherence respectively, we imputed the primary outcome 

for that month accordingly. For all patients who died prior to their final month of treatment we 
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set all primary outcome monthly indicators subsequent to the month in which they died to 

missing. 

 

For our secondary outcome of the total percentage of doses missed for our complete case 

analyses for patients who died we simply used the dose adherence data that was available 

prior to their death. For our secondary outcome of overall poor adherence (≥10% of all doses 
missed) for our complete case analyses for patients who died we computed the binary 

indicator based on the available data. 

 

1.2.3. Sensitivity analyses 

 

Our sensitivity analyses used a “best-worst” “worst-best” approach to explore how imputing 
the missing data for the three outcomes under the contrasting two most extreme scenarios 

altered the results and conclusions. For both sets of sensitivity analyses we only imputed 

data for patients who died, on the assumption that they had lived for the full extent of their 

planned treatment duration (in all cases this was six months). For our best-worst analyses 

we assumed that intervention arm patients who died actually survived and had full 

adherence to their medication subsequent to their death, while control arm patients who died 

actually survived and had full non-adherence to their medication subsequent to their death. 

For our worst-best analyses we simply assumed the opposite scenario: intervention arm 

patients who died actually had survived and had full non-adherence to their medication 

subsequent to their death, while control arm patients who died actually survived and had full 

adherence to their medication subsequent to their death. To be clear, we did not change 

their adherence data prior to death. 

 

For each scenario we then used the partially imputed dose-level adherence data to re-

compute the three outcomes and re-analyse them using the methods previously described 

(i.e. producing crude and adjusted measures of treatment effect in the form of risk 

differences and risk ratios and their associated confidence intervals and p-values). We 

present the complete case, best-worst, and worst-best sets of results for these three 

outcomes together below in table S1 for easy comparison. 

 

 

2. Deviations for protocol planned methods: justifications and further 

details not discussed in the main paper 

 

2.1. Treatment completion secondary outcome switched to treatment success 

 

We dropped treatment completion and switched to including treatment success as a 

secondary outcome prior to the data analysis because we realised we had made a mistake 

when planning to include treatment completion instead of treatment success. As per the 

WHO definitions and reporting framework for TB outcomes6 treatment success is a more 

comprehensive indicator than treatment completion as it measures if a patient either 

completes treatment without evidence of cure or is show to be cured. It is therefore more 
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relevant as an indicator of a successful clinical outcome for a patient, following their 

treatment for TB. 

 

2.2. Analysis methods 

 

2.2.1. Primary outcome 

 

We changed our protocol-planned approach to estimating the primary outcome’s adjusted 
and crude risk differences and risk ratios directly via GEEs with binomial errors and identity 

links to using the marginal standardisation approach described in the main paper because 

we had universal model convergence issues with our originally planned approach (a known 

issue with the approach that, with hindsight, we should have planned for in the protocol). We 

then also switched to calculating the associated 95% confidence intervals and p-values via 

the bootstrap and permutation approaches described in the main paper, as a robust way to 

obtain these quantities. The other commonly used approach is to rely on delta-method 

based standard errors, but bootstrapping and permutation requires fewer assumptions to 

obtain valid measures. This change in approach therefore also applied to the effect 

modification analyses for the primary outcome. 

 

2.2.2. Secondary outcomes 

 

We already planned in the protocol to use marginal standardisation to obtain adjusted and 

crude risk differences for all secondary outcomes other than the total percentage of missed 

doses. However, for this secondary outcome we had previously planned to use linear 

regression to directly estimate the treatment effect, with the outcome being derived as the 

patient-level proportion of missed doses. With hindsight this was a poor choice as such an 

outcome was never likely to be approximately normally distributed. Therefore, for a more 

appropriate approach that was also consistent with how we analysed our other binary 

secondary outcomes we instead estimated the adjusted and crude risk differences and risk 

ratios for this outcome via marginal standardisation using logistic regression models, by 

treating the outcome as a true binomial outcome (with the number of successes being the 

number of missed doses per patient and the number of trials being the number of planned 

doses per patient). We did initially try converting the outcome to a binary, dose-level 

outcome, but the data became so large that it was computational not an efficient approach 

when having to run large numbers of bootstraps and permutations.  

 

2.2.3. Covariate adjustment choice 

 

In our protocol we planned for our adjusted and crude analyses of the primary outcome to 

adjust for treatment month as a categorical variable. However, after examining partial 

residual plots from the adjusted and crude GEEs there was no clear indication of a non-

linear relationship between time and the primary outcome. Therefore, we decided instead to 

adjust for treatment month as a continuous variable (in practice it was recorded as a discrete 

count) as this provided an adequate fit to the data while requiring far fewer model 
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parameters, particularly when it came to the effect modification analyses. We also planned 

to adjust the adjusted analyses of the primary outcome and all secondary outcomes for age 

as a categorical variable (15-49 or 50+), marriage (married or never married/not currently 

married), and employment status (farmer, other, or unemployed/retired). However, the partial 

residual plots again showed no clear there was no clear non-linear relationship between age 

and any outcomes, so we instead adjusted for age as a continuous (in reality discrete) 

variable for the same reason. Then, due to data sparsity, we instead adjusted all adjusted 

outcome analyses for marriage status as married or other (i.e. single/divorced/widowed), and 

employment status as farmer or other. 

 

2.2.4. Effect modification: treatment completion, travel time, and treatment period 

 

We originally planned to analyse effect modification for the originally-planned secondary 

outcome of treatment completion. However, as we changed this outcome to treatment 

success we analysed effect modification for this outcome instead. In our protocol we also 

planned to analyse effect modification for our primary outcome and treatment completion 

due to travel time to TB dispensaries, but we were unable to collect the required data to do 

these analyses and so they were dropped. Then lastly, subsequent to the protocol we 

decided it would be important to understand whether the effect of the intervention on the 

primary outcome and treatment success differed between the earlier and latter phases of 

treatment. We therefore added effect modification analyses for these two outcome where we 

looked at the intervention effect during the first three treatment months and during the final 

three treatment months (or during the final four months of treatment for patients who had 

seven-month treatment plans).  
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Table S1. Intervention effect on primary and relevant secondary outcomes under complete case, intervention-best 

control-worst, and intervention-worst control-best imputation scenarios for death-related missing dose adherence data 

 Summary values Risk difference in percentage points 

(95% CI); p-value 

Risk ratio (95% CI); p-value 

Outcome Intervention Control Adjusted Crude Adjusted Crude 

Complete case analysis 

Primary outcome       

Monthly poor 

adherence 

10.2% (87/854) 36.5% (290/795) -29.2 (-35.3, -22.2); 
<0.001 

-28.7 (-34.5, -21.8); 
<0.001 

0.33 (0.23, 0.43); 
<0.001 

0.34 (0.26, 0.45); 
<0.001 

Secondary 

outcomes 

      

Total missed doses 7.7% 
(1976/25594) 

29.1% 
(6937/23872) 

-22.4 (-28.3, -16.9); 
<0.001 

-22.2 (-27.9, -16.8); 
<0.001 

0.25 (0.18, 0.35); 
<0.001 

0.25 (0.18, 0.35); 
<0.001 

Overall poor 

adherence 

22.5% (32/142) 53.7% (72/134) -32.7 (-43.2, -21.8); 
<0.001 

-32.2 (-42.7, -21.4); 
<0.001 

0.4 (0.28, 0.56); 
<0.001 

0.41 (0.28, 0.57); 
<0.001 

Intervention-best control-worst imputation scenario 

Primary outcome       

Monthly poor 

adherence 

9.9% (85/856) 37.7% (306/811) -30.3 (-36.5, -23.5); 
<0.001 

-30 (-35.9, -23.1); 
<0.001 

0.32 (0.24, 0.42); 
<0.001 

0.32 (0.24, 0.43); 
<0.001 

Secondary 

outcomes 

      

Total missed doses 7.7% 
(1976/25680) 

30.4% 
(7395/24330) 

-23.8 (-29.7, -18.1); 
<0.001 

-23.5 (-29.2, -18); 
<0.001 

0.24 (0.17, 0.33); 
<0.001 

0.24 (0.17, 0.33); 
<0.001 

Overall poor 

adherence 

22.5% (32/142) 55.2% (74/134) -34.3 (-44.8, -23.4); 
<0.001 

-33.7 (-43.9, -22.8); 
<0.001 

0.39 (0.27, 0.54); 
<0.001 

0.4 (0.28, 0.54); 
<0.001 

Intervention-worst control-best imputation scenario 
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Primary outcome       

Monthly poor 

adherence 

10.5% (90/856) 35.6% (289/811) -27.1 (-33.1, -20.2); 0 -26.8 (-32.6, -19.9); 

0 

0.36 (0.27, 0.47); 
<0.001 

0.36 (0.25, 0.46); 
<0.001 

Secondary 

outcomes 

      

Total missed doses 8.0% 

(2062/25680) 

28.5% 

(6937/24330) 

-21.5 (-27.2, -16); 
<0.001 

-21.3 (-26.9, -15.8); 
<0.001 

0.27 (0.19, 0.37); 
<0.001 

0.27 (0.19, 0.37); 
<0.001 

Overall poor 

adherence 

22.5% (32/142) 53.7% (72/134) -32.7 (-43.2, -21.8); 
<0.001 

-32.2 (-42.7, -21.4); 
<0.001 

0.4 (0.28, 0.56); 
<0.001 

0.41 (0.28, 0.56); 
<0.001 

Treatment arm summary values are % (number of events/total possible events). Denominators for the primary outcome represent the number of patient 

treatment months per arm across all patients. Denominators for the total % of planned doses missed during treatment outcome represent the number of 

planned doses per arm across all patients. Denominators for overall poor treatment represent the number of patients per arm. For the treatment effect 

results the binary primary outcome was derived and analysed at the patient treatment-month level (planned treatment length being six/seven months), and 

all other outcomes were derived and analysed at the patient level. All treatment effect results calculated via a marginal standardisation approach using 

bootstrapping and permutation methods to obtain the confidence intervals and p-values respectively (incorporating a clustered approach for the primary 

outcome). All adjusted results were adjusted for the covariates county (the stratum/centre), age (years), sex (male/female), job (farmer/other), marriage 

status (married/single or divorced or widowed), and the primary outcome alone was also adjusted for treatment month (treated as a “continuous” variable) 
and the interaction between treatment arm and treatment month. All crude results were only adjusted for county (the stratum/centre), and the primary 

outcome alone was again also adjusted for treatment month and the interaction between treatment arm and treatment month. All outcomes included the 

intention-to-treat population. Complete case analyses included outcome values for patients who died during treatment that were derived only from their 

dose adherence data available prior to death. Intervention-best control-worst analyses included outcome values for patients who died during treatment that 

were derived from their dose adherence data following imputation of the missing, post-death, dose adherence data, until the end of their planned treatment, 

assuming full dose adherence after death for death-patients in the intervention arm and full dose non-adherence after death for death-patients in the control 

arm. Intervention-worst control-best analyses followed the same imputation approach but assuming non-full adherence for death-patients in the intervention 

arm and full adherence for death-patients in the control arm following death. 
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Table S2. Primary outcome effect modification by treatment period (months 1-3 and 4-6/7) under complete case, 

intervention-best control-worst, and intervention-worst control-best imputation scenarios for death-related missing 

dose adherence data 

Summary value/intervention effect estimated Estimate 

Complete case analysis 

Month 1-3 intervention outcome summary (% [n/N]) 2.8% (12/426) 

Month 1-3 control outcome summary (% [n/N]) 23.6% (94/398) 

Month 1-3 intervention effect: ARD (95% CI); p-value -24.6 (-29.6, -16.6); <0.001 

Month 4-6/7 intervention outcome summary (% [n/N]) 17.5% (75/428) 

Month 4-6/7 control outcome summary (% [n/N]) 49.4% (196/397) 

Month 4-6/7 intervention effect: ARD (95% CI); p-value -33.3 (-42, -26.6); <0.001 

Effect modification: month 4-6/7 ARD - month 1-3 ARD (Percentage point [95% CI]; p-value) -8.7 (-18.7, -4); 0.011 

Intervention-best control-worst scenario 

Month 1-3 intervention outcome summary (% [n/N]) 2.8% (12/426) 

Month 1-3 control outcome summary (% [n/N]) 24.4% (98/402) 

Month 1-3 intervention effect: ARD (95% CI); p-value -25.2 (-30.5, -17.3); <0.001 

Month 4-6/7 intervention outcome summary (% [n/N]) 17% (73/430) 

Month 4-6/7 control outcome summary (% [n/N]) 50.9% (208/409) 

Month 4-6/7 intervention effect: ARD (95% CI); p-value -35 (-43.5, -28.2); <0.001 

Effect modification: month 4-6/7 ARD - month 1-3 ARD (Percentage point [95% CI]; p-value) -9.7 (-19.5, -4.8); 0.004 

Intervention-worst control-best scenario 

Month 1-3 intervention outcome summary (% [n/N]) 2.8% (12/426) 

Month 1-3 control outcome summary (% [n/N]) 23.4% (94/402) 

Month 1-3 intervention effect: ARD (95% CI); p-value -24 (-29.3, -16.2); <0.001 

Month 4-6/7 intervention outcome summary (% [n/N]) 18.1% (78/430) 

Month 4-6/7 control outcome summary (% [n/N]) 47.7% (195/409) 

Month 4-6/7 intervention effect: ARD (95% CI); p-value -30.5 (-39.1, -23.6); <0.001 

Effect modification: month 4-6/7 ARD - month 1-3 ARD (Percentage point [95% CI]; p-value) -6.5 (-16.2, -1); 0.076 
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ARD = adjusted risk difference. Treatment arm summary values are % (number of events/total possible events). Denominators represent the number of 

patient treatment-months per arm across all patients. For the adjusted risk difference results the binary primary outcome was derived and analysed at the 

patient treatment-month level (planned treatment length being six/seven months). Effect modification adjusted risk difference results calculated on the 

additive scale as the difference between the adjusted risk difference of each subgroup as indicated. All adjusted risk difference results were calculated via a 

marginal standardisation approach using bootstrapping and permutation methods (clustered within patient) to obtain the confidence intervals and p-values 

respectively. All adjusted results were adjusted for the covariates county (the stratum/centre), age (years), sex (male/female), job (farmer/other), marriage 

status (married/single or divorced or widowed), treatment month (treated as a “continuous” variable), and the interaction between treatment arm and 

treatment month and treatment period (month 1-3/6 or 7). All analyses included the intention-to-treat population. Complete case analyses included outcome 

values for patients who died during treatment that were derived only from their dose adherence data available prior to death. Intervention-best control-worst 

analyses included outcome values for patients who died during treatment that were derived from their dose adherence data following imputation of the 

missing, post-death, dose adherence data, until the end of their planned treatment, assuming full dose adherence after death for death-patients in the 

intervention arm and full dose non-adherence after death for death-patients in the control arm. Intervention-worst control-best analyses followed the same 

imputation approach but assuming non-full adherence for death-patients in the intervention arm and full adherence for death-patients in the control arm 

following death. 
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Table S3. Primary outcome effect modification by sex (male and female) under complete case, intervention-best control-

worst, and intervention-worst control-best imputation scenarios for death-related missing dose adherence data 

Summary value/intervention effect estimated Estimate 

Complete case analysis 

Male intervention outcome summary (% [n/N]) 10.5% (56/534) 

Male control outcome summary (% [n/N]) 39.3% (188/478) 

Male intervention effect: ARD (95% CI); p-value -26.4 (-36, -15.3); <0.001 

Female intervention outcome summary (% [n/N]) 9.7% (31/320) 

Female control outcome summary (% [n/N]) 32.2% (102/317) 

Female intervention effect: ARD (95% CI); p-value -30.8 (-38.9, -21.8); <0.001 

Effect modification: male – female ARD (Percentage point [95% CI]; p-value) -4.3 (-18.4, 9.1); 0.570 

Intervention-best control-worst scenario 

Male intervention outcome summary (% [n/N]) 10.3% (55/534) 

Male control outcome summary (% [n/N]) 41.1% (202/492) 

Male intervention effect: ARD (95% CI); p-value -27.2 (-36.8, -16.1); <0.001 

Female intervention outcome summary (% [n/N]) 9.3% (30/322) 

Female control outcome summary (% [n/N]) 32.6% (104/319) 

Female intervention effect: ARD (95% CI); p-value -32.2 (-40.5, -23.3); <0.001 

Effect modification: male – female ARD (Percentage point [95% CI]; p-value) -5.1 (-19.3, 8.4); 0.507 

Intervention-worst control-best scenario 

Male intervention outcome summary (% [n/N]) 10.7% (57/534) 

Male control outcome summary (% [n/N]) 38.2% (188/492) 

Male intervention effect: ARD (95% CI); p-value -25 (-34.4, -14); <0.001 

Female intervention outcome summary (% [n/N]) 10.2% (33/322) 

Female control outcome summary (% [n/N]) 31.7% (101/319) 

Female intervention effect: ARD (95% CI); p-value -28.3 (-36.3, -19.5); <0.001 

Effect modification: male – female ARD (Percentage point [95% CI]; p-value) -3.3 (-17.4, 9.9); 0.663 
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ARD = adjusted risk difference. Treatment arm summary values are % (number of events/total possible events). Denominators represent the number of 

patient treatment-months per arm across all patients. For the adjusted risk difference results the binary primary outcome was derived and analysed at the 

patient treatment-month level (planned treatment length being six/seven months). Effect modification adjusted risk difference results calculated on the 

additive scale as the difference between the adjusted risk difference of each subgroup as indicated. All adjusted risk difference results were calculated via a 

marginal standardisation approach using bootstrapping and permutation methods (clustered within patient) to obtain the confidence intervals and p-values 

respectively. All adjusted results were adjusted for the covariates county (the stratum/centre), age (years), job (farmer/other), marriage status 

(married/single or divorced or widowed), and treatment month (treated as a “continuous” variable), and the interaction between treatment arm and 

treatment month and sex (male/female). All analyses included the intention-to-treat population. Complete case analyses included outcome values for 

patients who died during treatment that were derived only from their dose adherence data available prior to death. Intervention-best control-worst analyses 

included outcome values for patients who died during treatment that were derived from their dose adherence data following imputation of the missing, post-

death, dose adherence data, until the end of their planned treatment, assuming full dose adherence after death for death-patients in the intervention arm 

and full dose non-adherence after death for death-patients in the control arm. Intervention-worst control-best analyses followed the same imputation 

approach but assuming non-full adherence for death-patients in the intervention arm and full adherence for death-patients in the control arm following 

death. 
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Table S4. Primary outcome effect modification by age (<56 and ≥56) under complete case, intervention-best control-

worst, and intervention-worst control-best imputation scenarios for death-related missing dose adherence data 

Summary value/intervention effect estimated Estimate 

Complete case analysis 

<56 intervention outcome summary (% [n/N]) 8.7% (35/404) 

<56 control outcome summary (% [n/N]) 35.5% (147/414) 

<56 intervention effect: ARD (95% CI); p-value -29.1 (-36.7, -20.4); <0.001 

≥56 intervention outcome summary (% [n/N]) 11.6% (52/450) 

≥56 control outcome summary (% [n/N]) 37.5% (143/381) 

≥56 intervention effect: ARD (95% CI); p-value -28.7 (-38.5, -18.1); <0.001 

Effect modification: <56 - ≥56 ARD (Percentage point [95% CI]; p-value) 0.3 (-12.6, 13.3); 0.966 

Intervention-best control-worst scenario 

<56 intervention outcome summary (% [n/N]) 8.7% (35/404) 

<56 control outcome summary (% [n/N]) 37.2% (158/425) 

<56 intervention effect: ARD (95% CI); p-value -30.2 (-37.8, -21.5); <0.001 

≥56 intervention outcome summary (% [n/N]) 11.1% (50/452) 

≥56 control outcome summary (% [n/N]) 38.3% (148/386) 

≥56 intervention effect: ARD (95% CI); p-value -30.1 (-39.7, -19.5); <0.001 

Effect modification: <56 - ≥56 ARD (Percentage point [95% CI]; p-value) 0.1 (-12.8, 13.3); 0.989 

Intervention-worst control-best scenario 

<56 intervention outcome summary (% [n/N]) 8.9% (36/404) 

<56 control outcome summary (% [n/N]) 34.6% (147/425) 

<56 intervention effect: ARD (95% CI); p-value -26.8 (-34.5, -18.3); <0.001 

≥56 intervention outcome summary (% [n/N]) 11.9% (54/452) 

≥56 control outcome summary (% [n/N]) 36.8% (142/386) 

≥56 intervention effect: ARD (95% CI); p-value -27 (-36.6, -16.3); <0.001 

Effect modification: <56 - ≥56 ARD (Percentage point [95% CI]; p-value) -0.3 (-13.2, 13); 0.976 
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ARD = adjusted risk difference. Treatment arm summary values are % (number of events/total possible events). Denominators represent the number of 

patient treatment-months per arm across all patients. For the adjusted risk difference results the binary primary outcome was derived and analysed at the 

patient treatment-month level (planned treatment length being six/seven months). Effect modification adjusted risk difference results calculated on the 

additive scale as the difference between the adjusted risk difference of each subgroup as indicated. All adjusted risk difference results were calculated via a 

marginal standardisation approach using bootstrapping and permutation methods (clustered within patient) to obtain the confidence intervals and p-values 

respectively. All adjusted results were adjusted for the covariates county (the stratum/centre), sex (male/female), job (farmer/other), marriage status 

(married/single or divorced or widowed), and treatment month (treated as a “continuous” variable), and the interaction between treatment arm and 

treatment month and age group (<56/≥56). All analyses included the intention-to-treat population. Complete case analyses included outcome values for 

patients who died during treatment that were derived only from their dose adherence data available prior to death. Intervention-best control-worst analyses 

included outcome values for patients who died during treatment that were derived from their dose adherence data following imputation of the missing, post-

death, dose adherence data, until the end of their planned treatment, assuming full dose adherence after death for death-patients in the intervention arm 

and full dose non-adherence after death for death-patients in the control arm. Intervention-worst control-best analyses followed the same imputation 

approach but assuming non-full adherence for death-patients in the intervention arm and full adherence for death-patients in the control arm following 

death. 
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Table S5. Treatment success effect modification by sex (male and female)  

Summary value/intervention effect estimated Estimate 

Male intervention outcome summary (% [n/N]) 94.4% (84/89) 

Male control outcome summary (% [n/N]) 71.6% (58/81) 

Male intervention effect: ARD (95% CI); p-value 19.7 (5.2, 33.8); 0.007 

Female intervention outcome summary (% [n/N]) 92.5% (49/53) 

Female control outcome summary (% [n/N]) 75.5% (40/53) 

Female intervention effect: ARD (95% CI); p-value 21.8 (11.5, 32.7); <0.001 

Effect modification: male – female ARD (Percentage point [95% CI]; p-value) 2.2 (-15, 19.9); 0.818 

ARD = adjusted risk difference. Treatment arm summary values are % (number of events/total possible events). Denominators represent the number of 

patients in that subgroup per arm. For the adjusted risk difference results the binary outcome was derived and analysed at the patient level. Effect 

modification adjusted risk difference results calculated on the additive scale as the difference between the adjusted risk difference of each subgroup as 

indicated. All adjusted risk difference results calculated via a marginal standardisation approach using bootstrapping and permutation methods to obtain the 

confidence intervals and p-values respectively. All adjusted results were adjusted for the covariates county (the stratum/centre), age (years), job 

(farmer/other), marriage status (married/single or divorced or widowed), and the interaction between treatment arm and sex (male/female). All analyses 

included the intention-to-treat population. 

   



16 
 

Table S6. Treatment success effect modification by age (<56 and ≥56)  
Summary value/intervention effect estimated Estimate 

<56 intervention outcome summary (% [n/N]) 97% (65/67) 

<56 control outcome summary (% [n/N]) 74.3% (52/70) 

<56 intervention effect: ARD (95% CI); p-value 23.2 (12.3, 34.1); <0.001 

≥56 intervention outcome summary (% [n/N]) 90.7% (68/75) 

≥56 control outcome summary (% [n/N]) 71.9% (46/64) 

≥56 intervention effect: ARD (95% CI); p-value 19 (5.8, 32); 0.003 

Effect modification: <56 - ≥56 ARD (Percentage point [95% CI]; p-value) -4.3 (-21.5, 12.6); 0.634 

ARD = adjusted risk difference. Treatment arm summary values are % (number of events/total possible events). Denominators represent the number of 

patients in that subgroup per arm. For the adjusted risk difference results the binary outcome was derived and analysed at the patient level. Effect 

modification adjusted risk difference results calculated on the additive scale as the difference between the adjusted risk difference of each subgroup as 

indicated. All adjusted risk difference results calculated via a marginal standardisation approach using bootstrapping and permutation methods to obtain the 

confidence intervals and p-values respectively. All adjusted results were adjusted for the covariates county (the stratum/centre), age (years), sex 

(male/female), job (farmer/other), marriage status (married/single or divorced or widowed), and the interaction between treatment arm and age group 

(<56/≥56). All analyses included the intention-to-treat population. 
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Table S7. Intervention-arm patients requiring VOT and frequency of successful implementation of VOT for those 

patients 

 Month Total 

 1 2 3 4 5 6 7  

Patients requiring VOT, % (n/total) 1.4% 

(2/142) 

1.4% 

(2/142) 

8.5% 

(12/142) 

12.7% 

(18/142) 

16.3% 

(23/141) 

31.2% 

(44/141) 

25% 

(1/4) 

11.9% 

(102/854) 

Successfully implemented VOT, % (n/total) 100% 

(2/2) 

100% 

(2/2) 

91.7% 

(11/12) 

94.4% 

(17/18) 

91.3% 

(21/23) 

88.6% 

(39/44) 

100% 

(1/1) 

91.2% 

(93/102) 

VOT = video-observed therapy. 

 



18 
 

Table S8. Comparison of basic patient characteristics (sex and age) between 

recruited patients and non-participating patients also undergoing treatment 

in the National Tuberculosis Programme during the trial period 

  Recruited patients* All new NTP patients* P-value† 

Number of patients 278 136   

Sex (% [n])     0.734 

  Male 61.5% (171) 63.2% (86)   

  Female 38.5% (107) 36.8% (50)   

Age (Median [IQR]) 56 (40, 64) 53 (24.5, 63) 0.132 

IQR = interquartile range. * Recruited patients are all patients who were recruited into the trial. All 

new NTP patients are all patients who were registered with the Chinese National Tuberculosis 

Program for treatment for tuberculosis during the trial recruitment period but who were not recruited 

into the trial. † P-value for sex obtained from a chi-square test of independence comparing the 

distribution of the number of males and females between recruited patients and all new NTP 

patients, and the p-value for age obtained from a Mann-Whitney U test comparing the distribution of 

ages (in years) between recruited patients and all new NTP patients. 
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