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Abstract

Tuberculosis (TB) is the leading infectious disease cause of death worldwide. In recent

years, stringent measures to contain the spread of SARS-CoV-2 have led to considerable

disruptions of healthcare services for TB in many countries. The extent to which these mea-

sures have affected TB testing, treatment initiation and outcomes has not been comprehen-

sively assessed. We aimed to estimate TB healthcare service disruptions occurring during

the COVID-19 pandemic in Brazil, India, and South Africa. We obtained country-level TB

programme and laboratory data and used autoregressive integrated moving average

(ARIMA) time-series models to estimate healthcare service disruptions with respect to TB

testing, treatment initiation, and treatment outcomes. We quantified disruptions as the per-

centage difference between TB indicator data observed during the COVID-19 pandemic

compared with values for a hypothetical no-COVID scenario, predicted through forecasting

of trends during a three-year pre-pandemic period. Annual estimates for 2020–2022 were

derived from aggregated monthly data. We estimated that in 2020, the number of bacterio-

logical tests conducted for TB diagnosis was 24.3% (95% uncertainty interval: 8.4%;36.6%)

lower in Brazil, 27.8% (19.8;3 4.8%) lower in India, and 32.0% (28.9%;34.9%) lower in

South Africa compared with values predicted for the no-COVID scenario. TB treatment initi-

ations were 17.4% (13.9%;20.6%) lower than predicted in Brazil, 43.3% (39.8%;46.4%) in

India, and 27.0% (15.2%;36.3%) in South Africa. Reductions in 2021 were less severe com-

pared with 2020. The percentage deaths during TB treatment were 13.7% (8.1%; 19.7%)
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higher than predicted in Brazil, 1.7% (-8.9%;14.0%) in India and 21.8% (7.4%;39.2%) in

South Africa. Our analysis suggests considerable disruptions of TB healthcare services

occurred during the early phase of the COVID-19 pandemic in Brazil, India, and South

Africa, with at least partial recovery in the following years. Sustained efforts to mitigate the

detrimental impact of COVID-19 on TB healthcare services are needed.

Introduction

Tuberculosis (TB) continues to be a serious threat to population health globally. In 2022, an

estimated 10.6 million individuals worldwide developed TB and 1.6 million TB-related

deaths occurred [1] making TB the single most common infectious disease cause of death

worldwide [2]. The SARS-CoV-2 pandemic exacerbated TB as a public health concern [3].

The World Health Organization reported that in 2020, 1.4 million fewer people received TB

treatment, compared with those reported in 2019 [4, 5]. Low- and middle-income countries

(LMICs), which account for 95% of all TB deaths worldwide, were severely affected by the

social and economic consequences of the COVID-19 pandemic and related response mea-

sures [6].

During lockdowns implemented to contain SARS-CoV-2 transmission, individuals faced

difficulties in accessing TB healthcare services due to movement restrictions, increased

financial constraints and elevated fear of contracting COVID-19 in healthcare settings

[7, 8]. Healthcare service delivery was negatively impacted as human and financial resources

were redirected towards addressing the demands of the COVID-19 pandemic. Staff short-

ages due to COVID-19 illness further impacted TB testing and treatment [9, 10]. Conse-

quently, these disruptions may have driven delayed and missed TB diagnoses, reduced

numbers of people initiating TB treatment, and increased rates of unfavourable TB treat-

ment outcomes [11].

Several countries have emphasized disruptions to TB healthcare services due to efforts to

reduce the spread of SARS-CoV-2. A survey of Global Fund-supported programmes across

106 countries found that 78% of TB programmes experienced substantial disruptions, with

17% experiencing high or very high levels of disruption [12]. According to WHO data from

March 2021, COVID-19 disruptions had a significant impact on TB care in over 84 countries;

it was estimated that these disruptions could be as high as 25%-50% [13].

A review of studies on COVID-19 impact on TB published in 2021 found that substantial

disruptions to TB services and increased vulnerability to TB had occurred [14]. Early evalua-

tions quantifying country-level disruptions to TB healthcare services in Brazil [15, 16], India

[17] and South Africa [18, 19] have been conducted [12]. However, these studies were limited

in capturing the full extent of TB healthcare service disruptions as they relied on relatively

short observation periods, conducted before and after comparisons of indicators without tak-

ing seasonal or annual trends into account, or did not include an assessment of data on TB

treatment outcomes.

This study formed part of the IMPAC19TB project, a large multi-national research project

on the epidemiological impact and intersection of the COVID-19 and tuberculosis pandemics

in Brazil, Russia, India and South Africa [20]. Using country-level TB programmatic and labo-

ratory data, we aimed to estimate the extent of TB healthcare service disruptions from the

onset of the COVID-19 pandemic in Brazil, India, and South Africa.
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Methods

Study setting

This study focused on Brazil, India and South Africa, three countries which rank among the 30

countries with the highest TB burden in terms of estimated incident TB cases and were also

severely affected by the COVID-19 pandemic [1]. Key indicator data for COVID-19 and TB

for the three countries are provided in Table 1.

Indicators and data sources

We assessed country-level trends in selected key TB indicators as proxy information to esti-

mate the extent of TB healthcare service disruptions during the COVID-19 pandemic

(Table 2).

Table 1. Population size, TB incidence and COVID-19 cases and deaths per country.

Population size (2022)

[21]

Total TB incidence (2022)

[1]

HIV-positive TB incidence

(2022) [1]

COVID-19 cases–cumulative*
[22]

COVID-19 deaths*
[22]

Brazil 215,313,498 105,000 (89,000–121,000) 19,000 (16,000–23,000) 38,210,864 708,638

India 1,417,173,173 2,820,000 (2,390,000–

3,280,000)

48,000 (40,000–55,000) 45,020,333 533,049

South

Africa

59,893,885 280,000 (182,000–398,000) 152,000 (99,000–217,000) 4,076,463 102,595

*29th January 2020- 12th January 2024.

https://doi.org/10.1371/journal.pgph.0003309.t001

Table 2. TB indicators evaluated.

TB indicator (per unit time§) Description

TB testing data

Number of TB tests conducted Number of bacteriological TB tests* conducted

Test positivity Number of bacteriological TB tests with a positive test result divided by the

number of bacteriological tests conducted

TB treatment initiation data

Number of people initiating TB

treatment

Number of individuals reported to have initiated TB treatment; based on case

notification data recorded in TB treatment registers

TB treatment outcome data†

Percentage unfavourable

treatment outcomes

Number of patients who had a standard treatment outcome other than

treatment success (i.e. either failure, death, or loss to follow-up) divided by the

total number of patients with reported TB treatment outcomes

Percentage treatment failure Number of patients with the standard treatment outcome ‘treatment failure’

divided by the total number of patients with reported TB treatment outcomes

Percentage death during

treatment

Number of patients with the standard treatment outcome ‘death’ divided by the

total number of patients with reported TB treatment outcomes

Percentage loss to follow-up Number of patients with the standard treatment outcome ‘loss to follow-up

from treatment’ divided by the total number of patients with reported TB

treatment outcomes

§ Per unit time is either per month or per quarter

* TB test data represent numbers of bacteriological tests conducted per unit time. For Brazil and South Africa

bacteriological tests included WHO-recommended rapid diagnostics (WRDs) as per National TB Programme

guidelines whilst for India, tests included sputum smear microscopy and WRDs.
† Treatment outcomes refer to the cohort of individuals who initiated TB treatment in that specific month (outcome

cohort). Treatment outcomes exclude individuals reported as “unknown” or not evaluated.

https://doi.org/10.1371/journal.pgph.0003309.t002
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We hypothesized that numbers of bacteriological tests conducted for the diagnosis of TB

may be impacted by reduced access to TB testing and/or reduced testing capacity during the

COVID-19 pandemic. Numbers of people initiating TB treatment may have been impacted by

either reduced access to TB testing, or losses and delays along the TB care cascade prior to the

uptake of treatment. Standard TB treatment outcomes may be impacted by diagnostic delays

as well as reduced access, supervision, and support during treatment. Data for these key indica-

tors were collected from in-country routine programmatic clinical and laboratory data sources

(Table 3). Testing data for Brazil was obtained from the Tuberculosis Rapid Test Network

(TB-RAT), which is a national initiative for organizing TB diagnoses conducted with rapid

molecular tests. TB-RAT data is collected from participating health facilities across multiple

municipalities in Brazil [23]. Case notifications and treatment outcomes were obtained from

the Brazil Notifiable Diseases Information System (SINAN) [24], used by the Ministry of

Health to monitor notifiable diseases across the entire population of Brazil and all age groups.

In India, data was obtained from the NIKSHAY Portal [25], a comprehensive platform jointly

developed by the Central TB Division of Ministry of Health and Family Welfare and National

Informatics Centre (NIC). This repository of all TB patients was launched by the Government

of India and integrates data from public and private health establishments, covering the entire

population and monitoring the full spectrum of TB care from diagnosis to follow-up. In South

Africa, the National Institute for Communicable Diseases (NICD) provided TB laboratory

data from the National Health Laboratory Service (NHLS) which provides laboratory services

to public health facilities in all provinces and regions of the country. In addition, treatment

data were obtained from the Health Informatics Directorate of the National Department of

Health, which collates all TB registration and treatment data from electronic TB registers

across all health facilities across the entire population.

Modeling approach

We used autoregressive integrated moving average (ARIMA) time-series models to investigate

TB healthcare service disruptions with respect to TB testing, treatment initiation and outcomes

during the first 2 years of the COVID-19 pandemic (April 2020-December 2021). ARIMA

Table 3. Included TB programmatic data time periods and data sources.

Data type Country Time period of

monthly-level

estimates

Source Date

accessed

TB testing Brazil 2017–2022 Tuberculosis Rapid Test Network (RTR-TB, Rede de Testes Rápidos da Tuberculose) [23] 18/12/2022

India 2018–2022a NIKSHAY Portal, Central TB division, Ministry of health and family welfare [25] 02/08/2023

South Africa 2017–2022b National Health Laboratory Service (NHLS) via National Institute for Communicable

Diseases (NICD)

04/07/2022

TB treatment

initiation

Brazil 2017–2022 Notifiable Diseases Information System, Ministry of Health (SINAN) [24] 10/04/2023

India 2018–2022 NIKSHAY Portal, Central TB division, Ministry of health and family welfare [25] 02/08/2023

South Africa 2017–2021 Health Informatics Directorate of the National Department of Health 04/07/2022

TB treatment

outcomes

Brazil 2017–2021 Notifiable Diseases Information System, Ministry of Health (SINAN) [24] 10/04/2023

India 2017–2021 NIKSHAY Portal, Central TB division, Ministry of health and family welfare [25] 02/08/2023

South Africa 2018–2020 Health Informatics Directorate of the National Department of Health 04/07/2022

a Quarterly-level estimates available for 2019–2022 only. Only annual estimates were available for 2018, and so to ensure sufficient data points for our forecasting

models, we divided the annual total by 4 to generate quarterly estimates for 2018.
b until 06/2022

https://doi.org/10.1371/journal.pgph.0003309.t003
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models are statistical models which are fitted to time-series data to predict (forecast) values for

future points in time [26]. They combine auto-regression with moving averages to account for

secular and seasonal growth or decline and random variation in the data. The ARIMA models

were implemented in R studio (version 2022.02.2) using the auto.arima() function from the

forecast package [27]. This function automates the process of model selection and fitting by

exploring various ARIMA configurations and identifying the best-fitting model based on sta-

tistical criteria such as the Akaike Information Criterion (AIC). It also automatically incorpo-

rates seasonal effects when necessary and estimates model parameters using Maximum

Likelihood Estimation (MLE). We evaluated the residuals of the selected model by plotting the

autocorrelation function (ACF) and performing the Ljung-Box test to ensure no significant

autocorrelation remained. We then conducted model sensitivity analyses by altering the non-

seasonal and seasonal ARIMA parameters (p, d, q, P, D, Q) to evaluate the robustness of the

selected models. Each parameter variation was compared to the baseline model produced by

auto.arima() to assess its effect on forecast accuracy and the width of the uncertainty intervals

(see S1–S4 Tables and S3–S5 Figs for further details).

We estimated monthly (and quarterly, where applicable) healthcare service disruptions

during the COVID-19 pandemic as the percentage difference between indicator data observed

during the pandemic compared with values predicted through forecasting of pre-pandemic

trends using reported data from a three-year (2017–2019) pre-COVID-19 period (no-COVID

scenario).

While forecasting of pre-COVID trends referred to monthly (and quarterly) time points,

we then derived aggregated annual estimates of percentage differences for each indicator as

follows. We sampled 10,000 predicted values from the ARIMA model using the simulate()
function [28]

~yt;i ¼ simulateðobject; nsimÞ

i ¼ 1 : 10000

where ~yt;i represents the ith sampled estimate of the predicted TB indicator value at time t (cal-

endar month), the object is the ARIMA model function and nsim the number of predicted

time points t. We then calculated predicted annual estimates as the sums of monthly estimates

~yT;i ¼
Xt ¼ 12

t ¼ 1
~yt;i ð2Þ

where t represents the calendar month and T the calendar year.

Estimates of annual percentage difference (observed vs. predicted) with 95% uncertainty

intervals (UI) were then derived from the 10,000 sampled estimates using the following formu-

las

PDT;i ¼ ððyT � ~yT;iÞ =~yT;iÞ � 100 ð3Þ

PDT; best estimate ¼ mean PDT;i

� �
for all i ð4Þ

PDT; lower uncertinity interval ¼ 2:5th percentile PDT;i

� �
for all i ð5Þ

PDT; upper uncertinity interval ¼ 97:5th percentile PDT;i

� �
for all i ð6Þ

where PD represents the percentage difference, y represents the observed value, ŷ represents

the value predicted by the ARIMA model and T represents the time (calendar year).
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Ethics

This was part of the IMPAC19TB project approved by the Ethics Committee of the Institute of

Social Medicine, University of the State of Rio de Janeiro, Brazil (4.784.355), the Ethics Com-

mittee of the All India Institute of Medical Sciences in India (IEC-305/07.04.2021, RP-21/

2021) and the Health Research Ethics Committee of Stellenbosch University, South Africa

(N21/05/013_COVID-19) and local/national TB program approvals were obtained. All analy-

ses for this study were based on aggregated (de-identified) programmatic and laboratory data.

Results

Trends in TB testing, treatment initiation and outcomes during the pre-

COVID-19 period (2017–2019)

Prior to the COVID-19 pandemic, between 2017 and 2019, the number of TB tests conducted

had been slightly increasing over time in Brazil and India, while South Africa maintained sta-

ble test numbers with well-described seasonal short-term periodic decreases in December each

year (Fig 1). The number of TB treatment initiations had been increasing in Brazil, India, and

South Africa, with India showing the most substantial increase (Fig 1). The percentage of

patients with unfavorable treatment outcomes had been increasing in Brazil, stable or slightly

decreasing in India, and stable in South Africa (Fig 2).

TB testing, test positivity and treatment initiations during the COVID-19

pandemic

We found considerable reductions in the number of TB tests conducted during the first year

of the COVID-19 pandemic in all three countries (Fig 1A–1C). Between April and December

2020, the number of TB tests were lower by 24.3% (95% uncertainty interval: 8.4%; 36.6%) in

Brazil, 27.8% (19.8%; 34.8%) in India and 32.0% (28.9%; 34.9%) in South Africa compared

with predictions from the pre-COVID-19 period (Fig 3A). In 2021, reductions in the number

of TB tests conducted were less severe compared with 2020 (Fig 1A–1C). In 2022, all three

countries—Brazil, India, and South Africa—surpassed the predicted number of bacteriological

tests conducted during the pre-COVID period (S1 Table). Notably, data from India suggested

a substantial increase in the number of TB tests conducted relative to predicted values

(Fig 1B).

Between April and December 2020, TB test positivity (Fig 1D–1F) was 27.4% (21.4%;

33.8%) higher in Brazil, 22.0% (7.1%; 40.7%) higher in India and 12.5% (-8.6%; 37.4%) higher

in South Africa compared with predictions from the pre-COVID period (Fig 3B). In India, a

substantial increase in test positivity was observed in 2021, the year of the highest COVID-19

disease burden in the country. This was then followed by a decline to pre-COVID-19 levels in

2022 (Fig 1E).

We estimated that during April to December 2020, numbers of individuals initiating TB

treatment (Fig 1G–1I) were 17.4% (13.9%; 20.6%) lower than predicted in Brazil, 43.4%

(39.8%; 46.4%) in India, and 27.0% (15.2%; 36.3%) in South Africa (Fig 3C). Reductions in

treatment initiations were less severe in 2021 in all three countries. Additional analysis using

data for South Africa showed that declines in TB treatment initiations were consistent with

reductions in TB testing (S1 Fig).

TB treatment outcomes during the COVID-19 pandemic

In South Africa and Brazil, we observed a relative increase in the percentage of unfavourable

TB treatment outcomes (Fig 2A and 2C), in particular death during TB treatment (Fig 2D and
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2F), in the early phase of the COVID-19 pandemic. We estimated that in 2020, the percentage

of unfavourable TB treatment outcomes was 8.1% (5.9%; 10.4%) higher than predicted in Bra-

zil and 17.7% (3.5%; 34.8) higher in South Africa, compared with same-year predictions during

the pre-COVID-19 period (Fig 3D). Annual percentages of death during TB treatment in 2020

were 13.7% (8.1%; 19.7%) higher in Brazil and 21.8% (7.4%; 39.2%) in South Africa (Fig 3E).

In South Africa, we found a tendency toward higher percentages of loss to follow-up and

Fig 1. Time series data and ARIMA model forecast results for TB testing and treatment initiation in Brazil, India, and South Africa. White dots: observed

TB test data; connected blue dots: ARIMA model forecasts; grey shaded areas: 95% prediction intervals; only annual TB test data were available for 2018 in

India, therefore quarterly estimates were estimated from annual figures (assuming no seasonal variation).

https://doi.org/10.1371/journal.pgph.0003309.g001
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treatment failure (Fig 2I and 2J). In 2021, relative increases remained stable in Brazil (Fig 3D

and 3E; no data available for South Africa).

In India, percentages of unfavourable treatment outcomes and TB deaths during treatment

during 2020 were consistent with pre-pandemic trends. Between April-December 2020 esti-

mated percentage difference was 0.4% (-2.1%; 2.9%) for unfavourable treatment outcomes and

1,7% (-8.9%; 14.1%) for TB deaths during treatment relative to predictions from the pre-

Fig 2. Time-series data and ARIMA model forecast results for unfavourable TB treatment outcomes in Brazil, India, and South

Africa. White dots: observed TB test data; connected blue dots: ARIMA model forecasts; grey shaded areas: 95% prediction intervals.

https://doi.org/10.1371/journal.pgph.0003309.g002
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COVID-19 period in India (Fig 3D). Unfavourable treatment outcomes were lower than pre-

dicted in 2021 (Fig 3D).

Discussion

In this study, we used time-series modelling to estimate the extent of disruptions to TB health-

care services during the COVID-19 pandemic in Brazil, India, and South Africa. Our findings

suggest that TB healthcare services were seriously impacted in 2020, the first year of the pan-

demic, with at least partial reconstitution in the following years.

Our analysis revealed substantial reductions in the number of bacteriological tests for TB

conducted during 2020 in all three countries compared with predictions from the pre-COVID

period. Our findings are consistent with other reports from the early phase of the pandemic in

Brazil [29] and South Africa [19] highlighting considerable reduction in TB tests performed.

Our results also align with earlier reports of reduced TB service provision in these countries,

indicating that laboratories redirected health and human resources to COVID-19, as well as

Fig 3. Average annual percentage differences between observed and predicted TB indicator values for the periods

April-December 2020 and January-December 2021 in Brazil, India and South Africa. Error bars: 95% uncertainty

intervals; negative percentage differences represent reductions in observed vs. predicted values; *Data bars without

error bars show data for which uncertainty intervals could not be estimated as a log-transformation was used to

prevent the ARIMA model from forecasting negative values.

https://doi.org/10.1371/journal.pgph.0003309.g003
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reduced access to services due to restricted movement, loss of wages, and the fear of stigma [9].

We observed less severe reductions in TB testing in 2021, and relative increases in 2022, sug-

gesting a partial recovery of TB diagnostic service and/or a catch-up in TB diagnoses were

made.

Along with reduced TB testing, our analysis revealed substantial reductions in the number

of people who initiated TB treatment during the COVID-19 pandemic in all three countries.

Using data for South Africa, we found that the extent of relative reductions observed for treat-

ment initiations compared well with TB tests conducted. This supports the hypothesis that

reduced TB testing during the COVID-19 pandemic was a key driver of the decline in the

number of people initiating TB treatment [30–32].

Trends in TB treatment initiation based on data obtained and used for this study compare

well with those of country-level TB case notifications reported by the WHO (S2 Fig) [1]. One

exception was case notifications in South Africa in the first half of 2020, which showed a more

pronounced decline than that reported by the WHO in its 2022 report. When cross-referenced

with TB reporting cohorts, the data we received matched those in the WHO data repository.

The discrepancies may relate to the timing of our data extraction and the data used for report-

ing, which may have been updated. While we were unable to determine the definitive reason

for these differences, we communicated them with the South African National TB Programme;

a data review is currently ongoing.

We found higher TB test positivity rates than predicted from the pre-COVID period in Bra-

zil and India, and a tendency toward higher test positivity in South Africa, consistent with a

preliminary report by the South African National Institute for Communicable Diseases pub-

lished in May 2020 [18] and a retrospective analysis of data from a hospital setting in India

during January-October 2020 [33]. Higher test positivity rates than predicted could be due to

differential healthcare seeking, more selective TB testing among people with presumptive TB,

and/or differential reporting during the COVID-19 pandemic [34].

In Brazil and South Africa, we found higher percentages of unfavorable treatment outcomes

compared with predictions in the early phase of the COVID-19 pandemic, including for death

during TB treatment. Increases in unfavourable treatment outcomes and a significant increase

in death rates were previously reported for Eswatini (neighbouring South Africa) during the

COVID-19 period [35] and an earlier time-series analyses found that COVID-19 caused a

decline in TB cure rates in Brazil [16]. The rise in TB-related deaths among individuals under-

going TB treatment during the pandemic may be attributable to delays in TB diagnosis leading

to more advanced and severe disease by the time treatment is initiated, as well as insufficient

care during treatment. Higher numbers of deaths during TB treatment could also, at least in

part, be attributed to COVID-19 co-infections [36].

Overall, the findings of this study are consistent between the three countries. However, we

found notable differences. In contrast to Brazil and South Africa, model estimates for India do

not suggest a notable recovery in treatment initiations in 2021, corresponding with the later

peak of the COVID-19 crisis in the country. Furthermore, India witnessed more substantial

increases in test positivity, reaching values of up to 30% in 2021 from 10% in prior years. Sur-

prisingly, unlike for Brazil and South Africa, we did not estimate a relative increase in unfavor-

able treatment outcomes including deaths during TB treatment in India. Consistent with

previously published reports [37], our data show a decline in TB deaths in India during the

years 2020–2022 (Fig 2E), a reversal of trends observed in previous years. Whether challenges

in reporting deaths and other adverse outcomes might serve to explain this, is currently not

known. Alternatively, interventions implemented in India before and during the pandemic to

support TB patients may be a reason why treatment outcomes in India did not worsen as

much during the pandemic compared with other countries. Examples of these interventions
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include home delivery of TB medications, decentralized “drug refill facilities” in cities, involve-

ment of commercial pharmacies in maintaining drug supplies, and the introduction of the ’TB

Aarogya Sathi’ app, a digital solution to enable direct interactions between TB patients and

healthcare providers [38–40].

This study has several limitations. We evaluated numbers of bacteriological tests performed

but were unable to investigate trends in the number of people accessing TB care. We are there-

fore unable to determine whether reductions in testing were attributable to reductions in care-

seeking or shortages of TB tests. The use of cross-sectional aggregated data means that we

could not link testing and treatment data on an individual level and could not investigate

delays in healthcare service provision. We estimated differences in TB healthcare service indi-

cators relative to pre-COVID trends but were unable to examine underlying factors and mech-

anisms that may have contributed to these differences. We are therefore unable to disentangle

underlying causes. Most notably, we were unable to better understand and explain the consid-

erable changes in tests conducted and test positivity in India. The accuracy, completeness, and

timeliness of the data used in this study may be affected due to reduced staffing, increased

workload during the pandemic affecting routine collection and reporting. Limited data points,

statistical uncertainty, and random error in data from the pre-COVID period may have

affected the accuracy of predicted (forecasted) trends in the indicators, affecting our ability to

estimate relative differences during the pandemic period at varying degree. Finally, other

external factors unrelated to the pandemic, for example increases in diagnostic coverage or in

treatment initiations during the pre-pandemic period may have added uncertainty to model

forecasts and thus have affected our findings.

In conclusion, our analysis reveals considerable disruptions to TB healthcare services in

Brazil, India, and South Africa occurring during the early phase of the COVID-19 pandemic,

including severe reductions in the number of TB tests performed and of TB treatment initia-

tions during the early phase of the COVID-19 pandemic. We also estimated higher rates of

unfavourable treatment outcomes, in particular TB deaths during treatment, in Brazil and

South Africa. Our findings suggest at least partial recovery of services in the second and third

year of the pandemic.

The substantial impact of the COVID-19 measures on TB healthcare service provision

underscores the need for mitigation strategies to alleviate these detrimental effects. Especially

in TB high-burden countries, plans for future pandemic preparedness should entail well-

defined measures to prevent health-care service disruptions for TB and other diseases.

To safeguard essential healthcare services, including TB diagnosis and treatment, during

future public health emergencies, key lessons from the COVID-19 pandemic must be applied.

Ensuring the continuity of TB services by avoiding resource diversion from critical care, wher-

ever possible, is paramount. Clear communication on maintaining uninterrupted TB care

should target both providers and patients, and lockdowns must be designed so that they mini-

mize access disruptions. Public health measures like mask-wearing can reduce TB transmis-

sion and other respiratory infections, protecting vulnerable populations [41]. Co-testing for

TB and other infectious diseases can streamline diagnosis and enhance care during crises [42].

Real-time subnational data will be critical for identifying areas needing additional support and

ensuring optimal resource allocation. Publicly available health data will also help monitor TB

care challenges and advocate for increased funding. Additionally, digital health tools can sup-

port remote patient management and flexible medication access, crucial for treatment adher-

ence during lockdowns [43]. These strategies will strengthen TB healthcare systems, essential

for ending the global TB pandemic in the coming decades.
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Supporting information

S1 Checklist. Checklist of information that should be included in new reports of global

health estimates.

(PDF)

S1 Table. Average differences (%) between observed and predicted TB indicator values for

the period April 2020—December 2020, January 2021- December 2021 and January-

December 2022 in Brazil, India, and South Africa. Negative values represent observed values

lower than what was predicted.

(DOCX)

S2 Table. Model validation and comparison of different ARIMA models for the number of

TB tests conducted in Brazil. The auto.arima() model used in the primary analysis is listed in

the first row. Models vary by non-seasonal (p, d, q) and seasonal (P, D, Q) parameters, with

[12] indicating a 12-month seasonal cycle. The table reports Akaike Information Criterion

(AIC) values, Ljung–Box test p-values as well as percentage differences (with 95% uncertainty

intervals) between observed and predicted values for 2020 (April–December) and 2021.

(DOCX)

S3 Table. Model validation and comparison of different ARIMA models for the number of

TB tests conducted in India. The auto.arima() model used in the primary analysis is listed in

the first row. Models vary by non-seasonal (p, d, q) and seasonal (P, D, Q) parameters, with

[12] indicating a 12-month seasonal cycle. The table reports Akaike Information Criterion

(AIC) values, Ljung–Box test p-values as well as percentage differences (with 95% uncertainty

intervals) between observed and predicted values for 2020 (April–December) and 2021.

(DOCX)

S4 Table. Model validation and comparison of different ARIMA models for the number of

TB tests conducted in South Africa. The auto.arima() model used in the primary analysis is

listed in the first row. Models vary by non-seasonal (p, d, q) and seasonal (P, D, Q) parameters,

with [12] indicating a 12-month seasonal cycle. The table reports Akaike Information Crite-

rion (AIC) values, Ljung–Box test p-values as well as percentage differences (with 95% uncer-

tainty intervals) between observed and predicted values for 2020 (April–December) and 2021.

(DOCX)

S1 Data. Observed monthly TB indicator values for TB testing and treatment initiation in

Brazil, India, and South Africa.

(XLSX)

S2 Data. Observed monthly TB indicator values for unfavourable TB treatment outcomes

in Brazil, India, and South Africa.

(XLSX)

S1 Fig. Monthly average differences (%) between observed and predicted values for the

number of TB tests conducted and TB treatment initiations in South Africa. Negative val-

ues represent observed values lower than what was predicted.

(TIF)

S2 Fig. Annual number of TB case notifications reported in Brazil, India and South Africa.

Blue lines represent WHO published data and the purple lines show the TB data we received

for this study from the relevant TB programmes. WHO data was extracted from the 2022
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Global Tuberculosis report.

(TIF)

S3 Fig. Percentage difference in the number of TB tests conducted in Brazil, comparing

observed values to those predicted by different ARIMA models. Panel (a) shows percentage

differences for 2020 (April–December), and panel (b) for 2021. The Auto.ARIMA model used

in the primary analysis is highlighted in red. Error bars represent uncertainty intervals for

each model’s prediction.

(TIF)

S4 Fig. Percentage difference in the number of TB tests conducted in India, comparing

observed values to those predicted by different ARIMA models. Panel (a) shows percentage

differences for 2020 (April–December), and panel (b) for 2021. The Auto.ARIMA model used

in the primary analysis is highlighted in red. Error bars represent uncertainty intervals for

each model’s prediction.

(TIF)

S5 Fig. Percentage difference in the number of TB tests conducted in South Africa, com-

paring observed values to those predicted by different ARIMA models. Panel (a) shows per-

centage differences for 2020 (April–December), and panel (b) for 2021. The Auto.ARIMA

model used in the primary analysis is highlighted in red. Error bars represent uncertainty

intervals for each model’s prediction.

(TIF)
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23. Brası́lia. Ministério da Saúde SdVeS, Departamento de Vigilância das Doenças Transmissı́veis. Rede
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