PLOS MEDICINE
RESEARCH ARTICLE

Computer-aided X-ray screening for
tuberculosis and HIV testing among adults
with cough in Malawi (the PROSPECT study): A
randomised trial and cost-effectiveness
analysis
a1111111111
a1111111111
a1111111111
a1111111111
a1111111111

Peter MacPherson ID1,2,3*, Emily L. Webb ID4, Wala Kamchedzera ID2, Elizabeth Joekes ID1,
Gugu Mjoli ID5, David G. Lalloo ID1, Titus H. Divala ID2,3,6, Augustine T. Choko ID1,2, Rachael
M. Burke ID2,3, Hendramoorthy Maheswaran ID7, Madhukar Pai ID8, S. Bertel Squire ID1,
Marriott Nliwasa ID2,6, Elizabeth L. Corbett2,3
1 Department of Clinical Sciences, Liverpool School of Tropical Medicine, Liverpool, United Kingdom,
2 Malawi-Liverpool-Wellcome Trust Clinical Research Programme, Blantyre, Malawi, 3 Clinical Research
Department, London School of Hygiene and Tropical Medicine, London, United Kingdom, 4 MRC Tropical
Epidemiology Group, London School of Hygiene and Tropical Medicine, London, United Kingdom,
5 Department of Radiology, Chris Hani Baragwanath Hospital, Soweto, South Africa, 6 Helse Nord TB
Initiative, College of Medicine, University of Malawi, Blantyre, Malawi, 7 Department of Public Health and
Policy, University of Liverpool, Liverpool, United Kingdom, 8 McGill International TB Centre, McGill
University, Montreal, Canada

OPEN ACCESS
Citation: MacPherson P, Webb EL, Kamchedzera
W, Joekes E, Mjoli G, Lalloo DG, et al. (2021)
Computer-aided X-ray screening for tuberculosis
and HIV testing among adults with cough in
Malawi (the PROSPECT study): A randomised trial
and cost-effectiveness analysis. PLoS Med 18(9):
e1003752. https://doi.org/10.1371/journal.
pmed.1003752
Academic Editor: Ruanne V. Barnabas, University
of Washington Department of Global Health,
UNITED STATES

* peter.macpherson@lstmed.ac.uk

Abstract
Background
Suboptimal tuberculosis (TB) diagnostics and HIV contribute to the high global burden of
TB. We investigated costs and yield from systematic HIV-TB screening, including computeraided digital chest X-ray (DCXR-CAD).
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In this open, three-arm randomised trial, adults (�18 years) with cough attending acute primary services in Malawi were randomised (1:1:1) to standard of care (SOC); oral HIV testing
(HIV screening) and linkage to care; or HIV testing and linkage to care plus DCXR-CAD with
sputum Xpert for high CAD4TBv5 scores (HIV-TB screening). Participants and study staff
were not blinded to intervention allocation, but investigator blinding was maintained until
final analysis. The primary outcome was time to TB treatment. Secondary outcomes
included proportion with same-day TB treatment; prevalence of undiagnosed/untreated
bacteriologically confirmed TB on day 56; and undiagnosed/untreated HIV. Analysis was
done on an intention-to-treat basis. Cost-effectiveness analysis used a health-provider perspective. Between 15 November 2018 and 27 November 2019, 8,236 were screened for eligibility, with 473, 492, and 497 randomly allocated to SOC, HIV, and HIV-TB screening
arms; 53 (11%), 52 (9%), and 47 (9%) were lost to follow-up, respectively. At 56 days, TB
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treatment had been started in 5 (1.1%) SOC, 8 (1.6%) HIV screening, and 15 (3.0%) HIVTB screening participants. Median (IQR) time to TB treatment was 11 (6.5 to 38), 6 (1 to 22),
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patients (p = 0.03). At day 56, 2 SOC (0.5%), 4 HIV (1.0%), and 2 HIV-TB (0.5%) particidecision to publish, or preparation of the
pants had undiagnosed microbiologically confirmed TB. HIV screening reduced the propormanuscript.
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Conclusions
DCXR-CAD with universal HIV screening significantly increased the timeliness and completeness of HIV and TB diagnosis. If implemented at scale, this has potential to rapidly and
efficiently improve TB and HIV diagnosis and treatment.

Trial registration
clinicaltrials.gov NCT03519425.

Author summary
Why was this study done?
• Tuberculosis (TB), one of the leading infectious killers worldwide, remains challenging
to diagnose in low-resource settings, and patients frequently face multiple health centre
visits at high cost before TB is diagnosed and treatment started. HIV is a major risk factor for TB.
• Robust digital X-ray equipment can now be deployed at a primary care level in subSaharan Africa, and automated computer software packages that can interpret chest Xrays providing a probabilistic score for pulmonary TB have accuracy similar to, or
greater than, expert human readers.
• We therefore set out to investigate whether offering adults with cough attending primary care in Blantyre, Malawi universal HIV testing and linkage to antiretroviral therapy (ART)—either alone or combined with computer-aided digital chest X-ray (DCXRCAD) and subsequent sputum Xpert confirmation—could improve the timeliness and
completeness of HIV and TB diagnosis and treatment compared to current standard
approaches (health worker–directed TB and HIV screening).
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What did the researchers do and find?
• A total of 1,462 adults attending a primary clinic in Blantyre, Malawi with cough were
randomly allocated to receive either standard of care (SOC) health worker–directed
HIV-TB screening; oral HIV testing and linkage to treatment (HIV screening); or oral
HIV testing and linkage to treatment with additional digital chest X-ray screening for
TB interpreted by computer-aided diagnosis software (CAD4TBv5), with sputum Xpert
testing for participants with a CAD4TBv5 score above 45 (HIV/TB screening). Participants were followed for 56 days to investigate initiation of TB treatment, missed TB and
HIV diagnosis, and cost-effectiveness.
• Median time to TB treatment initiation was shorter (1 day) in the HIV-TB screening
arm compared to the SOC arm (11 days) and HIV screening arm (6 days). HIV screening reduced undiagnosed/untreated HIV from 10 (2.7%) in the SOC arm to 2 (0.5%) in
the HIV screening arm and 1 (0.2%) in the HIV-TB screening arm.
• Over the trial follow-up period (56 days), oral HIV testing and linkage to care were
likely to be cost-effective, but digital chest X-ray with computer-aided interpretation
was not.

What do these findings mean?
• Digital chest X-ray screening with computer-aided interpretation for TB with universal
HIV screening increased the timeliness and completeness of HIV and TB diagnosis.
• If implemented at scale, these interventions have the potential to rapidly and efficiently
improve TB and HIV diagnosis and treatment.

Introduction
Despite being a leading infectious cause of adult mortality worldwide [1], tuberculosis (TB)
remains challenging to diagnose, especially in low-resource settings [2]. In sub-Saharan Africa,
where prevalence of active pulmonary TB can exceed 1% in some high HIV prevalence urban
settlements [3], adults with TB symptoms frequently make multiple visits to primary healthcare services before TB testing is initiated [4]. Late and missed TB diagnosis is common, with
severe consequences including hospitalisation, death, ongoing transmission, and catastrophic
household expenditure associated with care-seeking and illness [4,5].
Guidelines recommend that adults attending health facilities be routinely screened for TB
and investigated appropriately if symptomatic [6]. However, only a small percentage of clinic
attenders successfully complete the TB screening cascade due to limited health worker numbers, high numbers of patient with symptoms of TB overwhelming testing capacity, and low
availability and high cost of diagnostics [7].
Currently available TB diagnostics are not well suited to primary healthcare, and, consequently, patients are most likely to be lost during the diagnostic phase. Sputum smear microscopy has low sensitivity and is resource intensive [8]; Xpert—although more sensitive,
especially for HIV–positive people [9,10]—is costly, and throughput is constrained by unit
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capacity [11]; lateral flow urine lipoarabinomannan assay (LF-LAM) is not currently recommended for HIV–negative people or HIV–positive outpatients without advanced immunosuppression [12]; and sputum mycobacterial culture remains costly, slow, and inaccessible to most
primary clinics. Offering newer TB diagnostics such as Xpert to all adult primary clinic attenders with symptoms of TB (which can approach 60% [7]) could rapidly overwhelm clinic testing
capacity and health systems’ budgets.
Rapid advances in digital X-ray technologies linked to computer-aided chest X-ray interpretation (DCXR-CAD) [13,14] mean that a “triage testing” approach to TB screening in primary care could remove barriers to high coverage of same-day, same-clinic TB diagnosis and
treatment [15]. Digital chest X-ray provides a high-sensitivity and high-throughput initial
screen for individuals with symptoms of TB [16], while computer-aided interpretation—software algorithms that provide an immediate probabilistic score for TB—remove the need for
trained interpreters [17,18]. As specificity of chest X-ray for pulmonary TB is low, a positive
X-ray triage screen should be confirmed with a high-specificity diagnostic test such as Xpert.
Triage testing with DCXR-CAD could then substantially reduce the number of expensive
Xpert tests that would have otherwise been required [19]. WHO has recently recommended
that DCXR-CAD can be used for TB screening [18], but the impact on patient outcomes is
unknown.
In this three-arm pragmatic randomised trial conducted in primary care in urban Blantyre,
Malawi, we investigated whether a universal HIV testing and linkage to antiretroviral therapy
(ART) intervention—either alone or combined with DCXR-CAD and subsequent sputum
Xpert confirmation—could improve the timeliness and completeness of HIV and TB diagnosis
and treatment. We additionally evaluated cost-effectiveness of implementation.

Methods
Study design
We conducted a three-arm, open, pragmatic randomised trial among adults recruited from an
urban primary healthcare clinic in Blantyre, Malawi [20] (S1 Text). Bangwe Health Centre is
located within a densely populated neighbourhood in the east of the city. Adult HIV prevalence in Blantyre is estimated to be 18% [21], and Malawi urban TB prevalence was estimated
at 988 per 100,000 in the most recent national TB prevalence survey [22]. Comprehensive HIV
care (including ART) and TB treatment are available at a primary care level through the
national HIV and TB treatment programmes in Malawi.
All Blantyre-resident adults (�18 years old) attending Bangwe Health Centre acute department who reported cough of any duration were eligible to participate and were screened for
eligibility by study research assistants (6 in total, not medically trained, but with experience in
community and clinic-based research) at the clinic registration desk. We excluded individuals
who had taken TB treatment in the preceding 6 months, who were currently taking TB preventive therapy, or who planned to move out of Blantyre. All participants gave written (or, if illiterate, witnessed thumbprint) informed consent to participate. Ethical approval was granted by
the College of Medicine, University of Malawi Research Ethics Committee, and the Liverpool
School of Tropical Medicine.

Randomisation and masking
Participants were individually randomised without restriction to 1 of 3 arms—standard of care
(SOC), HIV screening, or HIV-TB screening—in a 1:1:1 ratio using a computer-generated
random number sequence running on study data collection electronic devices. Because of the
nature of interventions, it was not possible to blind participants or study teams to allocation.
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However, investigator masking was maintained until after final statistical analysis. To minimise the risk of contamination between arms, a digital thumbprint (Simprints, Cambridge,
United Kingdom) was recorded at recruitment and used to validate identity.

Procedures

All participants underwent a baseline questionnaire by study research assistants, conducted in
a dedicated study research building within the grounds of the clinic.
Participants allocated to the SOC arm were directed to the clinic acute waiting area, where
they were managed by clinic health workers without any further input from study staff. As this
was a pragmatic trial, we intended that the SOC arm procedures would reflect the routine TB
and HIV screening care delivered by a typical Ministry of Health primary care clinic in a lowresource setting. Available to participants in the SOC arm (if requested by a clinic health
worker) were the following: sputum smear microscopy; sputum Xpert, TB treatment; HIV testing using rapid fingerprick diagnosis kits; and ART, as well as other routine primary health
services. Malawi National Guidelines recommend HIV testing for all adults attending health
facilities, although this is often not completed [23]. Clinic health workers included nurses, clinical officers, and HIV counsellors employed by the Ministry of Health of Malawi, but no
physicians.
Participants allocated to the HIV screening arm who self-reported being HIV negative,
or HIV positive but not taking ART, were offered HIV testing using oral kits (OraQuick
HIV 1/2 Rapid Antibody Test, OraSureAU
Technologies,
: PleaseprovidemanufacturerlocationdetailsforOraSure
Manufactured in Thailand), with
confirmatory testing using serial testing with rapid kits (Determine HIV-1/2, Alere,
Japan; Uni-gold HIV, Trinity Biotech, Ireland). HIV–positive participants were supported to register for ART at the onsite clinic by walking with them to the ART clinic registration area and making an appointment for treatment initiation assessment by the
ART clinic staff (in practice usually done on the same day, in accordance with Malawi
guidelines). Further investigations and management, including TB investigations, were
provided by clinic health workers in accordance with national guidelines without any
further input from study staff.
In addition to the HIV testing intervention, participants in the HIV-TB screening arm
were offered a single posterior–anterior digital chest X-ray (MinXray Commander CMDR.
T.120.60. S, United States of America) done by study radiographers with interpretation
using CAD4TB v5 (Delft Imaging, the Netherlands). CAD4TB interpretation was done
locally on a dedicated computer, with results automatically transferred to study data collection devices. Where the CAD4TB score was �45 (threshold selected based on pilot studies
and in discussion with the software developer), participants’ sputum was tested onsite by
Xpert; if positive, they were initiated on TB treatment by the clinic TB officer. Where the
Xpert was negative or CAD4TB score was <45, they were directed to the clinic waiting area
for further management by clinic health workers. Digital chest X-rays were additionally
read remotely by a consultant radiologist, and participants with abnormal findings identified were recalled by telephone and referred to the clinic or city central hospital with
results.
Participants were seen at the study clinic at 56 days, when they underwent questionnaire
and inspection of health records to determine TB treatment status, HIV testing (if not known
to be HIV positive and taking ART) and sputum collection for Xpert, MGIT culture and
smear, with samples analysed at the TB Research Laboratory at the College of Medicine, University of Malawi. Participants who did not attend the clinic for this outcome assessment were
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traced to home, where possible. Loss to follow-up was defined as participants who did not
attend their clinic day 56 outcome assessment appointment and could not be traced to home.

Outcomes
The primary outcome was time in days—up to, but not including, day 56—to TB treatment
initiation. Secondary outcomes were the proportion of participants with same-day TB treatment initiation; proportion of participants with undiagnosed/untreated microbiologically confirmed pulmonary TB on day 56 (either sputum culture, or sputum Xpert, or sputum smear
microscopy positive on day 56 sample); proportion with undiagnosed/untreated HIV; time in
days—up to, but not including, day 56—to ART initiation among participants with positive
confirmatory HIV test results at day 56 and who were not taking ART at day 0; mortality; and
quality of life (assessed by difference in EuroQoL EQ5D utility score, a continuous variable
that can take values between less than 0 and 1).

Statistical analysis
The statistical power was estimated for the primary outcome under the assumption that 17%
of adults with TB symptoms in primary care in Blantyre would initiate TB treatment by 56
days [24] (S2 Text). A sample size of 1,455 participants (485 per arm) gave at least 80% power
to detect a hazard ratio (HR) for TB treatment initiation of 1.5 comparing the HIV screening
arm to SOC, a HR of 1.5 comparing HIV-TB screening arm to SOC, and a HR of 1.41 comparing the HIV-TB screening arm to HIV screening arm, at 5% significance level, allowing for 5%
loss to follow-up and with no adjustment for multiplicity of testing.
This study is reported as per the Consolidated Standards of Reporting Trials (CONSORT)
guideline (S3 Text). We performed analysis according to the intention to treat principle. To
maintain investigator blinding, no inspection of data by trial arm was done until data cleaning
was complete and the database locked; the trial statistician then undertook unblinded analysis
of the locked trial database. Data are deposited in the Dryad repository doi: 10.5061/dryad.
ffbg79ctb [25]. Baseline characteristics were summarised for the 3 trial arms using proportions,
means (with standard deviations), and medians (with interquartile ranges (IQRs)). For analysis
of the primary outcome, we compared survival times using log-rank tests and constructed Cox
proportional hazard regression models to estimate HRs and 95% confidence intervals (CIs) for
each pairwise comparison between arms. Participants lost to follow-up were censored at the
last point of contact. Log–log plots were examined and tests of Schoenfeld residuals conducted
to check the proportional hazards assumption. To analyse binary secondary outcomes (proportion with same-day TB treatment initiation, proportion with undiagnosed/untreated pulmonary TB, proportion with undiagnosed/untreated HIV, and proportion reported to have
died), we constructed binomial regression models with a log link function to estimate relative
risk ratios (RRs) and 95% CIs, comparing between pairs of arms. To evaluate the effect of
interventions on health-related quality of life, we used linear regression to compare the mean
EQ5D utility scores measured at day 56 between pairs of arms, adjusting for participants’ corresponding values measured at baseline. Residual plots were examined to check linear regression assumptions. For secondary outcomes with missing data, sensitivity analysis was
conducted using multiple imputation with chained equations and 50 imputations.

Cost-effectiveness analysis
Cost–utility analysis was undertaken to estimate the incremental cost per quality-adjusted life
year (QALY) gained from the Malawian Ministry of Health perspective (S4 Text). Questionnaires captured the health resources utilised by participants over the trial time horizon. This
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included any additional care received in hospitals and primary health clinics. Participant
responses to the Chichewa version of the EQ-5D-3L were used to generate health utility scores
and QALY profiles [26–28]. Incremental cost-effectiveness ratios (ICERs) were estimated to
compare the 2 intervention arms to the SOC arm. Malawi does not have formal cost-effectiveness thresholds. We therefore compared the estimated ICERs to WHO-recommended thresholds using the gross domestic product (GDP) per capita for the country. Interventions that
have an incremental cost per gain in QALY less than the national GDP per capita were defined
as "very cost-effective," and those less than 3 times GDP per capita as "cost effective" [29]. The
GDP per capital of Malawi is approximately US$400 per capital. WeAU
therefore
: Pleasecheckandconfirmthatthe
used 1,000 bootstrapped replications to present the probability of the 2 interventions (HIV screening and
HIV-TB screening) being cost-effective at increasing cost-effectiveness thresholds: US$400/
QALY, US$800/QALY, and US$1,200/QALY. The probability represents the proportion of the
1,000 bootstrapped replications where the estimated ICER was below these cost-effectiveness
thresholds. This analysis is reported as per the Consolidated Health Economic Evaluation
Reporting Standards (CHEERS) guideline [30] (S5 Text).

Results
Between 15 November 2018 and 22 November 2019, 8,236 patients were screened, of whom
1,462 were randomly allocated to the SOC (473), HIV screening (492), or HIV-TB screening
(497) arms (Fig 1). One participant withdrew consent after baseline interview, but before
randomisation.

Fig 1. Trial profile. IPTAU
, isoniazid
: AbbreviationlistshavebeencompiledforthoseusedinFigs1
preventive therapy; TB, tuberculosis.

3:Pleaseverifythatallentriesarecorrect:

https://doi.org/10.1371/journal.pmed.1003752.g001
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Table 1. Participant characteristics.
Characteristic

SOC arm (n = 473)

HIV screening arm (n = 492)

HIV-TB screening arm (n = 497)

Age in years (mean, SD)

33.5 (13.5)

32.8 (13.4)

34.3 (13.4)

Male (n, %)

208 (44%)

196 (40%)

228 (46%)

Female (n, %)

265 (56%)

296 (60%)

269 (54%)

22.8 (4.1)

22.7 (4.3)

22.9 (4.5)

Sex

Body mass index (mean kg/m2, SD)
Marital status
Married/cohabiting (n, %)

322 (68%)

347 (71%)

330 (66%)

Never married (n, %)

76 (16%)

74 (15%)

82 (16%)

Widowed/separated/divorced (n, %)

74 (16%)

71 (14%)

85 (17%)
61 (12%)

Highest level of education
No schooling (n, %)

59 (12%)

59 (12%)

Primary (n, %)

217 (46%)

234 (48%)

234 (47%)

Secondary no MSCE† (n, %)

130 (27%)

131 (27%)

125 (25%)

Secondary with MSCE† (n, %)

60 (13%)

56 (11%)

70 (14%)

7 (1%)

12 (2%)

7 (1%)

Ever lost a spouse to death

Higher (n, %)

44 (9%)

40 (8%)

46 (9%)

Literate

405 (86%)

426 (87%)

425 (86%)

uintile 1 (least poor)

94 (20%)

99 (20%)

99 (20%)

Quintile 2

99 (21%)

106 (22%)

87 (18%)

Quintile 3

84 (18%)

102 (21%)

107 (22%)

Quintile 4

106 (22%)

90 (18%)

96 (19%)

Quintile 5 (poorest)

90 (19%)

95 (19%)

108 (22%)

Cough (n %)

473 (100%)

492 (100%)

497 (100%)

Cough duration (median weeks, IQR)

1 (0.6, 2)

1 (0.4, 3)

1 (0.4, 3)

Night sweats (n, %)

203 (43%)

197 (40%)

200 (40%)

Weight loss (n, %)

194 (41%)

186 (38%)

195 (39%)

Fever (n, %)

242 (51%)

253 (51%)

250 (50%)

17 (4%)

21 (4%)

26 (5%)

86 (18%)

93 (19%)

101 (20%)

82 (95%)

90 (97%)

99 (98%)

HIV–negative (n, %)

354 (75%)

365 (74%)

355 (71%)

Unknown (n, %)

33 (7%)

34 (7%)

41 (8%)

0.79 (0.14)

0.77 (0.15)

0.77 (0.14)

Fair/good/very good

412 (87%)

440 (89%)

444 (89%)

Poor/very poor

61 (13%)

52 (11%)

53 (11%)

Poverty quintileø

TB symptoms

Previously treated for TB (n %)
HIV status
HIV–positive (n, %)
Taking ART (n, %)

EQ5D§ utility score (mean, SD)
Self-rated health

†

Malawi Secondary Certificate of Education.

ø

Based on urban proxy means test using assets derived from 2014–2015 Malawi Integrated Household Survey.

§

EuroQOL EQ5D utility score (Zimbabwe tariff).
ARTAU
, antiretroviral
: TheabbreviationlistsinTables1
therapy; IQR, interquartile range;
3havebeenupdated:Pleaseverifythatallentriesarecorrect:
SD, standard deviation; SOC, standard of care; TB, tuberculosis.

https://doi.org/10.1371/journal.pmed.1003752.t001

Characteristics of participants were balanced between arms (Table 1). Over half of participants were women in each arm, and mean ages ranged from 33 to 34 years old. Symptoms indicative of TB were common, with 40% to 43% reporting night sweats, 38% to 41% reporting
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Fig 2. CAD4TBv5 scores by participant characteristics (HIV-TB screening arm only). ART, antiretroviral therapy;
TB, tuberculosis.
https://doi.org/10.1371/journal.pmed.1003752.g002

weight loss, and 50% to 51% reporting fever. Between 4% and 5% of participants reported having
been previously treated for TB. Knowledge of HIV status was very high (over 90%), with 18%,
19%, and 20% of participants in the SOC, HIV, and HIV-TB screening arms, respectively, selfreporting HIV–positive status. ART coverage was also very high at 95%, 97%, and 98%.
In the HIV-TB screening arm, 448 (90%) participants completed DCXR-CAD, of whom
305 (68%) had a CAD4TB score above the threshold of �45. CAD4TBv5 scores were similar
when compared by participant characteristics (Fig 2A–2E). Of these, 279 (91%) successfully
completed sputum Xpert examination. Approximately 4% (12/279) had TB confirmed on this
initial sample, all of whom subsequently initiated TB treatment. CAD4TBv5 scores were higher
among participants with Xpert-confirmed TB compared to participants with sputum-negative
Xpert tests (Fig 2F). One further participant in the HIV-TB screening arm initiated TB treatment on day 48 with a positive Xpert result from the routine health system.
Of the 399 participants in the HIV screening arm and 396 participants in the HIV-TB
screening arm who reported never having previously tested for HIV or being HIV negative,
336 (84%) and 362 (91%), respectively, received study HIV testing on the same day. A total of
1,320 (90%) participants had day 56 vital status ascertained, with similar proportions in all 3
arms (SOC: 420/473 [89%], HIV screening: 450/492 [91%], and HIV-TB screening: 450/497
[91%]), and 1,206 (82%) had day 56 TB/HIV outcomes ascertained (Fig 1). Participants lost to
follow-up were slightly younger on average than those seen at day 56 and more likely to report
unknown HIV status; otherwise characteristics were comparable (S1 Table).
A greater percentage of participants in the HIV-TB screening arm (15, 3.0%, 95% CI: 1.7%
to 4.9%) initiated TB treatment by day 56 compared to participants in the HIV screening arm
(8, 1.6%, 95% CI: 0.7% to 3.2%) or SOC (5, 1.1%, 95% CI: 0.3% to 2.4%) (Table 2), although
this trend was not statistically significant.
There was a statistically significant increased rate of TB treatment initiation among participants in the HIV-TB arm compared to SOC (HR: 2.86, 95% CI: 1.04 to 7.87, p = 0.04), but not
for comparisons between other pairs of arms (Fig 3). Overall, 60%, 100%, and 100% of
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Table 2. Effect of interventions on trial outcomes.
SOC arm HIV screening HIV-TB
arm
screening arm
Primary outcomes

HIV screening vs.
SOC arm

HIV-TB screening vs.
HIV screening arm

HIV-TB screening
vs. SOC arm

HR, 95% CI

HR, 95% CI

HR, 95% CI

1.51 (0.49–4.62)

1.89 (0.80–4.46)

2.86 (1.04–7.87)

Number initiating TB treatment (n, %)

5 (1.1%)

8 (1.6%)

15 (3.0%)

Time (days) to TB treatment initiation
(median, IQR)

11 (6.5–
38)

6 (1–22)

1 (0–3)

RR, 95% CI

RR, 95% CI

RR, 95% CI

Undiagnosed/untreated microbiologically
confirmed pulmonary TB (n, %)

2/382
(0.5%)

4/414 (1.0%)

2/410 (0.5%)

1.85 (0.34–10.02)

0.50 (0.09–2.74)

0.93 (0.13–6.58)

Same-day TB treatment initiation (n/N, %)

0 (0%)

1 (0.2%)

6 (1.2%)

–

–

–

Undiagnosed/untreated HIV (n, %)

10/377
(2.7%)

2/414 (0.5%)

1/415 (0.2%)

0.18 (0.04–0.83)

0.50 (0.05–5.48)

0.09 (0.01–0.71)

Mortality (n/N, %, OR, 95% CI)

3/420
(0.7%)

3/450 (0.7%)

4/450 (0.9%)

0.93 (0.19–4.60)

1.33 (0.30–5.92)

1.24 (0.28–5.53)

AMD (95% CI)†

AMD (95% CI)†

AMD (95% CI)†

0.03 (0.004–0.05)

−0.003 (−0.03–0.02)

0.02 (0.002–0.05)

0.03 (0.01–0.05)

−0.002 (−0.03–0.02)

0.03 (0.004–0.06)

Secondary outcomes

§

EQ5D utility score (mean, SD)

†

0.79
(0.18)

0.82 (0.19)

0.81 (0.18)

First row shows unadjusted results; second row shows results adjusted for baseline EuroQoL EQ5D utility score.

§

EuroQoL EQ5D utility score (Zimbabwe tariff).
AMD, average mean difference; CI, confidence interval; HR, hazard ratio; IQR, interquartile range; OR, odds ratio; RR, risk ratio; SD, standard deviation; SOC, standard

of care; TB, tuberculosis.
https://doi.org/10.1371/journal.pmed.1003752.t002

participants who initiated TB treatment in the SOC, HIV, and HIV-TB screening arms, respectively, had microbiologically confirmed disease at TB treatment initiation. In the HIV-TB arm,
6/15 (40%) of participants treated for TB achieved same-day treatment initiation, compared to
0/5 (0%) in SOC and 1/8 (12.5%) in the HIV screening arm (Fisher’s exact p = 0.03). At day 56
assessment, 2/382 (0.5%), 4/414 (1.0%), and 2/410 (0.5%) in the SOC, HIV, and HIV-TB
screening arms, respectively, had previously undiagnosed or untreated microbiologically confirmed TB (RR for HIV-TB arm versus SOC: 0.93, 95% CI: 0.13 to 6.58, p = 0.94).
Only 1/415 (0.2%) participants in the HIV-TB arm who underwent HIV testing at day 56
assessment had previously undiagnosed/untreated HIV infection, compared to 10/377 (2.7%)
in the SOC arm and 2/414 (0.5%) in the HIV screening arm (RR for HIV-TB arm versus SOC:
0.09, 95% CI: 0.01 to 0.71, p = 0.02; RR for HIV arm versus SOC: 0.18, 95% CI: 0.04 to 0.83,
p = 0.03). Of the 20, 25, and 15 participants newly diagnosed with HIV in the SOC, HIV, and
HIV-TB screening arms over the course of the study (including at the day 56 assessment), 6
(30%), 15 (60%), and 9 (60%) initiated ART before day 56, with a median (IQR) number of
days to ART initiation of 5 days (1 to 36), 0 days (0 to 0), and 0 days (0 to 17). There were no
significant differences between pairs of arms in all-cause mortality by day 56. A sensitivity
analysis using multiple imputation to impute missing data for secondary outcomes found similar results to the primary analysis (S2 Table).
Mean EuroQoL EQ5D utility scores at day 56 were significantly higher in participants in
the HIV-TB arm compared to SOC (adjusted mean difference [AMD]: 0.03, 95% CI: 0.004 to
0.06, p = 0.02), and in participants in the HIV screening arm compared to SOC (AMD: 0.03,
95% CI: 0.01 to 0.05, p = 0.01). If these differences were maintained for 1 year, at the population level, this would result in 3,000 QALYs gained per 100,000 people.
In the base–case analysis, the ICER for the HIV screening arm versus SOC was US$901.29
per QALY gained, and the ICER for HIV-TB screening versus SOC was US$4,620.47 per
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Fig 3. Time to initiation of TB treatment by trial arm. TB, tuberculosis.
https://doi.org/10.1371/journal.pmed.1003752.g003

QALY gained (Table 3). At the cost-effectiveness thresholds of US$400, US$800, and US
$1,200 per QALY, the probability of cost-effectiveness for HIV screening was 3.0%, 36.2%, and
83.9%, respectively. Across all these 3 cost-effectiveness thresholds, the probability of costeffectiveness for HIV-TB screening was 0%.

Discussion
We have shown that the yield of HIV and TB among symptomatic adults attending primary
care in Malawi was higher and that the time to TB treatment initiation was significantly shorter
where participants received oral HIV testing plus DXCR-CAD TB screening with Xpert confirmation compared to clinician-directed TB/HIV screening. Although computer-aided TB
diagnosis was not cost-effective over 8 weeks in the within-trial analysis, participant quality of
life was significantly improved, and further economic analysis over longer time horizons is
required. Universal offer of oral HIV testing was cost-effective and could offer substantial individual and public health benefits, even in settings like Malawi where UNAIDS 90–90–90 targets are close to being met [31]. If implemented at scale in primary care, DCXR-CAD
combined with oral HIV screening has potential to improve diagnosis and treatment of symptomatic TB and HIV among persons presenting to the health facility with cough.
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Table 3. Health-related quality of life outcomes by treatment allocation.
Total cost (mean/ Incremental cost (95%
SE)
CrI)†

QALYs (mean/ Incremental QALYs (95% ICER†
SE)
CrI)†

Probability cost-effective at costeffectiveness threshold:
US$400/
QALY

US$ 800/
QALY

US$ 1,200/
QALY

0.030

Base–case analysis#
SOC

21.45 (3.18)

HIV screening

24.29 (1.61)

3.58 (1.70, 5.45)

0.001 (0.002)
0.007 (0.002)

0.004 (0.003, 0.005)

901.29

0.362

0.839

HIV-TB
screening

41.01 (1.17)

19.92 (18.17, 21.68)

0.007 (0.002)

0.004 (0.003, 0.005)

4,620.47 0

0

0

Sensitivity analysis—Imputed data using UK Tarif to derive EQ-5D utility scores#
SOC

21.45 (3.18)

HIV screening

24.29 (1.61)

3.58 (1.70, 5.45)

0.001 (0.003)
0.010 (0.002)

0.005 (0.004, 0.007)

714.69

0.652

0.959

HIV-TB
screening

41.01 (1.17)

19.92 (18.17, 21.68)

0.009 (0.002)

0.005 (0.004, 0.007)

3,841.67 0

0

0

0.062

Sensitivity analysis—Complete cases#
SOC

20.19 (2.77)

HIV screening

23.72 (1.31)

3.91 (−2.72, 10.53)

0.007 (0.002)

0.001 (0.001)
0.004 (0.0005, 0.008)

953.85

0.266

0.445

0.595

HIV-TB
screening

40.33 (0.91)

19.94 (13.50, 26.38)

0.007 (0.002)

0.005 (0.001, 0.009)

4,139.92 0.007

0.008

0.09

0.292

0.748

0

0

Sensitivity analysis—Imputed data using lower cost for digital CXR (US$5)� #
SOC

21.11 (2.95)

HIV screening

24.16 (1.42)

3.57 (1.72, 5.41)

0.007 (0.002)

0.004 (0.003, 0.005)

961.12

HIV-TB
screening

35.56 (1.09)

14.53 (12.74, 16.32)

0.007 (0.002)

0.004 (0.003, 0.005)

3,600.37 0

†

0.001 (0.002)
0.020

Incremental estimates are in comparison to SOC arm.

#

Adjusted for age, sex, marital status, highest level of education, employment status, and poverty quintile.
Bootstrapped differences (1,000 replications).

�

In base–case analysis cost of digital CXR US$10.98.

CrI, credible interval; ICER, incremental cost-effectiveness ratio; QALY, quality-adjusted life year; SE: standard error, SOC, standard of care; TB, tuberculosis.
https://doi.org/10.1371/journal.pmed.1003752.t003

Diagnosis of TB in high HIV-TB burden and low-resource settings is extremely challenging. Under current recommendations, all clinic attendees should be asked about TB symptoms, interpreted according to HIV status, and followed by sputum testing with Xpert or
microscopy of those with symptoms [6,32]. However, with nearly 60% of unselected acute care
clinic attendees reporting TB symptoms [7], the current recommended screening approach for
TB is not reliably implemented, reflecting workload, turnaround time, affordability, and
throughput issues for sputum-based diagnostics. In the absence of an accurate, point-of-care
diagnostic test for TB [33], alternative diagnostic algorithms that reduce demand for sputumbased diagnostics offer substantial potential benefits. For DCXR-CAD, these include minimal
consumables, high patient throughput, and highly sensitive results available in minutes allowing large numbers to be screened for TB [34]. If DXCR-CAD accuracy is sufficiently high,
there are potential cost-savings and infection control benefits from reducing workload and
demand for sputum tests, as well as other clinical benefits from DCXR-CAD, including rapid
screening for COVID-19 [35]. However, implementation of DCXR-CAD in high HIV/TB burden settings where they are most needed can be challenging and requires careful consideration
by Ministries of Health, as well as technological optimisation for low-resource settings and
operational research to support deployment. Particular challenges can include absent or intermittent power supplies, limited internet availability, availability of maintenance and servicing
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personnel, and laboratory capacity to handle potential increased sputum specimen samples for
confirmatory testing, although these were all overcome in this trial.
Here, we investigated “triage testing” adults with cough using automated DCXR-CAD
screening accepting a CAD4TB score cutoff that provided high sensitivity (but correspondingly low specificity) combined with highly specific sputum Xpert confirmation. We achieved
our aim of increasing speed and completeness of TB diagnosis in patients with cough of any
duration but still required sputum from 61% (305/497) participants, a proportion that would
have been similar to that in the SOC arm had national algorithms been consistently applied,
emphasising the need to further optimise DCXR-CAD thresholds for confirmatory testing.
Potential approaches to further reducing sputum test demand include increasing the
CAD4TB score used to define presumptive TB, or adding in a further rapid screening step
such as point-of-care C-reactive protein, or clinical risk prediction scores [36,37]. These
should be implemented and evaluated in conjunction with health system and laboratory
strengthening. DCXR-CAD screening software is rapidly evolving, exceeding expert radiological reference standards across a range of target diseases and use-cases [35,38]. However, evidence for health impact or cost-effectiveness under route programmatic conditions—arguably
of greatest importance to health planners—is extremely limited. Moreover, data from lowresource settings, where computer-aided systems could have greatest benefit in overcoming
limited health worker capacity, are scarce. The CAD4TBv6 system has reported sensitivity of
91% and specificity of 84% compared to sputum Xpert [17], performing significantly better
than expert radiologists and meeting target product profiles for a community TB screening
test [39]. Important questions include the extent to which performance of DCXR-CAD systems varies by level of health system and patient characteristics such as sex, age, HIV status,
disease stage, and epidemiological setting. As DCXR-CAD costs fall and systems develop,
implementation research will still be needed to evaluate and optimise accuracy and ensure
equity in access to care and health benefits.
Our effectiveness and cost-effectiveness estimates need to be considered in the context of
low levels of investigation for HIV and TB seen in the SOC arm. For example, higher utilisation of routine clinic HIV testing and less accurate TB sputum screening in the SOC arm
would reduce the likelihood that the HIV screening arm was cost-effective but may conversely
increase the likelihood that offering more accurate TB screening with DCXR-CAD would be
cost-effective. Our economic analysis demonstrates that optimisation of this TB triage testing
approach may be possible. We are undertaking further modelling to evaluate the impact of
lowering DCXR-CAD implementation and running costs; refinement of CAD thresholds to
reduce the number of confirmatory sputum Xpert tests conducted (the major cost-driver
here), while maintaining low false negativity rates in settings with varying pretest TB probabilities; alternative TB confirmatory tests that maintain high specificity and capability to be implemented in low-resource settings; and task-shifting to allow DCXR-CAD scale-up where
radiographers are scarce or not available. Importantly, although CAD thresholds would ideally
be adapted to local epidemiological characteristics and available resources, the large numbers
of participants required and cost of undertaking diagnostic accuracy studies often precludes
this, as in this trial. To minimise the need for multiple diagnostic accuracy studies with microbiological reference standards prior to implementation, modelling of accuracy at varying
thresholds—as well as repeated surveillance and threshold adaption under programmatic conditions—will be required.
Malawi, similar to many countries in sub-Saharan Africa, has made tremendous progress in
increasing access to HIV testing and treatment [21]. In this trial conducted in a busy urban
neighbourhood of Blantyre, where adult HIV prevalence approaches 20% [21], greater than
90% of participants reported knowing their HIV status at recruitment, and >95% of HIV–
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positive participants were taking ART. Modelling data suggests that where very high levels of
population ART coverage are achieved, TB incidence will rapidly decline [40]. When planning
this study, we assumed that 17% of participants would initiate TB treatment by 56 days based
on data from a previous study [24]. However, we found TB treatment initiations and prevalence of microbiologically confirmed TB to be substantially lower than expected. We speculate,
based on accelerated declines in Blantyre TB case notifications in our citywide TB surveillance
system and from prevalence survey data, that public health interventions such as HIV testing
and universal treatment, active case finding for TB, and scale-up of isoniazid preventive therapy may have caused this reduction. We did not estimate the diagnostic accuracy of
DCXR-CAD, as baseline sputum samples were not collected from participants with a low
CAD4TB score; if DCXR-CAD is widely implemented, surveillance of accuracy at
DCXR-CAD thresholds using microbiological and clinical reference standards should be part
of routine monitoring and evaluation activities. Nevertheless, the substantial individual and
public health benefits offered by routine HIV testing of adults attending primary care with TB
symptoms—even in a setting such as Malawi where HIV testing and treatment are extremely
high—demonstrates that this should remain a central pillar of primary healthcare in countries
with generalised HIV epidemics.
There were a number of limitations to this trial. In this pragmatic trial, alternative diagnoses
to TB were not investigated, with participants referred to routine clinic or hospital care as
required. If DCXR-CAD is widely implemented, clear clinical pathways for people who have
an abnormal CAD4TB score, but who are sputum Xpert negative, will be required [41].
Although more participants initiated TB treatment in the HIV-TB screening arm compared to
the other arms, the proportion with undiagnosed TB was similar across arms. It is not clear
why this is the case but may be due to chance with small numbers of events here. We had
planned subgroup analyses to investigate whether the effects of interventions differed by sex,
an important determinant of delayed TB care-seeking. However, the fewer-than-expected
number of events precluded this and also resulted in a loss of precision in treatment estimates.
This means that our findings may not be robust to any differential missingness between
groups. However, loss to follow-up was similar between arms, and characteristics of participants followed up were similar to those lost to follow-up. Some participants who were lost to
follow-up may have died. We took extensive measures to limit contamination between arms
(including fingerprint verification of all participants before randomisation, delivery of interventions, and at follow-up) and to avoid modifying health worker behaviour in the study
clinic, but it is possible that the study presence in the clinic may have modified usual care practices. Future trials of DCXR-CAD may consider cluster randomisation at the clinic level to
reduce these risks and to potentially increase the number of events observed. For safety reasons, remote radiologists (not usually available in similar primary care settings) provided a
clinical interpretation of chest X-rays, although, given the very short median time to TB treatment initiation, this did not seem to influence TB treatment starts. Malawi has achieved very
high levels of HIV testing and ART coverage; the effectiveness of these interventions should be
evaluated in other settings.
In summary, DCXR-CAD with universal HIV testing for adults attending primary care
with symptoms of TB increased TB diagnoses, shortened time to TB treatment, and was costeffective at reducing undiagnosed HIV infection. If effective in larger trials and under programmatic conditions, this approach has potential to improve diagnosis and treatment of TB
and HIV.
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Tanimura T, Jaramillo E, Weil D, Raviglione M, Lönnroth K. Financial burden for tuberculosis patients in
low- and middle-income countries: a systematic review. Eur Respir J. 2014; 43:1763–75. https://doi.
org/10.1183/09031936.00193413 PMID: 24525439

6.

World Health Organization. Systematic screening for active tuberculosis: principles and recommendations. 2013. Available from: https://www.who.int/tb/tbscreening/en/.

7.

Chihota VN, Ginindza S, McCarthy K, Grant AD, Churchyard G, Fielding K. Missed Opportunities for TB
Investigation in Primary Care Clinics in South Africa: Experience from the XTEND Trial. PLoS ONE.
2015; 10. https://doi.org/10.1371/journal.pone.0138149 PMID: 26383102

8.

Davis JL, Cattamanchi A, Cuevas LE, Hopewell PC, Steingart KR. Diagnostic accuracy of same-day
microscopy versus standard microscopy for pulmonary tuberculosis: a systematic review and metaanalysis. Lancet Infect Dis. 2013; 13:147–54. https://doi.org/10.1016/S1473-3099(12)70232-3 PMID:
23099183

9.

Dorman SE, Schumacher SG, Alland D, Nabeta P, Armstrong DT, King B, et al. Xpert MTB/RIF Ultra
for detection of Mycobacterium tuberculosis and rifampicin resistance: a prospective multicentre diagnostic accuracy study. Lancet Infect Dis. 2018; 18:76–84. https://doi.org/10.1016/S1473-3099(17)
30691-6 PMID: 29198911

10.

Boehme CC, Nicol MP, Nabeta P, Michael JS, Gotuzzo E, Tahirli R, et al. Feasibility, diagnostic accuracy, and effectiveness of decentralised use of the Xpert MTB/RIF test for diagnosis of tuberculosis and
multidrug resistance: a multicentre implementation study. Lancet. 2011; 377:1495–505. https://doi.org/
10.1016/S0140-6736(11)60438-8 PMID: 21507477

11.

Auld AF, Fielding KL, Gupta-Wright A, Lawn SD. Xpert MTB/RIF—why the lack of morbidity and mortality impact in intervention trials? Trans R Soc Trop Med Hyg. 2016; 110:432–44. https://doi.org/10.1093/
trstmh/trw056 PMID: 27638038

12.

World Health Organization. Lateral flow urine lipoarabinomannan assay (LF-LAM) for the diagnosis of
active tuberculosis in people living with HIV. Policy update. Geneva: World Health Organization; 2019.
Available from: http://www.who.int/tb/publications/2019/LAMPolicyUpdate2019/en/.

13.

Pande T, Cohen C, Pai M, Ahmad KF. Computer-aided detection of pulmonary tuberculosis on digital
chest radiographs: a systematic review. Int J Tuberc Lung Dis. 2016; 20:1226–30. https://doi.org/10.
5588/ijtld.15.0926 PMID: 27510250

14.

Harris M, Qi A, Jeagal L, Torabi N, Menzies D, Korobitsyn A, et al. A systematic review of the diagnostic
accuracy of artificial intelligence-based computer programs to analyze chest x-rays for pulmonary tuberculosis. PLoS ONE. 2019; 14: e0221339. https://doi.org/10.1371/journal.pone.0221339 PMID:
31479448

15.

Nathavitharana RR, Yoon C, Macpherson P, Dowdy DW, Cattamanchi A, Somoskovi A, et al. Guidance
for Studies Evaluating the Accuracy of Tuberculosis Triage Tests. J Infect Dis. 2019; 220:S116–25.
https://doi.org/10.1093/infdis/jiz243 PMID: 31593600

16.

World Health Organization. Chest radiology in tuberculosis detection. Summary of current WHO recommendations and guidance on programmatic approaches. 2016 [cited 2019 Nov 29]. Available from:
https://apps.who.int/iris/bitstream/handle/10665/252424/9789241511506-eng.pdf?sequence=1.

17.

Qin ZZ, Sander MS, Rai B, Titahong CN, Sudrungrot S, Laah SN, et al. Using artificial intelligence to
read chest radiographs for tuberculosis detection: A multi-site evaluation of the diagnostic accuracy of
three deep learning systems. Sci Rep. 2019; 9:15000. https://doi.org/10.1038/s41598-019-51503-3
PMID: 31628424

18.

World Health Organization. WHO consolidated guidelines on tuberculosis. Model 2: screening. Systematic screening for tuberculosis disease. Geneva; 2021. Available from: https://apps.who.int/iris/
bitstream/handle/10665/340255/9789240022676-eng.pdf.

19.

Yoon C, Dowdy DW, Esmail H, MacPherson P, Schumacher SG. Screening for tuberculosis: time to
move beyond symptoms. Lancet Respir Med. 2019; 7:202–4. https://doi.org/10.1016/S2213-2600(19)
30039-6 PMID: 30823972

20.

MacPherson P, Webb EL, Lalloo DG, Nliwasa M, Maheswaran H, Joekes E, et al. Design and protocol
for a pragmatic randomised study to optimise screening, prevention and care for tuberculosis and HIV
in Malawi (PROSPECT Study). Wellcome Open Res. 2018; 3:61. https://doi.org/10.12688/
wellcomeopenres.14598.3 PMID: 30542662

21.

Ministry of Health of Malawi. Malawi Population-based HIV Impact Assessment 2015–2016. 2018.

22.

Banda R. Results from the national TB prevalence survey of Malawi. 45th World Conference on Lung
Health of the International Union Against Tuberculosis and Lung Disease. Barcelona; 2014.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003752 September 9, 2021

16 / 17

PLOS MEDICINE

Computer-aided tuberculosis diagnosis in Malawi

23.

Mair L, Corbett EL, Feasey HRA, Kamchedzera W, Khundi M, Lalloo DG, et al. Provider-initiated HIV
testing and TB screening in the era of universal coverage: Are the right people being reached? A cohort
study in Blantyre, Malawi. PLoS ONE. 2020; 15:e0236407. https://doi.org/10.1371/journal.pone.
0236407 PMID: 32790669

24.

Nliwasa M, MacPherson P, Chisala P, Kamdolozi M, Khundi M, Kaswaswa K, et al. The Sensitivity and
Specificity of Loop-Mediated Isothermal Amplification (LAMP) Assay for Tuberculosis Diagnosis in
Adults with Chronic Cough in Malawi. PLoS ONE. 2016; 11:e0155101. https://doi.org/10.1371/journal.
pone.0155101 PMID: 27171380

25.

MacPherson P. Data from Computer-aided X-ray screening for tuberculosis and HIV testing among
adults with cough in Malawi (the PROSPECT study): a randomised trial and cost-effectiveness analysis.
Dryad Digital Repository. 2021. https://doi.org/10.5061/dryad.ffbg79ctb

26.

EuroQol. EQ-5D-3L Chichewa version. 2019 [cited 2021 Jul 28]. Available from: https://euroqol.org/eq5d-instruments/available-versions/.

27.

Dolan P. Modeling valuations for EuroQol health states. Med Care. 1997; 35:1095–108. https://doi.org/
10.1097/00005650-199711000-00002 PMID: 9366889

28.

Chokotho L, Mkandawire N, Conway D, Wu H-H, Shearer DD, Hallan G, et al. Validation and reliability
of the Chichewa translation of the EQ-5D quality of life questionnaire in adults with orthopaedic injuries
in Malawi. Malawi Med J. 2017; 29:84–8. https://doi.org/10.4314/mmj.v29i2.2 PMID: 28955412

29.

World Health Organization. Macroeconomics and health: investing in health for economic development:
executive summary / report of the Commission on Macroeconomics and Health. Geneva; 2001. Available from: https://apps.who.int/iris/handle/10665/42463

30.

Husereau D, Drummond M, Petrou S, Carswell C, Moher D, Greenberg D, et al. Consolidated Health
Economic Evaluation Reporting Standards (CHEERS) statement. BMJ. 2013; 346:f1049. https://doi.
org/10.1136/bmj.f1049 PMID: 23529982

31.

Marsh K, Eaton JW, Mahy M, Sabin K, Autenrieth CS, Wanyeki I, et al. Global, regional and countrylevel 90-90-90 estimates for 2018: assessing progress towards the 2020 target. AIDS. 2019; 33(Suppl
3):S213–26. https://doi.org/10.1097/QAD.0000000000002355 PMID: 31490781

32.

Kranzer K, Afnan-Holmes H, Tomlin K, Golub JE, Shapiro AE, Schaap A, et al. The benefits to communities and individuals of screening for active tuberculosis disease: a systematic review. Int J Tuberc
Lung Dis. 2013; 17:432–46. https://doi.org/10.5588/ijtld.12.0743 PMID: 23485377

33.

UNITAID. Tuberculosis diagnostics technology landscape. 2017 [cited 2019 Nov 29]. Available from:
https://unitaid.org/assets/2017-Unitaid-TB-Diagnostics-Technology-Landscape.pdf

34.

Khan FA, Pande T, Tessema B, Song R, Benedetti A, Pai M, et al. Computer-aided reading of tuberculosis chest radiography: moving the research agenda forward to inform policy. Eur Respir J. 2017; 50.
https://doi.org/10.1183/13993003.00953–2017

35.

Topol EJ. High-performance medicine: the convergence of human and artificial intelligence. Nat Med.
2019; 25:44–56. https://doi.org/10.1038/s41591-018-0300-7 PMID: 30617339

36.

Baik Y, Rickman HM, Hanrahan CF, Mmolawa L, Kitonsa PJ, Sewelana T, et al. A clinical score for identifying active tuberculosis while awaiting microbiological results: Development and validation of a multivariable prediction model in sub-Saharan Africa. PLoS Med. 2020; 17:e1003420. https://doi.org/10.
1371/journal.pmed.1003420 PMID: 33170838

37.

Yoon C, Chaisson LH, Patel SM, Drain PK, Wilson D, Cattamanchi A. Diagnostic accuracy of C-reactive
protein for active pulmonary tuberculosis: a systematic review and meta-analysis. Int J Tuberc Lung
Dis. 2017; 21:1013–9. https://doi.org/10.5588/ijtld.17.0078 PMID: 28826451

38.

Milstein A, Topol EJ. Computer vision’s potential to improve health care. Lancet. 2020; 395:1537.
https://doi.org/10.1016/S0140-6736(20)31090-4 PMID: 32416778

39.

World Health Organization. High-priority target product profiles for new tuberculosis diagnostics.
Geneva: World Health Organization. Available from: http://www.who.int/tb/publications/tpp_report/en/.

40.

Dye C, Williams BG. Tuberculosis decline in populations affected by HIV: a retrospective study of 12
countries in the WHO African Region. Bull World Health Organ. 2019; 97. https://doi.org/10.2471/BLT.
18.228577 PMID: 31210678

41.

Mungai BN, Joekes E, Masini E, Obasi A, Manduku V, Mugi B, et al. ‘If not TB, what could it be?’ Chest
X-ray findings from the 2016 Kenya Tuberculosis Prevalence Survey. Thorax. 2021; 76:607–14. https://
doi.org/10.1136/thoraxjnl-2020-216123 PMID: 33504563

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003752 September 9, 2021

17 / 17

