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Comparison of two diagnostic intervention 
packages for community-based active case 
finding for tuberculosis: an open-label 
randomized controlled trial

Two in every five patients with active tuberculosis (TB) remain undiagnosed 
or unreported. Therefore community-based, active case-finding strategies 
require urgent implementation. However, whether point-of-care (POC), 
portable battery-operated, molecular diagnostic tools deployed at 
a community level, compared with conventionally used POC smear 
microscopy, can shorten time-to-treatment initiation, thus potentially 
curtailing transmission, remains unclear. To clarify this issue, we performed 
an open-label, randomized controlled trial in periurban informal 
settlements of Cape Town, South Africa, where we TB symptom screened 
5,274 individuals using a community-based scalable mobile clinic. Some 
584 individuals with HIV infection or symptoms of TB underwent targeted 
diagnostic screening and were randomized (1:1) to same-day smear 
microscopy (n = 296) or on-site DNA-based molecular diagnosis (n = 288; 
GeneXpert). The primary aim was to compare time to TB treatment initiation 
between the arms. Secondary aims included feasibility and detection 
of probably infectious people. Of participants who underwent targeted 
screening, 9.9% (58 of 584) had culture-confirmed TB. Time-to-treatment 
initiation occurred significantly earlier in the Xpert versus the 
smear-microscopy arm (8 versus 41 d, P = 0.002). However, overall, Xpert 
detected only 52% of individuals with culture-positive TB. Notably, Xpert 
detected almost all of the probably infectious patients compared with 
smear microscopy (94.1% versus 23.5%, P = <0.001). Xpert was associated 
with a shorter median time to treatment of probably infectious patients (7 
versus 24 d, P = 0.02) and a greater proportion of infectious patients were on 
treatment at 60 d compared with the probably noninfectious patients (76.5% 
versus 38.2%, P < 0.01). Overall, a greater proportion of POC Xpert-positive 
participants were on treatment at 60 d compared with all culture-positive 
participants (100% versus 46.5%, P < 0.01). These findings challenge the 
traditional paradigm of a passive case-finding, public health strategy and 
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clinic14,15. Door-to-door ACF using laboratory-based molecular tools 
such as the Cepheid GeneXpert system has recently been shown to 
have favorably impacted disease burden in the wider community6. 
However, the door-to-door ACF strategy is labor intensive and may not 
be affordable in many settings. Corbett et al., before the availability of 
automated molecular diagnostic tools, showed that both door-to-door 
and a mobile unit-based screening strategy favorably impacted disease 
burden at the community level, but the latter was more efficient14. 
Advancing these findings, we showed, in a randomized controlled 
trial, that a mobile clinic/unit-based approach using POC molecular 
tools was feasible and effective using a high-cost truck equipped with 
generator-powered GeneXpert16. Two subsequent cross-sectional stud-
ies showed that mobile clinic-based ACF approaches using molecular 
tools were feasible, with a number-needed-to-screen (NNS, that is, 
number of individuals needed to be screened to diagnose 1 case of 
TB from between 15 and 20 (refs. 15,17)). Notably, these studies were 
personnel intensive (staffed by doctors15,17, nurses15,17, laboratory tech-
nicians17 and radiographers15,17) and used relatively high-cost, nonscal-
able approaches including electricity-driven mobile laboratories with 
capacity to perform on-site smear microscopy, molecular testing 

argues for the implementation of portable DNA-based diagnosis with 
linkage to care as a community-oriented, transmission-interruption strategy. 
The study was registered with the South African National Clinical Trials 
Registry (application ID 4367; DOH-27-0317-5367) and ClinicalTrials.gov 
(NCT03168945).

Table 1 | Overall baseline characteristics and comparison by participant study group

Overall, n = 584 Smear, n = 296 Xpert, n = 288

Median age in years (IQR) 38.8 (30.8–48.0) 38.9 (31.5–48.0) 39.4 (30.0–47.9)

Sex

Male (%) 203 (34.8) 111 (37.5%) 92 (31.9)

Female (%) 381 (65.2) 185 (62.5%) 196 (68.0)

HIV parameters

HIV positive (%) 287 (49.1) 143 (48.3) 144 (50.0)

Median CD4 count (IQR) 424 (265–605) 407 (265–611) 434 (262–605)

Presence of TB symptoms at screening

Fever (%) 222 (38.0) 112 (37.8) 110 (38.2)

Cough (%) 521 (89.2) 262 (88.5) 259 (89.9)

Weight loss (%) 370 (63.4) 197 (66.6) 173 (60.0)

Fatigue (%) 400 (68.5) 201 (67.9) 199 (69.1)

Night sweats (%) 475 (81.3) 244 (82.4) 221 (76.7)

Participants with more than three TB symptoms (%) 379 (64.9) 193 (65.2) 186 (64.6)

Patients who underwent induced sputum sampling 52 of 584 (8.9) 23 of 296 (7.7) 26 of 288 (9.0)

Proportion of culture-positive TB overall and in each arm (n, %) 58 of 584 (9.9) 26 of 296 (8.8) 32 of 288 (11.1)

Xpert positivity (data in the smear arm derived by performing 
Xpert in bio-banked samples)a

30 of 58 (51.7)a 14 of 26 (53.8)a 16 of 32 (50)

Median time to culture positivity (IQR) 12 (8.0–16.25) 12 (8.0–15.3) 12 (8.3–18.8)

Cavitary disease in culture-positive TB (%) 9 of 51 (17.6) 4 of 23 (17.4) 5 of 28 (17.9)

Culture-positive patients who were on treatment at 60 d (including 
same-day and culture-only signaled treatment initiation)b

27 of 58 (46.5) 9 of 26 (34.6) 18 of 32 (56.3)

Same day, that is POC test-positive patients initiating treatment 
within 60 dc (excludes those detected by culture only)

18 of 19 (94.7) 2 of 3 (66.6) 16 of 16 (100)

aXpert data for the smear arm (and the overall performance) was derived by delayed testing (>60 d after diagnosis) of bio-banked samples in the laboratory. bAn additional 2 of 14 (14.3%) 
patients in the Xpert arm and 7 of 17 (41.2%) in the smear arm initiated treatment between day 60 and day 120; the proportion of participants starting treatment within 120 d in the Xpert versus 
the smear arm was 20 of 32 (62.5%) versus 16 of 26 (61.5%) (P = 0.94). cThe denominator refers to all patients testing positive for Xpert and smear microscopy in the respective arms of the 
present study.

TB is the world’s second leading cause of death by an infectious dis-
ease after COVID-19, contributing to ~1.5 million deaths in 2020 (ref. 1). 
Despite advances in TB diagnostics, ~4 million patients (almost 40%) 
remain undiagnosed or unreported globally, most of whom reside 
in periurban informal settlements of large cities in Africa and Asia1,2. 
The COVID-19 epidemic has worsened this situation, with case detec-
tion plummeting by ~30–50%3,4. The ‘missing’ patients are important 
to detect and treat, and hence crucial for TB control, because they 
serve as a potential reservoir for transmission of drug-sensitive and 
drug-resistant strains of Mycobacterium tuberculosis5. Indeed, modeling 
studies have indicated that a substantial reduction in transmission, and 
hence disease burden and mortality, will require community-based, 
active case finding (ACF; healthcare worker seeks, identifies and pro-
cures samples for TB testing in the community) rather than passive 
case finding (patient-driven self-presentation at a healthcare facility), 
which detects cases after most transmission has already occurred2,6–8.

There are several approaches to performing ACF in high-prevalence 
settings, including targeted screening of high-risk groups (for example, 
close contacts of TB index cases)9–11, community-based door-to-door 
screening6,11–13 and community-based screening using a mobile unit or 
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and/or chest radiography17, limiting their applicability in TB-endemic 
settings. Controlled trials to evaluate the utility of molecular tools at 
a primary care level have, hitherto, not been undertaken. Indeed, the 
recent World Health Organization (WHO) guidance on systematic 
screening18 and a recent systematic review19 have underscored the need 
for well-designed studies to elucidate which ACF delivery methods and 
diagnostic strategies are most effective.

More recently, a portable battery-operated version of GeneXpert 
has become available (GeneXpert Edge) that is ideally suited as a POC 
diagnostic which could be incorporated into a scalable and affordable 
ACF model. We evaluated the feasibility of such a model (designated 
XACT) incorporating a two-person mobile clinic using a low-cost mul-
tipurpose vehicle, minivan (<US$12,000), equipped with GeneXpert 
Edge. An imperative of any such approach is to detect not only all the 
TB patients but also all the infectious patients who drive transmission. 
Therefore, in the present study, we prioritized evaluating the ACF 
model’s efficacy to detect infectious patients, which we identified using 
a combination of new cough aerosol sampling technology, chest X-ray 
characteristics and smear-microscopy status. Given this imperative we 
compared the molecular strategy with a same-day smear-microscopy 
strategy for several reasons. First, and most importantly, at the time 
of study design smear microscopy was the standard of care in pri-
mary health settings in TB-endemic countries, and remains so in many 
African countries. More recent WHO guidance (2021) recommends 

GeneXpert for active case finding in people who are not infected with 
human immunodeficiency virus (HIV) at the discretion of the health-
care provider, because the available evidence is of very low quality and 
based on a small dataset18 and the use of symptom screening with smear 
microscopy is endorsed in resource-poor settings20. Second, at the time 
the study was planned, we hypothesized that smear microscopy would 
detect infectious patients to the same extent as GeneXpert (given the 
much higher mycobacterial burden in presumed infectious patients, 
most of whom would probably be smear positive). Third, although 
GeneXpert has clearly been shown to be more sensitive than smear 
microscopy in numerous large clinic- and hospital-based studies21,22, 
there are limited data from paucibacillary populations (for example, 
with minimal disease burden as is commonly seen in the context of 
ACF). In such a subpopulation, GeneXpert testing might miss a substan-
tial proportion of low-burden disease (mycobacterial load below the 
detection limit of the assay), thus significantly negating its intuitively 
higher sensitivity or beneficial effect23. Fourth, GeneXpert’s utility 
might be negated by false-positive readouts within those with previ-
ous TB (~20% of those presenting with symptoms in many endemic 
settings) and, finally, GeneXpert-positive people (because they are 
probably minimally symptomatic) are more likely to decline or fail 
to continue with treatment. Collectively, the rationale and equipoise 
underpinned by these reasons mandated why same-day smear micros-
copy was used as the comparator in our trial. Thus, in summary, the 

Rapid (<10 min) screening of 5,247
participants

596 participants with possible TB identified
(patients with at least 1 TB symptom and/or HIV infection)

4,651 participants not enrolled

• 4,119 HIV negative, no TB symptoms
• 337 recurrent/recent TB treatmenta

• 65 unable to provide consentb

• 53 recruited from householdc

• 77 unable to provide contact details

295 randomized to the xpert
group

301 randomized to the smear
group

12 participants excluded

• Xpert arm: 7 (1 asymptomatic and
HIV uninfected; 6 sputum scarce
despite sputum induction)

• Smear arm: 5 (1 asymptomatic and
HIV uninfected; 4 sputum scarce
despite sputum induction)

288 included in analysis 296 included in analysis

32 of 288 (11.1%) culture-positive TB 26 of 296 (8.8%) culture-positive TB

16 of 32 (50.0%)
Xpert positive

16 of 16 (100%) culture positive
patients initiated treatment

within 60 d of diagnosis
excluding culture-based

treatmentd

16 of 32 (50.0%)
Xpert negative

2 of 16 (12.5%) initiated treatment
within 60 d of diagnosis
including culture-based

treatmente

3 of 26 (11.5%)
smear positive

2 of 3 (66.7%) culture positive
patients initiated treatment

within 60 d of diagnosis
excluding culture-based

treatmentd

18 of 32 (56.2%)f

Culture positive patients initiated treatment
within 60 d of diagnosis including culture-

only-based treatment

9 of 26 (34.6%)f

Culture positive patients initiated treatment
within 60 d of diagnosis including culture-

only-based treatment

23 of 26 (88.5%)
smear negative

7 of 26 (26.9%) initiated treatment
within 60 d of diagnosis
including culture-based

treatmente

Fig. 1 | Consort schematic summarizing the recruitment strategy and overall 
findings. aPatients previously self-presented to a TB community clinic in the 
past 60 d or who had received treatment in the past 60 d. bUnable to consent 
(impaired/underage) or withdrew consent. cParticipants were recruited from 

their informal housing units due to an inability to walk to the mobile clinic on 
account of illness. dOnly the diagnostic test (and not culture) signaled treatment 
initiation. eEmpirical or culture-signaled treatment initiation. fBoth the 
diagnostic test and/or culture-signaled treatment initiation.
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primary aim was to determine whether GeneXpert led to significantly 
shorter time-to-treatment initiation, and the key secondary aims were 
to determine whether GeneXpert identified a higher proportion of TB 
(especially infectious TB) and whether the scalable XACT model using 
advanced portable genomic technology was feasible in a TB-endemic 
setting. Our findings confirmed that POC GeneXpert, given its higher 
sensitivity and propensity to deliver a result more quickly (within 
90 min), was associated with a more rapid time-to-treatment initiation, 
detected a higher proportion of patients (albeit only 50% of the total 
burden), detected almost all the probably infectious cases and was 
feasible in a resource-poor endemic setting.

Trial population
A total of 5,274 participants were screened for TB between 15 November 
2016 and 15 February 2019. The demographic characteristics of the 
participants are shown in Table 1.

Figure 1 outlines the consort diagram, which includes 596 par-
ticipants; 295 and 301 participants were randomized into the Xpert 
and smear arms, respectively. Of the participants who underwent 
randomization, seven were excluded from the Xpert group whereas 
five were excluded from the smear group because of lack of symptoms 
(one patient from each group) or being sputum scarce despite sputum 
induction (six patients in the Xpert arm and four in the smear arm). The 
remaining 288 participants in the Xpert group and 296 participants in 
the smear group were included in the analysis. Of participants, 11.1%  
(32 of 288) in the Xpert group and 8.8% (26 of 296) in the smear group 
had detectable growth on M. tuberculosis cultures from their sputum 
specimen. TB treatment was initiated in 56.3% (18 of 32) and 34.6% 
(9 of 26) in the Xpert and smear groups, respectively (including 
culture-only-based treatment initiation).

Patients randomized to the Xpert group rather 
than the smear group initiated treatment  
sooner
We first evaluated time-to-treatment initiation in each group (time 
from diagnostic testing to start of drug therapy within 60 d of diag-
nosis; see Fig. 1). The absolute time-to-treatment initiation (95% confi-
dence interval (CI) (interquartile range (IQR))) was significantly shorter 
in the Xpert compared with the smear group (8 (4.3–29.5) versus 41 
(24.0–71.5) d; P = 0.002) (Table 2). Comparatively, Xpert was associ-
ated with a more rapid time-to-treatment initiation within 60 d of 
testing (restricted mean time lost (RMTL)) ratio: 2.4 (95% CI 1.3–4.5, 
P = 0.008; hazard ratio (HR): 2.3, 95% CI 1.0–5.1, P = 0.04 (Fig. 2a)). This 
shorter time-to-treatment initiation was irrespective of whether start 
of therapy was based on the same-day test result alone or a combina-
tion of same-day and culture result (Fig. 2). Although the proportional 
hazards assumption was violated (that is, lack of consistency in the 
hazard over the duration of time) the HR very closely approximated 
the RMTL ratio, and both were significant (Fig. 2a). The RMTL ratio indi-
cates that the mean treatment time gained over 60 d was ~2.4× greater 
in the Xpert compared with the smear arm. Proportionally, Xpert 
detected more TB patients than smear microscopy (50.0% (16 of 32)  
versus 11.5% (3 of 26); P = 0.03). A greater proportion of participants 
needed to be screened in the smear group (n = 98.6) versus the Xpert 
group (n = 18.0) to detect one patient with TB. Of participants, 235 of 
288 (81.6%) in the Xpert arm and only 42 of 296 (14.2%) in the smear 
arm received their results on the same day (P < 0.01). Overall, only 
27 of 58 (46.5%) of those with microbiologically proven TB initiated 
treatment (including culture-only-based treatment initiation) within 
60 d (Xpert arm 18 of 32 (56.3) versus smear-microscopy arm 9 of 26 
(34.6); P = 0.10).

Table 2 | TB diagnosis and treatment-associated performance outcomes per group and microbiological and clinical 
performance outcomes

Time-to-treatment initiation within 60 d of testing HRa (95% CI) Smear arm RMTL 
(95% CI)

Xpert arm RMTL 
(95% CI)

RMTL ratio (95% CI)

Same-day and/or culture-based treatment initiationb 2.3 (1.0–5.1), P = 0.04 11.3 (5.0, 17.6) 26.8 (18.2, 35.5) 2.4 (1.3–4.5), P = 0.008

Only same-day diagnostic test signaled treatment 
initiationb (that is, excluding culture-only-based 
treatment initiation)c

3.0 (1.2–7.7), P = 0.02 7.5 (2.0, 13.0) 25.2 (16.2, 34.2) 3.4 (1.5–7.6), P = 0.004

Microbiological/other clinical parameters Smear arm Xpert arm OR (95% CI) Risk ratio 
(95% CI)

Risk difference P valued

Median time-to-treatment initiation in days (IQR)b 41 
(24.0–71.5)

8 (4.3–29.5) NA NA NA 0.002

NNS per TB case detection 98.6 18.0 6.8 (2.0, 
23.2)

6.5 (1.9, 
21.5)

5.3 (2.4, 8.3) 0.0001

Culture-positive patients initiating treatment within 60 d of testing 
(excluding culture-based treatment, that is, only the same-day 
diagnostic test (and not culture) signaled treatment initiation (%))c

6 of 26 
(23.0%)

16 of 32 
(50.0%)

3.3 (1.1, 
10.5)

2.0 (1.0, 
4.3)

27 (3.1, 49.9) 0.04

Culture-positive patients initiating treatment within 60 d of testing 
but including culture-only signaled treatment that is both same-day 
diagnostic test and/or culture-signaled treatment initiation (%)c

9 of 26 
(34.6%)

18 of 32 
(56.2%)

2.4 (0.8, 7.1) 1.6 (0.9, 
3.0)

21.6 (−2.6, 46.3) 0.10

Culture-negative patients initiating treatment within 60 d of testing (%), 
that is, empirical treatment rate

3 of 270 
(1.1%)

6 of 256 
(2.3%)

1.5 (0.4, 
5.4)

1.5 (0.4, 
5.2)

1.2 (−1.5, 3.0) 0.75

Proportion of potentially infectious patients detected, that is, CASS 
and/or cavitary disease- and/or smear-positive patients (%)

4 of 17 
(23.8%)

16 of 17 
(94.1%)

44.2 (4.6, 
425.8)

3.4 (1.6, 
7.2)

64.4 (43.4,89.9) <0.001

Median time-to-treatment initiation in patients who were deemed to be 
infectious (in days), that is CASS and/or cavitary disease and/or smear 
positivity (IQR)

24 
(21.0–67.0)

7 (4.0–21.0) N/A N/A N/A 0.02

aThe hazard ratio (HR) was generated by fitting Cox’s proportional hazards regression model and tested using the likelihood ratio test, whereas the RMTL ratios were tested using the RMTL 
log(ratio) test. bPrimary outcome measures. cThis is a time-point-specific analysis, that is, at the 30- or 60-d time-point, and not a cumulative time to event analysis as illustrated in Fig.2; 2 of 
6 participants were initiated in treatment based on same-day smear-microscopy results and 4 of 6 smear-negative participants had empirical treatment initiation before the availability of 
TB culture results. dFisher’s exact test (two sided) was used to compare proportions between groups and Wilcoxon’s rank-sum (Mann–Whitney U-test) test (two sided) was used to compare 
continuous data. N/A, not applicable; OR, odds ratio.
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Xpert detected more infectious patients than 
smear microscopy
Next, we investigated the ability of each diagnostic strategy to detect 
the probably infectious cases, which we defined as smear positivity and/
or cough aerosol positivity (Extended Data Fig. 1) and/or the presence 

of cavitary disease on a chest X-ray. Overall, chest X-ray evaluation 
was performed in 51 of 58 (87.9%) culture-positive patients and 9 of 51 
(17.6%) had cavitary disease. The proportions of probably infectious 
and probably noninfectious culture-positive patients are shown in 
Fig. 3 and Table 3. Of all the culture-positive patients (n = 58), only 51 
participants had all three diagnostic tests portending infectiousness 
(that is, cough aerosol sampling system (CASS) and chest X-ray and 
smear status); 17 of 51 participants were deemed infectious (positive 
by ≥1 of the three criteria) and 34 were deemed probably noninfectious 
(negative by all three criteria; Fig. 3). Overall, Xpert detected more 
infectious TB patients than smear microscopy (94.1% (16 of 17) versus 
23.5% (4 of 17); P = 0.004; Table 3). This pattern remained consistent 
when defining infectiousness using different combinations and per-
mutations, including by CASS and cavitary status alone (see Table 3). 
Notably, the median time-to-treatment initiation for infectious patients 
was significantly earlier in the Xpert arm (7 versus 24 d; P = 0.02, that 
is, 17 d earlier in the Xpert arm; Table 2).

Feasibility of implementing the XACT model for 
active case finding
The diagnostic accuracy of POC Xpert performed by minimally trained 
healthcare workers was comparable to Xpert performed by a quali-
fied technician in a research laboratory (sensitivity 0.52 versus 0.61 
and specificity of 0.98 for both; P = 0.46; see Supplementary Table 1).  
A total of 36 of 494 (7.3%) d were lost due to logistical challenges (break-
downs, inclement weather, and so on); mechanical problems with the 
vehicle was the most common reason for the lost screening days (see 
Supplementary Table 2). A vast majority (235 of 288, 81.6%) of the par-
ticipants in the Xpert arm of the study received their results on the 
same day, thus enabling ‘immediate’ (that is, same visit) referral for TB 
treatment initiation during the same interaction, whereas only a small 
proportion (42 of 296, 14.2%) of participants in the smear arm received 
their results on the same day (Extended Data Fig. 2).

Discussion
To our knowledge this is the first controlled trial to show that an ACF 
strategy using a mini-mobile, clinic-based, scalable intervention pack-
age, incorporating a low-cost minivan and portable battery-operated 
Xpert (that is, the XACT model), was feasible and more importantly 
detected most infectious TB patients. Significantly, these were patients 
who did not self-report to healthcare facilities. The number of at-risk 
people (with any TB symptom or HIV infected) who needed to be 
screened, to detect one case of active TB, was 18 for Xpert versus 99 
for smear microscopy. Furthermore, POC Xpert detected a higher pro-
portion of culture-positive TB patients who initiated treatment within 
the first 60 d posttesting, and significantly reduced time-to-treatment 
initiation compared with same-day smear microscopy performed at a 
nearby microscopy center (within a 5-km radius).

There are recent reports confirming the feasibility of using the 
Xpert Edge system at POC for the diagnosis of TB24,25. However, we 
have now established the feasibility of using Xpert Edge as part of 
a standardized intervention package for community-based ACF in 
TB-endemic settings. Indeed, there was good concordance between 
Xpert performed at POC by minimally trained healthcare workers 
versus Xpert performed at a centralized laboratory, the model was 
well accepted within communities (~98% of the invited participants 
were recruited) and only 7.3% (36 of 494) of days were ‘lost’ due to 
nonscreening (problems with the vehicle, bad weather, and so on; 
see Supplementary Table 2). Importantly, the model is scalable (more 
easily reproducible because of better affordability) compared with 
more expensive and retro-fitted larger trucks that are manned by 
more personnel, use a generator and larger Xpert modules, and are less 
suited to densely populated shanty towns with narrow roads and lanes.

Xpert performed at POC identified significantly more patients 
with culture-positive TB, reduced time-to-treatment initiation (8 versus 
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Fig. 2 | Including same-day diagnostic test (Xpert and smear microscopy 
result) and/or culture-signaled treatment initiation and only same-day 
diagnostic test. Xpert and smear microscopy result signaled treatment initiation 
(but excluding culture-only-based treatment initiation). a,b, The Schoenfeld 
test results indicated that the proportional hazards assumption was not met 
for both (a) (P = 0.009) and (b) (P = 0.004). Thus, the RMTL ratio was calculated 
as an alternative (a) (2.4: 95% CI 1.3–4.5, P = 0.008) and (b) (3.4: 95% CI 1.5–7.6, 
P = 0.004) and was found to closely approximate the HR for both (a) (2.3: 95% CI 
1.1–4.9, P = 0.03) and (b) (3.0: 95% CI 1.2–6.9, P = 0.02). The significance of the HRs 
was tested using the likelihood ratio test, whereas RMTL ratios were tested using 
the RMTL log(ratio) test. The censor dashes in (b) represent patients who were 
initiated on treatment based on culture results only.
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41 d) and enabled the initiation of treatment within 60 d of testing in a 
significantly larger proportion of culture-positive patients compared 
with same-day smear microscopy. This is mainly attributable to Xpert’s 
higher detection rate for culture-positive TB and its ability to facili-
tate prompt referral for treatment initiation during the same interac-
tion (reducing pretreatment loss to follow-up). Delays in obtaining a 
same-day result (higher proportion in the smear group received results 
the following day) contributed negligibly to this effect.

The overall Xpert-based case detection among participants with 
HIV infection and/or symptoms suggestive of TB (targeted screened 
group) was high at ~10%, and higher than that found in the Philippines 

(6% targeted screened prisoners) and Nepal (5%; n = 1239 and using 
a minivan approach)15,26. This is probably attributable to the higher 
rate of HIV endemicity (~20% of the population) and socioeconomic 
deprivation in our population. Nevertheless, Xpert sensitivity in detect-
ing culture-positive TB was only ~51% and was due to the paucibacil-
lary nature of disease in this community-based cohort, as shown in  
other studies27.

Significantly, although detecting only 50% of culture-positive 
patients, Xpert was highly effective in detecting most potentially infec-
tious patients (~90% compared with 25% with smear microscopy), and 
the median time to treatment of these probably infectious patients was 

Total culture positive; n = 58

Infectious, n = 17a,b

7 patients excluded

CASS analysis and/or chest
X-rays not performed

Detection of infectious patients by xpert
16 of 17 (94.1%)c

Detection by infectious patients by smear
4 of 17 (23.5%)c

Detection of non
infectious patients

by Xpert
n = 10 of 34 (29.4%)

Detection of non
infectious patients

by smear
n = 0 of 34 (0.0%)

2
0 2

0

2 38

Cavitary disease
n = 9

CASS positive
n = 12

Smear positive
n = 4

2
0 2

0

1 38

Cavitary disease
n = 8

CASS positive
n = 11

Smear positive
n = 4

2
0 2

0

0 00

Cavitary disease
n = 4CASS positive

n = 2

Smear positive
n = 4

Probably non infectious, n = 34a

* P ≤ 0.001

Participants who had all three tests portending infectiousness (CASS,
smear, chest X-ray); n = 51

Fig. 3 | Proportion of probably infectious TB patients identified by Xpert and 
smear microscopy (only patients with a valid smear, chest X-ray and CASS 
results were included, that is n = 51). aProportion of patients on treatment 
at 60 d was significantly greater in the infectious group compared with the 

probably noninfectious group (13 of 17 (76.5%) versus 13 of 34 (38.2%); P = 0.007). 
bGiven the limitation of current tools, a minority of these patients (<10%) may still 
have transmission potential. cComparison of two proportions was undertaken by 
using the Chi-squared test.

Table 3 | The performance of Xpert and smear in identifying probably infectious patients (only patients with availability 
of all four results, that is, CASS, smear status, chest X-ray result and time-to-culture positivity have been included in this 
analysis; n = 51)

Definition of infectiousness Smear arm  
(% positivity)

Xpert arm  
(% positivity)

OR (95% CI) Risk ratio 
(95% CI)

Risk difference P valuea

CASS positivity only 2 of 12 (16.6) 10 of 12 (83.3) 33.0 (2.9, 
374.3)

3.7 (1.4, 9.9) 66.7 (37.6, 95.7) <0.001

Presence of cavitary disease only 5 of 9 (55.6) 8 of 9 (88.8) 6.4 (0.6, 74.9) 1.6 (0.9, 3.0) 33.3 (−5.1, 71.8) 0.11

Smear positivity onlyb 4 of 4 (100) 4 of 4 (100) N/A N/A N/A N/A

CASS positivity and/or cavitary diseasec 4 of 17 (23.5) 16 of 17 (94.1) 44.2 (4.6, 
425.8)

3.4 (1.6, 7.2) 64.7 (43.4, 89.9) <0.001

CASS positivity and/or smear positivity and/or 
presence of cavitary diseased

4 of 17 (23.5) 16 of 17 (94.1) 44.2 (4.6, 
425.8)

3.4 (1.6, 7.2) 64.7 (43.4, 89.9) <0.001

CASS positivity and/or smear positivity and/or 
presence of cavitary disease and/or TTP ≤ 7 de

4 of 20 (20.0) 17 of 20 (77.2) 11.6 (2.8, 47.4) 3.4 (1.5, 7.6) 57.2 (29.8, 79.3) <0.001

CASS positivity and/or smear positivity and/or 
presence of cavitary disease and/or TTP ≤ 14 df

4 of 23 (17.4) 20 of 23 (86.9) 8.5 (2.3, 30.9) 3.4 (1.5, 7.8) 69.6 (23.9, 72.1) <0.001

TTP, time-to-sputum culture positivity in days. aFisher’s exact test (two sided) was used to compare the proportion of infectious patients detected by Xpert to the proportion of infectious 
patients detected by smear microscopy. bSmear was performed on separate dedicated samples from participants in both groups. cInfectiousness, defined by the presence of at least one of 
two criteria (CASS positivity and/or presence of cavitary disease). dInfectiousness defined by the presence of any one or more of three criteria (smear positivity, CASS positivity and presence 
of cavitary disease). eInfectiousness defined by any one or more of four criteria (smear positivity, CASS positivity, presence of cavitary disease and time-to-sputum positivity ≤7 d on sputum 
culture). fInfectiousness defined by any one or more of four criteria (smear positivity, CASS positivity, presence of cavitary disease and time-to-sputum positivity ≤14 d on sputum culture).
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17 d earlier than in the smear arm. This is a critical point because one of 
the core overarching purposes of ACF is to interrupt transmission, which 
should hence detect most infectious patients. Xpert is better than smear 
microscopy in this respect. As there is no clear-cut definition of what con-
stitutes infectiousness, we used a flexible and nonredundant approach 
incorporating the presence of smear positivity and/or cough aerosol 
positivity and/or cavitary disease. Our conclusions remained unchanged 
despite the use of different definitions (Table 3). Although cavitary dis-
ease is associated with transmission and smear positivity28,29, ~15% of all 
TB transmission within the community occurs in smear-negative peo-
ple30,31, and only a minority (approximately one-third) of smear-positive 
people have detectable culture-positive cough aerosol (culturable bacilli 
in cough microdroplets <10 µm in size) often with minimal symptoms32. 
CASS is the only measure of infectiousness that correlates with clini-
cally meaningful endpoints such as tuberculin skin test conversion and 
development of active TB within 2 years33,34.

Importantly, only 46.5% of culture-positive participants (although 
100% of Xpert-positive people) were on TB treatment at 60 d. This was 
due to a combination of factors including disease stigmatization, social 
and health system factors that may have modulated access to treatment 
(for example, transport costs, impact on work), migration and the 
presence of minimal symptoms that may have made individuals more 
likely not to initiate or continue with treatment. Indeed, we found that a 
higher proportion of the patients who were probably infectious (more 
symptoms and more severe disease) were on treatment compared with 
those who were probably noninfectious. The pragmatic trial design 
meant that patients were provided with a single TB education session 
and a referral letter (with the results) linking them to care. Given these 
considerations, future studies and programmatic roll-out of ACF pack-
ages should include appropriate intensive follow-up and incentives to 
ensure that patients are properly linked to care.

Our study had several limitations. First, we screened only sympto-
matic patients and asymptomatic HIV-infected participants. However, 
the broader objective of our study was to validate a low-cost and scal-
able screening model, and WHO-endorsed symptom screening has a 
high negative predictive value35. Second, our study had a limited sample 
size, which may have limited generalizability (single-center study in an 
HIV-endemic setting) and did not measure the impact of the model on 
disease burden and mortality. In contrast to the pre-molecular era36 
Xpert-oriented ACF has been shown to impact disease burden6. Third, 
we used smear microscopy, and not Xpert performed at a centralized 
laboratory, as the comparator arm. However, we have justified the 
rationale for this in detail, including that we first needed to establish 
with certainty the superiority of Xpert in a community setting where 
low-burden disease predominates, and a different trial (NCT04303104) 
is currently evaluating optimal placement of the Xpert platform (POC 
versus centralized), whereas another trial (NCT04303104) is evaluating 
the role of the model in subclinical TB.

In conclusion, community-based ACF using a scalable mobile 
health intervention package incorporating portable molecular 
diagnostics is feasible and detects most community-based, prob-
ably infectious TB patients. These data define a new standard of care 
for community-based ACF and inform ACF strategies in TB-endemic 
settings.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
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Methods
Approvals, trial design and participants
The present study was approved by the University of Cape Town’s 
Human research Ethics Committee (ref. 068/2016), University of Stel-
lenbosch Research Ethics Committee: Biosafety and Environment Ethics 
(SU-BEE17-0002) and Baylor Scott & Wine Research Institute (016-176). 
This parallel-group, single-center, open-labeled, randomized control 
trial was performed in the periurban resource-poor Mitchel’s Plain and 
Klipfontein subdistricts of Cape Town, South Africa. Participant enroll-
ment occurred from 15 November 2016 to 15 February 2019. The trial 
sites were selected because they each have a high density of informal 
settlements (~9,000 people per km2). A research nurse and a community 
healthcare worker screened potential participants at the mobile clinic 
(vehicle equipped with a portable awning, providing shelter, fold-up 
tables, HIV lateral flow testing capability and a small portable fold-up 
cubicle for privacy during sputum acquisition, which securely housed 
the portable GeneXpert Edge system). The initial rapid screen at the 
mobile clinic took ~5 min and comprised five questions related to the 
presence of TB symptoms and HIV status. Participants who provided 
written informed consent (aged >18 years) were randomized if they had 
at least one TB symptom for ≥2 weeks or were HIV infected, irrespective 
of symptoms (positive HIV test on-site or known by themselves to be HIV 
infected). Participants who had attended a TB clinic for their symptoms 
or those who were on TB treatment were excluded. Screening was clus-
tered around community congregational settings, for example, outside 
community centers, shopping malls and churches. The study was regis-
tered with the South African Clinical Trials Registry (application ID 4367; 
DOH-27-0317-5367) and ClinicalTrials.gov (NCT03168945). The registra-
tion with SANCTR occurred before the recruitment of the first patient.

Randomization
Participants who were eligible were randomized (1:1) to undergo either 
sputum smear microscopy (smear arm) at a nearby microscopy center 
(within ~5-km radius) or POC Xpert (Xpert arm) using a block size of 4. 
The clinical staff had access to TB culture results for all participants, 
but had access only to POC Xpert results for participants in the Xpert 
arm and to smear microscopy results for participants in the smear arm. 
The laboratory staff were blinded to the POC Xpert results and clinical 
details of the participants. Laboratory-based Xpert testing for all par-
ticipants (in addition to the POC Xpert testing) was performed using 
bio-banked samples collected at the time of enrollment37.

Procedures
All specimen collection was performed at the POC. Xpert testing was 
performed by the trained research nurse/community health worker at 
the POC using GeneXpert Edge and Xpert Ultra cartridges. Sputum for 
smear microscopy (auramine staining) was collected and dispatched to 
a nearby microscopy center. The POC Xpert results were interpreted by 
the personnel performing the test whereas smear-microscopy results 
were emailed by the microscopy center to a designated clinical staff 
member as soon as they were available. A second sputum was col-
lected for TB culture. A further sputum sample was bio-banked in both 
arms of the study (all sputum samples were collected over a period of 
60 min). If participants could not produce sputum, sputum production 
was induced using a standard protocol41, which was also available as 
part of the mobile unit. If patients were diagnosed with TB, they were 
referred to the nearest clinic for treatment (within a 5-km radius) using 
a standardized referral template. Participants who tested positive in the 
Xpert arm of the study were referred to the TB clinic during the same 
visit whereas participants in the smear arm of the study were contacted 
by telephone to return to the mobile clinic, and subsequently referred 
to the TB clinic to initiate treatment (the referral letter contained the 
Xpert and smear-microscopy results, and participants were informed 
and advised about the nature of the disease and importance of initiat-
ing treatment). Sputum culture results were evaluated only 60 d after 

randomization for all participants (see Fig. 1). Participants who tested 
positive for TB on sputum culture were traced and given a referral letter 
to initiate TB treatment at the nearest TB clinic.

Feasibility of implementing the XACT ACF model. Xpert testing 
was performed on paired sputum samples (one test performed in the 
mobile van at the POC and the other in a research laboratory at the end 
of the study) to assess the competency of the healthcare workers who 
had no previous laboratory experience or training. The research nurse/
community healthcare workers were trained on Xpert testing using 
a hybrid model (didactic lecture of ~1 h and a 2-h hands-on session). 
The trained staff were then paired with an experienced ‘Xpert tester’ 
in the field for a duration of 4–6 weeks to obtain hands-on experience. 
User appraisal questionnaires were also administered to assess staff 
competency in performing Xpert in the community at baseline (day 
of training), 4 weeks and 8 weeks. The number of ‘days lost’ due to 
technical factors (for example, equipment, staffing and vehicle) or 
environmental factors (for example, weather and sociopolitical fac-
tors) were also recorded. A ‘day lost’ was defined by the inability of the 
ACF team to perform any screening activities.

Determination of infectious patients. Infectious patients were 
defined as those who were expectorating a culture-positive aerosol 
(<10 µm) using CASS and/or who had acid-fast bacilli detectable on 
sputum smear microscopy and/or those with cavitary disease evident 
on chest X-ray. Smear-microscopy samples were processed in real time 
for participants in both arms of the study. However, the smear results 
for participants in the Xpert arm were withheld by the laboratory staff 
(that is, clinical staff and recruitment staff were blinded) up until the 
last participant had achieved the primary endpoint.

CASS assessment. All patients with positive results on sputum Xpert, 
sputum smear microscopy and/or sputum culture (when culture only 
resulted in treatment initiation) were evaluated with CASS at a sepa-
rate facility before or within 48 h of starting treatment. This validated 
technique quantifies and size classifies cough aerosol particles that 
contain culturable M. tuberculosis42,43. Patients enter the cubicle and 
cough into the mouthpiece (Extended Data Fig. 1B). The cough par-
ticles flow, with the aid of a vacuum pump, to a chamber holding an 
Andersen six-stage cascade impactor (Extended Data Fig. 1A). Air is 
filtered and the CASS chamber is sterilized between each use. Extended 
Data Fig. 1C shows the cough aerosol capture plates after incubation. 
Aerosols from each stage of the impactor are deposited on to the plate 
holding the selective culture medium, mirroring the position of the 
filter apertures; each colony represents a footprint of probably one 
M. tuberculosis-containing infectious particle. Colony-forming units 
on each plate were enumerated.

Chest X-ray assessment. All patients with a positive result on sputum 
Xpert, sputum smear microscopy and/or sputum culture underwent 
a single standard posteroanterior projection chest X-ray assessment 
before or within 72 h of treatment.

Aims and outcome measures
The primary aim was to compare time to TB treatment initiation 
between the arms (arm-specific time to treatment initiation within 
60 d of diagnostic testing was the primary outcome measure). This time 
threshold was chosen to allow for the results of sputum TB culture to 
become available. Secondary aims included: (1) feasibility of the XACT 
ACF model (evaluated by comparing performance of Xpert at the POC 
against that in the laboratory: user appraisal questionnaires and deter-
mination of days lost); (2) detection efficacy of potentially infectious 
patients; (3) time to treatment for probably infectious patients; (4) 
the proportion of culture-positive TB patients initiating TB treatment 
in each study arm; and (5) the NNS to detect a single patient with TB.
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Statistical analysis
We reasoned that a total of 34 culture-positive participants (17 in each 
arm) would be required to demonstrate a 3.5-fold reduction in the 
time-to-treatment initiation assuming 95% confidence and 80% power, 
that is, assuming a risk ratio of 3.5 (that is, patients were likely to start 
treatment 3.5× sooner in the Xpert versus smear arm based on the find-
ings of the XACT-1 study). We calculated that 500 at-risk participants 
would require targeted screening (that is, participants who were HIV 
infected or had at least one symptom of TB) after rapidly screening 
~5,200 participants to detect at least 40 culture-positive TB patients 
(20 in each arm), taking into account a 10% loss to follow-up, a TB 
prevalence of 8% and a rapid screen:targeted screen ratio of 1:10. The 
probability of an event in the Xpert group relative to the smear group 
per unit time was expressed as an HR or RMTL ratio when the hazard 
assumption was not met38–40. Full details about sample-size derivations 
and statistical methods are provided in the online supplement. The 
nonparametric Wilcoxon’s rank-sum test was used to compare time 
to treatment initiation at each time-point. A time-to-event outcome 
analysis was performed with time-to-event curves compared using the 
log(rank) (Mantel–Cox) test. The proportionality of hazards was tested 
by inspection of Schonfeld residuals for each variable included. The 
restricted mean survival time (RMST) and the RMTL ratios were also 
calculated, although Cox’s proportional hazards assumptions were 
not explicitly met. We analyzed univariate and multivariate associa-
tions between time-to-treatment initiation using clinically important 
variables selected a priori for the model.

Kaplan–Meier curves covering the first 60 d after enrollment/
randomization and transformed to display cumulative events were 
constructed to assess the time-to-treatment initiation in the smear 
and Xpert arms. Differences between the two groups were quantified 
by fitting Cox’s proportional hazards regression model and calculat-
ing the HR. The proportional hazards assumption for each covariate 
was tested by calculating the Schonfeld residuals. The RMST ratio and 
subsequently the RMTL ratio were also calculated as an alternative 
to Cox’s proportional hazards. The RMST and RMTL have no model 
assumptions and are therefore not subject to the restrictions imposed 
by the proportional hazards assumptions. The RMST is the average 
event-free time to a specified endpoint (60 d in this analysis) and is 
calculated by subtracting the RMST from the specified endpoint. The 
RMTL can approximate the HR and provides a more intuitive measure 
of treatment effects/benefits. Statistical analysis was performed using 
OpenEpi, SPSS 27.0.1 and R v.4.0.5.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Individual participant data will be made available to researchers who 
provide a protocol that is approved by their respective human research 
ethics committee. All protocols will be reviewed and approved by the 
XACT consortium trial steering committee up to 5 years after publi-
cation. A data sharing agreement will need to be concluded between 
the representatives of the requesting institution and the University of 
Cape Town Lung Institute. Data sharing requests should be directed to 
keertan.dheda@uct.ac.za.
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Extended Data Fig. 1 | Cough Aerosol Sampling System (CASS) used to 
measure culturable M. tuberculosis in cough aerosol droplets as a surrogate 
for infectiousness. The CASS system consisting of a six-stage Anderson cascade 
impactor (ACI) showing the median expected droplet diameter (µm) for each 

stage (Panel A).Patient sitting in a negative pressure cubical while coughing into a 
mouth piece that is attached to the ACI (Panel B).Culture plate that enables CFUs 
from individual aerosol droplets to be isolated (Panel C) The ACI was horizontally 
contained in a 10 litre autoclavable chamber (panel D).

http://www.nature.com/naturemedicine
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Extended Data Fig. 2 | Overview of the recruitment activities and procedures 
for the XACT-II study. * A vast majority (235/288; 81.6%) of the participants in 
the Xpert arm of the study received their results on the same-day,thus, enabling 

‘immediate’ (that is, same-visit) referral for TB treatment initiation during the 
same interaction while only a small proportion (42/296; 14.2%) of participants in 
the smear arm received their results in the same-day.

http://www.nature.com/naturemedicine
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Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender overall the proportion of male and female participants is reported. However, sex was not considered when randomising 
participants into the two arms of the study although the proportion of males and females (currently understood biological 
differences; for the purposes of this study, only male and female sex were categorized- non of the participants refused to 
provide response for this question)

Population characteristics Adult participants over the age of 18 years with WHO defined symptoms of TB and or HIV-infection (irrespectove of 
symptoms) with in communities were invited 

Recruitment This parallel group single centre open-labelled randomized control trial was performed in the peri-urban resource-poor 
Mitchel’s Plain and Klipfontein sub-districts of Cape Town, South Africa from the 15th of November 2016 to 15th of February 
2019. These sites were selected because they have a high density of informal settlements (~9000 persons per km2). A 
research nurse and a community health care worker screened potential participants at the mobile clinic (vehicle equipped 
with a portable awning providing shelter, fold up tables, HIV lateral flow testing capability, a small portable fold-up cubicle for 
privacy during sputum acquisition, and which securely housed the portable GeneXpert Edge system). The initial rapid screen 
at the mobile clinic took ~5 minutes, and comprised 5 questions related to the presence of TB symptoms and HIV status. 
Participants who provided[AU: written?] written informed consent (over the age of 18 years) were randomized if they had at 
least one TB symptom for ≥ 2 weeks or were HIV-infected irrespective of symptoms (positive HIV test onsite or were known 
by themselves [AU: known by whom?]to be HIV-infected). Participants who had attended a TB clinic for their symptoms or 
those who were on TB treatment were excluded. Screening was clustered around community congregate settings e.g., 
outside community centres, shopping malls, and churches.   

Ethics oversight This study was approved by the University of Cape Town’s Human research Ethics Committee (REF: 068/2016), University of 
Stellenbosch Research Ethics Committee: Biosafety and Environment Ethics (SU-BEE17-0002) and Baylor Scott & Wine 
Research Institute (016-176). 

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size We reasoned that a total of 34 culture-positive patients (17 in each arm) would be required to demonstrate a 3.5-fold reduction in the time-
to-treatment initiation assuming 95% confidence and 80% power i.e. assuming a risk ratio of 3·5 (patients were likely to start treatment 3·5 
times sooner in the Xpert versus smear arm based on the findings of the XACT 1 study (15)). We calculated that 500 at risk participants would 
require targeted screening (5,000 rapidly screened) to detect at least 40 culture-positive TB patients (20 in each arm) when accounting for a 
10% loss to follow-up, a TB prevalence of 8%, and rapid screen to targeted screen ratio of 1:10) (15). Full details about sample size derivations 
and statistical methods are provided in the online supplement. 

Data exclusions The exclusions have been detailed in the consort figure 1; 12 participants were excluded because they did not meet the inclusion criteria

Replication The GeneXpert tests performed in the field was confirmed on a paired sample in the laboratory. the results were congruent and are 
presented in the online supplement. a total of 277 samples results were confirmed in laboratory based Xpert testing

Randomization Participants that were eligible were randomised (1:1) to undergo either sputum smear microscopy (smear arm) at a nearby microscopy centre 
(within ~5 km radius) or POC Xpert (Xpert arm) using a block size of 4. All clinical and laboratory staff were blinded to all results.  

Blinding The trial was not blinded (it was not possible to blind in this study). However, laboratory personnel and the personel who performed the data 
analysis were blinded. Blinding was not possible since one group has POC-Xpert with results being available during the same contact visit while 
for the other group sputum was sent to a near by microscopy center with results often available only the next day in a majority of the 
participants.
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Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration SANCTR: DOH-27-0317-5367; Clinicaltrials.gov: NCT03168945

Study protocol Full protocol is attached as additional document online

Data collection This parallel group single centre open-labelled randomised control trial was performed in the peri-urban resource-poor Mitchel’s 
Plain and Klipfontein sub-districts of Cape Town, South Africa. These sites were selected because they have a high density of informal 
settlements (~9000 persons per km2). 

Outcomes The primary endpoint was time-to-treatment in patients with M. tb culture positive sputum who initiated therapy within 60 days of 
diagnostic testing. This time threshold was chosen to allow for the results of sputum TB culture to become available. Secondary 
outcomes included (i) feasibility of the XACT ACF model (evaluated by comparing performance of Xpert at POC versus in the 
laboratory); (ii) detection efficacy of potentially infectious patients; (iii) time to treatment of likely infectious patients; (iv) the 
proportion of culture-positive TB patients initiating TB treatment in each study arm; (v) the number needed to screen to detect a 
single patient with TB. 
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