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ABSTRACT South Africa is a country with a high incidence of tuberculosis (TB),
complicated by coinfection with human immunodeficiency virus (HIV). The Xpert
MTB/RIF (Cepheid, Sunnyvale, CA, USA) is used in South Africa as the test for the ini-
tial diagnosis of TB, and other molecular platforms such as the m2000 (Abbott Mo-
lecular, Des Plaines, IL, USA) are widely used for molecular monitoring of HIV load.
The latter platform is now also equipped with the RealTime (RT) MTB and RealTime
MTB RIF/INH assays for TB and first-line drug resistance screening but has not been
evaluated in settings of HIV and TB coinfection. A prospective clinical validation
study was conducted at a community health center in Johannesburg, South Africa,
and consenting individuals with presumptive pulmonary TB were enrolled. The per-
formance of the Abbott assays was compared with those of the Xpert MTB/RIF, liq-
uid culture, drug susceptibility testing, and clinical case definitions. A statistical anal-
ysis was performed on 206 individuals (73% were HIV positive). The sensitivity and
specificity of the RT MTB were 82.5% (confidence interval [CI], 67.2 to 92.7) and
93.1% (CI, 86.2 to 97.2) on raw sputum and 77.5% (CI, 61.5 to 89.2) and 95.1% (CI,
88.9 to 98.4) on concentrated sputum, respectively, compared with those from liquid
culture. The RT MTB correctly identified 17/35 more smear-negative culture-positive
specimens than the Xpert MTB/RIF. Both the RT MTB and the Xpert MTB/RIF dis-
played sensitivities �70% and specificities �90% in HIV-positive individuals. The
available drug resistance results concurred with MTBDRplus and drug susceptibility
profiles. The RT MTB assay has similar diagnostic performance to the Xpert MTB/RIF
and is suited to testing presumptive TB patients coinfected with HIV. The existing
laboratory information system connectivity, training, and technical support make this
a viable polyvalent option to scale up TB alongside HIV laboratory testing services in
South Africa.
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South Africa is a country with a high incidence of tuberculosis (TB) (834/100,000
[range, 539 to 1190 per 100,000]), multidrug-resistant TB (MDR-TB) (37/100,000),

and 57% TB/HIV coinfection (1). To meet the End TB goals (2) and break the chain of
transmission, particularly among those harboring MDR-TB (3), optimal diagnosis and
treatment of all infected individuals is paramount (4). The role molecular assays play in
optimizing diagnosis has been dramatic within the last 5 years, with the Xpert MTB/RIF
(Cepheid, Sunnyvale, California, USA) and the Genotype MTBDRplus (Hain LifeScience,
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Nehren, Germany) assays at the forefront. The former is not only applicable to the
diagnosis of pulmonary TB (including resistance to rifampin [RIF]), but also in the
diagnosis of childhood TB and extrapulmonary TB (EPTB) (5). The MTBDRplus is recom-
mended for the detection of RIF and isoniazid (INH) in smear-positive specimens and
mycobacterial isolates (6). The MTBDRsl has also recently been recommended for the
diagnosis of extensively drug-resistant TB (XDR-TB) (7).

However, gaps exist, in that earlier (more sensitive) diagnosis is still needed,
universal access to drug susceptibility testing (DST) is lacking, diagnostics to accelerate
active case finding are needed, and all are required in the context of HIV coinfection (8).
The solutions to allow the integration of TB and HIV testing services are being
addressed through the development pipeline (9) and through polyvalent platforms,
which enable the testing of different assays on a single platform, either concurrently or
consecutively. Among those in development are the Xpert Omni (Cepheid) (currently
undergoing clinical trials [ClinicalTrials.gov no. NCT03044158]) and the Xpert MTB/RIF
Ultra (Cepheid) (10); however, both will still lack the ability to identify INH resistance.
The polyvalent platform approach is being applied by companies such as Cepheid and
Abbott. The GeneXpert automated platform is now also available for the qualitative
Xpert HIV-1 Qual (World Health Organization [WHO] prequalified [11]) (12) and the
quantitative Xpert HIV-1 viral load (13, 14), especially in settings of high HIV and TB
burden (14). The Abbott m2000 (Abbott, Des Plains, Illinois, USA) automated platform
is well established for HIV viral load (VL) testing in many settings with a high HIV
burden, including South Africa (15, 16), with many trained staff and quality procedures
already in place. A molecular assay, the RealTime MTB (RT MTB; Abbott), for the
diagnosis of Mycobacterium tuberculosis complex (MTBC) targeting the IS and PAB
genes has now been introduced for the Abbott m2000 platform (17–20). Sputum or
bronchoalveolar lavage (BAL) specimens are inactivated with an isopropanol-based
inactivation buffer (Abbott) prior to DNA extraction using a guanidinium thiocyanate
magnetic microparticle based technology (Abbott), either manually or using the
m2000sp. Amplification and detection of the target regions are performed using
real-time PCR in the m2000rt. The overall sensitivity and specificity of the RT MTB assay
to date on prospectively collected clinical specimens range from 93% to 100% and 97%
to 100%, respectively (17–19), although one study reported decreased sensitivity of
81% in smear-negative specimens (18). Similar sensitivity (92% over a range of speci-
men types and 93.5% for respiratory specimens only) and specificity (100%) have been
reported from residual clinical specimens, with a decreased sensitivity of 76.1% in
smear-negative specimens (21).

Specimens detected as positive for MTBC DNA by the RT MTB assay can be reflexed
to the RT MTB RIF/INH (Abbott) assay using the same platform as for the detection of
RIF and INH resistance, identifying mutations in the rpoB, inhA, and katG genes.
Alternatively, the RT MTB RIF/INH assay can be performed as a stand-alone test (21). The
RIF and INH mutations are identified within the same wild-type and mutation regions
reported by the MTBDRplus assay, and comparison to date shows a 99.5% concordance
(21, 22). A second study showed statistically similar performances in the detection of RIF
compared with that of the Xpert MTB/RIF assay (sensitivity, 94.8% compared with
95.8%, respectively; specificity of both, 100%) and in the detection of INH compared
with that of the MTBDRplus assay (sensitivity and specificity of 88.3% and 94.3%,
respectively, for the RT MTB RIF/INH compared with 87.2% and 96.7%, respectively, for
the MTBDRplus) (22).

While the performance of the RT MTB and RT MTB RIF/INH assays on clinical
specimens (raw sputa, concentrated sputa, BAL fluid, and tracheal aspirates) has been
reported in seven publications (17–23), no data are available among HIV/TB-coinfected
individuals and therefore warrants evaluation, especially since the m2000 is a polyva-
lent platform designed for high-throughput HIV and TB testing. This study reports the
performance of the Abbott RT MTB and RT MTB RIF/INH assays in a cohort of individuals
with presumptive TB attending a community health care clinic in Johannesburg, South
Africa, where a rate of TB/HIV coinfection of 70% has previously been reported (24).
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RESULTS
Cohort characteristics. Informed consent was obtained from 302 patients at visit 1,

as illustrated in Fig. 1. Seventy-six patients (25%) were lost to follow-up between visits
1 and 2, and a further four (�1%) did not attend visit 3 but were contacted telephon-
ically (one was admitted to a hospital, one returned home, and two improved with
antibiotic therapy). Most participants (75%) returned for visit 2 within a median of 5
days (range, 1 to 31 days; mean, 5.7 days). Specimens used for biosafety testing (n �

16), specimens with incomplete results due to instrument error, patients for whom
testing was not performed or the specimen was rejected prior to testing (n � 4), and
patients who were lost to follow-up (n � 76) were excluded from the final data set. The
statistical analysis was performed on data from 206 participants (93% of participants
completing the study and 68% of all enrolled patients).

As listed in Table 1, the average age of the 206 patients was 34 years, with 62% of
the participants being male. Almost all participants (99%) reported clinical signs and
symptoms of TB disease at presentation. The HIV infection rate was 73% (151/206), and
the mean CD4 count was 226 cells/�l (range, 4 to 1,140 cells). A total of 29/151 clients
(19%) reported having initiated antiretroviral therapy (ART) previously (median CD4
count, 139 cells/�l). Only 15% (30/206) of clients reported a history of TB, with 96%
(27/30) of these having completed their treatment. Per bacteriological classification,
13% (27/206) were smear and culture positive, 17% (35/206) were smear negative and
culture positive, and 63% (129/206) were smear and culture negative. According to the
most recent WHO clinical case classification (25), 46% (94/206) had any TB and 52%
(108/206) had no TB, with only 4 clients classified as indeterminate for TB infection. The
culture contamination rate was 6.3% (13/206); of these, the Xpert MTB/RIF detected six
MTBC-positive specimens, and five of these specimens were also positive for MTBC by
the RT MTB.

Diagnostic evaluation of the RT MTB and Xpert MTB/RIF assays for the detec-
tion of MTBC. The performance of both molecular TB diagnostic assays (RT MTB and
Xpert MTB/RIF) directly on raw sputum and decontaminated sputum (pellet) is de-
scribed in Table 2. The RT MTB assay generated higher sensitivities (84% [95% confi-
dence interval {CI}, 72 to 92%] and 89% [95% CI, 78 to 95%] on visit 1 and visit 2
specimens, respectively) than the Xpert MTB/RIF (79% [95% CI, 67 to 88%] at visit 1)

FIG 1 Study outline indicating clinic visits, sputum laboratory pathways, and data descriptions for statistical analysis.
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when performed on raw sputum specimens, whereas the Xpert MTB/RIF generated a
higher sensitivity (92% [95% CI, 82 to 97%]) than the RT MTB (86% [95% CI, 74 to 93%])
on visit 2 sputa, following sputum decontamination and concentration. Neither of these
differences reached statistical significance (the 95% CIs overlapped in all cases). The
sensitivity of the RT MTB assay did not vary between raw sputa and processed sputum
pellets. The performances of both molecular assays showed the same trends among
HIV/TB coinfected individuals, and overall were reduced in HIV/TB coinfected individ-
uals, but these also did not reach statistical significance (95% CIs overlapped).

In comparison to the clinical case definition, liquid cultures displayed the greatest
sensitivity (75% [95% CI, 64 to 84%]) compared with 66% (95% CI, 56 to 75%) and 67%
(95% CI, 57 to 76%) for the RT MTB and Xpert MTB/RIF assays, respectively, on sputum
pellets. The RT MTB assay displayed slightly lower specificities (95% [95% CI, 89 to 99%]
on raw sputum and 94% [95% CI, 88 to 98%] on sputum pellets) than the other assays
(all 100%). The positive predictive values (PPVs) of the RT MTB were also lower (92.4%
[95% CI, 83 to 98%] on raw sputum and 91.2% [95% CI, 82 to 97%] on sputum pellets),
while the other assays had 100% PPVs. The negative predictive values (NPVs) for the RT
MTB were similar to those of the Xpert MTB/RIF (RT MTB, 75.6% [95% CI, 67 to 83%] and
76.1% [95% CI, 68 to 83%]; Xpert MTB/RIF, 75.5% [95% CI, 68 to 82%] and 77.7% [95%
CI, 70 to 84%] on raw sputa and sputum pellets, respectively), which were lower than
the NPV of 83.1% (95% CI, 75 to 89%) obtained by mycobacterial growth indicator
tubes (MGIT) culture.

As described in Table 1, 35 cases (27 HIV-positive) were reported as smear negative
culture positive. The Xpert MTB/RIF correctly identified 25.7% (9/35) as MTBC positive,
and the RT MTB correctly identified 74.3% (26/35) as MTBC positive. Overall, the RT MTB

TABLE 1 Cohort characteristics for clients entered into the statistical analysisa

Characteristic Value

Demographics
Age (mean years [range]) 34 (18–60)
Male sex (n [%]) 127 (62)

Clinical signs and symptoms at presentation (n [%])
Weight loss 204 (99)
Fever 205 (99)
Cough for �2 weeks 204 (99)
Night sweats 203 (99)

HIV-related information
HIV positive (n [%]) 151 (73)
HIV negative (n [%]) 48 (23)
Unknown (n [%]) 7 (3)
CD4 count (mean cells/�l [range]) 226 (4–1,140)
On antiretrovirals (n [%]) 29 (19)

TB history (n [%])
Previously diagnosed with TB 30 (15)
Previous TB treatment completed 27 (96)

Bacteriological classification (n [%])
Smear and culture positive 27 (13)
Smear negative and culture positive 35 (17)
Smear and culture negative 129 (63)
Smear negative and culture contaminated 13 (6)
Smear positive and culture negative 2 (1)

Clinical classification (n [%])
Definite TB 74 (36)
Possible TB 11 (5.5)
Probable TB 9 (4.5)
Indeterminate TB (on TB drugs) 4 (2)
No TB 108 (52)

aTotal of 206 study participants.
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assay detected 48% (17/35) more MTBC-positive cases than the Xpert MTB/RIF. Among
those that were smear negative and culture negative (n � 129), the Xpert MTB/RIF
identified 3% (4/129) as MTBC positive, of which none had a history of TB and all of
which had initiated TB treatment, and the RT MTB identified 7% (9/129), of which 6
cases were HIV infected and none had a history of TB, but only 2 patients were
considered for treatment initiation.

Figure 2 graphically represents the quantitative values for all assays from 62 patient
specimens reported as positive for MTBC by liquid culture. Trends are visible between
increasing smear grades, decreasing liquid culture times to positivity, and reductions in
both the cycle threshold (CT) and cycle number (CN) values of the Xpert MTB/RIF and RT
MTB assays, respectively, indicating an overall increase in bacterial burden, reflected by
all the assays.

Evaluation of drug resistance. The dashed horizontal line in Fig. 2 indicates the
threshold of CN values above which the RT MTB RIF/INH reflex assay does not generate
a result, as the concentration of extracted MTBC DNA in the specimen is below the limit
of detection (LOD). The median CN value of the RT MTB assay where the reflex RT MTB
RIF/INH test reported below the LOD was 29 (minimum, 17; maximum, 40), among 24%
(32/133) of the raw sputum samples processed and 30% (20/66) of the pellet specimens
processed. This is in contrast to the Xpert MTB/RIF in which 1 (�2%) MTBC-positive
specimen yielded an RIF indeterminate result.

Overall, results were generated from six patients in whom RIF and or INH drug
resistance was identified by the current standard-of-care (SOC) testing (MTBDRplus

FIG 2 Scatter plot of quantitative values reported by each assay (y axis: CT of probe C for the Xpert MTB/RIF, CN for the RT MTB, liquid culture time to detection
[ttd], and smear grade [0 to 3]). The dotted horizontal line illustrates the CN cutoff of 35, above which the RT MTB assay that generated a positive result could
not report a result from the RT MTB RIF/INH reflex assay.
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performed on MTB-positive liquid culture). RIF resistance concurred in all cases be-
tween the Xpert MTB/RIF (performed on pellets) and the SOC testing. The RT MTB
RIF/INH concurred with the MTBDRplus for both RIF and INH in all cases where the RT
MTB RIF/INH generated a reportable result.

Qualitative performance of the Abbott MTB and MTB RIF/INH assays. In total,
715 specimens were tested using the Abbott m2000 platform. These were managed in
17 runs (2 specimens reported an error) for the RT MTB assay and in 12 runs for the RT
MTB RIF/INH assay. The RT MTB assay was easy to perform as the process is automated,
with very little hands-on time required after specimen preparation (i.e., adding inacti-
vation reagent and aliquoting 1.7 ml to the m2000 sample tube, with a total hands-on
time of �75 min for 93 specimens). We determined that, including the specimen
inactivation, a full RT MTB run (93 specimens and 3 controls) can be completed in �8
h (2 h and 15 min for specimen inactivation and preparation [75 min hands-on time],
3 h for specimen processing, including instrument set-up, �30 min for master mix
addition, and 2 h for amplification and reporting). An additional 2.5 h is required for
reflex RT MTB RIF/INH resistance testing (automated), indicating that the results,
including primary resistance testing, would be available the day after sputum collec-
tion. The manual set-up (only required in this study due to software version differences)
for the RT MTB RIF/INH assay was neither difficult nor time consuming, although
attention to detail is required. One further advantage of the RT MTB assay, particularly
for low-volume facilities, is that unused prepared master mix can be stored at 2 to 8°C
for up to 14 days. The qualitative performance of the Xpert MTB/RIF assay has been
extensively described elsewhere (26, 27). Within an 8-h period, the GeneXpert IV can
report 16 results, the GeneXpert XVI can report 64 results, and the GeneXpert 80 can
report 320 results compared with 93 results reported from the m2000 platform (ex-
cluding the RT MTB RIF/INH result).

DISCUSSION

The national use of the Xpert MTB/RIF across 207 testing facilities in South Africa’s
National TB program (28) has reduced the TB diagnostic positivity from 16% in 2011 to
11% in 2016 (29), but this cohort of individuals in central Johannesburg still showed a
high TB and HIV coinfection rate (73%), with patients presenting late (CD4 count, 226
cells/�l). In addition, 63% of presumptive cases were smear and culture negative, but
a total of 46% had TB per the WHO clinical case definition (25). The polyvalent ability
of more sensitive molecular diagnostic testing platforms may therefore contribute to
the integration of HIV and TB laboratory services to improve the diagnosis and care of
coinfected individuals.

The RT MTB assay performed well against the SOC Xpert MTB/RIF in this population,
with a higher sensitivity on raw specimens (89% [95% CI, 78 to 95%]), although the
Xpert MTB/RIF had a higher sensitivity on decontaminated pellets (92% [95% CI, 82 to
97%]), which did not reach statistical significance. The noninferiority of the RT MTB
assay compared with the Xpert MTB/RIF assay is in line with the study by Wang and
colleagues (20). However, among the smear-negative culture-positive cases, the RT MTB
detected 48% (17/35) more cases than the Xpert MTB/RIF. A diagnostic gap in the
market is the continuing need for liquid culture to identify presumptive TB in HIV-
positive patients who are Xpert MTB/RIF negative. The pooled median sensitivity of the
Xpert MTB/RIF among these individuals is 79% (30). Alternate nucleic acid amplification
tests (NAATs), such as the RT MTB assay, could potentially identify a number of these
patients and minimize empirically based treatment initiation. However, the reduced
PPV of the RT MTB assay (92.5% [95% CI, 83 to 98%] on raw sputum) does raise some
concerns, since molecular tests identify viable and nonviable bacterial DNA. This may
complicate the diagnostic algorithm, especially in settings of low TB prevalence, and
would need to take into account a patient’s history of TB, but would also be an
advantage for identifying patients earlier in their disease course. Both molecular assays
performed well among HIV-positive individuals, with sensitivities of 83% (95% CI, 67 to
93%) and 88% (95% CI, 73 to 96%) for the RT MTB and the Xpert MTB/RIF, respectively,
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also with no statistically significant difference between the overall group and HIV-
positive individuals. However, liquid culture remains the most sensitive diagnostic by
detecting an additional 9% positivity compared with both molecular diagnostic tests.
The advantages of these molecular platforms over culture are speed (2 days versus 1 to
6 weeks), the simultaneous detection of RIF and/or INH mutations, not being affected
by contaminating bacteria, and the potential use of the CN and CT values to quantitate
bacterial input concentrations. Overall, the m2000 platform was easy to use within the
laboratory environment and generated few errors, and the quality management system
is already in place within South Africa, making this platform a real option for expanding
integrated HIV and TB testing services.

Although the drug resistance rate among this population is not high, the perfor-
mance of both assays to detect RIF (Xpert MTB/RIF) and RIF/INH (RT MTB RIF/INH) was
good and concurred with current DST technology. A disadvantage of the RT MTB
RIF/INH found in this study was the high percentage (33%) of specimens that could not
generate a reflex result, as the DNA concentration was below the LOD. A number of
reasons are postulated to explain the lower than expected number of available
resistance results. First, the resistance assay was delayed, which resulted in the pro-
longed storage of DNA eluates and manual rather than automated preparation. A
second explanation may be the differences in software versions used to run the two
assays, as version 1.0 software was used on the RT MTB assay. The upgraded version 2.0
software is now available for the RT MTB assay and is recommended for use in
conjunction with the RT MTB RIF/INH resistance assay (version 1.0). Recently published
studies used the updated software and the direct reflex protocol, and a greater
sensitivity was attained (21, 22).

A diagnostic gap left by the Xpert MTB/RIF assay is that it currently only generates
information on RIF resistance, complementing the current WHO recommendations that
all patients with RIF resistance be treated for MDR-TB (31). However, it has been
reported that up to 10% of patients on MDR-TB treatment could benefit from the
inclusion of INH (32, 33) and that the use of high-dose INH or the exclusion of
ethambutol may also be preferable, depending on the genetic cause of INH resistance
(34, 35). Of even greater concern are the �14% of patients with RIF-susceptible TB who
have INH mono-resistant TB, and it is vital that these patients are identified to avoid
suboptimal treatment (32, 33). DST beyond the Xpert MTB/RIF result remains laboratory
based, relying on genotypic line probe assays (such as the MTBDRplus used in South
Africa) or phenotypic (culture-based) assays. The inclusion of identifying drug resistance
in novel NAATs is of high importance in the TB diagnostic pipeline (9), hence the need
for assays such as the RT MTB and RT MTB RIF/INH, which also address increasing
testing volume needs with the m2000 high-throughput platform.

Although this study focused on centralized testing, where 93 specimen results were
generated within 2 days and patients returned to the clinic for their result outcomes
and treatment management within 5 days, the diagnostic delay for some was still as
much as 31 days. This further highlights the need for expanded (tiered) testing options
all the way to POC testing. The mean patient age of 34 years and 62% being male also
highlights the need for strengthening health care in ways beyond diagnostics. This is
further evidenced by the 25% of enrolled individuals whom were lost to follow-up
despite the dedicated staff in this study, illustrating that improving diagnostic assay
sensitivity is only one component in the health system targeting global disease
improvements. The importance of active case finding, intensive patient history taking,
particularly in relapse cases, and a strong patient follow-up protocol are vital to the goal
of TB elimination.

Conclusion. The Abbott RT MTB assay has similar diagnostic performance to the
Xpert MTB/RIF and is suited to testing patients with presumptive TB coinfected with
HIV. The added advantages of the Abbott RT MTB RIF/INH assay, namely, the reporting
of both RIF and INH drug resistance within the same reporting time frame, its connec-
tivity to the laboratory information system and training, and the technical support
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already in place (16), make this a viable polyvalent option to scale up TB alongside HIV
laboratory testing services in South Africa.

MATERIALS AND METHODS
Ethics approval. Ethics approval for this study was obtained from the University of the Witwa-

tersrand Human Ethics Review Committee (M110139).
Clinical study design. Participants were recruited for the clinical evaluation of the RT MTB and the

RT MTB RIF/INH assays at the Hillbrow Community Health Centre between September 2014 and June
2015 using a dedicated study nurse. All patients with suspected MTBC infection, whether or not they
elected to participate in the study, were diagnosed and managed according to South African TB
management guidelines (36). Individuals were offered HIV diagnosis and management according to the
South African HIV treatment guidelines in use at the time of study commencement in 2014 (37). Persons
with suspected MTBC infection who were over the age of 18 and able to give sputum specimens were
informed about the study as described in Fig. 1. Persons who agreed to participate were asked to provide
two sputum specimens for the purposes of the study at two visits (1 week apart). Patients histories were
documented at visit 1 and included information on the presence of a cough for �2 weeks, weight loss,
night sweats, fever, chest pain, and suspected extrapulmonary involvement, as well as details on previous
MTBC episodes (to ensure there was no TB episode in the last 6 months), HIV status, CD4 count, and ART.
If indicated, participants were started on antibiotics at this visit. The sputa were couriered to the Clinical
Laboratory Services (CLS) (10 min from the clinic) where an Xpert MTB/RIF test (1 ml) was performed as
part of SOC (for sputum 1). Sputum 2 was inactivated using Abbott inactivation reagent (IR) buffer in a
3:1 (IR buffer to specimen) ratio for a minimum of 60 min and then couriered to the research diagnostics
laboratory (10 min from the CLS) for RT MTB testing.

A second visit (visit 2) occurred approximately 1 week later, when the Xpert MTB/RIF results were
available, and patients were asked to provide two sputum samples. A chest X-ray was performed if
deemed necessary (smear negative and unwell) by the study nurse and was read by a pulmonologist
who advised on further management. TB treatment was commenced where indicated and was based on
the treatment guidelines (36). The sputa collected at visit 2 were couriered to the CLS where the SOC
sputum (sputum 3) was decontaminated and prepared for routine testing (smear and liquid culture).
Residual pellets (SOC) were tested using the Xpert MTB/RIF (0.5 ml) and the remainder of the samples
was inactivated using Abbott IR buffer in a 3:1 (IR buffer-to-specimen) ratio for at least 1 h, which was
then couriered to the research diagnostics laboratory for RT MTB testing. Sputum 4 was inactivated using
Abbott IR buffer in a 3:1 (IR buffer-to-specimen) ratio for a minimum of 60 min and then couriered to the
research diagnostics laboratory for RT MTB testing.

A third (follow-up) visit (visit 3) occurred when the tuberculosis culture results were available
(approximately 6 weeks after visit 1), when the patients were reassessed and started on MTBC treatment
if indicated; if treatment was started at visit 2, the response to treatment was assessed. Body weights
were measured at each visit, with body temperatures measured at visits 1 and 2. Results from the RT MTB
and the RT MTB RIF/INH assays were not used for clinical patient management. Cases which did not have
a microbiological diagnosis of MTBC at this stage were assessed by a pulmonologist and classified as
clinical tuberculosis if they had persistent symptoms without a cause other than tuberculosis and
compatible radiology (either chest X-ray or abdominal ultrasound features suggestive of tuberculosis).
Patients who had been started on empirical tuberculosis treatment at their second visit and had shown
a clinical response with improvement of symptoms and weight gain were considered to have clinical
tuberculosis. Patients in whom a diagnosis other than tuberculosis was made that could explain their
clinical condition and patients that improved clinically without empirical tuberculosis treatment were
considered to not have tuberculosis.

Standard of care laboratory testing. SOC tests were performed by the CLS and the results were
used for patient management. Sputum decontamination was performed using N-acetyl-L-Cysteine
(NALC)-NaOH concentration, followed by centrifugation at 3,000 � g for 15 min and resuspension in
phosphate buffer (pH 6.8) to a volume of 3 ml. The pellets were processed for smear microscopy
(auramine O fluorescence staining) and graded per international guidelines. For liquid culture, 500 �l of
the concentrated pellet was added to prepared MGIT (Becton Dickinson & Co., Franklin Lakes, NJ, USA)
and loaded into the Bactec MGIT 960 mycobacterial detection system (Becton Dickinson & Co., NJ, USA)
until either a positive result was noted or 42 days had passed (MGIT culture negative). Positive cultures
were confirmed using Ziehl-Neelsen staining and culture contamination was reported. Species identifi-
cation and genotypic first-line DST was performed using the GenoType MTBDRplus version 2 assay (Hain
LifeScience GmbH, Nehren, Germany) either on smear-positive sputum (direct) or on culture for culture-
positive specimens. The presence/absence of MTBC and resistance/susceptibility to RIF and INH were
visually reported. First-line MGIT DST (Bactec MGIT 960 SIRE [streptomycin, isoniazid, rifampin, and
ethambutol] and pyrazinamide [PZA]; Becton Dickinson & Co., NJ, USA) was performed on positive
cultures. If resistance to any of these drugs was identified, then further phenotypic drug susceptibility
(second-line) testing was performed. The Xpert MTB/RIF (Cepheid, Sunnyvale, California, USA) was
performed using 1 ml of raw sputum (2:1 of sample reagent [SR] buffer and sputum) and 0.5 ml (3:1 of
SR buffer and pellet) pellet. The CT was documented as a measure of mycobacterial concentration (38).

Comparator Abbott RealTime MTB and RealTime RIF/INH testing. The biosafety of the IR buffer
was determined according to published biosafety studies (23) using sputum specimens from the first 16
enrolled patients (not compromising their SOC). The biosafety results were in accord with this study (23)
and are therefore not further reported. The Abbott RealTime MTB assay (Abbott Molecular, Des Plains, IL,
USA) was performed according to the manufacturer’s instructions, using the automated m2000 platform,
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software version 1.0, and has been described in detail previously (18). Briefly, sputum specimens (�3 ml
raw sputum or 500 �l NALC-decontaminated sputum pellet) were inactivated using the supplied IR
buffer (10 mM NaOH-isopropanol-Tween 20) using a 3:1 (IR buffer-to-specimen) ratio for a minimum of
60 min. This was performed in a biosafety level 3 (BSL-3) facility (although this level is not required for
the RT MTB/RIF inactivation of raw sputum), after which the specimens could be safely processed under
standard laboratory conditions. After inactivation, nucleic acids were extracted from 1.7 ml specimens
using the m2000sp instrument and prepared for amplification (25 �l) and fluorescent detection on the
m2000rt instrument. The provided positive (one for the RT-MTB assay and one for the RT MTB/RIF assay)
and negative (a single negative control for both assays) controls for the RT MTB and the RT MTB RIF/INH
assays were included in every run. The CN was recorded for each result as an indication of bacterial
concentration.

Extracted DNA from specimens classified as “MTB detected” by the RT MTB were reflex tested for RIF
and INH resistance using the RT MTB RIF/INH as per the manufacturer’s instructions. The RT MTB RIF/INH
uses three different master mixes in separate wells, targeting the most common MTB regions that confer
resistance to RIF (rpoB) and INH (katG and upper inhA promoter region). The detection of RIF and INH
drug resistance is determined through the combined interpretation of different target probe signals. If
the PCR for one of the resistance-determining regions fails, the other two are not compromised and a
result is still obtained. The RT MTB RIF/INH kit was not available at the time that the study was started,
and all DNA eluates were stored in sealed 96-deep-well plates (Abbott) at �80°C for testing at a later
time. The PCR plates were manually prepared for the RT MTB RIF/INH resistance assay per the manu-
facturer’s instruction and transferred to the m2000rt instrument for amplification and detection.

The ease of use, skill level required to perform the RT MTB and the RT MTB RIF/INH assays, the time
to reportable results, and reported errors were documented.

Statistical analysis. The statistical analysis was performed using Stata version 13 (StataCorp LLC,
College Station, TX, USA). Patients were recorded as definite MTBC infection (culture positive) or no MTBC
infection (culture negative). Patients for whom cultures were contaminated or for whom the Xpert
MTB/RIF results or the RT MTB results were unavailable (assay error) were excluded from the statistical
data analysis. The data included smear microscopy, MGIT culture, MTBDRplus, Xpert MTB/RIF, and RT MTB
assay results, and clinical case definitions. The sensitivity, specificity, PPV, and NPV of the RT MTB and the
Xpert MTB/RIF were calculated (with 95% CIs) using the culture as the gold standard. HIV status further
stratified this analysis. Limitations to the study design to evaluate diagnostic technologies include the
SOC protocol (the Xpert MTB/RIF is already well implemented in South Africa as the initial diagnostic),
delayed return visits, and the potential use of antibiotics. In effort to minimize complications with
statistical analysis for this study design, the sensitivity, specificity, PPV, and NPV of smear, liquid culture,
Xpert MTB/RIF, and RT MTB assays were compared to clinical case definitions as defined by the WHO:
bacteriologically confirmed TB, clinically confirmed TB, and no TB (25). The CN of the RT MTB and the CT

of the Xpert MTB/RIF, both as indicators of mycobacterial burden, were compared to the number of days
to positive liquid culture and to smear grade.
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