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In new pulmonary tuberculosis (TB) patients, the World Health Organization previously
recommended performing sputum smear examination at the end of the second month of therapy
and, if positive, to extend the intensive phase. We performed a systematic review and meta-
analysis to evaluate the accuracy of a positive sputum smear or culture during treatment for
predicting failure or relapse in pulmonary TB. We searched PubMed, EMBASE, and the Cochrane
Library for studies published in English through December 2009. We included randomized
controlled trials, cohort, and case-control studies of previously untreated pulmonary TB patients
who had received a standardized regimen with rifampin in the initial phase. Accuracy results were
summarized in forest plots and pooled using a hierarchical regression approach. Fifteen papers met
inclusion criteria. The pooled sensitivities for both the 2 month smear (24%, 95% CI 12–42, 6
studies) and culture (40%, 95% CI 25–56, 4 studies) to predict relapse were low. Corresponding
specificities (85%, 95% CI 72–90) and (85%, 95% CI 77–91) were higher, but modest. For failure,
the 2 month smear (7 studies) had low sensitivity (57%, 95% CI 41–73) and higher, though
modest, specificity (81%, 95% CI 72–87). Both sputum smear microscopy and mycobacterial
culture during TB treatment have low sensitivity and modest specificity for predicting failure and
relapse. Although we pooled a diverse group of patients, the individual studies had similar
performance characteristics. Better predictive markers are needed.

INTRODUCTION
Tuberculosis (TB) is a major global health problem with nine million new cases and almost
two million deaths per year.1 The World Health Organization (WHO) recommends that
patients with previously-untreated pulmonary TB receive a four-drug regimen during the
two-month initial phase of treatment that includes rifampin.2 The overall rate of failure or
relapse (poor outcome) in patients receiving directly observed treatment, short-course
(DOTS) with a rifampin-containing regimen is low.3–5 In patients receiving six-month
regimens who have drug-susceptible organisms, the estimated failure rate is 1–4% and the
relapse rate 7% or less.3 Relapse of TB continues to place a significant burden on the patient
and TB control programs; worldwide in 2007, at least 270,000 patients returned after relapse
(5% of TB notifications).1 Early identification of patients who have an increased risk of a
poor outcome coupled with an intervention, such as treatment modification, could
potentially reduce this burden.

In the past, treatment guidelines have recommended the examination of a sputum smear at
the end of the two-month initial phase of treatment and, if the smear is positive, to continue
the initial phase for an extra month before proceeding with the standard four or six month
continuation phase.2 These recommendations, designed for low resource settings that lack
the ability to perform culture or drug susceptibility testing, have been questioned due to lack
of evidence, and the ability of a positive sputum examination result to predict poor outcomes
has not been fully assessed.6–11 A recently published review on TB biomarkers identified an
inverse relationship between two-month sputum culture conversion and relapse, although the
utility of two-month culture conversion as a guide to treatment of individual patients was
limited by poor positive predictive value.12 However, this review was not a systematic
review of all available evidence.

To estimate the accuracy of a positive sputum smear and/or culture for predicting poor
outcome in patients with pulmonary TB who received a standardized regimen that included
rifampin in the initial phase, we performed a systematic review and meta-analysis of the
literature. In addition to estimating the accuracy of the sputum examination result, the
quality of studies was appraised. Results from this systematic review were used in the
development of the most recent WHO Treatment of tuberculosis guidelines.13
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STUDY POPULATION AND METHODS
We used standard methods for systematic reviews of diagnostic accuracy studies.14–17

Search strategy and selection criteria
We searched PubMed, EMBASE, and the Cochrane Library for studies published in the
English language through May 2008. We updated the literature search through December
31, 2009 with no language restrictions. Although we did not limit the earliest date of
publication, this was practically limited by the earliest clinical investigation of rifampin in
1965.18 Our search terms included tuberculosis or Mycobacterium tuberculosis and sputum/
microbiology or sputum/cytology or recurrence or treatment failure or relapse (Appendix).
Bibliographies of original articles and reviews were reviewed for additional relevant studies.

The study selection process is shown in Figure 1. We included randomized control trials,
cohort and case-control studies that met the following selection criteria: (1) Participants
were previously untreated patients with pulmonary TB diagnosed by either a positive
sputum smear or culture; (2) Participants received standardized (not individualized)
treatment with rifampin in at least the initial phase of treatment; (3) Sputum smear or culture
examination was performed during treatment; (4) Outcomes were treatment failure and
relapse. The following studies were excluded: (1) studies that exclusively used rifabutin or
rifapentine; (2) individual arms of randomized controlled trials if they involved patients who
received a non-rifampin containing regimen; (3) studies involving patients who had only
extrapulmonary TB (i.e. no pulmonary involvement); (4) non-human studies; (5) studies that
exclusively enrolled patients undergoing re-treatment of TB; (6) studies involving children
(less than 12 years of age), as they are more likely to have paucibacillary disease; (7) studies
where data on outcome by sputum examination result were unavailable (i.e. for 2 × 2 tables
for true positives, false positives, false negatives, and true negatives).19 When possible, we
excluded study arms that included only retreatment patients.20 Three authors (LG, DJH,
KRS) were responsible for review of titles and/or abstracts. At least two reviewers
independently screened each study using pre-specified inclusion and exclusion criteria (see
Figure 1). Disagreements on study selection were resolved by consensus. Three hundred
ninety-one publications were retrieved for full text review.

Data extraction and quality assessment
We created and piloted a data extraction form with a subset of eligible studies. Based on the
experience gained in the pilot, the data extraction form was revised and finalized. Two
reviewers independently abstracted data from the included studies with the standardized
form on the following characteristics: study design, population, methodology, geographic
area, results of sputum assessment, outcomes, treatment regimen, and supervision of
treatment. Additional data were requested from authors as needed.

The quality of studies was appraised using a subset of criteria from QUADAS, a validated
tool for diagnostic studies, as well as additional criteria.21 These criteria, summarized in
Table 1, included study design, manner of patient selection, loss of patients during treatment
and follow-up, duration of follow-up, type of follow-up (i.e. active, passive) supervision of
treatment, and use of culture confirmation.22 A single publication could contribute multiple
studies if different outcomes, or months or types of sputum examination were reported. At
the end of the selection process, 15 papers (28 studies) were included in the analysis.

Data synthesis and analysis
We used WHO definitions for TB outcomes.2 Specifically, treatment failure is defined as
positive sputum smear microscopy (or culture) at the 5th month or later during TB
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treatment. Relapse is defined as a patient who previously completed TB treatment
successfully and subsequently is again found to have bacteriologically positive (sputum
smear or culture) pulmonary TB. All included studies reported at least 12 months of follow-
up after completion of treatment.

Values for sensitivity and specificity were calculated for each study, along with their 95%
confidence intervals. Sensitivity refers to the proportion of TB patients with a poor outcome
(relapse or failure) who had a positive sputum smear or culture at a given month; specificity
refers to the proportion of TB patients not experiencing a poor outcome who were sputum
negative at a given month. We used forest plots to summarize results according to type of
sputum specimen, month of specimen examination, and outcome. We derived odds ratios
and pooled estimates of sensitivity and specificity using hierarchical summary receiver
operating characteristic (HSROC) analysis.23 The advantage of HSROC analysis is that it
jointly models sensitivity and specificity, weights studies according to the number of
participants, and takes into account unmeasured heterogeneity among studies by using
random effects.15 The odds ratio is the odds of a positive result in individuals experiencing a
poor outcome compared to the odds of a positive result in individuals that did not experience
a poor outcome and is a global measure of test performance.24 We performed the HSROC
analyses in Stata IC/10.0 (Stata Corporation, USA) with the user written command
“metandi”.23, 25 If fewer than four studies were available, their estimates were pooled by
means of a fixed effects model using Meta-DiSc software (version 1.4, Madrid, Spain
because HSROC random effects models do not converge. 26

Predictive values were determined in STATA/IC 10.0. In this review, positive predictive
value (PPV) is the proportion of those with a positive sputum test result who fail or relapse,
and can be interpreted as the probability that a positive result is correct. Negative predictive
value (NPV) is the proportion of those with a negative sputum test result who do not fail or
relapse, and can be interpreted as the probability that a negative result is correct.

Heterogeneity refers to the degree of variability in accuracy estimates across studies. It is a
concern in meta-analyses because if significant heterogeneity is present then summary
estimates are not meaningful. Heterogeneity may be due to variability in test thresholds,
prevalence of treatment failure or relapse, the populations studied, and reference standard
tests used.27 Heterogeneity was assessed by visual examination of forest plots of
sensitivities and specificities and by Chi-squared and I-squared tests using Meta-DiSc
software.26 We recognized that studies were heterogeneous in many respects, particularly
concerning the type of sputum specimen (smear or culture) examined during treatment,
month of specimen examination, outcome (relapse or failure), and manner (active or
passive) of patient follow-up. Based on our research questions, we pre-specified subgroups
by type and month of sputum examination, and outcome (Figure 2). We also evaluated the
impact of manner of patient follow-up on our findings.

RESULTS
Characteristics of included studies

The literature searches identified over 12,000 citations from which 15 publications (28
studies) were selected (Figure 1).6, 8, 11, 20, 28–38 Table 1 summarizes study quality; Tables
2a and b show characteristics of individual studies by relapse (18 studies) or treatment
failure (10 studies), respectively. Twenty-three (82%) studies were conducted in low-income
countries. The majority of studies assessed the examination of a sputum specimen at month
two, consistent with standard practice.2 The total number of participants was 34,575; median
346 (interquartile range 229 to 418).
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As seen in Table 1, most studies used a cohort study design and provided supervised
treatment. Fifteen (54%) studies used culture to confirm TB diagnosis. In 11 (39%) studies
the poor outcome was confirmed by culture; in 13 (46%) studies confirmed by smear, and in
four studies, by either smear or culture. Eleven (39%) studies reported losing fewer than
10% of participants during treatment. Among the 18 studies evaluating relapse, a majority
conducted active follow-up for relapse. Eleven (61%) studies reported losing fewer than
10% of participants during a 12-month follow-up period after treatment completion. Most
studies did not report the number of sputum specimens obtained during treatment.

Three studies included retreatment patients; when reported, retreatment patients comprised
less than 20% of the patients in each study.6, 28, 31 Two studies specifically excluded HIV-
infected patients.8, 28 Two studies reported enrolling HIV-infected individuals, who were
28% and 5% of the total enrolled patients, respectively.29, 30 The remaining papers did not
assess HIV-status, although in one study the HIV co-infection rate among TB patients in the
study country was reported to be approximately 35%.35 A result from drug susceptibility
testing was reported in twenty studies, where any drug resistance was 8% or less except for
the study by Santha that reported 16% prevalence of resistance to one or more drugs.6, 8, 28,
29, 31, 32, 34, 37, 38

Accuracy for predicting outcomes
Figures 3 and 4 show sensitivity and specificity estimates for all sputum specimen analyses
displayed in forest plots. For both relapse and failure, sensitivity estimates were low across
studies except for the study by Ramarokoto, which was unusual in that treatment was
extended if subjects remained smear-positive at 2 months.33 However, we included this
study in our meta-analyses as exclusion of this study did not significantly change our results.
Specificity values across studies were modest.

Tables 2a and 2b show the accuracy in each study of either culture or smear to predict a poor
outcome by the month of specimen examination. Pooled estimates for sensitivity and
specificity and odds ratios are shown in Table 3. For culture predicting relapse, culture at
month two (4 cohort studies) had low pooled sensitivity, 40% (95% CI 25–56), moderate
pooled specificity, 85% (95% CI 77–91) and an odds ratio of 3.8 (95% CI 2.2–6.8).8, 29, 31,
38 Chi-squared and I-squared tests suggested moderate heterogeneity across studies for
sensitivity (Chi-squared=5.47; 3 degrees of freedom [p =0.14]; inconsistency [I-squared]
=45.1%). We investigated a possible source of heterogeneity by evaluating a subset of
studies (3 studies) that reported actively following patients after treatment completion.8, 31,
38 Compared with the sensitivity for all studies using 2 month culture to predict relapse,
studies with active follow-up showed similar sensitivity [51% (95% CI 40–63)] and less
variability (Chi-squared=0.95; degrees of freedom=2 [p=0.62]; inconsistency [I-
squared]=0.0 %), suggesting differences in the manner of follow-up contributed to
heterogeneity in the results.

For predicting relapse, compared with culture at month two, smear at month two (6 studies)
yielded lower pooled sensitivity 24% (95% CI 12–42), with similar pooled specificity 83%
(95% CI 72–90) (Table 3).8, 20, 31–34 The pooled odds ratio was 1.5 (95% CI 1.1–2.2).
Sensitivity for heterogeneity was high (Chi-squared =13.29; degrees of freedom=5 [p=0.02];
inconsistency [I-squared] =62.4%). For predicting failure, smear at month two (7 studies)
yielded low sensitivity 57% (95% CI 41–73) and modest specificity 81% (95% CI 72–87); 8,
11, 33–37 The pooled odds ratios was 5.8 (95% CI 4.3–7.8). Again, there was substantial
heterogeneity for sensitivity across studies, (Chi-squared =22.31; degrees of freedom=6
[p=0.001]; inconsistency [I-squared] =73.1%), making meaningful interpretation difficult.
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Both culture and smear had low PPVs (9 to 18%) in predicting a poor outcome, suggesting a
low probability that a positive sputum specimen at any month could correctly predict failure
or relapse (Table 3). In contrast, NPVs were high (at least 93%), indicating a negative
sputum test result at any month during treatment makes relapse or failure unlikely.

DISCUSSION
We performed a systematic review and meta-analysis of the accuracy of sputum
examination during treatment to identify pulmonary TB patients who will fail treatment or
experience relapse. We found low sensitivity and moderate specificity for prediction of
relapse or failure in all studies regardless of sputum examination or time of evaluation.
These results were similar for individual studies and in the pooled analyses.

When an individual’s status is unknown, predictive values are used to estimate the
probability that the outcome will occur based on a test result.39, 40 Assuming that the
incidence of relapse and failure is 7% and 3%, respectively, we found poor PPVs and good
NPVs for both individual studies (data not presented) and pooled studies. The low PPVs
indicate that a positive sputum result during treatment does not imply that an individual will
experience a poor outcome from TB. High NPVs indicate that a negative smear or culture
examination during treatment implies that an individual will be unlikely to experience
treatment failure or relapse from TB.

Until recently, the WHO recommended extension of the intensive phase of treatment in
patients with positive sputum smears at the end of the second month of TB treatment.2
Informed, in part, by the present systematic review and others, the recently completed fourth
edition of the WHO Treatment of Tuberculosis Guidelines no longer carries this
recommendation (Strong/High grade of evidence).41 As described in the guidelines, using
data from the one randomized controlled trial of treatment extension in 1000 TB patients
with a 7% risk of relapse, extending treatment in 183 patients with positive sputum smears
at the end of month 2 would prevent 16 of the 70 predicted relapses; however, an additional
158 patients would have had their treatment needlessly extended.41 The Guideline
recommendation was based on the modest benefit of treatment extension, an inability to
predict at-risk individuals, and potential downsides to treatment extension that include
increased utilization of programmatic resources and the increased potential for medication
related side effects.

This systematic review and meta-analysis had several strengths. We used a standard protocol
that included a comprehensive search strategy, independent reviewers, assessment of the
quality of the included studies, and a hierarchical regression approach for meta-analysis. We
presented pooled results using both measures of association (odds ratio) and diagnostic
accuracy (sensitivity and specificity). The goal of sputum evaluation during treatment is the
prediction of a future event, rather than the identification of an existing condition. However,
despite a strong statistical association, a marker may not be able to discriminate between
individuals who will or will not experience an outcome. The performance of a marker to
predict individual risk is better demonstrated by sensitivity and specificity.42

The review also had limitations. Analyses were limited by the small number of included
studies for a particular outcome, type of sputum examination, and month of evaluation.
There were limited data for HIV co-infected individuals. Drug-susceptibility testing was not
performed in all the studies. Several studies enrolled subjects based on a positive sputum
culture but in their sputum examinations during treatment reported sputum smear in addition
to culture. For the most part, studies were unable to differentiate relapse from exogenous re-
infection, which may be an important source of recurrent infection in TB endemic settings.43
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Studies varied in the number sputum samples that were assessed: 14 (50%) studies did not
report the number of specimens examined during treatment. Although statistical tests and
graphical methods for the detection of potential publication bias in meta-analyses of
randomized control trials are available, to our knowledge such techniques have not been
adequately evaluated for diagnostic data.44 Finally, our search strategy may have missed
some relevant studies by excluding non-English publications.

The use of systematic review methods in the area of prognosis is a relatively new area.
While basic principles to address bias and random error are similar to those used for other
reviews, there are challenges in both identifying studies and combining results across
different study designs and analyses. The use of individual patient rather than published data
might have improved the quality of our meta-analysis, but this approach requires
considerable time and resources, which were unavailable for this project.45 Of interest, a re-
analysis by mixed effects logistic regression of individual patient data from the clinical trials
conducted by the British Medical Research Council in the 1970s and 80s has recently been
performed. In this analysis, only data from patients on six month, four-drug regimens with
isoniazid and rifampin throughout, regimens broadly similar to those in current use, were
included. The investigators found sensitivities for culture or smear at two months for
predicting relapse to be low (less than 40%), similar to the results in the current review
(Patrick PJ Phillips, personal communication 3 October 2008).

Endogenous TB relapses are thought to be due to a failure to eradicate persistent bacilli that
are remote from cavitary surfaces (e.g. in necrotic regions of the lung), metabolically less
active, and less susceptible to drug therapy.46 These persisting populations of bacilli may be
undetected by standard methods of sputum examination. A recent study of treatment
duration (4- versus 6-months) in subjects who had converted their sputum cultures by the
end of 2 months of treatment was stopped due to excess relapses in the 4-month arm
demonstrating the limitations of sputum culture for predicting patient outcomes.47

The poor performance of sputum smear and culture as prognostic markers for poor outcome
also raises questions about the use of these markers as surrogate endpoints in clinical trials,
in particular phase 2 trials evaluating new TB medications. Although relapse will remain the
optimal microbiologic endpoint for phase 3 trials, a reliable surrogate marker of treatment
outcome that can be measured early in treatment is needed to fast track phase 2 trials.
Surrogate markers that could provide an early indication of drug efficacy and correctly
predict regimen specific effects on relapse and/or failure would markedly decrease the cost
of clinical trials and accelerate the development of new drugs. To date, two month sputum
culture is the most widely studied and used putative surrogate for treatment outcome.12, 48

However, this meta-analysis found that two month culture was relatively insensitive and had
poor PPV for predicting relapse. Whereas this poor performance highlights the need for
more sensitive and specific biomarkers of treatment response, it is important to note that
alternative, newer biomarkers have yet to be sufficiently validated within phase 3 trials to
permit their use as surrogate endpoints of failure and relapse.12, 49 The development and
validation of new surrogate markers could be a secondary aim of clinical trials.50

We were surprised by the generally weak evidence base that supports such a fundamental
and important component of TB control as sputum monitoring. The widespread use of this
test and its uncertain utility suggest a critical need to appraise tests and strategies for
identifying patients at risk for poor outcome that are suitable for resource limited settings.
As recommended by the GRADE approach, future studies of diagnostic tests and strategies
should evaluate outcomes that go beyond sensitivity and specificity by assessing whether
these tests and strategies result in improved outcomes that are important to patients.51
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Although the PPV of a sputum specimen for relapse or failure was low in this review, a
positive sputum smear at the end of the intensive phase may be useful for several reasons.
First, it should trigger an assessment of the quality of patient support, as well as the dosage
and quality of TB medications. Reasons for any treatment interruptions or gaps in adherence
should be rapidly explored and addressed. Second, a positive smear at this juncture is now
recommended to trigger an additional sputum smear at month 3; if still positive, culture and
drug-susceptibility testing are recommended.41 Finally, the proportion of smear positive
patients with sputum smear conversion at the end of the intensive phase is also an indicator
of TB program performance. The use of a sputum specimen to predict poor outcome and
decide on an extension of treatment, should be questioned until further studies have
addressed these issues.
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Figure 1.
Study selection process. TB: tuberculosis.
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Figure 2.
Sub-group Selection.
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Figure 3.
Positive sputum specimen as a predictor of relapse. The circles and the lines represent the
point estimates and 95% CIs, respectively. The size of the circle indicates the study size. Cp,
culture positive; sp, sputum smear positive; the number following cp or sp indicates the
month the sputum specimen was examined. Sensitivity is the proportion of relapsed subjects
who had a positive sputum examination. Specificity is the proportion of subjects who did not
relapse and had a negative sputum examination.
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Figure 4.
Positive sputum specimen as a predictor of failure. The circles and the lines represent the
point estimates and 95% CIs, respectively. The size of the circle indicates the study size. Cp,
culture positive; sp, sputum positive; the number following cp or sp indicates the month the
sputum specimen was examined. Sensitivity is the proportion of subjects who experienced
treatment failure and had a positive sputum examination. Specificity is the proportion of
subjects who did not experience treatment failure and had a negative sputum examination.
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Table 1

Assessment of Study Quality

Characteristic Number

Study design

Cohort 23

Case-control 5

Patient selection

Consecutive 13

Random 12

Convenience or not reported 3

Were fewer than 10% of patients lost during treatment? 1

Yes 11

No 11

Not applicable/unclear2 6

Were fewer than 10% of patients lost during follow-up?3

Yes 11

No 1

Not applicable/unclear4 6

Manner of follow-up for relapse (18 studies) 5

Active 12

Passive 3

Not applicable6 3

Supervision of treatment fully observed

Yes 22

No 5

Not reported 1

Outcome culture confirmed

Yes 11

No 17

1
Defined as time from treatment initiation to completion.

2
Includes five case-control studies and one study that did not report the number of patients enrolled.

3
Defined as 12 months after treatment completion.

4
Includes three case-control studies and three studies with passive follow-up of patients.

5
Patients were followed for at least 12 months after treatment completion.

6
Quality criterion considered not applicable for three case-control studies.
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Appendix

PubMed search strategy run May 21, 2008

Search Most Recent Queries

#16 Search #13 NOT #14

#15 Search #14 NOT (MURINE[TI] OR MOUSE[TI] OR MICE[TI])

#14 Search #5 OR #7 OR #10 OR #12 Limits: English

#13 Search #5 OR #7 OR #10 OR #12

#12 Search #11 AND (#4 OR #6)

#11 Search PULMONARY TUBERCULOSIS/DRUG THERAPY[MAJR] OR (PULMONARY TUBERCULOSIS[TIAB] AND
(TREATMENT OR THERAPY)) AND ((SMEAR[TIAB] OR SMEARS[TIAB]) AND (CULTURE[TIAB] OR
CULTURES[TIAB]))

#10 Search #1 AND #8 AND #9

#9 Search ((CLINICAL[TIAB] AND (TRIAL[TIAB] OR TRIALS[TIAB])) OR CLINICAL TRIALS[MH] OR CLINICAL
TRIAL[PT] OR RANDOM*[TIAB] OR RANDOM ALLOCATION[MH] OR EXPERIMENTAL STUD*[TIAB])

#8 Search RIFAMPIN OR RIFAMPICIN OR RIFAMYCIN OR RIFAMYCINS OR RIFATER OR RIFAMATE OR
ISONIAZID OR PYRAZINAMIDE OR ETHAMBUTOL OR ANTITUBERCULAR AGENTS[MAJR:NOEXP]

#7 Search #3 AND #6

#6 Search (CLINICAL[TIAB] AND (TRIAL[TIAB] OR TRIALS[TIAB])) OR CLINICAL TRIALS[MH] OR CLINICAL
TRIAL[PT] OR RANDOM*[TIAB] OR RANDOM ALLOCATION[MH] OR EXPERIMENTAL STUD*[TIAB] OR
THERAPEUTIC USE[SH]

#5 Search #3 AND #4

#4 Search INCIDENCE[MH:NOEXP] OR MORTALITY[MH] OR FOLLOW UP STUDIES[MH:NOEXP] OR PROGNOS*
OR PREDICT* OR COURSE*

#3 Search #1 AND #2

#2 Search SPUTUM/MICROBIOLOGY OR SPUTUM/CYTOLOGY OR RECURRENCE[MH] OR TREATMENT
FAILURE[MH] OR RELAPSE[TIAB]

#1 Search TUBERCULOSIS[MH] OR MYCOBACTERIUM TUBERCULOSIS[MH] OR TUBERCULOSIS[TI]
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