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A B S T R A C T   

Background: Stool is a promising specimen option to diagnose pediatric tuberculosis (TB), but studies have re
ported a wide range of test sensitivities. We conducted a meta-analysis to assess the accuracy of Xpert MTB/RIF 
or ‘in-house’ molecular tests on stool samples against culture or Xpert MTB/RIF on respiratory samples or 
clinically-diagnosed unconfirmed TB and aimed to identify factors that contribute to the heterogeneity of re
ported sensitivity. 
Methods: We searched EMBASE and Pubmed databases and conference abstract books for studies reporting 
molecular stool testing against a clinical or microbiological reference standard among children. 
Results: We identified 16 studies that included 2,481 children in stool test analyses. Pooled specificity was 98% 
[95%CI: 96–99], pooled sensitivity was 57% [95%CI: 40–72] against culture and 3% [95%CI: 2–6] among 
children with clinically-diagnosed, unconfirmed TB. There was much heterogeneity. Sensitivity was higher 
among children with a smear-positive sputum test. Rifampin resistance in stool was reported in two studies and 
detected in 5/14 children (36%). 
Conclusion: Our results suggest molecular stool tests have potential as diagnostic rule-in tests, but it is challenging 
to optimize sensitivity due to between-study variation in methodology and test procedures. Therefore, we 
recommend future research with rigorous study design and standardized results reporting.   

1. Introduction 

Tuberculosis (TB) is the global leading infectious cause of death. 
Children account for 10% of the global disease burden with an estimated 
one million new pediatric TB cases and 234,000 childhood TB deaths in 
2017 [1]. Rapid TB case detection is critical for timely treatment initi
ation but is challenging in children because they often present with 
paucibacillary disease and may be unable to expectorate sputum for 
microbiological confirmation of Mycobacterium tuberculosis (Mtb). Smear 
microscopy has little value due to low sensitivity, and while culture has 
higher sensitivity in children, sensitivity is still suboptimal, at about 
30%–40% in children with TB disease. Consequently, TB diagnosis in 
children often relies on clinical manifestations [2–4]. Since the World 
Health Organization endorsed Xpert MTB/RIF (Cepheid, Sunnyville CA, 
USA) for TB diagnosis, this molecular test has been widely used to test 
pediatric respiratory samples. With a sensitivity of 62% among 
culture-confirmed pediatric cases, Xpert MTB/RIF performs better than 

microscopy, but is suboptimal to culture [5]. Due to these limitations 
there is a need for a non-sputum based test to diagnose TB in children. 

For children unable to expectorate sputum, procedures including 
sputum induction, gastric or nasopharyngeal aspiration or the string test 
may be conducted to obtain a respiratory specimen for testing [6,7]. 
Some of these methods are invasive and none are routinely available 
across resource-limited settings. Because sputum may be swallowed and 
excreted, TB molecular diagnostic studies have focused on the evalua
tion of stool as an alternative, non-invasive specimen for pediatric TB 
diagnosis. These studies have reported a wide range of test sensitivities, 
reflecting the absence of a standard protocol and heterogeneous patient 
populations. A recent systematic review of stool Xpert MTB/RIF test 
accuracy confirmed a high degree of heterogeneity in nine pediatric 
studies [8]. The potential sources of heterogeneity in TB molecular 
diagnostic studies of stool have not been adequately explored. 

We conducted a systematic review on the detection of Mtb in stool 
samples from children suspected of having pulmonary TB using Xpert 
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MTB/RIF or other in-house molecular assays. Our aim was to estimate 
sensitivity and specificity of stool assays in comparison to the gold 
standard test, solid or liquid culture, and two other commonly-used TB 
reference standards: Xpert MTB/RIF on respiratory samples and 
clinically-diagnosed, unconfirmed TB. Additionally, we aimed to 
investigate sources of heterogeneity in available data (i.e., smear-status, 
timing of sample collection) and collected Xpert MTB/RIF drug resis
tance data to estimate sensitivity of rifampin (RIF) resistance in stool. 

2. Materials and methods 

We followed the PRISMA diagnostic test accuracy (DTA) guidelines 
[9] in all steps of the process (Supplementary Fig. S1). 

2.1. Search strategy 

We conducted a Pubmed and EMBASE search on September 12, 
2018, using terms for child, tuberculosis and stool (Supplementary 
Fig. S2). We also searched the 2017 and 2018 International Union 
Against Tuberculosis and Lung Disease World Conference on Lung 
Health abstract books and the reference lists of included studies and 
review articles. 

2.2. Eligibility 

We included original data studies published after 1990, written in 
English, Spanish, French, and German, with no restrictions on study 
design, setting, or comorbidities. Studies eligible for inclusion were 
those reporting results for molecular detection of Mtb from stool (i.e., the 
index test) in children (0–15 years) with presumed pulmonary TB as 
compared to microbiological test results in sputum or gastric aspirate 
(GA). 

2.3. Data extraction 

After removing duplicate entries, two reviewers (AM, JC) indepen
dently selected titles and abstracts for full text review, based on inclu
sion and exclusion criteria. Full text reviews were conducted by 
reviewers AM and EA. In case of disagreement, discussion with a third 
reviewer (MF) was sought to reach consensus. Throughout all review 
steps, we contacted authors for clarifications regarding data and study 
design or requested additional information. This occurred when, for 
example, data were not disaggregated by age or sample type, or full 
reports of data presented in abstracts were not yet published. 

Data from each included article were independently extracted by two 
of three authors (AM, EA, CR) in Microsoft Excel using a standardized 
format based on the Review Manager (RevMan version 5.3) DTA format 
(The Cochrane Collaboration, Copenhagen, Denmark). We extracted 
data for diagnostic two by two tables, as well as information regarding 
sample collection, including number of samples collected per child, 
sample volume tested and timing of collection relative to TB treatment 
start. We also gathered data on test performance, such as invalid test 
results and drug resistance results. To summarize available data, we also 
retrieved characteristics of the study setting and population, such as age, 
sex and HIV-status. 

To obtain estimates for stool test sensitivity and specificity, index test 
(i.e., molecular diagnostic assay on stool) and reference test (i.e., solid or 
liquid culture on sputum or GA) results were aggregated on a per-child 
basis. We made this decision based on clinical practice, in which mul
tiple tests and sample types are often used to diagnose TB in children. 
We additionally retrieved sputum or GA Xpert MTB/RIF results and, 
when available, results from smear microscopy and whether a clinical 
diagnosis was made in the absence of microbiological confirmation. We 
stratified sensitivity estimates by whether the diagnosis was microbio
logically confirmed (e.g., by culture or Xpert MTB/RIF on sputum or GA) 
or solely based on clinical criteria in the absence of microbiological 

confirmation (i.e., clinically-diagnosed, unconfirmed cases). We addi
tionally collected Xpert MTB/RIF stool RIF-resistance test results (index 
test), and culture-based phenotypic RIF-sensitivity results or Genotype 
line probe assay on respiratory samples (reference test). 

2.4. Quality assessment 

Two reviewers independently assessed the quality of included 
studies using the most recent Quality Assessment of Diagnostic Accuracy 
Studies (QUADAS-2) tool [10]. Discrepancies between reviewers were 
resolved by consensus. With this tool we evaluated risk of bias within 
four domains: (1) patient selection, (2) index test, (3) reference stan
dard, and (4) flow and timing. Per guidelines, we evaluated concerns 
regarding applicability in the first three domains. Bias or applicability 
concerns were qualified as low, unclear, or high [10]. We did not assess 
publication bias because there is no validated method to examine this for 
diagnostic studies [9]. 

2.5. Accuracy analysis 

For accuracy estimates, true positives (tp), true negatives (tn), false 
positives (fp) and false negatives (fn) were entered in RevMan. We 
constructed forest plots with sensitivity and specificity estimates and 
95% confidence intervals. To visualize the impact of the index assay (i. 
e., Xpert MTB/RIF versus in-house) and reference standard (i.e., 
microbiologically confirmed versus clinically-diagnosed unconfirmed 
TB) on test accuracy, we presented sensitivity and specificity plots 
stratified by these variables. We excluded invalid or non-interpretable 
test results from sensitivity and specificity analyses. When an article 
included a comparison between two stool testing methods, we included 
the results that yielded highest sensitivity [11,12]. 

We conducted meta-analyses using a bivariate random effect model 
to obtain pooled sensitivity and specificity and I2 estimates as a measure 
for heterogeneity, all with 95% confidence intervals [13]. These ana
lyses were performed in STATA software (version 15, STATACorp) with 
the Midas command. Where the default xtmelogit function was not 
applicable, we used the gllamm function. To obtain pooled sensitivity 
estimates for subgroups that were too small for bivariate analyses e.g., 
smear status, clinically-diagnosed unconfirmed TB, we used a univariate 
random effect model via the Metan command. For studies with 0% or 
100% sensitivity or specificity we applied a continuity correction of 0.5 
[14]. 

3. Results 

3.1. Characteristics of included studies 

We identified 432 unique studies through database and reference 
searches, of which, after an abstract and title screen, we assessed 80 full- 
text articles for eligibility (Fig. 1). We subsequently excluded 63 studies, 
most of which did not contain stool results based on molecular tests from 
children, including studies in which data from children could not be 
disaggregated from adults. Other studies were excluded because they 
did not contain sufficient data (including abstracts of unpublished pa
pers) or because the data overlapped with those presented in another 
report. In one report [15], confirmation of TB was only conducted by 
smear microscopy of respiratory samples. Although we had not explic
itly specified the requirement for culture or Xpert MTB/RIF in our 
eligibility criteria, we did not include this study in our quantitative 
analysis because of the limited sensitivity of the smear test. The 
remaining 16 studies included a total of 2,481 children. All of the 
included studies were written in English. 

Table 1 summarizes the characteristics of the included studies. All 
studies were conducted in low or middle-income countries; eight took 
place in high-burden TB countries [1]. One multi-country study included 
participants from both high-burden and non-high-burden countries 
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Fig. 1. Flowchart of included and excluded studies.  

Table 1 
Characteristics of the included studies.  

Study Country TB cases TB controls Participant stool 
analysis (N) 

Female (%) Median age 
(years) 

HIV infection 
(%) 

Banada 2016 [11] South Africaa Xpert-confirmed symptomatic 38 55.3 NRa 42.1 
Chipinduro 2017 

[30] 
Zimbabwea micro-confirmedb; 

unconfirmed TB 
symptomatic 218 56.4 10.6 51.0 

DiNardo 2018 
[18] 

Eswatini micro-confirmed; 
unconfirmed TB 

asymptomatic 143 65 controls; 
cases NR 

Estc 6.8 32.0 

Hasan 2017 [26] Pakistana micro-confirmed; 
unconfirmed TB 

symptomatic 49 44.0 6.8 NR 

LaCourse 2018 
[22] 

Kenyaa Culture-confirmed; 
unconfirmed TB 

symptomatic 150 45.4 2 100.0 

Marcy 2016 [16] Burkina Faso, Vietnama, 
Cameroon, Cambodiaa 

Culture-confirmed symptomatic 267 49.0 7.2 100.0 

Memon 2018 [28] Indiaa Culture-confirmed; 
unconfirmed TB 

– 100 59.0 11 NR 

Mesman 2019 
[20] 

Peru Culture-confirmed; 
unconfirmed TB 

symptomatic 259 48.0 5.1 NR 

Moussa 2016 [17] Egypt Culture-confirmed symptomatic 115 39.0 Est >6 0.0 
Nicol 2013 [29] South Africaa Culture-confirmed; 

unconfirmed TB 
symptomatic 115 NR 2.6 14.8 

Oberhelman 2010 
[19] 

Peru Culture-confirmed; 
unconfirmed TB 

asymptomatic 451 47.0 Est 4 0.0 

Orikiriza 2018 
[23] 

Uganda micro-confirmed; 
unconfirmed TB 

– 71 45.4 NR 31.2 

Sauter 2018 [27].b Cameroon micro-confirmed; 
unconfirmed TB 

symptomatic 73 51.8 8 100 

Walters 2012 [25] South Africaa Culture-confirmed; 
unconfirmed TB 

symptomatic 14 65.0 1.4 8.6 

Walters 2017 [24] South Africaa micro-confirmed; 
unconfirmed TB 

symptomatic 379 48.5 1.3 13.5 

Wolf 2008 [12] Peru Culture-confirmed asymptomatic 39 25.0 5.1 0.0 

Abbreviations: aNR: not reported; bmicrobiological confirmation (via either Xpert or culture); cest: estimated. 
a High-burden TB countries. 
b Abstract; data obtained via personal communication. 
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[16]. Annual TB incidence rates in the countries where the remaining 
studies were conducted ranged from 13/100,000 (Egypt) to 308/100, 
000 (Eswatini) [17,18]. 

In most studies (13/16; 81%), children with TB symptoms were 
consecutively enrolled and subsequently categorized as TB cases with 
microbiologically-confirmed or clinically-diagnosed unconfirmed TB, or 
as controls in the absence of a diagnosis. The remaining three studies 
had a case-control design in which controls were healthy children [12, 
18,19]. The median age of participants ranged from 1.3 to 11 years. The 
proportion of children who were HIV-positive was reported in 13 studies 
and ranged from 0% to 100% (interquartile range: 8.6%–42%). 

Both index and reference test characteristics were heterogeneous. 
With respect to the index test, most studies (12/16, 75%) used Xpert 
MTB/RIF for stool testing (Table 2); four studies used other molecular 
tests (referred to as: ‘in-house’) and in all four Mtb detection was based 
on IS6110 amplification. These studies all used different DNA extraction 
methods: Chelex/fast [12], MP Fast DNA kit for soil (MP Biochemicals, 
Solon, OH) [18], Akonni TruTip [20] and Triton X-100 [19,21]. Stool 
sample input volume ranged from 50 to 5000 mg, and was not recorded 
in four studies [22–25]. Three studies manually homogenized the sam
ple before further processing [22,25,26]. Also other stool processing 
procedures we did not include in our analysis, such as decontamination, 
or concentration steps, were highly variable for both in-house and Xpert 
MTB/RIF studies. Microbiological confirmation of TB disease usually 
included culture analysis (15/16, 94%), and most studies (9/16, 56%) 

additionally had Xpert MTB/RIF results available, performed for either 
diagnostic or research purposes. One study relied solely on confirmation 
by Xpert MTB/RIF (Table 2). 

Only 7/16 (44%) study protocols required that stool samples be 
collected prior to initiation of anti-TB treatment [12,16,17,20,22,27, 
28]. Of those studies without this requirement, one allowed enrollment 
of children up to four weeks post treatment initiation. The actual time of 
stool sample collection relative to treatment initiation sometimes 
differed from the intended collection time and was not always reported 
(Table 2). 

3.2. Quality assessment of included studies 

The assessment of methodological quality of included studies is 
summarized in Fig. 2. Summaries per-study are shown in Supplementary 
Fig. 3. We considered five studies to have high risk for bias in the patient 
selection domain due either to a case-control study design with healthy 
controls [12,18,19] or lack of a control group [23,26]. Within the index 
test domain, we did not consider the lack of blind testing as a source of 
bias because automated molecular test results and differences in 
turn-around-times between the index test and culture reference test are 
unlikely to affect interpretation of results. 

One study had not specified the positivity threshold of the index test 
before study initiation, which we considered an unclear risk of bias [20]. 
Within the reference test domain, one study scored as having a high risk 

Table 2 
Test characteristics.  

Study Index 
test 

Actual collection stool 
sample relative to start 
ATTa 

Stool samples 
collected (N) 

Stool volume (mg 
[range]) 

Stool processing method Microbiological 
confirmation test 

Sample type 
reference test 

Banada 2016 
[11] 

Xpert <5 days 1 600; 1200 Bead vortexing Xpert ISb/GAc 

Chipinduro 
2017 [30] 

Xpert NRd 1 150 Vortexing CUe (LJf); Xpert IS 

DiNardo 2018 
[18] 

In- 
house 

<14 days 1 50 Bead beating [MP Fast DNA 
Soil Kit] 

CU; Xpert IS/ESg/GA 

Hasan 2017 [26] Xpert before ATT 1 150 Vortexing CU (MGITh); Xpert ES/GA 
LaCourse 2018 

[22] 
Xpert NR 1 NR Manual homogenization CU (MGIT, LJ); Xpert IS/ES/GA 

Marcy 2016 
[16] 

Xpert before ATT 1 500 Vortexing CU (LJ, MGIT); Xpert ES/GA 

Memon 2018 
[28] 

Xpert NR 1 200 Manual homogenization CU (MGIT); Xpert IS/GA 

Mesman 2019 
[20] 

In- 
house 

<14 days 2 500 Magnetically-induced 
vortexing [TruTip extraction] 

CU (MGIT) IS/ES/GA 

Moussa 2016 
[17] 

Xpert NR 2 2 cm3 Vortexing CU (LJ) ES/IS 

Nicol 2013 [29] Xpert NR 1 150 Vortexing CU (MGIT); Xpert IS 
Oberhelman 

2010 [19] 
In- 
house 

before ATT 2 100 Homogenization (method 
NR) 

CU (MODSi, LJ) GA 

Orikiriza 2018 
[23] 

Xpert <7 days 1 NR [1000–5000] Vortexing CU (LJ, MGIT); Xpert ES/IS 

Sauter 2018 
[27] 

Xpert before ATT 1 Est 1000-3000 NAj CU (LJ, MGIT); Xpert Spm/GA 

Walters 2012 
[25] 

Xpert <7 days 1 NR Manual homogenization CU (MGIT) GA 

Walters 2017 
[24] 

Xpert <7 days 1 NR [<5000] Vortexing CU (MGIT); Xpert ES/IS/GA 

Wolf 2008 [12] In- 
house 

before ATT 2 200 FastPrep mechanical 
homogenization 

CU (MODS) GA  

a ATT: anti-TB treatment. 
b IS: induced sputum. 
c GA: gastric aspirate. 
d NR: not reported. 
e CU: culture. 
f LJ: Lowenstein-Jensen (solid). 
g ES: expectorated sputum. 
h MGIT: Mycobacteria growth indicator tube (liquid). 
i MODS: Microscopic observation drug susceptibility. 
j NA: Data Not Available. 
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of bias because it only compared the stool results of all children to Xpert 
MTB/RIF on respiratory samples, and did not conduct the best available 
reference standard (i.e. culture) [11]. We had few applicability con
cerns, but considered applicability unclear in one study [22], which was 
nested within an HIV project and included all hospitalized children, 
rather than basing inclusion on TB symptoms. 

One of the questions the flow and timing domain assesses is the in
terval between the index and reference test. Instead of the test interval, 
we assessed the interval between the index test and treatment start, 
which could impact test outcomes. We considered studies with over 72 h 
between index test and treatment start at high risk of bias, except when 
the authors demonstrated that late collection did not affect the outcomes 
[11,20,24]. Of the three studies that accepted stool samples that were 
collected more than 72 h post-treatment start, one reported that late 
sample collection negatively affected Mtb detection in stool [18], 
whereas the impact was not examined in the two other studies [23,26]. 

3.3. Diagnostic accuracy 

Fourteen studies estimated stool test sensitivity against culture; a 
total of 212/1910 (11%) children from these studies had culture- 
confirmed TB. Stool test sensitivity varied across these studies from 
12% to 100% with Xpert MTB/RIF stool tests and 19%–67% with other 
in-house tests, all with wide confidence intervals (Fig. 3A). Pooled 
sensitivity was 57% [95%CI: 40–72] (Table 3). The specificity for stool 
testing was high, with a pooled estimate of 98% [95%CI: 96–99]. We did 
not conduct meta-regression to compare Xpert MTB/RIF with in-house 
stool assays because of the small number of studies with in-house tests 
and between-study differences in both index test methodology and 
participant selection (Table 1, Table 2); the substantial heterogeneity is 
reflected in the high I2 statistics (Table 3). Separate pooled sensitivity for 
studies using stool Xpert MTB/RIF was 63% [95%CI: 42–80], whereas 
the pooled estimate for in-house tests was 42% [95%CI: 24–61] (Sup
plementary Fig. 4); heterogeneity remained high for both groups. 

We additionally plotted sensitivity and specificity against other 
reference standards: Xpert MTB/RIF (Fig. 3B), any microbiological 
confirmation (either Xpert MTB/RIF/culture; Fig. 3C) and clinically- 
diagnosed unconfirmed TB (Fig. 3D). We hypothesized that the Xpert 
MTB/RIF reference test would lead to higher index test sensitivity, 
because it is less sensitive than culture. However, the pooled sensitivity 
estimates for the alternative reference standards of Xpert MTB/RIF or 
any microbiological confirmation were similar to the pooled sensitivity 
estimate with culture as the reference: 60% [95%: 36–80] and 53% 
[95%CI: 39–67], respectively (Table 3). Notably, these separate analyses 
do not include the same studies. For example, a large study by Walters 
et al. reported a sensitivity of 35% [95%CI: 24–48], which was only 
included in the combined microbiological confirmed analysis [24]. 

Among children with clinically-diagnosed unconfirmed TB, sensi
tivity was very low, ranging from 0 to 17% across studies, with a pooled 
estimate of 3% [95%CI: 2–6] (Fig. 3D, Table 3). Specificity against this 

reference standard however was very high, with estimates of 99%–100% 
for Xpert MTB/RIF stool tests [24,25,27–30] and 96%–98% for in-house 
stool tests [18–20]. 

We did not identify any study-level factors, such as median age, 
percentage of HIV-infected participants or number of stool samples 
analyzed, associated with stool test sensitivity (Supplementary Table 1); 
however, we observed that studies in which stool samples were collected 
after treatment start all reported sensitivities at or below the median. 

In a subgroup analysis stratified by smear-status among children 
with confirmed disease (Fig. 4), sensitivity was much higher among 
smear-positive confirmed cases. In half of the studies, stool test sensi
tivity was 100% among smear-positive children (pooled 80%, 95%CI: 
60–92, Table 3). In two studies sensitivity among smear-positive cases 
was below 50%; this included the study of Memon et al. with the lowest 
stool test sensitivity of 13% [95% CI: 3–32] that enrolled children until 
four weeks post treatment initiation [26]. Compared to the 
smear-positive cases, sensitivity among smear-negative children was 
much lower in all studies (pooled 33%, 95%CI: 20–49, Table 3). 

3.4. Additional xpert MTB/RIF test performance parameters 

For stool Xpert MTB/RIF studies we assessed two additional perfor
mance parameters: the percentage of invalid or erroneous test results 
and RIF resistance testing. The percentage of invalid outcomes was 
generally low. In 6/12 studies (50%), all children had valid stool result 
(Supplementary Table 2). The number of invalid results from one study 
was unknown because the authors combined invalid results with with
drawals [16]. In the six studies that reported invalid test results, the 
percentage ranged from 1.3% to 7.9%. Notably, 4/5 studies without 
invalid results used low stool input volumes up to 150 mg [17,27,29,30]; 
(the fifth study did not record volume [25]), whereas the input volume 
ranged from 200 to 5000 mg in the studies that reported invalid 
outcomes. 

Drug resistance was reported in 9/12 (75%) of stool Xpert MTB/RIF 
studies (Supplementary Table 2). Most of these studies (7/9, 78%) 
detected no drug resistance in either respiratory or stool samples (100% 
concordance) [11,25–30]. Only 14 children across two studies were 
diagnosed with RIF-resistant TB after phenotypic drug susceptibility 
testing (DST) or confirmation via Genotype line probe assay. Xpert 
MTB/RIF stool testing resistance sensitivity was 100% and 25% in these 
two studies respectively and confirmed RIF resistance in 5/14 children 
(36%) [17,24]. Studies did not report RIF resistance results detected by 
Xpert MTB/RIF on respiratory samples. 

4. Discussion 

In this review, we aimed to estimate the accuracy of molecular Mtb 
testing in pediatric stool samples following a careful evaluation of the 
literature and found consistently high specificity and a pooled sensitivity 
estimate of 57% against culture. 

Fig. 2. QUADAS-2 summarized risk of bias and applicability concerns for the included studies.  
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Stool test sensitivity varied immensely across studies, from 13% to 
100% as compared to culture, due to major heterogeneity in study 
design, sample processing methods and test procedures. Therefore, all 
pooled estimates should be interpreted with great caution. Within 
studies however, sensitivity was consistently highest among children 
with smear-positive TB. In fact, sensitivity among these children was 

100% in the majority of studies [17,20,23,29,30], as well as in the study 
excluded from the meta-analysis because the authors only compared 
stool to smear microcopy [15]. These outcomes align with previous re
ports that demonstrated higher sensitivity of Xpert MTB/RIF respiratory 
[5,31] and non-respiratory samples [32] among adults and children 
with a positive smear status. The difference between our pooled 

Fig. 3. Forest plots of stool test accuracy against culture (A), Xpert (B), microbiological confirmation (C) or clinically-diagnosed unconfirmed TB (D) reference 
standard. Plots display Xpert stool test studies at the top and in-house stool test studies at the bottom of the plots. 
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sensitivity estimates of 80% among smear-positive and 33% among 
smear-negative children is more striking than HIV-infected versus un
infected (80% and 60% respectively) [8]. This indicates that the fre
quency of children with a smear positive respiratory sample, often older 
children with adult-like disease, may affect the sensitivity of stool assays 
and highlights the importance of stratifying sensitivity estimates by 
smear status. 

We compared stool test accuracy against three reference standards. 
The molecular stool test had a limited value for children with clinically- 
diagnosed unconfirmed TB (pooled 3%), for whom a novel diagnostic TB 
tool is mostly needed. This is comparable to the 2% sensitivity of Xpert 
MTB/RIF on sputum among this group [5]. We hypothesized that using a 
reference of Xpert MTB/RIF on respiratory samples could overestimate 
the sensitivity of stool testing relative to culture of respiratory specimens 
because it is less sensitive than culture, but found similar results. This 
could have occurred for several reasons. First, if children had received 
any anti-TB treatment (or fluoroquinolones, reported as bias concern by 
Orikiriza [23]), this could have resulted in a negative culture result and 
positive Xpert MTB/RIF result because the latter test may detect 
nonviable Mtb [23,26]. Secondly, children with positive respiratory 
Xpert MTB/RIF results, may have had missing culture results [18,23, 
27]. Thirdly, some children had respiratory sample Xpert 
MTB/RIF-positive, but culture-negative results [28,29], which leads to a 
decreased sensitivity in the overall microbiological confirmed analysis. 
While we did not find evidence to support our hypothesis and pooled 
stool sensitivity against Xpert MTB/RIF [60%] was similar to that 
against culture [57%], our pooled estimates must be interpreted with 
caution given the heterogeneous nature of the studies included. 

We also observed variability in the timing of stool sample collection 
relative to treatment initiation and found that time of collection is a 
possible risk for bias in accuracy estimates. DiNardo et al. showed that 
late collection negatively impacted detection [18]. In the study with the 
lowest sensitivity against culture [13%] including among children who 

tested smear-positive [27%], stool samples were collected up to four 
weeks post treatment start, which was the possible cause for low test 
sensitivity [26]. Unfortunately, lack of individual patient data hampered 
confirmation of the association. 

In contrast to the between-study variation in sensitivity, specificity of 
stool testing was consistently very high and therefore stool testing could 
be used as rule-in TB test (i.e. a positive stool test result would lead to a 
TB diagnosis, but a negative result cannot rule out TB). Of note, high 
specificity for a TB diagnostic test is crucial given the long and poten
tially toxic nature of TB treatment. In this regard, the specificity of 
molecular detection of Mtb in stool is promising, and compares favorably 
with the 82% specificity of the urine-based TB-LAM lateral flow test 
[33]. Notably, in multiple studies that recorded treatment responses of 
all participants, ‘false positive’ stool results (against respiratory culture 
or Xpert MTB/RIF reference standard) belonged to children who had 
received an unconfirmed TB diagnosis and clinically improved after 
receiving anti-TB treatment [27–29]. Assuming these children truly did 
have TB, including clinically-diagnosed, unconfirmed TB cases in the 
control group could result in underestimates of test specificity. 

We conducted the first molecular stool test review that included 
assays other than Xpert MTB/RIF. While pooled sensitivity in the Xpert 
MTB/RIF stool test group [63%] was higher than in the in-house test 
group [42%], heterogeneity was high for both groups. The small number 
of studies with in-house molecular tests, the differences in sample pro
cessing, extraction methodology and study design (3/4 in-house studies 
were case-control), made it impossible to compare outcomes across the 
two assay types. Individual in-house tests have demonstrated potential 
to rival Xpert MTB/RIF. For example, one in-house tests reported a limit 
of detection of 96 bacilli/50 mg stool [18] (to compare: sputum Xpert 
MTB/RIF’s limit of detection is 131 bacilli/ml) and successfully detected 
Mtb in 17% of children with clinically-diagnosed unconfirmed TB. 

The major limitation of this study reflects that of the existing body of 
evidence related to the molecular detection of Mtb in stool: a limited 

Table 3 
Pooled sensitivity and specificity estimates of stool tests (Xpert MTB/RIF and In-house) against different reference tests obtained by meta-analyses.  

Reference test   Sensitivity Specificity 

Studies (n) Model Pooled (95%CI) I2 (95%CI) Pooled (95%CI) I2 (95%CI) 

Culture 14 bivariate 0.57 (0.40–0.72) 77.1 (65.5–88.8) 0.98 (0.96–0.99) 76.6 (64.6–88.6) 
Xpert 8 bivariate 0.60 (0.36–0.80) 86.3 (78.0–94.5) 0.98 (0.97–0.99) 28.6 (0.0–85.9) 
Micro-confirmeda 16 bivariate 0.53 (0.39–0.67) 83.1 (75.7–90.5) 0.99 (0.98–0.99) 83.1 (75.7–90.5) 
Clinically-diagnosed Unconfirmed TB 11 univariate 0.03 (0.02–0.06) 29.8 (p ¼ 0.16) 0.98 (0.96–0.99) 35.2 (p ¼ 0.11) 
Subgroup analysis 
Micro-confirmed SMþ 10 univariate 0.80 (0.60–0.92) 50.0 (p ¼ 0.04) – – 
Micro-confirmed SM- 10 univariate 0.33 (0.20–0.49) 67.4 (p ¼ 0.001) – –  

a Microbiologically-confirmed via culture or Xpert. 

Fig. 4. Forest plots with sensitivity of molecular stool tests among microbiologically-confirmed children stratified by smear status.  
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number of studies coupled with heterogeneous patient populations, 
testing procedures, and protocols; these factors limited our ability to 
examine the key factors that drive assay sensitivity. We were unable to 
account for all variation in stool sample collection and processing 
methods that could impact sensitivity and specificity, or could influence 
the percentage of invalid test outcomes due to clogging of Xpert MTB/ 
RIF cartridges [34]. For example, our results suggest a possible associ
ation between stool sample volume and invalid test results which is 
supported by the reduction of invalid results after decreasing the sample 
volume from 1200 to 600 mg [11]. However, in many studies volume 
varied among participants and was not recorded, which prevented a 
participant-level sub-analysis. Secondly, we conducted analyses 
by-child and did not stratify for the number of index or reference sam
ples or the type(s) of reference sample, because these individual patient 
data were in not available in multiple studies. 

Based on our analyses we developed recommendations for future 
studies of TB diagnostic tests in children (Table 4). A major challenge in 
determining the accuracy of stool testing is the absence of standardized 
test procedures; studies that compared multiple procedures in parallel, 
such as sample volume [11], processing [34], or extraction methods [12, 
15], reported different outcomes, indicating the relevance of each of 
these factors. An optimal procedure should be identified through both 
literature review and experimental studies. Secondly, the lack of a 
reliable gold standard for pediatric TB diagnoses and consequently small 
sample size of confirmed TB cases emphasizes the relevance of a 
rigorous design and data collection for pediatric diagnostic TB studies. 
Lastly, gaps need to be filled before implementation, including drug 
resistance testing on stool samples. We identified only two studies that 
detected or reported any drug resistance via molecular stool testing, 
with only 25% RIF resistance sensitivity in the largest study [24]. 
Because another study by the same group (not included in our review) 
used different sample processing methods and did not confirm drug 
resistance in three children diagnosed with multi-drug resistant TB [35], 
this testing should ideally be included in test optimization and extended 
beyond RIF resistance. Also, the position of stool tests within the diag
nostic algorithm should be investigated. Our accuracy estimates (high 
specificity, lower sensitivity) suggest a role as initial rule-in screening 
test, without replacing confirmation on respiratory samples. However, 
the added value of stool tests to other non-sputum based tests remains 
unknown. For example, stool Xpert MTB/RIF confirmed TB disease in a 
different patient group than did the urine TB-LAM flow test [22], for 
which the recommended use is restricted to patients living with HIV 
[33]. Moreover, Xpert MTB/RIF studies should confirm results with the 
Xpert MTB/RIF Ultra test, which has higher sensitivity and lower 
specificity compared to Xpert MTB/RIF [36] and will replace the current 
test in the near future. 

In conclusion, our results indicate that stool is a promising sample 
type for a rule-in TB test in children. Standardization of testing pro
cedures and rigorous study design will be important to overcome or 
understand heterogeneity in sensitivity outcomes and develop a valu
able molecular test. 
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