10

11

12

13

14

15

16

17

18

19

20

21

22

23

medRXxiv preprint doi: https://doi.org/10.1101/2024.12.17.24317956; this version posted December 19, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license .

Stool processing methods for Xpert Ultra testing in childhood tuberculosis: A

prospective, multi-country accuracy study

Devan Jaganath'?’, Pamela Nabeta®, Mark P. Nicol*, Robert Castro*°, Peter Wambi®,

Heather J. Zar’, Lesley Workman’, Rakesh Lodha® Urvashi B. Singh®°, Ashish
Bavdekar'®, Sonali Sanghavi,'"* André Trollip?, Aurélien Mace®, Maryline Bonnet®,
Manon Lounnas®, Petra de Haas', Edine Tiemersma*, David Alland*®, Padmapriya
Banada®, Adithya Cattamanchi®'®, Morten Ruhwald®, Eric Wobudeya®, Claudia M.

Denkinger*'™, for the Stool H2H Study Team

1. Division of Pediatric Infectious Diseases, University of California, San Francisco,
San Francisco, USA

2. Center for Tuberculosis, University of California, San Francisco, San Francisco,
USA

3. FIND, Geneva, Switzerland

4. Marshall Centre, School of Biomedical Sciences, University of Western Australia,
Perth, Australia

5. Division of Pulmonary and Critical Care Medicine, University of California, San
Francisco, San Francisco, USA

6. Walimu, Kampala, Uganda

7. Department of Paedatrics and Child Health, University of Cape Town, Cape
Town, South Africa

8. Department of Pediatrics, All India Institute of Medical Sciences, New Delhi, India

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.


https://doi.org/10.1101/2024.12.17.24317956
http://creativecommons.org/licenses/by-nc-nd/4.0/

preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

medRXxiv preprint doi: https://doi.org/10.1101/2024.12.17.24317956; this version posted December 19, 2024. The copyright holder for this

It is made available under a CC-BY-NC-ND 4.0 International license .

9. Department of Microbiology, All India Institute of Medical Sciences, New Delhi,
India

10. Department of Pediatrics, KEM Hospital, Pune, India

11. Department of Microbiology, KEM Hospital, Pune, India

12. TransVIHMH, University of Montpellier, IRD, Inserm, Montpellier, France

13. University of Montpellier, IRD, CNRS, MIVEGEC, Montpellier, France

14.KNCV Tuberculosis Foundation, The Hague, The Netherlands

15. Public Health Research Institute, Department of Medicine, Rutgers-New Jersey
Medical School, Newark, USA

16. Division of Pulmonary Diseases and Critical Care Medicine, University of
California Irvine, Orange, USA

17.Department of Infectious Disease and Tropical Medicine, University Hospital
Heidelberg, German Center of Infection Research, partner site Heidelberg,
Germany

*Contributed equally as first authors

*Contributed equally as senior authors

Corresponding Author

Devan Jaganath, MD MPH
Department of Pediatrics

University of California, San Francisco
550 16" Street, 4™ Floor

San Francisco, CA 94158 USA


https://doi.org/10.1101/2024.12.17.24317956
http://creativecommons.org/licenses/by-nc-nd/4.0/

preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

47

48

49

50

51

52

53

54

55

56

57

58

medRXxiv preprint doi: https://doi.org/10.1101/2024.12.17.24317956; this version posted December 19, 2024. The copyright holder for this

It is made available under a CC-BY-NC-ND 4.0 International license .

Devan.jaganath@ucsf.edu

Words
Abstract: 241
Text: 2,977

References: 31

KEY POINTS

In a multi-country diagnostic accuracy study for childhood pulmonary tuberculosis, three
stool processing methods for Xpert Ultra were acceptable, usable and performed
similarly. Sensitivity was lower than that of sputum Xpert Ultra, but improved in children

with culture-positive disease.
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ABSTRACT
Background. Centrifuge-free processing methods support stool Xpert Ultra testing for
childhood tuberculosis (TB), but there are limited data on their accuracy, acceptability

and usability.

Methods. We conducted a prospective evaluation of stool Xpert Ultra in India, South
Africa, and Uganda with three methods: Stool Processing Kit (SPK), Simple One-Step
(SOS), and Optimized Sucrose Flotation (OSF). Children <15 years old with
presumptive TB had respiratory specimen testing with Xpert Ultra and culture. Stool was
tested using Xpert Ultra after processing with each method. We compared the accuracy
of each method to a microbiological reference standard (MRS) and a composite
reference standard (CRS). We surveyed the laboratory staff to assess acceptability and

usability of the methods.

Results. We included 607 children, of whom the median age was 3.5 years (IQR 1.3-7),
48% were female, and 15.5% were HIV positive. Against the MRS, the sensitivities of
SPK, SOS and OSF were 36.9% (95% CI 28.6-45.8), 38.6% (95% CI 17.2-51), and
31.3% (95% CI 20.2-44.1), respectively. The specificities of SPK, SOS and OSF were
98.2% (95% CI 96.4-99.3), 97.3% (95% CI 93.7-99.1) and 97.1% (95% CI 93.3-99),
respectively. Laboratory staff reported that the methods were acceptable and usable,
but SOS was most feasible to implement in a peripheral facility. Sensitivity increased
among children who were culture-positive (55-77.3%) and was low (13-16.7%) against

the CRS.
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Conclusions. Stool processing methods for Xpert Ultra were acceptable, usable, and

performed similarly, with highest sensitivity among children with culture-positive TB.

Keywords: child; tuberculosis; diagnostics; stool; Xpert Ultra; centrifuge-free
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87 INTRODUCTION

88 The implementation of low-complexity, automated molecular assays for Mycobacterium
89 tuberculosis (Mtb) has improved access to tuberculosis (TB) testing worldwide [1].
90 However, children are often unable to expectorate sputum, and access to equipment
91 and trained staff to collect induced sputum or gastric aspirates is usually limited to
92  higher-level facilities [2].

93 Multiple studies have shown that Mtb can be detected in the stool of children with
94  pulmonary TB [3-6], in particular with Xpert MTB/RIF and Xpert MTB/RIF Ultra (Xpert
95 Ultra, Cepheid, Sunnyvale). To support stool Xpert Ultra testing, centrifuge-free stool
96 processing methods have been developed, including the Stool Processing Kit (SPK,
97 FIND, Geneva) [7], Simple One-Step method (SOS, KNCV TB Foundation, Hague,
98 Netherlands) [8], and Optimized Sucrose Flotation method (OSF, TB SPEED
99 Consortium) [9]. However, limited comparative data exist on their accuracy,
100 acceptability and usability [10].

101 Our overall objective was therefore to evaluate and compare the diagnostic
102 accuracy of stool processing methods for Xpert Ultra testing through a prospective,
103  multi-country study. We also assessed their acceptability and usability as reported by
104 laboratory staff.

105
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106 METHODS

107  Setting and Participants

108 We consecutively enrolled children under 15 years old from June 2019 to March 2021 in
109 India, South Africa, and Uganda. In India, children were recruited from two tertiary care
110 centers: the All India Institute of Medical Sciences (AIIMS), New Delhi, and KEM
111  Hospital, Pune, with referrals from surrounding outpatient clinics. In South Africa,
112  children were recruited from two tertiary hospitals, Red Cross Children’s Hospital in
113 Cape Town and Dora Nginza Hospital in Ggeberha. In Kampala, Uganda, children were
114  referred from Mulago National Referral Hospital inpatient and outpatient facilities, and
115 hospitals and clinics from the surrounding area. Enrollment was paused for periods
116  during the COVID-19 pandemic, and each site followed local regulations of when they
117  could resume. Children were eligible if they had microbiologically confirmed TB, or at
118 least one symptom of pulmonary TB: unexplained cough for =22 weeks, unexplained
119 fever for 21 week, unexplained failure to thrive or weight loss, or chest X-ray suggestive
120 of TB. Children already on anti-TB treatment for >72 hours were excluded. Caregivers
121  completed a written informed consent, and children aged =8 years in Uganda, and =7
122 years in South Africa and India gave assent according to local ethical guidelines.
123 Laboratory staff aged =218 years who processed the stool samples at each site
124  completed an anonymous survey to assess acceptability and usability.

125

126 The study received ethical approval from the Mulago Hospital Research Ethics

127  Committee, the Human Research Ethics Committee of the University of Cape Town, the
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128  AIIMS Ethics Committee and the KEM Hospital Research Centre Ethics Committee, and
129 the University of California San Francisco Institutional Review Board.

130

131 Reference Procedures

132 Trained staff performed a standard TB evaluation on all children, including a clinical
133 questionnaire, physical exam, and chest radiography. Two sputum specimens were
134  collected, including expectorated or induced sputum, gastric aspirate or nasopharyngeal
135 aspirate, and tested using Xpert Ultra and liquid or solid mycobacterial culture according
136 to standard operating procedures. Sputum Xpert Ultra trace results were defined as
137  positive [11].

138

139  Stool Collection

140 Study staff asked participants to collect one stool sample in a sterile cup at enrollment,
141  either directly or transferred from a diaper using a spoon. If the child was unable to
142  produce a sample, the caregiver was provided with a cup and was asked to return the
143 sample as soon as obtained within 3 days.

144 Stool samples were homogenized when possible and processed fresh, or stored
145 at 2-8°C and tested within 72 hours. Based on available supplies, protocols and training,
146  SPK was introduced first in June 2019, followed by SOS and then OSF in December
147  2019. When all three methods were tested, we randomized the order of testing and
148 where each sample was collected in the cup each week.

149

150  Stool processing and index testing
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151 Stool samples were processed using the following methods before Xpert Ultra testing

152  (Supplemental Figure 1):

153 1. SPK. The kit (42T for FIND) included a squeeze bottle with mixing beads, a stool
154 processing buffer (SPB) and a filter cap. Five milliliters (mL) of the SPB and 5 mL
155 of Xpert Ultra Sample Reagent (SR) were pipetted into the squeeze bottle. One
156 gram of stool was added to the squeeze bottle, shaken vigorously, and incubated
157 at room temperature for 30 minutes. The mixture was then squeezed through the
158 filter cap into the Xpert Ultra cartridge.

159 2. SOS: 0.8-1 gram of solid stool was added to an 8 mL SR bottle. If the stool was
160 soft or liquid, then respectively 2 or 4 mL of SR were replaced with the same
161 volume of stool. Shaking and incubation for 10 minutes were performed twice,
162 and then two mL of supernatant were pipetted into the Xpert Ultra cartridge.

163 3. OSF: 0.5 gram of stool was added to 10 mL of 50% Sheather’s solution, and
164 emulsified using wooden sticks and manually shaking. After 30 minutes of
165 incubation to allow sedimentation, 0.5 mL of supernatant were mixed with 1.8 mL
166 of SR and incubated for 15 minutes before being added to the Xpert Ultra
167 cartridge.

168 Of note, the three methods were at different stages of development. SOS was design-
169 locked, while SPK was a prototype design, and OSF had not yet been developed into a
170  Kkit.

171 Laboratory staff were blinded to the sputum Xpert Ultra result and clinical
172 treatment decision. Within three months of the start of enrollment, the staff were asked

173 to complete a voluntary, anonymous acceptability and usability questionnaire on each
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174 method, using a Likert scale ranging from Totally or Partially Disagree to Partially or
175 Totally Agree.

176

177  TB Classification

178 Participants were classified as Confirmed, Unconfirmed or Unlikely TB based on NIH
179 consensus definitions [12]. Confirmed TB was defined as having sputum positive for
180  Mtb by Xpert Ultra or culture. Children with Unconfirmed TB did not have microbiological
181  confirmation, but had signs, symptoms and/or radiographic findings consistent with TB
182 and had clinical response to anti-TB treatment. Children with Unlikely TB had symptom
183  resolution without anti-TB treatment. A case was unclassifiable if there was insufficient
184  information or follow up to determine TB status. Stool Xpert Ultra results were not used
185 in the TB classification.

186

187  Statistical Analysis

188  Our primary analysis assessed the sensitivity and specificity of stool Xpert Ultra using
189 each method, against a microbiological reference standard (MRS) that classified TB in
190 children with Confirmed TB, and otherwise as not having TB (Unconfirmed or Unlikely
191 TB). Children who could not provide a sputum or stool sample were excluded.
192  Participants with non-determinate stool Xpert Ultra results (invalid, error or no result)
193 were excluded; however, we conducted a sensitivity analysis using an intention-to-
194  diagnose approach that considered their results as either negative or positive. For the
195 head-to-head comparison, we included children who had valid results for all three

196 methods, and used McNemar's test with 95% Cls to compare differences in sensitivity

10
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197 and specificity. Statistical significance was defined if 95% Cls of the difference did not
198  cross zero.

199 Secondarily, we assessed accuracy using three additional reference standards:
200 1) a composite reference standard (CRS) that included Unconfirmed TB in the definition
201 of TB; 2) sputum Xpert Ultra result alone; and 3) sputum culture results alone. In
202 addition, we determined the incremental accuracy of using both stool and sputum Xpert
203  Ultra compared to each test alone against sputum culture.

204 For the acceptability and usability assessment, we summarized the frequency
205 and proportion of the responses by processing method. Analyses were completed using
206 Stata version 16.1 (StataCorp LLC, College Station, Texas). Findings have been
207 presented in accordance with the Standards for Reporting Diagnostic Accuracy
208 (STARD) guidelines [13].

209

210 RESULTS

211  Participant Characteristics

212  We enrolled 655 children from 1,182 screened across the three countries (Figure 1).
213  After excluding 29 children who did not provide a stool sample and 19 children whose
214  TB status was unclassifiable, the final sample size was 607. Most children were from
215 Uganda (n=371, 61.1%) and under 5 years old (n=367, 60.5%, Table 1). Of the 574
216  children, 89 (15.5%) were living with HIV and 308 (50.7%) were underweight. A total of
217 147 children (24.2%) had Confirmed TB, with the majority (136/147, 92.5%) being
218  sputum Xpert Ultra positive.

219

11
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220  Xpert Ultra Results

221  The three methods had a similar proportion of valid results, ranging from 87.4% for OSF
222 10 90.3% for SPK (Table 1). As shown in Table 2, the proportion of Mtb positive results
223 was similar across methods, ranging from 9.3% for OSF to 11.2% for SOS. The cycle
224  threshold (CT) values among those with TB were lower in OSF (median 17.1, IQR 16.6-
225 22.1) compared to SPK and SOS (median 20.6 and 19.8). Stool Xpert Ultra detected
226 rifampin resistance in one child in South Africa using SPK, though this child was not
227  tested with the other two methods.

228 Table 2 also summarizes the Xpert Ultra results with sputum samples. Sputum
229 samples were positive in 21.6% of children (131/607), with 64% (48/75) showing trace
230 or very low semi-quantitative results. Only 2 children had non-determinate results.

231

232  Accuracy of stool Xpert Ultra with centrifuge-free stool processing methods

233  The specificity of all three methods was high (97.1-98.2%), while sensitivity of the SPK,
234  SOS and OSF methods was 36.9%, 38.6% and 31.3%, respectively, compared to the
235 MRS (Table 3). Sensitivity was lower with the CRS (range 13.0-16.7%), similar
236 compared to sputum Xpert Ultra (range 38.3-45%) and higher compared to sputum
237  culture (range 55-77.3%). Across the methods, sensitivity was significantly higher when
238 the sputum Xpert Ultra semi-quantitative level was Low or higher (95.8-100%),
239 compared to Trace or Very Low (16.7-22.6%, p < 0.001 for all methods, Supplemental
240 Table 1). In the intention-to-diagnose analysis, sensitivity ranged from 33.3-43.1% for
241 SPK, 37.0-41.1% for SOS, and 28.1-38.0% for OSF. Specificity ranged from 88.7-

242  98.4% for SPK, 84.0-97.6% for SOS and 83.9-97.5% for OSF (Supplemental Table 2).

12
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243 Subgroup analysis is shown in Supplemental Table 1. Against the MRS,
244  specificity was higher in Uganda for the SOS and OSF method. By age group, there
245 was a trend towards lower sensitivity in children under 5 years old, and this was
246  statistically significant for SOS (25.9% for children <5 years versus 66.7% for 10-14
247 years, p = 0.01). Sensitivity also tended to be higher in females, and was significantly
248  higher for SPK (45.1% in females vs. 27.1% in males, p = 0.04).

249

250 Head-to-head comparison of the stool processing methods

251 179 children had valid results from all three approaches (Figure 1). Comparing
252 methods, sensitivity and specificity were similar regardless of the reference standard
253  with overlapping 95% Cls (Table 3).

254

255  Against sputum culture, Xpert Ultra on sputum had higher sensitivity (82.4%, 95% CI
256 56.6-96.2) than stool Xpert Ultra in all three methods, but it was not statistically
257  significant (Table 4). Specificity was significantly lower than stool Xpert Ultra across
258 methods. When respiratory and stool Xpert Ultra testing were done concurrently, the
259  sensitivity ranged from 82.4% (OSF) to 94.1% (SPK and SOS) against sputum culture.
260 This represented an absolute increase of 17.6-23.5% compared to stool Xpert Ultra
261 alone (Table 4), with a reduction in specificity of 11.4-12.1%. The addition of stool Xpert
262  Ultra to sputum Xpert Ultra increased sensitivity by 0-11.8%, at a loss of specificity by
263 2.1-2.9%.

264

265  Acceptability and usability of testing by laboratory staff

13
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266  The survey was completed by 17 laboratory staff (5 from India, 7 from South Africa, and
267 5 from Uganda). The majority (12/17, 70.6%) had over three years of TB lab
268  experience, but nearly half (8/17, 47.1%) had no prior experience with stool samples. All
269  participants reported being comfortable handling stool samples and all agreed that stool
270  testing with Xpert Ultra would be beneficial.

271 Usability is shown in Figure 2. For all three methods, the instructions were clear
272  and posed minimal biosafety concern (>75% agreement). However, SOS was the least
273 time-consuming, and most participants (75%) agreed it could be performed by non-
274  laboratory staff at peripheral facilities with Xpert Ultra but without other laboratory
275 infrastructure (94% agreement). Most respondents believed that all three methods could
276  be performed at a peripheral health center if a microscopy laboratory was present.

277

278 DISCUSSION

279  Stool Xpert Ultra testing has the potential to increase access to molecular TB testing for
280 children, especially in peripheral settings. In this multi-country, prospective evaluation of
281 three stool processing methods for Xpert Ultra testing, we found that stool Xpert Ultra
282  had high specificity, but detected only about a third of microbiologically confirmed cases
283  with similar results across methods. Sensitivity doubled among children with culture-
284  positive TB. Laboratory staff reported that all three methods were acceptable and
285 usable, with SOS being the most practical for use by non-laboratory staff in peripheral
286 facilities. However, ongoing gaps remain in improving TB diagnosis among children who
287  are culture-negative and have paucibacillary disease.

288

14
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289 Stool Xpert Ultra testing showed moderate sensitivity to detect culture-positive
290 TB in children. This is consistent with studies that have shown similar stool and sputum
291 Xpert Ultra accuracy in culture-positive TB [10, 14-16]. However, only 38-45% of
292 children with positive sputum Xpert Ultra results were also positive by stool Xpert Ultra,
293  which was lower than previous studies [10, 17-21]. One reason for this difference is that
294  stool xpert performance has been shown to be heterogenous [14, 15], depending on
295 collection and processing methods, age, setting, and co-morbidities. This is supported
296 by the subgroup analysis where we noted differences by country, age group, and sex.
297  Furthermore, both our study and prior studies found that bacterial burden was
298 associated with stool Mtb detection [10, 17]. Our study had a higher proportion of trace
299  or very low positive results on sputum Xpert Ultra compared to previous studies [5, 17],
300 which could increase the likelihood of negative results on stool Xpert Ultra. Moreover, a
301 companion stool Xpert Ultra study in Uganda and Zambia found higher sensitivity, but
302 these children were mostly hospitalized and less likely to be TB contacts (28% versus
303  52% in our study), and so may have reflected later and more severe disease [22].

304

305 These findings suggest that while the accuracy of stool Xpert Ultra testing may
306 be higher for culture-positive and more severe TB disease, its sensitivity is limited for
307 children with paucibacillary disease [6]. This has important implications, because stool-
308 based testing is particularly helpful in peripheral settings where children may present
309 earlier, and in children under five who are more likely to have paucibacillary disease.
310 We found that performing sputum Xpert Ultra in parallel with stool Xpert Ultra, or when

311 stool Xpert Ultra is negative, increased absolute sensitivity by 17.6 to 29.4%. This is

15
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312 supported by other studies that have shown the combination of sputum and stool testing
313 improved accuracy [17, 23]. Although specificity was lower for Xpert Ultra on sputum
314 specimens using a culture-based reference standard, this likely reflects detection of
315 culture-negative disease that has been previously reported in children [24, 25]. The
316 addition of stool Xpert Ultra to sputum Xpert Ultra testing had a modest benefit. These
317 findings informed a recent WHO Rapid Communication that recommended concurrent
318 stool and respiratory molecular testing for childhood TB [26]. Further work is needed to
319 assess how local TB prevalence and cost-effectiveness inform the benefit of combined
320 testing.

321 All three centrifuge-free methods had a relatively large proportion of non-
322 determinate results (9.7-12.6%), exceeding the WHO target product profile of <5% [27].
323 This was also observed during the development of these methods (7.8-10%) [9, 28, 29],
324 and in past clinical studies [10, 17]. The reasons may be related to stool consistency,
325 debris in the supernatant and presence of PCR inhibitors. Studies in Ethiopia and
326 Vietnam using SOS found that validity increased as staff gained experience over time,
327 though non-determinate results remained slightly higher than with sputum Xpert Ultra
328 [10, 21]. In the intention-to-diagnose analyses, we found that including non-determinate
329 results varied sensitivity by 3-7%, and specificity by 10-14%. Further improvements in
330 processing and testing are needed to reduce the proportion of non-determinate results.
331 In the head-to-head comparison, the three methods performed similarly, and
332 laboratory staff found them acceptable and usable. These findings contributed to the
333 WHO guidelines endorsing stool for molecular testing in children [30]. SOS was the

334 least time-consuming, and the most feasible for use in peripheral facilities without
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335 laboratory infrastructure. Although SPK and OSF were at earlier stages of development,
336 the findings highlight the preference for methods that require fewer supplies and
337 processing steps. SPK development has not continued due to the similar performance
338 and additional supplies required. SOS is being implemented in high TB burden settings,
339 and data suggests increased access to testing and pediatric TB notifications [31],
340 further highlighting the importance of non-invasive sample types to increase access to
341  TB testing for children.

342

343 This study is the largest, prospective evaluation comparing stool processing
344  methods for children in multiple high TB-burden settings. We utilized a standardized
345 protocol and reference standards across sites, and our randomization procedure for
346  stool testing minimized bias in the head-to-head comparison. However, we also
347 acknowledge several limitations. SPK had a larger sample size due to earlier
348 introduction; its diagnostic accuracy estimates may be more reliable compared to SOS
349 and OSF, though the comparative analysis included only participants who underwent all
350 three tests. We had few drug-resistant cases and further assessment is needed.
351 Additionally, we did not include caregivers in our acceptability and usability survey, but a
352 recent study found that most caregivers preferred stool over respiratory testing [10].

353

354 CONCLUSIONS

355 Three stool processing methods achieved similar accuracy with Xpert Ultra, and
356 performed best among children who are Mtb culture-positive. All methods were

357 acceptable, but SOS was the most feasible to be implemented in peripheral facilities
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358 without a laboratory. Centrifuge-free stool processing methods may increase access to
359  Xpert Ultra for children in those settings, but sensitivity is lower than sputum Xpert Ultra
360 in children with culture-negative disease. Additional implementation and economic
361 evaluations are needed to assess the benefits of stool testing when sputum Xpert Ultra
362 testing in children is feasible. Stool testing alone may not eliminate the diagnostic gap
363 for pediatric TB, but could play an important role as part of a comprehensive package of
364 TB diagnostic approaches and highlights the need to develop more sensitive assays on
365 easily accessible samples to detect TB in children.

366

367 ACKNOWLEDGEMENTS

368 We thank the study participants, their caregivers and clinical and research staff at each
369 site. We also thank FIND staff Flavio Ambrogiani, Aradhana Chauhan, Loghanathan
370 Prabakaran, Sunita Singh, and Rita Szekely for their support. We greatly appreciate
371 Cepheid for donating Xpert Ultra cartridges and loaning GeneXpert machines. De-
372 identified data used for the analysis is available on request.

373

374  For author contributions: conceptualization was by DJ, PN, MPN, HJZ, RL, AB, AC, MR,
375 EW, CMD, methodology by DJ, PN, MPN, MB, ML, PD, DA, PB, and CMD, investigation
376 by DJ, MPN, RC, PW, HJZ, LW, RL, UBS, AB, AT, AM, AC, and EW, analysis by DJ,
377 RC, and LW, writing original draft by DJ, review and edits by all authors, and resources
378 by DJ, AC, MR, EW, and CMD.

379

18


https://doi.org/10.1101/2024.12.17.24317956
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2024.12.17.24317956; this version posted December 19, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license .

380 The work was supported by the National Institutes of Health, through the National
381 Institute of Allergy and Infectious Diseases [U01AI152087 to AC and CMD; and
382 RO0O1AI131617 to DA], and the National Heart, Lung, and Blood Institute [K23HL153581
383 to DJ]. The content is solely the responsibility of the authors and does not necessarily
384 represent the official views of the NIH. FIND provided funding to all the sites and the
385 SPK supplies. Cepheid provided in-kind support of Xpert Ultra cartridges and
386 GeneXpert machines, but had no role in the study design, analysis, interpretation and
387 decision to publish.

388

389 For potential conflicts of interest, MPN, DA, PB and FIND were involved in the
390 development of SPK, PD and ET for SOS, and MB and ML for OSF. DA holds patents
391 related to tuberculosis detection and drug treatment, and receives royalty payments for
392 one or more of these patents that have been licensed by Rutgers University to Cepheid.

393 The other authors declare no conflicts of interest.

19


https://doi.org/10.1101/2024.12.17.24317956
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2024.12.17.24317956; this version posted December 19, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license .

394 REFERENCES

395

396 1. World Health Organization. WHO consolidated guidelines on tuberculosis.
397 Module 3: diagnosis — rapid diagnostics for tuberculosis detection, third edition.
398 Geneva: World Health Organization, 2024.

399 2. Moore BK, Graham SM, Nandakumar S, Doyle J, Maloney SA. Pediatric
400 Tuberculosis: A Review of Evidence-Based Best Practices for Clinicians and
401 Health Care Providers. Pathogens 2024; 13(6): 467.

402 3. Agarwal A, Mathur SB. Stool CBNAAT: Alternative tool in the diagnosis of
403 pulmonary tuberculosis in children. Indian Journal of Tuberculosis 2023.

404 4. Walters E, Gie RP, Hesseling AC, Friedrich SO, Diacon AH, Gie RP. Rapid

405 diagnosis of pediatric intrathoracic tuberculosis from stool samples using the
406 Xpert MTB/RIF Assay: a pilot study. Pediatric Infectious Disease Journal 2012;
407 31(12): 1316.

408 5. Babo Y, Seremolo B, Bogale M, et al. Comparison of Xpert MTB/RIF Ultra

409 Results of Stool and Sputum in Children with Presumptive Tuberculosis in
410 Southern Ethiopia. Trop 2023; 8(7): 30.

411 6. Carratala-Castro L, Munguambe S, Saavedra-Cervera B, et al. Performance of
412 stool-based molecular tests and processing methods for paediatric tuberculosis
413 diagnosis: a systematic review and meta-analysis. Lancet Microbe 2024: 100963.
414 7. Walters E, Scott L, Nabeta P, et al. Molecular detection of Mycobacterium
415 tuberculosis from stool in young children using a novel centrifugation-free
416 processing method. Journal of clinical microbiology 2018.

20


https://doi.org/10.1101/2024.12.17.24317956
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2024.12.17.24317956; this version posted December 19, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license .

417 8. de Haas P, Yenew B, Mengesha E, et al. The Simple One-Step (SOS) Stool

418 Processing Method for Use with the Xpert MTB/RIF Assay for a Child-Friendly
419 Diagnosis of Tuberculosis Closer to the Point of Care. Journal of clinical
420 microbiology 2021; 59(8): e0040621.

421 9. Lounnas M, Diack A, Nicol MP, et al. Laboratory development of a simple stool
422 sample processing method diagnosis of pediatric tuberculosis using Xpert Ultra.
423 Tuberculosis (Edinb) 2020; 125: 102002.

424 10. Yenew B, de Haas P, Babo Y, et al. Diagnostic accuracy, feasibility and
425 acceptability of stool-based testing for childhood tuberculosis. ERJ Open Res
426 2024; 10(3).

427 11. World Health Organization. WHO meeting report of a technical expert
428 consultation: Non-inferiority analysis of Xpert MTB/RIF Ultra compared to Xpert
429 MTB/RIF. Geneva: World Health Organization, 2017.

430 12. Graham SM, Cuevas LE, Jean-Philippe P, et al. Clinical Case Definitions for

431 Classification of Intrathoracic Tuberculosis in Children: An Update. Clinical
432 infectious diseases : an official publication of the Infectious Diseases Society of
433 America 2015; 61Suppl 3(Suppl 3): S179-S87.

434 13. Cohen JF, Korevaar DA, Altman DG, et al. STARD 2015 guidelines for reporting
435 diagnostic accuracy studies: explanation and elaboration. BMJ Open 2016;
436 6(11): e012799.

437 14. Kay AW, Ness T, Verkuijl SE, et al. Xpert MTB/RIF Ultra assay for tuberculosis
438 disease and rifampicin resistance in children. The Cochrane database of

439 systematic reviews 2022; 9(9): Cd013359.

21


https://doi.org/10.1101/2024.12.17.24317956
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2024.12.17.24317956; this version posted December 19, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license .

440 15. MaclLean E, Sulis G, Denkinger CM, Johnston JC, Pai M, Ahmad Khan F.

441 Diagnostic Accuracy of Stool Xpert MTB/RIF for Detection of Pulmonary
442 Tuberculosis in Children: a Systematic Review and Meta-analysis. Journal of
443 clinical microbiology 2019; 57(6).

444 16. Kabir S, Rahman SMM, Ahmed S, et al. Xpert Ultra Assay on Stool to Diagnose
445 Pulmonary Tuberculosis in Children. Clinical Infectious Diseases 2021; 73(2):
446 226-34.

447 17. Sun L, Liu Y, Fang M, et al. Use of Xpert MTB/RIF Ultra assay on stool and

448 gastric aspirate samples to diagnose pulmonary tuberculosis in children in a
449 high-tuberculosis-burden but resource-limited area of China. International Journal
450 of Infectious Diseases 2022; 114: 236-43.

451 18. Dubale M, Tadesse M, Berhane M, Mekonnen M, Abebe G. Stool-based Xpert

452 MTB/RIF assay for the diagnosis of pulmonary tuberculosis in children at a
453 teaching and referral hospital in Southwest Ethiopia. PLoS ONE 2022; 17(5):
454 e0267661.

455 19. Ainan S, Furia FF, Mhimbira F, et al. Xpert R MTB/RIF assay testing on stool for
456 the diagnosis of paediatric pulmonary TB in Tanzania. Public Health in Action
457 2021; 11(2): 75-9.

458 20. Rekart ML, Mun L, Aung A, et al. Detection of Mycobacterium tuberculosis
459 Complex Using the Xpert MTB/RIF Ultra Assay on the Stool of Pediatric Patients

460 in Dushanbe, Tajikistan. Microbiology spectrum 2023; 11(1): e0369822.

22


https://doi.org/10.1101/2024.12.17.24317956
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2024.12.17.24317956; this version posted December 19, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license .

461 21. de Haas P, Nhung NV, Hng NT, et al. Introduction of the Simple One-Step stool
462 Xpert Ultra method to detect TB in children and adults. International Journal of
463 Tuberculosis & Lung Disease 2023; 27(1): 19-27.

464 22. Lounnas M, Ngu E, Beneteau S, et al. A Prospective Multi-Country Study of the

465 Accuracy and Feasibility of Xpert Ultra Using Three Centrifuge-Free Stool
466 Processing Methods for Diagnosis of Tuberculosis in Children. Available at
467 SSRN: https://ssrn.com/abstract=4709118 or
468 http://dx.doi.org/10.2139/ssrn.4709118.

469 23. Song R, Click ES, McCarthy KD, et al. Sensitive and Feasible Specimen
470 Collection and Testing Strategies for Diagnosing Tuberculosis in Young Children.
471 JAMA Pediatr 2021; 175(5): e206069.

472 24. Jaganath D, Wambi P, Reza TF, et al. A Prospective Evaluation of Xpert
473 MTB/RIF Ultra for Childhood Pulmonary Tuberculosis in Uganda. J Pediatric
474 Infect Dis Soc 2021; 10(5): 586-92.

475 25. Sun L, Zhu Y, Fang M, et al. Evaluation of Xpert MTB/RIF Ultra assay for the
476 diagnosis of childhood tuberculosis: a multicenter accuracy study. J Clin
477 Microbiol 2020: JCM.00702-20.

478 26. World Health Organization. Rapid Communication: Molecular assays as initial

479 tests for the diagnosis of tuberculosis and rifampicin resistance. Geneva: World
480 Health Organization, 2020. Available at:
481 https://apps.who.int/iris/bitstream/handle/10665/330395/9789240000339-

482 eng.pdf?sequence=1&isAllowed=y. Last accessed 18 Jan 2020.

23


https://doi.org/10.1101/2024.12.17.24317956
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2024.12.17.24317956; this version posted December 19, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license .

483 27. World Health Organization. Target product profile for tuberculosis diagnosis and
484 detection of drug resistance. Geneva: WHO, 2024. Geneva: World Health
485 Organization, 2024.

486 28. Banada PP, Naidoo U, Deshpande S, et al. A Novel Sample Processing Method
487 for Rapid Detection of Tuberculosis in the Stool of Pediatric Patients Using the
488 Xpert MTB/RIF Assay. PL0S One 2016; 11(3): e0151980.

489 29. Yenew B, de Haas P, Diriba G, et al. Optimization of the Simple One-Step Stool

490 Processing Method to Diagnose Tuberculosis: Evaluation of Robustness and
491 Stool Transport Conditions for Global Implementation. Microbiology spectrum
492 2023; 11(4): e0117123.

493 30. World Health Organization. WHO consolidated guidelines on tuberculosis Module
494 5: Management of tuberculosis in children and adolescents. Geneva: World
495 Health Organization, 2022.

496 31. Nwokoye N, Odume B, Nwadike P, et al. Impact of the Stool-Based Xpert Test

497 on Childhood Tuberculosis Diagnosis in Selected States in Nigeria. Trop Med
498 Infect Dis 2024; 9(5).
499

24


https://doi.org/10.1101/2024.12.17.24317956
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.12.17.24317956; this version posted December 19, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license .

Figure 1. Flow of Participants
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Figure 2. Usability of stool-based Xpert Ultra testing with centrifuge-free processing methods
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Table 1. Sample Characteristics

Characteristic?

Median (IQR) or n (%)

Age 3.5 (1.3-7)
<5 years old 367 (60.5)

5-9 years 164 (27.0)

10-14 years 76 (12.5)

Female 292 (48.1)
HIV positive (n=574) 89 (15.5)

Median CD4 (n=72)

715 (261-1228)

Underweight 308 (50.7)
History of TB (n=604) 19 (3.2)
History of known TB contact (n=602) 314 (52.2)
Country
India 58 (9.6)
South Africa 178 (29.3)
Uganda 371 (61.1)
Reported Cough 563 (92.8)
Reported Fever 462 (76.1)
Failure to thrive 122 (20.1)
Xpert Ultra positive result on sputum 136 (22.4)
Culture on sputum positive for M.
tuberculosis 63 (10.4)
TB Classification
Confirmed TB 147 (24.2)
Unconfirmed TB 290 (47.8)
Unlikely TB 170 (28.0)
Stool collection method (n=596)
Diaper 159 (26.4)
Cup 428 (71.1)
Other 15 (2.5)
Stool processing method with valid
result’
SPK (n=585) 528 (90.3)
SOS (n=285) 253 (88.8)
OSF (n=270) 236 (87.4)

a. N= 607 unless indicated

medRXxiv preprint doi: https://doi.org/10.1101/2024.12.17.24317956; this version posted December 19, 2024. The copyright holder for this
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b. Introduction of SPK testing began first, followed by SOS and OSF, with

respective totals noted
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Table 2. Summary of stool and sputum Xpert Ultra Results®

SPK SOS Sputum Sample
(N=585) (N=285) OSF (N=270)? (N=607)3*
MTB Positive, n (%) 55 (9.4) 32 (11.2) 25 (9.3) 131 (21.6)
Median CT value 20.6 (17.1-24.3) 19.8 (16.7-25.4) 17.1 (16.6-22.1) -
Trace 10 (18.2) 7 (21.9) 4 (16.7) 36 (48)
Very Low 14 (25.5) 8 (25) 3 (12.5) 12 (16)
Low 19 (34.6) 11 (34.4) 12 (50) 7 (9.3)
Medium 11 (20) 5 (15.6) 4 (16.7) 11 (14.7)
High 1(1.8) 1(3.1) 1(4.2) 9 (12)
RIF resistant 1 (1.8) 0 0 12 (16)
MTB Negative, n (%) 473 (80.9) 221 (77.5) 211 (78.2) 474 (78.1)
Non-determinate results, n (%) 57 (9.7) 32 (11.3) 34 (12.6) 2 (0.3)
Invalid 41 (7.0) 25 (8.8) 13 (4.8) 1(0.2)
Error 14 (2.4) 7 (2.5) 20 (7.4) 1(0.2)
No Result 2 (0.3) 0 1(0.4) 0

MTB: M. tuberculosis; RIF: Rifampin; SPK: Stool Processing Kit; SOS: Simple-One-Step; OSF: Optimized Sucrose

Flotation

1. Summary of all testing, not limited to children who had all three stool processing methods, and is indicated by totals
2. One missing OSF semi-quantitative result
3. Median CT values not available for respiratory Xpert Ultra as results from South Africa came from a referral

laboratory

4. Data on semi-quantitative level and rifampin resistance not available in South Africa, or if the child had sputum
Xpert Ultra testing prior to enrollment (n=75)
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Table 3. Diagnostic accuracy of stool Xpert Ultra, by centrifuge-free processing method

Reference Sensitivity, n/N, % (95% CI) Specificity, n/N, % (95% CI)
Standard SPK SOS OSF SPK SOS OSF
All valid results®
391/398, 178/183, 167/172,
MRS 48/130, 36.9%  27/70, 38.6% 20/64,31.3%  98.2% (96.4-  97.3% (93.7-  97.1% (93.3-
(28.6-45.8) (27.2-51) (20.2-44.1) 99.3) 99.1) 99)
145/147,
CRS 53/381, 13.9%  31/186, 16.7%  23/177,13.0%  98.6% (95.2- 66/67, 98.5%  57/59, 96.6%
(10.6-17.8) (11.6-22.8) (8.4-18.9) 99.8) (92-100) (88.3-99.6)
Sputum Xpert 398/407, 181/1881, 171/175,
Ultra 46/120, 38.3%  25/63, 39.7% 21/60, 35.0%  97.8% (95.8-  96.3% (92.5-  97.7% (94.3-
(29.6-47.6) (27.6-52.8) (23.1-48.4) 99) 98.5) 99.4)
408/421, 188/199,
Sputum culture  36/58, 62.1%  17/22, 77.3% 11/20,55.0%  96.9% (94.8-  94.5% (90.3-  181/92, 94.3%
(48.4-74.5) (54.6-92.2) (31.5-76.9) 98.3) 97.2) (90-97.1)
Head-to-Head Comparison (N=179)?
124/128, 124/128, 125/128,
MRS 19/51,37.3%  21/51, 41.2% 17/51,33.3%  96.9% (92.2-  96.9% (92.2-  97.7% (93.3-
(24.1-51.9) (27.6-55.8) (20.8-47.9) 99.1) 99.1) 99.5)
41/42, 41/42, 41/42,
CRS 22/137,16.1%  24/137,17.5%  19/137,13.9%  97.6% (87.4- 97.6% (87.4-  97.6% (87.4-
(10.3-23.3) (11.6-24.9) (8.6-20.8) 99.9) 99.9) 99.9)
Sputum Xpert 129/135, 129/135, 132/135,
Ultra 17/44,38.6%  19/44, 43.2% 17/44,38.6%  95.6% (90.6-  95.6% (90.6-  97.8% (93.6-
(24.4-54.5) (28.3-59) (24.4-54.5) 98.4) 98.4) 99.5)
132/140, 131/140, 132/140,
Spuzgﬁlg%““re 12/17,70.6%  13/17, 76.5% 9/17, 94.3% (89.1-  93.6% (88.1-  94.3% (89.1-
(44-89.7) (50.1-93.2) 52.9% (27.8-77) 97.5) 97) 97.5)

Cl: Confidence interval; CRS: Composite Reference Standard; MRS: Microbiological Reference Standard; SPK: Stool

processing kit; SOS: Simple-One-Step; OSF: Optimized Sucrose Flotation
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Sensitivity and specificity calculated for each method based on total number of valid results, and not limited to only
children who completed all three methods. Denominator indicated for each method by reference standard.
Accuracy among children who had valid results by all three methods, N=179 except as noted for culture (157 with
valid culture results).
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Table 4. Comparison and incremental accuracy of Xpert Ultra with a sputum and stool specimen, by stool

SPK SOS OSF
Comparison of sputum Xpert
Ultra versus stool Xpert Ultra™?
n/N, % (95% CI) Sensitivity Specificity  Sensitivity  Specificity Sensitivity  Specificity
14/17, 119/140, 14/17, 119/140, 14/17, 119/140,
Xpert Ultra Sputum 82.4% (56.6- 85% (78- 82.4% 85% (78- 82.4% 85%
96.2) 90.5) (56.6-96.2) 90.5) (56.6-96.2) (78-90.5)
12/17, 132/140, 13/17, 131/140, 9/17, 132/140,
Xpert Ultra Stool 70.6% 94.3% 76.5% 93.6% 52.9% 94.3%
(44-89.7) (89.1-97.5) (50.1-93.2) (88.1-97) (27.8-77) (89.1-97.5)
11.8% -9.3% 5.9% o R0 0 -9.2%
Difference % (95% CI) (-21.8 to (-16.2 to -2.3) (-25.6 to (_153'?0A)1 8) (1299;;/;7) (-15.9to -
45.3) 37.4) ' ' ' 2.7)
Incremental accuracy of sputum
Xpert Ultra and stool Xpert
Ultra™?
n/N, % (95% CI) Sensitivity Specificity  Sensitivity  Specificity Sensitivity  Specificity
16/17, 115/140, 16/17, 115/140, 14/17, 116/140,
Xpert Ultra Sputum + Stool 94.1% (71.3- 82.1% 94.1% 82.1% 82.4% 82.9%
99.9) (74.8-88.1) (71.3-99.9) (74.8-88.1) (56.6-96.2)  (75.6-88.7)
) - 0,
Incremental change vs.S)t((EJ(()alrgllélr:;a 23 504 12.1% (1;2 t/?) -11.4% 29 4% (_1171.;1£ _
Difference % (95% Cl) (-2.5 to 50) (-18.3 to -6) 41.7) (-17.4t0-5.4) (1.9to57) 5.4)
Incremental change gs'ui(upnfr;g'r:;a 11.8% 2.9% 11.8% 2.9% 0 2.1%
P © (-9.4t0 33) (-6.3t00.6) (-9.4t033) (-6.3t00.6) (-5.9t05.9) (-5.2t0 1)

Difference % (95% CI)
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1. Among children who had valid Xpert Ultra results for sputum and with all three stool processing method

2. Sputum culture-based reference standard

processing method
Cl: Confidence interval;
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