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ABSTRACT Stool is recommended as an alternative specimen for the diagnosis of tuber-
culosis (TB) in young children, as they cannot easily produce sputum. The Simple One-Step
(SOS) stool processing method is a new and simple stool processing method for the
detection of Mycobacterium tuberculosis (MTB) using Xpert MTB/RIF Ultra (Xpert-Ultra). We
determined the robustness of the SOS stool processing method and stool specimen trans-
port conditions in participants with confirmed TB. We processed stool using the standard
protocol after simulated “transport,” varying time, and temperature, and experimented
with slightly modified processing steps. We included 2,963 Xpert-Ultra test results from
132 stool specimens of 47 TB participants, including 11 children aged <10 years. We com-
pared Xpert-Ultra processing errors and MTB positivity rates between standard and modi-
fied procedures. Minor deviations from the standard SOS protocol did not significantly
impact the Xpert-Ultra test outcomes. The rate of Xpert-Ultra processing errors significantly
increased with noncold-chain transport, exposure of stool to sample reagent at room tem-
perature or beyond 12 h, and adding >0.8 g of stool. We found that almost all steps in
the current SOS stool processing method provide optimal Xpert-Ultra results but recom-
mend an adjustment to use a wider range of stool amounts (0.3 to 0.8 g) than advised
previously (0.8 g). With this adaptation, stool-based diagnosis of TB using the SOS stool
processing method can be scaled-up.

IMPORTANCE The manuscript will support the global implementation and scale-up of
the SOS stool method in routine settings. It also provides important insights on the optimal
stool transport conditions and robustness of the SOS method, which can be used for bacte-
riological diagnosis of TB in children at the lowest levels of the healthcare system, avoiding
lengthy healthcare-seeking pathways and additional costs.

KEYWORDS children, Ethiopia, robustness, simple one-step (SOS) stool method, stool,
TB diagnosis, tuberculosis, Xpert MTB/RIF (Ultra) assay, storage conditions

iagnosis of tuberculosis (TB) in young children remains a major global challenge primar-
ily due to the paucibacillary presentation and difficulty in obtaining sputum specimens
for diagnostic testing (1). Among the various specimen types recommended and being
studied, stool is a noninvasive specimen with a high acceptability among caregivers compared
to gastric aspirate or induced sputum (1, 2). In 2020, with an update in 2021, the World Health

July/August 2023 Volume 11 lIssue 4

Editor Gyanu Lamichhane, Johns Hopkins
University School of Medicine

Copyright © 2023 Yenew et al. This is an
open-access article distributed under the terms
of the Creative Commons Attribution 4.0
International license.

Address correspondence to Bazezew Yenew,
bazezewyenew@yahoo.com.

The authors declare no conflict of interest.
Received 13 April 2023

Accepted 31 May 2023

Published 26 June 2023

10.1128/spectrum.01171-23 1


https://orcid.org/0000-0002-8505-7000
https://orcid.org/0000-0003-3024-0198
https://orcid.org/0000-0002-0166-682X
https://orcid.org/0000-0002-2071-3038
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/spectrum.01171-23
https://crossmark.crossref.org/dialog/?doi=10.1128/spectrum.01171-23&domain=pdf&date_stamp=2023-6-26

Robustness and Transport Condition of SOS Stool Method Microbiology Spectrum
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FIG 1 Flow diagram of the participants and stools collected. NTRL, National Tuberculosis Reference
Laboratory; RT, room (or ambient) temperature.

Organization (WHO) recommended Xpert MTB/RIF (Xpert) from a stool specimen as the initial
test to detect MTB and its resistance to rifampicin (RIF) in children (3). In 2022, the more sensi-
tive Xpert MTB/RIF Ultra (Xpert-Ultra) was introduced as a diagnostic tool for stool specimens
(1). This guidance also provided recommendations on the stool processing methods to be
used. Furthermore, the Global Laboratory Initiative (GLI) published a practical manual on stool
testing in 2022, which provides practical guidance and considerations for the implementation
of stool testing (4). A modeling study to measure the impact of implementing stool testing at
the lower healthcare level showed an increase in bacteriological confirmation and a decrease
in childhood mortality (5).

The SOS stool processing method, selected as one of the two methods recommended, is
the easiest and most cost-effective method to implement in resource-limited settings (1, 4);
it does not require supplies or equipment additional to what is needed for sputum Xpert
and Xpert-Ultra testing. This method follows similar steps as sputum Xpert and Xpert-Ultra
testing and is based on a single release-sedimentation step in which heavy fragments and
debiris settle by gravitation while bacteria remain in the supernatant during sedimentation
(4, 6). The method showed similar sensitivity and specificity compared to other centrifuge-
free methods tested in multiple head-to-head comparison studies (1, 6, 7). The method
was also successfully introduced in routine settings in pilot studies in Addis Ababa (6) and
Southwest Ethiopia (8) and in a nationwide pilot in Vietnam (9).

While the results showed reliable performance of the SOS stool processing method (1, 9),
it remains essential to determine the tolerated deviation (robustness) of the method and to
define whether optimization of critical steps in the protocol may increase its sensitivity and
specificity and what conditions should be avoided to achieve optimal performance. It is also
important to have more insight into the optimal stool transport conditions. As a result, a
detailed study protocol was prepared describing experiments that will be performed using
stool specimens collected from children and adults with bacteriologically confirmed TB in
Addis Ababa, Ethiopia (10). The results of experiments (10) are summarized in this paper.

RESULTS

A total of 48 participants were enrolled in this study, of whom 140 stools were collected.
One participant and 8 stool specimens were excluded following the exclusion criteria, leav-
ing 132 stools and 2,963 Xpert-Ultra test results for the final analysis from 47 participants.
From most participants (42/47), three stool specimens were obtained (Fig. 1).

Of the 47 participants, 11 (23%) were children, and 36 (77%) were adults (Table 1). Most
stool specimens (80%) were semiformed; only 1 liquid specimen (from an adult) was collected.
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TABLE 1 Characteristics and storage time and conditions of stool samples included by age group of participants®

Microbiology Spectrum

Characteristic of stool All participants Children Adults

Per participant analysis n (%) n (%) n (%)

No. of participants 47 11 36

No. of samples collected per participant, median (range) 3(1-4) 3(1-4) 3(1-3)

Median interval between collection of first stool sample and start of 0(—1-1) —1(—2-4) 0(-1-1)
TB treatment, days (IQR)®

Median interval between collection of the last stool sample and start of 2(1-3) 2(0-4) 2(1-3)
TB treatment, days (IQR)®

Per stool analysis

Total no. of stool specimens collected 132 27 105

Consistency

Formed (solid) 26 (19.7) 8(29.6) 18(17.1)

Semiformed (soft) 105 (79.6) 19 (70.4) 86 (81.9)

Taking shape of container (liquid) 1(0.8) 0(0) 1(1.0)

Wt (g) of specimen, median (IQR)

Where was the specimen collected?*

On the spot by a nurse

On the spot by participant/caregiver

At home

Median time from collection at home until receipt in local clinic, minutes
How was the specimen stored in the clinic?

At ambient temp

In the refrigerator

Mean storage temp, °C (SD)©

Median duration of storage until transportation to NTRL (hours)
If stored at ambient temp

If stored in refrigerator

Median temp of specimen during transport to NTRL, °C (SD)*

Median delay between stool collection and registration for experiments (hours)

29.5(22.9-37.7)

10 (7.6)

111 (84.1)
11(8.3)

28.4 (19.7-240.3)

50(37.9)

82 (62.1)
4.4(0.9)
3.5(1.1-23.9)
1.1 (0.4-3.7)°
10.1 (2.1-26.0)°
5(5-6)

4.8 (2.9-25.0)

25.6 (17.4-42.4)

2(7.4)

18 (66.7)

7(25.9)

19.7 (19.7-135.4)

6(22.2)
21(77.8)
5.0(1.1)
3.1(1.2-22.9)
1.7 (0-3.1)
3.9(2.0-25.2)
5 (4-6)

4.6 (1.8-23.5)

30.7 (24.9-37.5)

8(7.6)

93 (88.6)

4(3.8)

195.5 (83-264.3)

44(41.9)

61 (58.1)

4.1 (0.6)

3.7 (1.1-24.0)
1.1(0.4-4.1)
19.0 (2.3-26.5)
6 (5-6)

5.2 (3.0-25.0)

9lQR, interquartile range; No., number; NTRL, National Tuberculosis Reference Laboratory; SD, standard deviation; temp, temperature; Wt, weight.

bp < 0.001, significantly different.
P < 0.05 for difference between age groups.

Most specimens (92%) were collected on the spot, but for children, 26% of the specimens
were collected at home (versus 4% among adults, P < 0.05). Children’s specimens were
more often stored in the local laboratory’s refrigerator than adults’ specimens (78% versus
58%, P < 0.05). For specimens stored in the refrigerator, the median storage time in the
local laboratory was longer than for specimens stored at ambient temperature (P < 0.001,
Table 1).

A total of 84 stools from 43 participants were included in experiment A1 (Table 2).
The proportion of stool processing errors increased significantly from 3.7% to 20.2% at
0.3 g and 1.2 g stool, respectively, while MTB positivity rate remained the same (Fig. 2,
Table 3). These processing error rates strongly increased when adding more than 0.8 g
stool (Table 3 and Fig. S2 in the supplemental material).

We included 123 stool samples from 43 participants in experiment A2. There was no sig-
nificant difference in the rate of stool processing errors or MTB positivity between using the
vortex and handshaking (Fig. 2, Table 3).

The same 123 stool specimens as in experiment A2 were used for experiment
A3. Fig. 2 and Table 3 show that variations in sedimentation time between 5, 10,
and 20 min did not affect the rate of errors related to stool processing or MTB-posi-
tive Xpert-Ultra results.

For experiment A4, we used a total of 122 stools from 43 participants, which were also
included in experiment A2. As with the stool storage experiment, the temperature at
which the mixture was stored had a greater impact on the rate of processing errors than
the time (P = 0.02 for storage in the fridge versus for storage at room temperature (RT); P =
0.08 and P = 0.03 for storage up to 12 and 24 h, respectively, versus no storage) (Table 3,
Table S2). There was no effect of storage on MTB positivity rate. However, the rate of invalid
results increased when stored for >5 h and/or at RT (Fig. 2). Also, after 24 h of storage, the
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TABLE 2 Overview of the experiments and number of stools used for stool processing (robustness) and stool specimen transport of the SOS
stool processing method®

No. of No.of  No. of Standard Added experiments/
Experiment or procedure step participants  stools  aliquots  protocol modified protocol
A. Stool processing (robustness)
A1. Stool volume 43 84 4200 0.3 g (replacing 1.5 g)
059
0.8g
109
129
A2. Mixing stool/SR by handshake or vortex 44 123 246 Handshake 30 seconds (2 x) Vortex 30 seconds (2x)
A3. Sedimentation time 44 123 364¢ 5 minutes
10 minutes
20 minutes
A4. Storage conditions stool/SR mixture 43 122 854 2-8°C;5,12,and 24 h
2-8°C;4h RT;5,12,and 24 h

37°C;5,12,and 24 h
B. Stool transport
Stool transport from collection to testing 2-8°C; 120 h 2-8°C;48,72,and 240 h
42 83 1,079 RT; 48 h RT; 72,120,and 240 h
37°C; 48,72,120,and 240 h

aNo., number; RT, room (or ambient) temperature; SR, sample reagent.

bThree aliquots were subjected to an experiment using 1.5 g of stool, but the team had experienced that it was better to use less instead of more than 1 g of stool; this
amount was replaced by adding 0.3 g.

cFive aliquots were subjected to an experiment in which sedimentation time was 15 min overall, without a second shaking step. Then, the 15-min experiment was revised
and replaced with sedimentation for 20 min, after the second shaking step.

rate of MTB-positive RIF indeterminate results was higher than for shorter storage times
(5.0% versus 1.3%, P = 0.01) (Table S3).

Eighty-four stool samples from 42 participants were available to evaluate the effect
of stool transport conditions (experiment B). Fig. 3 shows the proportion of Xpert-Ultra
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FIG 2 Xpert-Ultra results after modifications to the standard SOS stool processing protocol. Each chart represents one experiment, in which one step in the standard
SOS protocol was varied. In experiment A4, the standard protocol was interrupted after the first hand-shaking step, after which the sample was stored for the indicated
time and at the indicated temperature. For experiments A1 to A3, the results after processing according to the standard SOS stool protocol are indicated with an
asterisk (*). Xpert-Ultra results after various stool transport conditions before starting the SOS stool processing for Xpert mimicking sample transport conditions.
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TABLE 3 Association of stool specimen transport conditions and modified stool processing on the rate of errors associated with filter
blockage and/or fluid transfer and on the MTB-positivity rate?

No. of aliquots

Association with errors related
to filter blockage/fluid transfer®

Association with MTB-positivity©

Processed Withvalid With MTB Univariable Multilevel Univariable or Multilevel or
Experiment and tested result detected® or (95% Cl) or (95% CI)§ (95% Cl) (95% CI)&
A1. Stool vol 18.7 (4.93-70.7)1 0.7 (0.19-2.2)9 0.6 (0.08-4.9), 19
039 81£ 77 73 0.61(0.14-2.63) 1.59 (0.43-5.87)
059 84 80 74 0.19 (0.02-1.67) 1.07 (0.33-3.48)
089 84 75 69 1 (REF) 1 (REF)
1.0g 84 69 63 2.89(0.98-8.52) 0.91 (0.28-2.98)
1249 84 64 59 4,01 (1.4-11.44) 1.03 (0.3-3.53)
A2. Mixing stool and SR
Handshaking 123 110 101 1 (REF) 1 (REF)99 1 (REF)
Vortexing 123 104 97 1.52 (0.68-3.43) 1.86 (0.68-5.12)  1.23 (0.44-3.45)
A3. Sedimentation time
5 min 123 110 101 1 (REF) 1 (REF)99 1 (REF)
10 min 123 109 101 0.8 (0.32-2.01) 0.73 (0.24-2.2) 1.13(0.42-3.03)
20 min 11800 102 95 1.26 (0.54-2.94) 1.51(0.54-4.23) 1.21(0.43-3.38)
A4, Storage of stool/SR mixturef
Direct testing (no storage) 122 111 102 1 (REF) 1 (REF)99 1 (REF)
Fridge
5h 122 108 100 1(0.38-2.61) 1(0.35-2.89) 1.1 (0.41-2.97)
12h 122 104 99 1.5 (0.62-3.65) 1.66 (0.61-4.48) 1.75(0.57-5.4)
24 h 122 100 94 2.03 (0.87-4.76) 246 (0.94-6.42) 1.38(0.47-4.03)
Room temp
5h 122 91 84 2.46 (1.07-5.65) 3.17(1.24-8.13) 1.06 (0.38-2.96)
12h 122 93 90 2.46 (1.07-5.65) 3.17(1.24-8.13) 2.65(0.7-10.08)
24 h 122 20 88 2.61(1.14-5.96) 3.43(1.35-8.76) 3.88(0.82-18.45)
B. Stool specimen transport conditionst
No simulated transport 83 78 72 1 (REF) 1 (REF) 1 (REF)
Fridge
48h 83 75 68 1.27(0.33-4.89)  1.32(0.31-5.67) 0.81(0.26-2.53)
72h 83 73 66 2.11(0.61-7.28)  2.44(0.63-9.43) 0.79 (0.25-2.46)
120 h 83 74 69 1.54 (0.42-5.66) 1.66 (0.4-6.83) 1.15 (0.34-3.94)
240 h 83 73 69 1.54 (0.42-5.66)  1.66 (0.4-6.83) 1.44 (0.39-5.31)
Room temp
48 h 83 63 60 5.45(1.76-16.9) 8.45(2.42-29.5) 1.67 (0.4-6.95)
72h 83 71 68 2.7 (0.81-8.99) 3.34(0.9-12.4) 1.89 (0.45-7.85)
120 h 83 68 67 4(1.26-12.7) 5.57(1.56-19.9) 5.58 (0.65-47.6)
240 h 83 64 59 4.71(1.5-14.7) 6.92 (1.96-24.4) 0.98 (0.29-3.38)
Incubator
48 h 83 65 63 4.35(1.38-13.7) 6.22 (1.76-22.1)  2.63 (0.51-13.47)
72h 83 59 57 5.85(1.89-18) 9.3 (2.67-32.3) 2.38 (0.46-12.21)
120 h 83 62 61 4.35(1.38-13.7) 6.22 (1.76-22.1)  5.08 (0.6-43.39)
240 h 83 60 58 6.25(2.03-19.2) 10.2 (2.94-35.3) 2.42(0.47-12.42)

aMultilevel analyses are displayed if these models performed better than the crude models. , conditions after receipt at NTRL, so excluding the conditions occurring
between stool collection and receipt at the NTRL; §, multilevel logistic regression analysis, including two levels as results were considered to be correlated within
participants and stools, unless otherwise indicated; 1, shows the trend per step of 0.2 g. Multilevel logistic regression analysis, including two levels as results were
considered to be correlated within stools within participants; 94, multilevel logistic regression analysis, including one level as results showed to be correlated within
participants, but not within stools of the same participant; £, 3 samples were used for an early experiment with 1.5 g of stool; o, 5 aliquots were used for an early “no

sedimentation” experiment.

bThese are errors 2008, 5006, 5007, and 5017, which may be related to stool processing, as these may be caused by debris clogging the cartridge filter (2008) or disturbing
the fluid transfer within the cartridge (5006, 5007, and 5017).
°MTB positivity defined as trace call or higher.

results per stool specimen transport condition. Temperature had a bigger impact on
the Xpert-Ultra processing error rate than time (Fig. 3, Table 3). Stratifying the analysis
for time showed significantly increased risks for processing errors in aliquots stored at
RT and in the incubator, while stratifying for temperature showed no effect of storage

time, even if stored up to 240 h (Table S1).
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FIG 3 Xpert-Ultra results after various stool transport conditions before starting the SOS stool processing for Xpert mimicking sample transport conditions.

We found no clear relationship between any of the Ct values and experimental con-
ditions. Also, except for experiment A4, the experimental conditions did not affect the
rate of invalid results (Fig. 2 and 3).

DISCUSSION

In this study, we conducted Xpert-Ultra tests to evaluate the robustness of the SOS stool
processing method and simulated stool transport conditions mimicking routine conditions
in resource limited settings using stool specimens of TB patients. Most variations in stool
processing did not significantly affect the occurrence of processing errors, nor of invalid,
MTB-positive or RIF indeterminate results. Stool processing error rates increased when stool
amount exceeded 0.8 g. Mixing stool with sample reagent (SR) by handshaking or vortexing,
and mixture sedimentation time (5, 10, and 20 min) did not significantly affect the Xpert-
Ultra test results. Exposing stool to SR for more than 5 h and/or at RT increased the rate of
invalid results, while exposure for more than 24 h increased the possibility of RIF indeterminate
results. Regarding stool transport conditions, keeping stool at RT or above led to a higher rate
of processing errors, while storage time had no significant impact.

In this study, instead of nondeterminate results, we focused on errors potentially related
to the processing of stool. Stool contains more debris than sputum, which increases risk of
microfluid filter blockage in the cartridge and increases the pressure within-cartridge above
the threshold (120 Ib/in? for Xpert, 100 Ib/in? for Xpert-Ultra). Indeed, errors related to this as-
pect (2008, 5006, 5007) were most reported when the SOS stool method was applied (6, 9),
including in this study. The results showed that the rate of invalid results was not associated
with stool processing conditions, except for longer exposure of stool to SR. Invalid results
(likely related to PCR inhibition) are more logically related to stool characteristics than to the
processing conditions.

Adding more than 0.8 g of stool to SR led to a significant increase in stool process-
ing errors, while the MTB positivity rate remained unaffected by the stool quantity.
This is different from our findings during the validation phase of the SOS stool process-
ing method (6), which suggested that a higher stool volume would increase the yield
of MTB, while error rates also increased. Based on this, we recommended adding the
maximum quantity of stool with an acceptable rate of nondeterminate results (0.8 g).
The current study disproves this assumption: there was no association between semi-
quantitative Xpert-Ultra results and stool quantity. Therefore, we conclude that the
exact amount of stool added is not very precise, which justifies the visual picking of
stool instead of weighing, as recommended in the standard SOS stool processing
method protocol (6). However, to prevent a high rate of unsuccessful results, the stool
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amount should not exceed 0.8 g. Based on these results, we modified the SOS stool
processing protocol to use a wider range of stool volume (0.3 to 0.8 g).

Mixing stool/SR by handshaking or vortexing yielded comparable Xpert-Ultra results,
although a nonsignificantly higher rate of processing errors was found using vortexing com-
pared to handshaking (13% versus 9%). Higher forces of the vortex on the stool/SR mixture
may increase the breakdown of organic material into fine debris. These findings emphasize
that the current recommendation of handshaking suffices, and no additional equipment is
required to enhance the shaking force.

We expected a shorter sedimentation time would lead to more debris in the supernatant,
increasing the risk of stool processing errors. However, neither shorter (5 min) nor longer
(20 min) sedimentation than currently recommended (10 min) had a significant effect on
Xpert-Ultra results. This finding supports our recommendation to allow for longer sedi-
mentation for samples with partially settled debris (11), and resediment for 5 min if the
laboratory personnel was unable to aspirate 2 mL of supernatant in one go.

Storing the stool/SR mixture for up to 24 h or at RT increased the risk of RIF indetermi-
nate results, which is consistent with another study (12). This could be because the high con-
centration of NaOH in the SR degrades DNA fragments, making it more difficult to detect
the rpoB probes. Also, the risk of processing errors and invalid Xpert-Ultra results increased.
Possibly, longer exposure of stool to SR leads to degradation of organic materials into fine
debris and releases of substances from debris into the supernatant, which may inhibit the
PCR. Further investigation will be needed to better understand this mechanism.

Stool transport at higher temperatures significantly increased the rate of processing
errors in the Xpert-Ultra test. This could be due to temperature-dependent degradation of
organic materials and ongoing transformation of stool microbiomes (growth-death).
Sedimentation of this fine debris may be more challenging and increase the risk of micro-
fluid filter blockage in the cartridge, leading to higher processing error rate. MTB positivity
slightly increased with higher stool transport temperatures, although this was not statisti-
cally significant. This suggests that the degradation process may facilitate the release of MTB
from organic materials. Surprisingly, stool storage time did not importantly impact the stool
processing error rates. This may suggest that the temperature-dependent release of fine de-
bris occurs within a few hours after which an equilibrium is reached with a concentration of
fine debris that causes pressure above the threshold level within-cartridge.

To our knowledge, this is the first study that determined the robustness of the SOS
stool processing method and evaluated stool transport conditions. We included nearly
3,000 Xpert-Ultra test results from multiple specimens/aliquots of the same person,
which enabled us to control potential confounders more effectively. There are some
limitations to this study. First, the study does not provide guidance for liquid stool
specimens and the generalizability of our results to children may be limited due to a
paucity of data, although current evidence does not suggest that the SOS stool
method would behave differently on children compared to adult stool (9). Second, we
did not monitor the storage conditions of stool specimens that were collected at the
homes of participants. However, almost all stool specimens (92%) were collected in the
clinic. Third, we did not assess the effect on Xpert-Ultra results of storage of stools in
the freezer. Last, initial analysis of the Ct values did not indicate any clear associations
between these and experimental conditions. In-depth analysis may be performed to
better understand these data. It should be noted that global routine implementation
of Xpert stool testing may lead to further deviations from the standard SOS stool proc-
essing method than tested in our study. However, ongoing implementation has not
invalidated the robustness of the method (9).

In conclusion, minor deviations from the standard SOS stool protocol generally did not
impact the Xpert-Ultra results. The only adjustment to be made based on this study, is to
use a wider range of the amount of stool (0.3 to 0.8 g) than advised previously (0.8 g), as
this leads to a lower rate of stool processing errors while not affecting MTB positivity
rate. Further, it is advisable to keep the stool as much as possible in a cold chain after
collection and during transport to avoid an increase in processing errors. However, it
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should be noted that reliable Xpert-Ultra results were obtained even after 240 h of stor-
age at 37°C. We conclude that the SOS stool processing method for stool Xpert testing is
ready for global scale-up.

MATERIALS AND METHODS

Study design and setting. This cross-sectional study was conducted in Addis Ababa, Ethiopia, from
December 2019 to March 2022. A detailed description of the study protocol, including experiments, was pub-
lished elsewhere (10). The participants were enrolled from 23 health facilities in Addis Ababa (7 hospitals and
16 health centers), selected for their relatively high TB notification rate and experience with research and avail-
ability of a GeneXpert instrument at the facility level. Children were included among participants in the
Alternatives to Sputum Testing for Tuberculosis in Indonesia and Ethiopia (ASTTIE) study. To reach the desired
sample size, adult participants who tested MTB-positive on sputum were enrolled from the same facilities. This
laboratory study was conducted at the National TB Reference Laboratory (NTRL) of Ethiopian Public Health
Institute (EPHI) and was part of a project called Painless Optimized Diagnosis of Tuberculosis in Ethiopian
Children (PODTEC).

Sample size and sampling. To assess the impact of modifications to the SOS stool standard protocol
and of different transport conditions, we estimated that 50 participants would be needed for this study,
using McNemar's test for paired proportions with a study power of 80% and an alpha-level of 95% (10).
Three stool specimens were collected on consecutive days from bacteriologically confirmed MTB positive chil-
dren (age = 10 years) (sputum/NGA and/or stool Xpert-Ultra MTB-positive) and adults (sputum Xpert MTB-pos-
itive) who had not received anti-TB treatment for more than 5 days. The participants or caregivers were pro-
vided with stool containers at the time of diagnosis to allow the collection of at least 30 g of stool. If collection
was done at home, they were instructed to protect the stool specimens against daylight and heat and bring
them to the health facility within 24 h of collection. At the health facilities, the collected stool samples were
stored refrigerated (2 to 8°C) or at ambient temperature until transportation to EPHI. A stool submission form
was completed at the stool collection site, and a unique participant identification code was printed and pasted
on the stool submission forms and stool containers. The stool specimens were triple packed and transported
in a cold chain to EPHI on the first transportation opportunity, and the temperature in the transport box was
recorded upon arrival at the NTRL. Also, the date and time of arrival, volume, and consistency of the stool spec-
imen were recorded on the stool submission form.

Laboratory procedures. After registration, the stool specimen was split into multiple aliquots. Formed
and semiformed stool specimens were split into aliquots of 0.8 g; liquid stools were split into aliquots of 2 ml.
Stool aliquots were then assigned to the specific experiments using a flow diagram (10), providing for prioriti-
zation of experiments in case not enough stool was provided to perform all the experiments. All experiments
were performed by two laboratory experts who were involved in the development of the SOS stool processing
method and had extensive testing experience.

Experiments. The first set of experiments (A) aimed to investigate the robustness of the SOS stool
method, whereby specific steps of the standard SOS procedure were modified, and the second set (B) was
designed to investigate optimal stool specimen transport conditions (Table 2 and Fig. S1). For the robustness
experiments (A) modifications to the stool volume (A1), shaking method (A2), sedimentation time (A3), and
contact time of stool with the SR at different temperatures (A4) were investigated.

The standard SOS stool processing method involves adding 0.8 g or 2 mL of stool to the sample reagent (SR)
bottle, handshaking for 30 s, incubation for 10 min, followed by handshaking again for 30 s and incubation for
another 10 min to allow debiris to settle (this 10-min step is referred to as sedimentation time or step), and trans-
fer of 2 mL of the supernatant to the Xpert-Ultra cartridge to run the test using the GeneXpert instrument (6).

(i) A1. Stool volume. To investigate the optimum stool volume, five aliquots of different amounts
(0.3, 0.5, 0.8 [standard procedure], 1.0, and 1.2 g of stool) per stool were each added to the SR bottle and
processed according to the standard SOS stool method.

(ii) A2. Handshaking versus vortex. To compare shaking by hand to using a vortex (mimicking
more forceful mixing) to mix the stool with the SR, two aliquots per stool were each added to separate
SR bottles. The mixture was then processed following the standard SOS stool method, with the differ-
ence that one SR bottle was hand-shaken for 2 x 30 s (standard procedure), while the other bottle was
mixed using a vortex for 2 x 30s.

(iii) A3. Sedimentation time. To investigate the optimum and maximum sedimentation times, three
aliquots per stool specimen were each added to separate SR bottles. The mixture was processed follow-
ing the standard SOS stool method, with the difference that one bottle was left for sedimentation of
5 min, one for 10 min (standard procedure), and one for 20 min.

(iv) A4. Stool/SR mixture storage conditions. To investigate the optimum and maximum stool/SR
mixture storage conditions, six stool aliquots per stool were added into separate SR bottles, hand-shaken for 30 s
and then stored in the refrigerator (2 to 8°C; 3 bottles) or at temperature (RT) (20 to 25°C; 3 bottles). After 5, 12,
and 24 h, for each storage temperature, one bottle was taken and processed further using the standard SOS
stool method. The results were compared to those obtained after applying the standard procedure in experi-
ment A2.

(v) B. Stool specimen transport conditions. To investigate the optimal transport conditions, 12 ali-
quots per participant were stored at three different temperatures: four in the refrigerator (2 to 8°C), mim-
icking cold-chain transport; four at RT (20 to 25°C); and four in the incubator (37°C), mimicking transport
in hot climates. After 48, 72, 120, or 240 h, for each storage temperature, one aliquot was taken and
processed using the standard SOS stool method.
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Data management and statistical analysis. At enrollment, from each individual, demographic and
treatment information was collected (age, sex, date of TB diagnosis, date of starting TB treatment) on the partici-
pation form. Furthermore, specific data on stool collection (place, date, and time), storage until transport to EPHI
(place, temperature, and time), transport conditions (temperature and time), and stool characteristics (appear-
ance, weight) were recorded on standard stool submission forms. Experimental conditions and Xpert-Ultra results
(semiquantitative results as well as Ct values for all probes) were captured on laboratory forms. All paper forms
were created as prestructured EpiData files (EpiData version 3.1; www.epidata.dk) and the collected data were
entered into it. After validation, the data set was transferred to Stata 15.0/SE (StataCorp LCC, TX, USA) for analysis.

Descriptive analysis was used to describe the stool characteristics and experimental outcomes. For
each experiment, we compared the MTB positivity rate (i.e.,, number of aliquots in which MTB was
detected, any semiquantitative result, including MTB trace, Very Low, Low, Medium, and High results di-
vided by the total number of aliquots with valid Xpert-Ultra test results), the rate of invalid results, and
the rate of errors possibly related to stool processing (i.e., number of aliquots returning error codes 2008
(potentially caused by debris clogging the cartridge filter), 5006, 5007, and 5017 (potentially caused by
disturbing the fluid transfer within the cartridge) divided by the total number of aliquots tested) obtained for
the standard SOS procedure against the modified procedures. Other errors and “no result” were considered
unrelated to stool processing and thus were not considered useful outcomes. Unsuccessful Xpert-Ultra results
(invalids/error/no result) were not repeated purposively as we considered them to be test outcomes. We also
assessed the potential association between Ct values and experimental conditions.

Univariable and multivariable logistic regression analyses were conducted to assess the impact of
factors related to the experiments (e.g., storage time and temperature), and stool (e.g., consistency, time
between collection and experiments) on the MTB-positive, processing error, or invalid result (outcome).
We applied multilevel analysis to account for the fact that stool specimens were clustered within partici-
pants, and aliquots within stools.

The Xpert-Ultra stool result from each aliquot was compared with the Xpert-Ultra result following
the standard protocol. Trends in MTB-positivity, processing errors and invalid rates over, e.g., increasing
storage time or temperature, or increasing amounts of stool added, were analyzed using the Wilcoxon-
like test for trend across ordered groups using nptrend in Stata (13). In this study, we defined “robust-
ness” as minor deviations from the standard SOS stool processing protocol (experiments A1, A2, A3, and
A4) that did not significantly affect the Xpert-Ultra test outcomes.

Ethical considerations. The study protocol was approved by the Ethical Review Board of the Ethiopian
Public Health Institute (EPHI-IRB-234-2020). Eligible persons were informed about the study and received an in-
formation sheet with study details. Written informed consent, parental consent, or assent (depending on the
age of participant) was obtained if they agreed to participate in the study. Participants’ information was kept
confidential. The data set for analysis did not contain any personal identifying information and used unique
personal identification codes instead.
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