Defining Diarrhea: Validating and improving caregiver-reported stool
consistency as a measure of pediatric diarrhea in the Amhara region of
Ethiopia

by

Kristen Aiemjoy

DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
Epidemiology and Translational Sciences
in the
GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA, SAN FRANCISCO




Copyright 2018
by
Kristen Aiemjoy

i



Dedicated to Jeroen Ensink (1974 - 2015)
An exceptional mentor and scientist.
You are missed.

iii



Acknowledgments

This thesis is a culmination of five years of doctoral work; it would not be possible without the support
and encouragement of many individuals, communities and organizations. Thanks go first and foremost
to my advisor, Dr. Jeremy Keenan, for enthusiastically mentoring a doctoral student interested in diar-
rheal disease despite being an ophthalmologist. Jeremy’s passion for improving public health via rigor-
ously conducted clinical research is inspiring and are his seemingly endless energy and enthusiasm. It has
been a privilege to learn from his example.

Next, I gratefully acknowledge the participation of communities, households and individuals in these
studies. I hope that the results can help improve the measurement of diarrhea with the ultimate goal of
reducing diarrheal disease in the Ambhara region of Ethiopia and beyond.

Thank you to the incredible study coordinators, Dr. Solomon Aragie, Dionna Fry and Sintayehu
Gebresillasie, along with the nurses, laboratory technicians, drivers and community members that make
up our in-country field teams and the crucial support from The Carter Center and the Amhara Regional
Health Bureau.

A special thank you to Dr. Ben Arnold for your collaboration, mentorship and guidance over the
past five years. Thank you to my internal committee members, Dr. George Ruthorford for your career
guidance and Dr. John Neahaus for your interest and support in studying misclassification.

Thank you to Dr. Eric Delwart and Eda Altan with the Blood Systems Research Institute for run-
ning viral metagenomic sequencing on the stool samples and for the terrific collaboration and learning
opportunity.

Many thanks to Dr. Maria Glymour for always having a moment to answer questions and the admin-
istrative support from the PhD program along with the Department of Epidemiology and Biostatistics.

Thank you to Dr. Jeff Martin, an inspirational teacher, for giving me the support and encouragement
to teach.

I am grateful for the unwavering support and encouragement from my parents, Eileen and Tom Knud-

iv



son, and my brilliant partner, Glenn Aiemjoy. And finally, I am so thankful for my kind-hearted and wise
son, for his support and understanding of all the late nights and travel despite being three-years-old and

for teaching me just about everything there is to know about stool consistency.



Defining Diarrhea: Validating and improving caregiver-reported stool consistency as a measure of
pediatric diarrhea in the Amhara region of Ethiopia
KRISTEN AIEMJOY

ABSTRACT

BACKGROUND: Diarrhea is a leading cause of death among children under five globally. Most studies of
pediatric diarrhea rely on caregiver-reported stool consistency and frequency to define disease.
MEeTHODS: We collected stool samples from 2398 children participating in two water-improvement in-
tervention trials in the Amhara region of Ethiopia. In the smaller trial we examined the pediatric enteric
virome across stool consistency to evaluate differences in species richness and community composition
using metagenomic sequencing. We also measured caregiver-reported pediatric diarrhea as an outcome
for this trial, and performed bias analysis to estimate the impact of misclassified diarrhea on the trial out-
come. The consistency of each stool sample was graded by the child’s caregiver and two trained laboratory
technicians according to an illustrated stool consistency scale. We assessed the reliability of graded stool
consistency among the technicians, then compared the caregiver’s grade to the first technician’s grade.
Caregivers were asked to report if children had three or more loose or watery stools in a 24-hour period
anytime in the past seven days.

REsurTs: The sensitivity of caregiver-reported loose or watery stool was 15.5% [95% CI: 9.7, 24.2] and
the specificity was 98.4% [95%CI 97.1, 99.1]. Species richness was highest in watery-consistency stool and
decreased as stool consistency became firmer. The greatest differential abundance comparing loose or
watery to formed stool was for norovirus GII (7.64, 95% CI 5.8, 9.5) followed by aichivirus A (5.93, 95%
CI 4.0, 7.89) and adeno-associated virus 2 (5.81, 95%CI 3.9, 7.7).

ConcrusIions: Caregiver reported stool consistency using the terms ‘loose or watery’ does not accurately
describe stool consistency as graded by trained laboratory technicians. Given the predominance of using
caregiver-reported stool consistency to define diarrheal disease, the low sensitivity identified in this study
suggests that the burden of diarrheal disease may be underestimated and intervention effects could be
biased. We documented a difference in pediatric enteric virome according to mBSFS-C stool consistency

category. Bias analysis did not reveal a corrected protective effect of the water-improvement intervention.
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A population-based validation study of

caregiver—reported stool consistency



1.1  ABSTRACT

Diarrhea is a leading cause of death among children under five globally. Most studies of pediatric diarrhea
rely on caregiver-reported stool consistency and frequency to define disease. Research on the validity of
caregiver-reported diarrhea is sparse. We collected stool samples from 2398 children participating in two
clinical trials in the Amhara region of Ethiopia. The consistency of each stool sample was graded by
the child’s caregiver and two trained laboratory technicians according to an illustrated stool consistency
scale. We assessed the reliability of graded stool consistency among the technicians, then compared the
caregiver’s grade to the technician’s grade. We also tested if the illustrated stool consistency scale could
improve the validity of caregiver’s report. The weighted kappa measuring agreement between the two
laboratory technicians reached o.90 after soo stool samples were graded. The sensitivity of caregiver-
reported loose or watery stool was 15.5% [95% CI: 9.7, 24.2] and the specificity was 98.4% [95%CI 97.1,
99.1]. With the illustrated scale the sensitivity was 68.5% [95%Cl: 58.5, 77.1] and the specificity was 86.1%
[95% CI:79.3,90.9]. The results indicate caregiver reported stool consistency using the terms ‘loose or wa-
tery’ does not accurately describe stool consistency as graded by trained laboratory technicians. Given the
predominance of using caregiver-reported stool consistency to define diarrheal disease, the low sensitivity
identified in this study suggests that the burden of diarrheal disease may be underestimated and interven-
tion effects could be biased. The illustrated scale is a potential low-lost tool to improve the validity of

caregiver-reported stool consistency.

1.2 BACKGROUND

Diarrhea is a leading cause of childhood morbidity and mortality with an estimated 2 billion cases and

525,000 deaths annually’. In Ethiopia, diarrhea is the second-leading cause of death among children under



five, causing more deaths than HIV, TB and malaria combined . Most trials and epidemiologic studies
of childhood diarrhea use caregiver reports of stool consistency and frequency to characterize disease sta-
tus*. The World Health Organization (WHO) definition of diarrhea is three or more loose or watery
stools in a 24-hour period’. In three recent systematic reviews of water, sanitation and hygiene (WASH)
intervention trials to prevent pediatric diarrheal disease, all 22 studies used caregiver-reported symptoms
to classify diarrhea®. In a 2015 review of 55 studies of water quality interventions for reducing diarrheal
disease, 36 used the WHO definition and 11 used another symptoms-based report™.

Despite its widespread use, there is limited research on the validity of various definitions of diarrhea
and the component items in those definitions (stool consistency and frequency)**~*. This knowledge
gap is important given misclassified caregiver-reported stool consistency could introduce measurement
error and bias. True protective effects of interventions on diarrheal disease may be undetectable when
measurement error is present. Underreporting of moderate and severe diarrhea may underestimate the
disease burden and resulting cost-effectiveness of interventions designed to mitigate that burden.

Visual and descriptive stool consistency scales may standardize and improve the accuracy of reported
stool consistency. A widely used stool form scale, The Bristol Stool Form Scale (BSFS) was developed

7 and later simplified to a five-level scale: the modified

in the late 1980s to measure gut transit time
Bristol Stool Form Scale for children (mBSFS-C)*. The mBSFS-C could be used as a tool for eliciting
self-reported or caregiver-reported diarrhea from epidemiological studies. However, to our knowledge,
it has never been evaluated in a research setting in Africa.

Our objective was threefold: measure the inter-rater reliability of mBSFS-C among laboratory techni-
cians, validate caregiver-reported stool consistency using laboratory technician-graded consistency as the

reference standard and determine if the mBSFS-C can improve the validity of caregiver-reported stool

consistency.



1.3 METHODS

1.3.1 STUDY POPULATION

This study was conducted within two cluster-randomized trials studying water, sanitation and hygiene
(WASH) interventions in rural Ethiopia: In one, 14 communities in the East Gojjam zone were random-

19-21

ized to receive either a hand dug well or no intervention™* (labelled Trial I in this report; clinicaltri-
als.gov NCT02373657). In the other, 40 communities in the WagHimra zone were randomized to ei-
ther a comprehensive WASH package or no intervention (labelled Trial II in this report; clinicaltrials.gov
NCTo2754583). The primary outcome of both trials was ocular chlamydia. The present study collected
data at the final study visit of Trial I (April 2016) and the baseline visit of Trial II (January of 2016).

In each study, we conducted a door-to-door population census approximately three weeks before the
study visit to enumerate households and children eligible to participate in data collection. Based on sam-
ples size calculations for the primary outcome, In Trial I, all censused children aged zero to five years were
eligible to participate. In Trial II, a random sample of 40 children aged zero to five years (up to their sixth
birthday) and 4o children aged six to nine years per community were eligible; if less than 4o children of

a specific age group were censused then all children in that age group were sampled. In each case, the

sampling strategy was based on power calculations for the primary outcome of the trial.

1.3.2 MEASUREMENTS
STOOL SAMPLE GRADING: REFERENCE STANDARD

The Modified Bristol Stool Form Scale for Children (mBSFS-C) is a five-level adaptation of the origi-
nal seven-level BSFS™*. It was five stool consistency categories with both cartoon depictions and de-

scriptors: (1) hard lumps, (2) sausage-shaped but lumpy, (3) sausage-shaped and soft, (4) loose and (s)



Original mBSFS-C Ambharic Back-translated to English

Tvpe 1 . . . . Separate hard lumps, (1M3° 83.Ld (7L~ (M) Very dry stool (small and round
yp ’ . like nuts (hard to pass) Aoo@-M+ ROYNF7C like sheep feces), hard to pass

Sausage shaped but  §2.L 74~ (+SSH A DY stool (a single mass of small

Type 2 round feces, like sheep feces
lumpy goonad) formed together)

Tvoe 3 Like a sausage or ANAN AT 3L SaUY Soft, not dry and its shape is like

yp snake, smooth and soft AN ¢Co6 Sha- snake
Fluffy pieces with

Type 4 ragged edgesl, amushy (1Mg° ANAA PCH SALND- Very soft and irregular shaped
stoo

Type 5 é Watery, no solid pieces gy +poymp Watery stool

- N

Figure 1.1: The modified Bristol Stool Form Scale for Children (mBSFS-C), translated into Amharic

watery (Figure r.1). An Ethiopian clinician fluent in the Ambharic and English languages translated the
mBSFS-C into Amharic. The translations were adapted to cultural norms through consensus with three
Ambaric/English-speaking clinicians. It was back-translated into English to check comparability with the
original scale. The descriptive words “nuts” and “sausage” were not used because these are not part of a
standard diet in rural Ethiopia.

Laboratory technicians attended a 2-day classroom training on stool sample collection and consistency
grading using the mBSFS-C and a 1-day field training with real stool samples before data collection started.

We emphasized the importance of masking the consistency grades during both classroom and field train-

ing.



STOOL SAMPLE COLLECTION

Data was collected during the regularly scheduled study visits for the parent trials, in a centralized location
in each community. Caregivers were instructed to take their children to a semi-private outdoor place near
the sample collection area and have their child defecate in a potty chair lined with a black plastic bag. For
children unable to produce a stool within two hours, caregivers were asked to collect stool at home and
bring it to a collection site the following day. All stool samples were graded in the field before they were
set in a preservative and transported.

When the stool was returned to the field station, it was immediately inspected in the original collection
container by two medical laboratory technicians and the consistency of the sample was independently
graded according to the mBSFS-C. The technicians were masked to each other’s grades. Masking was
achieved by having the first technician silently enter their grade into custom-designed software on a smart-
phone; once entered this grade was immediately concealed in the application and impossible to change.
The second technician then recorded their grade. Technicians were allowed to discuss their grades after
both grades had been entered. The mBSFS-C diagram was available at the point of data collection in the

data collection software and also as a laminated sheet.

STOOL SAMPLE GRADING: CAREGIVER REPORT OF ‘LOOSE OR WATERY STOOL (INDEX TEST I)

After the stool sample was graded by both laboratory technicians, the caregiver was asked: “Did your
child have aloose or watery stool?” The wording of the question was designed to mimic stool consistency

element of the standard definition of diarrhea: three or more loose or watery stools in a 24-hour period.’



STOOL SAMPLE GRADING: CAREGIVER MBSFS-C GRADE (INDEX TEST 2)

The caregiver was then shown the laminated color copy of the mBSFS-C with Amharic descriptions and

asked to point to the consistency category most similar to their child’s stool.

13.3 STATISTICAL METHODS
AGREEMENT OF REFERENCE STANDARD

We assessed agreement in the s-level mBSFS-C stool consistency classification between the two graders
using both an unweighted and quadratic-weighted kappa*>** and used a bootstrap with 1000 replicates
to calculate bias-corrected 95% confidence intervals with resampling by community.

We used a K by K confusion matrix to visualize absolute agreement and partial agreement for the
mBSFS-C, where the first technician’ grades (in columns) are classified against the second technicians
grades (in rows).

We also compared the unweighted and weighted kappa by the number of samples graded, in incre-
ments of 100, to evaluate a change in kappa over time. We specified a kappa of .9 or greater between

graders to use the first laboratory technicians grade as the gold standard.

VALIDITY OF CAREGIVER REPORT OF ‘LOOSE OR WATERY STOOL (INDEX TEST 1)

We compared the caregiver report of ‘loose or watery’ stool consistency to the first laboratory technician
grade (reference standard). We dichotomized the laboratory technician’s mBSFS-C grade with types 4 and
s qualifying as ‘loose or watery’ stool and types 1-3 as ‘not loose or watery.” We calculated the sensitivity
and specificity using separate logit models with the dichotomous result of the index test as the dependent

variable conditional on the reference standard being positive (sensitivity) or negative (specificity). We used



Table 1.1: Definition of validity measures

First technician’s grade

Caregiver assessment Reference standard Total
Index test 1 Index test 2 Loose/Watery Not Loose/Watery
‘loose or watery’ report mBSFS-C grade mBSFS-C: Types 4&s  mBSFS-C: Types 1-3
Loose/Watery mBSFS-C: Types 4&5 TP FP TP + FP
Not Loose/Watery mBSFS-C: Type 1-3 FN TN FN+TN
Total TP + FN FP +TN

mBSFS-C = Modified Bristol Stool Form Scale for Children

Index test 1= caregiver reported loose or watery stool: Did your child have a loose or watery stool?”
Index test 2 = caregiver grade after visual inspection of the stool sample using the mBSFS-C
Reference standard = First laboratory technician-graded stool consistency according to the mBSFS-C
True Positive (TP); False Positive (FP); False Negative (FN); True Negative (TN)

Sensitivity = TP/(TP+FN); Specificity = TN/(FP+TN)

a clustered sandwich estimator to adjust standard errors for clustering by community *>*°. Definitions of
the validity measures are given in Table r.1.

We stratified the models by caregiver type (mother or father). To test for an interaction between care-
giver grade and type we fit a logit model with the outcome of the index test as the dependent variable and

the reference standard as an independent variable and an interaction term with caregiver type™ **.

VALIDITY AND AGREEMENT OF CAREGIVER MBSFS-C GRADE (INDEX TEST 2)

We dichotomized the caregivers mBSFS-C into types 4&s (loose or watery) and types 1-3 (not loose or
watery) and compared this against the similarly dichotomized grade of the first laboratory technician (the
reference standard). We calculated the sensitivity and specificity using the same method as for index test
1, with separate logit models for sensitivity and specificity and a clustered sandwich estimator to account
for clustering by community.

To test if the mBSFS-C improved the sensitivity and specificity of caregiver-reported stool consistency
we used a logistic mixed-effects model with a random intercept for both community and child, to account

for the paired comparison. We included an indicator variable for caregiver report with or without the



mBSFS-C**°, and used the Wald test for the coefficient of this indicator variable to evaluate statistical
significance. The mixed-model yields estimates of median sensitivity and specificity conditional on the
random effect, in this case, the child and the community>.

We also evaluated agreement in s-level mBSEFS-C stool consistency grade between caregivers and the
laboratory technician using both a weighted and quadratic-weighted kappa and used a bootstrap with
1000 replicates to calculate bias-corrected 95% confidence intervals with resampling by community.

Analyses were run in Stata 15 (StataCorp, College Station, TX). Figures were generated in R Studio

using R Version 3.4.1 (Foundation of Open Source Statistics, Boston, MA, USA).

1.3.4 ETHICS STATEMENT

Ethical committees at the University of California (San Francisco, CA, USA); Emory University (Atlanta,
GA, USA); The Food, Medicine and Health Care Administration and Control Authority of Ethiopia;
and the Ethiopian Ministry of Science and Technology granted approval for this study. We obtained

verbal informed consent in Ambharic from all caregivers.

1.4 REsULTs

1.4.1 CHARACTERISTICS OF GRADERS

Trial I employed three medical laboratory technicians and one clinical nurse. Three worked at govern-
ment clinics and one worked at a university clinic. The average number of years of experience was s.5
years (SD 3.9, range 1-10). Trial IT employed eight medical laboratory technologists as graders: seven from
clinics operated by the ministry of health and one from a university clinic. On average, graders had 7.4
years of experience (standard deviation [SD] 3.7, range 2-14). One medical laboratory technician was

employed in both studies (Table 1.2).



Table 1.2: Characteristics of graders in Trial | and Trial Il

L.4.2

A flow diagram of sampling and participation is shown in Figure 1.2. In Trial I, all 446 censused children
were eligible to participate, 317 children presented for the study visit examination day and 271 provided
stool samples. The mean age of children with stool samples was 2.7 years old, 48.3% (152/2771) of children
were female, and 63% (170/271) of caregivers were mothers. In Trial II, 2400 children age zero to nine
were randomly sampled, 2362 children presented for the study visit examination day and 2127 children
provided stool samples. 16 stool samples (.75%) were collected the day after the study visit for children
unable to produce a stool on the day of the study visit. Of children with stool samples, the mean age was

s.1years old, s1.2% (1233/2127) of children were female, and 69.6% (1678/2127) of caregivers were mothers.

(Table 1.3)

Trial I Trail II
n=4 n=38

Age in years, mean (SD) 27.5(4.2) 28.9(4.3)
Gender

Female 1(25%) 1(13%)

Male 3(75%)  7(87%)
Profession

Clinical nurse 1(25%) o

Med. lab. Technician 3(75%) 8 (100%)
Years of experience, mean (SD)  5.5(3.9)  7.4(3.7)
Employer

University 1(25%) 1(13%)

Ministry of Health 3(75%)  7(87%)

Numbers are n (%) unless otherwise indicated

CHARACTERISTICS OF STUDY POPULATION

I0



Trial I study communities Trial IT study communities

(N=14) (N=40)
Eligible children (N=446) Eligible children (N=2954)

Participated in study
N=317

l |

Provided stool samples
N=271

Participated in study
N= 2410

Provided stool samples
N=2127

Run in of 500 samples
until weighted kappa > .90

Lab tech consistency*

N=1628

Caregiver graded consistency
N=1627

Figure 1.2: Selection and participation flow diagram

Table 1.3: Characteristics of study populations

Trial I Trial II Validation sample
Study communities (N=14)  Study communities (N=40) population®
Study population (N=271)  Study population (N=2127) N=1627
Age in Years, Mean (SD) 2.8(1.9) 5.1(2.7) 5.3 (2.7)
Female 152 (48.3%) 1233 (51.2%) 834 (51.2%)
Caregiver Type
Mother 170 (63%) 1678 (69.6%) 1344 (82.6%)
Father 26 (8.3%) 296 (12.3%) 206 (12.7%)
Aunt/Uncle 14 (4.4%) 46 (1.9%) 26 (1.6%)
Sibling 44 (14%) 18 (0.7%) 6(0.4%)
Self 13 (4.1%) 78 (3.2%) 42 (2.6%)
Stool consistency type
Type 1: Pellets 14 (4.4%) 381 (15.8%) 290 (17.8%)
Type 2: Lumpy 89 (28.3%) 677 (28.1%) 491 (30.2%)
Type 3: Smooth 61(19.4%) 563 (23.4%) 412 (25.3%)
Type 4: Loose 81 (25.7%) 407 (16.9%) 376 (22.5%)

Type 5: Watery

29 (9.2%)

100 (4.1%)

68 (4.18%)

Values are n(%) unless otherwise indicated

*After s00 sample run in period

II



Table 1.4: K by K confusion matrix of caregiver-reported stool consistency using mBSFS-C versus lab technician graded stool consis-
tency using mBSFS-C

First lab technician

Second lab technician  Type 1: pellets  Type 2: lumpy Type 3: snake Type 4: loose  Type 5: watery ~Total

Type 1: pellets 261 8 2 I I 273
Type 2: lumpy 21 460 20 3 o 504
Type 3: snake 8 20 376 16 2 422
Type 4: loose o I 12 341 4 358
Type s: watery o 2 2 6 61 71
Total 290 491 412 367 68 1628

After 500 sample run-in

1.4.3 AGREEMENT OF REFERENCE STANDARD

In Trial I, the two laboratory technicians agreed on 169/271(62.6%) of the s-level mBSFS-C grades, with
an unweighted kappa of 0.50 (95% CI 0.42, 0.57) and a quadratic-weighted kappa of 0.70 (0.61, 0.77). In
Trial I, 1870/2127 (87.9%) of grades were in agreement, with an unweighted kappa of 0.84 (95%CI 0.82,
0.86) and a quadratic-weighted kappa of 0.92 (95%ClI: 0.90, 0.93). See Table 1.4 for the K by K confusion
matrix.

Kappa increased with the number of samples graded (Figure 1.3). When restricted to the first 271 sam-
ples (the size of Trial I), the unweighted kappa for Trial IT [0.56; 95%CI 0.49, 0.62] was comparable to
Trial I [0.50 (95%ClI: 0.49, 0.53) and the 95% confidence intervals overlapped. In Trial II, the unweighted
kappa surpassed .90 after 600 samples were assessed and the weighted kappa surpassed .90 after 500 sam-
ples were assessed by 4 field teams, approximately 125 samples per team. In Trial I the weighted kappa did
not reach .9.

To ensure robustness of our references standard (laboratory technician-graded stool consistency) for
the validity research questions in this study, we opted to permit a run-in period of soo samples until
the weighted kappa exceeded .90. Thus, the remaining validation research questions evaluate samples

sor through 2127 in Trial II only (1627 samples in total). Characteristics of the study population in the
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Figure 1.3: Both unweighted (A) and quadratic-weighted kappa (B) increase with the number of samples graded

validation sample (allowing for the soo-sample run-in) are displayed in Table 1.3.

1.4.4 VALIDITY OF CAREGIVER REPORT OF ‘LOOSE OR WATERY STOOL (INDEX TEST 1)

Caregivers reported that 5.4% (87/1627) of samples were ‘loose or watery’ while laboratory technicians
graded 26.7% (435/1628) of samples as mBSFS-C types 4 and s (i.e., the equivalent to ‘loose or watery’).
The overall sensitivity of caregiver-reported ‘loose or watery’ stool consistency was 15.6% (68/435; 95%

CI: 9.7, 24.2) and the overall specificity was 98.4% (1173/1192; 95% CI: 97.1, 99.1). The sensitivity of
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mother’s reported stool consistency was higher than father’s report 16.8% (66/392; 95% CI: 10.4, 26.1)
versus 3.0% (1/33; 95% CI: 0.4, 20.4); The specificity was 98.8% (941/9525 95% CI: 97.7, 99.4) for mothers
and 95.4%(165/173; 95% CI: 87.8, 98.3) for fathers. The p-value for the interaction term between caregiver

type and grade was 0.004 (Table 1.5).

1.4.5 VALIDITY AND AGREEMENT OF CAREGIVER MBSFS-C GRADE (INDEX TEST 2)

When caregivers used the mBSFS-C to grade stool consistency, the overall sensitivity was 68.5% (298/43s;
95%Cl: 58.5, 77.1) and the specificity was 86.1% (1026/1192; 95% Cl: 79.3, 90.9). The sensitivity was sig-
nificantly higher when mothers used the mBSFS-C (index test 2) than when they did not (index test 1);
P<o.00001 in a mixed model with random intercepts for child and community.

Sensitivity improved for both mothers (271/392; 69.1%, 95% CI: 58.1, 78.4) and fathers (20/33; 60.6%,
95% Cl: 46.1, 73.4); Specificity was 86.8% (826/952; 95% Cl: 79.6, 91.7) for mothers and 88.4% (153/173;
95% CI: 82.2, 92.7) for fathers (Table 7) See Figure 1.4 for an ROC space plot visualizing of the change in
sensitivity with and without the mBSFS-C by caregiver type.

The unweighted kappa using all five levels of the mBSFS-C between caregiver’s grade and the lab tech-
nician reference standard was 0.35 (95% CI: 0.32- 0.38); the quadratic weighted kappa was 0.49 (0.44 -

0.53). The K by K confusion matrix is presented in Table 1.6.

s DiscussioN

We documented the validity of caregiver-reported ‘loose or watery’ stool consistency in two trials in the
Ambhara Region of Ethiopia using stool samples from 1627 children. Our findings indicate that caregiver-
reported ‘loose or watery’ stool consistency has poor validity when compared to laboratory technician

graded stool ‘loose or watery’ stool consistency. The low sensitivity is concerning given the terms ‘loose
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Table 1.5: Sensitivity and specificity caregiver’s report of ‘loose or watery’ stool consistency and caregiver's mBSFS-C grade

TP TN FP FN Sensitivity Specificity
Index test 1: Caregiver ‘loose or watery’ grade
Overall (n=1627) 68 1173 19 367 15.6(9.7,24.2)° 98.4(97.1,99.1)**
Mothers (n=1347) 66 941 11 326 16.8(10.4,26.1) 98.8(97.7,99.4)
Fathers (n=203) I 165 8 32 3.0 (0.4, 20.4) 95.4 (87.8,98.3)

Index test 2: Caregiver mBSFS-C grade

Overall (n=1627) 298 1026 166 137 68.5(58.5,77.1)% 86.1(79.3,90.9)"
Mothers (n=1347) 271 826 126 121 69.1(58.1,78.4) 86.8(79.6,91.7)
Fathers (n=203) 20 153 20 13  60.6(46.1,73.4)  88.4(82.2,92.7)

mBSFS-C = Modified Bristol Stool Form Scale for Children

After soo sample run-in

Index test 1= caregiver reported loose or watery stool: Did your child have a loose or watery stool?”
Index test 2 = caregiver grade after visual inspection of the stool sample using the mBSFS-C
Reference standard = First laboratory technician-graded stool consistency according to the mBSFS-C
True Positive (TP); False Positive (FP); False Negative (FN); True Negative (TN)

Sensitivity = TP/(TP+FN); Specificity = TN/(FP+TN)

Sensitivity = TP/(TP+FN); Specificity = TN/(FP+TN)

*Z= 10.25, P<0.001; testing the difference in senstivity with and without the mBSFS-C

**Z=-8.83, P<o.0o1; testing the difference in specificity with and without the mBSFS-C

Table 1.6: K by K matrix of of caregiver-reported stool consistency using mBSFS-C versus lab technician graded stool consistency
using mBSFS-C

Lab technician graded stool consistency (referenece standard)
Caregiver-reported stool consistency ~ Type 1: pellets  Type 2: lumpy Type 3: snake  Type 4: loose  Type 5: watery Total

using mBSFS-C (Index text 2) (index test)
Type 1: pellets 136 68 10 57 2 273
Type 2: lumpy 98 237 929 36 5 475
Type 3: snake 35 76 267 36 1 415
Type 4: loose 10 ST 26 117 16 220
Type 5: watery 11 58 10 121 44 244
Total (reference standad) 290 489 412 367 68 1627
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or watery’ are key components of the widely-used WHO definition of diarrhea: ‘three or more loose or
watery stools in a 24-hour period’. The degree of misclassification suggests epidemiologic studies, ran-
domized control trials, and global burden of disease estimates that rely on caregiver-reported ‘loose or
watery’ stool to define diarrheal disease in children may underestimate the prevalence of diarrhea and
report potentially biased measures of association.

Symptom-based definitions of diarrhea are pervasive in epidemiology and clinical research, yet few
studies have attempted to validate these measurements . The WHO definition of diarrhea is based on
a 1991 longitudinal study of s12 children in Bangladesh investigating four definitions of stool consistency
and frequency against mothers’ perception of diarrhea®. The definition ‘three or more loose or watery
stools” was chosen because it had the highest sensitivity (77.8%) compared to mother’s perception of di-
arrhea. The definition was not compared to direct observation of the child, stool sample or a clinical
diagnosis of diarrhea. A careful assessment of the WHO-definition is likely warranted given its pervasive
use in epidemiology and clinical research.

We found that the mBSFS-C, an illustration of five stool consistency categories, had good agreement
when used by local medical laboratory technicians to classify consistency of stool samples in a field-based
research setting in Africa.

We specified a kappa of .9 or greater between laboratory technician graders in order to justify using the
first technician’s grade as the gold standard comparison. A kappa of .9 was reached after soo samples were
graded in the larger Trial I. However, in the smaller Trial IT with only 271 samples in total, the highest
weighted kappa reached was .83. Thus, all grades from the smaller trial were excluded from the validation
study. The upward trajectory in kappa in the smaller Trial II mirrored that Trial I, signaling that a kappa
of .9 may have been reached with more time and samples to grade.

The initial creation and assessment of the mBSFS-C in 2010 measured reliability between fourteen
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physician-graders using stool photographs with an overall ICC of 0.85 (95%CI 0.78, 0.91)". Intraclass
correlation coefficients (ICCs) are dependent on the variation of stool consistency within a study popu-
lation and thus are not directly comparable across study sites. Kappas have been reported for the original
7-level BSES. A study published in 2016 was the first to assess reliability of the BSES using real stool sam-
ples; when comparing patient and physician grades of stool consistency, 26% were in agreement with a
weighted kappa of 0.67°°. These results measure patient versus grader agreement rather than grader ver-
sus. grader agreement and are comparable with the weighted kappa comparing caregivers grade and the
laboratory technician’s grade using the mBSFS-C.

Laboratory technicians may not be the best gold standard grader for diarrheal disease. Caregivers, who
are more familiar with their children’s stool patterns may be better able to differentiate “diarrhea” from
the normal stool pattern. Some iterations of the WHO definition diarrhea include three or more loose or
watery stools more than is normal for the individual. Here we focus our validation study on the specific
words “loose or watery”. For this narrower definition, the trained laboratory technicians are an appro-
priate reference standard. For validating the WHO or other definitions of diarrhea, other gold standards
may be more appropriate such as a clinician’s diagnosis or presence of a specific enteric pathogen.

The mBSFS-C improved the validity of caregiver-reported ‘loose or watery’ stool consistency. The
mBSFS-Cis an option to improve the validity of caregiver-reported stool consistency when studies rely on
caregiver-reported symptoms to define diarrheal disease. Reproducing the scale for use in epidemiologic
studies and trials is easy to implement atlow-cost. Care must be taken to ensure that the stool-consistency
descriptor translations are understood and culturally appropriate. In addition, caregivers should be in-
formed that the cartoon pictures depict stool consistency and not merely appearance.

Although the mBSFS-C shows promise in improving caregiver-reported stool consistency, researchers
must carefully consider the underlying construct that is of interest. Loose or watery stools can have both
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infectious and non-infectious causes. Moreover, enteric infections can be both symptomatic and asymp-
tomatic. A pathogen-specific outcome is most likely more expensive than a symptoms-based outcome,
but the specificity may be enough to outweigh the difference in costs. However, pathogen-specific out-
comes may missclassify disease status because they include asymptomatic cases. Symptomatic outcomes
may be contaminated with non-infectious symptomatic diarrhea cases, thus obscuring an effect of an in-
tervention targeting infection pathways. The most appropriate outcome for measuring diarrheal disease
depends on a study’s objectives, budget and tolerance for misclassification.

We acknowledge several limitations of this study. First, we were unable to assess the accuracy of caregiver-
reported stool frequency. Measurement error of reported stool frequency (number of bowel movements)
is another threat to the validity of symptoms-based reporting of diarrhea and warrants further research.
Second, we may have overestimated the sensitivity of caregiver-reported stool consistency by having care-
givers report the consistency of a stool sample in front of them. When caregivers respond to traditional
survey questions without actually observing their child’s recent stools, we might expect more false nega-
tives and thus the true sensitivity of caregiver-reported stool consistency may be even lower than what we
observed in this study. Third, we did not differentiate the stool of breast-fed infants, which is typically
looser than the stool of solid-fed infants. However, we do not expect the validity of the caregiver’s report
to be affected as the reference standard grade would still classify breastfed stool as ‘loose’. Fourth, this
study was population-based and thus represented a normal spectrum of stool consistencies. A critically
ill or hospitalized patient population may be more appropriate to validate definitions or diarrhea against
clinical diagnoses. However, this study population is still relevant to the many public health intervention
trials, epidemiologic studies and surveys that use population-based samples and rely on caregiver report
to define diarrheal disease. Finally, we did not assess intra-rater reliability of the mBSFS-C scale among

laboratory technicians or caregivers. Stool samples were fixed in a liquid preservative immediately after
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collection, and thus the consistency could not be graded again.

Despite these limitations, our study had several strengths. We collected stool samples from over two-
thousand children from two distinct locations in Ethiopia. Each stool sample consistency was graded by
a caregiver and two trained medical laboratory technicians according to an established stool consistency
scale. We also evaluated the utility of a simple illustrative scale to improve the reporting of stool consis-
tency. Our study was population-based, representing a normal spectrum of stool consistencies and thus
demonstrating the utility of the mBSFS-C for classifying stool consistency for population-based research.

Our findings are disconcerting for researchers and public health professionals who use caregiver-reported
stool consistency to quantify diarrheal disease. We found caregiver-reported ‘loose and watery’ stool, a
key component of the WHO definition of diarrhea, does not accurately reflect ‘loose or watery’ stool
as measured by the mBSFS-C. The degree of misclassification reported in this study would introduce
substantial measurement error to studies quantifying diarrheal disease according to reported stool con-
sistency. Specifically, the adjusted prevalence can be estimated as the sum of the measured prevalence
and specificity, minus the reciprocal of the sensitivity plus specificity minus one”. It is not possible to
directly calculate an adjusted prevalence of diarrhea for the present study, since we have diagnostic accu-
racy estimates only of stool consistency, and not frequency. However, as a thought exercise, if we assume
that reported stool frequency is perfectly valid and that the error in reported frequency is independent of
reported consistency, then the 13% seven-day prevalence of diarrhea observed in the present study would
be equivalent to an adjusted prevalence of 83%. This example illustrates the potential impact of the diag-
nostic accuracy of a screening test on the final prevalence estimate.

Given the global public health importance of diarrheal disease and the predominance of using caregiver-
reported symptoms to identify cases, the low sensitivity identified in this study suggests that the burden of

diarrheal disease may be underestimated and intervention effects could be biased. Researchers should take
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care when using caregiver reported loose or watery stool to define diarrheal disease. If caregiver-reported
stool consistency is the only option to measure pediatric diarrhea, a pictorial scale like the mBSFS-C may
improve the validity of caregiver-report. Replicating this study in other settings to determine if similarly

low sensitivity obtains could have important implications for global estimates of diarrheal disease burden.
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Viral species richness and composition in young

children with loose or watery stool
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2.1 ABSTRACT

Stool consistency is an important diagnostic criterion in both research and clinical medicine and is of-
ten used to define diarrheal disease. We examine the pediatric enteric virome across stool consistencies
to evaluate differences in richness and community composition using fecal samples collected from chil-
dren participating in a clinical trial in the Amhara region of Ethiopia. The consistency of each sample
was graded according to the modified Bristol Stool Form Scale for children (mBSFS-C) before a portion
of stool was preserved for viral metagenomic analysis. Stool samples were grouped into 29 pools accord-
ing to stool consistency type. Differential abundance was determined using negative-binomial modeling.
Of 446 censused children who were eligible to participate, 317 presented for the study visit examination
and 269 provided stool samples. The mean age of children with stool samples was 2.7 years old. Species
richness was highest in watery-consistency stool and decreased as stool consistency became firmer (Spear-
man’s r=-0.4s, p=0.013). The greatest differential abundance comparing loose or watery to formed stool
was for norovirus GII (7.64, 95% CI 5.8, 9.5) followed by aichivirus A (5.93, 95% CI 4.0, 7.89) and adeno-
associated virus 2 (5.81, 95%ClI 3.9, 7.7). In conclusion, we documented a difference in pediatric enteric
viromes according to mBSFS-C stool consistency category, both in species richness and composition. Our
results suggest that loose or watery stool, as measured by the mBSFS-C, may signal enteric viral infection

in young children. Additional studies are warranted to confirm these findings.
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2.2 BACKGROUND

Stool consistency is an important diagnostic criterion in both research and clinical medicine*. Changes
in stool consistency are used to measure many gastrointestinal disorders such as ulcerative colitis, irritable
bowel syndrome and diarrhea® . Most epidemiologic studies of diarrheal disease internationally use
stool consistency, specifically ‘loose or watery stool’ to classify diarrhea cases .

Visual and descriptive stool consistency scales may standardize and improve the accuracy of reported
stool consistency. The most widely used stool form scale, The Bristol Stool Form Scale (BSFS), was devel-

16,

oped in the late 1980s to measure gut transit time'>”. The BSFS classifies stool form into seven categories
according to stool cohesion, surface cracking and consistency.

The BSES was later simplified to a five-level scale and renamed the modified Bristol Stool Form Scale
for children (mBSFS-C)*, ranging from type 1 (hard pellets) to type 5 (watery stool).

While recent studies have described the bacterial microbiome of the colon and feces, there have been
few parallel investigations of the enteric and stool virome”~*°. Healthy gut and fecal bacterial micro-
biomes are characterized as having higher species richness. This relationship may not hold for the fecal
virome, where higher species richness may signal more viral infections and disease.

Here we use metagenomics to examine the pediatric fecal virome across standardized stool consistency

categories using stool samples from 269 children aged o to § years in rural Ethiopia. We evaluate potential

associations between enteric virome composition, species richness and stool consistency.
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2.3 METHODS

2.3.1  STUDY DESIGN

This study was conducted during the final visit of a clinical trial evaluating a water improvement interven-
tion in the Amhara region of Ethiopia (clinicaltrials.gov NCT02373657)“~*. Methods for the parent trial
are described in detail elsewhere*>**. A door-to-door population census was taken in all communities
before the study visit. All children aged o-5 years enumerated on the census were eligible to participate in
the study and provide stool samples. The final study visit occurred in April 2016; April is the dry season
in this region.

Stool sample collection and grading Caregivers were instructed to have their child defecate in a plastic
child’s potty chair lined with a black plastic bag. For children unable to produce a stool in the field, sup-
plies were provided to the caregiver, with instructions to collect stool at home the following morning and
bring it to a collection site the following day at a designated time.

When the stool was returned to the field station, it was independently inspected in the original collec-
tion container and graded according to the Modified Bristol Stool Form Scale for Children (mBSFS-C),
which was available as a laminated sheet with both the cartoon images and Ambharic translations (Fig-
ure 1.1). Methods describing the grading process and kappa evaluating agreement are described in detail
elsewhere® .

After the stool sample consistency was graded, o.smL of stool was placed in a imL plastic tube, put
on ice and transferred to a -20 Celsius freezer at the end of the day. At the completion of the sample
collection, in early May 2016, all samples were transferred to Bahir Dar Regional Laboratory (Bahir Dar,
Ethiopia) and kept at -20 Celsius until they were shipped to University of California, San Francisco in

February 2017.
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2.3.2 LABORATORY METHODS

Stool specimens were combined into pools of 6 to 12, with sampling stratified by stool consistency grade.
Pools were first clarified by 15,000g centrifugation for ten minutes, and supernatants filtered using a 0.4s-
mum filter (Millipore). Nucleic acids in the filtrates were digested with a mixture of nuclease enzymes and
viral nucleic acids were then extracted using a Maxwell 16 automated extractor (Promega) “*. Random RT-
PCR followed by Nextera™ XT Sample Preparation Kit (Illumina) were used to generate a library for

Illumina MiSeq (2 x 250 bases) with dual barcoding as previously described *+*'.

2.3.3 BIOINFORMATIC ANALYSES

An in-house analysis pipeline was used to analyze sequence data. Raw data were first pre-processed by sub-
tracting human and bacterial sequences, duplicate sequences, and low-quality reads. The reads were de
novo assembled and contigs and singlet reads were aligned against a customized viral proteome database
using BLASTx. Candidate viral hits were then compared to a non-virus non-redundant protein database

to remove false positive viral hits.

2.3.4 STATISTICAL METHODS

All statistical analyses were performed in R version 3.4.2 (R Foundation for Statistical Computing, Vi-
enna, Austria) using R Studio version 1.1.383. The number of viral reads along with the taxonomic as-
signments and sample characteristics were assembled using the phyloseq package. We define abundance
as the raw number of reads for each species/genotype and relative abundance as the proportion of raw
reads of each species/genotype in each pool. To calculate relative abundance, we divided the number or

reads for each species/genotype in each pool by the total number of reads in that pool and multiplied
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by 100. We evaluated species richness (Observed, Chaor) and alpha diversity measures (Simpson, Shan-
non, and Fisher) using the estimate_richness function of phyloseq. We used Spearman’s rank order test
to assess correlation between richness and mBSFS-C stool consistency category and determine statistical
significance.

We determined differential abundance comparing loose and watery (mBSES-C types 4&5) to formed
stool (mBSES-C types 1-3) at the species/genotype level using negative-binomial modeling in the DESeqz2
package*°. We used the Bonferroni method to adjust p-values for multiple comparisons. We explored
both an unadjusted model and a model adjusted for age (median age per pool). Results are expressed as

log2 fold change in loose or watery stool compared to formed stool.

2.3.5 ETHICS STATEMENT

Ethical committees at the University of California (San Francisco, CA, USA); Emory University (Atlanta,
GA, USA); The Food, Medicine and Health Care Administration and Control Authority of Ethiopia;
and the Ethiopian Ministry of Science and Technology granted approval for this study. We obtained

verbal informed consent in Ambharic from all caregivers.

2.4 RESULTS

2.4.1 CHARACTERISTICS OF STUDY POPULATION

Of 446 censured children who were eligible to participate, 317 children presented for the study visit exam-
ination and 269 provided stool samples. The mean age of children with stool samples was 2.7 years old,
53.2% (143/269) of children were female. A detailed description of the study population characteristics
by stool consistency category is presented in (Table 2.1). The 269 samples were analyzed in 29 pools: 4

pools (29 samples) were watery/type s, 8 pools (79 samples) were loose/type 4, 6 pools (59 samples) were
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Table 2.1: Characteristics of the study population by mBSFS-C stool consistency category

Watery Loose Smooth Lumpy Pellets
N children (pools) 29 (4) 79(8) 59 (6) 88(9)  14(2)

Mean age (SD) 1(1.14) 2.7 (1.6) 3.1 (2.1) 3.4(1.81)  3.4(1.65)

Female 15(51.7%) 39(49.4%) 33(55.9%) 48(54.5%) 8(57.1%)
Blood in Stool*  4(13.8% ) 4(5.1%) 2(3.4% ) 5(5.7% ) o (0% )
Fever™ 9(32.1%) 28(36.8%) 20(35.1%) 33(38.8%) 6(50%)

Numbers are N(%) unless otherwise indicated

*Caregiver reported observing blood in the stool any day in the past seven days

**Caregiver reported child had a fever any day in the past seven days

smooth/type 3, 9 pools (88 samples) were lumpy/type 2 and 2 pools (12 samples) were hard pellets/typer.
The mean age for children with watery/type 5 stool was 1 year, younger than with loose/type 4 stool (2.7
years), smooth/type 3 (3.1 years), lumpy/type 2 (3.4 years) or pellet/type 1 (3.4 years). Caregivers reported
observing blood in the stool in the past seven days for 4/29 (13.8%) children with watery stool samples,
4/79 (5.1%) of children with loose samples, 2/59 (3.4%) of children with smooth samples, 5/88 of (5.7%)

children with lumpy samples and o/14 (0%) of children with pellet samples.

2.4.2 PREVALENCE

The most prevalent viral reads belonged to anelloviruses (10 of 29 pools), picornaviruses in the species
cosavirus A (9 of 29 pools), and salivirus A (8 of 29 pools). Several viruses/genotypes were more prevalent
in watery or loose stool compared to formed stool (Figure 2.1). For example, Norovirus GII was detected

in 5 of 12 (42 %) loose or watery pools and o of 17 formed pools.
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Figure 2.1: Prevalence of species/genotypes by mBSFS-C stool consistency category

Aichivirus A was detected in 3 of 12 (25 %) loose or watery pools and 1 of 17 (6%) formed pools. Human
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Figure 2.2: Viral abundance by mBSFS-C stool consistency category

mastadenovirus C was detected in 2 of 12 (17%) loose or watery pools and 1 of 17 (6%) formed pools. For
some viruses, such as salivirus, Human parechovirus 1, and Saporro virus, there did not appear to be a
difference in prevalence by stool consistency category. Human mastadenovirus D was only detected in 1

of 4 (25%) watery pools and no other pools. Rotavirus was not detected in any samples (Table 2.2 ).

2.4.3 ABUNDANCE

The most abundant reads belonged to the family Picornaviridae followed by Parvoviridae. Both Picor-
naviridae and Parvoviridae reads had the highest abundance in watery-consistency pools, followed by
loose, smooth and lumpy consistency with the lowest abundance in pellet-consistency pools (Figure 2.2).

The most abundant species/genotype, both in terms of absolute and relative abundance, was adeno-
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Table 2.2: Prevalence of species/genotype by mBSFS-C stool consistency category

Watery Loose Smooth ~ Lumpy Pellets Overall
N pools (children) N=4(29) N=8(79) N=6(59) N=9(88) N=2(14) N=29(269)
Adeno-associated dependoparvovirus A, AAV2 3 (75% o (0% 1(16.7% o (0% o (0% 4(13.8%

P P
Aichivirus A 1(25%)  2(25%) o(0%) 1(11.1%) o(o%) 4(13.8%)
Anellovirus 3(75%)  3(37.5%) 2(33.3%) 2(22.2%) o(o%) 10(34.5%)
Bufavirus 3 1(25%) o(0%) 1(16.7%) o(0%) o (0%) 2 (6.9%)
Cosavirus A 1(25%)  4(50%) 2(33.3%) 2(22.2%) o(o%) 9(31%)
Cosavirus D o(0%) 1(12.5%) o(o%) o (0%) o (0%) 1(3.4%)
Cosavirus E 1(25% o (0% o (0% o (0% o (0% 1(3.4%
S 3
Cosavirus E/D o (0% o (0% 1(16.7%) 1(11.1% o (0% 2 (6.9%
7
Enterovirus A, Coxsackievirus A14 o (0%) o (0%) o(0%) 1(11.1%) o(o%) 1(3.4%)
Enterovirus A, Coxsackievirus A16 1(25%)  2(25%) o (0%) o (0%) o (0%) 3 (10.3%)
Enterovirus A, Coxsackievirus A6 o(0%) 1(12.5%) o(o%) 2(22.2%) o(o%) 3 (10.3%)
Enterovirus B, Echovirus E14 o (0%) o(0%) 1(16.7%) 1(11.1%) 0(0%) 2 (6.9%)
Enterovirus B, Echovirus E16 1(25%) 1(12.5%) o(0o%) o (0%) o (0%) 2 (6.9%)
Enterovirus B, Echovirus E18 o(0%) 1(12.5%) 1(16.7%) 1(11.1%) o0 (0%) 3 (10.3%)
Enterovirus B, Echovirus E19 1(25%) o(o%) 1(16.7%) o(o%) o (o%) 2.(6.9%)
Enterovirus B, Echovirus E27 o(0%) 1(12.5%) o(0%) o (o%) o (o%) 1(3.4%)
Enterovirus B, Echovirus E6 o (0%) o(0%) 1(16.7%) 1(11.1%) o0(0%) 2 (6.9%)
Enterovirus C, Coxsackievirus A1 o(o%) 1(12.5%) o(0o%) o (0%) o (o%) 1(3.4%)
Enterovirus C, Coxsackievirus A13 o (o%) o (o%) o(o%) 1(11.1%) o(o%) 1(3.4%)
Enterovirus C, Coxsackievirus A17 o(0%) 1(12.5%) 1(16.7%) 1(11.1%) 1(50%) 4(13.8%)
Enterovirus C, Coxsackievirus A2o o (0%) 2(25%) 2(33.3%) o(o%) o (0%) 4(13.8%)
Enterovirus C, Enterovirus Cgg o (0%) o(0%) 1(16.7%) 1(11.1%) 0(0%) 2 (6.9%)
Hepatovirus A, Hepatovirus A_IB o (0%) 2(25%) 2(33.3%) o(o%) o (0%) 4(13.8%)
Human bocaparvovirus 1, Human bocavirus 1 o (o%) o (o%) o(0%) 1(11.1%) o(o%) 1(3.4%)
Human bocaparvovirus 1, Human bocavirus 3 1 (25%) o (0%) o(0%) 1(11.1%) o(o%) 2.(6.9%)
Human bocaparvovirus 2, Human bocavirus2 1 (25%)  2(25%) 1(16.7%) 1(11.1%) o (0%) 5 (17.2%)
Human bocaparvovirus 2, Human bocavirus 4 1 (25%) o (o%) o (o%) o (o%) 1 (50%) 2.(6.9%)
Human mastadenovirus A 1(25%) 1(12.5%) 1(16.7%) 2(22.2%) ©0(0%) 5 (17.2%)
Human mastadenovirus C 1(25%) 1(12.5%) 1(16.7%) ©0(0%) o (0%) 3 (10.3%)
Human mastadenovirus D o (0%) 2(25%) 2(33.3%) o(o%) o (0%) 4(13.8%)
Human mastadenovirus F 1 (25%) o (o%) o (o%) o (o%) o (o%) 1(3.4%)
Human picobirnavirus o(o%) 1(12.5%) o(o%) 1(11.1%) o(o%) 2(6.9%)
Norwalk virus, Norovirus GI o(0%) 3(37.5%) 1(16.7%) 2(22.2%) o(o%) 6 (20.7%)
Norwalk virus, Norovirus GII 2(50%) 3(37.5%) o(o%) o (0%) o (o%) 5 (17.2%)
Parechovirus A, Human parechovirus 1 1(25%) 2(25%) 2(33.3%) 1(11.1%) 1(50%) 7(24.1%)
Parechovirus A, Human parechovirus 17 o (0%) o (0%) o(0%) 1(11.1%) o (o%) 1(3.4%)
Parechovirus A, Human parechovirus 4 1(25% o (0% o (0% o (0% o (0% 1(3.4%
P
Parechovirus A, Human parechovirus s o(0%) 1(12.5%) o(o%) o (0%) o (0%) 1(3.4%)
Parechovirus A, Human parechovirus 6 o (0% o (0% o (0% 1(11.1% o (0% 1(3.4%
P 3.4

Parechovirus A, Human parechovirus 8 o (o%) o (o%) o(o%) 1(11.1%) o(o%) 1(3.4%)
Salivirus 2(50%) 1(12.5%) 1(16.7%) 3(33.3%) 1(50%)  8(27.6%)
Sapporo virus o(0%) 1(12.5%) o(o%) 2(22.2%) o(o%) 3 (10.3%)

Number of positive pools (%)

AAV2 = Adeno-associated virus 2
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Figure 2.3: Differential abundance: Loose/watery stool compared to formed stool

associated dependoparvovirus A, adeno-associated virus 2 (AAV2) followed by saliviruses, human bo-
cavirus 2, and echovirus Exg. The greatest differential abundance comparing loose or watery stool to
formed stool was for norovirus GII, followed by aichivirus A, AAV2, coxsackievirus A16, human mas-
tadenovirus, cosavirus A and anellovirus (Figure 2.3).

For norovirus GII, the abundance was 2656 reads in loose in watery consistency pools and o reads in
formed consistency with a differential abundance of 7.64 (95% CI 5.8 — 9.5, p=<o0.001) comparing loose
or watery stool to formed stool. For aichivirus A, the abundance was 5659 reads in loose or watery stool
compared to 86 reads in formed stool, with a differential abundance of 5.93 (95% CI 4.0-7.8, p=<o.001).
The abundance of AAV2 was 115,946 in loose or watery-consistency pools and 222 in formed-consistency

pools with a differential abundance of 5.81 (95%CI 16.0 - 27.6, p=<o0.001) (Table 2.3).
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Table 2.3: Differential abundance and log, fold change

Abundance in loose stool

Abundance in formed stool

Species (normalized value) (normalized value) log, fold change  p-value adjusted p-value
Norwalk virus, Norovirus GII 2656 (0.26) o (o) 7.64(5.8,9.5) <o.001 <0.001
Aichivirus A 5659 (0.38) 86 (0.01) 5.93(4.0,7.8) <o.001 <0.001
Adeno-associated dependoparvovirus A, AAV2 115946 (14.73) 222 (0.03) 5.81(3.9,7.7) <o.001 <0.001
Enterovirus A, Coxsackievirus A16 2561 (0.22) o (o) 4.85(3.1,6.6) <o.001 <0.001
Human mastadenovirus C 3023 (0.27) 449 (0.03) 3.84(2.2,5.5) <o0.001 <0.001
Cosavirus A 932 (0.09) 122 (0.02) 3.2(1.3,5) 0.001 0.003
Anellovirus 2515 (0.28) 427 (0.06) 3.09(1.2,5) 0.002 0.006
Parechovirus A, Human parechovirus 1 3545 (0.53) 1986 (0.24) 2.14(0, 4.3) 0.049 0.071
Enterovirus B, Echovirus E16 71447 (4.44) o (o) 1.21(0,2.4) 0.040 0.064
9 o
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Figure 2.4: Species richness according to mBSFS-C stool consistency category

2.4.4 RICHNESS AND ALPHA DIVERSITY

Species richness was highest in watery-consistency stool and decreased consistently as stool consistency

became firmer (Spearman’s r=-0.4s, p=o.013). The median number of distinct viruses was 6.5 (IQR 2.25)

for watery stool, 5.5 (IQR 2.5) for loose stool, 4.0 (IQR 3.75) for smooth-consistency stool, 3.0 (IQR 4)

for lumpy-consistency stool and 2.0 (IQR 1) for pellet-consistency stool (Figure 2.4).

There was no association between stool consistency and Simpson alpha diversity (Spearman’s r=-0.0s,

p=0.80) or Shannon alpha diversity (Spearman’s r=-0.08, p=0.67). With the Fisher alpha diversity met-
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ric, loose and watery stool appeared to be more diverse than formed stool, but the difference was not

statistically significant (Spearman’s r=-22, p=0.238) (Figure 2.).

2.5 DiscussioN

We document differences in the richness and composition of the pediatric enteric virome by stool consis-
tency. There was a marked and statistically significant decrease in the number of distinct virus species as
stool consistency became firmer, with the highest number of distinct species in watery (mBSFS-C type 5)
stool and the lowest number of distinct species in firm pellet stool (mBSFS-C type 1). Loose and watery
stool types were more likely to have norovirus GII, aichivirus A, adeno-associated dependoparvovirus A
- AAV2, coxsackievirus A16, human mastadenovirus C, cosavirus A and annelovirus compared to formed
stool.

Our findings regarding species richness contrast with many studies in the bacterial microbiome litera-
ture which report elevated species richness in healthy individuals and stool. For example, a study of the
fecal bacterial microbiome according to self-reported BSFS stool consistency and found that women with
looser stool had fewer distinct bacterial species compared to women with firmer stool *°. Virus richness,
unlike bacterial richness, may be a marker for disease rather than health. Stool consistency is often used
in symptomatic definitions of diarrhea, in particular, the World Health Organization definition (“three
or more loose or watery stools in a 24 hour period*”). Our findings of elevated species richness in watery
and loose stool support the content validity of consistency-based definitions as they relate to infectious
episodes of diarrhea.

Noroviruses are the leading cause of epidemic viral gastroenteritis globally*”. We detected norovirus
genotype Il and genotypeIin afifth of pools, with genotype I showing the highest differential abundance

in loose or watery stools compared to formed stools. Norovirus genotype IT has been shown to be elevated
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Figure 2.5: Alpha Diversity according to mBSFS-C stool consistency category
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in children with diarrhea and or gastroenteritis in many regions, including Africa****.

The second highest differential abundance we detected was for aichivirus A, which was detected 25%
of loose or watery pools and 6% of formed pools. Aichivirus A has been detected in stool samples from
children with diarrhea in France’°, Brazil¥, Tunisia’* and several countries in Asia***. We likewise found
an elevated abundance of adeno-associated dependoparvovirus A - AAV2 in loose or watery consistency
pools compared to formed consistency pools. AAV2 needs a helper virus, commonly an adenovirus, to in-
fect the gastrointestinal tract and it is not thought to be pathogenic or cause diarrheal disease”. However,
adeno-associated viruses have been detected in children with diarrhea using metagenomic sequencing®.
Indeed, we detected adenovirus in three of the four pools with detected AAV2 reads.

We also found an increased abundance of coxsackievirus A6 in loose or watery consistency pools com-
pared to formed pools. Coxsackievirus A16 is a leading cause of hand foot and mouth disease. Hand-foot
and mouth infections are common in young children and we suspect that age may confound the associ-
ation between stool consistency and coxsackie A16 abundance. In the median age-adjusted model, the
differential abundance of coxsackie A16 in loose or watery stools compared to formed stools decreased to
1.78, and the 95% confidence intervals included the null effect of 1.0.

Enteric human adenoviruses, primarily human mastadenovirus F, are considered the third leading
cause of nonbacterial bacterial diarrhea globally**7. We detected human mastadenovirus F in just one
watery pool with too few reads to detect a statistically significant difference. We did detect a signal for
higher differential abundance of human mastadenovirus C in loose or watery stool compared to formed
stool although the p-value was not statistically significant. Studies in Albania, Korea and Asia have all
detected human mastadenovirus C in children with diarrhea and gastroenteritis, but these studies lacked
healthy controls to compare prevalence”*°. A study of human adenovirus in diarrhea children in Tan-

zania did not find a difference in the prevalence of human mastadenovirus F between children with and
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without diarrhea but did report a human mastadenovirus C prevalence of 12.5% in diarrhea cases and
7.7% in controls (prevalence ratio of 1.6)”". Human mastadenovirus C may be an unrecognized cause of
pediatric diarrhea in Africa and warrants additional research with a larger sample size.

Cosavirus A was firstidentified 2008 and has since been recognized as a cause of diarrhea in children .
In our sample, Cosavirus A was 3.2 times more abundant in loose or watery stool compared to formed
stool. Additional un-pooled studies would help confirm if Cosavirus A may be a cause of loose or watery
stools in this population. Annelovirus is a nearly ubiquitous virus in human blood and its presence in the
pooled samples may indicate blood in the feces, particularly in loose and watery stool samples °**7. We did
not detect any rotavirus, a leading cause of pediatric diarrhea. In 2013, Ethiopia initiated a country-wide
vaccination campaign reaching a coverage of 85% by 2015 “*. Successful rotavirus vaccination may explain
why no rotavirus was detected in loose, watery or formed stool.

There are several limitations of this study that are important to consider. First, our samples were
pooled, reducing the effective sample size from 269 individual stool specimens to 29 pools. With a larger
sample size (smaller pools) or individually run samples, we would have had more statistical precision for
evaluating differences in the fecal virome by measured stool consistency. However, pooling has been
shown to be an efficient strategy to accurately estimate prevalence when resources are limited **7 Sec-
ond, the kappa measuring agreement between the laboratory technicians stool consistency grades was .72,
introducing some possible misclassification of stool consistency into our analyses. This misclassification,
likely non-differential, would on average bias any associations towards the null. Third, laboratory staff
were not masked to the consistency of the pools when running the analyses. However, the samples were
processed in an arbitrary order, not according to stool consistency. Fourth, we did not run any of the
pools in duplicate to assess repeatability. Finally, fecal specimens were stored without media, although

this should not affect identification of viruses as it would for bacteria.
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Despite these limitations, our study had several strengths. Unlike many comparable studies using tar-
geted PCR to detect specific pre-specified viruses, we used a metagenomic approach allowing systematic
and unbiased characterization of the stool virome. We applied modern statistical tools developed for mi-
crobiome analysis, enabling a comprehensive view of the entire fecal viral community. Our study was
also population-based, enrolling a representative sample of all children in the community, both healthy
and sick.

In conclusion, we found differences in the pediatric fecal virome by stool sample consistency as mea-
sured by the modified Bristol Stool Form Scale for Children (mBSFS-C). Watery and loose stools had
greater species richness compared to formed stools and were more abundant in norovirus GII, aichivirus
A, AAV2 and human mastadenovirus C. Our results suggest that loose or watery stool, as measured by
the mBSFS-C, may signal enteric viral infection in young children. Additional studies with larger samples

sizes are warranted to confirm these findings.
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Quantitative Bias Analysis for Misclassified
Pediatric Diarrhea in a Cluster-Randomized

Water Intervention Trial
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3.1 ABSTRACT

Diarrhea is a major contributor to global child morbidity and mortality. Most trials measure diarrhea
using caregiver-reported symptoms, which are prone to substantial measurement error. Bias analysis can
be used to estimate the direction, magnitude and uncertainty arising from misclassified outcomes. Our
objective is to report the effect of a water intervention trial on caregiver-reported pediatric diarrhea, and
to perform bias analysis to estimate the effect of the intervention accounting for misclassified diarrhea.
Fourteen communities were selected for the trial, with half randomized to a water point intervention and
the other half to control. Caregivers were asked to report if children had three or more loose or watery
stools in a 24-hour period anytime in the past seven days. We used logistic regression, along with robust
standard errors to accommodate clustering within communities, to estimate the effect of the intervention
on caregiver-reported diarrhea and assessed bias using several methods: a two-by-two correction, prob-
abilistic bias analysis with uniform, logit-normal and triangular probability functions, and a regression
correction approach. From an internal validation study, the sensitivity of caregiver-reported stool con-
sistency 53.3% (95 % CI: 40.6, 65.7) and the specificity was 94.2% (95 % CI: 87.6, 97.4). We used these
parameters as estimates for misclassification of caregiver-reported diarrhea. The uncorrected odds ratio
(OR) was 1.2 (95% CI: 0.62, 2.32); the two-by-two bias-corrected OR was 1.37 (95% CI: 0.57, 3.3); the prob-
abilistic bias-corrected OR with the logit-normal distribution was 1.36 (95% CI: 0.81, 2.24) and regression
correction OR was 1.36 (95% CI 0.77, 2.38). For both the observed and bias-corrected estimates children
the intervention arm had a slightly higher odds of reported-diarrhea, however confidence intervals for all
estimates included the null. The confidence intervals for all bias-corrected methods were wider than the
uncorrected confidence intervals. Bias analysis did not reveal a corrected protective effect of the water-

improvement intervention. Larger trials with more precise effect estimates may be more informative
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targets for misclassification bias analysis.

3.2 BACKGROUND

Diarrhea is a leading cause of global child morbidity and mortality with an estimated 2 billion cases and
525,000 deaths every year'. Ethiopia has the fourth largest burden of diarrhea mortality globally and the
second highest in Africa”. In Ethiopia, diarrhea is the second-leading cause of death among children
under five, causing more deaths than HIV, TB and malaria combined™. Most epidemiologic studies,
surveillance programs and trials measure diarrhea using caregiver-reported symptoms often using the
World Health Organization (WHO) definition of diarrhea “three or more loose or watery stools in a
24 hour period’.” In three recent systematic reviews of water, sanitation and hygiene (WASH) interven-
tion trials to prevent pediatric diarrheal disease, all 22 studies used caregiver-reported symptoms to classify
diarrhea®*7*. In a 2015 review of s5 studies of water quality interventions for reducing diarrheal disease,
36 used the WHO definition and 11 used another symptoms-based report™. Caregiver-reported symp-
toms are prone to substantial measurement error*'. Often there are incentives for caregivers to misreport
symptoms such as establishing rapport with the interviewer, the promise of treatment or avoiding embar-
rassment **7*. Additionally, questions about child’s symptoms can be misunderstood or the caregiver
may simply not know the answer. Moreover, in water, sanitation and hygiene infrastructure trials, it is
often impossible to mask the intervention and control groups, presenting an opportunity for differential
reporting of the outcome with respect to exposure’*. Caregivers may overreport or underreport symp-
toms based on their intervention group. While water, sanitation, and hygiene improvements are widely
thought to reduce and/or prevent pediatric diarrhea, evidence from rigorously conducted randomized
trials is scarce. In fact, five recent randomized trials, in Mali, India, Kenya and Bangladesh found no ef-

fect of WASH interventions on pediatric diarrhea”™7?. Misclassification of binary outcomes introduces
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systematic bias that can mask true effects** and is one potential explanation for why trials do not discern
a measurable effect of WASH interventions on pediatric diarrthea. When misclassification probabilities
(ie sensitivity and specificity) are known, bias analysis can be used to estimate the direction, magnitude
and uncertainty arising from misclassified outcomes®. Most bias analysis tools readily available and famil-
iar to epidemiologists use summary two-by-two tables, which cannot account for clustering of standard
errors or for covariates. In contrast, Neuhaus (1999, 2002) developed a general approach to incorporate
outcome misclassification into any binary regression. The approach requires known estimates of sensitiv-
ity and specificity which can come from external validation studies. Despite these advantages, regression
correction approaches have not been adapted into routine epidemiological workflows.

Our objective is to report the effect of a water intervention trial on caregiver-reported pediatric diar-
rhea, and to perform quantitative bias analysis to estimate the effect of the intervention accounting for
misclassified diarrhea. We use three bias analysis approaches: 1) the traditional 2 by 2 correction, whereby
a summary two-by-two table of exposure and outcome is corrected by re-allocating the numbers in each
cell based on the sensitivity and specificity of the outcome® 2) probabilistic bias analysis, which uses
probability distributions to describe the misclassification parameters then generates corrected distribu-
tions using Monte Carlo sampling®, and 3) a regression correction approach whereby a binary regression

is corrected for with specified sensitivity and specificity ***.

3.3 METHODS

3.3.1 TRIAL DESIGN

We conducted a cluster-randomized trial of a water improvement intervention in Ethiopia from April

2014 through April 2016 (clinicaltrials.gov NCTo02373657) The intervention was primarily targeted at

42



reducing trachoma, and the primary outcome was ocular chlamydia infection in children. Fourteen com-
munities were selected for the trial, with half randomized to a water point intervention and the other half
to control. The study design and methods for the trial are described in detail elsewhere. The intervention
consisted of building a new hand dug well in each community. The baseline visit for the trial occurred in

April 2014 and the final study visit occurred in April 2016. April is the dry season in this region.

3.3.2 STUDY SAMPLE AND SELECTION

The trial study took place in a rural agrarian region in the Goncha Siso Enese district (woreda) of Amhara,
Ethiopia. Woredas in Ethiopia are divided into administrative units known as kebeles, and at the time of
the study, kebeles were subdivided into government-defined units known as state teams. State teams,
which consisted of approximately 275 people in our study area, are termed communities in this paper.

A door-to-door population census was taken in all communities approximately two years following
initiation of the intervention. All children aged o-5 years (i.e., up to but not including the sixth birth-
day) enumerated on the census were eligible to participate in the two-year monitoring visit, which was

conducted approximately 4 weeks following the census.

3.3.3 DIARRHEA ASSESSMENT

At the time of the monitoring visit, each child’s caregiver was asked if the child had experienced three or
more loose or watery stools either (A) today, (B) yesterday, or (C) during a 24-hour period over the past 1
week. If any of these were answered aflirmatively, the number of stools and presence of blood in the stool
was documented. The responses were used to generate three definitions of diarrhea: (1) three or more
loose or watery stools, (2) blood in the stool and (3) three or more watery stools and fever) over three time

points (today, yesterday and in the past seven days)*. The primary diarrhea outcome for the trial was
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pre-specified as three or more loose or watery stools in a 24-hour period anytime in the past seven days.

Trained field staff asked all the questions according to a standardized protocol.

3.3.4 STATISTICAL METHODS
TRIAL OUTCOME

We used binomial, logit-link generalized estimating equations (GEE) with robust standard errors to esti-
mate the effect of the intervention on the nine caregiver-reported definitions of diarrhea. From the GEE
logit coefficients, we calculated both the odds ratio and the prevalence ratio for the effect of the water

intervention on reported diarrhea®.

MISCLASSIFICATION PARAMETERS

We used sensitivity and specificity estimates for caregiver-reported stool consistency from an internal val-
idation study to approximate the misclassification parameters for caregiver-reported diarrhea. Details for
the validation study are described in detail elsewhere*'. In brief, we collected stool samples from chil-
dren and compared the caregiver’s report of stool sample consistency to that of two trained laboratory
technicians. the sensitivity of caregiver-reported stool consistency was 53.3% (95 % CI: 40.6, 65.7) and
the specificity was 94.2% (95 % Cl: 87.6, 97.4). The unweighted kappa for the two laboratory technician
grades was 0.51 (95 % CI: 0.40, 0.61) and the quadratic-weighted kappa was 0.72 (95 % CI: 0.59, 0.85). We
considered the possibility of differential misclassification; ie if validity of reported symptoms is different
in intervention verses control communities. In the water intervention communities, the sensitivity was
49.0% (95 % CI: 37.1, 61.1) and the specificity was 96.0% (95 % CI: 87, 98.8) and in the control communities
the sensitivity was 57.4% (95 % CI: 35.1, 77.1) and the specificity was 92.5% (95 % CI: 79.2, 97.6). However,

the p-value evaluating a difference in sensitivity by study arm was o.s1 and for specificity it was 0.43. We
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used 99% confidence intervals to guide the probability density distribution inputs.

SIMPLE BIAS ANALYSIS

We calculated the bias-corrected odds ratio and prevalence ratio under two different scenarios: differential
misclassification of the outcome (diarrhea) with respect to exposure (water intervention assignment) and
non-differential misclassification. We followed the misclassification bias-correction methods described by
Greenland (1996), Rothman (2008) and Lash (2011) *»*»*7. In brief, each cell in the observed two-by-two
summary table is corrected using the misclassification parameters (sensitivity and specificity) to estimate
the expected truth given the misclassification probability**. For example, the cell that is outcome positive
and exposure positive is multiplied by the sensitivity of the outcome measurement and added to the
value of the cell that is disease negative and exposure positive multiplied by one minus specificity. We
used bootstrapping with sooo replicates to estimate the 95% confidence intervals for the corrected ORs

and RRs.

PROBABILISTIC BIAS ANALYSIS

We used probabilistic bias analysis to explore a range of misclassification probabilities with three prob-
ability distributions (uniform, logit-normal and triangular) under differential and non-differential sce-
narios”. The parameters defining these distributions are listed in Table 3.1. We then used Monte Carlo
sampling from the misclassification probability distribution with 10,000 iterations to generate frequency
distributions for the corrected measures of effect. The median value of the frequency distribution de-
scribes the corrected measure of association and the 2.5th percentile and 97.5th percentile of the distri-
bution indicate the limits in which 95% of corrected measures of association lie. We then plotted the

relationship between sensitivity/specificity and the corrected OR and PR.
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Table 3.1: Probability distribution parameters

Non-differential Differential
Sensitivity ~ Specificity Sensitivity Specificity

Intervention Control Intervention Control
Uniform Min 40.0% 70.0% 40%* 40%* 70%™** 70%**
Max 99.9% 99.9% 99.9%" 99.9%" 99.9%™  99.9%"
Logit-normal Location 53.3% 94.2% 49.0% 57.4% 96.0% 92.5%

Scale 0.9 0.9 0.9 0.9 0.9 0.9
Lower bound shift 32.5% 80.2% 29.7% 22.5% 73.8% 63.2%
Upper bound shift 73.0% 98.5% 68.7% 86.2% 99.5% 98.9%
Triangular Lower limit 32.5% 80.2% 29.7% 22.5% 73.8% 63.2%
Upper limit 73.0% 98.5% 68.7% 86.2% 99.5% 98.9%
Mode 53.3% 94.2% 49.0% 57.4% 96.0% 92.5%

*correlation for: sensitivity = .5; **correlation for specificity = .5

Triangular and Logit-Normal distributions based on 99% Cls from validation study

REGRESSION CORRECTION

We also estimated the bias-corrected odds ratios and prevalence ratio using a regression correction method

developed by Neuhaus (1999 & 2002)**" for both a generalized linear model (GLM) and a GEE with

robust standard errors to account for clustering by community. Details describing the link function spec-

ification can be found in the appendix. For both the GLM and GEE, we specified custom forward and

inverse logit link functions with the parameter 3, = 1 — Specificity, and y, = 1 — Sensitivity (Equations

3.1 & 3.2). We adapted the original SAS GLM approach to run in R and developed the GEE approach in

R.

Forward logit link : ¢g(u) = log(
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Inverse logit link : g(y) = I+ e 7o

Misclassification parameters (sensitivity and specificity) were estimated in in Stata 15 (StataCorp, Col-
lege Station, TX). All other statistical analyses were performed in R version 3.4.2 (R Foundation for Sta-
tistical Computing, Vienna, Austria) using R Studio version 1.1.383. We used the episenr package for the

simple and probabilistic bias analyses ™.

3.3.5 ETHICS STATEMENT

Ethical committees at the University of California (San Francisco, CA, USA); Emory University (Atlanta,
GA, USA); The Food, Medicine and Health Care Administration and Control Authority of Ethiopia;
and the Ethiopian Ministry of Science and Technology granted approval for this study. We obtained

verbal informed consent in Ambharic from all caregivers.

3.4 RESULTS

3.4.1 CHARACTERISTICS OF THE STUDY POPULATION

Of 446 censured children who were eligible to participate, 317 children presented for the study visit exam-
ination and 315 caregivers responded to questions about diarrhea symptoms. The mean age of children
with stool samples was 2.8 years old, s1.7% (163/269) of children were male. Population characteristics by
study arm are described in Table 2.

Table 2: Study population characteristics
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Table 3.2: Study population characteristics

Treatment arm

Water point Control
n=7 communities n=7 communities
Total number of children Is5s 160
Children per community (median (min - max) 18 (16-38) 14(10-39)
Age in yrs (mean (sd)) 2.93 (2.02) 2.67 (1.71)
Male 68 (43.9) 84 (52.5)
Caregive role
Mother 85 (57.0) 97 (63.0)
Father 16 (10.7) 11(7.1)
Aunt 5(3.4) 5(3.2)
Uncle 4(27) 7(4.5)
Guardian 1(0.7) 1 (0.6)
Other 32 (21.5) 26(16.9)
Self 6(4.0) 7 (4.5)

3.4.2 TRIAL RESULTS

Using the prespecified diarrhea definition of an episode of three or more loose or watery stools in 24
hours at any point in the past seven days, 28.6% (42/155) of children in the water intervention arm and
24.8% (38/160) of children in the control arm had a reported an event of diarrhea (prevalence ratio (PR)
=117 (95% CI: 0.6, 2.26); OR = 1.2 (95% CI 0.62, 2.32); p = 0.571). The ICC was 0.0271. There was no
indication for a protective effect of the water intervention on any of the nine diarrhea definitions (Table
3). The difference in age-adjusted diarrhea prevalence between intervention and control arms is depicted
in Figure 3.1.

Table 3: Reported Diarrhea Today, Yesterday and in the Past 7 days

3.4.3 SIMPLE BIAS ANALYSIS

For the primary diarrhea outcome, the corrected estimate for the PR was 1.20 (95% CI: 0.72, 1.97) and the

OR was 1.37 (95% CI: 0.57, 3.3) under non-differential assumptions. Under differential assumptions, the
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Table 3.3: Probabilistic Bias Analysis Results

PR (95% CI)

OR (95% CI)

Observed

1.17 (0.6, 2.26)

1.2 (95% CI: 0.62, 2.32)

Uniform

Non-differential

1.36 (0.87, 4.88

1.50 (0.82, 5.44)

( )
Differential 1.19 (0.16, 9.98) 1.27 (0.13, 13.68)
Logit-normal Non-differential ~ 1.21(0.83, 1.74) 1.36 (0.81,2.24)
Differential 1.73 (1.10, 2.79) 2.29(1.23, 4.34)
Triangular Non-differential ~ 1.26 (0.85, 1.90) 1.41 (0.84,2.44)
Differential 1.64 (0.72, 13.12) 2.07 (0.65, 20.82.)

PR = Prevalence Ratio; OR = Odds Ratio

corrected PR was 1.64 (95% CI: 0.96, 2.75) and the corrected OR was 2.49 (95% CI: 0.93, 6.36).

3.4.4 PROBABILISTIC BIAS ANALYSIS

Results for the probabilistic bias analysis using uniform, logit-normal and triangular distributions are
presented in Table 3.3. Confidence intervals for nearly all estimates included 1, except for logit-normal dif-
ferential corrections for both the PR and PR. OR estimates and upper bounds were farther from the null
compared to the PR. Upper bound estimates were more extreme for differential misclassification under a
uniform and triangular distribution. In the non-differential misclassification analysis, corrected PR and
OR estimates were highly dependent on the specificity of the outcome measurement (Figure 3.2). In the
differential misclassification analysis, corrected PRs and ORs increased with increasing absolute differ-
ences in sensitivity and specificity (Figure 3.3). The absolute difference in specificity strongly influenced

the corrected effect estimate. The majority of corrected estimates lay within the 95% CI for the observed

estimate, which included the null value (1.0).
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3.4.5 REGRESSION CORRECTION

For the GLM, the corrected PR was 1.27 (95% CI: 0.87, 1.53) and the corrected OR was 1.38 (95% CI 0.88,
2.13). For the GEE with robust standard errors, the corrected PR was 1.26 (9% CI: 0.71, 2.21) and the

corrected OR was 1.36 (95% CI 0.77, 2.38).

3.5 DiscussioN

We found no evidence for a reduction in reported diarrhea symptoms after two-year water-improvement
intervention in rural Ethiopia. When we corrected for error in reported diarrhea symptoms, the effect
of the water intervention remained null. The uncorrected point estimate suggested children in the con-
trol arm had r.17 times higher prevalence of diarrhea, however the 95% confidence intervals were wide
and included both a protective effect (.66) with an upper limit of 2.26. The misclassification corrected
point estimates were all farther from the null (1.3, 1.4, 1.5) and the confidence intervals were wider than
the uncorrected estimate. The bias-corrected estimate and 95% confidence intervals from the GEE with
the regression correction method is likely the most accurate because they account for clustering by com-
munity.

The lack of evidence supporting a reduction in diarrhea after the two-year water intervention is consis-
tent with recent large cluster-randomized water, sanitation and hygiene trials. In a two-year randomized
trial of a comprehensive water, sanitation and hygiene intervention in Kenya, Null and colleagues found
that the post-intervention 7-day prevalence of diarrhea was 277.0% in the control arm and 27.7% in the in-
tervention arm with a prevalence ratio of 1.02 (0.92-1.14) 7. The sister trial in Bangladesh similarly found
no evidence supporting a reduction in diarrhea with prevalence ratio of 0.89 (95%ClI: 0.70-1.13)7°. Both

trials used caregiver-reported symptoms to measure diarrhea.
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This study had several limitations that are worth considering. First, Of the 6 constructed wells, 3 were
functional year-round, 2 were functional in the wet season only, and 1 ceased functioning after 3 months.
While this productivity is sub-optimal, it is comparable to many real-word water interventions and thus
the results can be interpreted as a reasonable implementation effect. Second, we have no baseline diar-
rhea measurements from the control communities. The relatively small number of clusters increase the
possibility of finding these results simply by chance. However, the reported diarrhea prevalence in the
intervention communities alone did not decrease over the two-year intervention period. Third, we used
estimates of misclassification in caregiver-reported stool consistency taken from an internal validation
study to estimate misclassification of caregiver-reported diarrhea. Diarrhea is a composite outcome incor-
porating both reported stool consistency and frequency. It is unlikely the misclassification of reported
consistency would be the same as reported frequency.

Despite these limitations, our study had several strengths. We present experimental evidence for the
effect of a water intervention on reported diarrhea in the Amhara region of Ethiopia. After an internal
validation study demonstrated misclassification in the caregiver-reported stool consistency outcomes, we
decided to report both the standard caregiver-reported diarrhea outcome and implemented quantitative
bias analysis tools to estimate the direction and impact of misclassified diarrhea on point estimates and
confidence intervals. We used three different bias correction approaches included a regression correction
approach, which can adjust the standard errors for clustering by community. These methods can also
be implemented in observational studies where adjustment for covariates is necessary. We adapted these
techniques for use in the R programming language and have made our code freely available for others to
implement.

The extremely low sensitivity of caregiver-reported stool consistency is a possible explanation why so

many trials do not discern an impact of water, sanitation and hygiene improvements on childhood diar-
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rhea*'. However, even when accounting for misclassified symptoms we did not discern a protective point
estimate. Symptom-based diarrhea outcomes are compromised in other ways. Most notably, diarrhea has
both infectious and non-infectious etiologies which cannot be distinguished using symptom-based mea-
sures**. Moreover, many enteric pathogens produce both symptomatic and asymptomatic infections,*’
focusing on symptomatic diarrhea misses asymptomatic infections. Measuring enteric infections directly
from stool rather than relying on symptoms alone may be an informative alternative outcome measure

for clinical trials and epidemiologic studies of diarrheal disease.
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