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ABSTRACT

Introduction: Despite clear linkages between provision of clean water and improvements in 
child health, limited information exists about the health impacts of large water infrastructure 
improvements in low-income settings. Billions of dollars are spent annually to improve urban 
water supply, and rigorous evaluation of these improvements, especially targeting informal 
settlements, is critical to guide policy and investment strategies. Objective measures of infection 
and exposure to pathogens, and measures of gut function, are needed to understand the 
effectiveness and impact of water supply improvements. 

Methods and analysis:  In the PAASIM study, we examine the impact of water system 
improvements on acute and chronic health outcomes in children in a low-income urban area of 
Beira, Mozambique, comprising 62 sub-neighborhoods and ~26,300 households. This 
prospective matched cohort study follows 548 mother-child dyads from late pregnancy through 
12 months of age. Primary outcomes include measures of enteric pathogen infections, gut 
microbiome composition, and source drinking water microbiological quality, measured at the 
child’s 12 month visit. Additional outcomes include diarrhea prevalence, child growth, previous 
enteric pathogen exposure, child mortality, and various measures of water access and quality. 
Our analyses will compare a) subjects living in sub-neighborhoods with the improved water to 
those living in sub-neighborhoods without these improvements; and b) subjects with household 
water connections on their premises to those without such a connection. This study will provide 
critical information to understand how to optimize investments for improving child health, filling 
the information gap about the impact of piped water provision to low-income urban households, 
using novel gastrointestinal disease outcomes.

Ethics and dissemination: The study was approved by the Emory University Institutional 
Review Board and the National Bio-Ethics Committee for Health in Mozambique. The pre-
analysis is published on the Open Science Framework platform (https://osf.io/4rkn6/). Results 
will be shared with relevant stakeholders locally, and through publications. 
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STRENGTHS AND LIMITATIONS OF THE STUDY

 This matched cohort study of an urban water supply improvement project will provide 
critical information about the health impacts of providing piped water and household 
connections to low-income households.

 We employ rigorous measures of exposure and novel and objective outcome measures, 
including gut microbiome composition and molecular detection of enteric pathogens.

 The study design allows for examination of both neighborhood and household-level 
effects of water supply improvements. 

 As a natural experiment, we are unable to randomize the intervention, leading to potential 
residual confounding.

 We are unable to examine the impacts of all aspects of the city-wide water improvement 
project, due to lack of comparable populations, and instead focus only on the low income 
neighborhoods. 
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1. INTRODUCTION

Large-scale provision of disinfected, treated drinking water is considered one of the greatest 

public health achievements of the 20th century[1] and played an important role in improving child 

health in high-income countries.[2] In low-income countries with high burdens of infectious 

diseases, inadequate water, sanitation, and hygiene (WASH) conditions are strongly associated 

with poor child health outcomes, including diarrheal diseases, responsible for >400,000 deaths of 

children <5 annually,[3,4], and linear growth faltering, underlying 15-17% of mortality of children 

<5.[5] In Mozambique 27% of stunting is attributed to unimproved water and sanitation.[6]

1.1. Robust studies of the health impacts of community water supply are needed

Rapid urbanization is occurring globally, with urban areas expected to account for 96% of the 

additional 1.4 billion human population by 2030[7] and 68% of the global population expected to 

live in urban areas by 2050.[8] While sub-Saharan Africa is still predominantly rural, by 2050 the 

continent is projected to be 56% urban.[9] To cope with urban growth, expanded infrastructure 

and services in cities and peri-urban areas will be essential.[7] In 2014 alone, over US$4.4 billion 

was committed to WASH in sub-Saharan Africa, with the majority going to improve water 

supply.[10] Implementation challenges in lower-income settings—such as intermittent service and 

pathogen intrusion in the distribution system due to pipe breaks, pressure drops, or illegal 

connections—limit the potential for engineered systems to provide a continuous supply of treated 

drinking water directly to homes, in adequate quantities to improve hygiene.[11,12] Given the 

considerable investment in providing piped services to low-income communities, rigorous 

evaluation of community-scale water provision is critical, to understand the real-world 

effectiveness and health impact of such systems in low-income contexts.[10,13,14]  
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Despite the clear biological link between safe water and child health and development, limited 

information exists about the health impacts of large water infrastructure improvements in low-

income settings. A small number of studies have evaluated upgrades from intermittent to 

continuous water delivery in urban areas,[15] or localized improvements to water quality at shared 

water points.[16] Other studies have evaluated sanitation interventions, without examining 

drinking water or combined water and sanitation interventions.[17] A recent review of 

interventions to improve water quality globally found no studies evaluating reliable piped-in water 

supplies delivered to households and specifically called for rigorous research to assess the health 

impact of reticulated water supply systems.[18] The review concluded that “there is currently 

insufficient evidence to know if source-based improvements such as protected wells, communal 

tap stands, or chlorination/filtration of community sources consistently reduce diarrhoea.” A 

World Health Organization (WHO) review of drinking water and sanitation on diarrhoeal disease 

in low- and middle-income settings concurs, stating that "evidence from well-conducted 

intervention studies assessing exclusive use of adequate access and supply of safe water…is still 

very limited.”[19] One reason for this limited evidence is that community-scale interventions are 

difficult to study using randomized control trial (RCT) methodology – the gold standard for causal 

inference. It is often infeasible to randomize intervention groups due to policy, planning, and 

engineering considerations, and lack of adequate comparison groups. As such, alternative quasi-

experimental designs must be applied.[20–22] 

The predominance of studies in the WASH sector have focused on household- and compound-

level interventions because they lend themselves more readily to RCT methodology. Outside of 

the few aforementioned studies of community-wide infrastructure improvements, evaluations of 

the health impact of water quality improvements in low-income settings often focus on household 
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water treatment such as boiling, chlorinating or filtering water, with studies predominantly 

conducted in rural settings.[18] Results of these trials have been mixed, since household-based 

approaches have various limitations, including low uptake and inconsistent use,[23,24] post-

treatment contamination,[25–28] and a poor record of sustained use.[29,30] Household water 

treatment interventions do not increase water quantity and availability and typical household 

WASH interventions are likely insufficient to prevent growth faltering in most cases.[31–34] 

It is crucial to assess the impact of community-scale infrastructure improvements,[21] as this 

is an area that is particularly relevant to inform aid agencies, development banks, and other policy 

makers.[35] The area of most rapid growth in water access is via piped water supply connections, 

not household water treatment, and larger infrastructure interventions are also critical to achieving 

the scale of water supply improvements necessary to make impactful changes.[36]

1.2. Objective measures of gut health are needed

A vast majority of WASH studies use as their primary health outcome caregiver-reported 

diarrhea, primarily because acute diarrheal illness is responsible for ~10-12% of all deaths in 

children <5.[37,38] However, diarrhea is an unreliable outcome due to courtesy, social desirability 

and recall bias,[39] local definitions of diarrhea,[40–44] other self-reporting issues,[39,45–47] and 

the multiple potential etiologies of diarrhea symptoms.[48] Such biases are especially problematic 

where interventions cannot be blinded as is mainly the case for water interventions. Shedding of 

enteropathogens, organisms that cause acute gastrointestinal illness, provides an unambiguous 

indicator of current infection, and increasingly is being used in the WASH field.[31,49,50] 

Advances in diagnostic techniques make it feasible to test for a wide variety of enteric pathogens 

simultaneously.[51,52] It is useful to understand enteric pathogen infections because chronic and 
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repeated enteric pathogen infections in the first two years of life—with or without symptomatic 

diarrhea—are associated with serious morbidities, including gut impairment, growth shortfalls, 

and cognitive deficits by ages 7-9 years.[53–59] Such outcomes can have profound impact on 

health, development and well-being of individuals, communities, and entire countries.[60,61] 

Host-level gastrointestinal conditions affected by environmental determinants, such as gut 

microbiome composition, may also help explain the long-term sequelae of enteric infections. 

While there is evidence of differences in gut microbiome composition across different cultures, 

regions, and populations,[62–67] and environmental conditions,[68] to date specific WASH 

determinants of these differences, such as access to piped water, have not been evaluated using 

explicit counterfactuals. Thus measures of gut microbial conditions provide objective outcomes to 

more accurately measure the effect of WASH interventions[69,70] and capture long-term 

sequelae,[71] resulting in a more complete understanding of the health impacts.[72] 

1.3. Overview of study

In the PAASIM study (Pesquisa Sobre o Acesso à Água e a Saúde Infantil em Moçambique - 

Research on Access to Water and Children's Health in Mozambique), we address a series of 

questions about the impact of community-level water system improvements on acute and chronic 

health outcomes in children in a low-income urban area of Mozambique. This matched-control 

cohort study follows mother-child dyads from late pregnancy through children 12 months of age, 

examining the impact of living in an area with an improved water network and/or having a 

household water connection on a variety of aspects of access to drinking water, microbes in the 

child gut (including both pathogens and other resident gut microbes), and ultimately downstream 

health outcomes (including diarrhea prevalence and growth) (Figure 1). This study will provide 
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critical information for agencies who seek to understand how to optimize investments for 

improving child health, helping to fill the information gap about the impact of providing piped 

water to urban, low-income households by isolating the effects of major community-level water 

supply improvements on novel gastrointestinal disease outcomes. 

2. METHODS & ANALYSIS

2.1. Study setting and description of the intervention

Our study site is the coastal city of Beira, the second largest city in Mozambique (population 

~530,000),[73] which serves as a gateway for both the central interior portion of the country and 

a trade corridor to neighboring land-locked nations. The center of Beira is bordered by unplanned, 

informal settlements inhabited by over 300,000 low-income residents who often 

disproportionately feel the impact of severe weather due to lack of infrastructure.[74] A 2018 

survey in Beira by Water & Sanitation for the Urban Poor (WSUP) showed that of 5,643 

respondents, only 28% had a household water connection, and among those households without a 

connection, 83% used their neighbor’s tap as their main source of water (unpublished data, 

courtesy of WSUP). Therefore, improvement of water supply and delivery infrastructure is a 

priority.

The World Bank funded the Water Service & Institutional Support (WASIS-II) Project in 2016 

to address the low access to improved water supply in Mozambique,[75] investing $140 million 

with the Mozambican public institutions FIPAG (responsible for the public and private investment 

program in urban water supply systems that serves as the water utility in Beira) and AURA, IP 

(the water regulatory authority responsible for the economic regulation and consumer protection 

of service provision). In addition, improvements in Beira are being augmented by investments 
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from other groups, in particular the Dutch government, through infrastructure upgrades as well as 

emergency response funds following Cyclone Idai in 2019.[76] Improvements in the city of Beira 

include rehabilitation of water treatment facilities, replacing existing pipe mains that are failing, 

reticulation of water supply to new areas previously without water service, improving service in 

areas with poor coverage or low water pressure, and subsidizing water connection fees for the 

poor.

2.2 Study design

Several aspects of a city-wide water supply improvement project pose challenges to 

implementing a rigorous epidemiological study, particularly as people living in neighborhoods 

with piped water often differ in myriad ways from people living in neighborhoods without piped 

water. Water improvements to communities are often based on the needs or demographics of the 

community, government or donor priorities, and engineering considerations. Provisions of water 

supply to new areas previously without water service—or dramatic improvements in access and 

availability—represent a fundamental development that changes the livability and sometimes the 

makeup of the community. These issues lead to difficulty in finding a comparable control group 

for epidemiological comparison. Furthermore, rollouts of water interventions often happen in 

continuous phases over time, and these changes might coincide with other events or community 

improvements that similarly impact health, making it difficult for that community to serve as its 

own control in a pre post design. 

By using a prospective matched cohort in this unique context of an ongoing natural experiment, 

we are able to overcome many of these difficulties. The prospective nature of our study allows 

better control of confounding through matching, restriction, and rigorous and thoughtful collection 
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of potential control variables. We specifically focus on one region of the city (Figure 2), where 

some neighborhoods received water system improvements focused on preventing water losses 

through replacement of the distribution system pipe system in dense, low-income settings; other 

neighboring areas with similar demographic characteristics did not receive these improvements. 

Neighborhood-level matching took place in the context of a natural experiment, where the delayed 

rollout across the city allows us to find and compare intervention and control neighborhoods that 

are similar in many ways, before the rollout eventually reached all potential control areas.

The Water Loss Reduction Project represents a subset of the improvements being carried out 

by FIPAG, with co-funding from the Dutch government and the World Bank WASIS-II project. 

The improvements are designed to reduce illegal connections, thereby increasing the water 

pressure and quality and increasing the system’s capacity for household connections. These areas 

also received some benefits related to improvements to the water intake and distribution systems. 

FIPAG undertook a campaign to offer new connections to households. These improvements were 

completed in some informal settlements in these low income areas of the city in 2019, with other 

adjacent neighborhoods with similar density and socioeconomic profile slated for completion in 

future years but not within the timeframe of our study. These specific distribution system upgrades 

therefore represent a unique opportunity to examine the impacts of community-scale water 

improvements with neighboring communities who did not receive the intervention serving as 

control areas for comparison. The neighborhoods under study are also in the lowest income—and 

therefore highest need areas of the city. 

We will perform analyses that take into account the four factorial possible household types, 

based on mother-child dyad living in a sub-neighborhood with or without the improved water 

network and with or without a household connection (Figure 3). Our primary analyses focus on 
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assessing A) the total network effect, by comparing subjects living in sub-neighborhoods with the 

improved water network (Household Types 1 and 2) to those living in sub-neighborhoods without 

these improvements (Household Types 3 and 4); and B) the direct household connection effect, by 

comparing subjects with household water connections on their premises (Household Types 1 and 

3) to those without a connection (Household Types 2 and 4). Depending on the results of these two 

primary analyses, secondary analyses may evaluate the other comparisons depicted in Figure 3. 

The reasons for some neighborhoods receiving the improvements and others not were a result 

of resource constraints. We conducted a population-based survey (described below) that allowed 

us to both restrict and match study sub-neighborhoods, thereby creating a statistically appropriate 

counterfactual for strong internal validity. The evaluation of a real-world intervention delivered in 

an informal urban setting provides strong external validity for estimating the effects of similar 

interventions in other low- and middle-income country urban sites. Our study design allows us to 

isolate the effects of both overall water supply infrastructural improvements as well as the presence 

of a household water connection. The presence of control areas not receiving upgrades adjacent to 

intervention areas that are matched on socioeconomic and density variables is unique to this study 

location. We collect data at multiple timepoints for each study household, allowing us to examine 

variability in each of the measures taken from each household, rather than at a single point in time, 

and also allowing for longitudinal analyses of the households and the individual enrolled subjects. 

We also employ rigorous measures of exposure and novel and objective outcome measures, 

including gut microbiome composition and molecular detection of enteric pathogens.

2.3. Patient & Public involvement
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The executive secretary of AURA, IP was directly involved in the formation of the research 

questions, and FIPAG personnel were also engaged from the initiation of the project in helping 

develop the study design.  Our team also received input from other public agency stakeholders 

during workshops that were held prior to initiation of the study. Study subjects and members of 

the general public were not involved in the study design. We provide regular updates with data 

summaries to public agency stakeholders, and plan to disseminate the main results to all study 

participants and also through public presentations for stakeholders in both Beira and Maputo. 

2.4. Sub-neighborhood selection 

Sub-neighborhood eligibility, selection, and matching of intervention and control sub-

neighborhoods occurred through a two-step process:

1) Intervention designation: Our study is a natural experiment, where the investigators had no 

control over the selection or timing of the intervention implementation. The study flow diagram is 

shown in Figure 4. We worked with FIPAG to determine which neighborhoods in Beira were to 

receive water distribution system upgrades prior to initiation of enrollment (2020) and before the 

end of the study (2022). FIPAG provided maps and timelines for construction works related to the 

upgrades, and the specific areas participating in the water loss reduction project. We also worked 

with FIPAG and through satellite imagery to identify similarly dense low income areas in Beira 

that were not slated to receive water network upgrades. A total of 17 potential neighborhoods were 

considered for inclusion in the study, and neighborhoods were divided into 80 sub-neighborhoods, 

delineated along natural boundaries such as roads or waterways. “Intervention” sub-neighborhoods 

include areas with the upgraded water distribution system. “Control” sub-neighborhoods include 

areas not receiving these improvements during the time period of the study. Within both 
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intervention and control sub-neighborhoods, some households have a connection to the water 

system and others do not. We excluded nine sub-neighborhoods that were likely partially 

contaminated by proximity to the intervention or that were scheduled to receive the interventions 

within the timetable of our project; some control sub-neighborhoods are slated to receive the 

intervention after completion of our study.

2) Matching & Restriction: We followed the suggestion of Arnold et al. (2010) to use baseline 

(preintervention) data at the community level to match intervention to control communities when 

randomization is not possible.[22] To characterize subneighborhoods for further matching and 

restriction, we performed a population-based community survey in November-December, 2020 of 

approximately 1,700 households; this provided approximately a 5% proportional sample of our 

potential study sub-neighborhoods. We used a random grid sampling approach to estimate 

household density, using Google Earth satellite imagery, where a grid was placed over an area, 

and a random selection of squares were selected and counted independently in duplicate, and the 

number of houses per unit was extrapolated across unsampled squares. The survey contained 

modules regarding household demographics, water access and practices, sanitation access and 

practices, household assets and wealth indicators, as well as questions related to COVID-19. A 

socioeconomic status (SES) score was constructed using the 'simple poverty scorecard'[77] 

developed specifically for Mozambique, and scores were aggregated at the sub-neighborhood 

level, and categorized into tertiles.  

We matched intervention sub-neighborhoods to control sub-neighborhoods, using coarsened 

exact matching,[78,79] with intervention sub-neighborhoods being matched to control sub-

neighborhoods within the same tertile of both SES and population density. Four neighborhoods 

(encompassing nine sub-neighborhoods) were found to be outliers in terms of their sub-
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neighborhood-level SES or sanitation, and were excluded from the study sampling frame. 

Ultimately we designated 36 intervention sub-neighborhoods, with an estimated 16,800 

households, and 26 control sub-neighborhoods, with an estimated 9,500 households.

2.5. Participant recruitment, eligibility, and retention

We recruit pregnant women at the last trimester of pregnancy and follow the infant-mother 

dyads until the child is 12 months old (Figure 5). We selected the first 12 months of life because 

it is a critical development window,[80–82] it is a time when children are most at risk of acute and 

chronic effects of enteropathogen infection,[83] and it is a short enough period of time to avoid 

changes in water access that might occur. We recruit mothers at the end of their pregnancy so we 

can collect data on household risk factors (including drinking water quality) during the gestational 

period. Active recruitment occurs through identification of pregnant women in the 2020 

population-based survey, lists of pregnant women visiting local health centers for pre-natal care, 

and study staff visiting under-enrolled sub-neighborhoods throughout the recruitment period. 

Based on Ministry of Health data for Sofala Province (where Beira is located), virtually all mothers 

attend pre-natal clinical visits.[84] Passive strategies include referrals of pregnant women by study 

participants and community leaders. We aim to have complete data on a total of 548 infant-mother 

dyads, approximately evenly divided between the intervention and control groups. We will 

continue to enroll dyads into both arms until we reach a minimum of 274 dyads with complete 

data in each arm, to ensure temporal balance throughout the duration of the study period.

During an initial pre-birth visit, pregnant women are assessed for study eligibility: 1) 18 years 

or older, 2) in third trimester of pregnancy, 3) resides in enrolled study cluster, 4) not planning to 

move within the next 12 months, 5) carrying a singleton birth, and 6) consents to take part in the 
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study. We will re-assess study eligibility at each follow up visit and record if enrolled participants 

have been lost to follow up.

2.6. Data collection 

A local data collection firm (WE Consult) performs the in-country coordination of participant 

enrollment, data collection, and sample collection. Enumerators conduct household visits before 

birth for consent, eligibility, and conditions. At months 3, 6, 9, and 12 we deploy survey 

instruments to collect data on key indicators through structured observations, reports from 

respondents, and objective measurements (Table S1). We assess a number of variables related to 

drinking water, including aspects of water quality, water access, water availability, water security, 

water consumption, and participant satisfaction with water. Brief active surveillance calls also take 

place monthly by phone to gather information on prenatal and perinatal environmental exposures 

and illnesses (Figure 5). We ask the caregiver to report diarrhea and blood in the stool (dysentery) 

of the index child in the previous week at the 3, 6, 9, and 12 month surveys and during active 

surveillance calls; due to concerns about reporting biases, we also include negative control 

outcomes.[85] At each post-birth visit we measure child: 1) length, weight, and head 

circumference, and calculate length-for-age and weight-for-age Z-scores. Prevalence of stunting 

and underweight are defined as two standard deviations below median of the reference 

population.[86] All data are collected on electronic tablets using Open Data Kit (ODK) Collect, 

an open-source program which allows offline data collection on a mobile device.[87] Additional 

details are provided in the Supplementary Material.

2.7. Sample collection, processing, and analysis
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We briefly describe sample collection and downstream processing and analysis here, with 

additional details provided in the Supplementary Material.

2.7.1. Stool

Stool of the index child is collected at months 3, 6, 9, and 12. Three aliquots are placed in 

temperature stable lysis buffer collection tubes, and two additional aliquots are used to prepare a 

slide for Kato-Katz analysis of parasite ova[88]. Eligible participants are referred for deworming 

medicine at the 12-month visit, after returning results of the parasitological exam to study subjects 

in collaboration with Instituto Nacional de Saúde (INS) staff in Beira.

Extracted nucleic acids are analyzed: (1) using the TaqMan Array card (TAC, ThermoFisher 

Scientific, Waltham, MA, USA) assay, which allows quantification by real-time PCR via a 384-

well microfluidic card for simultaneous detection of multiple viral, bacterial, and parasitic enteric 

pathogen targets as well as antimicrobial resistance genes,[89] customized for our targets of 

interest (Table S2); and (2) by sequencing of the V4 region of the 16S ribosomal RNA (rRNA) 

gene amplicon to characterize gut microbiome community structure and composition. 

Bioinformatic analyses will be completed using the QIIME2 software platform.[90] 

2.7.2. Dried blood spots

Sample collection: A trained nurse or laboratory technician collects up to six dried spots of 

capillary blood of the index child at 6, 9, and 12 month visits on Tropbio Filter Paper Blood 

Collection Disks (Cellabs, Sydney, Australia), using a 2mm lancet. Samples are stored at -20 °C 

and shipped at ambient temperature.[91] We will use the Luminex platform to carry out high 

throughput, multiplex antibody assays that enable the simultaneous measurement of quantitative 
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antibody responses to dozens of pathogens from a single blood spot.[92] Our first measure will 

occur at 6 months, to avoid detection of maternal antibodies that wane over the first 3-6 months of 

life.[93]

2.7.3. Drinking water 

Sample collection: We collect 100-mL household drinking water samples from source and 

stored water at all household visits. To complement the household sampling, we collect samples 

from a selection of 45 public standpipes located within the study area and 55 additional public 

standpipes located elsewhere in the city of Beira. At public standpipes we also measure water 

pressure by measuring time to fill a fixed volume (1L or 5L, depending on the pressure). Samples 

are processed for fecal indicator bacteria within six hours of collection using Colilert-18 reagent 

and the Quanti-Tray/2000 MPN method (IDEXX Laboratories, Westbrook, ME, USA), as well as 

for free and total chlorine levels and additional physiochemical parameters (pH, conductivity, and 

turbidity). Large volume samples will be collected from a subset of 50 households (1 L, processed 

by membrane filtration) and 25 public standpipes (50 L, processed by dead end ultrafiltration[94]) 

in two different seasons, and tested for enteropathogens using the TAC assay.

2.8. Outcomes 

Our primary outcomes include: any bacteria or protozoa infection at age 12 months after birth; 

individual pathogens or pathogen groups; child gut microbiome composition; and household 

source water quality. While we measure viral pathogens using the TAC assay, they will be 

excluded from the combined enteropathogen prevalence primary outcome measure, because 

waterborne transmission is unlikely to dominate for these viral pathogens.[95–98] In addition to 
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the aforementioned reasons related to child development and infection risk, measuring pathogens 

at 12 months will give us the greatest power to detect a difference, given higher levels of infection 

at that age than in younger children. We will measure gut microbiome using 16S rRNA gene 

amplicon sequencing in the full sample at 12 months and in a random subset of 200 children with 

complete data at 3, 6, and 9 months, evenly distributed between intervention and control groups; 

dyads eligible for sub-set sampling will include those with complete stool sample collection and 

unchanged intervention exposure conditions. The 12-month samples will allow us to compare all 

study children at a common time, when all children are consuming drinking water and once the 

gut microbiome has become relatively established;[99] the longitudinal samples will allow for 

comparison of development of the microbiome over time between the two groups. Microbiome 

outcomes include alpha and beta diversity metrics, and identification of enriched taxonomic 

groups. We also include household source water quality as a primary exposure outcome, as 

understanding whether exposure to microbial contaminants is altered is considered a critical aspect 

of evaluation of WASH projects.[70,100] 

Additional non-primary outcomes include pathogen count, pathogen community similarity 

(measured using Jaccard similarity index), diarrhea, child growth, and prior enteropathogen 

infection (measured using serology on dried blood spot samples). We will measure additional 

water quality exposure measures, as well as measures of exposure to the improved water system, 

such as fidelity of the intervention (e.g., improvements to water quantity and coverage of 

household taps) and receipt of the intervention by community members (e.g., reductions in water 

insecurity, increased water use). These fidelity and uptake measures will be collected at all time 

points through direct observation and respondent report. Available minimal detectable effect sizes 

are summarized in Table 1 and calculations are further detailed in the Supplementary Material. 
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Table 1. Primary and non-primary health outcomes and exposure outcomes for the PAASIM Study. Patent enteric pathogen infection 
in stool is measured via TaqMan Array Card (TAC) assay; Stool microbiome composition is measured via 16s rRNA amplicon 
sequencing; prior enteric pathogen exposure is measured via serological assays of dried blood spots. Drinking water quality measured 
by IDEXX as E. coli most probable number/100mL. See text for further details. Calculations and additional values for the minimum 
detectable effect are described in the Supplementary Material.

Primary outcomes

Time point Minimum 
detectable effect 

(Risk Ratio)

Anticipated control 
group prevalencea

Patent enteric pathogen infection 
  Prevalence of any bacterial or protozoan pathogen 12 mob 0.74 70%
  Prevalence of any bacterial pathogen 12 mob 0.69 61%
  Prevalence of any protozoan pathogen 12 mob 0.50 32%
  Any co-infection (bacterial, protozoan, or viral pathogens) 12 mob 0.60 45%

Gut microbiome composition 12 moc

   Alpha diversity -- NA
   Beta diversity -- NA
   Enriched taxa -- NA

Household source drinking water quality 12 mod -- NA

Additional health outcomes
Patent enteric pathogen infection 

Pathogen count 12 mob -- --
Pathogen community similarity 12 mob -- --
Individual pathogens 12 mob n/a-0.49 2-31%
Any virus 12 mob 0.46 28%

Gut microbiome composition 3, 6, 9 moc

  (Same variables as gut microbiome composition for 12 mo)

Prior enteric pathogen exposure 6, 9, 12 mo -- --
  (Same variables as patent enteric pathogen infection)

Diarrhea 1-week period prevalence (caregiver report) Weekly 0.26 14.4%

Anthropometric Measurements 3, 6, 9, 12 mo
   Length-for-age Z-score -- --
   Weight-for-age Z-score -- --
   Stunting prevalencee 0.49 31%
   Underweight prevalencee 0.22 13%

All-cause mortality (while enrolled in study) Continuous -- --

Additional Exposure outcomes
Primary drinking water source 3, 6, 9, 12 mo
Drinking water quality (source) 3, 6, 9 mof

Drinking water quality (stored) 3, 6, 9, 12 mo
Water access 3, 6, 9, 12 mo
Water availability 3, 6, 9, 12 mo
Water security 3, 6, 9, 12 mo
Water consumption 3, 6, 9, 12 mo
User satisfaction with water 3, 6, 9, 12 mo

aAnticipated control group prevalence based on control group prevalence for 10-14 month olds in the MapSan trial ([31] and J. 
Knee, pers. Comm.).  
b Samples also collected at 3, 6, and 9 months of age may also be analyzed, depending on results of primary analysis at 12 months. 
e A subset of n=200 samples will be analyzed for gut microbiome composition in children at 3, 6, and 9 months of age. All 12 month 
samples will be analyzed.
d This is a conservative estimate as it does not account for weekly active surveillance.
e Defined as two standard deviations below median of the reference population.
f Samples will be analyzed at 3, 6, 9, and 12 mo, but 12 month samples are the primary outcome of interest.
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2.9. Analysis plan

The pre-analysis plan for this study is published on the Open Science Framework platform 

(https://osf.io/4rkn6/).

2.9.1. Total network effect 

To assess the impact of the intervention on our primary enteric pathogen infection outcomes 

and water quality exposure outcome (Table 1), we will use an intention-to-treat (ITT) analysis 

approach to compare children living in intervention versus control sub-neighborhoods, without 

regard to uptake/use of the intervention (i.e., direct household connection on the premises). We 

will use multivariable log-linear binomial regression models, as pathogen infection is a binary 

variable, and will use generalized estimating equations (GEE) to account for clustering at the sub-

neighborhood level. We group matched on sub-neighborhood-level SES and population density, 

using weighting to account for unequal numbers between the intervention and control areas within 

each matching stratum.[101] We will additionally control for household- and individual-level 

confounders, including household SES, household sanitation, mother’s education-level, and child 

sex. We may adjust for additional variables if there are found to be imbalances in potential 

confounders in our baseline assessment. We hypothesize that the intervention will lead to 

reductions in enteric pathogens among children and microbial water contamination of source 

water. 

For additional outcomes and exposure variables of interest (Table 1), we will use a similar 

modeling approach, using log-linear binomial regression models for binary outcomes, linear 

regression models for continuous outcomes, and Poisson (or negative binomial) models for count 

outcomes. For outcomes measured at multiple time points, we will present results separately for 

each given time point. For these analyses, we will control for sub-neighborhood-level SES and 
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population density through matching, and will additionally control for household sanitation, 

mother’s education-level, child sex, and any other variables that are imbalanced and are 

conceivably potential confounders. For previous enteropathogen exposure evaluated using 

serological measures we hypothesize that those in the intervention group will show delays in 

pathogen acquisition. 

To assess the impact of the intervention on microbiome outcomes, we will evaluate alpha 

diversity (Chao1 species richness estimator, Pielou’s J evenness estimator, and the Shannon 

diversity index[102]) using the same modeling approach as described above for continuous 

outcomes. Linear discriminate effect size (LEfSe) analyses will be used to evaluate specific 16S 

rRNA gene-based Operational Taxonomic Units (OTUs) that differ between individuals in 

intervention versus control groups, and will include effect size corrections[103]. We will examine 

the impact of intervention group, controlling for other covariates, on community similarity using 

Adonis permutation models,[104] based on weighted UniFrac and Bray-Curtis distances, and 

evaluate and visualize differences using PCA and/or NMDS plots. We hypothesize that we will be 

able to observe detectable differences in gut microbiome composition in children living in 

intervention versus control sub-neighborhoods and we will report these differences at the 

individual OTU and bacterial family levels. 

2.9.2. Direct Household Connection Effect 

To assess the effect of having a water connection at the household or compound, we will use 

models similar to those described above, but accounting for a household network connection. We 

will also assess the interaction between the household and neighborhood network variables, which 

will allow us to contrast and estimate indirect, direct, and total effects, as shown in Figure 3. We 

Page 22 of 53

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

E
n

seig
n

em
en

t S
u

p
erieu

r (A
B

E
S

)
at A

g
en

ce B
ib

lio
g

rap
h

iq
u

e d
e l

 
o

n
 Ju

n
e 11, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
2 M

arch
 2023. 

10.1136/b
m

jo
p

en
-2022-067341 o

n
 

B
M

J O
p

en
: first p

u
b

lish
ed

 as 

http://bmjopen.bmj.com/


For peer review only

hypothesize that participants with both improved water networks in their sub-neighborhoods and 

household water connections will most benefit from the interventions in terms of our primary and 

non-primary health outcomes and exposure outcomes of interest.

2.9.3. Additional analyses

For select primary outcomes, we will assess if there is effect modification by a third variable, 

such as follow-up round/age, participant sex, and household sanitation access. We will use 

interaction terms to identify potential interactions, and will present stratified results (e.g., 

separately by sex) if interactions are detected. The intervention status of subneighborhoods was 

set at baseline, but if control subneighborhood(s) receive the intervention after the study has 

started, we will perform sensitivity analyses dropping and/or recategorizing subneighborhood(s) 

that crossed over.

There are several analyses where we do not use the matched-design and intervention variable 

in our analyses. For example, we will assess associations between various water measures on 

health, without regard to the intervention designation. We will also examine changes in the gut 

microbiomes of children over time. Additional analyses will be described and documented in OSF. 

2.10. Sample size and power calculations 

Our minimal sample size of 548 households–half in intervention and half in matched control 

sub-neighborhoods–was powered for our primary outcome of prevalence of any non-viral 

pathogen. Utilizing data from the MapSan trial for children 10-14 months of age (J. Knee, pers 

comm) we used a control group prevalence of 70% for any non-viral pathogen, and estimated the 

ability to detect a relative risk of 0.74, alpha=0.05, and power=80% using a two-sided test for 
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significance.[31] We estimated a sub-neighborhood-level interclass correlation (ICC) of 0.05 (a 

moderate estimate) among our 62 designated sub-neighborhoods. We will also report on the final 

ICC and other assumptions of this power analysis at the end of the study. Estimates of minimum 

detectable effect sizes based on control prevalence of the outcome of interest (Table S2) show we 

may be adequately powered to detect a difference in some individual pathogens if those pathogens 

have high prevalence and/or if they are strongly associated with the water supply improvement 

intervention (e.g., waterborne pathogens). We target planned recruitment at 900 pregnant women 

in the third trimester, to account for incomplete data and loss to follow-up. We used sub-

neighborhood enrollment targets proportionate to our density estimates to achieve balance across 

intervention and control sub-neighborhoods.

2.11. Blinding

All lab personnel and field enumerators are blinded to the intervention status of the samples 

and households. Participants cannot be blinded to their household-level water exposure status or 

cluster-level exposure status, although participants may or may not know about water 

improvements in their particular neighborhood. A primary analyst external to the core data 

management team is blinded to the group assignments until the data cleaning and primary analysis 

are completed. Details of these procedures are included in the Supplementary Material. Unblinding 

will occur only after primary outcome models are developed and compared between two 

independent analysts. Analyses examining the impact of the intervention on non-primary outcomes 

or exposures of interest will not be unblinded until after analyses that examine the impact of the 

intervention on our primary outcomes have been completed. Purely observational analyses that do 

not require information on intervention group may be completed before unblinding occurs.
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3. ETHICS & DISSEMINATION

The study protocol, informed consent forms, and data collection tools were approved by 1) 

Mozambique National Bio-Ethics Committee for Health (IRB00002657) and (2) Emory 

University’s Institutional Review Board (IRB00098584). As this study is a natural experiment that 

the investigators do not control, we do not have a data monitoring committee or any interim 

stopping guidelines. Enrollment for this study began during the COVID-19 pandemic, and 

precautions were taken to secure the safety of study staff and participants based on guidance from 

INS, Emory University, and the University of Washington.

Any changes to this published protocol will be noted in OSF, and, where relevant, in future 

publications. De-identified data sufficient to replicate study findings will be publicly available on 

OSF upon completion and publication of the study results. A report will also be prepared and 

shared with the municipality and health authorities in Beira, and other relevant stakeholders. All 

microbial DNA sequence data will be made available through the SRA database of NCBI upon 

validation and/or publication of the corresponding manuscript.
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FIGURE CAPTIONS

Figure 1. PAASIM theory of change. 
No caption needed

Figure 2. Map of PAASIM study site in Beira, Mozambique.
Map of Beira, Mozambique, with enlargement highlighting study site. Red lines indicate the new 
distribution system water network. Blue lines indicate other parts of the water network. Gray 
shaded areas indicate neighborhoods enrolled in the study.

Figure 3. PAASIM study summary diagram. 
The diagram reflects the summarized a) study design and data collection, and b) data analysis 
approaches to isolate the effects of both overall water supply infrastructural improvements as 
well as the presence of a household water connection. 

Figure 4. PAASIM study flow diagram.
No caption needed

Figure 5. Data and sample collection timeline for outcomes in the PAASIM study.
Data and sample collection of infant-mother dyads enrolled into the study will be used address a 
series of questions about the impact of community-level water system improvements on acute 
and chronic health outcomes in children in a low-income urban area of Mozambique.
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Figure 1. PAASIM theory of change. Mono Image. 
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Figure 2. Map of PAASIM study site in Beira, Mozambique. Colour Image. Map of Beira, Mozambique, with 
enlargement highlighting study site. Red lines indicate the new distribution system water network. Blue lines 
indicate other parts of the water network. Gray shaded areas indicate neighborhoods enrolled in the study. 
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Figure 3. PAASIM study summary diagram. Colour Image. The diagram reflects the summarized a) study 
design and data collection, and b) data analysis approaches to isolate the effects of both overall water 

supply infrastructural improvements as well as the presence of a household water connection. 
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Figure 4. Colour Image. PAASIM study flow diagram. 
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Figure 5. Data and sample collection timeline for outcomes in the PAASIM study. Colour Image. Data and 
sample collection of infant-mother dyads enrolled into the study will be used address a series of questions 
about the impact of community-level water system improvements on acute and chronic health outcomes in 

children in a low-income urban area of Mozambique. 
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Supplementary Material 

 

Details of data collection  

A data collection firm (WeConsult) performs the in-country coordination of participant enrollment, data 

collection, and sample collection. Enumerators are recruited from Beira; all are fluent in Portuguese (spoken 

by >80% of the study population)1 and more than half speak the local language. Enumerators conduct 

household visits for consent and eligibility pre-birth, and at months 3, 6, 9, and 12 post-birth; active 

surveillance calls take place monthly (Figure 4). All data are collected on electronic tablets using Open 

Data Kit (ODK) Collect, an open source program which allows offline data collection on a mobile device.2  

 

2.4.1. Household visit  

Survey instruments consist of several modules aimed at collecting data on key indicators through 

structured observations, reports from respondents, and objective measurements (Table S1). The survey 

includes household questions (e.g., SES, demographics, nutrition and food insecurity, flooding, animals, 

and sanitation and handwashing facilities), questions about the mothers (e.g., demographics, medical and 

physical health, pregnancy and birth care, and breastfeeding practices), questions about the index child (e.g., 

birth outcome, nutrition, health and recent illness, anthropometry, and vaccination history), and household 

questions about drinking water. We also collect GPS coordinates at each household visit.  

 

2.4.2. Active surveillance calls 

A brief monthly active surveillance call is conducted by phone to gather information on prenatal and 

perinatal environmental exposures and illnesses, on child illness symptoms, and intake of medicines, 

vitamins, breastfeeding, and introduction of complementary foods. The first active surveillance pre-birth 

call is targeted to occur one month after enrollment and calls continue on a monthly basis between visits. 

To facilitate communication with the study team participants receive a 150 MZN phone credit at each visit. 

 

2.4.3. Drinking water 

Drinking water characteristics, which are on the causal pathway between the intervention and our study 

outcomes (Figure 1), will be used to provide evidence of biological plausibility of the intervention’s effects 

on these downstream outcomes. We will characterize water access using the Joint Monitoring Program 

definition of “safely managed,” i.e., an improved water source that is accessible on premises (located within 

the dwelling, yard or plot), available when needed (sufficient water available for at least 12 hours per day), 

and free from contamination (no E. coli detected in a 100mL sample).3,4 We also assess a number of 

additional variables related to drinking water, including aspects of water quality, water access, water 

availability, water security, water consumption, and participant satisfaction with water. These variables are 

evaluated throughout the study at the household level and also at the community level through objective, 

observed, and participant-reported measures.  

 

2.4.4. Diarrhea 

At months 3, 6, 9, and 12, we ask the caregiver to report diarrhea and blood in the stool (dysentery) of 

the index child in the previous week. We use the case definition of diarrhea as 3 or more loose stools in a 

24 hour period.5  Due to concerns about reporting biases, we also include a negative control outcome6; 

caregivers report on accidents that resulted in physical injury in the previous week. In addition, we note 

objective characteristics of the stool samples collected, including observed blood and mucus and an infant 

stool form scale describing consistency (4-point scale), amount (4-point scale), and color (6 categories).7  

 

2.4.5. Anthropometry 

At months 3, 6, 9, and 12, we measure child: 1) length, weight, and head circumference. From these 

measures we will calculate Z-scores (LAZ and WAZ), and prevalence of stunting and underweight, defined 
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as two standard deviations below median of the reference population.8 We measure weight using digital 

baby weighing scales with 5g gradations (ADE, Model# M112600, Hamburg, Germany), and we measure 

height using a baby length measuring board with 1mm gradations (ADE, Model# MZ10040).9 

Measurements are repeated twice and recorded into the survey. The enumerator is prompted to conduct a 

third measurement if there are differences of >1 cm in length or head circumference or if weight is off by 

>0.5kg in the two repeated measurements. Each child’s LAZ and WAZ will be calculated using the WHO 

Child Growth Standards for the reference population10,11 and WHO Anthropometric macros.12  

 

Details of sample collection, processing, and analysis 

2.5.1. Stool 

Sample collection: Stool of the index child is collected at months 3, 6, 9, and 12 using a diaper, which 

is provided to the primary caregiver before a household visit. If a fecal sample is not provided during the 

initial home visit, we leave the primary caregiver with additional diapers and two more attempts are made 

to collect the sample within 4 hours of production.  If needed, we provide a cooler and cold-pack, and collect 

the sample within 7 hours of production.  

Sample processing: Lab personnel transfer 1g fecal material from the diaper into a DNA/RNA Shield 

Fecal Collection Tube (Zymo Research, Irvine, CA, USA); we aim to collect three aliquots in separate 

collection tubes. The DNA/RNA Shield stabilization buffer lyses the cells and renders the sample DNA and 

RNA stable for 30 days at ambient temperature.13 Samples are stored and shipped at -20 °C. Nucleic acids 

are extracted from fecal samples using the QIAamp 96 Virus QIAcube HT Kit on a QIAcube HT (Qiagen 

Sciences Inc., Germantown, MD, USA), and stored at -80°C until further processing.  

Analysis - parasites: Immediately after the first three aliquots are placed in the collection tubes, two 

additional aliquots of fecal material are taken from the diaper to prepare a slide for Kato-Katz analysis of 

parasite ova14. If sufficient material is available for a second slide analysis is carried out in duplicate. 

Samples are analyzed for hookworm (e.g., Necator americanus, Ancylostoma duodenale) immediately 

following slide preparation, and for Ascaris spp., Schistosoma mansoni, Trichuris trichiura, Taenia, 

Enterobius vermicularis, and Strongyloides stercoralis after overnight incubation at room temperature. 

Eligible participants are referred for deworming medicine at the 12-month visit, after returning results of 

the parasitological exam to study subjects in collaboration with Instituto Nacional de Saude (INS) staff in 

Beira. 

Analysis - enteric pathogens: Extracted nucleic acids are analyzed using the TaqMan Array card (TAC, 

ThermoFisher Scientific, Waltham, MA, USA) assay, which allows quantification by real-time PCR via a 

384-well microfluidic card for simultaneous detection of multiple viral, bacterial, and parasitic enteric 

pathogen targets as well as antimicrobial resistance genes. Immediately prior to nucleic acid extraction, 

samples used in downstream TAC assays are seeded with the Inforce 3 Bovine Vaccine (Zoetis, Parsippany-

Troy Hills, NJ, USA)15 containing Bovine Herpesvirus 1 (BHV) and Bovine Respiratory Syncytial Virus 

(BRSV) as extrinsic controls, to monitor extraction and amplification efficiency. Pathogens will be linked 

to the diarrheal disease episode based on relative cycle threshold values from the TaqMan results.16 The 

specific targets we will test for are shown in Table S2. The batch of TaqMan Array Cards will be QA/QC 

using positive control plasmids. Initially, a standard curve for quantification will be run in duplicate, and 

the limit of detection and limit of quantification will be determined by running cards at a low concentration 

(concentration determined based on the standard curve tests) until a 95% positivity rate out of at least ten 

assays is obtained. Additionally, when processing samples, standard curves will be run in singlicate once 

per month with the positive control plasmid. A negative control will be run per card.  

Analysis - Gut microbiome composition: We will characterize the gut microbial community structure 

and composition by sequencing of the V4 region of the 16S ribosomal RNA (rRNA) gene amplicon. 

Immediately prior to nucleic acid extraction, samples used in downstream 16s assays will be seeded with 

the ZymoBIOMICS Spike-in Control I (High Microbial Load) (Zymo Research) containing Imtechella 
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halotolerans and Allobacillus halotolerans. Bioinformatic analyses will be completed using the QIIME2 

software platform and other bioinformatics tools17.  

 

2.5.2. Dried blood spots 

Sample collection: A trained nurse collects up to six dried spots of capillary blood of the index child at 

6, 9, and 12 month visits on Tropbio Filter Paper Blood Collection Disks (Cellabs, Sydney, Australia), using 

a 2mm lancet.  

Sample processing: Samples are allowed to dry overnight, then three aliquots of two spots each are 

placed in a Ziploc bag with silica desiccant. Dried blood spots can be stored at ambient temperatures for up 

to 100 days, even in tropical climates18,19 but samples are stored at -20 °C and shipped at ambient 

temperature.20  

Analysis – antibodies: We will use the Luminex platform to carry out high throughput, multiplex 

antibody assays that enable the simultaneous measurement of quantitative antibody responses to dozens of 

pathogens from a single blood spot.21 Bead coupling of antigens will occur at the U.S. Centers for Disease 

Control and Prevention (CDC), and CDC collaborators will also provide support in determining appropriate 

antigen cut points. Our panel includes a subset of enteropathogens that have targets on the TAC assay, 

including Giardia, Cryptosporidium, Entamoeba histolytica, norovirus, Campylobacter, enterotoxigenic E. 

coli and V. cholerae, following previous similar studies.22 Our first measure will occur at 6 months, to avoid 

detection of maternal antibodies that wane over the first 3-6 months of life. 23 

 

2.5.3. Drinking water  

Sample collection: We collect 100-mL household drinking water samples from source and stored water 

at all household visits. We select the drinking water source sample by asking the mother what the source of 

water is for the household that would be given to the study child to drink, or to mix formula. If the source 

water is not in the household, the enumerator walks with the mother to the source (e.g., a neighbor’s house 

or public standpipe) to collect a sample and GPS location. We select the stored water sample by asking the 

mother for any water in the household that is used for drinking purposes; stored water is water stored in a 

jerry can, bucket, or other container in the household for later consumption.  

To complement the household sampling, we also collect samples from a selection of 45 public 

standpipes located within the study area and 55 additional public standpipes located elsewhere in the city 

of Beira. At public standpipes we also measure water pressure by measuring time to fill a fixed volume (1L 

or 5L, depending on the pressure).   

Sample processing and analysis: All samples are placed on cold packs after collection for transport to 

a lab in Beira. Samples are processed for fecal indicator bacteria within six hours of collection using 

Colilert-18 reagent and the Quanti-Tray/2000 MPN method (IDEXX Laboratories, Westbrook, ME, USA). 

Free and total chlorine levels are measured using a DR300 Pocket Colorimeter (Hach Company, Loveland, 

CO, USA) and DPD powder pillows (Hach Company)24. Additional physiochemical parameters (pH, 

conductivity, and turbidity) are measured for public standpipe water samples using a Pocket Pro+ Multi 2 

Tester and TL2300 turbidity meter (Hach Company). 

 
Details of Blinding 

At enrollment, households are assigned a unique identifier independent of intervention status. The core data 

management team conducts quality assurance using geocoded data to ensure group exposure status aligns 

with cluster-level designations of the exposure (i.e., intervention vs control areas). All geocoded data and 

group exposure indicators are removed prior to an external analyst performing the data cleaning and primary 

analysis. Data are cleaned, including decisions on missing data, outliers, and variable categorizations, 

before the analyst receives any group exposure. The analyst performs the primary analyses making 

comparisons between undefined group exposures. Once the analysis models are finalized, these rehearsal 

results are input into tables to create table shells for the final analyses. The primary analyst then receives a 
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masking key, with true cluster-level designations of the exposure, and reruns the code with the appropriate 

group exposure, and re-inputs the final results into the table shells. 

  

Page 45 of 53

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

E
n

seig
n

em
en

t S
u

p
erieu

r (A
B

E
S

)
at A

g
en

ce B
ib

lio
g

rap
h

iq
u

e d
e l

 
o

n
 Ju

n
e 11, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
2 M

arch
 2023. 

10.1136/b
m

jo
p

en
-2022-067341 o

n
 

B
M

J O
p

en
: first p

u
b

lish
ed

 as 

http://bmjopen.bmj.com/


For peer review only

Table S1. Household survey data collection in the PAASIM Study 
 

Category  Indicator Time point Type of data 
Pre-birth 3mo 6mo 9mo 12mo  

Household-level 

General 
characteristics 

Socio-economic status X * * * X Respondent reported 
Observation of households 

Demographics (household ownership, 
household members, children under 5 years 
of age, primary wage earner) 

X * * * X Respondent reported 

Nutrition 
 

Food insecurity X X X X X Respondent reported 

Types of food consumed by household 
members yesterday 

     Respondent reported 

Sanitation 
 
 
 
 

Access to improved sanitation X X X X X Observation of household latrines 

Location of sanitation facility X X X X X Observation of household compounds 

Sharing of sanitation facility X X X X X Respondent reported 

Sanitation facility characteristics 
(serviceable, drop hole cover, smooth and 
cleanable floor) 

X X X X X Observation of household latrines 

Presence of human feces in the household 
compound 

X X X X X Observation of household compounds 

Trash disposal X X X X X Respondent reported 

Handwashing Access to handwashing facility with soap 
and water 

X X X X X Observation of household compounds 

Flooding Flooding of household compound X X X X X Respondent reported 

Animals 
 
 

Presence of animals in the household or 
compound (chickens, ducks/turkey, dogs, 
cats, pigs, sheep, goats, rabbits, donkeys) 

X X X X X Respondent reported 

Presence of animal feces in the household 
compound 

X X X X X Observation of household compounds 

Child(ren) contact with animals X X X X X Respondent reported 

Health Deworming history (pre-school age children, 
school age children, and mother) 

 X X X X Respondent reported 

Moving Moved to another household  X X X X Respondent reported 
Observation of household compounds 

Notes: *Asked if study household has moved to another location within the study area 
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Category  Indicator Time point Type of data 
Pre-birth 3mo 6mo 9mo 12mo  

Mother-level 

General 
characteristics 

Demographics (age, religion, language, 
education, employment, marital status) 

X    X Respondent reported 

Mental and  
physical health 

WHO 5 well-being index X X X X X Respondent reported 

Medical diagnosis history (diabetes, high 
blood pressure, heart disease, urinary tract 
infection, kidney disease, sexually-
transmitted disease, cancer, malaria) 

X     Respondent reported 

Vaginal health practices X     Respondent reported 

 
Pregnancy health 
 
 
 

Pregnancy history X     Respondent reported 

Expected delivery date  X     Respondent reported 

Pre-natal care X     Respondent reported 

Medical diagnosis during pregnancy 
(gestational diabetes, high blood pressure, 
placenta previa, COVID-19, Dengue, Zika, 
Chikungunya, Malaria) 

X     Respondent reported 

Medications, vitamins, or supplements 
during pregnancy  

X     Respondent reported 

Birth care Delivery location  X    Respondent reported 

Cesarean section  X    Respondent reported 

Post-natal care  X    Respondent reported 

Breastfeeding 
 

Breastfeeding intentions X     Respondent reported 

Breastfeeding practices  X X X X Respondent reported 

Sanitation 
 

Primary place of defecation in last week X X X X X Respondent reported 

Exclusive use of sanitation facility in last 
week 

X X X X X Respondent reported 

Travel Estimated time spent away from home in 
the last 12 months 

    X Respondent reported 
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Category  Indicator Time point Type of data 

Pre-birth 3mo 6mo 9mo 12mo  
Child-level 

Birth 
 
 
 

Birth outcome  X    Respondent reported 

Birthdate  X    Observation of child health card 

Birth weight  X    Respondent reported 

Sex  X    Observation of child health card 

Health 
 
 
 
 
 

Mortality  X X X X Respondent reported 

Vaccination history (DTP, Rotavirus, Polio, 
MMR) 

 X X X X Observation of child health card 

Medication history  X X X X Respondent reported 

Deworming history     X Respondent reported 

Illness (diarrhea, dysentery, nasal 
congestion, fever, vomiting, physical injury) 
in the last week 

 X X X X Respondent reported 

Medical diagnosis (colic, ear infection, 
anemia, respiratory illness, malaria, asthma) 
and treatment history 

 X X X X Respondent reported 

Anthropometry Head circumference  X X X X Objective measurement 

Body length  X X X X Objective measurement 

Body weight  X X X X Objective measurement 

Nutrition 
 

Types of liquid food consumed in the last 
week 

 X X X X Respondent reported 

Types of solid food consumed in the last 
week 

  X X X Respondent reported 

Sanitation 
 

Diaper wearing  X X X X Respondent reported 

Disposal of child stools  X X X X Respondent reported 

Water consumption 
 

Child consumption of drinking water source  X X X X Respondent reported 

Drinking water treatment for child 
consumption 

 X X X X Respondent reported 

Travel Estimated time spent away from home in 
the last 12 months 

    X Respondent reported 
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Category  Indicator Time point Type of data 
Pre-birth 3mo 6mo 9mo 12mo  

Drinking water-level 

Water access Municipality water connection and status X X X X X Observation of water meter 

Type of drinking water source X X X X X Respondent reported 
Observation of water source 

Alternate source for non-drinking water X X X X X Respondent reported 

Alternate source for drinking water outages X X X X X Respondent reported 

Distance to water main X X X X X GPS location 

Location of drinking water source X X X X X Respondent reported 

Distance to drinking water source X X X X X GPS location 

Time to collect water (minutes for round trip 
and trips per week) 

X X X X X Respondent reported 

Water availability 
 
 
 
 

Water availability (hours per day and days 
per week) 

X X X X X Respondent reported 

Household water storage (large and small 
containers) 

X X X X X Respondent reported 

Piped water flow rate (liters per minute) X X X X X Objective measurement 

Water availability at handwashing facility X X X X X Observation of handwashing facility 

Water availability at sanitation facility X X X X X Observation of sanitation facility 

Drinking water 
quality 

Treatment of stored water X X X X X Respondent reported 

Drinking water free/total chorine (source 
and stored water) 

X X X X X Objective measurement 

Water security 
 
 

Sharing of water connection X X X X X Respondent reported 

Household water insecurity experiences X X X X X Respondent reported 

Sufficient quantity of drinking water X X X X X Respondent reported 

User satisfaction 
with water 

Satisfied with water service X X X X X Respondent reported 

Satisfied with water availability X X X X X Respondent reported 

Satisfied with water pressure X X X X X Respondent reported 

Satisfied with water color and appearance X X X X X Respondent reported 

Satisfied with water taste and smell X X X X X Respondent reported 

Satisfied with water affordability X X X X X Respondent reported 

Water consumption Monthly water expenses X X X X X Respondent reported 

Water usage (liters per day) X X X X X Respondent reported 
Observation of water meter 
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Table S2: Targets Assayed by the TaqMan Array Card (TAC) for the PAASIM study  
Target Gene of interest Forward (5' to 3') Reverse (5' to 3') Probe (5' to 3')* 

Bacterial Pathogens 

Enteroaggregative E. 
coli (EAEC) 

aaiC ATTGTCCTCAGGCATTTCAC ACGACACCCCTGATAAACAA TAGTGCATACTCATCATTTAAG 

aatA CTGGCGAAAGACTGTATCAT TTTTGCTTCATAAGCCGATAGA TGGTTCTCATCTATTACAGACAGC 

Diarrheagenic E. coli 
(DAEC) 

afaB GTCTCCCTGAATGTACAGCTTTCA CMCTCTGCCACTCCACCTT TCAAGCTGTTTGTTCGTC 

Shiga toxin-producing 
E. coli (STEC) 

stx1 ACTTCTCGACTGCAAAGACGTATG ACAAATTATCCCCTGWGCCACTATC CTCTGCAATAGGTACTCCA 

stx2 CCACATCGGTGTCTGTTATTAACC GGTCAAAACGCGCCTGATAG TTGCTGTGGATATACGAGG 

Enteropathogenic E. 
coli (EPEC) 

eae CATTGATCAGGATTTTTCTGGTGATA CTCATGCGGAAATAGCCGTTA ATACTGGCGAGACTATTTCAA 

bfpA TGGTGCTTGCGCTTGCT CGTTGCGCTCATTACTTCTG CAGTCTGCGTCTGATTCCAA 

Enterotoxigenic E. coli 
(ETEC) 

LT TTCCCACCGGATCACCAA CAACCTTGTGGTGCATGATGA CTTGGAGAGAAGAACCCT 

STh GCTAAACCAGCAGGGTCTTCAAAA CCCGGTACAAGCAGGATTACAACA TGGTCCTGAAAGCATGAA 

STp TGAATCACTTGACTCTTCAAAA GGCAGGATTACAACAAAGTT TGAACAACACATTTTACTGCT 

Shigella spp./ 
Enteroinvasive E. coli 
(EIEC) 

ipaH CCTTTTCCGCGTTCCTTGA CGGAATCCGGAGGTATTGC CGCCTTTCCGATACCGTCTCTGCA 

E. coli O157 rbdE TTTCACACTTATTGGATGGTCTCAA CGATGAGTTTATCTGCAAGGTGAT CTCTCTTTCCTCTGCGGTCCT 

Campylobacter jejuni/ 
C. coli 

cadF CTGCTAAACCATAGAAATAAAATTTCTCAC CTTTGAAGGTAATTTAGATATGGATAATCG CATTTTGACGATTTTTGGCTTGA 

Salmonella spp. ttr CTCACCAGGAGATTACAACATGG AGCTCAGACCAAAAGTGACCATC CACCGACGGCGAGACCGACTTT 

Vibrio cholerae hylA ATCGTCAGTTTGGAGCCAGT TCGATGCGTTAAACACGAAG ACCGATGCGATTGCCCAA 

Clostridium difficile tcdB GGTATTACCTAATGCTCCAAATAG TTTGTGCCATCATTTTCTAAGC CCTGGTGTCCATCCTGTTTC 

Viral Pathogens 

Adenovirus fiber AACTTTCTCTCTTAATAGACGCC AGGGGGCTAGAAAACAAAA CTGACACGGGCACTCT 

Astrovirus capsid CAGTTGCTTGCTGCGTTCA CTTGCTAGCCATCACACTTCT CACAGAAGAGCAACTCCATCGC 

Hepatitis G 5’ UTR CGGCCAAAAGGTGGT GGA TG CGACGAGCCTGACGTCGGG AGGTCCCTCTGGCGCTTGTGGCGAG 

Norovirus GI ORF1-ORF2 CGCTGGATGCGATTCCATGA CTTAGACGCCATCATCATTTAC TGGACAGGAGATCGC 

Norovirus GII ORF1-ORF2 CAAGAACCTATGTTTAGATGGATGAG TCGACGCCATCTTCATTCACA TGGGAGGGCGATCGCAATCT 

Rotavirus NSP3 ACCATCTWCACRTRACCCTCTATGAG GGTCACATAACGCCCCTATAGC AGTTAAAAGCTAACACTGTCAAA 

Sapovirus RdRp GAYCASGCTCTCGCYACCTAC 
CCCTCCATYTCAAACACTA;  
TTGGCCCTCGCCACCTAC 

CCRCCTATRAACCA 

SARS-CoV-2 N1 GACCCCAAAATCAGCGAAAT TCTGGTTACTGCCAGTTGAATCTG  ACCCCGCATTACGTTTGGTGGACC 
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Target Gene of interest Forward (5' to 3') Reverse (5' to 3') Probe (5' to 3')* 

Protozoan pathogens 

Cryptosporidium spp. 18S rRNA GGGTTGTATTTATTAGATAAAGAACCA AGGCCAATACCCTACCGTCT TGACATATCATTCAAGTTTCTGAC 

Giardia duodenalis 18S rRNA GACGGCTCAGGACAACGGTT TTGCCAGCGGTGTCCG CCCGCGGCGGTCCCTGCTAG 

Entamoeba histolytica 18S rRNA ATTGTCGTGGCATCCTAACTCA GCGGACGGCTCATTATAACA TCATTGAATGAATTGGCCATTT 

Cyclospora 
cayetanensis 18S rRNA AAAAGCTCGTAGTTGGATTTCTG AACACCAACGCACGCAGC AAGGCCGGATGACCACGA 

Helminthic pathogens 

Ascaris lumbricoides ITS1 GCCACATAGTAAATTGCACACAAAT GCCTTTCTAACAAGCCCAACAT TTGGCGGACAATTGCATGCGAT 

Trichuris trichiura 18S rRNA TTGAAACGACTTGCTCATCAACTT CTGATTCTCCGTTAACCGTTGTC CGATGGTACGCTACGTGCTTACCATGG 

Ancylostoma duodenale ITS2 GAATGACAGCAAACTCGTTGTTG ATACTAGCCACTGCCGAAACGT ATCGTTTACCGACTTTAG 

Necator americanus ITS2 CTGTTTGTCGAACGGTACTTGC ATAACAGCGTGCACATGTTGC CTGTACTACGCATTGTATAC 

Antimicrobial resistance genes 

intl1  GATCGGTCGAATGCGTGT GCCTTGATGTTACCCGAGAG ATTCCTGGCCGTGGTTCTGGGTTTT 

mcr-1  GATCGCTGTCGTGCTCTTTG ACCGCGCCCATGATTAATAG CGATGCTACTGATCACCACG 

SHV  TCCCATGATGAGCACCTTTAAA TCCTGCTGGCGATAGTGGAT TGCCGGTGACGAACAGCTGGAG 

TEM  GCATCTTACGGATGGCATGA GTCCTCCGATCGTTGTCAGAA CAGTGCTGCCATAACCATGAGTGA 

CTX-M1  CCGTCACGCTGTTRTTAGGA AATGCCACMCCCAGYCKKCC CAGCAAAAACTTGCCGRATT 

CTX-M8-M25  ATRACACSTTCCGGCTCGAT GCTAAYGGCGTGGTGGTATC TCAACACCGCGATCCCCG 

CTX-M2-M74  GCGCAGACCCTGAAAAAYCT TGYGCSCGCTGRGTTTCC ACSCTGGGYAAAGCGC 

CTX-M9  GCTTTATGCGCAGACGARTG ATCACCGCGATAAAGCACCT TCGATACCRMAGATAATACGC 

KPC  GGCCGCCGTGCAATAC GCCGCCCAACTCCTTCA TGATAACGCCGCCGCCAATTTGT 

NDM  ATATCACCGTTGGGATCGAC TAGTGCTCAGTGTCGGCATC AAGGACAGCAAGGCCAAGTCG 

VIM   TSTACCCRTCCAATGGTCTC AGAAGKGCCRCTGTGTTTTT TGTCCGTGATGGYGATGAGTTG 

Controls 

16S   TGCAAGTCGAACGAAGCACTTTA GCAGGTTACCCACGCGTTAC CGCCACTCAGTCACAAA 

human mtDNA 
 

CAATGAATCTGAGGAGGCTAC CGTGCAAGAATAGGAGGTG ACCCTCACACGATTCTTTACCTTTCACT 

BHV  
GAGCAAAGCCCCGCCGAAGGA TACGAACAGCAGCACGGGCGG GAACCTGCCCACGCGCTGAAAC 

BRSV   GCAATGCTGCAGGACTAGGTATAAT ACACTGTAATTGATGACCCCATTCT  ACCAAGACTTGTATGATGCTGCCAAAGCA 

*All probes have FAM on the 5’ end and MGB on the 3’ end 
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Table S3: Details of Power Calculations 

The table below details our minimum detectible effect for individual and groups of pathogens 

given the control group prevalence (p1) ranging from 10% to 80%. It generates the minimum 

detectible effect as a risk ratio (delta) and resulting minimum detectible prevalence in the 

comparison group.  

 

Our assumptions are the number of sub-neighborhoods in the intervention and comparison 

(M1/M2), average number of households enrolled per sub-neighborhood in intervention and 

control (K1/K2), standard alpha (0.05) and power (.80). We estimate the minimum detectible effect 

for three values of for the intra-class correlation coefficient, representing low, moderate and high 

clustering (𝜌 = .01, 0.05, 0.1). Our power calculations rely on the moderate estimates for ICC. We 

account for clustering at the sub-neighborhood level. 

 

We apply the following code using STATA v16:  

power twoproportions  (.2(.05).8) , cluster effect(ratio) m1(36) m2(26) k1(8) k2(10)   

power(.8) alpha(.05) direction(lower)  rho(.01/.5/.1) 
 

   

  +---------------------------------------------------------------------------------+ 

  |   alpha   power      K1      K2      M1      M2   delta      p1      p2     rho | 

  |---------------------------------------------------------------------------------| 

  |     .05      .8       8      10      36      26   .5120      .2   .1024     .01 | 

  |     .05      .8       8      10      36      26   .5676     .25   .1419     .01 | 

  |     .05      .8       8      10      36      26   .6114      .3   .1834     .01 | 

  |     .05      .8       8      10      36      26   .6476     .35   .2266     .01 | 

  |     .05      .8       8      10      36      26   .6785      .4   .2714     .01 | 

  |     .05      .8       8      10      36      26   .7058     .45   .3176     .01 | 

  |     .05      .8       8      10      36      26   .7302      .5   .3651     .01 | 

  |     .05      .8       8      10      36      26   .7527     .55    .414     .01 | 

  |     .05      .8       8      10      36      26   .7736      .6   .4642     .01 | 

  |     .05      .8       8      10      36      26   .7935     .65   .5158     .01 | 

  |     .05      .8       8      10      36      26   .8127      .7   .5689     .01 | 

  |     .05      .8       8      10      36      26   .8317     .75   .6238     .01 | 

  |     .05      .8       8      10      36      26   .8509      .8   .6807     .01 | 

  +---------------------------------------------------------------------------------+ 

  |     .05      .8       8      10      36      26   .3585      .2  .07169     .05 | 

  |     .05      .8       8      10      36      26   .4262     .25   .1066     .05 | 

  |     .05      .8       8      10      36      26   .4804      .3   .1441     .05 | 

  |     .05      .8       8      10      36      26   .5257     .35    .184     .05 | 

  |     .05      .8       8      10      36      26   .5648      .4   .2259     .05 | 

  |     .05      .8       8      10      36      26   .5994     .45   .2698     .05 | 

  |     .05      .8       8      10      36      26   .6308      .5   .3154     .05 | 

  |     .05      .8       8      10      36      26   .6596     .55   .3628     .05 | 

  |     .05      .8       8      10      36      26   .6867      .6    .412     .05 | 

  |     .05      .8       8      10      36      26   .7126     .65   .4632     .05 | 

  |     .05      .8       8      10      36      26   .7376      .7   .5163     .05 | 

  |     .05      .8       8      10      36      26   .7624     .75   .5718     .05 | 

  |     .05      .8       8      10      36      26   .7875      .8     .63     .05 | 

  +---------------------------------------------------------------------------------+  

  |     .05      .8       8      10      36      26   .5398      .5   .2699      .1 | 

  |     .05      .8       8      10      36      26   .5737     .55   .3155      .1 | 

  |     .05      .8       8      10      36      26   .6056      .6   .3634      .1 | 

  |     .05      .8       8      10      36      26   .6362     .65   .4135      .1 | 

  |     .05      .8       8      10      36      26   .6660      .7   .4662      .1 | 

  |     .05      .8       8      10      36      26   .6955     .75   .5216      .1 | 

  |     .05      .8       8      10      36      26   .7254      .8   .5804      .1 | 

  |     .05      .8       8      10      36      26   .7567     .85   .6432      .1 | 

  |     .05      .8       8      10      36      26   .7907      .9   .7117      .1 | 

  +---------------------------------------------------------------------------------+ 
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1 ABSTRACT

2 Introduction: Despite clear linkages between provision of clean water and improvements in 
3 child health, limited information exists about the health impacts of large water infrastructure 
4 improvements in low-income settings. Billions of dollars are spent annually to improve urban 
5 water supply, and rigorous evaluation of these improvements, especially targeting informal 
6 settlements, is critical to guide policy and investment strategies. Objective measures of infection 
7 and exposure to pathogens, and measures of gut function, are needed to understand the 
8 effectiveness and impact of water supply improvements. 
9

10 Methods and analysis:  In the PAASIM study, we examine the impact of water system 
11 improvements on acute and chronic health outcomes in children in a low-income urban area of 
12 Beira, Mozambique, comprising 62 sub-neighborhoods and ~26,300 households. This 
13 prospective matched cohort study follows 548 mother-child dyads from late pregnancy through 
14 12 months of age. Primary outcomes include measures of enteric pathogen infections, gut 
15 microbiome composition, and source drinking water microbiological quality, measured at the 
16 child’s 12 month visit. Additional outcomes include diarrhea prevalence, child growth, previous 
17 enteric pathogen exposure, child mortality, and various measures of water access and quality. 
18 Our analyses will compare a) subjects living in sub-neighborhoods with the improved water to 
19 those living in sub-neighborhoods without these improvements; and b) subjects with household 
20 water connections on their premises to those without such a connection. This study will provide 
21 critical information to understand how to optimize investments for improving child health, filling 
22 the information gap about the impact of piped water provision to low-income urban households, 
23 using novel gastrointestinal disease outcomes.
24
25 Ethics and dissemination: The study was approved by the Emory University Institutional 
26 Review Board and the National Bio-Ethics Committee for Health in Mozambique. The pre-
27 analysis plan is published on the Open Science Framework platform (https://osf.io/4rkn6/). 
28 Results will be shared with relevant stakeholders locally, and through publications. 
29
30
31
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1 STRENGTHS AND LIMITATIONS OF THE STUDY

2  This matched cohort study of an urban water supply improvement project will provide 
3 critical information about the health impacts of providing piped water and household 
4 connections to low-income households.
5  We employ rigorous measures of exposure and novel and objective outcome measures, 
6 including gut microbiome composition and molecular detection of enteric pathogens.
7  The study design allows for examination of both neighborhood and household-level 
8 effects of water supply improvements. 
9  As a natural experiment, we are unable to randomize the intervention, leading to potential 

10 residual confounding.
11  We are unable to examine the impacts of all aspects of the city-wide water improvement 
12 project, due to lack of comparable populations, and instead focus only on the low income 
13 neighborhoods. 

14
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1 1. INTRODUCTION

2 Large-scale provision of disinfected, treated drinking water is considered one of the greatest 

3 public health achievements of the 20th century[1] and played an important role in improving child 

4 health in high-income countries.[2] In low- and middle-income countries (LMICs) with high 

5 burdens of infectious diseases, inadequate water, sanitation, and hygiene (WASH) conditions are 

6 strongly associated with poor child health outcomes, including diarrheal diseases, which are 

7 responsible for >500,000 deaths of children <5 annually.[3,4] Repeated enteropathogen infections, 

8 regardless of symptoms, can lead to stunting and linear growth faltering, a comorbidity that 

9 impacts 4.7% of children in LMICs and is responsible for a 4.8-times increase in mortality.[5] In 

10 Mozambique, 27% of stunting is attributed to unimproved water and sanitation.[6]

11

12 1.1. Robust studies of the health impacts of community water supply are needed

13 Rapid urbanization is occurring globally, with urban areas expected to account for 96% of the 

14 additional 1.4 billion human population by 2030[7] and 68% of the global population is expected 

15 to live in urban areas by 2050.[8] While sub-Saharan Africa is still predominantly rural, by 2050 

16 the continent is projected to be 56% urban.[9] To cope with urban growth, expanded infrastructure 

17 and services in cities and peri-urban areas will be essential.[7] In 2017 alone, an estimated US$3.95 

18 billion was distributed in official development assistance to WASH in Africa (47% to the Eastern 

19 and Southern African region, specifically), with the majority going to improve water supply and 

20 sanitation systems.[10] Implementation challenges in lower-income settings—such as intermittent 

21 service and pathogen intrusion in the distribution system due to pipe breaks, pressure drops, or 

22 illegal connections—limit the potential for engineered systems to provide a continuous supply of 

23 treated drinking water directly to homes, in adequate quantities to improve hygiene.[11,12] Given 
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1 the considerable investment in providing piped services to low-income communities, rigorous 

2 evaluation of community-scale water provision is critical, to understand the real-world 

3 effectiveness and health impact of such systems in low-income contexts.[13–15]  

4 Despite the clear biological link between safe water and child health and development, limited 

5 information exists about the health impacts of large water infrastructure improvements in low-

6 income settings. A small number of studies have evaluated upgrades from intermittent to 

7 continuous water delivery in urban areas,[16] or localized improvements to water quality at shared 

8 water points.[17] Other studies have evaluated sanitation interventions, without examining 

9 drinking water or combined water and sanitation interventions.[18] A recent review of 

10 interventions to improve water quality globally found no studies evaluating reliable piped-in water 

11 supplies delivered to households and specifically called for rigorous research to assess the health 

12 impact of reticulated water supply systems.[19] The review concluded that “there is currently 

13 insufficient evidence to know if source-based improvements such as protected wells, communal 

14 tap stands, or chlorination/filtration of community sources consistently reduce diarrhoea.”([19] p2) 

15 A World Health Organization (WHO) review of drinking water on diarrhoeal disease in low- and 

16 middle-income settings concurs, stating that "Although evidence on the effects of providing 

17 drinking water of higher quality supplied on premises…on health is scarce, data on the effects of 

18 supplying safely managed WASH services in LMICs are completely missing.”([20] p56) One 

19 reason for this limited evidence is that community-scale interventions are difficult to study using 

20 randomized control trial (RCT) methodology – the gold standard for causal inference. It is often 

21 infeasible to randomize intervention groups due to policy, planning, and engineering 

22 considerations, and lack of adequate comparison groups. As such, alternative quasi-experimental 

23 designs must be applied.[21–23] 
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1 The predominance of studies in the WASH sector have focused on household- and compound-

2 level interventions because they lend themselves more readily to RCT methodology. Outside of 

3 the few aforementioned studies of community-wide infrastructure improvements, evaluations of 

4 the health impact of water quality improvements in low-income settings often focus on household 

5 water treatment such as boiling, chlorinating or filtering water, with studies predominantly 

6 conducted in rural settings.[19] Results of these trials have been mixed, since household-based 

7 approaches have various limitations, including low uptake and inconsistent use,[24,25] post-

8 treatment contamination,[26–29] and a poor record of sustained use.[30,31] Household water 

9 treatment interventions do not increase water quantity and availability and typical household 

10 WASH interventions are likely insufficient to prevent growth faltering in most cases.[32–35] 

11 It is crucial to assess the impact of community-scale infrastructure improvements,[22] as this 

12 is an area that is particularly relevant to inform local and national policy-makers, aid agencies, and 

13 development banks.[36] The area of most rapid growth in water access is via piped water supply 

14 connections, not household water treatment, and larger infrastructure interventions are also critical 

15 to achieving the scale of water supply improvements necessary to make impactful changes.[37]

16

17 1.2. Objective measures of gut health are needed

18 A vast majority of WASH studies use as their primary health outcome caregiver-reported 

19 diarrhea, primarily because acute diarrheal illness is responsible for ~10-12% of all deaths in 

20 children <5.[38,39] However, self-reported diarrhea is an unreliable outcome due to courtesy, 

21 social desirability and recall bias,[40] local definitions of diarrhea,[41–45] other self-reporting 

22 issues,[40,46–48] and the multiple potential etiologies of diarrhea symptoms.[49] Such biases are 

23 especially problematic where interventions cannot be blinded as is mainly the case for water 

Page 7 of 54

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

E
n

seig
n

em
en

t S
u

p
erieu

r (A
B

E
S

)
at A

g
en

ce B
ib

lio
g

rap
h

iq
u

e d
e l

 
o

n
 Ju

n
e 11, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
2 M

arch
 2023. 

10.1136/b
m

jo
p

en
-2022-067341 o

n
 

B
M

J O
p

en
: first p

u
b

lish
ed

 as 

http://bmjopen.bmj.com/


For peer review only

1 interventions. Shedding of enteropathogens, organisms that cause acute gastrointestinal illness, 

2 provides an unambiguous indicator of current infection, and increasingly is being used in the 

3 WASH field.[32,50,51] Advances in diagnostic techniques make it feasible to test for a wide 

4 variety of enteric pathogens simultaneously.[52,53] It is useful to understand enteric pathogen 

5 infections because chronic and repeated enteric pathogen infections in the first two years of life—

6 with or without symptomatic diarrhea—are associated with serious morbidities, including gut 

7 impairment, growth shortfalls, and cognitive deficits by ages 7-9 years.[54–60] Such outcomes 

8 can have profound impact on health, development and well-being of individuals, communities, 

9 and entire countries.[61,62] Host-level gastrointestinal conditions affected by environmental 

10 determinants, such as gut microbiome composition, may also help explain the long-term sequelae 

11 of enteric infections. While there is evidence of differences in gut microbiome composition across 

12 different cultures, regions, and populations,[63–68] and environmental conditions,[69] to date 

13 specific WASH determinants of these differences, such as access to piped water, have not been 

14 evaluated using explicit counterfactuals. Thus measures of gut microbial conditions may provide 

15 objective outcomes to more accurately measure the effect of WASH interventions[70,71] and 

16 capture long-term sequelae,[72] resulting in a more complete understanding of the health 

17 impacts.[73] 

18

19 1.3. Overview of study

20 In the PAASIM study (Pesquisa Sobre o Acesso à Água e a Saúde Infantil em Moçambique - 

21 Research on Access to Water and Children's Health in Mozambique), we address a series of 

22 questions about the impact of community-level water system improvements on acute and chronic 

23 health outcomes in children in a low-income urban area of Mozambique. This matched-control 
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1 cohort study follows mother-child dyads from late pregnancy through children 12 months of age, 

2 examining the impact of living in an area with an improved water network and/or having a 

3 household water connection on a variety of aspects of access to drinking water, microbes in the 

4 child gut (including both pathogens and other resident gut microbes), and ultimately downstream 

5 health outcomes (including diarrhea prevalence and growth) (Figure 1). This study will provide 

6 critical information for agencies who seek to understand how to optimize investments for 

7 improving child health, helping to fill the information gap about the impact of providing piped 

8 water to urban, low-income households by isolating the effects of major community-level water 

9 supply improvements on novel gastrointestinal disease outcomes. 

10

11 2. METHODS & ANALYSIS

12 2.1. Study setting and description of the intervention

13 Our study site is the coastal city of Beira, the second largest city in Mozambique (population 

14 ~530,000),[74] which serves as a gateway for both the central interior portion of the country and 

15 a trade corridor to neighboring land-locked nations. The center of Beira is bordered by unplanned, 

16 informal settlements inhabited by over 300,000 low-income residents.[75] A 2018 survey in Beira 

17 by Water & Sanitation for the Urban Poor (WSUP) showed that of 5,643 respondents, only 28% 

18 had a household water connection, and among those households without a connection, 83% used 

19 their neighbor’s tap as their main source of water (unpublished data, courtesy of WSUP). 

20 Therefore, improvement of water supply and delivery infrastructure is a priority.

21 The World Bank funded the Water Service & Institutional Support (WASIS-II) Project in 2016 

22 to address the low access to improved water supply in Mozambique,[76] investing $140 million 

23 with the Mozambican public institutions FIPAG (responsible for the public and private investment 
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1 program in urban water supply systems that serves as the water utility in Beira) and AURA, IP 

2 (the water regulatory authority responsible for the economic regulation and consumer protection 

3 of service provision). In addition, improvements in Beira are being augmented by investments 

4 from other groups, in particular the Dutch government, through infrastructure upgrades as well as 

5 emergency response funds following Cyclone Idai in 2019.[77] Improvements in the city of Beira 

6 include rehabilitation of water treatment facilities, replacing existing pipe mains that are failing, 

7 reticulation of water supply to new areas previously without water service, improving service in 

8 areas with poor coverage or low water pressure, and subsidizing water connection fees for the 

9 poor.

10

11 2.2 Study design

12 Several aspects of a city-wide water supply improvement project pose challenges to 

13 implementing a rigorous epidemiological study, particularly as people living in neighborhoods 

14 with piped water often differ in myriad ways from people living in neighborhoods without piped 

15 water. Water improvements to communities are often based on the needs or demographics of the 

16 community, government or donor priorities, and engineering considerations. Provisions of water 

17 supply to new areas previously without water service—or dramatic improvements in access and 

18 availability—represent a fundamental development that changes the livability and sometimes the 

19 makeup of the community.[2] These issues lead to difficulty in finding a comparable control group 

20 for epidemiological comparison. Furthermore, rollouts of water interventions often happen in 

21 continuous phases over time, and these changes might coincide with other events or community 

22 improvements that similarly impact health, making it difficult for that community to serve as its 

23 own control in a pre post design. 
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1 By using a prospective matched cohort in this unique context of an ongoing natural experiment, 

2 we are able to overcome many of these difficulties. The prospective nature of our study allows 

3 better control of confounding through matching, restriction, and rigorous and thoughtful collection 

4 of potential control variables. We specifically focus on one region of the city (Figure 2), where 

5 some neighborhoods received water system improvements focused on preventing water losses 

6 through replacement of the distribution system pipe system in dense, low-income settings; other 

7 neighboring areas with similar demographic characteristics did not receive these improvements. 

8 Neighborhood-level matching took place in the context of a natural experiment, where the delayed 

9 rollout across the city allows us to find and compare intervention and control neighborhoods that 

10 are similar in many ways, before the rollout eventually reached all potential control areas.

11 The Water Loss Reduction Project represents a subset of the improvements being carried out 

12 by FIPAG, with co-funding from the Dutch government and the World Bank WASIS-II project. 

13 The improvements are designed to reduce illegal connections, thereby increasing the water 

14 pressure and quality and increasing the system’s capacity for household connections. These areas 

15 also received some benefits related to improvements to the water intake and distribution systems. 

16 FIPAG undertook a campaign to offer new connections to households. These improvements were 

17 completed in some informal settlements in these low income areas of the city in 2019, with other 

18 adjacent neighborhoods with similar density and socioeconomic profile slated for completion in 

19 future years but not within the timeframe of our study. These specific distribution system upgrades 

20 therefore represent a unique opportunity to examine the impacts of community-scale water 

21 improvements with neighboring communities who did not receive the intervention serving as 

22 control areas for comparison. The neighborhoods under study are also in the lowest income—and 

23 therefore highest need areas of the city. 
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1 We will perform analyses that take into account the four factorial possible household types, 

2 based on mother-child dyad living in a sub-neighborhood with or without the improved water 

3 network and with or without a household connection (Figure 3). Our primary analyses focus on 

4 assessing A) the total network effect, by comparing subjects living in sub-neighborhoods with the 

5 improved water network (Household Types 1 and 2) to those living in sub-neighborhoods without 

6 these improvements (Household Types 3 and 4); and B) the direct household connection effect, by 

7 comparing subjects with household water connections on their premises (Household Types 1 and 

8 3) to those without a connection (Household Types 2 and 4). Depending on the results of these two 

9 primary analyses, secondary analyses may evaluate the other comparisons depicted in Figure 3. 

10 The reasons for some neighborhoods receiving the improvements and others not were a result 

11 of resource constraints. According to FIPAG, decisions on the order of improvements in different 

12 neighborhoods were guided by resource constraints as well as engineering logistics. We conducted 

13 a population-based survey (described below) that allowed us to both restrict and match study sub-

14 neighborhoods, thereby creating a statistically appropriate counterfactual for strong internal 

15 validity. The evaluation of a real-world intervention delivered in an informal urban setting 

16 provides strong external validity for estimating the effects of similar interventions in other low- 

17 and middle-income country urban sites. Our study design allows us to isolate the effects of both 

18 overall water supply infrastructural improvements as well as the presence of a household water 

19 connection. The presence of control areas not receiving upgrades adjacent to intervention areas 

20 that are matched on socioeconomic and density variables is unique to this study location. We 

21 collect data at multiple timepoints for each study household, allowing us to examine variability in 

22 each of the measures taken from each household, rather than at a single point in time, and also 

23 allowing for longitudinal analyses of the households and the individual enrolled subjects. We also 
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1 employ rigorous measures of exposure and novel and objective outcome measures, including gut 

2 microbiome composition and molecular detection of enteric pathogens.

3

4 2.3. Patient & Public involvement

5 The executive secretary of AURA, IP was directly involved in the formation of the research 

6 questions, and FIPAG personnel were also engaged from the initiation of the project in helping 

7 develop the study design.  Our team also received input from other public agency stakeholders 

8 during workshops that were held prior to initiation of the study. Study subjects and members of 

9 the general public were not involved in the study design. We provide regular updates with data 

10 summaries to public agency stakeholders, and plan to disseminate the main results to all study 

11 participants and also through public presentations for stakeholders in both Beira and Maputo. 

12

13 2.4. Sub-neighborhood selection 

14 Sub-neighborhood eligibility, selection, and matching of intervention and control sub-

15 neighborhoods occurred through a two-step process:

16 1) Intervention designation: Our study is a natural experiment, where the investigators had no 

17 control over the selection or timing of the intervention implementation. The study flow diagram is 

18 shown in Figure 4. We worked with FIPAG to determine which neighborhoods in Beira were to 

19 receive water distribution system upgrades prior to initiation of enrollment (2020) and before the 

20 end of the study (2023). FIPAG provided maps and timelines for construction works related to the 

21 upgrades, and the specific areas participating in the water loss reduction project. We also worked 

22 with FIPAG and through satellite imagery to identify similarly dense low-income areas in Beira 

23 that were not slated to receive water network upgrades. A total of 17 potential neighborhoods were 
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1 considered for inclusion in the study, and neighborhoods were divided into 80 sub-neighborhoods, 

2 delineated along natural boundaries such as roads or waterways. “Intervention” sub-neighborhoods 

3 include areas with the upgraded water distribution system. “Control” sub-neighborhoods include 

4 areas not receiving these improvements during the time period of the study. Within both 

5 intervention and control sub-neighborhoods, some households have a connection to the water 

6 system and others do not. We excluded nine control sub-neighborhoods that were in close 

7 proximity to intervention sub-neighborhoods or that were scheduled to receive the interventions 

8 within the timetable of our project; some control sub-neighborhoods are slated to receive the 

9 intervention after completion of our study.

10 2) Matching & Restriction: We followed the suggestion of Arnold et al. (2010) to use baseline 

11 (preintervention) data at the community level to match intervention to control communities when 

12 randomization is not possible.[23] To characterize subneighborhoods for further matching and 

13 restriction, we performed a population-based community survey in November-December, 2020 of 

14 approximately 1,700 households; this provided approximately a 5% proportional sample of our 

15 potential study sub-neighborhoods. We used a random grid sampling approach to estimate 

16 household density, using Google Earth satellite imagery, where a grid was placed over an area, 

17 and a random selection of squares were selected and counted independently in duplicate, and the 

18 number of houses per unit was extrapolated across unsampled squares. The survey contained 

19 modules regarding household demographics, water access and practices, sanitation access and 

20 practices, household assets and wealth indicators, as well as questions related to COVID-19. A 

21 socioeconomic status (SES) score was constructed using the 'simple poverty scorecard'[78] 

22 developed specifically for Mozambique, and scores were aggregated at the sub-neighborhood 

23 level, and categorized into tertiles.  
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1 We matched intervention sub-neighborhoods to control sub-neighborhoods, using coarsened 

2 exact matching,[79,80] with intervention sub-neighborhoods being matched to control sub-

3 neighborhoods within the same tertile of both SES and population density. Four neighborhoods 

4 (encompassing nine sub-neighborhoods) were found to be outliers in terms of their sub-

5 neighborhood-level SES or sanitation, and were excluded from the study sampling frame. 

6 Ultimately we designated 36 intervention sub-neighborhoods, with an estimated 16,800 

7 households, and 26 control sub-neighborhoods, with an estimated 9,500 households.

8

9 2.5. Participant recruitment, eligibility, and retention

10 We recruit pregnant women at the last trimester of pregnancy and follow the infant-mother 

11 dyads until the child is 12 months old (Figure 5). We selected the first 12 months of life because 

12 it is a critical development window,[81–83] it is a time when children are most at risk of acute and 

13 chronic effects of enteropathogen infection,[84] and it is a short enough period of time to avoid 

14 changes in water access that might occur. We recruit mothers at the end of their pregnancy so we 

15 can collect data on household risk factors (including drinking water quality) during the gestational 

16 period. Active recruitment occurs through identification of pregnant women in the 2020 

17 population-based survey, lists of pregnant women visiting local health centers for pre-natal care, 

18 and study staff visiting under-enrolled sub-neighborhoods throughout the recruitment period. 

19 Based on Ministry of Health data for Sofala Province (where Beira is located), virtually all mothers 

20 attend pre-natal clinical visits.[85] Passive strategies include referrals of pregnant women by study 

21 participants and community leaders. We aim to have complete data on a total of 548 infant-mother 

22 dyads, approximately evenly divided between the intervention and control groups. We will 

23 continue to enroll dyads into both arms until we reach a minimum of 274 dyads with complete 
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1 data in each arm, to ensure temporal balance throughout the duration of the study period.

2 During an initial pre-birth visit, pregnant women are assessed for study eligibility: 1) 18 years 

3 or older, 2) in third trimester of pregnancy, 3) resides in enrolled study cluster, 4) not planning to 

4 move within the next 12 months, 5) carrying a singleton birth, and 6) consents to take part in the 

5 study. We will re-assess study eligibility at each follow up visit and record if enrolled participants 

6 have been lost to follow up.

7

8 2.6. Data collection 

9 A local data collection firm (WE Consult) performs the in-country coordination of participant 

10 enrollment, data collection, and sample collection. Enumerators conduct household visits before 

11 birth for consent, eligibility, and conditions. At months 3, 6, 9, and 12 we deploy survey 

12 instruments to collect data on key indicators through structured observations, reports from 

13 respondents, and objective measurements (Table S1). We assess a number of variables related to 

14 drinking water, including aspects of water quality, water access, water availability, water security, 

15 water consumption, and participant satisfaction with water. Enumerators also conduct brief active 

16 surveillance calls on a monthly-basis by phone with caregivers to gather supplemental information 

17 on prenatal and perinatal environmental exposures and illnesses, on child illness symptoms, and 

18 intake of medicines, vitamins, breastfeeding, and introduction of complementary foods (Figure 

19 5). To facilitate communication with the study team, participants receive a 150 MZN phone credit 

20 at each visit. Aside from these phone credits, there is no financial incentive provided to participants 

21 to partake in the study, per Mozambican guidelines for human subjects research. We ask the 

22 caregiver to report diarrhea and blood in the stool (dysentery) of the index child in the previous 

23 week at the 3, 6, 9, and 12 month surveys and during active surveillance calls; due to concerns 
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1 about reporting biases, we also include negative control outcomes.[86] At each post-birth visit we 

2 measure child: 1) length, weight, and head circumference, and calculate length-for-age and weight-

3 for-age Z-scores. Prevalence of stunting and underweight are defined as two standard deviations 

4 below median of the reference population.[87] All data are collected on electronic tablets using 

5 Open Data Kit (ODK) Collect, an open-source program which allows offline data collection on a 

6 mobile device.[88] Additional details are provided in the Supplementary Material.

7

8 2.7. Sample collection, processing, and analysis

9 We briefly describe sample collection and downstream processing and analysis here, with 

10 additional details provided in the Supplementary Material.

11

12 2.7.1. Stool

13 Stool of the index child is collected at months 3, 6, 9, and 12. Three aliquots are placed in 

14 temperature stable lysis buffer collection tubes, and two additional aliquots are used to prepare a 

15 slide for Kato-Katz analysis of parasite ova[89]. Eligible participants are referred for deworming 

16 medicine at the 12-month visit, after returning results of the parasitological exam to study subjects 

17 in collaboration with Instituto Nacional de Saúde (INS) staff in Beira.

18 Extracted nucleic acids are analyzed: (1) using the TaqMan Array card (TAC, ThermoFisher 

19 Scientific, Waltham, MA, USA) assay, which allows quantification by real-time PCR via a 384-

20 well microfluidic card for simultaneous detection of multiple viral, bacterial, and parasitic enteric 

21 pathogen targets as well as antimicrobial resistance genes,[90] customized for our targets of 

22 interest (Table S2); and (2) by sequencing of the V4 region of the 16S ribosomal RNA (rRNA) 
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1 gene amplicon to characterize gut microbiome community structure and composition. 

2 Bioinformatic analyses will be completed using the QIIME2 software platform.[91] 

3

4 2.7.2. Dried blood spots

5 Sample collection: A trained nurse from INS collects up to six dried spots of capillary blood 

6 of the index child at 6, 9, and 12 month visits on Tropbio Filter Paper Blood Collection Disks 

7 (Cellabs, Sydney, Australia), using a 2mm lancet. Samples are stored at -20 °C at INS facilities in 

8 Beira and shipped at ambient temperature .[92] We will use the Luminex platform to carry out 

9 high throughput, multiplex antibody assays that enable the simultaneous measurement of 

10 quantitative antibody responses to dozens of pathogens from a single blood spot.[93] Our first 

11 measure will occur at 6 months, to avoid detection of maternal antibodies that wane over the first 

12 3-6 months of life.[94]

13

14 2.7.3. Drinking water 

15 Sample collection: We collect 100-mL household drinking water samples from source and 

16 stored water at all household visits. To complement the household sampling, we collect samples 

17 from a selection of 45 public standpipes located within the study area and 55 additional public 

18 standpipes located elsewhere in the city of Beira. At public standpipes we also measure water 

19 pressure by measuring time to fill a fixed volume (1L or 5L, depending on the pressure). Samples 

20 are processed for fecal indicator bacteria within six hours of collection using Colilert-18 reagent 

21 and the Quanti-Tray/2000 MPN method (IDEXX Laboratories, Westbrook, ME, USA), as well as 

22 for free and total chlorine levels and additional physiochemical parameters (pH, conductivity, and 

23 turbidity). Large volume samples will be collected from a subset of 50 households (1 L, processed 
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1 by membrane filtration) and 25 public standpipes (50 L, processed by dead end ultrafiltration[95]) 

2 in two different seasons, and tested for enteropathogens using the TAC assay.

3

4 2.8. Outcomes 

5 Our primary outcomes include: any bacteria or protozoa infection at age 12 months after birth; 

6 individual pathogens or pathogen groups; child gut microbiome composition; and household 

7 source water quality. We include viral, protozoal, and bacterial pathogens responsible for the vast 

8 majority of enteric pathogen infections and global disease burden.[96,97] While we measure viral 

9 pathogens using the TAC assay, they will be excluded from the combined enteropathogen 

10 prevalence primary outcome measure, because waterborne transmission is unlikely to dominate 

11 for these viral pathogens.[98–101] In addition to the aforementioned reasons related to child 

12 development and infection risk, measuring pathogens at 12 months will give us the greatest power 

13 to detect a difference, given higher levels of infection at that age than in younger children. We will 

14 measure gut microbiome using 16S rRNA gene amplicon sequencing in the full sample at 12 

15 months and in a random subset of 200 children with complete data at 3, 6, and 9 months, evenly 

16 distributed between intervention and control groups; dyads eligible for sub-set sampling will 

17 include those with complete stool sample collection and unchanged intervention exposure 

18 conditions. The 12-month samples will allow us to compare all study children at a common time, 

19 when all children are consuming drinking water and once the gut microbiome has become 

20 relatively established;[102] the longitudinal samples will allow for comparison of development of 

21 the microbiome over time between the two groups. Microbiome outcomes include alpha and beta 

22 diversity metrics, and identification of enriched taxonomic groups. We also include household 

23 source water quality as a primary exposure outcome, as understanding whether exposure to 
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1 microbial contaminants is altered is considered a critical aspect of evaluation of WASH 

2 projects.[71,103] 

3 Additional non-primary outcomes include pathogen count, pathogen community similarity 

4 (measured using Jaccard similarity index), diarrhea, child growth, and prior enteropathogen 

5 infection (measured using serology on dried blood spot samples). We will measure additional 

6 water quality exposure measures, as well as measures of exposure to the improved water system, 

7 such as fidelity of the intervention (e.g., improvements to water quantity and coverage of 

8 household taps) and receipt of the intervention by community members (e.g., reductions in water 

9 insecurity, increased water use). These fidelity and uptake measures will be collected at all time 

10 points through direct observation and respondent report. Available minimal detectable effect sizes 

11 are summarized in Table 1 and calculations are further detailed in the Supplementary Material. 
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Table 1. Primary and non-primary health outcomes and exposure outcomes for the PAASIM Study. Patent enteric pathogen infection 
in stool is measured via TaqMan Array Card (TAC) assay; Stool microbiome composition is measured via 16s rRNA amplicon 
sequencing; prior enteric pathogen exposure is measured via serological assays of dried blood spots. Drinking water quality measured 
by IDEXX as E. coli most probable number/100mL. See text for further details. Calculations and additional values for the minimum 
detectable effect are described in the Supplementary Material.

Primary outcomes

Time point Minimum 
detectable effect 

(Risk Ratio)

Anticipated control 
group prevalencea

Patent enteric pathogen infection 
  Prevalence of any bacterial or protozoan pathogen 12 mob 0.74 70%
  Prevalence of any bacterial pathogen 12 mob 0.69 61%
  Prevalence of any protozoan pathogen 12 mob 0.50 32%
  Any co-infection (bacterial, protozoan, or viral pathogens) 12 mob 0.60 45%

Gut microbiome composition 12 moc

   Alpha diversity -- NA
   Beta diversity -- NA
   Enriched taxa -- NA

Household source drinking water quality 12 mod -- NA

Additional health outcomes
Patent enteric pathogen infection 

Pathogen count 12 mob -- --
Pathogen community similarity 12 mob -- --
Individual pathogens 12 mob n/a-0.49 2-31%
Any virus 12 mob 0.46 28%

Gut microbiome composition 3, 6, 9 moc

(Same variables as gut microbiome composition for 12 mo)

Prior enteric pathogen exposure 6, 9, 12 mo -- --
(Same variables as patent enteric pathogen infection)

Diarrhea 1-week period prevalence (caregiver report)
Weekly 0.26 14.4%

Anthropometric Measurements 3, 6, 9, 12 mo
   Length-for-age Z-score -- --
   Weight-for-age Z-score -- --
   Stunting prevalencee 0.49 31%
   Underweight prevalencee 0.22 13%

All-cause mortality (while enrolled in study) Continuous -- --
Additional Exposure outcomes
Primary drinking water source 3, 6, 9, 12 mo
Drinking water quality (source) 3, 6, 9 mof

Drinking water quality (stored) 3, 6, 9, 12 mo
Water access 3, 6, 9, 12 mo
Water availability 3, 6, 9, 12 mo
Water security 3, 6, 9, 12 mo
Water consumption 3, 6, 9, 12 mo
User satisfaction with water 3, 6, 9, 12 mo

aAnticipated control group prevalence based on control group prevalence for 10-14 month olds in the MapSan trial ([32] and J. 
Knee, pers. Comm.).  
b Samples also collected at 3, 6, and 9 months of age may also be analyzed, depending on results of primary analysis at 12 months. 
e A subset of n=200 samples will be analyzed for gut microbiome composition in children at 3, 6, and 9 months of age. All 12 month 
samples will be analyzed.
d This is a conservative estimate as it does not account for weekly active surveillance.
e Defined as two standard deviations below median of the reference population.
f Samples will be analyzed at 3, 6, 9, and 12 mo, but 12 month samples are the primary outcome of interest.
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2.9. Analysis plan

The pre-analysis plan for this study is published on the Open Science Framework platform 

(https://osf.io/4rkn6/).

2.9.1. Total network effect 

To assess the impact of the intervention on our primary enteric pathogen infection outcomes 

and water quality exposure outcome (Table 1), we will use an intention-to-treat (ITT) analysis 

approach to compare children living in intervention versus control sub-neighborhoods, without 

regard to uptake/use of the intervention (i.e., direct household connection on the premises). This 

answers the relevant policy question “what if an improvement is delivered to an area?”  We will 

use multivariable log-linear binomial regression models, as pathogen infection is a binary variable, 

and will use generalized estimating equations (GEE) to account for clustering at the sub-

neighborhood level. We group matched on sub-neighborhood-level SES and population density, 

using weighting to account for unequal numbers between the intervention and control areas within 

each matching stratum.[104] We will additionally control for household- and individual-level 

confounders, including household SES, household sanitation, mother’s education-level, and child 

sex. We may adjust for additional variables if there are found to be imbalances in potential 

confounders in our baseline assessment. We hypothesize that the intervention will lead to 

reductions in enteric pathogens among children and microbial water contamination of source 

water. 

For additional outcomes and exposure variables of interest (Table 1), we will use a similar 

modeling approach, using log-linear binomial regression models for binary outcomes, linear 

regression models for continuous outcomes, and Poisson (or negative binomial) models for count 

outcomes. For outcomes measured at multiple time points, we will present results separately for 
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each given time point. For these analyses, we will control for sub-neighborhood-level SES and 

population density through matching, and will additionally control for household sanitation, 

mother’s education-level, child sex, and any other variables that are imbalanced and are 

conceivably potential confounders. For previous enteropathogen exposure evaluated using 

serological measures we hypothesize that those in the intervention group will show delays in 

pathogen acquisition. 

To assess the impact of the intervention on microbiome outcomes, we will evaluate alpha 

diversity (Chao1 species richness estimator, Pielou’s J evenness estimator, and the Shannon 

diversity index [105]) using the same modeling approach as described above for continuous 

outcomes. Linear discriminate effect size (LEfSe) analyses will be used to evaluate specific 16S 

rRNA gene-based Operational Taxonomic Units (OTUs) that differ between individuals in 

intervention versus control groups, and will include effect size corrections [106]. We will examine 

the impact of intervention group, controlling for other covariates, on community similarity using 

Adonis permutation models,[107] based on weighted UniFrac and Bray-Curtis distances, and 

evaluate and visualize differences using PCA and/or NMDS plots. We hypothesize that we will be 

able to observe detectable differences in gut microbiome composition in children living in 

intervention versus control sub-neighborhoods and we will report these differences at the 

individual OTU and bacterial family levels. 

2.9.2. Direct Household Connection Effect 

To assess the effect of having a water connection at the household or compound, we will use 

models similar to those described above, but accounting for a household network connection. We 

will also assess the interaction between the household and neighborhood network variables, which 
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will allow us to contrast and estimate indirect, direct, and total effects, as shown in Figure 3. We 

hypothesize that participants with both improved water networks in their sub-neighborhoods and 

household water connections will most benefit from the interventions in terms of our primary and 

non-primary health outcomes and exposure outcomes of interest.

2.9.3. Additional analyses

For select primary outcomes, we will assess if there is effect modification by a third variable, 

such as follow-up round/age, participant sex, and household sanitation access. We will use 

interaction terms to identify potential interactions, and will present stratified results (e.g., 

separately by sex) if interactions are detected. The intervention status of subneighborhoods was 

set at baseline, but if control subneighborhood(s) receive the intervention after the study has 

started, we will perform sensitivity analyses dropping and/or recategorizing subneighborhood(s) 

that crossed over.

There are several analyses where we do not use the matched-design and intervention variable 

in our analyses. For example, we will assess associations between various water measures on 

health, without regard to the intervention designation. We will also examine changes in the gut 

microbiomes of children over time. Additional analyses will be described and documented in OSF. 

2.10. Sample size and power calculations 

Our minimal sample size of 548 households–half in intervention and half in matched control 

sub-neighborhoods–was powered for our primary outcome of prevalence of any non-viral 

pathogen. Utilizing data from the MapSan trial for children 10-14 months of age (J. Knee, pers 

comm) we used a control group prevalence of 70% for any non-viral pathogen, and estimated the 
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ability to detect a relative risk of 0.74, alpha=0.05, and power=80% using a two-sided test for 

significance.[32] We estimated a sub-neighborhood-level interclass correlation (ICC) of 0.05 (a 

moderate estimate) among our 62 designated sub-neighborhoods. We will also report on the final 

ICC and other assumptions of this power analysis at the end of the study. Estimates of minimum 

detectable effect sizes based on control prevalence of the outcome of interest (Table S2) show we 

may be adequately powered to detect a difference in some individual pathogens if those pathogens 

have high prevalence and/or if they are strongly associated with the water supply improvement 

intervention (e.g., waterborne pathogens). We target planned recruitment at 900 pregnant women 

in the third trimester, to account for incomplete data and loss to follow-up. We used sub-

neighborhood enrollment targets proportionate to our density estimates to achieve balance across 

intervention and control sub-neighborhoods.

2.11. Blinding

All lab personnel and field enumerators are blinded to the intervention status of the samples 

and households. Participants cannot be blinded to their household-level water exposure status or 

cluster-level exposure status, although participants may or may not know about water 

improvements in their particular neighborhood. A primary analyst external to the core data 

management team is blinded to the group assignments until the data cleaning and primary analysis 

are completed. Details of these procedures are included in the Supplementary Material. Unblinding 

will occur only after primary outcome models are developed and compared between two 

independent analysts. Analyses examining the impact of the intervention on non-primary outcomes 

or exposures of interest will not be unblinded until after analyses that examine the impact of the 

intervention on our primary outcomes have been completed. Purely observational analyses that do 
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not require information on intervention group may be completed before unblinding occurs.

3. ETHICS & DISSEMINATION

The study protocol, informed consent forms, and data collection tools were approved by 1) 

Mozambique National Bio-Ethics Committee for Health (IRB00002657) and (2) Emory 

University’s Institutional Review Board (IRB00098584). Prior to enrollment, study staff fully 

explained and carried out the consent process and documented the procedure. Subjects provided 

written consent with a signature. In the case of illiteracy of the subject, study staff verbally 

summarized the material with the subject, and the participants were required to provide written 

consent by marking the document with a thumbprint. As this study is a natural experiment that the 

investigators do not control, we do not have a data monitoring committee or any interim stopping 

guidelines. Enrollment for this study began during the COVID-19 pandemic, and precautions were 

taken to secure the safety of study staff and participants based on guidance from INS, Emory 

University, and the University of Washington.

Any changes to this published protocol will be noted in OSF, and, where relevant, in future 

publications. De-identified data sufficient to replicate study findings will be publicly available on 

OSF upon completion and publication of the study results. A report will also be prepared and 

shared with the municipality and health authorities in Beira, and other relevant stakeholders. All 

microbial DNA sequence data will be made available through the SRA database of NCBI upon 

validation and/or publication of the corresponding manuscript.
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FIGURE CAPTIONS

Figure 1. PAASIM theory of change. 
No caption needed

Figure 2. Map of PAASIM study site in Beira, Mozambique.
Map of Beira, Mozambique, with enlargement highlighting study site. Red lines indicate the new 
distribution system water network. Blue lines indicate other parts of the water network. Gray 
shaded areas indicate neighborhoods enrolled in the study.

Figure 3. PAASIM study summary diagram. 
The diagram reflects the summarized a) study design and data collection, and b) data analysis 
approaches to isolate the effects of both overall water supply infrastructural improvements as 
well as the presence of a household water connection. 

Figure 4. PAASIM study flow diagram.
No caption needed

Figure 5. Data and sample collection timeline for outcomes in the PAASIM study.
Data and sample collection of infant-mother dyads enrolled into the study will be used address a 
series of questions about the impact of community-level water system improvements on acute 
and chronic health outcomes in children in a low-income urban area of Mozambique.
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Figure 1. PAASIM theory of change. Mono Image. 
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Figure 2. Map of PAASIM study site in Beira, Mozambique. Colour Image. Map of Beira, Mozambique, with 
enlargement highlighting study site. Red lines indicate the new distribution system water network. Blue lines 
indicate other parts of the water network. Gray shaded areas indicate neighborhoods enrolled in the study. 
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Figure 3. PAASIM study summary diagram. Colour Image. The diagram reflects the summarized a) study 
design and data collection, and b) data analysis approaches to isolate the effects of both overall water 

supply infrastructural improvements as well as the presence of a household water connection. 
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Figure 4. Colour Image. PAASIM study flow diagram. 
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Figure 5. Data and sample collection timeline for outcomes in the PAASIM study. Colour Image. Data and 
sample collection of infant-mother dyads enrolled into the study will be used address a series of questions 
about the impact of community-level water system improvements on acute and chronic health outcomes in 

children in a low-income urban area of Mozambique. 
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Supplementary Material 

 

Details of data collection  

A data collection firm (WeConsult) performs the in-country coordination of participant enrollment, data 

collection, and sample collection. Enumerators are recruited from Beira; all are fluent in Portuguese (spoken 

by >80% of the study population)1 and more than half speak the local language. Enumerators conduct 

household visits for consent and eligibility pre-birth, and at months 3, 6, 9, and 12 post-birth; active 

surveillance calls take place monthly (Figure 4). All data are collected on electronic tablets using Open 

Data Kit (ODK) Collect, an open source program which allows offline data collection on a mobile device.2  

 

2.4.1. Household visit  

Survey instruments consist of several modules aimed at collecting data on key indicators through 

structured observations, reports from respondents, and objective measurements (Table S1). The survey 

includes household questions (e.g., SES, demographics, nutrition and food insecurity, flooding, animals, 

and sanitation and handwashing facilities), questions about the mothers (e.g., demographics, medical and 

physical health, pregnancy and birth care, and breastfeeding practices), questions about the index child (e.g., 

birth outcome, nutrition, health and recent illness, anthropometry, and vaccination history), and household 

questions about drinking water. We also collect GPS coordinates at each household visit.  

 

2.4.2. Active surveillance calls 

A brief monthly active surveillance call is conducted by phone to gather information on prenatal and 

perinatal environmental exposures and illnesses, on child illness symptoms, and intake of medicines, 

vitamins, breastfeeding, and introduction of complementary foods. The first active surveillance pre-birth 

call is targeted to occur one month after enrollment and calls continue on a monthly basis between visits. 

To facilitate communication with the study team participants receive a 150 MZN phone credit at each visit. 

 

2.4.3. Drinking water 

Drinking water characteristics, which are on the causal pathway between the intervention and our study 

outcomes (Figure 1), will be used to provide evidence of biological plausibility of the intervention’s effects 

on these downstream outcomes. We will characterize water access using the Joint Monitoring Program 

definition of “safely managed,” i.e., an improved water source that is accessible on premises (located within 

the dwelling, yard or plot), available when needed (sufficient water available for at least 12 hours per day), 

and free from contamination (no E. coli detected in a 100mL sample).3,4 We also assess a number of 

additional variables related to drinking water, including aspects of water quality, water access, water 

availability, water security, water consumption, and participant satisfaction with water. These variables are 

evaluated throughout the study at the household level and also at the community level through objective, 

observed, and participant-reported measures.  

 

2.4.4. Diarrhea 

At months 3, 6, 9, and 12, we ask the caregiver to report diarrhea and blood in the stool (dysentery) of 

the index child in the previous week. We use the case definition of diarrhea as 3 or more loose stools in a 

24 hour period.5  Due to concerns about reporting biases, we also include a negative control outcome6; 

caregivers report on accidents that resulted in physical injury in the previous week. In addition, we note 

objective characteristics of the stool samples collected, including observed blood and mucus and an infant 

stool form scale describing consistency (4-point scale), amount (4-point scale), and color (6 categories).7  

 

2.4.5. Anthropometry 

At months 3, 6, 9, and 12, we measure child: 1) length, weight, and head circumference. From these 

measures we will calculate Z-scores (LAZ and WAZ), and prevalence of stunting and underweight, defined 
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as two standard deviations below median of the reference population.8 We measure weight using digital 

baby weighing scales with 5g gradations (ADE, Model# M112600, Hamburg, Germany), and we measure 

height using a baby length measuring board with 1mm gradations (ADE, Model# MZ10040).9 

Measurements are repeated twice and recorded into the survey. The enumerator is prompted to conduct a 

third measurement if there are differences of >1 cm in length or head circumference or if weight is off by 

>0.5kg in the two repeated measurements. Each child’s LAZ and WAZ will be calculated using the WHO 

Child Growth Standards for the reference population10,11 and WHO Anthropometric macros.12  

 

Details of sample collection, processing, and analysis 

2.5.1. Stool 

Sample collection: Stool of the index child is collected at months 3, 6, 9, and 12 using a diaper, which 

is provided to the primary caregiver before a household visit. If a fecal sample is not provided during the 

initial home visit, we leave the primary caregiver with additional diapers and two more attempts are made 

to collect the sample within 4 hours of production.  If needed, we provide a cooler and cold-pack, and collect 

the sample within 7 hours of production.  

Sample processing: Lab personnel transfer 1g fecal material from the diaper into a DNA/RNA Shield 

Fecal Collection Tube (Zymo Research, Irvine, CA, USA); we aim to collect three aliquots in separate 

collection tubes. The DNA/RNA Shield stabilization buffer lyses the cells and renders the sample DNA and 

RNA stable for 30 days at ambient temperature.13 Samples are stored and shipped at -20 °C. Nucleic acids 

are extracted from fecal samples using the QIAamp 96 Virus QIAcube HT Kit on a QIAcube HT (Qiagen 

Sciences Inc., Germantown, MD, USA), and stored at -80°C until further processing.  

Analysis - parasites: Immediately after the first three aliquots are placed in the collection tubes, two 

additional aliquots of fecal material are taken from the diaper to prepare a slide for Kato-Katz analysis of 

parasite ova14. If sufficient material is available for a second slide analysis is carried out in duplicate. 

Samples are analyzed for hookworm (e.g., Necator americanus, Ancylostoma duodenale) immediately 

following slide preparation, and for Ascaris spp., Schistosoma mansoni, Trichuris trichiura, Taenia, 

Enterobius vermicularis, and Strongyloides stercoralis after overnight incubation at room temperature. 

Eligible participants are referred for deworming medicine at the 12-month visit, after returning results of 

the parasitological exam to study subjects in collaboration with Instituto Nacional de Saude (INS) staff in 

Beira. 

Analysis - enteric pathogens: Extracted nucleic acids are analyzed using the TaqMan Array card (TAC, 

ThermoFisher Scientific, Waltham, MA, USA) assay, which allows quantification by real-time PCR via a 

384-well microfluidic card for simultaneous detection of multiple viral, bacterial, and parasitic enteric 

pathogen targets as well as antimicrobial resistance genes. Immediately prior to nucleic acid extraction, 

samples used in downstream TAC assays are seeded with the Inforce 3 Bovine Vaccine (Zoetis, Parsippany-

Troy Hills, NJ, USA)15 containing Bovine Herpesvirus 1 (BHV) and Bovine Respiratory Syncytial Virus 

(BRSV) as extrinsic controls, to monitor extraction and amplification efficiency. Pathogens will be linked 

to the diarrheal disease episode based on relative cycle threshold values from the TaqMan results.16 The 

specific targets we will test for are shown in Table S2. The batch of TaqMan Array Cards will be QA/QC 

using positive control plasmids. Initially, a standard curve for quantification will be run in duplicate, and 

the limit of detection and limit of quantification will be determined by running cards at a low concentration 

(concentration determined based on the standard curve tests) until a 95% positivity rate out of at least ten 

assays is obtained. Additionally, when processing samples, standard curves will be run in singlicate once 

per month with the positive control plasmid. A negative control will be run per card.  

Analysis - Gut microbiome composition: We will characterize the gut microbial community structure 

and composition by sequencing of the V4 region of the 16S ribosomal RNA (rRNA) gene amplicon. 

Immediately prior to nucleic acid extraction, samples used in downstream 16s assays will be seeded with 

the ZymoBIOMICS Spike-in Control I (High Microbial Load) (Zymo Research) containing Imtechella 
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halotolerans and Allobacillus halotolerans. Bioinformatic analyses will be completed using the QIIME2 

software platform and other bioinformatics tools17.  

 

2.5.2. Dried blood spots 

Sample collection: A trained nurse collects up to six dried spots of capillary blood of the index child at 

6, 9, and 12 month visits on Tropbio Filter Paper Blood Collection Disks (Cellabs, Sydney, Australia), using 

a 2mm lancet.  

Sample processing: Samples are allowed to dry overnight, then three aliquots of two spots each are 

placed in a Ziploc bag with silica desiccant. Dried blood spots can be stored at ambient temperatures for up 

to 100 days, even in tropical climates18,19 but samples are stored at -20 °C and shipped at ambient 

temperature.20  

Analysis – antibodies: We will use the Luminex platform to carry out high throughput, multiplex 

antibody assays that enable the simultaneous measurement of quantitative antibody responses to dozens of 

pathogens from a single blood spot.21 Bead coupling of antigens will occur at the U.S. Centers for Disease 

Control and Prevention (CDC), and CDC collaborators will also provide support in determining appropriate 

antigen cut points. Our panel includes a subset of enteropathogens that have targets on the TAC assay, 

including Giardia, Cryptosporidium, Entamoeba histolytica, norovirus, Campylobacter, enterotoxigenic E. 

coli and V. cholerae, following previous similar studies.22 Our first measure will occur at 6 months, to avoid 

detection of maternal antibodies that wane over the first 3-6 months of life. 23 

 

2.5.3. Drinking water  

Sample collection: We collect 100-mL household drinking water samples from source and stored water 

at all household visits. We select the drinking water source sample by asking the mother what the source of 

water is for the household that would be given to the study child to drink, or to mix formula. If the source 

water is not in the household, the enumerator walks with the mother to the source (e.g., a neighbor’s house 

or public standpipe) to collect a sample and GPS location. We select the stored water sample by asking the 

mother for any water in the household that is used for drinking purposes; stored water is water stored in a 

jerry can, bucket, or other container in the household for later consumption.  

To complement the household sampling, we also collect samples from a selection of 45 public 

standpipes located within the study area and 55 additional public standpipes located elsewhere in the city 

of Beira. At public standpipes we also measure water pressure by measuring time to fill a fixed volume (1L 

or 5L, depending on the pressure).   

Sample processing and analysis: All samples are placed on cold packs after collection for transport to 

a lab in Beira. Samples are processed for fecal indicator bacteria within six hours of collection using 

Colilert-18 reagent and the Quanti-Tray/2000 MPN method (IDEXX Laboratories, Westbrook, ME, USA). 

Free and total chlorine levels are measured using a DR300 Pocket Colorimeter (Hach Company, Loveland, 

CO, USA) and DPD powder pillows (Hach Company)24. Additional physiochemical parameters (pH, 

conductivity, and turbidity) are measured for public standpipe water samples using a Pocket Pro+ Multi 2 

Tester and TL2300 turbidity meter (Hach Company). 

 
Details of Blinding 

At enrollment, households are assigned a unique identifier independent of intervention status. The core data 

management team conducts quality assurance using geocoded data to ensure group exposure status aligns 

with cluster-level designations of the exposure (i.e., intervention vs control areas). All geocoded data and 

group exposure indicators are removed prior to an external analyst performing the data cleaning and primary 

analysis. Data are cleaned, including decisions on missing data, outliers, and variable categorizations, 

before the analyst receives any group exposure. The analyst performs the primary analyses making 

comparisons between undefined group exposures. Once the analysis models are finalized, these rehearsal 

results are input into tables to create table shells for the final analyses. The primary analyst then receives a 
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masking key, with true cluster-level designations of the exposure, and reruns the code with the appropriate 

group exposure, and re-inputs the final results into the table shells. 
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Table S1. Household survey data collection in the PAASIM Study 
 

Category  Indicator Time point Type of data 
Pre-birth 3mo 6mo 9mo 12mo  

Household-level 

General 
characteristics 

Socio-economic status X * * * X Respondent reported 
Observation of households 

Demographics (household ownership, 
household members, children under 5 years 
of age, primary wage earner) 

X * * * X Respondent reported 

Nutrition 
 

Food insecurity X X X X X Respondent reported 

Types of food consumed by household 
members yesterday 

     Respondent reported 

Sanitation 
 
 
 
 

Access to improved sanitation X X X X X Observation of household latrines 

Location of sanitation facility X X X X X Observation of household compounds 

Sharing of sanitation facility X X X X X Respondent reported 

Sanitation facility characteristics 
(serviceable, drop hole cover, smooth and 
cleanable floor) 

X X X X X Observation of household latrines 

Presence of human feces in the household 
compound 

X X X X X Observation of household compounds 

Trash disposal X X X X X Respondent reported 

Handwashing Access to handwashing facility with soap 
and water 

X X X X X Observation of household compounds 

Flooding Flooding of household compound X X X X X Respondent reported 

Animals 
 
 

Presence of animals in the household or 
compound (chickens, ducks/turkey, dogs, 
cats, pigs, sheep, goats, rabbits, donkeys) 

X X X X X Respondent reported 

Presence of animal feces in the household 
compound 

X X X X X Observation of household compounds 

Child(ren) contact with animals X X X X X Respondent reported 

Health Deworming history (pre-school age children, 
school age children, and mother) 

 X X X X Respondent reported 

Moving Moved to another household  X X X X Respondent reported 
Observation of household compounds 

Notes: *Asked if study household has moved to another location within the study area 
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Category  Indicator Time point Type of data 
Pre-birth 3mo 6mo 9mo 12mo  

Mother-level 

General 
characteristics 

Demographics (age, religion, language, 
education, employment, marital status) 

X    X Respondent reported 

Mental and  
physical health 

WHO 5 well-being index X X X X X Respondent reported 

Medical diagnosis history (diabetes, high 
blood pressure, heart disease, urinary tract 
infection, kidney disease, sexually-
transmitted disease, cancer, malaria) 

X     Respondent reported 

Vaginal health practices X     Respondent reported 

 
Pregnancy health 
 
 
 

Pregnancy history X     Respondent reported 

Expected delivery date  X     Respondent reported 

Pre-natal care X     Respondent reported 

Medical diagnosis during pregnancy 
(gestational diabetes, high blood pressure, 
placenta previa, COVID-19, Dengue, Zika, 
Chikungunya, Malaria) 

X     Respondent reported 

Medications, vitamins, or supplements 
during pregnancy  

X     Respondent reported 

Birth care Delivery location  X    Respondent reported 

Cesarean section  X    Respondent reported 

Post-natal care  X    Respondent reported 

Breastfeeding 
 

Breastfeeding intentions X     Respondent reported 

Breastfeeding practices  X X X X Respondent reported 

Sanitation 
 

Primary place of defecation in last week X X X X X Respondent reported 

Exclusive use of sanitation facility in last 
week 

X X X X X Respondent reported 

Travel Estimated time spent away from home in 
the last 12 months 

    X Respondent reported 
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Category  Indicator Time point Type of data 

Pre-birth 3mo 6mo 9mo 12mo  
Child-level 

Birth 
 
 
 

Birth outcome  X    Respondent reported 

Birthdate  X    Observation of child health card 

Birth weight  X    Respondent reported 

Sex  X    Observation of child health card 

Health 
 
 
 
 
 

Mortality  X X X X Respondent reported 

Vaccination history (DTP, Rotavirus, Polio, 
MMR) 

 X X X X Observation of child health card 

Medication history  X X X X Respondent reported 

Deworming history     X Respondent reported 

Illness (diarrhea, dysentery, nasal 
congestion, fever, vomiting, physical injury) 
in the last week 

 X X X X Respondent reported 

Medical diagnosis (colic, ear infection, 
anemia, respiratory illness, malaria, asthma) 
and treatment history 

 X X X X Respondent reported 

Anthropometry Head circumference  X X X X Objective measurement 

Body length  X X X X Objective measurement 

Body weight  X X X X Objective measurement 

Nutrition 
 

Types of liquid food consumed in the last 
week 

 X X X X Respondent reported 

Types of solid food consumed in the last 
week 

  X X X Respondent reported 

Sanitation 
 

Diaper wearing  X X X X Respondent reported 

Disposal of child stools  X X X X Respondent reported 

Water consumption 
 

Child consumption of drinking water source  X X X X Respondent reported 

Drinking water treatment for child 
consumption 

 X X X X Respondent reported 

Travel Estimated time spent away from home in 
the last 12 months 

    X Respondent reported 
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Category  Indicator Time point Type of data 
Pre-birth 3mo 6mo 9mo 12mo  

Drinking water-level 

Water access Municipality water connection and status X X X X X Observation of water meter 

Type of drinking water source X X X X X Respondent reported 
Observation of water source 

Alternate source for non-drinking water X X X X X Respondent reported 

Alternate source for drinking water outages X X X X X Respondent reported 

Distance to water main X X X X X GPS location 

Location of drinking water source X X X X X Respondent reported 

Distance to drinking water source X X X X X GPS location 

Time to collect water (minutes for round trip 
and trips per week) 

X X X X X Respondent reported 

Water availability 
 
 
 
 

Water availability (hours per day and days 
per week) 

X X X X X Respondent reported 

Household water storage (large and small 
containers) 

X X X X X Respondent reported 

Piped water flow rate (liters per minute) X X X X X Objective measurement 

Water availability at handwashing facility X X X X X Observation of handwashing facility 

Water availability at sanitation facility X X X X X Observation of sanitation facility 

Drinking water 
quality 

Treatment of stored water X X X X X Respondent reported 

Drinking water free/total chorine (source 
and stored water) 

X X X X X Objective measurement 

Water security 
 
 

Sharing of water connection X X X X X Respondent reported 

Household water insecurity experiences X X X X X Respondent reported 

Sufficient quantity of drinking water X X X X X Respondent reported 

User satisfaction 
with water 

Satisfied with water service X X X X X Respondent reported 

Satisfied with water availability X X X X X Respondent reported 

Satisfied with water pressure X X X X X Respondent reported 

Satisfied with water color and appearance X X X X X Respondent reported 

Satisfied with water taste and smell X X X X X Respondent reported 

Satisfied with water affordability X X X X X Respondent reported 

Water consumption Monthly water expenses X X X X X Respondent reported 

Water usage (liters per day) X X X X X Respondent reported 
Observation of water meter 
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Table S2: Targets Assayed by the TaqMan Array Card (TAC) for the PAASIM study  
Target Gene of interest Forward (5' to 3') Reverse (5' to 3') Probe (5' to 3')* 

Bacterial Pathogens 

Enteroaggregative E. 
coli (EAEC) 

aaiC ATTGTCCTCAGGCATTTCAC ACGACACCCCTGATAAACAA TAGTGCATACTCATCATTTAAG 

aatA CTGGCGAAAGACTGTATCAT TTTTGCTTCATAAGCCGATAGA TGGTTCTCATCTATTACAGACAGC 

Diarrheagenic E. coli 
(DAEC) 

afaB GTCTCCCTGAATGTACAGCTTTCA CMCTCTGCCACTCCACCTT TCAAGCTGTTTGTTCGTC 

Shiga toxin-producing 
E. coli (STEC) 

stx1 ACTTCTCGACTGCAAAGACGTATG ACAAATTATCCCCTGWGCCACTATC CTCTGCAATAGGTACTCCA 

stx2 CCACATCGGTGTCTGTTATTAACC GGTCAAAACGCGCCTGATAG TTGCTGTGGATATACGAGG 

Enteropathogenic E. 
coli (EPEC) 

eae CATTGATCAGGATTTTTCTGGTGATA CTCATGCGGAAATAGCCGTTA ATACTGGCGAGACTATTTCAA 

bfpA TGGTGCTTGCGCTTGCT CGTTGCGCTCATTACTTCTG CAGTCTGCGTCTGATTCCAA 

Enterotoxigenic E. coli 
(ETEC) 

LT TTCCCACCGGATCACCAA CAACCTTGTGGTGCATGATGA CTTGGAGAGAAGAACCCT 

STh GCTAAACCAGCAGGGTCTTCAAAA CCCGGTACAAGCAGGATTACAACA TGGTCCTGAAAGCATGAA 

STp TGAATCACTTGACTCTTCAAAA GGCAGGATTACAACAAAGTT TGAACAACACATTTTACTGCT 

Shigella spp./ 
Enteroinvasive E. coli 
(EIEC) 

ipaH CCTTTTCCGCGTTCCTTGA CGGAATCCGGAGGTATTGC CGCCTTTCCGATACCGTCTCTGCA 

E. coli O157 rbdE TTTCACACTTATTGGATGGTCTCAA CGATGAGTTTATCTGCAAGGTGAT CTCTCTTTCCTCTGCGGTCCT 

Campylobacter jejuni/ 
C. coli 

cadF CTGCTAAACCATAGAAATAAAATTTCTCAC CTTTGAAGGTAATTTAGATATGGATAATCG CATTTTGACGATTTTTGGCTTGA 

Salmonella spp. ttr CTCACCAGGAGATTACAACATGG AGCTCAGACCAAAAGTGACCATC CACCGACGGCGAGACCGACTTT 

Vibrio cholerae hylA ATCGTCAGTTTGGAGCCAGT TCGATGCGTTAAACACGAAG ACCGATGCGATTGCCCAA 

Clostridium difficile tcdB GGTATTACCTAATGCTCCAAATAG TTTGTGCCATCATTTTCTAAGC CCTGGTGTCCATCCTGTTTC 

Viral Pathogens 

Adenovirus fiber AACTTTCTCTCTTAATAGACGCC AGGGGGCTAGAAAACAAAA CTGACACGGGCACTCT 

Astrovirus capsid CAGTTGCTTGCTGCGTTCA CTTGCTAGCCATCACACTTCT CACAGAAGAGCAACTCCATCGC 

Hepatitis G 5’ UTR CGGCCAAAAGGTGGT GGA TG CGACGAGCCTGACGTCGGG AGGTCCCTCTGGCGCTTGTGGCGAG 

Norovirus GI ORF1-ORF2 CGCTGGATGCGATTCCATGA CTTAGACGCCATCATCATTTAC TGGACAGGAGATCGC 

Norovirus GII ORF1-ORF2 CAAGAACCTATGTTTAGATGGATGAG TCGACGCCATCTTCATTCACA TGGGAGGGCGATCGCAATCT 

Rotavirus NSP3 ACCATCTWCACRTRACCCTCTATGAG GGTCACATAACGCCCCTATAGC AGTTAAAAGCTAACACTGTCAAA 

Sapovirus RdRp GAYCASGCTCTCGCYACCTAC 
CCCTCCATYTCAAACACTA;  
TTGGCCCTCGCCACCTAC 

CCRCCTATRAACCA 

SARS-CoV-2 N1 GACCCCAAAATCAGCGAAAT TCTGGTTACTGCCAGTTGAATCTG  ACCCCGCATTACGTTTGGTGGACC 
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Target Gene of interest Forward (5' to 3') Reverse (5' to 3') Probe (5' to 3')* 

Protozoan pathogens 

Cryptosporidium spp. 18S rRNA GGGTTGTATTTATTAGATAAAGAACCA AGGCCAATACCCTACCGTCT TGACATATCATTCAAGTTTCTGAC 

Giardia duodenalis 18S rRNA GACGGCTCAGGACAACGGTT TTGCCAGCGGTGTCCG CCCGCGGCGGTCCCTGCTAG 

Entamoeba histolytica 18S rRNA ATTGTCGTGGCATCCTAACTCA GCGGACGGCTCATTATAACA TCATTGAATGAATTGGCCATTT 

Cyclospora 
cayetanensis 18S rRNA AAAAGCTCGTAGTTGGATTTCTG AACACCAACGCACGCAGC AAGGCCGGATGACCACGA 

Helminthic pathogens 

Ascaris lumbricoides ITS1 GCCACATAGTAAATTGCACACAAAT GCCTTTCTAACAAGCCCAACAT TTGGCGGACAATTGCATGCGAT 

Trichuris trichiura 18S rRNA TTGAAACGACTTGCTCATCAACTT CTGATTCTCCGTTAACCGTTGTC CGATGGTACGCTACGTGCTTACCATGG 

Ancylostoma duodenale ITS2 GAATGACAGCAAACTCGTTGTTG ATACTAGCCACTGCCGAAACGT ATCGTTTACCGACTTTAG 

Necator americanus ITS2 CTGTTTGTCGAACGGTACTTGC ATAACAGCGTGCACATGTTGC CTGTACTACGCATTGTATAC 

Antimicrobial resistance genes 

intl1  GATCGGTCGAATGCGTGT GCCTTGATGTTACCCGAGAG ATTCCTGGCCGTGGTTCTGGGTTTT 

mcr-1  GATCGCTGTCGTGCTCTTTG ACCGCGCCCATGATTAATAG CGATGCTACTGATCACCACG 

SHV  TCCCATGATGAGCACCTTTAAA TCCTGCTGGCGATAGTGGAT TGCCGGTGACGAACAGCTGGAG 

TEM  GCATCTTACGGATGGCATGA GTCCTCCGATCGTTGTCAGAA CAGTGCTGCCATAACCATGAGTGA 

CTX-M1  CCGTCACGCTGTTRTTAGGA AATGCCACMCCCAGYCKKCC CAGCAAAAACTTGCCGRATT 

CTX-M8-M25  ATRACACSTTCCGGCTCGAT GCTAAYGGCGTGGTGGTATC TCAACACCGCGATCCCCG 

CTX-M2-M74  GCGCAGACCCTGAAAAAYCT TGYGCSCGCTGRGTTTCC ACSCTGGGYAAAGCGC 

CTX-M9  GCTTTATGCGCAGACGARTG ATCACCGCGATAAAGCACCT TCGATACCRMAGATAATACGC 

KPC  GGCCGCCGTGCAATAC GCCGCCCAACTCCTTCA TGATAACGCCGCCGCCAATTTGT 

NDM  ATATCACCGTTGGGATCGAC TAGTGCTCAGTGTCGGCATC AAGGACAGCAAGGCCAAGTCG 

VIM   TSTACCCRTCCAATGGTCTC AGAAGKGCCRCTGTGTTTTT TGTCCGTGATGGYGATGAGTTG 

Controls 

16S   TGCAAGTCGAACGAAGCACTTTA GCAGGTTACCCACGCGTTAC CGCCACTCAGTCACAAA 

human mtDNA 
 

CAATGAATCTGAGGAGGCTAC CGTGCAAGAATAGGAGGTG ACCCTCACACGATTCTTTACCTTTCACT 

BHV  
GAGCAAAGCCCCGCCGAAGGA TACGAACAGCAGCACGGGCGG GAACCTGCCCACGCGCTGAAAC 

BRSV   GCAATGCTGCAGGACTAGGTATAAT ACACTGTAATTGATGACCCCATTCT  ACCAAGACTTGTATGATGCTGCCAAAGCA 

*All probes have FAM on the 5’ end and MGB on the 3’ end 
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Table S3: Details of Power Calculations 

The table below details our minimum detectible effect for individual and groups of pathogens 

given the control group prevalence (p1) ranging from 10% to 80%. It generates the minimum 

detectible effect as a risk ratio (delta) and resulting minimum detectible prevalence in the 

comparison group.  

 

Our assumptions are the number of sub-neighborhoods in the intervention and comparison 

(M1/M2), average number of households enrolled per sub-neighborhood in intervention and 

control (K1/K2), standard alpha (0.05) and power (.80). We estimate the minimum detectible effect 

for three values of for the intra-class correlation coefficient, representing low, moderate and high 

clustering (𝜌 = .01, 0.05, 0.1). Our power calculations rely on the moderate estimates for ICC. We 

account for clustering at the sub-neighborhood level. 

 

We apply the following code using STATA v16:  

power twoproportions  (.2(.05).8) , cluster effect(ratio) m1(36) m2(26) k1(8) k2(10)   

power(.8) alpha(.05) direction(lower)  rho(.01/.5/.1) 
 

   

  +---------------------------------------------------------------------------------+ 

  |   alpha   power      K1      K2      M1      M2   delta      p1      p2     rho | 

  |---------------------------------------------------------------------------------| 

  |     .05      .8       8      10      36      26   .5120      .2   .1024     .01 | 

  |     .05      .8       8      10      36      26   .5676     .25   .1419     .01 | 

  |     .05      .8       8      10      36      26   .6114      .3   .1834     .01 | 

  |     .05      .8       8      10      36      26   .6476     .35   .2266     .01 | 

  |     .05      .8       8      10      36      26   .6785      .4   .2714     .01 | 

  |     .05      .8       8      10      36      26   .7058     .45   .3176     .01 | 

  |     .05      .8       8      10      36      26   .7302      .5   .3651     .01 | 

  |     .05      .8       8      10      36      26   .7527     .55    .414     .01 | 

  |     .05      .8       8      10      36      26   .7736      .6   .4642     .01 | 

  |     .05      .8       8      10      36      26   .7935     .65   .5158     .01 | 

  |     .05      .8       8      10      36      26   .8127      .7   .5689     .01 | 

  |     .05      .8       8      10      36      26   .8317     .75   .6238     .01 | 

  |     .05      .8       8      10      36      26   .8509      .8   .6807     .01 | 

  +---------------------------------------------------------------------------------+ 

  |     .05      .8       8      10      36      26   .3585      .2  .07169     .05 | 

  |     .05      .8       8      10      36      26   .4262     .25   .1066     .05 | 

  |     .05      .8       8      10      36      26   .4804      .3   .1441     .05 | 

  |     .05      .8       8      10      36      26   .5257     .35    .184     .05 | 

  |     .05      .8       8      10      36      26   .5648      .4   .2259     .05 | 

  |     .05      .8       8      10      36      26   .5994     .45   .2698     .05 | 

  |     .05      .8       8      10      36      26   .6308      .5   .3154     .05 | 

  |     .05      .8       8      10      36      26   .6596     .55   .3628     .05 | 

  |     .05      .8       8      10      36      26   .6867      .6    .412     .05 | 

  |     .05      .8       8      10      36      26   .7126     .65   .4632     .05 | 

  |     .05      .8       8      10      36      26   .7376      .7   .5163     .05 | 

  |     .05      .8       8      10      36      26   .7624     .75   .5718     .05 | 

  |     .05      .8       8      10      36      26   .7875      .8     .63     .05 | 

  +---------------------------------------------------------------------------------+  

  |     .05      .8       8      10      36      26   .5398      .5   .2699      .1 | 

  |     .05      .8       8      10      36      26   .5737     .55   .3155      .1 | 

  |     .05      .8       8      10      36      26   .6056      .6   .3634      .1 | 

  |     .05      .8       8      10      36      26   .6362     .65   .4135      .1 | 

  |     .05      .8       8      10      36      26   .6660      .7   .4662      .1 | 

  |     .05      .8       8      10      36      26   .6955     .75   .5216      .1 | 

  |     .05      .8       8      10      36      26   .7254      .8   .5804      .1 | 

  |     .05      .8       8      10      36      26   .7567     .85   .6432      .1 | 

  |     .05      .8       8      10      36      26   .7907      .9   .7117      .1 | 

  +---------------------------------------------------------------------------------+ 
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