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Abstract

Over two billion people worldwide lack access to an improved sanitation facility that adequately 

retains or treats feces. This results in the potential for fecal material containing enteric pathogens 

to contaminate the environment, including household floors. This study aimed to assess how floor 

type and sanitation practices impacted the concentration of fecal contamination on household 

floors. We sampled 189 floor surfaces within 63 households in a peri-urban community in Iquitos, 

Peru. All samples were analyzed for colony forming units (CFUs) of E. coli and households were 

evaluated for their water, sanitation and hygiene characteristics. Results of multivariate linear 

regression indicated that households with improved sanitation and cement floors in the kitchen 

area had reduced fecal contamination to those with unimproved sanitation and dirt floors (Beta: 

−1.18 log10 E. coli CFU/900 cm2; 95% confidence interval [CI]: −1.77, −0.60). Households that 

did not versus did share their sanitation facility also had less contaminated kitchen floors (Beta: 

−0.65 log10 E. coli CFU/900 cm2; 95% CI: −1.15, −0.16). These findings suggest that the 

sanitation facilities of a home may impact the microbial load found on floors, contributing to the 

potential for household floors to serve as an indirect route of fecal pathogen transmission to 

children.
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INTRODUCTION

Diarrheal diseases are a leading cause of malnutrition and death in children under five years 

old, accounting for 10 percent of all deaths (approximately 760,000 children annually).1 

Children living in low-income countries disproportionately suffer from malnutrition, which 

has been shown to increase mortality risk, affect cognitive development, increase infection 

risk, limit physical capacity and childbearing, and reduce adult economic productivity.2 

Fecal contamination in the environment due to a lack of sanitation leads to high rates of 

diarrhea and is hypothesized to impact malnutrition through environmental enteropathy 

(EE), a condition in the gut caused by exposure to enteric pathogens that lead to alterations 

in intestinal structure, function, and local and systemic immune activation.3 EE is also 

considered to negatively impact growth. A growing body of evidence supports the 

contribution of environmental factors related to poor water, sanitation and hygiene 

conditions to stunting in children.4-6

There are many fecal-oral transmission pathways, which account for important routes of 

exposure for the pathogens that cause enteric infection. These pathways can broadly be 

categorized by the F-diagram, which depicts the concept that human-derived enteric 

pathogens are transmitted through food, flies, floors, fingers, and fluids.7 A lack of access to 

clean water is often implicated as the primary fecal-oral transmission route; however, a 

number of randomized, controlled trials investigating the effect of drinking water on 

gastrointestinal health have shown no additional benefit from point-of-use interventions.8-11 

This lack of benefit from clean water is hypothesized to stem from the additive contributions 

of poor sanitation and hygiene, which allow for exposures through alternative fecal- oral 

transmission pathways and negate any potential benefit observed from improved water 

quality alone. In addition, a recent review of epidemiological studies on the effect of water 
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and sanitation interventions on self-reported diarrhea episodes revealed no difference in 

point-of-use water interventions when blinding was taken into account.12 These studies 

emphasize the importance of investigating other transmission routes to understand which 

fecal-oral pathways pose the greatest risk for ingestion of pathogens.

One of the pathways that has not been well characterized in communities with significant 

fecal contamination are household floors. This transmission pathway is especially important 

for infants (7-12 months) who are more likely to remain indoors and spend more time 

playing on the floor than older children.13, 14 Younger children are also more likely to 

engage in object-to-mouth and hand-to-mouth activity than older children.15, 16 These 

behaviors, combined with a lack of immunity, render the youngest children most vulnerable 

to enteric infections.Despite its importance, limited research has focused on floors as a 

critical pathway for pathogen transmission. The few studies conducted have highlighted the 

importance of quantifying fecal indicator bacteria on household floors and surfaces to 

understand the distribution of fecal matter.17-19 One limitation of these studies is that no 

duplicate samples were processed at the sample collection level to understand if the fecal 

contamination is significantly associated with location within a household. Repeat samples 

are also necessary to characterize between sample variability and understand if the fecal 

contamination within a household is consistent or varies over time and displays a 

“patchiness” as has been demonstrated in quantifying bacteria in beach sands.20

Our study reports on the Escherichia coli bacteria levels of the main floor surfaces in the 

homes of children near Iquitos, Peru enrolled in the Etiology, Risk Factors and Interactions 

of Enteric Infections and Malnutrition and the Consequences for Child Health and 

Development (MAL-ED) cohort study. The use of E. coli concentration as a fecal indicator 

bacteria within the household has been shown to be effective in a number of studies17-19, 21 

as well as at this study site in Iquitos Peru.22 The aim of this study was to compare 

concentrations of E. coli recovered from household floors according to characteristics of 

household sanitation. A secondary aim was to characterize the variability of recovery of E. 
coli within households.

METHODS

Study Setting and Population

This study was nested within the MAL-ED cohort in three peri-urban communities of 

Iquitos, Peru: Santa Clara de Nanay, Santo Tomas, and La Union (3°47’S, 73°20’W). In 

order to be eligible for the floor sampling study, a household had to have a child less than 48 

months of age who was still enrolled in the MAL-ED study at the time of sampling. 

Households were enrolled in the MAL-ED study if they were located within the catchment 

area and had a healthy infant born during the two years of enrollment.23

Prior work has shown that these communities lag behind the rest of the Peru in terms of 

development indicators.24 Only 20.2 percent of the population had access to an improved 

sanitation facility while 58.4 percent of the overall Peru population had access. Similarly, 

46.7 percent of households in the study communities had access to clean water versus 77.1 

percent in all of Peru. Child growth also lagged behind with 46.3 percent of children under 5 
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years old being stunted versus 19.5 percent in Peru. Children under 5 years old who were 

reported to have diarrhea in the past week was 35.4 percent versus 13.9 percent in Peru.24 

The households were low-income with the mean monthly per-capita income at $28 US 

dollars.25 The temperature ranges between 21.9 and 32.4 degrees Celsius with an average of 

25.8 degrees Celsius.24 Rainfall is frequent and occurs throughout the year on about half of 

all days with the heaviest rainfall in January.24

The communities are located proximal to the Nanay River, which is a major branch of the 

Amazon river system. The river levels rise until March and, at the time of initiation of the 

study, the Nanay River was receding and no flooding was apparent within any of the 

households visited. There is no centralized sewerage infrastructure in the community and 

hence open ditches are used to drain storm and gray water away from the home. The 

frequent flooding in this riverine community also leads to fecal matter from latrines being 

released into the environment.

Classification of Floors and Sanitation Practices

During each household visit, a household questionnaire was administered in Spanish prior to 

floor sampling. The questionnaire was based on the Demographic and Health Surveys3 and 

was a shortened version of the standardized questionnaire. In addition, study staff conducted 

a standardized visual inspection of floor type by room within households and noted the 

materials used as either dirt, wood, cement or tile.

The questionnaire assessed the primary exposure variable of the type of sanitation facility 

used by household members and whether or not this facility was shared. The options for type 

of sanitation facility were: i) no facility/open field; ii) pit latrine; iii) pour flush toilet to a 

septic; iv) flush to somewhere else; or v) ventilated improved pit latrine. Responses to water 

and hygiene questions provided covariate data on the household’s primary water source, 

mode of water treatment, time it takes to fetch water, hygiene behavior and crowding. 

Information was also collected on socio-economic factors such as housing construction 

materials, length of tenancy, electricity access, maternal education, and monthly income. 

Given the propensity for households to keep free-ranging or corralled chickens in this 

community, participants also were interviewed regarding the presence of chickens in the 

home to evaluate the influence of chicken feces on the bacterial contamination of household 

floors.

Floor Sampling

From August to September 2015 household floors were sampled for E. coli bacteria using a 

modified dry electrostatic cloth method based on one designed for household settings.26 

Samples were collected from highly trafficked areas, namely the household entrance and the 

kitchen, which has been shown to have higher levels of fecal bacteria than the bathroom 

areas.18, 27 These areas were also selected for high likelihood of fecal pathogen exposure for 

children under five years of age who spend large amounts of time in play near the entrance 

and near the primary caregiver engaged in cooking activities. The first area sampled was the 

entryway floor, typically located at the front of the house and closest to the open drains that 

conveyed untreated wastewater and had a tendency to overflow during periods of rainfall. 
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The second area sampled was the kitchen floor area, typically located at the back of the 

house (See Figure S1, Supporting Information). If there was a latrine or toilet, it was most 

commonly in the back of the house, closest to the kitchen area. The kitchen area was also 

observed to be the area of the house where most water use and storage activities took place, 

creating a potentially favorable environment for bacteria. Homes were visually inspected for 

presence of animals inside the home at the time of sampling. Duplicate samples were taken 

side by side at the entryway location to investigate the heterogeneity of fecal contamination 

across floors. To assess the potential influence of different floor material types (e.g. dirt, 

wood, cement) on fecal contamination, we recorded information about the floor material 

types at the household entrance and in the kitchen area at the time of sampling.

Prior to field collection, sterile packets of dry electrostatic cloths (Swiffer™; Proctor & 

Gamble, Cincinnati, OH) were separated, quartered, and individually wrapped in autoclave 

paper (Fisher Scientific™, Pittsburgh, PA). Wrapped packets were then sterilized by 

autoclaving. For each collection an adapted protocol from Davis et al. (2012) was used 

where a prepared cloth was passed over a 30 cm by 30 cm floor surface with medium 

pressure to maximize the amount of pick-up from the surface.26 The cloth was then placed 

into a sterile 700 mL Whirlpak bag (Nasco, Fork Atkinson, WI) and 5 mL of sterilized 

Milli-Q ultra-pure water to guard against microbial desiccation during transport. Samples 

were stored in a cooler on ice at 4°C during field collection and transported to the fully 

equipped microbiologic, immunologic, and PCR based diagnostic laboratory of the 

Asociación Benéfica PRISMA, approximately 15km from the study site in the city center of 

Iquitos. Samples were processed within six hours of collection.

Microbiological evaluation

For elution, 100 ml of sterile 0.1% Peptone buffer was added into the Whirlpak bag 

containing the cloth and vigorously shaken for one minute. The cloth was aseptically 

removed and E. coli in the buffer were enumerated following USEPA Method 160428 using 

m-coliblue24 commercial media (HACH, Loveland, U.S.A.). Positive E. coli were identified 

as blue colonies. Pre, intermittent and post blanks were run to confirm the absence of cross 

contamination of samples. To obtain a countable number of colonies (i.e. 20–200), undilute, 

10-fold, 100-fold and 1000-fold dilutions of eluate for samples collected on dirt floors and 

undilute, 10-fold and 100-fold for samples collected on wood and cement floors were 

processed, enabling a detection range of 0 to 200,000 colony forming units (CFU) per 900 

cm2of floor area to be enumerated.

Data Analysis

The primary independent variable of sanitation facility was categorized into “improved” and 

“unimproved” sanitation facilities as defined by the Joint Monitoring Program (JMP) for 

Water Supply and Sanitation.29 The JMP classifies improved facilities as those that ensure 

hygienic separation of human excreta from human contact and include facilities that flush or 

pour flush to a piped sewer system, septic tank or pit latrine. Unimproved facilities on the 

other hand, do not ensure hygienic separation of human excreta from human contact and 

include pit latrines without a slab. For the purposes of this study, those households that did 

not have a toilet facility were also categorized as “unimproved”.
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Water source, water treatment and floor type covariates were analyzed as categorical 

variables. A hygiene index variable score was calculated as a cumulative score from the 

following four questions: i) Do you wash your hands after helping your child defecate? ii) 

Do you wash your hands before preparing food? iii) Do you wash your hands after going to 

the bathroom? and iv) Do you use toilet paper?. The hygiene index score had three levels 

with good indicating the interviewee answered all questions as always practicing the 

hygienic behaviors; average indicated that for one of the four questions the interviewee only 

sometimes practiced the hygienic behavior; and poor indicated that for two or more 

questions the interviewee only sometimes practiced the hygienic behavior. E. coli 
concentrations were log10-transformed and reported as log10 E. coli CFU/900 cm2.

Two-sample t-tests with equal variances and Pearson Chi-squared analysis were used to 

compare household characteristics across improved and unimproved sanitation facility types. 

Unadjusted linear regression analyses were conducted to evaluate associations between 

water, sanitation, hygiene (WASH) and household characteristics with log10 E. coli CFU/900 

cm2 in the entrance and kitchen areas. Using generalized linear models we conducted a 

stratified analysis by sanitation type (improved versus unimproved). For this analysis of the 

relation between floor types and the levels of log10 E. coli CFU in strata of household 

sanitation type (unimproved and improved), observations in the entrance and kitchen of each 

house were combined. We adjusted for potential confounding covariates in linear regression 

models using a backward elimination approach. A final parsimonious covariate adjustment 

set was selected based on considerations of sample size and the minimization of the Akaike 

Information Criterion (AIC).30 Interaction terms between sanitation type and floor type were 

included to determine if the association between sanitation and log10 E. coli CFU/900 cm2 

was modified by floor type. Beta coefficients and 95% confidence intervals were estimated 

and represent the log10-unit change in E. coli CFU/900 cm2 per unit of each of the 

independent variables (household sanitation type, floor type, etc). Pearson correlation 

coefficients and 95% confidence intervals were calculated to estimate the variability between 

duplicate floor samples within the same household.

The data processing and visualization were performed in R 3.0.331 using the ggplot2 

package32 and subsequent statistical analyses were conducted using Stata version 12.1 

(College Station, TX).

Ethics

The study protocol and questionnaires were approved by the institutional review boards from 

Johns Hopkins Bloomberg School of Public Health (Baltimore, MD) and Asociación 

Benéfica Proyectos de Informática, Salud, Medicina, y Agricultura (A.B. PRISMA), Iquitos, 

Peru. All participants gave written consent prior to household sampling.

RESULTS

Table 1 illustrates that, among 63 household visits during the study period, 189 samples 

were collected, representing 63 entrance floor samples, 63 additional samples (duplicates) 

from adjoining areas to the primary entrance floor samples, and 63 samples from the kitchen 

floor. There were a total of 31 households that were classified as having unimproved 

Exum et al. Page 6

Environ Sci Technol. Author manuscript; available in PMC 2019 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sanitation and 32 households with improved sanitation facilities. In the entrance area there 

were 36 homes with dirt floors, 3 with wood floors and 24 with cement floors. In the kitchen 

area there were 46 homes with dirt floors, 4 with wood floors and 13 with cement floors. 

One household in each category for sanitation type had ceramic tile in either the entrance 

and kitchen area. These households were categorized as having a cement floor for analysis 

due to the common composition and construction characteristics between the local tile and 

cement. Chickens were the dominant species typically observed in homes and all other 

species, (i.e. dogs and cats) were observed infrequently. There were no missing data for the 

log10 E. coli CFU/900 cm2 outcome variable and less than ten percent of data were missing 

when all variables were considered in the full model.

Figure 1 depicts the log10 E. coli CFU/900 cm2 in both the entrance and kitchen areas of the 

home by floor type. The entrance area of homes had an average of 3.40 log10 E. coli CFU 

(standard deviation=1.00) per 30 by 30 cm sample and the kitchen areas had significantly 

higher levels of log10 E. coli with 3.91 log10 E. coli CFU (sd=1.00) (p-value = 0.005). 

Within the entrance areas, dirt floors had statistically significantly higher levels of log10 E. 
coli CFU than cement floors (3.75 vs 2.86, p-value<0.001) and within the kitchen areas, dirt 

floors also had statistically significantly higher levels of log10 E. coli CFU than cement 

floors (4.27 vs 2.96, p-value=0.002) and wood floors (4.27 vs 2.89, p-value=0.023). Lastly, 

when comparing dirt floors between the entrance and kitchen areas within a household, the 

levels of log10 E. coli CFU in the kitchen area were statistically significantly higher than in 

the entrance (4.27 vs 3.75, p-value=0.013).

Household characteristic differences by sanitation type

For households with unimproved versus improved sanitation facilities, there were significant 

differences in household characteristics (Table 1). Households with unimproved versus 

improved sanitation had a higher percentage of dirt floors in both the entrance (77.4 vs 37.5, 

p<0.01) and kitchen (87.1 vs 59.4, p<0.05 level) and a more frequent reporting of chickens 

in the home (45.2 vs 12.5, p<0.01). Households with improved versus unimproved sanitation 

had a higher percentage of cement floors in both the entrance (56.3 vs 19.4, p<0.01) and 

kitchen (31.3 vs 9.7, p<0.05). There were no significant differences across sanitation type 

for other household WASH characteristics such as sharing sanitation facilities, type water 

connection, time to fetch water, household chlorine use to treat drinking water, crowding, 

income, education, electricity connection, wall and roof type and tenancy in the house.

Unadjusted analysis of household WASH characteristics and E. coli levels on floors

Linear regression models comparing individual household WASH characteristics and the 

levels of log10 E. coli CFU demonstrated significant associations in both the entrance and 

kitchen areas (Table 2). Households with improved sanitation had lower levels of log10 E. 
coli CFU/900 cm2 on floors when compared to homes with unimproved sanitation in both 

the entrance and kitchen (Beta: −0.63 (95% CI: −1.12, −0.15); and Beta: −0.80 (95% CI: 

−1.27, −0.33) respectively). For shared sanitation, households that reported not sharing their 

sanitation facility versus those did share had lower levels of log10 E. coli CFU/900 cm2 

(Beta: −0.70; 95% CI: −1.27, −0.13) in the kitchen area. Household entrance and kitchen 

areas with cement floors also had lower levels of log10 E. coli CFU/900 cm2 when compared 
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to household entrance and kitchen areas with dirt floors (Beta: −0.89 (95% CI: −1.38, 

−0.40); and Beta: −1.31 (95% CI: −1.83, −0.79) respectively). For every additional minute 

that interviewees reported needing to fetch water, corresponding increases in the 

concentrations of log10 E. coli CFU/900 cm2 on entrance floors (Beta: 0.06; 95% CI: 0.02, 

0.10) and kitchen floors (Beta: 0.05; 95% CI: 0.01, 0.09) were observed. Table 2 illustrates 

that wall type, crowding, electricity access, maternal education and housing tenancy were 

independently associated with increases in log10 E. coli CFU/900 cm2.

To further understand the relationship between floor type and sanitation type, the stratified 

data by sanitation type (improved versus unimproved) are shown in Figure 2. The lowest 

log10 E. coli CFU/900 cm2 were found in the homes with both improved sanitation and 

improved floor types (defined by their ability to be disinfected such that wood and cement 

floors are combined into the improved category and dirt as unimproved). The reduction in 

log10 E. coli CFU/900 cm2 among households with unimproved sanitation was −0.60 (95% 

CI: −1.03, −0.17) when comparing wood or cement (improved) floors to dirt floors 

(unimproved). An even greater reduction of −1.17 log10 E. coli CFU/900 cm2 (95% CI: 

−1.68, - 0.66) was observed among households with improved sanitation when comparing 

wood or cement floors to dirt floors (Table 3).

Adjusted analysis of household WASH characteristics and E. coli levels on floors

Two multivariate linear regression models were run for the entrance and kitchen floor areas 

with predictor variables that included both the sanitation type (improved or unimproved) as 

an interaction term with floor type and the variable for whether the sanitation facility was 

shared (Table 4). The models adjusted for time to fetch water, presence of chickens in the 

household, crowding, maternal education and wall type. For the entrance floor area, 

households with improved sanitation and cement floors had lower log10 E. coli CFU/900 

cm2 on their floors when compared to households with unimproved sanitation and dirt floors 

(Beta: - 0.43; 95% CI: −1.08, 0.21). For the kitchen floor area, households with unimproved 

sanitation and wood floors and households with improved sanitation and cement floors both 

had statistically significantly lower log10 E. coli CFU/900 cm2 on their floors when 

compared to households with unimproved sanitation and dirt floors (Beta: −2.36 (95% CI: 

−3.86, −0.86) and (Beta: −1.18 (95% CI: −1.77, −0.60) respectively). Households that did 

not share their sanitation facility also had significantly reduced log10 E. coli CFU/900 cm2 

on their kitchen floors (Beta: - 0.65; 95% CI: −1.15, −0.16) when compared to kitchen floors 

in households that did share their sanitation facility. The significant covariates in the 

adjusted model for the kitchen area included lack of chickens in the household (Beta: −0.63; 

95% CI: - 1.12, −0.15; indicating lower log10 E. coli CFU/900 cm2 for those without versus 

with a presence of chickens) and maternal education (Beta: −0.08; 95% CI: (−0.15, - 0.004; 

indicating lower log10 E. coli CFU/900 cm2 in homes for every year increase in of 

education). The significant covariates in the adjusted model for the entrance area, were time 

to fetch water (Beta: 0.05; 95% CI: 0.003, 0.09; indicating higher log10 E. coli CFU/900 cm2 

for every minute increase in time to fetch water) and maternal education (Beta: −0.10; 95% 

CI: −0.19, 0.00; indicating lower log10 E. coli CFU/900 cm2 for every year increase in of 

education).
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Variability of recovery of E. coli within households

For the entrance area where side-by-side samples were collected to understand the 

distribution of E. coli bacteria across floor surfaces, the Pearson correlation coefficient 

between the initial and duplicate samples was 0.83 with a p-value < 0.001 (n=63) (See 

Figure S2, Supporting Information). The 95% confidence interval for the Pearson correlation 

coefficient ranged from 0.73 to 0.89 indicating a homogenous spread of bacteria across the 

sampling area.

DISCUSSION

This study found evidence that household floors carried differential loads of fecal 

contamination depending on the type of sanitation facility and whether or not that sanitation 

facility was shared. The kitchen area had a higher level of E. coli than the entryway, which is 

consistent with previous studies that reported that the kitchen area is the location of greatest 

contamination.17, 25 Additionally, the kitchen areas of these households were most 

commonly in the back, in closest proximity to the sanitation facility (if sanitation facilities 

were onsite) (See Figure S1, Supporting Information). This makes the kitchen area the most 

likely first point of contact for a household member after defecation and may therefore 

increase the bacterial loads within this area of the house. Homes with dirt floors were also 

found to have higher levels of bacteria than homes with cement floors. This suggests that 

changing the type of household flooring from dirt to cement, which can be more easily 

disinfected, may interrupt transmission of fecal pathogens and protect infants from these 

exposures supporting the finding from a previous intervention that replacing dirt floors with 

cement floors may significantly improve child health.33

The sanitation facility was the household characteristic found to have the most significant 

and consistent relationship with the levels of bacteria on kitchen floors. These findings 

support the potential for sanitation interventions targeting hygienic containment of human 

waste to reduce exposures to fecal pathogens in the home. In the study communities, a flush 

toilet to a septic was a more hygienic sanitation option than the pit latrine, which was simply 

a hole in the ground (either covered or uncovered). Those who shared sanitation facilities 

were also more likely to have floors contaminated with E. coli in the kitchen area. This 

provides evidence in support of the definition for “shared” sanitation facilities being 

characterized as “unimproved” by JMP. The underlying assumption by the JMP that there is 

little commitment or incentive for users to keep a shared facility clean may in fact hold true 

in this community despite contrary evidence in other settings.17

Among homes with the same sanitation type, there was a reduction in fecal contamination 

when comparing unimproved (dirt) to improved (either wood or cement) floors however, the 

magnitude of reduction was greater among homes with improved sanitation. Interestingly, 

the reduction of fecal contamination was not as large with only one of the two fecal-oral 

transmission pathways was interrupted (improved sanitation or an improved floor). This 

highlights the importance of interrupting additional fecal-oral transmission pathways, such 

as floors, during a sanitation intervention to most effectively reduce exposures to fecal 

pathogens in the home
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This study also found that the presence of chickens in homes significantly increased the E. 
coli contamination on floors. Similar to people, either pathogenic or commensal E. coli can 

be identified in the chicken gastrointestinal tract, and chickens can be either asymptomatic 

carriers or exhibit disease.31 Study staff frequently observed the presence of chicken 

droppings on surfaces in the home when chickens were present, suggesting the potential for 

direct fecal contamination from the birds.

This was the first study to use a dry electrostatic cloth as the sampling method for E. coli on 

floor surfaces in low-resourced settings. Other studies that sampled for E. coli either 

collected soil or used a cotton swab. One study in Tanzania examined household floors 

across different locations in the home by quantifying the number of E. coli from a layer of 

soil 10 cm by 10 cm by 1 cm thick.18 Another study in Cambodia sampled the floor surface 

around the base of household latrine and a floor surface near the kitchen sink using a swab 

method over the sample surface of 4 cm2.19 In comparison to these studies, the 

concentrations of E. coli contamination found of the dirt floors of these Peruvian homes 

were approximately 5 to 80 times more contaminated. 17,18 This may be due to the 

efficiency of the sampling method used or may additionally or alternately reflect a higher 

typical bacterial load among homes in this community. The climate in the Peruvian Amazon 

provided an ideal environment for Gram-negative bacteria with consistently hot and humid 

weather year round and regular precipitation with dark and shady spaces inside the houses. 

Dirt floors in homes further enable bacterial survival and are difficult to disinfect due to the 

organic material and complex matrix. Therefore, fecal pathogens that reach household floors 

have a high chance for survival in the environment with increased potential for transmission 

to children.

This study also found evidence for the consistency in the contamination of floors across the 

entrance floor area as evidenced by the side-by-side sampling. This finding enhances 

confidence that the concentrations of E. coli measured on the entrance and kitchen floors 

represent a spatially-typical exposure for children in those locations. It also highlights the 

utility of the use of a dry electrostatic cloth sampling method as reproducible. Previous 

research on beach sand contamination found that on a micro-spatial scale, fecal indicator 

bacteria can vary greatly over short distances.20 The strong correlations between the side-by-

side measurements taken on the entrance floors suggest that the E. coli are evenly distributed 

across locations within households and these bacteria are significantly associated with that 

location within the household.

The main limitation of this study was that E. coli is an indicator organism for fecal 

contamination and may have limited accuracy for determining the presence of pathogens.35 

E. coli represents a large group of fecal bacteria from both human and animal sources and 

may come from relatively low-risk sources of fecal pollution.36 Many E. coli are 

commensal, while other more pathogenic species, such as enteroviruses, norovirus, 

Cryptosporidium spp. and Giardia spp., have different survival rates in the environment than 

E. coli.37, 38 Therefore, the presence virulent strains or other pathogenic microbes may or 

may not be accurately indicated by the detection of E. coli. Additionally, given the finding of 

an association with chickens and fecal contamination on floors, future studies should 

incorporate fecal contamination from all animal sources. The strengths of the study were 
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that it used a novel sampling technique of the dry electrostatic cloth with high recovery 

efficiencies during the elution process. As the evidence base increases for the importance of 

the floors pathway, this study highlights the need for rigorous methodological evaluation of 

household bacterial sampling strategies and methods in the context of environmental 

enteropathy. Another strength of the study was the analysis of within sample variability. This 

analysis showed high correlations between samples taken side-by-side and therefore 

increased confidence that the fecal contamination measured in this study is an accurate 

reflection of the levels of microbial pressure for that location within the home.

This study demonstrated that household floors are a potential pathway for transmission of 

fecal pathogens and demonstrated that households with unimproved sanitation facilities and 

shared facilities had higher loads of E. coli bacteria. The high loads of E. coli bacteria 

suggest that this route of exposure is especially important for children less than 12 months of 

age who spend most of their time on the floor and partake in hand-to-mouth activity. These 

results suggest that interventions, such as covering dirt floors with cement and excluding 

chickens from contact with surfaces in the home, hold promise to reduce chronic exposure to 

fecal pathogens that may be implicated in diseases such as environmental enteropathy. This 

study also highlights the importance of a multidisciplinary approach to the reduction of fecal 

contamination that extends current drinking water interventions to interrupt the transmission 

of pathogens in the environment by other pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Concentrations of E.coli in entrance and kitchen by floor type (mean logi10 E. coli CFU per 

900 cm2 with error bars representing 95% confidence intervals)
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Figure 2. 
Log10 E. coli CFU per 900 cm2 by sanitation and floor type
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Table 1.

Household characteristics by sanitation type (Pearson Chi-squared tests and two-sample t-tests with equal 

variances performed)

Unimproved
Sanitation

Facility (N=31)

Improved
Sanitation

Facility (N=32)

Sanitation facility is shared (n=58) 38.5% 21.9%

Entrance floor type
**

:

Dirt (n=36) 77.4% 37.5%

Wood (n=3) 3.2% 6.3%

Cement (n=24) 19.4% 56.3%

Kitchen floor type
*
:

Dirt (n=46) 87.1% 59.4%

Wood (n=4) 3.2% 9.4%

Cement (n=13) 9.7% 31.3%

Drinking water source:

Faucet in house (n=2) 3.3% 3.1%

Public tap (n=8) 9.7% 15.6%

Community hand pump (n=44) 71.0% 68.8%

Open well (without top) (n=1) 3.2% 0.0%

Surface water (n=2) 0.0% 6.3%

Other (n=6) 12.9% 6.3%

Time to fetch water in minutes (n=62) 8.6 (6.2, 11.1) 5.9 (4.0, 7.7)

Household uses chlorine to treat water (n=63) 25.8% 25.0%

Presence of chickens in HH
**

 (n=63)
45.2% 12.5%

Crowding (Number of people sleeping in
HH/ Number of rooms) (n=62)

1.9 (1.5, 2.4) 1.7 (1.2, 2.2)

Hygiene Score:

Good (n=41) 64.5% 65.6%

Average (n=11) 12.9% 21.9%

Poor (n=11) 22.6% 12.5%

Monthly income per capita (in USD) (n=61) 26.1 (19.8, 32.3) 27.7 (20.2, 35.3)

Maternal Education (years) (n=62) 6.6 (5.5, 7.6) 8.1 (7.0, 9.2)

Electricity connection (n=62) 77.4% 93.5%

Wall type:

Wood (n=48) 83.9% 68.8%
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Unimproved
Sanitation

Facility (N=31)

Improved
Sanitation

Facility (N=32)

Concrete (n=14) 12.9% 31.3%

Other (n=1) 3.2% 0.0%

Roof type:

Tin (n=60) 93.6% 96.9%

Palm (n=2) 3.3% 3.1%

Other (n=1) 3.3% 0.0%

Tenancy in household:

Less than a year (n=13) 32.3% 9.4%

Between one and five years (n=19) 22.6% 37.5%

Between five and ten years (n=14) 25.8% 18.8%

Between ten and twenty years (n=9) 12.9% 15.6%

More than twenty years (n=8) 6.5% 18.8%

*
Significant difference at the p<0.05 level, Pearson Chi-squared

**
Significant difference at the p<0.01 level, Pearson Chi-squared
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Table 2.

Relation of household characteristics with log10 E. coli CFU per 900 cm2 in entrance and kitchen areas

Entrance
Log10 E. coli
CFU/900cm2

Beta
1
 (95% CI)

Kitchen
Log10 E. coli
CFU/900cm2

Beta (95% CI)

Sanitation Type:

Unimproved (n=31) REF REF

Improved (n=32) −0.63 (−1.12, −0.15)
**

−0.80 (−1.27, −0.33)
†

Shared Sanitation Facility:

Shared (n=17) REF REF

Unshared (n=41) −0.53 (−1.09, 0.03) −0.70 (−1.27, −0.13)
*

Floor Type (Entrance, Kitchen):

Dirt (n=36, n=46) REF REF

Wood (n=3, n=4) −0.31 (−1.42, 0.81) −1.38 (−2.27, −0.51)
**

Cement (n=24, n=13) −0.89 (−1.38, −0.40)
†

−1.31 (−1.83, −0.79)
††

Drinking water source:

Community hand pump (n=44) REF REF

Faucet in house (n=2) −0.04 (−1.54, 1.46) 1.10 (−0.36, 2.56)

Public tap (n=3) 0.33 (−0.47, 1.13) 0.003 (−0.77, 0.78)

Open well (without bottom) (n=1) −0.43 (−2.53, 1.67 −1.05 (−3.09, 1.00)

Surface water (n=2) 0.38 (−1.12, 1.89) −0.46 (−1.92, 1.00)

Other (n=6) 0.22 (−0.68, 1.13) 0.48 (−0.40, 1.36)

Time to fetch water in minutes (n=62) 0.06 (0.02, 0.10)
**

0.05 (0.01, 0.09)
*

Household uses chlorine to treat water:

No (n=47) REF REF

Yes (n=16) 0.08 (−0.51, 0.66) −0.004 (−0.59, 0.59)

Presence of chickens in HH:

Yes (n=18) REF REF

No (n=45) −0.38 (−0.93, 0.18) −0.53 (−1.08, 0.02)

Crowding (Number of people sleeping in HH/
Number of rooms) (n=62) 0.22 (0.02, 0.42)

*
0.16 (−0.04, 0.36)

Hygiene Score:

Good (n=41) REF REF

Average (n=11) 0.26 (−0.43,0.95) 0.10 (−0.59, 0.79)

Poor (n=11) 0.18 (−0.51, 0.87) 0.39 (−0.30, 1.08)

Monthly income per capita (in USD) (n=61) 0.002 (−0.01, 0.02) −0.0004 (−0.01, 0.01)
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Entrance
Log10 E. coli
CFU/900cm2

Beta
1
 (95% CI)

Kitchen
Log10 E. coli
CFU/900cm2

Beta (95% CI)

Maternal Education (years) (n=62) −0.09 (−0.17, −0.01)
*

−0.04 (−0.13, 0.04)

Electricity connection:

Yes (n=53) REF REF

No (n=9) 0.78 (0.07, 1.49)
*

0.67 (−0.05, 1.39)

Wall type:

Wood (n=48) REF REF

Concrete (n=14) −0.88 (−1.45, −0.31)
**

−1.05 (−1.61, −0.52)
††

Roof type:

Tin (n=60) REF REF

Palm (n=2) 1.16 (−0.26, 2.58) 0.41 (−1.04, 1.85)

Tenancy in household:

Less than a year (n=13) REF REF

Between one and five years (n=19) −0.72 (−1.44, −0.01)
*

−0.40 (−1.13, 0.32)

Between five and ten years (n=14) −0.78 (−1.54, −0.02)
*

−0.76 (−1.53, 0.02)

Between ten and twenty years (n=9) −0.49 (−1.35, 0.37) −0.33 (−1.21, 0.54)

More than twenty years (n=8) −0.86 (−1.74, 0.03) −0.61 (−1.52, 0.30)

*
Significance at the p<0.05 level

**
Significance at the p<0.01 level

†
Significant difference at the p<0.001 level

††
Significant difference at the p<0.0001 level

1
The beta coefficient represents the log10-unit change in E. coli CFU/900 cm2 between the exposed and unexposed (REF) categories. For the 

continuous independent variables the beta coefficient represents the log10-unit change in E. coli per increase in a unit change of the variable.
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Table 3.

Relation between floor type and log10 E. coli CFU per 900 cm2 by sanitation type

Improved Sanitation Type
2

(n=64)
Unimproved Sanitation Type

3

(n=62)

Floor Type
1
:

   Unimproved REF (n=31) REF (n=51)

  Improved −1.17 (−1.68, −0.66)
††

 (n=32) −0.60 (−1.03, −0.17)
**

 (n=11)

1
Improved floor type is classified as either cement or wood and unimproved as dirt.

2
Among homes with improved sanitation, Beta 0 for dirt floors = 3.90 log10 E. coli CFU/900 cm2 versus 2.74 log10 E. coli CFU/900 cm2 for 

cement or wood floors

3
Among homes with unimproved sanitation, Beta 0 for dirt floors = 4.12 log10 E. coli CFU/900 cm2 versus 3.52 log10 E. coli CFU/900 cm2 for 

cement or wood floors

**
Significance at the p<0.01 level

††
Significant difference at the p<0.0001 level
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