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ABSTRACT: Humans can be exposed to pathogens from poorly managed animal feces, particularly in
communities where animals live in close proximity to humans. This systematic review of peer-reviewed
and gray literature examines the human health impacts of exposure to poorly managed animal feces
transmitted via water, sanitation, and hygiene (WASH)-related pathways in low- and middle-income
countries, where household livestock, small-scale animal operations, and free-roaming animals are
common. We identify routes of contamination by animal feces, control measures to reduce human
exposure, and propose research priorities for further inquiry. Exposure to animal feces has been associated
with diarrhea, soil-transmitted helminth infection, trachoma, environmental enteric dysfunction, and
growth faltering. Few studies have evaluated control measures, but interventions include reducing
cohabitation with animals, provision of animal feces scoops, controlling animal movement, creating safe
child spaces, improving veterinary care, and hygiene promotion. Future research should evaluate:
behaviors related to points of contact with animal feces; animal fecal contamination of food; cultural
behaviors of animal fecal management; acute and chronic health risks associated with exposure to animal
feces; and factors influencing concentrations and shedding rates of pathogens originating from animal

feces.

B INTRODUCTION

Nearly two-thirds of human pathogens and three-quarters of
emerging pathogens are zoonotic in origin.”” While research
has focused on zoonotic transmission of respiratory and vector-
borne pathogens, such as Ebola and West Nile Virus, less
attention has been given to pathogens found in animal feces
that are transmitted via water, sanitation, and/or hygiene
(WASH)-related pathways, as illustrated by the classic “F-
diagram” (Figure 1).> According to the Food and Agricultural
Organization (FAQ), “domestic animals such as poultry, cattle,
sheep, and pigs generate 85% of the world’s animal faecal waste,
proportionally a far greater amount than the contribution by
the human population”; the fecal production rate can total to
2.62 x 10" kg/year.* Insufficient separation of animal feces
from human domestic environments, common in low-income
countries, can lead to fecal-oral transmission of zoonotic
pathogens through direct contact with humans and/or fecal
contamination of fingers, food, and water sources.

Several pathogens of zoonotic origin are associated with
acute gastrointestinal symptoms that can arise from contact
with animal feces.” Children may experience long-term growth
shortfalls after exposure to these pathogens, and pregnant
women and the immunocompromised may also experience
severe and/or long-term adverse health effects after infection
with pathogens carried in animal feces.”™” Approximately one-
third of deaths among children under five years due to diarrhea
in the Global Burden of Disease 2015 report are attributed to
pathogens that can be found in animal feces.'” While some
studies seek to identify a relationship between animal contact
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and diarrhea, not all etiologies of diarrhea are transmitted
through animal feces. While many important viral enter-
opathogens (e.g., rotavirus) have limited zoonotic transmission,
animal feces may play an important role in the transmission of
some important etiologies of childhood diarrhea, such as
Cryptosporidium, which substantially contributes to the child-
hood burden of diarrheal disease and has been associated with
severe acute and long-term clinical manifestations, including
child growth faltering."" Unlike rotavirus, there is currently no
vaccine for Cryptosporidium and treatment options are limited
and often unavailable in developing countries. Thus, preventive
measures for such zoonotic pathogens are important for
reducing disease burden. Though the total contribution of
zoonotic transmission is unknown, it may be substantial, and it
may vary by the virulence and animal host(s) of the specific
etiologic agent, geographic and cultural context, and environ-
mental conditions."”

Recent reviews, predominantly using observational data,
suggest that improved WASH conditions are associated with
better children’s health outcomes.">™"° Yet randomized
controlled trials in low-income rural settings have demonstrated
mixed effects of such interventions on diarrhea, soil-transmitted
helminth (STH) infection, trachoma, and stunting.'°™>* Even
comprehensive WASH interventions may be insufficient to
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Figure 1. Traditional F-Diagram showing potential fecal-oral transmission pathways. Adapted from Wagner, E.; Lanoix, J., Excreta disposal for rural
areas and small communities. Monograph Series World Health Organization. 1958, 39, 182. Copyright 1958, World Health Organization.

prevent growth faltering in rural settings.”* One possible reason
for the lack of health effects is suboptimal program fidelity and
adherence, yielding less than universal coverage and use.”” An
alternative explanation is that because sanitation interventions
have focused primarily on containment of human excrement,
the lack of evidence for health effects in large intervention trials
could be due to persistent exposure to fecal pathogens of
animal origin among the study populatlonsgz 27 A recent
systematic review and meta-analysis noted that domestic
poultry and livestock exposure are associated with diarrheal
illness in humans;> we expand on this review by exploring the
risk of animal exposure on diarrhea, child growth outcomes,
environmental enteric dysfunction (EED), pathogenic infec-
tion, trachoma, and STH infection.

Human exposure to animal feces is more common in
developing countries where domestic animals and their animal
feces may not be properly contained or separated from
domestic environments. Though children and adults in high-
income countries (HIC) can also be exposed to animals and/or
their feces, potentially causing bacterial, helminth, and/or
protozoan infections,” > the risk may be greater in low- and
middle-income countries (LMIC), where domestic animal
ownership and middle- and small-scale animal production is
more common in both rural and urban households* compared
to households in HIC.

The primary objective of this systematic review was to
examine what is known about human health impacts of
exposure to poorly managed animal feces transmitted via
WASH-related pathways in LMIC. We identified and
synthesized existing literature to assess the extent to which
exposure to poorly managed animal feces could affect health
outcomes in humans. We modified the traditional “F-diagram”
to focus on animal feces exposure in households and small-scale
animal operations, in households with pets, and in communities
with synanthropic rodents; through this lens we propose
research priorities to better understand human exposure to

poorly managed animal feces. We identified interventions that
have been used to control human exposure to animal feces and
summarized what is known about their effectiveness in reducing
the presence of animal feces in the environment, preventing
human exposure to animal feces, and/or limiting negative
human health outcomes. Based on this review, we identified a
set of priority research areas to improve our understanding of
the human health burden associated with exposure to animal
feces, with the ultimate goal of identifying potential control
measures to reduce this burden in LMIC.

B MATERIALS AND METHODS

Search Strategy. To assess the impacts of animal feces on
human health, we searched for papers with terms for “animals,
feces, exposure, and humans” (Supporting Information (SI) 1,
p- 2). The search was limited to English- and Spanish-language
studies and included papers published before October 3, 2016.
We searched in the following databases: PubMed, Web of
Science, Cochrane Library, EMBASE, and CAB Direct. We also
included a partial search of the Environmental Sciences and
Pollution Management (ESPM) database, but due to host
database server challenges at the time of the search, 26% of full
search results from this database could not be downloaded. We
conducted a search of gray literature in International Food
Policy Research Institute (IFPRI), Consultative Group on
International Agricultural Research (CGIAR), International
Livestock Research Institute (ILRI), Food and Agriculture
Organization of the United Nations (FAO), U.S. Centers for
Disease Control and Prevention (CDC), and the World Health
Organization (WHO). We also included papers from personal
libraries and literature collections, including a limited number
of highly relevant studies that were published between October
2016 and September 2017. We included experimental and
observational study designs. All study settings and populations
were eligible for inclusion.
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Selection of Studies. Search results were cataloged and
organized in EndNote X7 (Clarivate Analytics, Boston, MA).
Four researchers (GP, JS, LM, BW) examined every
publication’s title and abstract to assess if the publication met
one or more of the following inclusion criteria: (a) human
exposure to poorly managed animal feces; (b) negative human
health outcomes from exposure to animal feces (e.g., diarrhea,
gastroenteritis, EED, trachoma, STH infections, child growth
(anthropometric) outcomes, and infection by zoonotic
pathogens); and (c) animal feces contamination of the
environment (e.g.,, water or fields). First, the four researchers
all independently reviewed an initial 150 publications to ensure
consistency among the study team when determining if papers
met the above inclusion criteria. Afterward, the remaining
search results were divided equally among the four researchers
who independently reviewed the title and abstract of their
designated search results. We define poorly managed feces as
animal feces that are not contained or separated from human
domestic and public environments. We define exposure to
animal feces as behaviors related to handling animal feces (e.g.,
spreading manure on fields or removing domesticated cat feces
from litter) and human activity conducted in close proximity to
animals and their feces (e.g, children playing on the ground
where chickens also roam). While identifying publications that
met the inclusion criteria, we simultaneously identified papers
that discussed animal husbandry practices and animal feces/
manure management, and we identified papers that discussed
control measures for reducing human exposure to animal waste.
If researchers were unable to make a decision about including
or excluding a publication during the title and abstract review
process, the publication’s features were discussed among the
four researchers and a decision was made.

We excluded publications that discussed one or more of the
following: no exposure to animals or animal feces, exposure to
animal or animal feces in occupational or industrial settings
(e.g, commercial farms), exposure to animal urine, animal
health outcomes, human respiratory health outcomes, and
diseases related to exposure to insect feces (e.g, Chagas
Disease). We excluded papers from HIC because piped
sanitation and piped water infrastructure are prevalent, and
we wanted to explore how humans are exposed to animal feces
in LMIC where sanitation and water infrastructure may be
limited or nonexistent.

Two researchers (GP, JS) reviewed the full-text of
publications that met the inclusion criteria to confirm the
publication met the inclusion criteria as well as one of the
following: (a) risk factors, such as exposure to or contact with
animals or animal feces, associated with zoonotic infection; (b)
animal husbandry practices/behaviors and information about
animal feces management; or (c) control measures or
interventions aimed at reducing human exposure to animal
waste. Other areas of potential interest that were beyond the
scope of this review include papers that focused on the
epidemiology and etiology, antibiotic resistance, or animal
shedding of zoonotic fecal pathogens. No publications from the
gray literature met our inclusion criteria for this review.

Data Extraction and Synthesis. Data from papers
deemed to meet the inclusion criteria were extracted into a
prepiloted extraction form, which included research objectives,
key findings, descriptions of study populations, descriptions of
health outcomes, and descriptions of exposures to animals and/
or their feces (SI Table S1). During synthesis, data were
classified by health outcomes, pathogens of concern, exposures

to common domestic animals, and regions in which the studies
were conducted. Health outcomes, such as diarrhea and
trachoma, were assessed by individual studies in a variety of
methods including recall, health professional diagnosis, and/or
testing. Publications that discussed control measures to remove
or reduce the presence of animal feces were identified and
classified according to control approach. We did not conduct a
meta-analysis or a risk of bias assessment because of the
heterogeneity of methods, exposures, and outcomes used across
the studies included in the review. We conducted the
systematic review according the evidence-based minimum
requirements identified by the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) checklist (SI
Table $2).*°

B RESULTS & DISCUSSION

Our search yielded 12 425 unique results, of which the full texts
of 329 articles were reviewed. A total of 62 publications met the
inclusion criteria (SI Figure S1). Characteristics of publications
included in this review are summarized in Table 1 (regions,
health outcomes, and animals) and Table 2 (pathogens).

Most of the studies we identified for this review were cross-
sectional studies (n = 42); other study designs included case-
control (n = 3), experimental and quasi-experimental (n = 2),
longitudinal (n = 2), cohort (n = 4), and qualitative studies (n =
1). The remaining publications, reported on secondary data
analyses (n = 1), a conceptual model (n = 1), or systematic
review/meta-analysis (n = 1). Study populations included
children, adults, animals, and environmental samples (e.g. stool,
blood, water). Most of the studies were conducted in Asia (n =
30), but this review also includes studies conducted in Africa (n
= 20), South America (n = 12), and Oceania (n = 1) as well;
one literature review included papers from around the globe.
Relevant characteristics of the publications included in this
review are presented in SI Table S3.

B IMPACT OF EXPOSURE TO ANIMALS AND/OR
ANIMAL FECES ON HUMAN HEALTH

Most studies assessed exposure to animal feces based on
contact with or presence of animals in the environment. Few (n
= 9) measured direct human contact with animal feces per se.
We illustrate the role of exposure to animal feces and/or
contact with or presence of animals and its impact on WASH-
related health outcomes in Figure 2. Below we synthesize
findings for each of the health outcomes considered, including
diarrhea, child growth, EED, pathogen isolation in human stool
(bacterial, protozoan, microsporidian, viral), trachoma, and
STH infections.

Diarrhea. Heterogeneous effects of exposure to animals and
animal feces on human diarrheal illness were observed among
the 18 studies examining diarrhea in this review. A systematic
review and meta-analysis found consistent evidence of a
positive association between domestic poultry and livestock
exposure and diarrheal illness.” Animals housed in living
quarters increased the risk of diarrhea and/or infection by
enteric pathogens in several studies and increased the risk of
longer durations of diarrhea.**™*' Living with chickens infected
by zoonotic enteric pathogens increased the risk of diarrhea
among children in Lima, Peru.”’

No associations were found between the presence of animals
or animal feces and diarrhea or enteric infection in urban Accra,
Ghana and rural Odisha, India.**** An assessment of
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Table 1. Summary of Characteristics of Studies (n = 62)“
Included in Review of Potential Health Impacts from
Exposure to Animal Feces

Region n (%)
Africa
North Africa 1 (2%)
Sub-Saharan Africa 19 (31%)
Asia
Middle East 1 (2%)
South Asia 19 (31%)
Southeast Asia 9 (15%)
East Asia 1 (2%)
South America 12 (19%)
Oceania 1(2%)
Global 1 (2%)
Health Outcomes n (%)
Diarrhea 18 (29%)
Environmental Enteric Dysfunction 2 (3%)
Helminth Seropositivity S (8%)
Mortality 1 (2%)
Nutrition and Growth Outcomes 8 (13%)
Pathogens Found in Stool 17 (27%)
Trachoma 3 (5%)
Hookworm-Related Cutaneous Larva Migrans 1 (2%)
Other: human behaviors/practices S (8%)
No Health Outcomes Specified 14 (23%)
Animal n (%)
Livestock
Buffalo S (8%)
Cattle 25 (40%)
Goats 19 (30%)
Sheep 14 (22%)
Pigs 9 (14%)
Poultry (chickens, ducks, geese, quail) 29 (46%)
Synanthropic Rodents 3 (5%)
Pets/Free-Roaming
Cats 11 (17%)
Dogs 14 (22%)
Other (horses, guinea pigs, rabbits) 2 (3%)
Not Specified 13 (21%)

“A total of 62 unique publications were reviewed. The total N for
Regions, Health, Outcomes, and Animals is greater than 62 because
publications that assessed multiple regions, health outcomes, or
animals in their study were counted for each unique region, health
outcome, or animal.

Demographic Health Surveys (DHS) from 30 sub-Saharan
African countries found an inconsistent relationship across
contexts between childhood diarrhea and household livestock
ownership; 13 countries indicated livestock ownership as a risk
factor but 10 countries exhibited a protective association likely
due to confounding with socio-economic status and varied
access to improved water and sanitation infrastructure.”® Cattle
ownership in Madagascar was found to be protective against
severe diarrhea.™

Child Growth. Exposure to fecal pathogens of animal origin
may impair child growth, although these effects are not
consistently found in the literature (n = 8). For most studies,
child growth was measured using anthropometric measure-
ments to calculate standardized age- and sex-specific height-for-
age Z-scores (HAZ), weight-for-age Z-scores (WAZ), and
weight-for-height Z-scores (WHZ) to classify levels of stunting,

Table 2. Summary of Pathogen Characteristics of Studies (n
= 62)“ Included in Review of Potential Health Impacts from
Exposure to Animal Feces

Pathogens n (%)
Bacteria
Aeromonas hydrophila 1(2%)
Bacteriodales spp. 1 (2%)
Campylobacter spp. 9 (15%)
Chlamydia trachomatis 3 (5%)
Escherichia coli 11 (17%)
Klebsiella spp. 1(2%)
Salmonella spp. S (8%)
Shigella spp. S (8%)
Vibrio spp. 4 (7%)
Yersinia spp. 2 (3%)
Helminths
Ascaridia spp. 1 (2%)
Ascaris spp. 4 (7%)
Clonorchis spp. 1 (2%)
Echinococcus spp. 2 (3%)
Enterobius spp. 1 (2%)
Hookworm (Ancylostoma spp.) 7 (11%)
Hymenolepis spp. 1(2%)
Schistosoma spp. 3 (5%)
Spirometra spp. 1(2%)
Strongyloides spp. 3 (5%)
Taenia spp. 1(2%)
Toxocara spp. 6 (10%)
Trichuris spp. 6 (10%)
Microsporidia
Enterocytozoon bieneusi 1 (2%)
Protozoa
Blastocystis hominis 1 (2%)
Cryptosporidium spp. 10 (16%)
Cyclospora cayetanensis 2 (3%)
Entamoeba spp. 6 (10%)
Giardia spp. 15 (24%)
Isospora belli 2 (3%)
Toxoplasma spp. 1(2%)
Trichomonas hominis 1 (2%)
Viruses
Adenovirus 2 (3%)
Astrovirus 1(2%)
Hepatitis E virus 1 (2%)
Rotavirus 5 (8%)

“A total of 62 unique publications were reviewed. The total N for all
pathogens is greater than 62 because publications that assessed
multiple pathogens were counted for each unique pathogen.

being underweight, and wasting, respectfully. In a study in rural
Ethiopia, poultry ownership was positively associated with child
HAZ, but corralling poultry indoors at night was negatively
associated with child HAZ; no association was found between
corralling animals indoors at night and child HAZ for other
animal species (cattle, goats, sheep, pack animals).%’46 Several
studies found no association between livestock ownership and
child HAZ and WAZ, though livestock diseases might be
related to lower child HAZ and WHZ in some groups in rural
Kenya.*”*” The presence of animal feces in household
compounds was negativelz associated with child HAZ in rural
Bangladesh and Ethiopia.”
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Figure 2. Impact of exposure to animal feces and/or contact with animals to human health.

A recent analysis of agricultural, nutritional, and interview
data, along with anthropometric measurements from sub-
Saharan Africa, revealed inconsistent evidence for the effects of
animal ownership and consumption of animal-sourced foods on
child growth. Children in households that consumed animal-
sourced foods in Rwanda, Uganda, and Malawi had better
anthropometric scores (WHZ and HAZ) than those that did
not consume animal-sourced foods; however, children who
consumed animal-sourced foods in Ghana and Senegal had
lower relative anthropometric scores (WHZ (Ghana only) and
HAZ).*® The analysis of DHS from 30 sub-Saharan African
countries similarly found inconsistent results, but data revealed
a slight protective effect of the number of animals owned on
child stunting,*®

Child growth effects may be mediated by animal contain-
ment and housing practices. Children in households that kept
poultry outside the home had significantly better HAZ
compared to those in households that kept poultry inside the
home in rural Ethiopia."® Similarly, in rural Bangladesh the
odds of being stunted were higher among children in
households with animals corralled in sleeping quarters versus
households where animals were not corralled in sleeping
quarters.48

Environmental Enteric Dysfunction (EED). Two studies
in this review suggest that exposure to animals and animal feces
might increase the risk of EED, also referred to as environ-
mental enteropathy, an impairment of intestinal function
evident in many young children in low-resource settings that
leads to growth faltering and cognitive impairment.*’”>*
Children sleeping in households with animal corrals in the
sleeping quarters had significantly higher EED scores
(calculated from fecal biomarker measurements) than those
without animals in the sleeping quarters in rural Bangladesh."®
Among rural Malawian children, animals sleeping in the same
room as the children, combined with use of potentially
contaminated water sources and the absence of household pit
latrines, was positively associated with EED.>

Pathogen Isolation in Human Stool. Several studies
examined associations between exposure to animals and/or
their feces to subsequent isolation of pathogens in human stool.

Among bacteria, Campylobacter spp. infection was common
among children living with domesticated animals, especially
poultry, compared to children not living with animals, because
children were likely to be in direct contact with chicken
feces.”*"***” A study in peri-urban Peru noted that chickens,
dogs, and cats were commonly infected with C. jejuni.*® Genetic

analysis of animal and child stool samples in semirural Ecuador
found that C. jejuni sequence types were identical between
children and chickens, dogs, guinea pigs, and rabbits; atypical
enteropathogenic Escherichia coli (aEPEC) sequence types were
identical between children and pigs, dogs, and chickens.>®

Among protozoal pathogens, Cryptosporidium spp., Giardia
spp., and Entamoeba spp. have been associated with exposure to
animals. Cryptosporidium spp. identification in child stool was
associated with the presence of chickens in the household in
Cambodia.”” In urban Kenya, a study among HIV/AIDS
patients found that cryptosporidiosis was associated with
contact with animals,”” and in urban Democratic Republic of
the Congo, exposure to farm pigs increased the odds of
Cryptosporidium infection among HIV/AIDS patients.’’ In-
dividuals with household pets were 2.6 times more likely to be
infected with G. duodenalis assemblage A compared to those
without pets in Malaysia.”> A study of outpatient stool samples
from an urban hospital in Yemen found that contact with
animals increased the risk of any intestinal protozoan infection
(G. duodenalis, E. histolytica, E. dispar) and single infection with
Entamoeba spp.; single infection of G. duodenalis was not
associated with contact with animals.”® A study in rural China
among individuals with pulmonary tuberculosis found that
those raising chickens, ducks, or pigs, and working farmlands
barefoot to be significantly associated with protozoan
(Blastocystis hominis, Entamoeba spp., Trichomonas hominis)
and helminthic infections (hookworm, Trichuris trichiura,
Ascaris lumbricoides, Clonorchis sinensis), respectively.®*

Immunocompromised populations are particularly suscep-
tible to infection by microsporidia, specifically Enterocytozoon
bieneusi. A study of microsporidiosis in HIV patients in
hospitals in Lima, Peru found that contact with duck or
chicken fecal droppings was a risk factor for infection with the
E. bieneusi genotype, Peru-1, as were lack of running water,
flush toilets, or garbage collection.®® Among HIV/AIDS
patients in Kinshasa, Democratic Republic of the Congo,
exposure to farm pigs was associated with higher odds of
infection with E. bieneusi or Cryptosporidium spp.”’ In urban
India, a study among HIV-positive individuals found that
contact with pets and other animals increased the odds of
infection with enteric pathogens, includinﬁg bacterial, protozoan,
helminthic, and microsporidian species.®

Several studies reported no association between presence of
or contact with domestic animals or rodents and their feces and
pathogenic infection with certain species of bacteria, """
protozoans,59’63 and viruses.”’

DOI: 10.1021/acs.est.7b02811
Environ. Sci. Technol. 2017, 51, 11537—11552


http://dx.doi.org/10.1021/acs.est.7b02811

Environmental Science & Technology

Critical Review

Livestock

)
>

1 Fluids

=\l

N,

2 = ~—~— S
““: \~~11:-__:\_\_— 8“*
Fields S~ 7 Sa i
/ 3 R §3)

8
Animal Feces ‘ _——— 1
= \QLJ% Lo W,
A 3 3 - ¥ Foo _- . _
K K [ —— - uture Victim
; of ,\\ Lo T s L7
b " * 5 7 . - ,’/’ - P -
é Flies e -7 e
- -7 -
- - 7 P
AD - ot .
Domestic/Free-roaming ~ Synanthropic 6 Poee 7, -
animals rodents ,/ -
. 7 ”
Fingers , Pie
v
/-
”

L.

—> Primary pathways: direct exposure to animal feces

1. Compromised water sources: animal feces runoff into drinking 7.

water sources, animals and humans sharing same water sources
2. Application of manure to fields, animal feces disposed in fields,
animals defecating in fields/public spaces
3. Slaughtering practices, management of animal products (e.g.,
eggs or milk)

4. Unsafe, uncontained disposal of animal feces 8.

5. Direct contact with animal feces (e.g., handling manure for fuel),
cohabitation with animals, children ingesting uncontained feces

6. Contaminated domestic objects (toys, cooking utensils) and
household surfaces (tables, food preparation and storage areas)

= — = = > Secondary pathways: indirect exposure to animal feces

Contamination of food sources from contact with flies and/or fingers;
produce grown in contaminated soil; contaminated water used to
wash, prepare, and/or grow produce; feet/shoes transporting
contaminated soil into food preparation/cooking areas; contaminated
fomites (cooking utensils, food storage containers) used to prepare
food

Ingestion of contaminated water and/or food, transmission of
pathogens from hands to mouth or from contaminated fomite (utensil,
toy) to mouth

Figure 3. Modified F-diagram showing transmission routes of animal feces to humans. Adapted from Wagner, E.; Lanoix, J., Excreta disposal for rural
areas and small communities. Monograph Series World Health Organization. 1958, 39, 182. Copyright 1958, World Health Organization.

Trachoma. Exposure to animals and animal feces might
increase the risk of trachoma, an infection by the bacterium
Chlamydia trachomatis, by potentially providing breeding sites
for flies that propagate the infection. The studies in this review
do not assess if flies carrying C. trachomatis actually bred on
animal feces; the presence of human feces in or near study sites
may be a confounding factor. In rural Nigerian households, the
presence of animal feces in household compounds was a risk
factor for trachomatous inflammation-follicular (TF), a
precursor condition to blinding trachoma.” In rural Ethiopian
households, active trachoma, measured by TF and trachoma-
tous inflammation (TI), was more common in children in
families who specifically housed their cattle in their sleeping
quarters, though cattle ownership was not associated with
trachoma risk.”" Another study in rural Ethiopia also noted that
the presence of animal feces near the house was associated with
active trachoma in at least one child in the study households.””

Soil-Transmitted Helminth (STH) Infection. Evidence
suggests that exposure to animals and animal feces, particularly
those of cats and dogs, leads to an increased risk of STH
infections. Individuals in urban, low-income households in
Brazil were more likely to be diagnosed with hookworm-related
cutaneous larva migrans (HrCLM), a parasitic skin disease
caused by feline or canine hookworms, if animal feces were
present in the compound.” Dog owners in Chile and Argentina

11542

displayed positive human seropositivity to Echinococcus
granulosus and Toxocara canis, respe(:tively.74’75 Similarly, the
presence of dogs and their feces significantly contributed to
children being seropositive for toxocariasis in Sri Lanka.”’
Pregnant women in Bali exposed to oocyst-positive cat feces in
their environment were more likely to be serologically positive
for Toxoplasma gondii than pregnant women who were not
exposed to oocyst-positive cat feces.”’

B PATHWAYS OF EXPOSURE TO ANIMAL FECES

The means of characterizing exposure to animals and animal
feces varied considerably in the literature we reviewed.
Researchers assessed presence of or contact with animals,
presence of or contact with animal feces, animal ownership,
environmental contamination of public and domestic spaces,
and risky husbandry practices (e.g., using cow dung as cooking
fuel and slaughtering practices) through structured observations
and semistructured interviews. Most publications assessed
impacts of raising poultry (chickens, duck, geese, quail) and
cattle; studies also assessed impacts of exposure to goats, dogs,
sheep, cats, pigs, buffalo, synanthropic rodents (mice, rats), and
less commonly, horses, guinea pigs, and rabbits.

We reviewed the literature to identify the extent of human-
animal contact with attention to regional, cultural, and urban-
rural contextual differences. The evidence of human-animal

DOI: 10.1021/acs.est.7b02811
Environ. Sci. Technol. 2017, 51, 11537—11552


http://dx.doi.org/10.1021/acs.est.7b02811

Environmental Science & Technology

Critical Review

contact between regional and cultural contexts revealed
anecdotal study site-specific information, but did not provide
a sufficiently generalizable set of behaviors. The comparative
risk of exposure to animal feces in urban compared to rural
areas is therefore difficult to determine.

Figure 3 illustrates the pathways for human exposure to
zoonotic fecal pathogens using a modified F-diagram. We
distinguished transmission pathways dependent on animal
species and behaviors versus pathways dependent on human
behaviors and practices; the pathways corresponding to human
behaviors are independent of the animal species that is the
source of the fecal exposure. Below we present the evidence
around each of the exposure pathways highlighted in Figure 3;
the numbers correspond to the pathways in Figure 3.

Pathway 1: Contamination of Water Sources. Con-
tamination of both source and stored drinking waters is an
important human exposure to animal feces. Several studies
demonstrated that open ponds and surface waters are more
susceptible to contamination by animal feces, though significant
contamination has been observed in public and private tube
wells also.””””®”" In rural India, higher sheep populations in
villages increased the odds of detecting higher concentrations
of Cryptosporidium spp. in public ponds.”” Humans sharing
water sources with livestock represents a particularly risky
behavior in low-income settings.”*' ~*

Pathway 2: Contamination of Soil. Many of the
pathways for exposure to animal feces occur directly in and
around the domestic environment. We found consistent
evidence of animals contaminating fields and soil by
indiscriminate defecation. Positive associations were found
between seropositivity for helminths and soil contaminated by
dog and cat feces in households and public settings (e.g., parks,
playgrounds).”*’® Stray, free-roaming cats and dogs contami-
nated domestic and public environments with Toxoplasma spp.
and helminth eggs in rural and urban communities in
LMIC,2930,8485

Ruminant fecal markers were observed in soil and hand rinse
samples from households that did and did not own ruminant
species in Bangladesh.*”®” Widespread chicken feces contam-
ination has been observed in household kitchens and
backyards;* chickens might therefore be of particular concern
in household environments, because children (up to five years
old) have been observed to have contact with chicken feces an
average of 2.9 times in a 12 hour span.”’

Soil was contaminated during the use and disposal of manure
on agricultural or residential areas as fertilizer.*>*”° Manure
effluents may also be discharged from cattle storage, potentially
contaminating surrounding land.*!

Pathway 3: Contamination of Food. In the United States
and other HIC, where human waste is arguably well-controlled,
the burden of enteric disease is largely related to foodborne or
animal-associated outbreaks. Most of the important bacterial
pathogens of foodborne illness in the United States are
transmitted by animals.”' Even in the case of sophisticated
human waste containment, pathogens from poorly managed
animal feces can directly contaminate food during the food
production process, particularly related to slaughter. As such,
foodborne exposure to animal feces in LMIC is likely an
important pathway that warrants further research.

Our search, however, uncovered few studies (n = 2) that
reported on the contamination of food from animal feces.
Campylobacter spp. contamination was found in 34.6% of
samples of various types of goat meat collected in the

Democratic Republic of Congo.”” Fresh produce collected
from a suburban market in Vietnam was widely contaminated
with parasite ova excreted by both humans and animals.”

Pathway 4: Contamination via Flies. Flies, potential
vectors of fecal contamination, may be associated with negative
health outcomes. Three studies specifically examined flies as
vectors for trachoma infection’”’” and diarrheal illness.”® In
rural Ethiopia and Nigeria, the presence of flies in the home
(due to presence of cows, waste disposed near the home, and
defecation near the home)’” and on the face’® was positively
associated with trachoma. In rural India, higher ﬂg densities
were associated with longer durations of diarrhea.®® Also, the
absence of animals in or near the home was protective against
high fly densities. An additional study in rural Indian
households assessing the presence of cowsheds and the
presence of flies noted that fly counts were higher in
households owning cowsheds versus those without cowsheds."

Pathway 5: Contamination of Human Hands. Cohab-
itation of animals and humans is a common practice in LMIC
and is one of the primary risk factors we identified in this
review. Though most studies did not explicitly observe human-
to-animal contact, we used animal ownership and the presence
of animals in and around households as a proxy for direct
contact with animals, a pathway important for exposure to
animal feces. In many domestic settings, livestock, including
cattle and poultry, were housed in the family’s sleeping
quarters,******? increasing the potential for contamination
in the household environment. Households kept livestock in
sleeping quarters at night to protect them from thieves or from
being hunted by other animals.”” Poultry were generally
allowed to scavenge for food inside and outside living quarters
in rural villages in Bangladesh.” Household members directly
contacted animal feces when handling manure, sometimes
handling cow manure from E. coli-positive and negative herds
with bare hands.*"***?

Multiple studies in rural and urban settings found positive
associations between high levels of contact with animals and/or
animal feces and negative health outcomes.**>%*7%7%% The
presence of animal feces in household compounds has been
associated with diarrhea, lower HAZ, and HrCLM.**%73
Contact with manure has also been associated with the
presence of antibodies to C. jejuni and pathogenic E. coli.”®

Pathway 6: Contamination of Fomites. Other sources of
direct or indirect contamination by animal feces include
fomites, such as cooking and infant feeding utensils and toys.
Two studies in South Asia evaluated environmental fecal
contamination in rural households using toys which may be
more likely to come into direct contact with animal feces as
they are used for play. In rural India, the average fecal
contamination of toys increased as the number of animal fecal
piles observed in the household or within the compound
increased.”® The authors suggest that the fecal contamination
detected on the toys is likely from both human and animal
feces. In rural Bangladesh, fewer toys were contaminated with
E. coli (used as a fecal indicator bacteria) in households in
villages with more than S50% latrine coverage, no open
defecation, handwashing facilities with soap, protected source
water in dwellings, safe disposal of child feces, and no animals
present in the household but used plaster floors with cow
dung.”” In this study, the households’ substantiall WASH
infrastructure used to limit human fecal contamination likely
played a role in minimizing fecal contamination in the
household, but the absence of animals is also noteworthy.
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Organization.

Interestingly, the study noted that households with floors of soil
or mud surfaces in the living and entrance areas had statistically
lower amounts of bacteria on toys compared to households
with cement floors, but there was no difference in
contamination levels of the toys between households that
plastered with cow dung versus households that did not plaster
with cow dung

Two studies in this review examined fecal contamination on
cooking and feeding utensils. In a peri-urban community in
Lima, Peru, a study of environmental contamination of
household objects, including infant bottle nipples, feeding
bottles, spoons, and can openers, found that 35% of the objects
(n = 80) were positive for E. coli cultures. ¢ Another household-
level study found that infants’ cups and spoons yielded E. coli
cultures in 23% of households (n = 5).%° In these studies,
indirect contamination of fomites likely occurred when the
fomites dropped onto contaminated floors or were handled by
contaminated fingers; direct exposures of fomites to animal
feces were not addressed in these studies.’***

B INTERVENTIONS LIMITING EXPOSURE TO ANIMAL
FECES

We adapted the traditional F-diagram to show pathways of
human exposure to animal feces and assessed potential
interventions along those pathways (Figure 4). While
“secondary” barriers to block transmission of animal feces to
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humans are capable of controlling both human and animal
feces, “primary” barriers are specific to controlling exposure to
animal feces. These primary barriers have largely not been
considered in traditional WASH interventions designed to limit
exposure to human feces, and few studies have evaluated their
potential in reducing the burden of animal feces on human
health. Our review uncovered only seven intervention studies
specifically aimed at controlling this primary barrier of exposure
to animal feces. The control measures that have been evaluated
and/or suggested as potential interventions in the studies
included in this review are described below; Table 3
summarizes these intervention studies.

Separating Chickens from Human Living Quarters.
Cohabitation with animals has been associated with negative
health outcomes. Animal containment practices can reduce
human exposure to animal feces contamination in domestic
environments. However, according to two studies that
evaluated the effects of separating chickens from human living
quarters in peri-urban areas of Lima, Peru, corralling chickens
did not eliminate child exposure to poultry; it might actually
increase the risk of campylobacteriosis potentially due to
continued exposure to chickens and/or from increased
concentrations of Campylobacter spp. in the corralling
area.""” Harvey et al. evaluated an intervention to contain
poultry in wooden corrals with commercial fish netting walls
and fiberglass roofs, in addition to separating poultry by age,
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sex, and/or species.”® Households that used corrals most of the
time before the study consistently used the experimental corrals
from the start; households who let their poultry roam before
the study intervention housed their poultry in corrals less
consistently. Despite efforts to separate children from poultry,
some children were still exposed because they helped catch
poultry and move them into the corral, climbed on corral walls
and doors, poked fingers through the netting, entered corrals to
play with the poultry, or helped with daily animal care. In
another area of peri-urban Lima, researchers installed chicken
corrals in intervention households.”’ They found that chicken
feces from the control group were colonized with Campylo-
bacter spp. more often than that from the corral group, but both
groups were heavily colonized (63.9% and 58.1% of chicken
stool samples, respectively). The rate of diarrhea in children
was higher in the corral group (2.79 episodes per person per
year [epy]) than the group without corrals (2.07 epy; p =
0.017), suggesting that chicken corralling may have increased
the risk of Campylobacter-related diarrhea in children from
children entering and handling the chickens in the corrals and/
or encouraged the children to interact with the chickens due to
close proximity of the corrals to the home. In addition, the
corrals concentrated chicken feces in a single area that could
have contributed to an increased concentration of Campylo-
bacter spp. in the area.

Providing Animal Feces Scoops. Similar to animal
containment practices, promotion of animal waste removal
from the domestic environment and proper disposal could
disrupt the contamination of environmental reservoirs by
animal feces. Though sanitation interventions have primarily
focused on containing human feces by providing improved
latrines, some studies have added components to encourage the
safe disposal of animal feces as well. The WASH Benefits trial
provided a metal scoop to households for removal of animal
feces from the environment and safe disposal in a dual-pit
latrine as part of a sanitation intervention in rural Bangladesh.”
The authors hypothesize that the use of the metal scoops might
remove animal feces from sanitation compounds, but might
ultimately contaminate the community’s water source down-
stream of the disposed animal feces. While the intervention
group had lower ruminant fecal markers, the scoop was coupled
with provision of a household dual-pit latrine as well as potties
for young children, so disa§gregating the impact of animal feces
disposal was not feasible.”

In rural Bangladesh, households were provided potties and
“sani-scoops”, hoe-like tools for disposal of child and animal
feces. Although reported use of the hardware was relatively
high, minimal differences were detected between the presence
of human and animal feces in compounds at baseline and
follow-up visits.'” Interviews with study participants revealed
that liquid feces was hard to remove from uneven or hard
surfaces with the sani-scoop, and animal feces was not generally
perceived as “disgusting”. Additionally, household members
were unlikely to change their habits of sweeping and cleaning
courtyards of feces only at certain times during the day,
potentially exposing them to fecal contamination at other times
of day.'” To reduce exposure to animal feces, education
regarding safe animal feces disposal methods might be
necessary as a complement to provision of sanitary scoops
designed to remove animal feces.

Reducing Contamination of Environmental Sources
by Controlling Animal Movement. Soil is oftentimes a
reservoir for animal feces contamination in both public and

domestic areas, and animal containment measures may reduce
animal fecal contamination. In urban Brazil, fencing around
public sandboxes was a significant protective factor against soil
contamination of helminths from dog feces because the fences
prevented stray dogs from accessing the area.**

Creating Safe Child Spaces. Rather than corralling
animals, protective and hygienic barriers may prevent humans,
specifically children, from coming into contact with animal
feces. Since there are constant opportunities for young children
to put contaminated fingers in their mouths or ingest feces-
contaminated soil, creating spaces for children separate from
livestock could reduce exposure to animal feces. The Sanitation,
Hygiene, and Infant Nutrition Efficacy (SHINE) trial in
Zimbabwe is testing this approach by providing households
with safe play areas for children in addition to a package of
other water and sanitation interventions.'”" The trial is
ongoing, and results have not yet been published.

Improving Animal Veterinary Care. Veterinary care may
reduce the spread of zoonotic fecal pathogens from livestock
and domestic animals by reducing pathogen carriage in animals.
In Bangladesh, exposure to emerging infectious disease hazards
were significantly reduced by removing livestock from one in
three households, improving manure management in all
villages, improving water and latrines in all villages, and
increasing access to health services—human and veterinary—in
most villages.'”” The intervention also increased income from
animal agriculture.

Promoting Handwashing and Domestic Environment
Hygiene. Handwashing and domestic hygiene have been
recommended by several studies finding positive associations
between animal exposure, raw vegetable consumption, geo-
phagy, or lack of handwashing before meals and zoonotic
pathogenic infection.’****>”#'% Unlike the animal feces
“sanitation” interventions, handwashing and domestic hygiene
are designed to protect humans from exposure to both animal
and human feces. Lack of handwashing might be a generalizable
and important behavior to target; another study found that
handwashing by mothers was infrequent and children placed
their hands in their mouths 38 times in 130 h on average.™
However, we did not find any studies that explicitly examined
the effects of handwashing after contact with animals.

B LIMITATIONS

We included all studies that meet the inclusion criteria
regardless of methodological rigor. A majority of the
publications are cross-sectional studies, making it difficult to
assess the causal attribution of exposure to animal feces on
human health. Due to the lack of in-home observations, most
studies we reviewed used surveys and interviews assessing
animal ownership or contact with animals as proxies for
exposure to animal feces. Such exposure measures might be
poor indicators of true exposure to animal feces, and in fact,
could measure behaviors associated with potential health
benefits to households. For example, a study in rural Ethiopia
carefully looked at the benefits of poultry ownership on egg
consumption versus the risks posed by corralling poultry inside
the home,” but few studies empirically address these
competing risks and benefits. There is also limited research
on specific exposure pathways to animal feces and important
confounding variables are not well understood or quantified.
Due to the use of household interviews, studies were subject to
recall bias when participants were asked to self-report past
bouts of diarrhea. The use of convenience sampling methods,
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Figure 5. Priority research gaps in assessing human health impacts from exposure to poorly managed animal feces. This figure, an adaption from the
socio-ecological model, represents how the “spheres of influence,” from human host and zoonotic pathogen biology to national policies, influence the
health of the human host. Example items for future research within each sphere are provided.

instead of random sampling methods, may have led to selection
bias. Many of the studies included in this review had small
sample sizes, thus preventing them from achieving sufficient
power to detect many of the health outcomes examined in this
review.

B FUTURE RESEARCH

Our review highlights the scarcity of information available on
the human health impacts of exposure to poorly managed
animal feces transmitted via WASH-related pathways. To
accurately capture human exposure to animal feces, future
research could prioritize longitudinal studies with in-home
observation methodologies. In addition, data to inform a
rigorous assessment of the contribution of poorly managed
animal feces to the global burden of disease is not available. Yet
many associations between some measure of animal or animal
feces exposure and health effects have been explored, and
interventions designed to control human fecal waste will likely
lead to suboptimal health gains in the absence of efforts to
control animal feces in the same environment. Understanding
the true burden of disease from poorly managed animal feces
given the current infrastructure and behavioral contexts would
provide important guidance for policy and programs.

It would be of considerable value to categorize and measure
exposure to animal feces and to develop and evaluate
interventions to mitigate that risk. Using direct observations
and interviews/discussion with domestic animal owners,
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household members including women and children, veter-
inarians, and community leaders, more data are needed to

o understand the key behaviors and contexts associated
with exposure to animal feces;

e identify key points (“hot spots”) of human contact with
animals and/or their feces in different contexts (e.g.,
domestic, community);

e understand the factors associated with direct contami-
nation of food from poorly managed animal feces,
particularly in food markets and noncommercial
agricultural/meat production facilities; and

o identify cultural behaviors that influence animal husban-
dry and animal feces management practices.

Understanding the various pathways and behaviors that
expose humans to animal feces could allow researchers develop
innovative interventions limiting such exposures in LMIC.
Behavioral approaches to WASH should be evaluated further to
understand their potential for controlling human exposure to
animal feces. Our review demonstrates that many people did
not feel disgust toward animal feces'*® and exposure to poorly
managed animal feces might occur at the community-level
rather than just the household-level. An evaluation of a
community-led total sanitation (CLTS) program in rural Mali
found that households that participated in the CLTS program
were less likely to have observable animal feces in their
compound courtyard;”® CLTS programs integrating animal
feces management could therefore be considered as potential
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control measures. Interventions executed in HIC, such as
building bridges across streams to reduce point source
contamination of waterways by livestock, could be also adapted
for LMIC.'**

Once the various pathways of human exposure to animal
feces are explored and understood, it would be possible to
calculate specific health risks associated with exposure to animal
feces, including both acute infectious diseases and chronic
sequelae, such as EED and growth faltering, by conducting
intervention trials. These intervention trials can measure
before-and-after health outcomes among study populations
who are provided interventions to limit or eliminate exposure
to animal feces across multiple pathways compared to health
outcomes in similar study populations who are not provided
interventions to limit or eliminate exposure to animal feces. In
addition to understanding the human behaviors and possible
health outcomes associated with exposure to animal feces,
future laboratory and field-based research must also consider
pathogen biology by

e quantifying the concentration and shedding rates of
pathogens in the feces of animal hosts and understanding
the factors that determine variability in these parameters;

e quantifying die-off rates of pathogens outside of animal
hosts and the factors that determine them;

e understanding the factors controlling the fate and
transport processes of pathogens outside of the animal
host, under varying environmental conditions; and

e understanding how antibiotic usage in humans and
animals may be contributing to antibiotic resistance of
zoonotic pathogens.

These types of data will be critical for parametrizing
quantitative microbial risk assessment models and transmission
models that can provide important insights on zoonotic
transmission of pathogens from animal feces to humans.
Studies could also take advantage of new molecular techniques
that provide insights into transmission processes, such as
microbial source tracking,'®® strain typing, multiplex enter-
opathogen assays,'*”'"” and metagenomics.

In addition, work is needed to understand the role of
exposure to animal feces on negative human health outcomes in
various rural, urban, and peri-urban contexts, from human host
and pathogen biology to overarching public policy. This is
illustrated in Figure 5, a diagram showing priority research gaps
in assessing the role of contact with animal feces on human
health, which we adapted from the socio-ecological model.'"
The potential for acute and chronic human health impacts to
manifest from exposure to animal feces is dependent on biology
within the human host (i.e., intestinal microbiome), including
age- and sex-dependent susceptibilities to different zoonotic
fecal pathogens and potential immunities developed from low-
level exposures to animals and their feces. To understand the
health risks associated with exposure to animal feces, it is crucial
to understand the microbiology of pathogens found in animal
feces, including their shedding and die-off rates and their
transport processes. Human behaviors and practices are
additional vital elements to assessing human health outcomes
from exposure to animal feces. At the individual level, it is
important to understand knowledge around risks and
preventions of exposure to animal feces. In LMIC, gender
and age divisions in responsibility for care, decisions, and the
control of livestock production are common.””"' Gender and
age divisions in labor should be explored further to understand

how these variables influence risk of exposure to animal feces.
Future research could characterize human behaviors in the
household that result in exposure to animal feces, such as
animal housing and containment practices or animal feces
management. Our review points to the probable importance of
community-level animal feces contamination on the human
health burden, particularly in regards to food contamination in
markets, soil contamination in the public environment from
free-roaming animals, and contamination of community water
sources; as such future research should investigate traditional
husbandry practices in different regions and contexts. At the
policy level, it would be valuable to monitor and evaluate the
effect of national policies and regulations aimed at promoting
animal health (e.g, immunization, feed standards), veterinary
care (e.g, neutering/spaying policies), and safe management of
animal manure and feces.

One particularly interesting line of inquiry would be to
evaluate the trade-off between the nutritional benefits of
livestock ownership with the health risks associated with
exposure to animals. Many development projects promote
animal husbandry as a way to improve nutrition and livelihoods,
yet this review highlights the ways that contact between animal
feces and humans may potentially be deleterious to health,
especially in children. This trade-off was highlighted by several
of the articles in this review.”*** Once more information is
available on the magnitude of the health risk posed by animal
feces exposure, knowledge around animal feces management,
and key points of contact between humans and animals,
culturally appropriate intervention strategies can be developed
and rigorously evaluated.

B CONCLUSIONS

As envisioned by the Sustainable Development Goals, the
world will achieve universal access to safe water, coverage of
safely managed sanitation, and handwashing with soap by
2030.'"" However, even if these ambitious targets are met,
effectively eliminating direct and indirect exposure to human
feces, risks associated with exposure to animal feces will remain.
The literature in this review suggests that exposure to animals
and animal feces has mixed effects on diarrhea and child
growth, potentially increases risks of EED, STH infection, and
trachoma, and has mixed effects on isolation of zoonotic
pathogens in human stool. There is some evidence for the
WASH-related pathways by which humans are exposed to
animals and animal feces, but more research on pathogen
transmission parameters, animal husbandry practices, and
cultural/social influences is warranted. Furthermore, few studies
have tested interventions that control the transmission of
pathogens in animal feces and limit human exposure to animal
feces. As we increasingly understand the contribution of poorly
managed animal feces to the overall global burden of disease, it
is important to gain insights into the routes by which humans
are exposed to animal feces to design efforts to interrupt these
pathways and reduce subsequent human health impacts.
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