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BACKGROUND: The burden of diarrheal diseases remains high among children in low-income countries. Enteropathogens are challenging to control
because they are transmitted via multiple pathways. Chickens are an important animal protein source, but live chickens and their products are often
highly contaminated with enteropathogens.
OBJECTIVES:We conducted this study to a) understand the contribution of multiple transmission pathways to the force of infection of Campylobacter
spp. and nontyphoidal Salmonella spp., b) quantify the potential impact of reducing each pathway on human infection, and c) quantify hypothesized
pathway reduction from the context of Maputo, Mozambique.

METHODS: We developed transmission models for Campylobacter and Salmonella that captured person-to-person, water-to-person, food-to-person,
soil-to-person, animal-to-person, and all-other-sources-to-person in an urban, low-income setting in Mozambique. We calibrated these models using
prevalence data from Maputo, Mozambique and estimates of attributable fraction of transmission pathways for the region. We simulated the preva-
lence of human infection after reducing transmission through each pathway.

RESULTS: Simulation results indicated that if foodborne transmission were reduced by 90%, the prevalence of Campylobacter and Salmonella infection
would decline by [52.2%; 95% credible interval (CrI): 39.7, 63.8] and (46.9%; 95% CrI: 39, 55.4), respectively. Interruption of any other pathway did not
have a substantial impact. Combined with survey and microbiology data, if contamination of broiler chicken meat at informal markets in Maputo could be
reduced by 90%, the total infection ofCampylobacter and Salmonella could be reduced by 21% (16–26%) and 12% (10–13%), respectively.
DISCUSSION: Our transmission models showed that the foodborne transmission has to be reduced to control enteropathogen infections in our study
site, and likely in other similar contexts, but mitigation of this transmission pathway has not received sufficient attention. Our model can serve as a
tool to identify effective mitigation opportunities to control zoonotic enteropathogens. https://doi.org/10.1289/EHP12314

Introduction
Diarrheal diseases are a substantial source of childhood morbidity
and mortality.1 In contexts where enteropathogen transmission is
high, repeated asymptomatic infections also contributed to under-
nutrition and growth faltering through gut inflammation and
constant activation of immune response (environmental enteric
disfunction), leading to long-term cognitive deficits, poorer aca-
demic performance and school retention, and lower economic
productivity in adulthood.2,3 One-fifth of all child deaths world-
wide is caused by undernutrition or stunting, although these dis-
proportionately affect resource-limited settings.2,4

Improvements to water, sanitation, and hygiene (WASH) may
help mitigate enteropathogen exposure but may not address all
relevant pathways of infection, such as food and animal contact.5
The fraction of enteropathogen infections attributable to animal
transmission is unknown but likely substantial; a previous study
reported that over a quarter of childhood enteropathogen infec-
tions had a potential animal source.6 Currently, the amount of
animal feces produced globally is four times that of human waste

and growing.7 In many settings globally, food systems remain
unregulated, leading to a considerable risk of infection among
young children. Because of the close connections enteropatho-
gens have with animals and food systems,6 a comprehensive One
Health approach is needed to control them effectively.

Poultry production is a particularly important source of entero-
pathogens in low- and middle-income countries (LMICs).8 Poultry
farming has been promoted as an important growth and develop-
ment strategy and is expected to increase in LMICs.8While poultry
farming provides a source of nutrition and income,9 chickens also
pose health risks because they are frequent carriers of those entero-
pathogens that cause the greatest fraction of the global burden
of diarrheal disease, including Campylobacter, Salmonella, and
Cryptosporidium.10 Poor sanitation practices and lack of biosecur-
ity and resources throughout the chicken meat production system
increase risks of exposure to these pathogens through direct contact
with chickens, their feces, and/or their food products.11,12 As the
consumption of poultry in LMICs increases,13 it will become
increasingly important to examine foodborne transmission as part
of a holistic One Health framework that incorporates all key trans-
mission pathways.

Despite its importance, the OneHealth approach has often fallen
between different sectors and regulatory agencies. For example, sev-
eral recent trials and cohort studies evaluating the impact ofWASH
interventions revealed mixed results.14–17 One potential reason for
these results was the focus on a selected set of transmission path-
ways (water and environment), while not incorporating other critical
pathways, such as food and contactwith live animals.14,18

Multiple transmission pathways, such as those through direct
contact with infected people, contaminated water, soil, and food
and contact with infected animals, affect each other through feed-
back loops. When infection prevalence increases, the number of
pathogens shed into the environment (e.g., soil and water) from
infected people also increases, resulting in an increased number
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of infections via contaminated environments. These nonlinear
feedback loops make it difficult to predict the impact of potential
interventions targeting different pathways on reducing total infec-
tion in the population without transmission dynamic models.

To better understand these nonlinear relationships between
pathways and to better quantify the impact of potential control
measures, we employed a mechanistic, systems approach using
infectious disease transmission models to capture a comprehen-
sive set of transmission pathways for zoonotic enteropathogens.
Here, we focused on two key zoonotic enteropathogens of poultry
origin, Campylobacter and nontyphoidal Salmonella. We built
the models for Maputo, Mozambique, a country in southeastern
Africa where poultry production has been increasing and the bur-
den of enteric infections is high.8,19 Using these models, we eval-
uated the impact of reducing each transmission pathway on
human infection and estimated how the reduction in one pathway
would change the prevalence of total infection and pathway-
specific infections. We then interpreted these simulation results
based on survey and microbiology data collected locally in
Maputo, Mozambique, to understand the impacts of control
efforts reducing transmission along each pathway.

Methods

Research Questions
We aimed to a) understand the contribution of multiple transmis-
sion pathways to the force of infection of Campylobacter spp. and
nontyphoidal Salmonella spp., b) quantify the potential impact of
reducing each pathway on human infection prevalence, and c)
quantify hypothesized pathway reduction from the context of
Maputo,Mozambique.

Infectious Disease Transmission Models
We built susceptible-infectious-susceptible type models for
Campylobacter spp. and nontyphoidal Salmonella spp. that

capture a comprehensive set of transmission pathways, namely
person-to-person (direct physical contact with infected people),
water-to-person (drinking water and stored water), food-to-person
(chicken meat, eggs, and contaminated raw product), animal-to-
person (direct contact with live infected chickens), soil-to-
person (contaminated soil around latrines), and all-other-
sources-to-person (anything that was not captured by the afore-
mentioned pathways) (Figure 1 and Equation 1–8).
dIhh
dt

= bIS Ihh + Ihw + Ihe + Ihf + Iha + Ihoð Þ− cIhh − lIhh, ð1Þ

dIhw
dt

= bWSW − cIhw −lIhw, ð2Þ

dIhe
dt

=bE SE− cIhe − lIhe, ð3Þ

dIhf
dt

=bFSF− cIhf − lIhf , ð4Þ

dIha
dt

= bASA− cIha −lIha, ð5Þ

dIho
dt

= bOSO− cIho − lIho, ð6Þ

dW
dt

=a Ihh + Ihw + Ihe + Ihf + Iha + Ihoð Þ− eW, ð7Þ

dE
dt

= a Ihh + Ihw + Ihe + Ihf + Iha + Ihoð Þ− eE: ð8Þ

These models track the fractions of children who are susceptible
to infection (S) and children who are infected via direct contact
with other infected people (Ihh), consumption of contaminated

Figure 1. Structure of the infectious disease transmission model for Campylobacter spp. and nontyphoidal Salmonella spp. Model equations are given in
Equation 1–8 and parameters are given in Table 1. These models track the fractions of children who are susceptible to infection (S) and children who are
infected via direct contact with other infected people (Ihh), consumption of contaminated food (Ihf ) and water (Ihw), exposure to contaminated soil (Ihe), contacts
with live animals (Iha), and all other exposure sources (Iho) on day t. The models also include water (W) and soil (E) compartments that track pathogen concen-
tration in these two sources. The rates of pathogen shedding from infected people to water and soil are represented by aW and aE . The rates of natural pathogen
clearance from water and soil are represented by eW and eE . Pathogen contamination in food (F) and all-other sources (O) and the prevalence of infection
among live animals (A) were constant and not time-varying. The mortality rate and birth date are represented by μ and b, respectively.
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food (Ihf ) and water (Ihw), exposure to contaminated soil (Ihe),
contacts with live animals (Iha), and all other exposure sources
(Iho) on day t. Pathway-specific transmission rates are represented
by b, and the recovery rate from infection is denoted by c
(Table 1). Infections in these models may or may not be symp-
tomatic. We did not model persistent acquired immunity
because infection with these enteropathogens, while potentially
causing immunity to disease,20 does not provide full protection
against subsequent infections.21,22

The models also include water (W) and soil (E) compartments
that track pathogen concentration in these two sources. They are
affected by the fraction of infected individuals on day t through the
rate of pathogen shedding from infected people to water and soil
(α) and the rate of natural pathogen clearance from water and soil
(e) (Table 1). For the Campylobactermodel, the soil pathway and
soil compartment were not included because Campylobacter spp.
are microaerophilic and cannot remain infectious in soil.23

Pathogen contamination in food (F) and all-other sources (O) and
the prevalence of infection among live animals (A) were constant
and not time-varying. The mortality rate (μ) was fixed to at the
reported rate among children under 5 years of age in Mozambique
in 2019 (Table 1).24 The birth rate (b) was also fixed and set to be
the same as the mortality rate to generate a stable population over
the simulation period.

Identifiability, Reparameterization, and Parameter
Estimation
To estimate transmission rates for the six pathways, wefit ourmod-
els to previously reported data on the prevalence of infection
among children in Maputo from February 2015 to February 2016
(8% for Campylobacter and 21% for nontyphoidal Salmonella),19

as well as estimates from theWorld Health Organization Estimates
of the Global Burden of Foodborne Diseases (WHO FERG report)
for the African regionwith high childmortality and very high adult
mortality, which includes Mozambique (Table S1).25 Both the
prevalence data and reported proportions of illness by pathways
were cross-sectional estimates, so we connected the transmission

models to these data through the prevalence of human infection at
the simulated steady-state endemic equilibrium (i.e., when the
simulated prevalence of infection reached a stable level).

Transmission models were connected to the reported preva-
lence of Campylobacter infection and Salmonella infection and
the estimated proportion of illness caused by each pathway
through the simulated prevalence of infection at endemic equilib-
rium. The force of infection at steady state scaled by the sum of
the recovery rate and mortality rate [k=ðc + lÞ] is I�=ð1− I�Þ,
where I* denotes the prevalence of human infection at equilib-
rium. We broke this scaled force of infection at steady state
into attributable pieces as follows: ðbII�Þ=ðc + lÞ, ðbWW�Þ=
ðc + lÞ, ðbEE�Þ=ðc + lÞ, ðbFF�Þ=ðc + lÞ, ðbAA�Þ=ðc + lÞ, and
ðbOO�Þ=ðc + lÞ, where asterisks denote equilibrium values. Due
to the limited human infection estimates to fit the models, the
following parameters were not separately identifiable from
pathway-specific transmission rates (β), and thus, they were set to
one and estimated as a part of betas: the recovery rate (γ), patho-
gen shedding rate from infected individuals to water and soil (α),
the pathogen clearance rate from water and soil (e) as well as
pathogen contamination in food (F) and all other sources (O) and
the prevalence of infection among live animals (A) (Table 1).

To estimate the contribution of each transmission pathway to the
force of infection at the endemic equilibrium, as well as the uncer-
tainty in the estimates, we used a sampling-importance resampling
approach.26 This approach is useful when many model parameters
will not be separately identifiable or will have large uncertainty
around their estimates due to complicatedmodel structure or limited
data to fit the model, which is the case in our study. We first created
a large number of potential values for the parameters that we esti-
mate, namely the prevalence of infection at steady state and the con-
tribution of each pathway to the force of infection at steady state.
We sampled the contribution of each pathway to the force of infec-
tion by breaking a [0, 1] unit into five pieces for the Campylobacter
model and six pieces for the Salmonella model. We also sampled
the prevalence of human infection from a uniform distribution [Unif
(0–0.2) for Campylobacter and Unif(0–0.4) for Salmonella]. We
created a large number of such sets of values using a Sobol sequence
(2.5 million sets for Campylobacter and 100 million sets for
Salmonella).27 We ran the transmission model with each of these
sets for 730 d (2 years) and estimated how likely it was for each set
to be the “true” parameter values by comparing the simulated
steady-state prevalence to the reported prevalence and contribution
of each pathway to the force of infection at steady state. We calcu-
lated the negative log-likelihood based on the multinomial distribu-
tion by comparing the simulated prevalence at steady-state with
the previously reported prevalence of Campylobacter (8%) and
Salmonella (21%) among children in Maputo19 as well as the
pathway-specific prevalence of infection, which is the product of
the total infection and the WHO estimates of the proportion of ill-
ness caused by each pathway (Table S1).25 Finally, we resampled
10,000 sets of parameters using this likelihood as a probability of
resampling. Each value of β was then calculated by dividing the
product of the estimated contribution and (c+l) by the equilibrium
values of I,W,C,F, andO.Medians and 2.5th and 97.5th percentiles
of these resampled parameter sets (i.e., posterior distributions) were
reported as point estimates and 95% credible intervals (CrIs) (which
is an interval within which an unobserved parameter value falls with
a particular probability inBayesian statistics).

Simulation of Potential Mitigation Opportunities
To estimate the potential impact of controlling each pathway and
to understand how the reduction in one pathway may affect infec-
tion through other pathways, we simulated the prevalence of
infection from each pathway after reducing the transmission rate

Table 1. Parameters for the Campylobacter and Salmonella transmission
models.24

Parameter Definition and unit Fixed or estimated

bI Transmission rate for the person-
to-person pathway (1/day)

Estimated

bW Transmission rate for the water-
to-person pathway (1/day)

Estimated

bE Transmission rate for the soil-to-
person pathway (1/day)

Estimated

bF Transmission rate for the food-
to-person pathway (1/day)

Estimated

bA Transmission rate for the live-
animal-to-person pathway
(1/day)

Estimated

bO Transmission rate for the all-
other-exposure-to-person
pathway (1/day)

Estimated

c Rate of recovery from infection
(1/day)

Fixed at 1

l Mortality rate among children
under 5 years of age in
Mozambique (1/day)

Fixed at 70 per 1,000
children divided by
365.25

b Birth rate (1/day) Fixed at 70 per 1,000
children divided by
365.25

a Rate of shedding into water and
soil (1/day)

Fixed at 1

e Rate of removal of pathogens
from water and soil (1/day)

Fixed at 1
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of each pathway iðbiÞ. For each of 10,000 resampled parameter
sets, we reduced the resampled value of bi for the ith pathway by
multiplying them by 0.1, 0.2, 0.3, . . ., 0.9, and 0 (i.e., 90%, 80%,
70%, . . ., 10% reduction in the transmission rate). We ran the
transmission model with each of these modified 10,000 parameter
sets and obtained the total prevalence and pathway-specific prev-
alence at endemic equilibrium. We calculated the difference in
the simulated steady-state prevalence before and after reducing
the transmission rate for each of 10,000 sets.

Interpretation Based on Local Data
Tomeaningfully conveywhat it means to reduce each transmission
pathway by 10%, 20%, and so on in the local context, we inter-
preted simulation results by incorporating empirical population-
based survey and microbiology data that our team previously col-
lected inMaputo,Mozambique.28

For the population survey, we randomly sampled 570 house-
holds in 14 neighborhoods in Maputo in March 2021 and asked
questions about the purchase and consumption of broiler chicken
meat (chickens raised specifically for meat production) in the pre-
vious week. Our in-person questionnaire asked whether each
household purchased and/or ate chicken products (yes/no ques-
tion) and also asked how many days each household ate poultry
products in the previous week (frequency). The quantity of meat
was not asked because respondents were less likely to know the
accurate quantity. All households, regardless of the presence of
children under 5 years of age, were included and interviewed.
Survey response rate was high (no mention of refusals by field-
workers), although we did not quantify this.

For the microbiology data, we sampled broiler carcass rinse
samples (n=75) at various locations along the chicken value
chain in Maputo, such as informal wet markets (selling wet and
dry products, including eggs, live chickens, and fresh poultry
meat butchered on site) and corner stores (small convenience
shops that sell limited food products, including eggs and frozen
chicken parts that are usually unwrapped and unlabeled). We
tested them for Campylobacter jejuni/Campylobacter coli and
nontyphoidal Salmonella spp. by quantitative real-time polymer-
ase chain reaction (qPCR).

Analysis for Shigella
We ran the analysis for Shigella that is mainly transmitted from
person to person in order to compare results of the nonfood-
borne enteropathogen to those of foodborne enteropathogens
(Campylobacter and Salmonella). We fit a transmission model
to previously reported data on the prevalence of Shigella infec-
tion among children in Maputo from 2015 to 2016 (44%)19 and
the estimated proportion of illnesses caused by each transmis-
sion pathway (person-to-person: 50%, water: 26%, food: 15%,
animal: 0%, soil: 0%, all-other: 9%).25

Software and Code
All analyses were conducted with R version 4 (R Center for
Statistical Computing), and our code can be found in the supplemen-
tary material as well as in the following GitHub repository: https://
github.com/KayokoShioda/ChEEPx2_TransmissionModel.

Ethics
The institutional review board at Emory University (IRB00108546)
and the Research Council to the Veterinary Faculty at Eduardo
Mondlane University determined that this research was exempt
fromhuman subjects review, and theMunicipality ofMaputo (refer-
ence number 754/SG/426/GP/2019) authorized this research.

Results

Estimated Contribution of Each Pathway to the Force of
Infection
Our transmission models reflected the prevalence of total infec-
tion of Campylobacter and Salmonella in Maputo, Mozambique,
and estimated the contribution of each pathway to the steady-
state force of infection for both Campylobacter and Salmonella
(Table 2). The food pathway was estimated to be attributable to
(50.8%; 95% CrI: 38.2, 62.8) and (42.6%; 95% CrI: 35.2, 51.3) of
the force of infection for Campylobacter and Salmonella, respec-
tively. The sampling-importance resampling approach generated
posterior distributions of the mechanistic model parameters
(Figure S1). The resampled parameters underlying the fit to the
data (the “factual” given in Table 2) served as the starting point for
the counterfactual intervention simulations in the next section.

Simulated Impact of Potential Mitigation Opportunities
For both Campylobacter and Salmonella, our simulation analysis
suggested that the modeled prevalence of infection would not
decrease—given related bounds of statistical confidence—unless
the foodborne pathway is reduced (Figure 2). Interruption of the
remaining pathways resulted in at most a modest reduction of the
total simulated prevalence of infection of both pathogens.

When foodborne transmission was reduced by 90%, the simu-
lated prevalence of total Campylobacter infection, combining
infection from all pathways, decreased by (52.2%; 95% CrI: 39.7,
63.8) (Table 3). While person-to-person transmission and water-
borne transmission were not directly targeted by the simulated
intervention, the simulated prevalence of infection via these path-
ways also decreased by (50.1%; 95% CrI: 37.6, 62.0) due to the
feedback loops in the model (Table 3). Because of reductions in
the pathways that were not directly targeted by the simulated
intervention, the overall reduction in the simulated total preva-
lence (52.2%) was larger than 90% of the estimated contribution
of the foodborne pathway to the steady-state force of infection
(Table 2; 0:9× 50:8%=45:7%). In contrast, both the simulated

Table 2. Prevalence of total infection and pathway-specific infection and
contribution of each pathway to the steady-state force of infection and their
95% CrI for Campylobacter and Salmonella in Mozambique, estimated using
the infectious disease transmission model described in the text.

Campylobacter
[% (95% CrI)]

Salmonella
[% (95% CrI)]

Estimated prevalence of infection at endemic equilibrium
Total prevalence of infection
(all pathways combined)

8.1 (6.3, 10.2) 20.9 (18.2, 24.0)

Prevalence of infection via
person-to-person

0.4 (0.1, 1.0) 3.8 (2.6, 5.3)

Prevalence of infection via
water

0.8 (0.3, 1.6) 2.1 (1.3, 3.4)

Prevalence of infection via
food

4.1 (2.8, 5.7) 8.9 (7.1, 11.2)

Prevalence of infection via
live animals

1.5 (0.8, 2.5) 3.3 (2.2, 4.7)

Prevalence of infection via
soil

NA 0.3 (0.1, 0.9)

Prevalence of infection via
all-other

1.1 (0.5, 2.1) 2.2 (1.2, 3.4)

Estimated contribution of pathway to the steady-state force of infection
Person-to-person 5.0 (1.4, 12.5) 18.0 (13.0, 24.6)
Water 10.3 (4.0, 19.4) 10.2 (6.3, 16.0)
Food 50.8 (38.2, 62.8) 42.6 (35.2, 51.3)
Live animals 18.5 (9.9, 29.1) 15.7 (10.6, 22.0)
Soil NA 1.5 (0.3, 4.1)
All-other sources 14.2 (6.9, 24.5) 10.3 (6.1, 15.8)

Note: CrI, credible interval; NA, not applicable.
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prevalence of infection via contact with infected live animals and
all other sources increased by (4.5%; 95% CrI: 3.2, 6.3) after
reducing the foodborne transmission by 90% (Table 3). This was
because the force of infection through these pathways was con-
stant and did not vary by the prevalence of human infection. As
the availability of susceptible children increased in the simula-
tion, a higher prevalence of infection was observed through path-
ways with the constant force of infections (Table 3). The same
trend was observed for Salmonella (Table 4) and when reducing
each pathway by 50% (Table S2 and Table S3).

We ran the same analysis with an enteropathogen that is not
frequently transmitted via food, Shigella. The major transmission
pathway for Shigella is person-to-person contact,25 so the relative
impact of controlling foodborne transmission on human infection
was smaller (Figure S2).

Interpretation Based on Local Data fromMaputo,
Mozambique
In our population-based survey in Maputo, 123 of 261 households
with children under 5 years of age reported that they purchased
broiler meat in the past week (Table 5). Of these 123 households,
73 purchased broiler meat at corner stores, where 25% of broiler
carcass rinse water was contaminated with Campylobacter jejuni/
Campylobacter coli, suggesting that 18 households purchased con-
taminated meat at corner stores.28 Similarly, we calculated that 24
of the households purchased contaminated meat from informal
markets (24 households purchasing meat that was 100% contami-
nated) and 12 from farmers (20 households, 61% contaminated).
Assuming that the meat acquired from other sources (6 house-
holds) was not contaminated, a total of 54 households purchased
contaminatedmeat.

If Campylobacter contamination at corner stores could be
reduced by 90%, the number of households purchasing meat
contaminated with Campylobacter from corner stores would
decrease from 18 to 2, reducing the total number of households
purchasing contaminated meat from 54 to 38 (30% reduction). If
we assume that the majority of foodborne transmission is from
broiler meat consumption, the model simulation showed that this
30% reduction in foodborne transmission would decrease the
simulated total infection of Campylobacter by (17%; 95% CrI:
13, 20). If contamination at informal markets, instead, could be
reduced by 90%, the total number of households purchasing meat
contaminated with Campylobacter would decrease from 55 to 33

(40% reduction). The model estimated that the 40% reduction in
foodborne transmission would decrease the simulated total infec-
tion of Campylobacter by (23%; 95% CrI: 17, 27).

Similarly, we estimated that a 90% reduction in Salmonella
contamination at corner stores would reduce households purchas-
ing meat contaminated with Salmonella by 65% (from 15 to 5
households). Using the model simulation, this would decrease the
simulated total infection of Salmonella by (32%; 95% CrI: 27,
38). A 90% reduction in Salmonella contamination at informal
markets would reduce the number of households purchasing meat
contaminated with Salmonella by 25% (from 15 to 11 house-
holds), which would reduce the simulated total infection of
Salmonella by (12%; 95% CrI: 10, 13).

Discussion
Wedeveloped a novel approach leveragingmultipathway infectious
disease transmission models and sampling-importance resampling
to explain infection prevalence of and pathway-attributable frac-
tions for Campylobacter and Salmonella in Maputo, Mozambique
and to estimate the impact of interventions. Building off amultipath-
way modeling approach to analyzing randomized controlled trial
data,26 we showed that this approach can be used on observational
data and may be widely applied across contexts to estimate the
reduction in relevant pathways of transmission. Our simulation
modeling suggested that if foodborne transmission was reduced by
90%, the prevalence of Campylobacter and Salmonella infection in
Maputo would be reduced by approximately half. These results are
likely generalizable to other LMIC contexts where regulation of
food systems is limited27,29; they highlighted that without control-
ling foodborne transmission, it would be highly implausible to
substantively reduce infection with these enteropathogens. Even
a 90% reduction—a very ambitious reduction target for real-
world settings—in contamination of chicken meat in informal
markets would only result in a reduction of 23% and 12% in the
prevalence of Campylobacter and Salmonella infection, respec-
tively, in Maputo, highlighting the challenges of creating effec-
tive real-world change in enteropathogen infections. Our
findings suggested that zoonotic enteropathogen infection via the
foodborne transmission pathway was a major contributor to the
burden of diarrheal diseases in LMICs and supported the hypoth-
esis that recent null and mixed WASH trial results could in part
be explained by a lack of attention to food, particularly contami-
nation that occurs outside of the home, and animal transmission
pathways.18,26

A B

Figure 2. Changes in the simulated steady-state prevalence of total infection after reducing the transmission rate for each pathway. Summary data of this figure
can be found in Table 3 and 4 and Table S2 and S3.
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The importance of foodborne transmission of zoonotic
enteropathogens is well established. The Food and Agriculture
Organization of the United Nations predicted that consumption
of poultry meat in Mozambique would increase from 34,200
metric tons in 2000 to 127,800 metric tons in 2030,13 and similar
increases were expected in many other parts of the world. As
such, the control of foodborne transmission of enteropathogens
of poultry origin would become even more critical in the coming
years. In rural Ethiopia, consumption of animal-source foods
increased the odds of Campylobacter detection among chil-
dren.30 In the low-income area of Dhaka, Bangladesh, high con-
tamination of Escherichia coli was reported in leftover food.31
Our group also found high contamination of Campylobacter
jejuni/Campylobacter coli and some contamination for nonty-
phoidal Salmonella in chicken feces and chicken carcass rinse
samples throughout the production to consumption chain in
Maputo, Mozambique.28 In high-income countries, various reg-
ulatory and management practices are in place to control food-
borne transmission, but the burden of foodborne illness remains
high, suggesting that more attention and research is needed not
only in low-income settings but across the world.32

A One Health approach that incorporates and distinguishes
the contribution of all key transmission pathways is critical for
controlling zoonotic enteropathogens.14,18 While a report by the
WHO FERG provided the best currently available estimates on
the proportion of illnesses caused by each pathway,25 they were
based on expert opinions and had large uncertainties. As relation-
ships between transmission pathways are not linear, they cannot
be simply calculated using traditional epidemiological methods.33
The transmission model approach is useful in this situation.33 We
built transmission models with multiple pathways that reflected
the transmission dynamics in Mozambique.

Our transmission models provided interesting insights on
nonlinear feedback loops between multiple transmission path-
ways. There were two types of transmission pathways in our
model as follows: those influenced by the proportion of infected
individuals in the population (person-to-person and waterborne
pathways) and those that were not (food, animals, and all-other
pathways). We used this approach because data are not available
on how the prevalence of infection among humans might affect
contamination in food, infection among animals, and all other
sources, which makes it impossible to estimate parameters for
feedback loops. Including different characteristics of transmission
provided a unique opportunity to understand how pathways with
and without feedback loops respond to the reduction in a selected
pathway. When one pathway was reduced in the simulation,

infection via pathways with feedback loops also decreased due to
the decreased probability of encountering infected individuals in
the community or decreased pathogen shedding into the environ-
ment. In contrast, infection via pathways without feedback loops
(i.e., those with constant force of infection) slightly increased af-
ter reducing one of the pathways, which may be counterintuitive.
Our findings emphasized the complexity of nonlinear dynamic
transmission via multiple pathways for zoonotic enteropathogens
and highlighted the capacity of infectious disease transmission
models to generate important hypotheses about the complex out-
comes of potential interventions in a cost-effective way that can
be further evaluated in future empirical studies.

Our approach had some limitations. Our model found it was
important to control foodborne pathways to reduce transmission,
but this finding did not apply to all enteropathogens, such as
Shigella whose major transmission pathway is person-to-person
contact (Figure S2). Due to the lack of time-series data on human
infection as well as pathogen contamination in each source, we
fixed the recovery rate, pathogen shedding rate into water and
soil, and pathogen clearance rate from water and soil in the mod-
els. Despite this limitation, the sampling-importance resampling
approach enabled us to develop distributions of key mechanistic
parameters that were consistent with the data, and the model pro-
vided essential insights that could not be gained from purely em-
pirical work. However, it does not undermine the importance of
longitudinal data on pathogen contamination in environmental
sources to structure and parameterize transmission models, which
is a critical gap in the field. We included feedback loops for the
water-to-person and soil-to-person pathways, reflecting our
assumption that pathogen concentrations in water and soil are
impacted by local human infections. We did not include the feed-
back from animal infections to pathogen contamination in water
and soil, which may have nonnegligible impacts on transmission
dynamics. More empirical data on the influence of animal infec-
tions on the contamination level in water and soil could help us
address this point. This study can be readily applied to other
enteropathogens, settings, and animal species with similar data.
More detailed behavior data and associated pathogen contamina-
tion data at informal live markets (e.g., data on butchering proc-
esses, such as contamination due to inappropriate evisceration,
unclean surfaces, and inefficient rinsing of chicken meat) as well
as at households (e.g., cooking, cleaning, handwashing, storage)
may allow us to develop a quantitative microbial risk assessment
model that could evaluate the impact of more detailed, specific
interventions targeting the food pathway. A strength of our study
is that we interpreted these simulation results and were able to
understand what it means to reduce each pathway in the real
world based on locally collected data in Maputo.

Conclusions
Enteropathogens are transmitted via multiple pathways; zoonotic
enteropathogens are even more complex given the ubiquitous
role of animals in livelihoods and nutrition in low-income set-
tings and the limited regulation of food systems.6 Better quantifi-
cation of these complex and interrelated transmission pathways
will support policy-makers, implementers, and researchers to
design effective One Health interventions.26 Our results sug-
gested that reductions in Campylobacter and Salmonella infec-
tion would not be achieved unless foodborne transmission was
substantially reduced. The importance of the One Health
approach, including control of foodborne transmission, has been
underappreciated, and our study highlighted the need for more
attention to this pathway. Testing different interventions targeting
each pathway in a randomized controlled trial is expensive, so it
is helpful to generate hypotheses using this type of simulation

Table 5. Source of broiler meat and contamination with Campylobacter
jejuni/Campylobacter coli and Salmonella in Maputo, Mozambique.28

Location

Number (%) of
households

that purchased
broiler meat at
each location

Broiler meat
contaminated

with Campylobacter
jejuni/coli (%)

Broiler meat
contaminated

with
Salmonella (%)

Corner stores 73 (59%) 25% 15%
Informal markets 24 (20%) 100% 17%
Farmers 20 (16%) 61% 0%
Others 6 (5%) NA NA

Note: Data on the source of broiler meat were collected through the in-person population-
based survey. We randomly sampled 570 households in 14 neighborhoods in Maputo in
March 2021 and asked questions about the purchase and consumption of broiler chicken
meat (chickens raised specifically for meat production) in the previous week. Our ques-
tionnaire asked whether each household purchased and/or ate chicken products (yes/no
question) and also asked how many days each household ate poultry products in the previ-
ous week (frequency). The quantity of meat was not asked because respondents were less
likely to know the accurate quantity. All households, regardless of the presence of children
under 5 years of age, were included and interviewed. Survey response rate was high (no
mention of refusals by fieldworkers), althoughwe did not quantify this.
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analysis in advance to understand the scope of reductions a trial
might reasonably expect to produce.
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