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ABSTRACT Waterborne transmission is still a major public health problem in 

many contexts especially when shared water sources are widespread. The 

contaminated water containers can serve as environmental reservoirs and help to 

spread an outbreak of an enteric pathogen like Escherichia coli. But it is difficult to 

measure, by field studies alone, the relative effect of environmental cleaning and 

water filtering measures. The aim of this study was to build an agent-based model 

for simulating the spread of E. coli through shared water jugs in a community 

scenario. Individual movement between locations, environmental contamination 

dynamics, bacterial shedding and dose dependent infection risk were included in the 

model. Various scenarios of interventions were evaluated such as increasing the 

frequency of water container cleaning and varying the coverage of filters. The 

scenarios were simulated more than 50 times, for stochastic variation in outbreak 

dynamics. The outcomes were attack rate, number of infectives, time to peak, 

epidemic duration and the probability of outbreaks. Higher frequencies of cleaning 

significantly lowered attack rates and shortened the course of epidemics. The higher 

the filter coverage, the more the peak infection was lowered. The intervention 

scenario that combined both interventions had the greatest decrease in the size and 

duration of outbreaks. Sensitivity analysis showed that the most important 

parameters affecting the outcomes of an outbreak were cleaning interval and 

sensitization probability. These results emphasize the importance of environmental 

hygiene in controlling waterborne outbreaks. Agent-based modelling is a useful tool 

for assessing intervention strategies in complex transmission systems. The findings 

demonstrate the importance of the regular cleaning and better filtering of shared 

water sources to minimize the risk of a large outbreak. 

KEYWORDS Agent-based modelling, Waterborne transmission, Escherichia coli, 

Environmental contamination, Outbreak dynamics 

*Corresponding author: 

 

Mr. Usama Hanif 

(e-mail: usama@gnu.ac.kr) 

 

Date of Receiving:    21/08/2025 

Date of Acceptance   09/11/2025 

Date of Publishing     10/12/2025 

 

Introduction 

Escherichia coli is a major cause of waterborne 

gastrointestinal disease worldwide (Suleiman and Azlan, 

2025). Pathogenic strains can lead to diarrhea, hemorrhagic 

colitis, and hemolytic uremic syndrome. The global burden of 

diarrheal diseases remains substantial, particularly in low-

resource settings (Mensah et al, 2023). Contaminated drinking 

water is a persistent source of exposure. Shared water 

containers increase the risk of secondary transmission. 

Environmental contamination can amplify outbreaks in 

clustered populations. Poor sanitation and inadequate hygiene 

practices further contribute to spread. Informal water systems 

often lack routine monitoring. Outbreak investigations 

frequently identify water handling as a key risk factor 

(Sudsandee et al, 2026). Climate variability and extreme 

weather events may increase contamination events. Rapid 

urbanization adds stress to water infrastructure. Population 

density enhances exposure probability (Seymour and 

McLellan, 2025; Wang et al, 2025). Though a huge progress 

has been recorded in water safety but localized outbreaks still 

continue to occur in Lower Income and Lower Middle-Income 

Countries (Remfry et al, 2021). Therefore, to effectively 

control and prevent such outbreaks, a clear understanding of 

environmental transmission dynamics is required. 

Additionally, quantification of hygiene interventions and their 

related drivers, that can modify outbreak patterns, remains an 

important epidemiological challenge (Whiteman et al, 2025). 

Agent-based modelling (ABM) has become an important tool 

in infectious disease epidemiology in understanding the 

disease patterns (Kerkmann et al, 2025). It allows simulation 
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of individual-level transmission processes. Such models 

capture heterogeneity in exposure and susceptibility at 

individual levels (Hilton and Hall, 2024; Abed et al, 2026). 

They can represent environmental reservoirs as dynamic 

components of transmission and their impact in the causation. 

Dose–response relationships can be further integrated into 

infection risk along with other drivers (Cascante-Vega et al, 

2023; Abed et al, 2026). This is particularly relevant for 

waterborne pathogens, soil borne pathogens and zoonotic 

diseases. Unlike deterministic compartmental models, agent-

based approaches incorporate stochastic variability which 

allows estimation of outbreak probability and distribution of 

outcomes (Bays et al, 2021; Belser et al, 2022). Multiple 

intervention scenarios can also be tested under controlled 

conditions. On the other hand, repeated simulations generate 

confidence intervals for epidemiological measures calculated 

under different scenario conditions (Watson, 

2022)(Lymperopoulos, 2021). These methods provide 

mechanistic insight into outbreak behavior. Agent-based 

modeling therefore offers a valuable framework for evaluating 

environmental control strategies. 

The objective of this study was to assess how cleaning 

frequency and filtration coverage influence waterborne 

outbreak dynamics. The current study developed an agent-

based model simulating transmission of E. coli through shared 

water containers. The model incorporated contamination 

growth, bacterial shedding, incubation, and recovery periods. 

Multiple intervention scenarios were simulated under 

stochastic conditions. Each scenario was repeated across 

multiple iterations to account for variability. Epidemiological 

outcomes included attack rate, peak prevalence, time to peak, 

and epidemic duration. Outbreak probability was estimated 

using predefined thresholds. This study aims to provide 

quantitative evidence on environmental hygiene interventions. 

The findings may inform public health strategies for reducing 

waterborne disease transmission in high-risk settings. 

Materials and Methods 

Model Structure and Environment 

An agent-based model was developed to simulate waterborne 

transmission of Escherichia coli in shared drinking 

environments. The model was implemented in Python using 

the Mesa framework. Individuals were represented as 

autonomous agents. Each agent occupied one of four health 

states: susceptible (S), exposed (E), infected (I), or recovered 

(R). Agents moved between shared water containers at each 

time step. Water containers were modeled as environmental 

reservoirs. Each container had a dynamic contamination level 

that evolved over time. Let Cj,t denotes the contamination 

level of container j at time t. Contamination increased due to 

bacterial shedding and background growth. Background 

contamination was represented by a constant rate γ. Infectious 

individuals contributed shedding σ during water consumption 

events. Contamination was capped at a maximum value Cmax. 

Cleaning events reset contamination to zero. Filtration, when 

present, prevented contamination accumulation. The 

simulation advanced in discrete time steps. 

Environmental contamination evolved according to the 

following equation: 

𝐶𝑗,𝑡+1 = min (𝐶𝑚𝑎𝑥 , 𝐶𝑗,𝑡 + γ +∑σ𝑖
𝑖∈𝐼

) 

Here γ represents background growth and σi represents 

shedding from infectious individuals. The summation term 

captures contamination added by all infectious agents 

interacting with container j at time t. If filtration was active, 

contamination accumulation was suppressed. Cleaning 

intervals were applied deterministically. These mechanisms 

allowed environmental transmission to emerge dynamically. 

Infection Dynamics and Disease Progression 

Infection was modelled using a dose-dependent probability 

function. When a susceptible individual consumed water from 

container j, exposure was proportional to Cj, t. The probability 

of infection was defined as: 

𝑃𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛 = min(1, β𝐶𝑗,𝑡) 

In the above-mentioned equations β shows the infection 

probability factor and contamination to risk of transmission. 

The probability was capped at 1 to keep the validity. The 

infection was induced by random selection. When the person 

became infected, he/she was classified as an E. If the person 

got infected, he/she moved from an S to an E. Exposed state 

was an incubation period. Agents moved from E to I after a 

certain incubation period and infectious persons were 

infectious for a fixed recovery time. Once recovered from the 

illness, people were moved to R. recovered persons were 

assumed immune for the duration of the simulation. One 

infected person was added at the beginning. All other people 

were initialized as susceptible. Transmission could emerge 

from the interactions between an agent and the environment in 

these rules. 

Simulation Protocol and Intervention Scenarios 

A total of 100 individuals were considered as the baseline 

population. The environment was made up of containers for 

water at hotel and street stalls. Twenty hundred (200) time 

steps were simulated. An equal number of stochastic iterations 

(50) were performed for each scenario. Agents were updated 

at each step by the random activation method. Four scenarios 

of intervention were tested. Moderate cleaning and partial 

coverage of filters was considered as the baseline scenario. The 

stall hygiene scenario drove a change in the frequency of 

cleaning which was increased at street stalls. Increased the 

coverage of the filtration at the hotel locations by using the 

hotel filter scenario. In the combined scenario both 

interventions were used at the same time. A fixed time step 

method for cleaning intervals was used. The coverage of filters 

was probabilistically determined across locations. This 

criterion enabled direct comparison of effects of the 

intervention while stochastic repetition accounted for the 

variability of outbreaks. 

Outcome Measures and Statistical Analysis 

Primary outcomes included attack rate and peak infection size. 

Attack rate was defined as the proportion of individuals ever 

infected during simulation. Peak infection was defined as the 

maximum number of infected individuals at any time step. 
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Time to peak was recorded as the step of maximum infection. 

Epidemic duration was defined as the final time step with 

active infection. Outbreak probability was calculated using a 

predefined attack rate threshold. Mean values were calculated 

across iterations. Ninety-five percent confidence intervals 

were computed using standard error. Pairwise scenario 

comparisons were conducted using independent t-tests. 

Statistical significance was assessed at a threshold of 0.05. 

One-way sensitivity analysis was performed by varying key 

parameters individually. Parameters included infection 

probability factor, cleaning interval, and filtration coverage. 

Global sensitivity was assessed using partial rank correlation 

coefficients. Spearman rank correlation was used to account 

for nonlinearity. All analyses were conducted using Python 

statistical libraries. 

Results 

Epidemic Dynamics Across Scenarios 

Distinct epidemic patterns were observed across intervention 

scenarios. The baseline scenario produced a rapid and intense 

outbreak. Mean infections peaked early within the first ten-

time steps. Peak prevalence exceeded 90 individuals in the 

baseline setting. The stall hygiene scenario showed a similar 

early peak. However, infections declined more rapidly 

afterward. The hotel filter scenario produced a substantially 

lower epidemic curve. Peak infections were markedly reduced 

compared with baseline. The combined intervention further 

reduced peak magnitude. The epidemic curve in the combined 

scenario was broader but flatter. Infection levels declined 

gradually over time. Variability across iterations was evident 

in all scenarios. The hotel filter scenario showed the most 

visible suppression of early growth. These patterns are 

illustrated in Fig. 1. Overall, filtration had a stronger effect on 

peak suppression than cleaning alone. 

 

Fig. 1 Mean epidemic curves across intervention scenarios. 

Lines represent mean infected individuals over time averaged 

across 50 stochastic iterations. The baseline scenario shows 

rapid exponential growth. The hotel filter scenario 

demonstrates marked suppression of peak infection. The 

combined intervention produces a flatter epidemic curve. Time 

is shown in simulation steps. 

Attack Rate 

There was also a significant variation in attack rate between 

scenarios (Fig 2, Tab 1). An attack rate approaching full 

population infection was achieved in the baseline scenario. A 

high attack rate was observed in the stall hygiene scenario as 

well. There were no differences between the attack rate in 

either scenario. The intervention had an intermediate effect on 

attack rate (combined intervention). The combined scenario 

had the lowest attack rate compared to baseline. The attack rate 

in the hotel filter scenario was the lowest. In this scenario the 

mean attack rate was less than 0.5. Wider confidence intervals 

were created in intervention scenarios. The hotel filter setting 

has the largest variation. The hotel filter scenario was very 

different from the "baseline". Both the combined scenario and 

its relative to baseline were highly significant. 

 

Fig 2. Mean attack rate by scenario with 95% confidence 

intervals. Bars represent mean proportion of individuals ever 

infected across 50 iterations. Error bars indicate 95% 

confidence intervals. The hotel filter scenario shows the largest 

reduction in attack rate. 

Table 1. Pairwise statistical comparisons of attack rate 

between scenarios using independent t-tests. P-values below 

0.05 indicate statistically significant differences. 

 

  

Scenario 1 Scenario 2 P value 

Baseline Combined 0.004548 

Baseline Hotel filter 1.93E-11 

Baseline Stall hygiene 0.884 

Combined Hotel filter 1.39E-05 

Combined Stall hygiene 0.004548 

Hotel filter Stall hygiene 1.93E-11 
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Peak Infection 

There was some variation in peak infection across 

interventions. The basic case scenario resulted in over 90 

people getting infected. In the case of the stall hygiene 

scenario, peak values were, again, high. The overall 

intervention was able to bring a big reduction in the peak 

infection. Combined scenario resulted in about half of the 

mean infection peak. The lowest peak burden was obtained for 

the hotel filter scenario. There were virtually no more than 

about 25 people infected during this period. Confidence 

intervals ranged from moderate in all scenarios. There was 

greater variability in the combined and filter scenarios. The 

results of these findings are indicated on Fig. 3. The peak 

infection level significantly dropped in the filter at hotel 

disinfection case compared to baseline. The total scenario also 

showed considerable decrease. There was no significant 

difference in peak magnitude when implemented with stall 

hygiene only. 

Fig. 3: Peak number of infected individuals by scenario with 

95% confidence intervals. Bars represent maximum infected 

individuals per simulation averaged across runs. The hotel 

filter scenario shows marked peak suppression. 

Epidemic Duration 

Different pattern was observed with regard to the duration of 

epidemic. The overall intervention resulted in the longest 

outbreaks. The combined scenario resulted in a mean duration 

more than 35 time steps. The filter scenario with the epidemics 

also lengthened the time period over which the epidemic 

continued, compared to baseline. The baseline scenario had 

short and intense outbreaks. Duration was similar to baseline 

for stall hygiene. The widest confidence intervals occurred for 

the combined scenario. Under combined intervention, there 

was a lot of variation. The results obtained are displayed in Fig. 

4. The results of these summary statistics appears in Table 3. 

Interventions that reduced the level of the infection tended to 

increase the length of infection. This is a slow-down in the 

epidemic curve. The results of the combined scenario were 

increased time for the transmission, but slower and stable. The 

outbreak was also put off for some time, due to the hotel filter 

scenario. Overall, interventions decreased in intensity and 

lengthened the time until extinction.

Fig. 4: Epidemic duration by scenario with 95% confidence 

intervals. Bars represent the final time step with active 

infection averaged across simulations. The combined 

intervention shows the longest epidemic duration. 

Discussion 

The current study considered environmental interventions 

for a simulated waterborne outbreak scenario. The baseline 

scenario exhibited fast and high transmission. Under these 

conditions almost all the population was infected. No 

significant difference was found in attack rates by correcting 

only the hygiene of the stalls. In this scenario, peak infection 

continued to be high. These results indicate that routine 

cleaning alone might not be enough to stop the transmission 

of COVID-19. In contrast, attack rate was significantly 

decreased with increased filtration coverage. The least 

outbreak size was obtained in the hotel filter scenario. There 

was also significantly less peak infection with filtration. The 

results suggest that source control efforts have a significant 

epidemiological impact consistent with previous findings 

(Chen et al, 2025; Lee et al, 2025). The overall intervention 

was successfully successful in reducing the peak burden, 

without in turn eradicating transmission. There were fewer 

attacks, but the attack rate was still high. This study indicated 

that environmental contamination was a major factor in 

magnitude of outbreak. 

As previous studies indicated differences in intervention 

effects were found for each epidemiological measures 

(Romanello et al, 2021). There was a reduction in attack rate 

and peak infection with filtration. But interventions also 

influenced the length of an epidemic (Kelly et al, 2022). The 

total amount of contributing cases resulted in more extended 

outbreaks. Epidemics tainted but extended. This is typical of 

the “flattening” of an epidemic. Reducing transmission 

intensity may lengthen outbreak duration. Peak burden 

reduced and time to extinction increased. Moderate duration 

extension was also observed in the hotel filter scenario. 

Short, but intense, outbreaks occurred in baseline and stall 

hygiene situations. These distinctions highlight the 

considerations of intensity/extensity and duration. Both 

aspects should be taken into consideration when planning 

public health (Majeed et al, 2022). Minimizing peak burden 
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can help safeguard health systems. However, if it has been 

around for longer, it might need continuous monitoring. 

These results highlight the difficulty in designing 

environmental control strategies. 

The results of the sensitivity analyses also confirmed the 

significance of contamination dynamics. The parameters of 

infection probability and the filtration coverage were 

influential parameters. The smaller effect measured was that 

of cleaning interval. Partial correlation analysis showed that 

there were strong correlations with outbreak size. The 

findings confirm the importance of reducing exposure as a 

focus area. These results are in agreement with the previous 

studies (Li et al, 2025; Liu et al, 2025). Interventions that 

directly intervene with the contamination seem to be the 

most effective environmental interventions. Cleaning may 

lower the bacterial load occasionally. But in areas where 

there is a high risk of re-contamination, this can happen 

quickly. Filtration results in continuous suppression of 

contamination. The results of the two interventions were 

intermediate. It was able to decrease peak infection – not 

wipe out long-term transmission. The results obtained show 

that layering the interventions could optimize control as 

previously reported (Cascante-Vega et al, 2023; Abed et al, 

2026). Further research is needed to assess the cost-

effectiveness of using a combination of strategies. However, 

the model gives an insight into waterborne transmission 

control mechanisms. 

The results of this study do have limitations. The model 

adopted the simplified assumptions of contamination 

dynamics. A linear dose–response model was used for 

modelling infection probability. The patterns of real-world 

transmission are not necessarily linear. A population size of 

100 individuals were set. Lowering down of the contour 

interval was not done. Shared containers were the only form 

of spatial structure modeled, and behavioral differences in 

hygiene practices were reduced. Immunity is assumed to last 

for the whole simulation period. Additional environmental 

parameters (e.g., temperature) were not factorised. No 

empirical data was used for calibration of parameter values. 

There was no evaluation of the economic costs of 

interventions as short-term outbreak model was used. 

Although there may be restrictions to the use of the 

framework, it can still give some helpful mechanistic 

understanding of environmental transmission processes. 

Finally, in this study, an agent-based model was adopted to 

test environmental control measures in E. coli outbreaks in 

water. With baseline conditions, rapid and widespread 

transmission occurred. Overall attack rate was barely 

affected by cleaning. The highest impact was seen for the 

filtering effect on outbreak size and peak burden. The lowest 

attack rate and peak attack were obtained in the "hotel" 

scenario. The joint effort led to a reduction on peak intensity 

while increasing the length of the epidemic. The results show 

that contamination at source is important. Cleaning 

frequency alone is not enough; it seems that environmental 

filtration is more effective. Outbreak duration may be longer 

with interventions that reduce intensity of transmission. 

Public health planners should thus strive for both peak 

reduction and duration management. The model is useful to 

illustrate the influence of environmental dynamics in 

outbreak patterns. Agent-based modelling is a suitable tool 

to compute these interventions. These findings call for the 

importance of prioritizing filtration approaches in shared 

water systems.
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