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Abstract

Cholera can kill up to 50% of patients who do not receive adequate rehydration; however, the case fatality rate can
be as low as 1% with prompt treatment. As of November 2020, the World Health Organization reported 2.5 million
suspected cholera cases and nearly 4,000 deaths in Yemen. Humanitarian response in Yemen is particularly needed
when epidemics occur during or as a consequence of conflict and political upheaval. In 2017, the main problem was
a lack of adequate cholera preparedness and response: vaccination implementation was delayed (after 16 months

into the epidemic); water and sanitation (WASH) intervention was the primary preventive measure.

Lessons learned from Yemen's cholera response are well-documented, with the majority taking a qualitative
approach. This study aims to quantify and evaluate the lessons learned from the 2017 and 2018 cholera responses
using system dynamics modeling. The model is useful to understand impactful policies before, during, and after
cholera epidemics. A user-friendly interface was created to facilitate policy testing and engage multi-sector
stakeholders in more effective communication. The model built upon a classic infection structure with empirically
grounded operational structures: oral rehydration corner, diarrhea treatment center, WASH, vaccination, and data
surveillance system. The data collected during the model's development and validation are epidemiological data:

and cholera response (interventions) data.

The findings show a profound difference of interventions for asymptomatic and symptomatic infected individuals,
especially the ratio between the two disease states is 75% to 25%, respectively. For prevention, if vaccination began
in June 2017 (close to the peak of epidemic) with the same number of vaccines (that were delivered 16 months into
the epidemic) would still be effective in longer term if there is a following second vaccination campaign. Second, a
single dose vaccine results in a more favorable short-term response, which has significant implications for epidemic
management under severe logistical and security constraints. The findings highlight the unintended consequences
resources are disproportionately directed toward WASH intervention. Such policies are likely to result in the "Shifting
the Burden" system archetype, an overdependence on reactive quick fixes that results in fewer resources for other
interventions. Deconstructing the interventions from historical implemented interventions (BASE) to no intervention
(Business as Usual [BAU]) has demonstrated significant impacts from the humanitarian cholera response in 2017.
The model simulation shows 55% more deaths if nothing has been done. The simulation result also projects a

potential 30% of death can be prevented if interventions, can be initiated earlier.

The insights gained from the intervention are not only applicable to the cholera epidemic but also to other infectious
disease response modeling in general. The next step is to adapt this Al-Hudaydah model to other cholera-affected

countries through collaboration with humanitarian actors.
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1. Introduction

1.1 Cholera and response

Cholera is an acute diarrheal infection caused by consuming food or water contaminated with the bacterium Vibrio
cholerae (Médecins Sans Frontiéres, 2018; WHO, 1993). Vibrio cholerae causes profuse watery diarrhea and
vomiting that can quickly progress to dehydration and hypovolaemic shock, killing up to 50% of patients who do not
receive adequate rehydration (Médecins Sans Frontiéres, 2018). Even healthy people can die within hours
if developing severe cholera symptoms. The good news is that if symptomatic individuals receive healthcare
treatment in time, the case fatality rate can be less than 1%. How does cholera kill between 21,000 and 143,000
people globally each year? The World Health Organization (WHO) stated cholera as an inequitable disease that
disproportionately affects the poorest and most vulnerable people (Global Task Force on Cholera Control [GTFCC],

2022).

Cholera treatment, control, and prevention are the responsibility of national government health ministries and non-
governmental organizations (NGOs) (Federspiel and Ali, 2018; Harpring et al., 2020; Spiegel et al., 2018). Once cases
are identified, interventions to control and prevent cholera include surveillance and case management (treatment),
WASH interventions, provision of oral cholera vaccinations, and strengthening education programs (Davis, Narra and
Mintz, 2018; Médecins Sans Frontieres, 2018; WHO, 2021). While universal access to clean water and sanitation is
the long-term solution to cholera, this is typically linked with the country's economic and political development; and

is therefore vulnerable to environmental and humanitarian crises (Spiegel et al., 2018).

WHO (2020) reported 2.5 million suspected cholera cases and nearly 4,000 deaths in Yemen as of November 2020.
The literature identifies two groups of problems that allowed an epidemic of this magnitude: Yemen's precarious

conditions and the humanitarian response.

1.1.1 Yemen's precarious conditions

Yemen has been devastated by a complex civil war between government forces in the south backed by the US and
UK-backed Saudi-led Coalition Forces (SLC) and Houthi forces in the north allied with former President Saleh's forces
since 2014 (Burki, 2016; Spiegel et al., 2018). Yemen was classified as a level 3 emergency by the United Nations
(UN) in 2015, triggering the highest level of resource mobilization across the humanitarian system (Spiegel et al.,
2018). By 2016, only 46% of all healthcare facilities remained operational. In addition to severely damaged water
and sewage infrastructure, the dire situation has been exacerbated by a lack of energy (electricity and fuel), spare
parts, operating and maintenance funds, and three years of unpaid civil servants (Burki, 2016; Federspiel and Ali,

2018; Spiegel et al., 2018; Qadri, Islam and Clemens, 2017).

Furthermore, most civilians' movement is confined by the ongoing conflicts; and food insecurity has put more than

half of the population at risk of famine. Yemen has the highest number of people in need of humanitarian assistance
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of any country. On September 28, 2016, a large-scale cholera epidemic began. The number of people in need

reached as high as 20 million in 2017 (ECHO, 2021).

1.1.2 Cholera response

Humanitarian organizations prepare for, respond to, and assist in disasters, whether man-made or natural, or a
combination of the two. Humanitarian interventions are particularly needed when disasters occur during or as a
consequence of conflict and political upheaval (Harpring et al.,, 2020; Rocca, 2021). The man-made and
environmental factors of the cholera epidemic complicate how, when, and where the international aid resources are

distributed (Baboo et al., 2022; Harpring et al., 2020).

Lessons learned from Yemen's cholera response are well documented (Al-Mekhlafi, 2018; Bellizzi, 2021; Federspiel
and Ali, 2018; Spiegel et al., 2018; Qadri, Islam, and Clemens, 2017). The primary issue was that Yemen lacked an
adequate cholera preparedness and response plan, despite previous outbreaks, regional endemicity, and active
conflict. The timeline of the cholera response in Yemen is presented in Figure 1, including the cholera prevalence.
The highlighted vaccination campaign in Figure 1 is a question asked by most of the lessons learned studies: Could
the largest cholera outbreak ever recorded have been avoided or at least managed, had enough Oral Cholera Vaccine

(OCVs) been deployed earlier on in the conflict? (Spiegel et al., 2018).

The reviewed studies concluded that the delayed response was due to two factors: first, a lack of a functioning
surveillance system; second, multi-sector coordination structures were confused with the mandates and roles of the
clusters, cholera task force, and incident management system; either overlapping or incompletely developed. Lack
of coordination across these areas hampered management, technical output, and agency trust (Bellizzi, 2021; Burki,

2016; Federspiel and Ali, 2018; Harpring et al., 2020; Spiegel et al., 2018).

The overall recommendations focus on improving the laboratory and surveillance capacities and collaboration across
sectors. These recommendations are repeatedly outlined in lessons learned studies conducted not only in Yemen
but also in other countries experiencing cholera outbreaks. The key questions revolve around: How can the

recommendation be implemented? How does one actualize what ought to be done into how it can be done?

1.2 Ending cholera by 2030: A Global Roadmap

The Global Task Force on Cholera Control (GTFCC) brings together more than 50 institutions (including governments,
non-governmental organizations (NGOs), academic institutions, and United Nations agencies) to adopt a strategy to
end cholera by 2030 and to reduce cholera deaths by 90% within the next decade (GTFCC, 2020). The GTFCC is built
on three pillars that parallel the Yemen lessons learned: early detection and response to outbreaks, integrated
prevention strategies, and country-to-country coordination. To facilitate early response, the task force and several
Yemen lessons learned studies argued for the use of modeling to guide and assess cholera control measures,

particularly vaccination (Federspiel and Ali, 2018; Parker et al., 2017; Qadri et al., 2017).
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Figure 1. Timeline of key events in Yemen cholera epidemic from 2016 to 2018, weekly number of cases (Spiegel et

al., 2018).

1.3 Why faster can be slower: Shifting the burden archetype

Barciela et al. (2021) has developed a Cholera Risk Model (CRM) for cholera control in Yemen. It is a predictive tool
that integrates data on rainfall, temperature, and social determinants such as human mobility and water security to
determine the risk of cholera trigger and transmission. Instead of a firefighting alarm, the CRM acts as a waterfighting
alarm, dispatching water fighters whenever the system detects excessive rainfall. For example, with the rainfall
forecast, the model assigns districts to one of three categories: 1 (low risk), 2 (moderate risk), or 3 (extreme risk)

(high).

Humanitarian actors such as UNICEF then respond by increasing water system chlorination, sewer clearing, water
truck preparation, and risk communication. Without a doubt, WASH intervention is critical for preventing and
controlling cholera transmission; thus, implementing WASH rapidly has a significant impact. However, Barciela et al.

(2021) noted that UNICEF is starting to notice fatigue, both the beneficiaries (Yemenis) and the humanitarian actors.

The following question is: Can implementing WASH rapidly be the answer to preventing cholera transmission? Are
the actions being taken in response to acute problems (in this case, a cholera outbreak), reinforce the use of quick
fixes? Is this a sign of the "Shifting the Burden" systems archetype?
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An epidemiologist, who was interviewed in Spiegel et al. (2018) study, asked a critical question, "Why the second
wave was so big, even with rainy season (it is a factor), but why was it so massive'. The interviewee response indicates
that studies or predictive tools that focus solely on the exogenous factors on cholera transmission such as rain and
precipitation is insufficient to understand the complexity of the problem. Recognizing endogenous Susceptible-

Infected-Recovered (SIR) feedback loops can shed light on such question.

Harpring et al. (2022) study used system dynamics (SD) causal loop diagram to visualize the compounding factors
influencing the cholera outbreak in Yemen. Along with the SIR dynamics, they discovered a strong connection

between humanitarian response and the existing infrastructure development to the cholera epidemic.

Pryut (2013) developed a cholera epidemic SD model for Zimbabwe that aimed for introductory System Dynamics
courses. The model tested two policies: sanitary infrastructure and health services state. The policy impacts on the
SIR structures are tested through the percentage change on these two policy parameters instead of detail

operational policy structures.

On the other hand, ordinary differential equation cholera models were reviewed and half of them contain only SIR
model structure (Fung, 2014). To study the implications of different interventions and testing strategies, the SIR
model must be extended with intervention structures. The other half of cholera transmission models included a
maximum of three interventions focusing mainly on vaccination, antibiotics, and water provision. A model with more
interventions does not necessarily mean better; it largely depends on the model objective and boundary. This
cholera response model aims to identify the dynamic structures of humanitarian responses in Al-Hudaydah; hence,

most treatment and preventive interventions are included.

Cholera control and death reduction need a multifaceted approach. None of the reviewed models include structures
of both asymptomatic and symptomatic individuals as well as WASH and health interventions. In extending the
existing system dynamics models, this cholera response model bridge the endogenous feedbacks driving cholera

epidemic dynamics with empirically-grounded operational structures.

1.4 Research objectives
1. Identify the dynamic structures of humanitarian responses that build upon the classic infection (epidemiological)

SD models.
2. ldentify leverage points and test recommendations from Yemen cholera response lessons learned literature.

3. Use the developed cholera response model for humanitarian preparedness and humanitarian multi-sectors

cholera response communication.
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1.5 Research Questions

1.1 What are the driving factors which exacerbate the cholera epidemic?

1.2 What are the operational dynamics of the identified factors relating to the cholera epidemic? What are the

feedback mechanisms that responsible for the cholera epidemic?
2.1 What are the high-impact interventions that can potentially alleviate the cholera epidemic in Yemen?
2.2 What were the lessons learned from the past interventions?
3.1 How can the model be used as a tool to have quick response to contain outbreaks at an early stage?

3.2 How can the model be used for humanitarian multi-sectors cholera response communication?

2. Methodology

2.1 System Dynamics and values of modeling

System Dynamics (SD) is the research methodology used in this study. Given the fact that SD incorporates both
qualitative and quantitative components, it can be considered a mixed-methods research approach (Sterman, 2000).
Infectious disease research has demonstrated that using SD models enables the exploration of alternative scenarios,
the identification of previously unknown feedback loops, unintended consequences, and the identification of

potential policy leverage points (Harpring et al., 2020; Pruyt, 2013; Rahmandad et al., 2021; Struben, 2020).

SD is best suited to providing dynamic projections of the course of a humanitarian crisis and exploring the
implications of various interventions. SD can therefore shed light on how to improve humanitarian response to meet
the diverse needs of populations (Gongalves, 2011; Rocca, 2021). In comparison to network and agent-based
modeling, Rocca's (2021) research determined that System Dynamics is the most appropriate technique for piloting
complex systems modeling in the humanitarian sector because it enables humanitarian response simulation even in
contexts with limited data. Rocca’s (2021) findings highlighted a need to model Yemen's cholera response, thus

inspired the building of this cholera response model.

2.2 Specific considerations for this project

This cholera response model is exactly what its name implies: cholera as SIR endogenous feedback loops, and
response as exogenous operational dynamics balancing effect on the SIR. Wheat (2015) and Sterman (2000)
emphasized that policy design is much more than changing the value of parameters. The operational policy structure
should specifically include tangible resources, perceptual adjustments, institutional capacity, and time required to

implement changes (delay) that result in the desired parameter value (Wheat, 2015).

This cholera response model aims to build an operational component of cholera intervention implementation. The

following question is how such a structure can be helpful to humanitarian actors. Usually, a programme manager
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considers two main aspects during proposal development. What is the current need (also referred to as people in
need - demand), and how many potential beneficiaries can be reached by the project (activities outputs - supply)®.
Hence, to make this cholera response model useful to humanitarian actors, the intervention inputs (in the model
interface) should be constructed in a way that a programme manager can navigate the model interface quickly and
effectively; with the objective to increase the users’ trust, acceptance, and adoption of the tool. This is especially

crucial in an emergency response when the pressure is high, time to make decisions is scarce.

Wheat (2015) provided an example of a vaccination policy structure that included inputs such as vaccine demand,
vaccine supply, vaccination rate, staff size, and productivity. A programme manager and staff, on the other hand,
may struggle to make sense of vaccination rates. In the author's experience as an aid worker, rate was rarely used
in activity inputs. Additionally, the reviewed humanitarian literature makes relatively limited use of vaccination rates
(note that this is about intervention inputs, humanitarian actors make use of rates such as death or infection rates
in other aspects). For instance, during a multi-sector meeting to plan a cholera emergency response, a programme
manager from WHO or UNICEF may state, "If 500,000 vaccines (input 1) can be procured in 30 days (delay - input 2),

our team will be able to conduct a seven-day vaccination campaign (input 3) beginning May 1." (Input 4).

Therefore, it is more helpful for this cholera response model to have numerical inputs rather than rate inputs (this
applies to interventions other than vaccination in this model). Also, the programme manager is usually well aware
of the team's capacity and will adjust it in accordance with available resources; staff productivity is unnecessary in

this case.

Furthermore, similar to the SIR core structure, the policy structure determines the type of data required. For
example, it is difficult to collect data on the total number of staff and their productivity across all humanitarian
organizations. OCHA (2017) WASH database records only the types of interventions implemented, the number of
people reached, and the timeframe. Fung concluded that while illustrating ranges of possibilities (impacts of
interventions in cholera models) is beneficial, future studies should be designed to provide data to parameterize

these models.

This model collected data of each intervention for three main reasons. First, the historical data obtained results from
all implemented interventions in 2017. Quantifying impacts from interventions should be done from the beginning
of the modeled horizontal time together with the core SIR structure in replicating the historical data. Second, while
this model has not yet been validated with expert inputs due to the study's resource constraints, incorporating
historical data increases confidence in the model, particularly for uncertain parameters. Finally, the data indicate
pastimplementation challenges. For instance, the starting date of the interventions; the maximum number of people
that could be supported; the preparation (delay) that is needed for the intervention implementation. With the data,

the policy testing in the model will be structured within a feasible range.

1 This is based on the author personal opinion from working experience in the humanitarian field: as a monitoring and
evaluation specialist, and a project officer, in managing and implementing projects.
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2.3 Data collection
The data collected during the model's development and validation can be classified into two categories:

Epidemiological data: information on the characteristics of Vibrio cholerae infections (e.g. duration of infection,
severity proportions), as well as their prevalence in Al-Hudaydah governorate (e.g. number of suspected and

confirmed cases, deaths).
Cholera response (interventions) data: WASH sector (OCHA, 2017) and health sector (EOC, 2018; UNICEF, 2018).

Data quality issues have been regarded as a significant obstacle to an effective humanitarian response to the cholera
epidemic. Inadequate access to health facilities may have resulted in underestimating the cholera burden, most
notably mortality (Spiegel, 2018). For example, infected individuals who choose traditional medicine or private clinics
over these specialized treatment centers are not captured by the surveillance system. Even mortality statistics are
subject to reporting errors when deaths occur beyond the treatment facilities. On the other hand, Camacho et al.
(2018) stated that overreporting of other AWD cases was likely to contribute to underestimates of the epidemic's

case fatality rate.

Regardless of the lack of data, policy decisions must be made, frequently under high uncertainty and pressure
conditions. Where a lack of data makes precise predictions impossible, simulation models may still provide valuable
insights to aid decision-making under unknown circumstances. Such scientifically informed exploration can add
clarity to decisions, allowing for more effective policy choices. The model analysis chapter discusses how this cholera

response model incorporates structures to account for over-and under-reporting.

2.4 Research ethics

The ethical concerns about the research participants are not applicable since this study does not involve collecting
primary data. While modeling can help explore solutions to complex problems, it also increases the stakes: Alongside
the possibility of real benefit comes the risk of real harm (Lim, 2021). To be aware of such risk, one requires reflection,
not only on the modeler positionality but throughout the whole modeling process. Along with reflection for action,
it is a modeler's responsibility to adhere to best practices in developing, testing, and documentation models

following guidelines in the SD field (Barlas, 1996; Rahmandad and Sterman, 2012).

Since the cholera model aimed to understand the lessons learned in 2017 to 2018, the main purpose is not to
recommend specific policies. Limitations and uncertainties in both parameter values and structural components of
the cholera model, as well as a lack of Yemen field work, limit the model’s ability to be used as a policy

recommendation tool at its current iteration (Gkini, 2021).
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Cholera SIR Stock and Flow Diagram
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Figure 2. Core SIR cholera infection stock and flow diagram provides an overview of the key
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Table 1. Summary of feedback loops in SIR components.
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3. Model and Policy Analysis

3.1. Cholera Susceptible-Infected-Recovered, SIR

In brief, the cholera response model is an extended SIR model that integrates the epidemic response's operational
dynamics. Building on Harpring et al. (2020) Yemen cholera response - causal loop diagram, and Pruyt’s model (2009)
that simulates the 2008 cholera outbreak in Zimbabwe, this section will address the research question: What are the

driving factors which exacerbate the cholera epidemic?

Al-Hudaydah governorate had a population of 3,238,199 in 2017. (OCHA, 2017). In an SIR model, population are
divided into several compartments called stocks, depending on their status of being susceptible to the infection (S),
being infected and infectious (), and having recovered from the infection (R) (Sterman, 2000). Individuals in each
stock are assumed to be homogeneously mixing. Figure 2 is a stock and flow diagram illustrating the SIR major

feedback loops.

3.1.1 Indirect infection

This model only incorporates indirect infection through contaminated water by infected individuals. When
susceptible individuals become infected with cholera, they shift to the recently infected population after one day.
The rate of cholera infection is a product of the indirect degree of infection and the size of the susceptible population
(S). In turn, the indirect degree of infection depends on the connectedness of aquifers and smoothed fraction of

contaminated water.

Although sporadic cholera cases may occur as a result from ingestion of insufficiently cooked seafood contaminated
with Vibrio cholerae, humans are the primary reservoir for the pathogen during periods of active transmission
(epidemic) via fecal contamination of drinking water or food (Davis, Narra, and Mintz, 2018; Médecins Sans
Frontieres, 2018; Mwasa and Tchuenche, 2010, Pryut, 2009). A meta-analysis of the role of water, sanitation, and
hygiene exposures in 51 case-control cholera studies found that cases were significantly more likely than controls to
report the use of an untreated drinking water, open defecation, unimproved sanitation, and poor hand hygiene
(Wolfe et al., 2018). Hence, the smoothed fraction of contaminated water is water contaminated by bacteria

shedding from the infected individuals (Pryut, 2009).

The smoothed fraction of contaminated water uses the (third-order) water contamination from total bacteria
shedding from the fraction of infected with a delay of two and a half days. According to Nevondo and Cloete (2001),
Vibrio cholerae survival in the aquatic environment is highly dependent on the chemical, biological, and physical
conditions of the aquatic environment: Vibrio cholerae surviving in surface waters for periods ranging from one hour

to thirteen days (cited from Okoh, 2015).

Three days are used for time to affect water in aquifers in this model. A third-order delay is used to account for the
fact that there are different stages in the process (Sterman, 2000) between bacteria shedding by the infected

individuals to contaminating the water.
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Connectedness of aquifers is the "contact rate" between the susceptible population with contaminated water. More
than 19 million Yemenis are believed to be without access to safe drinking water and sanitation (Burki, 2016;
Camacho et al., 2018; Ng et al., 2020). According to WHO-UNICEF statistics, only 55% of the population had access
to drinking water from improved water sources in 2014 (Qadri, Islam, and Clemens, 2017). Grad et al. (2012)
explained that "contact rate" is largely unknown in most contexts, and there are no simple methods for converting
experimental study results into "contact rate" between susceptible individuals and bacteria in water. Since various
factors determine the rate at which susceptible individuals become infected, the connectedness of aquifers is

calibrated to the historical data, 0.44 is used in this model.

3.1.2 Asymptomatic reinforcing feedback loop (R)

Individuals in the recently infected population leave the stock after an average incubation time of one day and flow
in two directions: as asymptomatic infected to the asymptomatic population if they show no symptom as mildly
infected to the mildly infected population if they show mild symptoms. Pryut’s model (2009) makes no distinction
between asymptomatic and symptomatic infections. Other works highlight that these are essential elements and
incorporated into their model an asymptomatic feedback loop (Chao et al., 2014; Kaper, Morris, & Levine, 1995;

Leung & Matrajt, 2021; Médecins Sans Frontiéres, 2018; Okoh et al., 2015)

First, most infected individuals (75% of infections) remain clinically unapparent, while the remaining 25% develop
mild to severe symptoms (depending on the strain involved) (Médecins Sans Frontiéres, 2018). Only symptomatic
infections from treatment centers are captured in surveillance data (Fung, 2014; Médecins Sans Frontiéres, 2018).
When calibrating modeling outputs to historical data, Fung (2014) concluded that underreporting of cases, including
asymptomatic cases, should be considered. Chao et al. (2014) found their model sensitive to the fraction of infected
people who became symptomatic: The higher the symptomatic proportion, the higher the incidence of reported

cases.

Second, the bacterial shedding rate is lower in asymptomatic individuals than in symptomatic individuals (60 percent
- 90 percent of infected individuals are asymptomatic). Studies (Kaper, Morris, & Levine, 1995; Médecins Sans
Frontieres, 2018; Okoh et al., 2015) have reported that some individuals can be infected with Vibrio cholerae and
yet show no symptoms but then tend to shed the organism into the environment, even for only a few days. In a non-

cholera epidemic area, Vibrio cholerae can be isolated from wastewater effluents (Okoh et al., 2015).

Third, research emphasizes the distinction between immunity from asymptomatic infection and protection from

disease (symptomatic) following recovery (Kaper, Morris, & Levine, 1995; Leung & Matrajt, 2021).

3.1.3 Bacteria shedding
The model includes bacteria shedding as part of the indirect infection pathway. According to Kaper, Morris, and
Levine (1995), doses of 10711 Colony Forming Units (CFU) of Vibrio cholerae were needed to trigger diarrhea in

healthy North American volunteers. For example, ingestion of 1076 Vibrio cholerae with fish and rice resulted in a
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high attack rate (100%). On the other hand, a symptomatic mild infected individual can shed Vibrio cholerae in the
stool in low but potentially infectious concentrations, up to 1078 Vibrio cholerae organisms per g of stool (Nelson et
al., 2013). For an individual with acute cholera, severely disease, excretes 107 to 1078 Vibrio cholerae organisms
per gram of stool; for patients who have 5 to 10 liters of diarrheal stool, the total output of Vibrio cholerae can be

in the range of 10711 to 10713 CFU (Kaper, Morris, and Levine, 1995).

This model uses 1076 Vibrio cholerae as the amount to infect an individual. The value of:

i bacteria shedding from symptomatic is 1074,
hence, normalized to 1074/1076 = 0.67
ii. bacteria shedding from a mildly infected individual is 1078,
hence, normalized to 1078/1076 = 1.23
iii. bacteria shedding from a severely infected individual is 10212, hence, normalized to 10712/1076 = 2

3.1.4 Symptomatic reinforcing feedback loops (R)

Mildly infected population are mild cases of Vibrio cholerae infection that may be clinically indistinguishable from
other causes of diarrheal iliness (LaRocque & Harris, 2020). Hence, not all seek healthcare services (Médecins Sans
Frontiéres, 2018). Depending on healthcare services access, this model disaggregates mildly infected individuals into
two different feedback loops: treated and untreated mildly infected individuals. Mildly infected individuals leave the
stock after the time progress to the next stage (one day) and flow to three directions: treated mildly infected

population, untreated mildly infected population, and progresses into severe disease population stocks.

Severe infected population is severe cases of Vibrio cholerae infection that is characterized by a sudden onset of
acute voluminous watery diarrhea described as 'rice water stools' and vomiting leading to rapid dehydration (fluid
losses of up to one liter per hour), and death if left untreated (Kaper, Morris, & Levine, 1995; Médecins Sans
Frontieres, 2018). Among individuals developing symptoms, 60 to 80% of episodes are of mild or moderate severity
(Médecins Sans Frontiéres, 2018; Pryut, 2004). In other words, only 5 to 10% of the recently infected population in
the base model becomes very ill. Mildly infected individuals move to severely infected population after an average
time to progress next stage. Severely infected individuals then move into two different feedback loops based on
access to healthcare services: treated and untreated. Treated severe infected population stock does not attribute to
the infectious reinforcing feedback loop as the excreted wastewater is disinfected at the healthcare sewage

treatment facilities (Médecins Sans Frontiéres, 2018).

3.1.5 Recovered balancing feedback loops (B)

All individuals belonging to the asymptomatic population, treated and untreated mildly infected population recover
after average illness duration (asymptomatic for five days and symptomatic for nine days) (Chao et al., 2011; Nelson
et al., 2009). On the other hand, individuals in treated and untreated severe infected population either die (cholera
deaths) or recover and become immune (recovered from heavy infection) after the same average duration of the

illness of nine days.

19|Page



The proportion of the treated severely infected population dying or recovering is determined by the capacity of
healthcare services, overloading in health services resulting in lower care quality. Hence, an increase in fatality
fraction. In 2017, the case fatality rate in Al-Hudaydah governorate was 0.19 percent (OCHA, 2017). For severely
infected individuals who are not accessing healthcare services, the untreated fatality fraction uses 0.004, assuming

that the fatality fraction is double the case fatality rate with treated death fraction of 0.0021.

3.1.6 Immunity waning

Studies have shown a difference between protection from asymptomatic infection and protection from disease
(symptomatic) after recovery (Kaper, Morris, & Levine, 1995; Leung & Matrajt, 2021). Pryut model (2004) aggregates
both mildly and severely infected population into one stock of recovered temporarily immune population where they
flow back to the susceptible population after an average immunity period of six years. Studies reported that clinical
cholera (symptomatic) conferred protection against subsequent cholera for at least three years (Kaper, Morris, &
Levine, 1995), while a study by Leung and Matrajt (2021) identified asymptomatic protection period lasts between
3 to 12 months. The model uses six months for the average asymptomatic infection acquired immunity period and
three years for the average symptomatic infection acquired immunity period (Kaper, Morris, & Levine, 1995; Leung

& Matrajt, 2021).
Limitations:

For models that simulate an outbreak within a short period (two years in this model), one limitation is that they can
ignore the dynamics of population growth (birth rate and death rate, gray arrows) and assume a constant population
(Fung, 2014). There is no further subdivision of subpopulations according to health, living conditions, environmental

conditions, geographic concentration as these are not part of the model boundary.

Multiple Vibrio cholerae infections within the same household can occur due to secondary transmission from one
household member to another via the fecal-oral route (Weil et al., 2014). To explicitly account for the concentration
of hyperinfectious bacteria in drinking water, modelers include a separate compartment for these hyperinfectious
bacteria with very high infectiousness for "human-to-human" transmission (Chao et al., 2014; Hartley et al., 2006;
Miller et al., 2010). However, Pascual et al. (2006) argued that the additional compartment is redundant unless one
has specific questions to study the hyperinfectious state. The hyperinfectious state of bacteria is not included in this

cholera response model.

3.2. Cholera response - intervention structure

In the event of a cholera epidemic, the focus must be on limiting mortality and stopping the disease from spreading.
It should be comprehensive and multi-sectoral, encompassing epidemiology (surveillance), case management, water,
sanitation, hygiene, logistics, community engagement, and risk communication (GTFCC, 2020). This section
addresses the following research questions: What ar