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Abstract

While several basic properties of cholera outbreaks are common to most settings—the
pathophysiology of the disease, the waterborne nature of transmission, and others—recent
findings suggest that transmission within households may play a larger role in cholera out-
breaks than previously appreciated. Important features of cholera outbreaks have long been
effectively modeled with mathematical and computational approaches, but little is known
about how variation in direct transmission via households may influence epidemic dynam-
ics. In this study, we construct a mathematical model of cholera that incorporates transmis-
sion within and between households. We observe that variation in the magnitude of
household transmission changes multiple features of disease dynamics, including the
severity and duration of outbreaks. Strikingly, we observe that household transmission influ-
ences the effectiveness of possible public health interventions (e.g. water treatment, antibi-
otics, vaccines). We find that vaccine interventions are more effective than water treatment
or antibiotic administration when direct household transmission is present. Summarizing,
we position these results within the landscape of existing models of cholera, and speculate
on its implications for epidemiology and public health.

Introduction

Waterborne infections continue to pose a significant threat to human health. Among the most
prominent of the waterborne infections is cholera, caused by the gram negative bacterium
Vibrio cholerae, acquired through the consumption of contaminated water or food [1]. New
epidemics are often driven by natural disasters or social conflict that facilitate the increased
intake of contaminated water [2, 3]. As cholera is so strongly associated with the water supply,
many public health intervention efforts have focused on the importance of water quality in
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preventing outbreaks. Recent studies have demonstrated that in certain settings, direct house-
hold transmission can serve an increasingly large role in disease in modern outbreaks [4-7].
We might especially expect direct household transmission to influence disease dynamics in
high-density settings, like those associated with displaced populations (e.g. refugee camps)
[8,9].

The notion that cholera outbreaks can be driven or sustained by direct household transmis-
sion—which may occur between individuals within and between households—might alter the
lens through which we study and potentially intervene in cholera outbreaks. Given how
recently epidemiologists have engaged the specifics of direct household transmission, we have
yet to fully appreciate the extent to which direct household transmission may alter the dynam-
ics of cholera outbreaks. And while there are many important models of indirect cholera trans-
mission via reservoirs [10-21], and some that examine the theoretical implications of direct
household transmission [22, 23], we remain in the dark with regards to how recent insights on
direct household transmission may specifically influence our picture of cholera disease dynam-
ics and interventions.

In this study, we construct a mathematical model of cholera in a high-density setting, with
random-mixing populations. Unlike prior studies, our model combines features of models
that include waterborne transmission with parameters informed by recent empirical findings
on direct household transmission. We observe that an outbreak in a high-density setting typi-
fied by a large amount of direct household transmission can resemble an outbreak driven
exclusively by waterborne transmission, but with several critical differences, especially with
regards to the effectiveness of interventions. Consequently, high-density cholera epidemics
with direct household transmission suggest different intervention strategies in order to mean-
ingfully suppress transmission. Our findings emphasize the need for more data on direct
household transmission in high-density settings, as it can have important consequences on
disease dynamics and optimal intervention measures.

Model of disease dynamics with household transmission
Description

We present a dynamical model of cholera based on a series of ordinary differential equations
(ODEs). The model incorporates dynamics of both direct household transmission and
disease flow through water reservoirs, as with other mathematical models of waterborne
infections [22, 24]. We’ve codified our iteration as the Waterborne, Abiotic and other Indi-
rectly Transmitted or (W.A.LT.) framework, and will refer to it as such throughout this
study.

Our model structure is adapted from a mathematical model of the 2010 outbreak in Haiti
[10]. The model describes a cholera epidemic outbreak and is set with a population of 500000
(approximating the number of individuals in a mid-sized city in many countries affected by
cholera).

In order to interrogate the under-examined role of direct household transmission within a
cholera epidemic, the model allows us to investigate the impact of direct transmission of the
susceptible population as a proxy for transmission within and between households. Through-
out the text, we refer to all non-waterborne, environmental transmission in this model as
“direct,” “household,” or “direct household” transmission. We use the terms interchangeably.
By constructing a framework which allows us to combine different routes of transmission, we
are afforded the opportunity to observe how disease burden and ideal intervention strategies
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are influenced by different transmission strategies.
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The compartmental diagram

The model can be visualized using a modified compartmental diagram that contains informa-
tion on the spread of disease agents and hosts through the system, as seen in Fig 1. The model
features seven ordinary differential equations—one for each compartment—and twenty-two
parameters. The compartments S, I, A, R and V represent populations of susceptible, symp-
tomatically infected, asymptomatically infected, recovered and vaccinated individuals respec-
tively. The Wy and W} compartments represent total V. cholerae bacteria, of each type (high
or low infectious) within a single water reservoir accessible to the sum total of individuals
within the population.

Some model features, which have also reflected findings in prior studies [10, 25, 26], include
the following:

« Disease is acquired by susceptible individuals S, via infected drinking water from either of
the two reservoirs, or through direct household transmission. The fraction of S-individuals
that move either to A or I is then given by p and 1 — p respectively

o The reservoir compartments Wy and Wy differ in how much V. cholerae is required from
each to infect an individual, with the high-infectious reservoir (W) having a lower mini-
mum infectious dose. With time, populations of V. cholerae within the high-infectious reser-
voir naturally decay to a population with lower infectiousness.

There are two groups of infected individuals: I-infected individuals have significantly higher
excretion rates and can be treated with antibiotics, decreasing their excretion rate. A-infected
individuals have lower natural excretion rates.
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Fig 1. A Waterborne, Abiotic and other Indirectly Transmitted (W.A.L.T.) dynamical compartmental model of cholera. Top: This
diagram is a variation of a standard compartmental diagram. Green arrows highlight the flow of the population of hosts through the
system. Bottom: here the red arrows highlight flow of disease through the system.

https://doi.org/10.1371/journal.pone.0229837.9001

o Individuals enter and exit the system via a constant natural birth rate as well as infected and

uninfected death rates.

« Infection is removed from the system either via bacterial decay in the low-infectious reser-

voir, or via the death of infected individuals.
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o The number of S-individuals that are vaccinated is modeled as a fraction of the total popula-
tion size, and individuals return to the susceptible compartment as their vaccine induced
immunity wanes.

o I and A-individuals recover from the disease at a natural rate, I-individuals treated with anti-
biotics recover at a faster rate, and the recovered state provides a temporary immunity
which, after waning, will feed individuals back into the susceptible population.

o Importantly, the direct transmission parameters are based on an empirical study of house-
hold transmission in Bangladesh [7].

Analytic equations and parameters

The set of ordinary differential equations (Eqs 1-7) define the dynamics of the system. Direct
household transmission is implemented through the term 7. This term translates to the total
daily fraction of all possible interactions between susceptible individuals and infected individu-
als (symptomatic and asymptomatic) that lead to an infection. As stated previously, household
transmission is implemented using an empirical study that estimated rates of transmission of
cholera via households in Bangladesh [7].

In our modeling scheme (W.A.L.T.), environmental dynamics are also realized within their

own set of differential equations. The oS »q;ri;é\{’m terms quantify the likelihood that individuals

become infected with V. cholerae given a daily water consumption rate o and a minimum
infectious dose « for each reservoir.

For either route of transmission (household or waterborne) the parameter p scales the rate
of transmission by serving as the fraction of individuals that move to the A-compartment
(asymptomatic), whereas 1 — p serves as the fraction that move to the I-compartment (symp-
tomatic). p is, therefore, a population-level expression of host factors.

Other notable terms include 7, the vaccination rate, which represents the daily fraction of S-
individuals that receive vaccinations; &, the symptomatic individuals excretion rate, which is
three orders of magnitude larger than that of the asymptomatic case and can be reduced via
antibiotic administration; A, the relative recovery rate of those receiving antibiotics; and 6, the
proportion of symptomatic individuals receiving antibiotics. Table 1 lists the parameters and
values used in this simulation.

The initial conditions used across all simulations included a population of 500 000 suscepti-
ble individuals with a small initial amount of Vibrio cholerae present in each reservoir to prime
the outbreak (5 cells at t = 0). Additionally, the values of the symptomatic, asymptomatic, vac-
cinated, and recovered compartments were set to zero at the start of each run.

Parameter sensitivity analysis and basic reproductive ratio

The basic reproductive number, R, is a contentious measure in epidemiology, but can be inter-
preted as a signature for the average infectiousness of a pathogen in a given setting [27, 28]. In
this model, given the nominal parameters, we find that Ry = 8.37, this value is in agreement
with reproductive ratio ranges (Ry = 3-19) determined from past epidemics and computa-
tional models of cholera [19, 25]. Estimates for the reproductive ratio of cholera vary within
the literature, which correspond to different epidemic settings and contexts. In the S1 File, we
outline how the numerical value for Ry was computed in the model presented in this study.
The relative sensitivity of R, to changes in the model parameters was examined. Both an
independent parameter sensitivity analysis as well as a partial rank correlation coefficient
(PRCC) analysis [45] were conducted. The PRCC was performed at 500 iterations with 50
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Table 1. Cholera household (direct) transmission model parameters.

Label Value Units Definition Sources
a 0.002 (person - day)’1 Rate of water consumption [29]
L 10° cells/day Low-infectious V.cholerae [30]
H 2000 cells/day High-infectious V.cholerae [31]
X 1 %/day Rate of decay in high-infectious reservoir [32]
S5 0.33 %/day Environmental death rate of V. cholerae [25]
U 4.49-107° %/day Natural birth & death rate [33]
Ue 0.046 #/day Symptomatic mortality rate [34]
7 548-107° #/day Fixed fractional birth rate [34]
Y 0.20 %/day Disease recovery rate [35]
p 0.79 %/day Proportion of asymptomatic cases [36]
& 1.30 - 10" cells/day Symptomatic excretion rate [37]
N 1.30 - 10® cells/day Asymptomatic excretion rate [38]
® 3.42-107° %/day Waning of natural immunity [39]
T 0.25 %/day Vaccination rate [40]
€ 1.37-107 %/day Waning vaccine induced immunity [41]
0 0.10 %/day Symptomatic persons receiving antibiotics [42]
4 0.52 %/day Shedding rate of antibiotic treated persons [43]
A 2.3 %/day Relative recovery rate, receiving antibiotics [35]
n 578 %/day Total daily average infectious direct interactions [7]
w 1.5 Deciliters Size of water reservoir [44]
N 5-10° People Number of individuals —

https://doi.org/10.1371/journal.pone.0229837.t001

samples per iteration. Fig 2 shows the results of these investigations. Here we find that p, x;, W
and o have the greatest independent (uncorrelated) sensitivity, while p, 7, W, and o hold the
greatest interrelated sensitivity by mean value. These parameters include two parameters
strongly related to environmental aspects of the model: the rate of water consumption ¢, and
the total water reservoir size W. Both the independent and the correlation sensitivity analyses
are in agreement with regards to the sensitivity of the model parameters on the R,.

Relative independent parameter sensitivities . . .
0w o Partial rank correlation coefficients

3

4 5 7

8

9

S awagdn

=

@ Ky Kg 2 0 W m pc 7}

Fig 2. R, sensitivity analysis. Left: A tornado plot showing the independent sensitivity of Ry to changes in the model parameters. Black
bars indicate the value of Ry when the associated parameter is increased by 25% from its nominal value. White bars indicate the value of
R, when the associated parameter is decreased by 25%. Right: A Partial Rank Correlation Coefficient (PRCC) analysis was preformed
with respect to Ry highlighting the inter-correlated sensitivities of each of the model parameters. The blue bars show the mean value of
each PRCC, with error bars at one standard deviation. This analysis was preformed by sampling over uniform distributions of 15%
around the nominal model parameter values in line with the methods provided by Blower and Dowlatabadi (1994) [45].

https://doi.org/10.1371/journal.pone.0229837.9002
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Populations

Of note, p (proportion of asymptomatic cases) is the most sensitive parameter within the
model by a large margin. The fraction of infected individuals that become asymptomatic can
be considered as an average characteristic of the model population. By our assessment, the
high sensitivity in R, due to p is caused by the relatively large distinction between the excretion
rates of symptomatic (£5) and asymptomatic (£,) individuals ({s/E4 ~ 107). Given this, if the
fraction of individuals that move into the asymptomatic compartment, p, is increased, the
basic reproductive ratio is noticeably reduced.

At the disease-free equilibrium—the regime where R is calculated—the direct transmission
term 7 shows low sensitivity to the basic reproductive number, indicating that variations in the
household transmission rate may not lead to significant variations in the R, value. Thus,
whereas the rate 77 may have a noticeable impact on the dynamical peak of the infection, or on
the time scales associated with the outbreak of the infection, it may not largely impact how
explosive (in terms of Ry) the contagion is initially. More generally, this can be interpreted as a
limitation of the Ry metric with regards to the epidemic features that it captures: it is not all-

encompassing. In addition to Ry, a full and proper understanding of the epidemic dynamics
requires a thorough analysis of model-specific features (e.g. the behavior of the peak of the
infection).

The infected populations in our model (both asymptomatic and symptomatic) initially
increase—moving away from the disease-free equilibrium—and eventually reach stable non-
zero (although small) equilibrium values (see Fig 3(a)). This is consistent with Ry > 1, as well
as the eigenvalue analysis of the Jacobian matrix at the disease-free equilibrium (shown in the
Supplemental Appendix). The eigenvalues of the Jacobian matrix for the ODE system at the

disease-free equilibrium are all real numbers, with two values greater than zero, indicating that
the disease-free equilibrium is unstable. We present the Jacobian matrix of the system and its

corresponding eigenvalues in the Supplemental Appendix.

Model dynamics: The added effects of direct household transmission

Introduction of infection between individuals within and between households into models of
cholera has a substantial impact on the dynamics of outbreaks. In order to showcase this
impact, three scenarios were investigated with simulations: (i) No household transmission
(n=0), (i) household transmission with standard water consumption (1 & & = nominal val-
ues), and (iii) household transmission with water treatment (decreased consumption of

Total reservoir bacterial load (normalized)
0.6/ — Nod infection

.. _Total infected population behavior «_Recovered population behavior

No.

©
°
IS

Population
s

Relative values

20 30 20 30 20 30
Time (Days) Time (days) Time (days)

(@ (b) ©
Fig 3. Basic model dynamics as a function of household transmission and water treatment: Of the (a) infected and (b) recovered
populations, as well as the (c) combined bacterial load of the water reservoirs, normalized to maximum bacterial load value across

all 3 cases. Lines correspond to different epidemic conditions, including a no household transmission scenario, one with household
transmission and one where household transmission is coupled with a water treatment intervention (which decreases the amount of

transmission through consumption of contaminated water).

https://doi.org/10.1371/journal.pone.0229837.9003
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population as household transmission is introduced and its effects increased.

https://doi.org/10.1371/journal.pone.0229837.9004

contaminated water) (7 = nominal value and 0.5«). Simulations were run at a time resolution
of 10,000 timesteps over a period of 60 days for all three cases. Figs 3-5 depict various aspects
of the dynamics of disease as well as the effects of potential interventions in each scenario. Fig
3(a) demonstrates a 5.63x increase in the peak number of total infected individuals when

« Intervention dynamics and no direct infection .« _Intervention dynamics with direct infection
o —— Standard model parameters
—— Standard model parameters S s
30 —- Antibiotics: 1.5x administered + 1.5x effectiveness =30 = biotics: 1.5x +1.5x
2 — = Vaccines: 1.5 daily rate 2 ~ =+ Vaccines: 1.5x daily rate
=25 =+ Water supply: 0.5x contaminated consumption =25 ) N\ e Water supply: 0.5x contaminated consumption
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=5 3 =%
8‘2,0 i 82.0
=l =l
2 1.5 1 215
Q Q
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e e
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00 00} A e
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Fig 5. Comparing the effectiveness of interventions in the setting of household transmission. There are three hypothetical
intervention scenarios, and their effect on the dynamics of the total population of infected individuals in the cases when household
(direct) transmission is (a) absent and (b) present. The primary Y-axes of fig(a) and (b) are identical. The inset in fig(a) highlights the
regions, x = 0 to 40 (days) and y = 0 to 6 - 10° in order to better distinguish the differences in the dynamics of the curves.

https:/doi.org/10.1371/journal.pone.0229837.9005
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realistic household transmission rates are introduced [7]. Fig 3(b) shows the increased peak
values of the total number of recovering individuals, as more agents are drawn into the recov-
ered compartments due to the increase in the population of infected individuals. This correla-
tion is an example of how household transmission increases the intensity of the epidemic
within the model. The total flow of individuals moving through the system increases in corre-
spondence with an increase in household transmission. In the Supplemental Appendix, we
provide information on how the different transmission scenarios influence the total number of
infections across the duration of the model.

Fig 4 highlights properties of the peak total infected population, and how it is modified by
household transmission. While there are several features of an epidemic that one could use to
capture this influence, we consider the peak number of infected individuals because it signifies
the state where the infection is exacting its greatest toll. Each of the 250 000 grey-scale pixels
that compose the heat-map represents a single run of the cholera household transmission
model. For each run, we plot the peak of the total (combined I + A) infected population, mod-
ulating the rate of transmission into the A and I compartments via the direct transmission
terms, pny and (1 — p)n respectively. All other model parameters are kept constant, held at their
nominal values as shown in Table 1. The x and y axes show fractions of the nominal values of
pnand (1 — p)n, respectively, from Table 1. At the top left corner where pn = (1 — p) =0, there
is no household transmission present. The peak total infected population here is at its lowest
value, 5647. This is equal to the same value we see at the peak of the solid curve in Fig 3(a). As
we increase 77 and thus the amount of household transmission present, we see a dramatic
increase in the peak number of total infected individuals (lower right corner).

The largest peak value that we observe, 31787, appears in the lower right corner of the plot
where the household transmission terms are their largest. This value corresponds to the peak
of the dashed-dotted line in Fig 3(a). Implementing direct household transmission in this
model thus increases the peak total infected population by approximately 5.63x. Of note: p is
expected to be an approximately fixed property of hosts, whereas direct household transmis-
sion is modulated solely by the 77-term, representing varying levels of inter- and intra-house-
hold transmission. Thus, we only consider the peak infection values along the diagonal
elements of the heat map as representing relevant (or realistic) scenarios. The rest of the space
on the heat map showcases the extent to which host-level affinities for symptomatic or asymp-
tomatic infection-types can affect the peak levels of infection.

Like several other models, the W.A.LT. modeling scheme utilized in this study allows us to
independently model the dynamics of the environmental reservoirs via a set of separate differ-
ential equations. In Fig 3(c), we observe that the normalized total reservoir bacterial load peak
is 2.95x larger for the case where household transmission is present. Additionally, the peak
bacterial load is shifted 0.63x of a day later in the simulation when household transmission is
introduced. This “late arrival” phenomenon is also observed, within the infected and recovered
populations. This indicates, within the scope of the model, that the overall duration of the epi-
demic is also slightly increased when household transmission is introduced.

Intervention schemes

Having explored the impact of household transmission on disease dynamics, we then analyzed
a range of potential sample interventions: vaccination, antibiotic administration, and water
treatment (decreasing contaminated water consumption). Each were realized by modifying
model parameters relevant to that intervention. We compare the impact of these interventions
in cases with and without household transmission. Note that these intervention schemes
assume implementation occurs at the onset of the infection.
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Fig 5 depicts the total number of both symptomatic and asymptomatic infected individuals
in settings utilizing various intervention schemes. In the case where no direct household trans-
mission is present (Fig 5a), decreasing the consumption of contaminated water (c) has a
strong effect on disease dynamics: a 0.5x decrease in contaminated water consumption pro-
vides an about 0.5x decrease in the peak number of infected individuals. In a similar setting
with no direct transmission, a 1.5x increase in vaccination and antibiotic interventions provide
a smaller relative decrease in the peak number of infected individuals. This demonstrates that
for cholera epidemics driven largely by the waterborne transmission, and not through house-
hold transmission, one would expect (unsurprisingly) that targeting the water consumption
would be the best way to attenuate the epidemic.

Alternatively, our explorations of settings featuring high levels of household transmission
(Fig 5b) show that vaccine interventions emerge as the most effective strategy. In settings fea-
turing high levels of household transmission, we predict that emergency vaccination programs
would be more effective than water treatment-based interventions. The reasoning behind this:
vaccination directly modulates the fraction of person-to-person contacts that involve an
infected individual by removing infected individuals from the population, and preventing an
explosive outbreak from getting going. In settings with little household transmission, vaccina-
tion indirectly mitigates the spread of infection by removing infected individuals that could
contribute to the transmission cycle by infecting the water reservoir.

Discussion

In this study, we propose a modeling framework for cholera in high-density, well-mixed popu-
lation settings that fully encompasses two different routes of transmission: standard transmis-
sion via an environmental reservoir intermediate (waterborne), and directly between hosts in
and between households. The question of how these two routes interact is important on the
backdrop of relatively new findings that highlight the importance of household transmission
[4-7]. Importantly, our model structure allows one to examine how different magnitudes of
household transmission influence disease dynamics. A recent model of high-density settings
simulated these dynamics effectively, but did so for a single refugee camp with a specific set of
parameter values [9]. Our model, alternatively, explores the space of possible direct transmis-
sion parameters that may pertain to different high-density cholera settings.

We find that variation in household transmission changes how the disease is spread. Inter-
estingly, the presence of direct transmission not only influences Ry, but rather, it changes spe-
cific features of disease that cannot be captured by the R,. For example, variation in household
transmission influences both the peak number of cases in an outbreak and the duration of a
given outbreak. Whereas, the R, speaks more directly to the “explosiveness” of an outbreak,
how rapidly it progresses initially. This result has relevance for understanding specifics of chol-
era outbreaks and for general canon in mathematical epidemiology. With regards to cholera
outbreaks, household transmission can perniciously influence disease outcomes by extending
the severity and duration of a given outbreak. With regards to broader conversations in mathe-
matical epidemiology, the household transmission case highlights the limits of R, as a tool for
assessing the severity of epidemics. While it remains a powerful proxy for certain characteris-
tics of an outbreak, undue focus on it as the defining characteristic of an epidemic can be
misleading.

As cholera remains a major global health problem in high-density, temporary settlements,
our results suggest that the public health sector should be mindful of how sensitive outbreak
dynamics are to different transmission characteristics. Specifically, the nature and amount of
household transmission can have a meaningful impact, not only on the trajectory of disease,
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but on which intervention strategies might be most effective in preventing or attenuating a
given epidemic. Our results support recent findings suggesting that vaccines can be especially
effective in high-density settings with large amounts of household transmission [9]. That is,
water treatment and antibiotics—both of which may be relevant in other settings—are likely to
be less effective in subverting epidemics in refugee camps, and related settings where house-
hold transmission is high. One can explain this by highlighting the nature of high-density set-
tings: transmission can occur too quickly (between individuals) for more structural-based (e.g.
water treatment) or post-infection (e.g. antibiotics) interventions to have as meaningful an
effect. Vaccines, however, can lower the peak of infection by decreasing the number of individ-
uals entering a high-density setting, preventing both the number of individuals capable of
direct transmission and the contribution of disease into the common water supply.

In closing, we urge epidemiologists to appreciate that epidemics are diverse ecological phe-
nomena, where different settings may require peculiar and specific interventions. Our findings
implore the research community to study epidemics with an increased level of granularity, as
essential properties can be defined by particulars.

Supporting information

S$1 File. Supplemental appendix. Here we describe a set of additional analyses and calcula-
tions relevant to content in the main text. These include:

« Calculation of the sum total of cases as a function of direct infection

« An outline of the method for determining the reproductive ratio (Ro) for the Cholera house-
hold (direct) infection model.

« Discussion of the stability of the system at the disease free equilibrium.
(PDF)
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