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Abstract

Background—Haiti is experiencing a cholera epidemic. Official epidemic projections, to date,
have failed to incorporate existing disease trends or patterns of transmission, while proposed
interventions have been debated without comparative estimates of their impact.

Methods—We designed mathematical models of cholera transmission and fit them to Haiti’s
provincial incidence data. We then simulated future epidemic trajectories to estimate the impact of
clean water, vaccination and enhanced antibiotic distribution programs.

Findings—The natural dynamics of cholera are expected to produce a prevalence decline by
mid-January 2011. Between March and December 2011, we project 779,000 (95% CI: 599,000-
914,000) cases and 11,100 (95% CI: 7,300-17,400) deaths from cholera in Haiti, over half of
which would be expected to occur in the Artibonite and Oueste provinces. If contaminated water
consumption were reduced by 1% per week, as per current efforts, we expect 105,000 cases (95%
Cl: 88,000-116,000) and 1,500 (95% CI: 1,100-2,300) deaths to be averted. A plan to vaccinate
10% of the population beginning on March 1 would be predicted to avert 63,000 (95% CI:
48,000-78,000) cases and 900 (95% CI: 600-1,500) deaths over the same period. By contrast, the
proposal to extend antibiotic use to all patients with severe dehydration and half of patients with
moderate dehydration would be expected to avert 9,000 (95% CI: 8,000-10,000) cases and 1,300
(95% CI: 900-2,000) deaths.

Interpretation—A decline in cholera prevalence in early 2011 is part of the natural history of the
epidemic, and should not be interpreted as reflective of the success of human interventions. Vibrio
cholerae in Haiti is expected to produce at least 750,000 cholera cases by November 2011,
substantially higher than official estimates currently used for resource allocation. In addition to
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clean water provision and vaccination, expanded access to antibiotics may avert thousands of
deaths.
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cholera; Haiti; mathematical models; vaccines; antibiotics; water

BACKGROUND

In October 2010, cholera was reported in Haiti for the first time in over 100 years. Within
weeks, the disease had been identified in every Department (province), and by the end of the
year, more than 150,000 cases and 3,500 deaths had been reported.! While the country
already faced poor water and sewage infrastructure, 23 Haiti’s sanitation services had been
further crippled by the devastating earthquake that had struck nine months prior, permitting
rapid epidemic spread of Vibrio cholerae bacteria.?

The United Nations announced epidemic projections within a month of the first reported
cases, arguing that 200,000 thousand cases were likely to occur within one year.®> While this
estimate is being used for budgeting and response mobilization for the epidemic, the method
of projection was crude at best: “Assuming all of the population (estimated at about 10
million for the purpose of this plan) is at risk of contracting cholera, and estimating a cholera
attack rate of 2% (not a conservative estimate, given the prevalence of risk factors for
cholera transmission including lack of safe water supply, poor sanitation conditions and the
rainy season), the estimated number of cases would be 200,000 (10,000,000 pop x 2%)".
This estimate ignores the transmission dynamics and pathogenesis of cholera, such as where
the bacteria is most likely to be transmitted, and how people can be asymptomatic carriers,
acquire immunity, or receive vaccination and treatment. There is also no empiric basis for
the estimated 2% attack rate. Two weeks later, the projection was doubled without
explanation. This figure—400,000 cases—has been widely cited by the press and aid
agencies.

As with the estimated burden of the epidemic, the projected impact of available
interventions remains subject to considerable debate. Many regional and international bodies
have focused on clean water provision for the population, mobilizing thousands of gallons of
water. Other groups have argued for vaccination, but some experts have argued that
vaccination will make little impact.® In March, the World Health Organization (WHO)
changed its position on the use of cholera vaccines,” which held that vaccination campaigns
would not be recommended after an outbreak had already begun, to instead allow for
consideration of pre-emptive vaccination to halt the spread of outbreaks to new areas. While
many groups now argue for vaccines to be deployed to Haiti, the paucity of vaccine supplies
has prevented significant deployment to the country. Several experts have also
recommended antibiotic use in moderate cases (5-10% bodyweight loss) to reduce
morbidity, duration and cost of illness, and bacterial shedding.8:° This recommendation,
however, contradicts international treatment guidelines,1? which recommend antibiotics only
for severe cases (>10% bodyweight loss), based on the premise that rehydration, not
antibiotics, saves lives. With the recent decline in cases, some groups have also
hypothesized that clean water provision efforts alone may already been addressing the
epidemilt‘i sufficiently, such that vaccination and antibiotics may not make much additional
impact.

Early in such epidemics, mathematical models have been used to gain a sense of the
potential size and duration of an epidemic, and to gain insights into the potential impact of
alternative control strategies. Here, we apply a mathematical model of cholera to the
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epidemic in Haiti to provide projections of future morbidity and mortality, and to produce
comparative impact estimates of proposed interventions.

METHODS

Model Structure

We constructed a mathematical model of cholera transmission based on prior models by
Codeco, King, Hartley, and Miller Neilan.12-15 The model is compartmental, describing
how individuals can transition between different states of susceptibility or infection with
cholera. In the model (Fig. 1), individuals begin as persons susceptible to infection, and are
at risk for consuming water contaminated with Vibrio cholerae. When an individual
consumes an infectious dose of Vibrio, they experience either symptomatic or asymptomatic
infection. Symptomatic individuals have a higher risk of mortality until they recover from
infection; during this period, they excrete Vibrio into the water reservoirs around them,
posing infection risks to susceptible individuals. Asymptomatic individuals have no
increased mortality risk, and they excrete cholera at a much lower rate than symptomatic
individuals. Recovered individuals are immune to re-infection, but immunity wanes over
time, returning individuals to the susceptible compartment where they can experience re-
infection.

Consistent with recent discoveries about cholera pathogenesis, we incorporate how V.
cholera has a brief period of hyper-infectiousness upon excretion into the environment.16:17
After this hyper-infectious period, the bacteria return to a “low infectious” state, whereby a
larger dose is required to cause infection. Vibrio also have a particular death rate within the
environment that is incorporated into the model.

The model is described by a series of seven differential equations (see Table S1 in Appendix
for detailed equations). Parameters describing the pathogenesis of cholera were defined by
literature estimates used in previously published models (see Table S2 in Appendix).

Model Calibration

We calibrated the model to data describing cholera-related hospitalizations, hospital deaths
and community deaths reported by the Haitian Ministry of Health in each Department from
October 31, 2010 through January 24, 2011.1 Some Departments only reported hospitalized
cases and did not report community cases. To estimate total cases in these provinces, we
multiplied their reported number of hospitalized cases by the highest ratio of community to
hospitalized cases among Departments that did report community cases (a ratio of 0.38).

Models were fit to the daily reported hospitalized cases and total deaths from cholera in each
department. Port-au-Prince was modeled separately from Oueste Department, in which it
lies, because data for the capital city have been reported separately.

The key parameters of uncertainty that were fit to the data were the rate of contaminated
water consumption, the mortality rate from symptomatic cholera, and the concentration of
cholera in the environmental reservoir at model initiation. We let these parameters’ values
be sampled from broad prior distributions and used 100,000 iterations of Markov Chain
Monte Carlo sampling using an Adaptive Metropolis algorithm to estimate their posterior
distributions by fitting the model to the data in each province.

The model was programmed in Python, and PyMC was used for MCMC parameter
estimation (version 2.0, MIT Open Source Initiative, Cambridge, MA).
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Epidemic Projections

We projected the number of cases occurring over the nine-month period from March 1
through November 30, 2011. For uncertainty analysis, we used Latin Hypercube Sampling
to draw 1000 times from the distributions of parameter values to generate 95% credible
intervals around our estimates of future projected cases and deaths. We also performed one-
way sensitivity analysis by varying each parameter over its range of possible values to
determine which parameters had the greatest influence on model projections. In particular,
we varied the proportion of hospitalized to total cases across a wide range based on evidence
from prior studies.

Simulated Interventions

We simulated the impact of clean water projects, vaccination and expanded antibiotic use on
the projected numbers of future cholera cases and deaths. All interventions were simulated
as being started on March 1, 2011. Given current estimates of clean water provision,18:19 we
simulated the impact of 1% per week reduction in the proportion of the population
consuming contaminated water.

For the vaccination simulation, we estimated that 67% of vaccine recipients would be fully
protected from the disease, having a mean duration of immunity of 2 years, based on data
from prospective clinical trials.20-21 We simulated the impact of 10% vaccination
(approximately 2 million doses, or 1 million recipients, total), being carried out over the
course of one month after March 1, based on current estimates of vaccine availability and
production capability.822 In sensitivity analysis, we varied the availability of vaccines from
1 million to 5 million doses.

To simulate the impact of antibiotics, we assumed that individuals received antibiotics on
the day of symptom onset. In accordance with cohort studies of antibiotic use among cholera
patients, we simulated antibiotics as shortening the duration of disease and the duration of
bacterial shedding, as well as reducing the quantity of cholera shed per day.23 Based on
prior clinical studies of V. cholera O1 infection,24 we estimated that 8% of patients had
severe diarrhea and were receiving antibiotics and that an additional 20% of patients had
moderate diarrhea and were not receiving antibiotics. We simulated the use of early
antibiotics in all severe and half of moderate diarrhea cases achieved over the course of 30
days from March 1, 2011 onwards based on current descriptions of the proportion of
moderately-ill patients who would present to health facilities and antibiotic availability
there.1® In sensitivity analysis, we projected the impact of providing antibiotics in 100% of
moderate cases. Additionally, we simulated interventions in conjunction by running the
model with multiple simulated interventions acting at the same time.

Funding: JRA is supported by the National Institutes of Health (NIGMS Grant No. U54
GM088558) and had responsibility for the decision to submit the manuscript. The content is
solely the responsibility of the authors and does not necessarily represent the official views
of the National Institutes of Health, which played no role in the study design, methods,
interpretation of results, the content of this manuscript, or the decision to submit it for
publication.

RESULTS

Our model projected 779,000 cases (95% CI: 599,000-914,000) of cholera to occur in Haiti
in the nine months following March 1, 2011, in the absence of new interventions (Table 1).
More than half of cases occurred in two Departments, Oueste and Artibonite, which are the
hotspots for transmission (Fig. 2). The prevalence of active cases naturally fell in most
Departments by mid-January because of the gradual accumulation of immunity and loss of
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susceptible persons. The model projected 11,100 deaths (95% CI: 7,300-17,400) due to
cholera during the period from March through November 2011.

Improvements in access to clean water, modeled as a 1% per week reduction in the
proportion of the population consuming contaminated water, were projected to avert
105,000 cases (95% ClI: 88,000-116,000) and 1,500 deaths (95% CI: 1,100-2,300) from
March through November 2011. Vaccinating 10% of the population was projected to avert
63,000 cases (95% CI: 48,000-78,000) and 900 deaths (95% CI: 600-1,500). Varying the
vaccinated proportion from 5% to 25% averted 32,000 cases (95% CI: 24,000-35,000) to
159,000 cases (95% CI: 118,000-193,000), respectively. Expanding early antibiotic use to
all severe and half of moderate cases was projected to avert 9,000 cases (95% CI: 8,000-
10,000) and 1,300 (95% CI: 900-2,000) deaths. Implementing both vaccination of 10% of
the population and antibiotic expansion would be expected to avert 73,000 cases (95% CI:
57,000-86,000) and 2,200 deaths (95% CI: 1,400-3,300). Vaccination averted more new
cholera cases, while antibiotics had a greater impact on the prevalence of cases by reducing
the duration of illness (Fig 3.). All three interventions were estimated to avert 170,000 cases
(95% CI: 138,000-193,000) and 3,400 deaths (95% CI: 2,300-5,200).

If hospitalized cases represented 50% of cases, the total number of projected cholera cases
from March through November would reduce to 664,000 (in the base case, hospitalized
cases were estimated to represent 38% of all cases); if hospitalized cases represented only
10% of total cases, the projected total case load would increase to 1,276,000 (see Appendix,
Figure A2). Across the ranges of parameters assessed, the projections were most sensitive to
the proportion of symptomatic patients hospitalized, proportion of cases that are
asymptomatic (case projections varied from 32% lower to 22% higher than the base case).
They were modestly sensitive to immunity duration (11% lower to 16% higher) and fairly
robust to the dose of cholera needed to cause infection (6% lower to 21% higher) and the
water reservoir size (6% lower to 13% higher).

Discussion

In contrast to the current UN projection of 400,000 cases from December 2010 to December
2011, a dynamic model of cholera incorporating key features of disease transmission and
pathogenesis projected over 750,000 to occur in just the 9-month period from March to
December 2011. While the prevalence of cholera is declining in Haiti, model projections
also reveal that this is an expected natural course of the epidemic, and does not necessarily
reflect the impact of human interventions.

The model demonstrates that the cholera epidemic in Haiti can be critically affected by
water distribution, vaccination and antibiotic expansion. Water has been the current focus of
most efforts, and consistent with the presumed impact of clean water provision, our model
found that efforts to distribute clean water may avert 105,000 cases and 1,600 deaths, more
than the individual impacts of antibiotics or vaccines. However, antibiotics and vaccines had
considerable additional impact beyond the impact of water alone; all three interventions
were projected to avert 170,000 cases and 3,400 deaths between March and December 2011.

The use of vaccines after the start of cholera epidemics has historically been controversial.
Until recently, the WHO had not recommended their use under such circumstances. WHO’s
recently revised guidelines now state that “reactive vaccination could be considered... as an
additional control measure” after thorough review of the epidemiology and infrastructure of
the setting.” Given that cholera has spread throughout Haiti, we could not project the impact
of “pre-emptive” vaccination to avert spread to new areas. However, recent studies have
supported the use of “reactive” cholera vaccination after the onset of an outbreak.2%26 We
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projected the random use of reactive cholera vaccination rather than the targeting of high-
risk communities, as data about the size and comparative hazard ratio for high-risk
populations in Haiti is not available. Hence, our model could under-estimate the impact of
vaccination if high-risk targeting is more potent than general distribution vaccination, but
this a limitation inherent in the type of model employed in this study. Alternatively, the
model may overestimate the effect of vaccination if a large proportion of the population has
had asymptomatic infection, as vaccination programs cannot distinguish susceptible
individuals from those with natural immunity through asymptomatic infection; however, the
same is true in field studies of vaccines from which vaccine parameters were taken.
Nevertheless vaccinating 10% of the population in this model was projected to avert 63,000
cases and 900 deaths.

The use of antibiotics in moderate cholera has likewise been the subject of controversy.
WHO guidelines recommend reserving antibiotics for severe cases, while many centers and
cholera experts recommend their use in moderate cases to reduce mortality, repeat
admissions, and shedding at home. Our findings support the latter position, suggesting that
expanding access to antibiotics to half of moderate-severity patients could avert 9,000 cases
and 1,300 deaths. We assume that individuals receiving antibiotics began them on the day of
symptom onset; we believe that this assumption is reasonable in light of prior clinical
studies reporting that patients typically present within the first day of symptoms, but
acknowledge that there may be variability across communities. A longer duration between
symptom onset and antibiotic initiation would diminish the modeled benefit of antibiotics.
We did not account for the possibility of increased resistance of circulating strains caused by
the antibiotic strategy.

As with all mathematical models, the results of this model are based upon assumptions
inherent to the modeling exercise. The scale up of interventions simulated, while plausible,
may be overly ambitious given the current healthcare infrastructure. Access to clean water
has undoubtedly been changing and will continue to do so over the course of the next year in
Haiti. Our estimates are projections based on fitting data to the current epidemiologic
scenario of sanitation and water provision, which hopefully—though not certainly—uwiill
provide the worst-case simulation. Whether the clean water intervention simulated is
plausible is uncertain; prior studies have shown that even simple and efficacious clean water
interventions may not be maintained.2” Even if achievable in some locations, such as Port-
au-Prince, it may not be plausible in more remote parts of the country. Furthermore, we did
not estimate the impact of decontaminating water reservoirs, as this would be difficult to
reflect in the type of model currently used to simulate cholera transmission. Recent evidence
has suggested that newer strains of cholera may cause more severe disease.?8 We utilized
prior data for V. cholera O1 and examined the impact of more virulent strains in sensitivity
analysis.

Many other factors not incorporated in this analysis, such as supply chain, nutrition, hygiene
practices, education, active case finding and overall socioeconomic development,
undoubtedly will impact the burden of cholera in both the short and long-term.2°
Additionally, it has been observed in many other settings that cholera prevalence increases
during rainy seasons, but in the absence of historical data on the interaction between the
rainy season and cholera in Haiti, our model could estimate the precise impact of these
factors. Should the rainy season worsen water contamination, our projections may be taken
as conservative, lower-bound estimates of future cholera burden.

Finally, since we use reported incidence to fit our models, under-reporting of cases could
alter model projections. Our model adjusted for the fact that a significant proportion of
symptomatic patients may not be hospitalized; the proportion estimated here (38%) through
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analysis of Ministry of Health data is consistent with estimates from prior studies.3%:31
However, differences in hospitalization rates and reporting practices between Departments
represent important parameters for future analysis as data becomes available, though it is
unlikely for such data to be available before the end of the epidemic, when such information
will be least useful for resource allocation or averting future deaths.

It is thought that the size of a water reservoir may be an important component of cholera
transmission models, in which the reproductive number (number of secondary cases
produced by each primary case) can be inversely proportional to the size of the water
reservoir (a dilution effect).32 In sensitivity analysis, we found that the water reservoir size
parameter in our model did not significantly impact our case projections, because our model
adjusted the water consumption rate to fit available data when the reservoir size was
changed, producing similar projections over a range of plausible water reservoir sizes. This
indicates that our results are robust to a wide variety of potential water-use settings in Haiti,
from smaller towns to larger cities.

The modeling of cholera transmission remains challenging and relatively primitive
compared to the modeling of many other infectious diseases. Human-environment-pathogen
interactions are not well described, particularly for the processes of contamination, water
consumption, and Vibrio cholerae behavior within the environment. Further studies are
needed to improve the parameterization of mathematical models of cholera. Nevertheless,
model-based analyses have yielded important insights into cholera epidemiology,
particularly early in epidemics when we can project the natural history of an outbreak and
provide estimates of how much impact hotly-debated interventions or policy changes may
produce. The alternative currently available for Haiti is a “best guess” that ignores current
disease rates or cholera pathogenesis and transmission, and may underestimate the resources
needed to avert future cases and deaths.

Research in Context

Systematic Review

The field of cholera modeling has been advancing substantially over the past decade. In
2001, Codeco extended a 1979 model by Capasso to qualitatively, describing how endemic
and epidemic cholera could be simulated through a series of differential equations
describing the interaction between concentrations of cholera bacteria in water reservoirs and
human hosts who consumed contaminated water.12 This model has been extended by King
to assess the impact of “inapparent infections” in Bengal; King’s model found inapparent
infections to be more common than previously thought and concluded that these
undiagnosed cholera cases could amplify the transmission and mortality caused by cholera
epidemics.14 Hartley adapted the Codeco model to also explore the importance of a
hyperinfectious state of cholera transmission, finding that a model incorporating the highly-
infectious state of cholera bacteria soon after shedding allowed for better predictions of
epidemics in Bangladesh.13 Applying these insights into epidemics in Calcutta, Miller
Neilan simulated alternative interventions during a cholera epidemic, arguing that
simultaneously enacting multiple interventions, such as vaccination, sanitation and
rehydration, was more effective that pooling all resources into one intervention such as
vaccination.1®

More recently, cholera models have been used to anticipate epidemics and design future
prevention strategies. Pascual and colleagues have published a series of papers assessing the
role of El Nifio weather effects on cholera outbreaks.33 Longini et al. has contributed
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longitudinal analyses of cholera data from Bangladesh to assess different types of immunity,
which may inform cholera vaccine design.343% A recent model by Reyburn et al. took such
information and showed that reactive vaccination during epidemics could have averted many
cases in Zimbabwe, India and Tanzania.26

There have been no epidemiologic models or analyses of cholera published to date that
assess the cholera epidemic in Haiti.

Interpretation

This analysis adapts prior models of cholera transmission to the epidemic in Haiti. While
current global estimates of the epidemic are based on the assumption that the epidemic will
attack 4% of the population, this assumption is essentially a guess—based on no data, and
ignoring the dynamics of cholera epidemics such as where people acquire the infection, how
they gain immunity, and what role human interventions such as water allocation or
vaccination may play. Our model-based analysis provides a framework for making more
reasonable predictions of epidemic size by fitting the model to Haiti’s data, and provides
comparative estimates of the potential impact of vaccination, antibiotics, and clean water
provision.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Model of cholera transmission.
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Figure 2.
Model projections of cumulative cases of cholera from the start of the epidemic by
Department (scale: thousands of cholera cases). Cases from Port-au-Prince were combined
with those from the remainder of Oueste Department here.
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Figure 3.

Impact of interventions on cholera prevalence in the four most heavily-burdened

Departments in Haiti. Interventions begin March 1, 2011 (dashed vertical line). Note the

different scale on the vertical axis for each Department.
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