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Achieving coordinated national immunity and cholera 
elimination in Haiti through vaccination: a modelling study
Elizabeth C Lee*, Dennis L Chao*, Joseph C Lemaitre*, Laura Matrajt*, Damiano Pasetto, Javier Perez-Saez, Flavio Finger, Andrea Rinaldo, 
Jonathan D Sugimoto, M Elizabeth Halloran, Ira M Longini Jr, Ralph Ternier, Kenia Vissieres, Andrew S Azman†, Justin Lessler†, Louise C Ivers†

Summary
Background Cholera was introduced into Haiti in 2010. Since then, more than 820 000 cases and nearly 10 000 deaths 
have been reported. Oral cholera vaccine (OCV) is safe and effective, but has not been seen as a primary tool for 
cholera elimination due to a limited period of protection and constrained supplies. Regionally, epidemic cholera is 
contained to the island of Hispaniola, and the lowest numbers of cases since the epidemic began were reported 
in 2019. Hence, Haiti may represent a unique opportunity to eliminate cholera with OCV.

Methods In this modelling study, we assessed the probability of elimination, time to elimination, and percentage of 
cases averted with OCV campaign scenarios in Haiti through simulations from four modelling teams. For a 10-year 
period from January 19, 2019, to Jan 13, 2029, we compared a no vaccination scenario with five OCV campaign 
scenarios that differed in geographical scope, coverage, and rollout duration. Teams used weekly department-level 
reports of suspected cholera cases from the Haiti Ministry of Public Health and Population to calibrate the models 
and used common vaccine-related assumptions, but other model features were determined independently. 

Findings Among campaigns with the same vaccination coverage (70% fully vaccinated), the median probability of 
elimination after 5 years was 0–18% for no vaccination, 0–33% for 2-year campaigns focused in the two departments 
with the highest historical incidence, 0–72% for three-department campaigns, and 35–100% for nationwide 
campaigns. Two-department campaigns averted a median of 12–58% of infections, three-department campaigns 
averted 29–80% of infections, and national campaigns averted 58–95% of infections. Extending the national campaign 
to a 5-year rollout (compared to a 2-year rollout), reduced the probability of elimination to 0–95% and the proportion 
of cases averted to 37–86%.

Interpretation Models suggest that the probability of achieving zero transmission of Vibrio cholerae in Haiti with 
current methods of control is low, and that bolder action is needed to promote elimination of cholera from the region. 
Large-scale cholera vaccination campaigns in Haiti would offer the opportunity to synchronise nationwide immunity, 
providing near-term population protection while improvements to water and sanitation promote long-term cholera 
elimination.

Funding Bill & Melinda Gates Foundation, Global Good Fund, Institute for Disease Modeling, Swiss National Science 
Foundation, and US National Institutes of Health.

Copyright © 2020 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.

Introduction
On Jan 12, 2010, a massive earthquake struck Haiti, 
displacing more than 1 million people and further 
disrupting the already inadequate water and sanitation 
infrastructure.1 In October, 2010, pandemic Vibrio cholerae 
O1 was introduced into Haiti for the first time by soldiers 
from the UN Stabilization Mission, who were themselves 
using deficient sanitation facilities.2 This initiated one of 
the largest cholera outbreaks in the modern era, resulting 
in more than 600 000 reported cases and more than 
7000 reported deaths in the first 2 years.3 Subsequent 
studies suggest that more deaths might have occurred, 
especially in rural communities with limited access to 
health services and poor disease surveillance.4 Cholera has 
since become endemic in the country, resulting in more 
than 820 000 reported cases and nearly 10 000 deaths as of 
Jan 18, 2020. Although incidence rates have declined 

substantially in the past few years, in 2018, more than 3700 
cholera cases and 41 deaths were reported across nine of 
the ten departments (first-level administrative units) in 
Haiti (no cases were reported in the tenth department).5 

Killed oral cholera vaccine (OCV) has become accepted 
as a safe and effective tool for cholera prevention and 
control. The standard two-dose course is 76% (95% CI 
62–85) effective against clinical disease.6 However, pro-
tection from the vaccine wanes over time, and OCV is far 
less effective in young children than in adults (vaccine 
efficacy is 30% in children younger than 5 years).6 
Further, despite prequalification of the vaccine by WHO 
in 2011 and establishment of the global OCV stockpile 
in 2013, vaccine supply is constrained by a limited global 
manufacturing capacity. Approximately 23 million doses 
were delivered per year in 2018 and 2019 to serve the 
estimated 1·3 billion people who are at risk worldwide,7,8 
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and requests from the OCV stockpile exceeded annual 
production. For these reasons, OCV is not generally 
considered a practical tool for sustained cholera 
elimination, since herd immunity would be difficult to 
achieve and maintain.

However, the situation in Haiti could present a unique 
opportunity to eliminate cholera from a region through 
the use of vaccine as a complement to invest ment in 
long-term water, sanitation, and hygiene infrastructure. 
Outside Haiti, the Americas are largely free from 
sustained cholera transmission. Only the Dominican 
Republic, which shares the island of Hispaniola with 
Haiti, has reported active transmission, but at far lower 
rates (2800 suspected cases annually in 2014–17 vs 58 700 
in Haiti), and the last reported cases were in 2018.9–17 
Further, Haiti is a fairly small country (<13 million 
people) compared with other countries with endemic 
cholera such as the Democratic Republic of the Congo 
(85 million people) and Bangladesh (160 million people). 
If mass vaccination could achieve coordinated immunity 
to cholera throughout Haiti, and this immunity could be 
maintained for a long enough period to clear cholera 
from local water supplies, the country would become 
cholera free, and would probably remain so because of 
the low historical probability of introduction.1

Several previous studies have simulated the impact of 
cholera control interventions in Haiti. Two studies 
compared the effects of OCV campaigns and water, 
sanitation, and hygiene improvements.18,19 However, 
most examined effects only within the first few years 
of the outbreak (when epidemic cholera dynamics 
prevailed),18–21 did not perform long-term projections,19,21,22 
focused on a single department,23 or analysed historical 
OCV campaigns.20,24

In this study, we assessed the impact of five 
prospective OCV campaign scenarios compared with a 
status quo scenario (no vaccination) for a projected 
10-year period in Haiti. Four independent modelling 
teams expanded on previously developed models of 
cholera transmission and vaccination inter ven tions in 
Haiti21,22,25,26 to simulate the effects of mass vaccination 
campaigns of varying geographical scope, vaccination 
coverage, and rollout duration to assess the probability of 
elimination, time to elimination, and percentage of 
cases averted in each scenario. The aim of these 
analyses was to determine the feasibility of cholera 
elimination in Haiti if the status quo (which includes 
regional and local cholera control measures but no 
vaccination) were maintained and through OCV use 
alone, and to inform ongoing policy discussions about 

Research in context

Evidence before this study
We searched PubMed without language or date restrictions on 
Oct 4, 2019, for all records matching (“cholera*” AND “Haiti” 
AND (“vaccin*” OR “elim*”)) in any field and added one known 
article on the probability of elimination of cholera that was not 
indexed by PubMed to our review. Of 94 results, four articles 
were not about the cholera outbreak in Haiti or the use of 
cholera vaccination and 34 were not original research articles. 
14 articles presented research on cholera biology or cholera 
vaccine biology, through discussion of Vibrio cholerae genetics, 
immunogenicity of oral cholera vaccine (OCV), or prospective 
vaccine candidate antigens. 20 articles assessed the 
effectiveness of OCV, evaluated OCV campaign implementation 
or attitudes and knowledge about cholera control, or presented 
lessons learned about outbreak response and policy as a result 
of the cholera outbreak in Haiti. Seven articles were about 
general cholera outbreak epidemiology in Haiti, and six articles 
were broadly related to cholera transmission modelling but not 
in Haiti or were not about the impact of vaccination. Of the 
nine remaining articles, five examined the impact of potential 
OCV campaigns at an early timepoint (2010–11), when the 
cholera outbreak in Haiti still exhibited epidemic dynamics, and 
one projected the impact of OCV campaigns planned after 
Hurricane Matthew in 2016. Two of the articles considered 
prospects for cholera elimination in Haiti in 2013 and 2014 and 
found that further targeted interventions were needed. One 
study from 2017 modelled the potential for OCV campaigns to 
eliminate cholera transmission in the Ouest department.

Added value of this study
Although the lowest number of cholera cases in Haiti since the 
outbreak began was reported in 2019, model simulations 
suggest that V cholerae transmission could persist without 
additional cholera control interventions. We found that, 
although a single two-department vaccination campaign may 
avert roughly 13–58% of V cholerae infections over a 5-year 
period, only a nationwide campaign led to a high probability of 
cholera elimination in our modelling simulations. Previous 
assessments of the impact of OCV use in Haiti were made early 
during the outbreak when OCV campaigns were unlikely to 
lead to cholera elimination. Our study projects cholera 
transmission in Haiti with multiple years of more recent data, 
and directly examines the prospect of cholera elimination 
without an OCV vaccination campaign (that is, maintaining 
the status quo)  and under various mass OCV campaign 
scenarios. In bringing together results from four modelling 
teams, our study provides robust evidence about the current 
state of cholera transmission across Haiti and the potential 
impact of several mass OCV campaign scenarios.

Implications of all the available evidence
Although cholera elimination might be possible without large-
scale vaccine or water and sanitation interventions, this work 
provides strong support that ambitious nationwide vaccination 
campaigns could break the cycle of endemic cholera 
transmission in Haiti as long-term improvements to water and 
sanitation infrastructure are made. 
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the scope and rollout of potential OCV campaigns in 
Haiti in the near future.

Methods
Study overview
In this modelling study, we examined the health impact 
and feasibility of cholera elimination in Haiti with mass 
vaccination campaigns by establishing a consortium of 
four independent research teams that had previously 
modelled cholera transmission in Haiti. Teams fit their 
models to a common cholera incidence data source and 
generated model projections of true and reported cholera 
incidence for 10 years beyond the end of the data available 
for model fitting. Six projections were produced by 
each model: a status quo (no vaccination) scenario and 
five vaccination campaign scenarios that differed by 
deployment and vaccination coverage. Teams were asked 
to estimate the probability of cholera elimination, time to 
cholera elimination, and the health impact of mass OCV 
campaigns for each scenario.

Project coordination
We discussed the goals of the project and methods with 
partners in the Haiti Ministry of Public Health and 
Population at the onset of this initiative for feedback on 
the approach and primary assumptions. Once work had 
started, we had several consultative meetings in Haiti 
and by teleconference with epidemiologists, researchers, 
and clinicians who were involved in the cholera response 
in Haiti in their individual capacities.

For ease of comparison, the consortium decided on 
common parameters and assumptions related to 
vaccine protection and vaccine campaign logistics 
(detailed in the following sections). We also shared 
common data sources, used common definitions of 
disease elimination, and produced comparable outputs 
for figures and analyses. All other modelling decisions 
and assumptions were left to the discretion of each 
team, as described in appendix 3. The final models 
underwent internal review from at least one other team.

Data sources
All teams calibrated their models to publicly available 
weekly department-level reports of suspected cholera 
cases from the Haiti Ministry of Public Health and 
Population website.5 Data were available for the 
epidemiological week ending on Oct 23, 2010, to the 
week ending on Jan 12, 2019 (figure 1). Teams also had 
access to optional shared data sources on diagnostic 
testing and previous OCV campaigns, which were used 
to calibrate or validate the models (appendix 3 pp 3–4).

Epidemiological modelling
The models ranged from simple stochastic compart-
mental models to agent-based models of cholera 
dynamics in the entire country (table). Model 1 (Johns 
Hopkins Bloomberg School of Public Health, Baltimore, 

MD, USA) repre sented all of Haiti as a single population 
in a stochastic compart mental model. Model 2 (Fred 
Hutchinson Cancer Research Center, Seattle, WA, USA; 
and University of Florida, Gainesville, FL, USA) was 
a deterministic metapopulation model and Model 3 
(École Polytechnique Fédérale de Lausanne, Lausanne, 
Switzerland) was a stochastic metapopulation model, 
each of which had an inde pendent approach to model-
ling interdepartmental connectivity and the dynamics 
of cholera reservoirs. Model 4 (Institute for Disease 
Modeling, Bellevue, WA, USA) was an agent-based 
model that used a synthetic representation of the Haitian 
population, and its household structure, connectivity, 
and interaction with aquatic reservoirs. Supplementary 
methods, results, and model code are available from all 
modelling teams in appendix 3 (p 12–16) and online. 

Teams simulated six scenarios that used different 
combinations of parameters for vaccine campaign 

Figure 1: Historical cholera incidence in Haiti
(A) Weekly reports of cholera to the Ministère de la Santé Publique et de la Population in Haiti from October, 2010, 
to January, 2019, with an inset of the period after January, 2017. The grey box represents the 2-year vaccination 
campaign period in the modelling exercise. (B) Map of reported cholera incidence per 1000 people from 2017 to 
2018 across Haitian departments.
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logistics and vaccination coverage (figure 2). These 
strategies included four vaccine campaign deployment 
strategies, each starting the day or week (depending on 
model implementation) after the last data point used for 
model calibration (week ending Jan 12, 2019). Campaigns 
targeted departments in order of highest to lowest 
2017–18 cumulative incidence (figure 1, appendix 3 p 5) 
and distributed 4–21 million doses across different 
scenarios (appendix 3 p 5). 

The six scenarios were as follows: maintaining the 
status quo (no vaccination); an OCV campaign over 
2 years with baseline vaccination coverage, limited to the 
two departments most affected by cholera (Centre and 
Artibonite), similar to the national cholera elimination 
plan for Haiti28 (two-department); an OCV campaign 
over 2 years with baseline vaccination coverage, limited 
to the depar tments of Centre, Artibonite, and Ouest 
(which includes the populous capital Port-au-Prince; 
three-department); a national OCV campaign over 
2 years with baseline vaccination coverage (national); a 
national OCV campaign over 5 years with baseline 
vaccination coverage (slow national); and a national 
OCV campaign over 2 years with high vaccination 
coverage (high-coverage national).

All four models included a seasonally varying 
transmission parameter, with some driven by rainfall 
and others making no mechanistic assumptions 
(table). Models 1, 2, and 3 had two calibration periods 
(for periods of epidemic and endemic dynamics), and 
simulated future scenarios based on parameters fit 
to the more recent calibration period. Concomitant 
non-vaccine interventions and changes to cholera risk 
factors such as access to improved water and sanitation 
were not explicitly modelled. All models assumed that 
external conditions except those related to vaccination 
campaigns remained constant during the projection 
period.

Vaccination coverage
Killed OCVs are licensed as a two-dose regimen, with 
doses taken at least 2 weeks apart.6 Our baseline scenario 
assumes that vaccine coverage is the same in all 
departments, with 70% two-dose coverage, 10% one-dose 
coverage, and 20% receiving no vaccine. In the high-
coverage campaign, departments were assumed to 
achieve 95% two-dose coverage and 1·67% one-dose only 

coverage, with 3·33% receiving no vaccine by the end of 
the campaign.

All teams assumed that initial vaccine protection 
was 76%, as estimated by a recent case-control study in 
Haiti.29 We estimated waning vaccine protection for 
60 months after vaccination by fitting a log-linear 
weighted regression model to the raw data from a 
published meta-analysis on killed OCV efficacy against 
medically attended culture-confirmed cholera (figure 2, 
appendix 3 p 6).6 To be conservative, we assumed that the 
vaccine provided no protection after the end of 5 years.

The four models made different assumptions about 
the types of protection provided by the vaccine. In 

Spatial scale Seasonality 
function

Environmental 
transmission

Age 
structure

Spatial transmission 
dynamics

Model 122 National Basis splines None None None

Model 2 Department Sinusoidal Yes None Road and river networks

Model 324–27 Department Rainfall-driven Yes None Calibrated human mobility

Model 421 1 km × 1 km grid Rainfall-driven Yes Yes Road and river networks, 
commuting

Table: Summary of key model features across teams

Figure 2: Vaccination campaign scenarios and vaccine protection 
assumptions
(A) Summary of the geographical scope, vaccination campaign deployment, and 
total number of oral cholera vaccine (OCV) doses needed for each of the 
five modelled vaccination campaign scenarios. Departments in white did not 
receive any OCV doses in a given campaign. (B) Vaccine protection assumptions 
for two doses administered to adults, two doses administered to children, and 
one dose administered to adults.
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Model 1, vaccination reduced the probability of clinical 
disease and individual infectiousness. In Model 2, 
Model 3, and Model 4, vaccination reduced susceptibility 
to infection.

According to estimates from a recent meta-analysis, in 
children aged less than 5 years OCV is on average 46·9% 
as effective as in adults.6 As there are limited data on 
vaccine efficacy and effectiveness among children, we 
used this conservative multiplier to adjust the adult 
vaccine protection for children younger than 5 years 
(figure 2, appendix 3 p 6). Children aged 5 years or older 
were assumed to have the same protection as adults.

In the first year after vaccination, individuals who 
received a single vaccine dose were assumed to have the 
same protection as those with two doses, after which the 
single-dose protection dropped to zero, similar to results 
from a case-control study in Haiti (figure 2, appendix 3 
p 6).30,31 

Model outcomes
Each team estimated the probability of elimination within 
10 years after the start of each vaccination campaign, 
which was defined as the proportion of simulations that 
achieved less than one infection with V cholerae 
(in c luding reported and unreported infections) over at 
least 52 consecutive weeks. Within the context of our 
model ling exercise, a 10-year period without resurgence 
was deemed adequate to represent true elimination of 
dis ease transmission (ie, V cholerae would be unlikely to 
be reseeded in the population from human or 
environmental reservoirs within Haiti). As defined in 
these experiments, elimination represents a state of no 
underlying trans mission, and not a state of no reported 
cases. We also recorded the elimination date for each 
simulation, which was defined as the start of the period in 
which a simulation achieved less than one cholera 
infection for at least 52 consecutive weeks. 

In addition to elimination metrics, we estimated the 
cumulative number of infections in a given scenario and 
calculated the median percentage of infections averted in 
each scenario after the start of the vaccination campaign 
(compared with the status quo scenario).

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report. The corresponding author had full 
access to all the data in the study and had final 
responsibility for the decision to submit for publication. 

Results
Teams performed model selection, model calibration, and 
assessment of model fit independently (appendix 3 
p 12–61). Model 1 and Model 4 were best at capturing the 
timing of both 2010 and 2011 epidemic peaks, whereas 
Model 2 best captured the magnitude of the 2010 epidemic 
peak and missed the 2011 peak entirely (appendix 3 p 7). 

Model 3 did not calibrate Ouest department until June, 
2017, but the model fits for the other nine departments 
were well calibrated to the timing and magnitude of 
seasonal oscillations during the epidemic period 
(appendix 3 p 41). The range of 95% CIs for all model fits 
captured the actual weekly reported cases in Haiti during 
the last year of the calibration period (Jan 19, 2018, 
to Jan 18, 2019), but median estimates overestimated 
reported cases (appendix 3 p 7). Model 2 and Model 3 
median estimates best captured the magnitude of 
reported cases in the last calibration year. Across models, 
median estimates for weekly reported cases ranged from 
20 (95% CI 0–877) in Model 2 to 832 (0–1004) in Model 4 
during the last week of the calibration period (week 
beginning Jan 12, 2019), when 37 cases were actually 
reported. We estimated that, as of Jan 19, 2019, 40–93% 
(range of the median estimates across models) of the 
Haitian population was susceptible to infection with 
V cholerae (appendix 3 p 11).

The consensus across the four models is that a 2-year 
nationwide campaign with coverage similar to that 
achieved by previous, smaller scale, OCV campaigns in 
Haiti (70% two-dose coverage)32,33 has a moderate chance 
of achieving true cholera elimination 5 years after the start 
of the campaign (34–100% of simulations, summarised 
across teams; figure 3, appendix 3 p 10). If high coverage 
is achieved (95% two-dose coverage), the models agree 
that cholera elimination is almost guaranteed after a 
nationwide campaign (88–100% of simulations). By 
contrast, simulations with vaccine deployment based on 
Haiti’s most recently published national strategy to elimi-
nate cholera, which aimed to target 1·8 million people 
primarily in the two most cholera-affected departments 
(Centre and Artibonite),34 suggest that this strategy has a 
very low probability of achieving elimination (0–33% of 
simulations) through OCV alone. There was a substantial 
difference between the outcomes of the two-department and 
three-depart ment campaigns (the median probability of 
elimination across models ranged from 0% to 65% 
5 years after the start of vaccination campaigns) because 
the three-department campaign administered more than 
2·5 times more doses than the two-department campaign. 
Although the models were designed primarily to examine 
the impact of vaccination campaigns, we also projected 
cholera incidence without future vaccination campaigns, 
and found that, across models, there was a 0–18% 
probability of elimination by January, 2024.

We examined the date of elimination (the first day after 
the start of vaccination campaigns on which there was less 
than one infection in total for at least 52 consecutive 
weeks) in model and scenario simulations that achieved 
elimination (figure 3). The median elimination date for 
Model 1 was within 1 year of the end of vaccination 
rollout for the two-department campaign (September, 2021) 
and three-department campaign (March, 2021), and in 
the middle of the vaccination rollout for all three 
national campaigns (ranging from December, 2019, to 

For Model 1 (Johns Hopkins 
Bloomberg School of Public 
Health) see https://www.doi.
org/10.5281/zenodo.3360991

For Model 4 (Institute for 
Disease Modeling) 
see https://www.doi.
org/10.5281/zenodo.3360885

For Model 2 (Fred Hutchinson 
Cancer Research Center and 
University of Florida) see 
https:/www.doi.org/10.5281/
zenodo.3360857

For Model 3 (École 
Polytechnique Fédérale de 
Lausanne) see https://www.doi.
org/10.5281/zenodo.3360723
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https://www.doi.org/10.5281/zenodo.3360723
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https://www.doi.org/10.5281/zenodo.3360991
https://www.doi.org/10.5281/zenodo.3360885
https://www.doi.org/10.5281/zenodo.3360885
https:/www.doi.org/10.5281/zenodo.3360857
https:/www.doi.org/10.5281/zenodo.3360857
https://www.doi.org/10.5281/zenodo.3360723
https://www.doi.org/10.5281/zenodo.3360723


Articles

e1086 www.thelancet.com/lancetgh   Vol 8   August 2020

November, 2020). The median elimination date for 
Model 2 was mostly outside the vaccination rollout period 
of the campaigns (ranging from June, 2021, to April, 2024), 
whereas the median elimination date for Model 3 was 
always before the end of the vaccination campaigns 
(ranging from March, 2020, to May, 2021). Model 4 
achieved elimination only in the national (median 
elimination date in November, 2021) and high-coverage 
national scenarios (median elimination date in June, 2021). 

We also compared the percentage of averted infections 
within 5 years of the start of vaccination campaigns for 
various scenarios (figure 4, appendix 3 p 11). The two-
department cam paign averted a median of 13–58% of 
infections, the three-department campaign averted a 

median of 29–80% of infections, the national 2-year 
campaign averted 58–94% of infections, the national 
5-year campaign averted 37–86% of infections, and the 
high-coverage national 2-year campaign averted 80–94% 
of infections across models.

Discussion
Although the cholera epidemic declined substantially in 
Haiti in the year after completing this analysis, our 
results suggest that cholera transmission may persist, 
with historically observed rates of under-reporting and 
asymptomatic infection. In 2019, Haiti’s national plan for 
the elimination of cholera proposed to primarily target 
the two departments with the highest cholera incidence 
(Centre and Artibonite) for mass vaccination campaigns;34 

however, our multimodelling study suggests that this 
strategy would avert 13–58% of infections within a 5-year 
period and yield a low probability (0–33%) of achieving 
elimination. Only when the models simulated a 
nationwide vaccination campaign with a fairly short 
rollout duration (2 years) did all models project at least 
some probability of elimination, with 58–95% of 
infections averted within a 5-year period.

The consideration of mass OCV use in Haiti should 
not be construed as a call to decrease efforts to improve 
access to safely managed and sustainable water and 
sanitation facilities in the country. Instead, the model 
results, which suggest a low probability of elimination 
under the current conditions, should be used to motivate 
much larger investments in comprehensive interventions 
that also include this crucial infrastructure. The UN 
Haiti Cholera Response Multi-Partner Trust Fund, 
established in response to the UN’s responsibility for 
introducing V cholerae into Haiti, is far from reaching its 
US$400 million fundraising goal. Haiti’s cholera control 
plan, and indeed the capacity of its health system to 
respond to epidemic disease, is likewise underfunded. 
Although the estimated Haitian population living in 
households with an improved water source increased 
from 65% to 74% between 2012 and 2017, 32% of the 
population remained more than 30 min away from a 
water source by their primary means of travel in 2017 and 
the largest-scale water and sanitation improvements 
remain focused on urban areas.35 Universal access to 
clean water and sanitation is a crucial component of the 
UN Sustainable Development Goals and a human right, 
and, until further progress is achieved, Haiti remains 
vulnerable to reintroduction of cholera (appendix 3 p 11). 
However, halting endemic transmission through 
vaccination could remove pandemic cholera from the 
Americas for decades, protecting vulnerable populations 
from one of the deadliest water-borne pathogens.

The incidence of cholera in Haiti has declined steadily 
since 2012, and some think that the country could be on 
track to elimination with current control activities. 
Indeed, from the completion of our modelling exercise 
in February, 2019, to the time of writing (June, 2020), no 

Figure 3: Model outcomes for probability of elimination and elimination date
(A) Probability of elimination across simulations during the 10-year projection period across four models in 
six primary scenarios. (B) Median elimination date (points) and 95% CIs (error bars) for each model and scenario 
across simulations that achieved elimination. Point size represents the percentage of simulations that achieved 
elimination. Model scenarios with no depicted information had zero probability of elimination. For each panel, 
the grey shaded area depicts the duration of the vaccination campaign.
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confirmed cases of cholera have been reported in Haiti, 
although active surveillance has been greatly impacted 
by sociopolitical unrest.5 Comprehensive multisectoral 
inter ventions, including identification of cases in the 
com munity; appropriate treatment of patients; water, 
sanitation, and hygiene interventions; and case-area-
targeted rapid response teams might have contributed 
to a change in the evolution of the outbreak, although 
few studies have measured the impact of individual 
interventions.36,37 Under robust surveillance, observing 
zero cases for 1 year may support evidence for true 
elimination (appendix 3 p 10). However, prolonged 
periods of civil unrest and fuel shortages resulted in 
extended durations of limited movement in Haiti in 
2019,38 and, combined with a report of lower-than-
expected sensitivity for stool culture,39 current surveil-
lance activities could miss some cases.

Further, our modelling shows that periods of low-to-no 
detected cholera cases followed by disease resurgence are 
possible (appendix 3 pp 8–9), and resurging outbreaks 
from the same genetic clade of V cholerae in Yemen 
suggest that resurgence without new introduction is 
possible in real-world settings.40 Model simulations 
suggest that the probability of true elimination (in 
contrast to the absence of clinical cases) is low (0–18% of 
simulations) without changes to current conditions. As 
immunity from the original outbreak and the 
870 000 vac cinated individuals from November, 2016, to 
May, 2018 (appendix 3 p 11), wanes in Haiti, and as 
susceptible birth cohorts expand, it is not unreasonable 
to believe that the country could be at risk of a cholera 
resurgence. Hence, continued, vigilant surveillance is 
necessary.

Each model had its own set of limitations with regard to 
its mechanisms for characterising cholera trans mission 
and vaccine dynamics; not all models in our exercise 
included spatial heterogeneity in cholera transmission, 
population movement data, population dynamics, and 
environ mental reservoir or transmission components 
(appendix 3 pp 12–61). The collective exercise was limited 
by an absence of data on loss of immunity after natural 
infection, the importance of environmental reservoirs in 
cholera transmission, and reporting and asymptomatic 
rates of cholera in Haiti (appendix 3 p 6), and the inability 
to predict changes in future disease control measures 
and dynamic disease transmission regimes. However, all 
models explicitly incorporated parameter uncertainty to 
some extent in their estimates, which mitigates some 
of these limitations. Indeed, the strength of the multi-
modelling exercise was that model results were interpreted 
collectively, thus individual model assumptions and 
parameters were treated as sensitivity analyses for the 
modelling exercise as a whole.

We interpreted divergence in the model results as a 
signal of greater uncertainty. Model 1 and Model 2 
estimated higher probabilities of elimination for the 
limited vaccination scenarios than did Model 3 and 

Model 4 (figure 3A); Model 1 lacked the spatial compart-
mentalisation that may have reduced the probability of 
elimination in other models, whereas Model 2 had a 
longer infectious period, shorter duration of immunity 
from natural infection, and a constant (but lower, 
comparable mean) value for vaccine protection during 
the period of vaccine-induced immunity (appendix 3 
pp 6, 12–61). Simulations tended to achieve elimination 
earlier in Model 1 and Model 3 than in Model 2 and 
Model 4 (figure 3B), which may be related to the short-to-
non-existent persistence of V cholerae in the environment 
in Model 1 and Model 3 (appendix 3 p 6). In general, 
Model 4 had outlying results (figure 4), but it was the 
only model that was not separately calibrated to the 
initial epidemic and later endemic transmission 
periods. More over, as a result of its fine spatial scale, 
Model 4 was able to sustain cholera transmission up to 
2019 only with relatively high transmission rates, 
leading to a relatively large number of infections of 
V cholerae throughout the projection period.

If vaccine supplies and other resources were uncon-
strained, a mass vaccination campaign in Haiti would 
have few disadvantages, since the vaccine has few, if any, 
side-effects. In reality, OCV supplies are severely limited, 
resources for public health are insufficient, and mass 
OCV campaigns no longer seem likely in Haiti given the 
absence of reported, confirmed cholera cases. Should 

Figure 4: Cumulative infections from February, 2019, to February, 2024
Median estimate (points) with 95% CIs (error bars) of cumulative infections 
from February, 2019, to February, 2024, by model and projection scenario. 
The period from February, 2019, to February, 2024, represents a 5-year period 
from the start of the vaccination campaigns.
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cases re-emerge, the unique situation in Haiti represents 
a rare opportunity to use OCV to eliminate cholera from 
an entire region of the world, rather than as a temporary 
measure to respond to continuing flare-ups and disasters. 
Our modelling study suggests that this goal is achievable 
with a high-quality, large-scale campaign with high 
population coverage. Such an effort would represent an 
innovative, and perhaps radical, use of public health 
resources, but might offer substantial long-term benefits 
and provide a reprieve to the already stretched public 
health facilities and emergency response sector in Haiti. 
If a large-scale OCV campaign prevented future out-
breaks for decades, it would ultimately consume fewer 
resources than maintaining the current conditions.

Our study lends credence to the idea that large 
vaccination campaigns that result in synchronised 
immunity in the population can lead to substantial 
reduction in cholera transmission and may even lead to 
sustained elimination in settings that are isolated from 
new V cholerae introductions. Recent efforts from the 
WHO-led Global Task Force on Cholera Control have 
spurred many cholera-affected countries to begin 
developing national cholera control plans that integrate 
activities from several sectors. As we work towards the 
goal of global cholera elimination, and as cholera-affected 
countries become surrounded by cholera-free areas 
with minimal probability of new introductions, our study 
suggests that national mass vaccination campaigns 
may become a viable strategy for cholera elimination in 
other settings. Coupled with investments in large-scale 
public water and sanitation systems, mass vaccination 
campaigns could transform the health of millions of 
people worldwide.
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Cholera remains a public health threat in Haiti
Because of the significant decrease in the incidence 
of cholera in Haiti in recent years, there has been a 
tendency among public health agencies to lower guards 
and become increasingly complacent about prevention 
measures. In April, 2019, during an evaluation meeting 
with technical and financial partners in cholera control, 
officials at the Ministry of Health in Haiti celebrated the 
low number of reported cases and fatalities as a victory. 
However, cholera is still a major public health problem 
in the country: there are an increasing number of 
unreported cases due to a poor surveillance system, and 
there is a risk of disease resurgence.

In a modelling study in The Lancet Global Health, 
Elizabeth Lee and colleagues estimate the health impacts 
of various cholera vaccination campaign scenarios in 
Haiti using simulations from four modelling teams. They 
find that there is a low probability of cholera elimination 
if the current situation is maintained (no vaccination), 
and that, among the vaccination campaigns assessed, 
only nationwide campaigns had a high probability of 
elimination. This report highlights the need to remain 
vigilant in the fight against cholera, and could be used 
to mobilise stakeholders, particularly at the global level, 
where vaccine supply constraints and difficulties in 
mobilising funds remain an issue. The report could also 
help to reactivate the UN’s promise of a trust fund to 
compensate those affected and help in the elimination 
process (given the role of the organisation in the 
introduction of cholera to Haiti),2 the follow-up of which 
has been inconsistent while the country has faced serious 
financial challenges in its efforts to combat the disease.

Since the development and large-scale production of 
new vaccines, cholera has become a vaccine-preventable 
disease and vaccination has become a tool in cholera 
control and elimination plans in several countries world-
wide. Lee and colleagues provide important information 
about how a vaccination campaign can fit within a plan 
to eliminate cholera in an individual country—something 
that has not been achieved in modern times, and on which 
more research needs to be conducted. Despite limited 
effectiveness, the cholera vaccine is safe, and working on 
a proof-of-concept strategy for cholera elimination with 
vaccination at the forefront may therefore be worthwhile.

Implementation of the strategy to improve water, 
sanitation, and hygiene (WASH) has been very slow in 

Haiti. According to the World Bank, the proportion of 
Haitians who benefitted from basic water and sanitation 
facilities decreased from 62% in 1990 to 52% in 2015; 
over the same period, the sanitation level in urban 
areas declined by 3%.3 Even in 2020, clean water and 
sanitation are still a major problem. Since the beginning 
of the outbreak in Haiti, there have been competing  
views about ways to control and ultimately  eliminate 
cholera on the island of Hispaniola, with some viewing 
WASH and vaccination approaches as mutually exclusive. 
Therefore, one key question that needs to be addressed 
is how WASH, natural immunity, and past vaccination 
each contribute to the decreasing incidence of cholera in 
the country. This would help to indicate best practices in 
the elimination process moving forward.

From a global public health perspective, implemen-
tation of WASH activities is often slow in low-
income and middle-income countries because it is 
an intervention that goes beyond the scope of public 
health actors. It is therefore important to show the 
impact of vaccination as a new effective and safe tool 
to fight cholera in these countries and to set WASH 
metrics as long-term goals. Lee and colleagues show 
that elimination of cholera on the island of Hispaniola 
is feasible even in the context of slow implementation 
of the WASH strategy. However, despite the substantial 
decrease in incidence in recent years, it will be important 
to maintain focus on prevention measures because of 
the health risks associated with the endemic circulation 
of Vibrio cholerae and the possibility of resurgence of the 
disease, which has already taken a heavy toll on the life 
and wellbeing of the Haitian population, particularly 
among the most vulnerable sectors. 
I declare no competing interests.
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Cholera in Haiti

We carefully read the recently 
published study by Elizabeth Lee 
and colleagues (August, 2020).1 We 
have substantial concerns about the 
results of the four models, which are 
in contrast with the current absence 
of actual cholera cases in Haiti since 
February, 2019.

All four models largely failed to 
predict the actual collapse of the 
cholera epidemic over the past 
18 months.1 Models 1 and 3 also 
predicted an earlier median elimination 
date with no vaccination than with 
a high-coverage national campaign. 
Such major discrepancies challenge 
the robustness and architecture of 
models and might originate from three 
debatable assumptions. 

First, all models included a parameter 
for  infectious asymptomatic 
individuals, although long-term 
asymptomatic carriers of Vibrio cholerae 
are very uncommon. The bacterial 
load required to get cholera far 
exceeds carriers’ low level of bacterial 
excretion,2 and their responsibility in 
outbreak emergence has never been 
established to our knowledge. 

Second, models 2, 3, and 4 also 
included a parameter for a long-term 
environmental reservoir of cholera. 
But the long-term persistence of 
cholera in Haitian environments has 
never been confirmed and is currently 
under investigations by several teams 
on the field. Besides, the possibility 
of a late resurgence of cholera from 
environmental reservoirs has been 
invalidated by major worldwide 
studies based on the whole-genome 
comparison of cholera strains.3 

Finally, none of the four models 
included the nearly 50 000 case-area 
targeted interventions that were 
implemented since 2013 through 
a nationwide strategy coordinated 
by the Haitian Ministry of Health 
and UNICEF.4 Furthermore, Lee 
and colleagues failed to cite the 
effectiveness quasi-experimental 
study done in Haiti, which suggests 

that prompt and intense interventions 
could significantly shorten and 
mitigate cholera local outbreaks.5

In summary, this modelling study 
provides a disconnected picture of the 
cholera situation in Haiti and leads 
to an unfounded recommendation 
for a national oral cholera vaccine 
campaign to eliminate cholera. This 
recommendation raises questions, 
since six of the authors are affiliated 
with four different institutions that 
acknowledge support from the Bill 
& Melinda Gates Foundation—an 
organisation that also strongly 
advocates for the oral cholera vaccine, 
has funded vaccine production and 
stockpiling, and has also proposed 
US$10 million for a campaign in 
Haiti. This evident competing interest 
should have been declared.
We work for two French university hospitals, which 
have been mandated by the Haitian Ministry of 
Health and UNICEF-Haiti and granted by UNICEF-
Haiti to provide a nationwide case-area targeted 
intervention strategy to control cholera with 
prospective epidemiological analysis and 
evaluation. UNICEF had no role in decision to 
publish and preparation of the manuscript.

Copyright © 2020 The Author(s). Published by 
Elsevier Ltd. This is an Open Access article under the 
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We were very surprised to read 
the recently published Article by 
Elizabeth Lee and colleagues1 and the 
linked Comment by Jeannot François.2 
We believe both pieces might deeply 
mislead readers about the current 
epidemiological situation of cholera 
in Haiti.

In the Article, Lee and colleagues 
acknowledge that “the lowest number 
of cholera cases in Haiti since the 
outbreak began was reported in 
2019” and “from… February, 2019, to 
the time of writing (June 2020), no 
confirmed cases of cholera have been 
reported in Haiti”.1 However, they only 
report epidemiological data for 2018 
and calibrated their models up until 
January, 2019.

Without any supporting evidence, 
the Article and the related Comment 
postulate “an increasing number 
of unreported cases due to a poor 
surveillance system”.2 Because the 
study defines elimination as “less 
than one infection with [Vibrio] 
cholerae (including reported and 
unreported infections) over at least 
52 consecutive weeks”,1 one cannot 
help but wonder which system will 
certify this elimination even if it is 
achieved through vaccination.

Conversely, the imperfect yet 
efficient surveillance system of the 
Haitian Ministry of Health managed 
to confirm the onset of the epidemic 
within 48 h in October, 2010, 
and recorded on a daily basis over 
800 000 suspected cases, with over 
9000 bacteriologically confirmed 
cases, nearly 10 000 deaths, and 
countless other qualitative essential 
information ever since.3,4 Despite the 
recent economic crisis, political unrest, 
and COVID-19 epidemic, the Haitian 
Ministry of Health still provides 
epidemiological reports on its website 
that have no clusters of suspected 
cholera cases, nor cholera deaths 
since February, 2019. Additionally, 
cultures from nearly 2000 consecutive 
stool samples taken throughout the 

country have remained negative for 
V cholerae O1 since February, 2019.5 
Lee and colleagues should be aware 
of this essential information, since 
several of them are affiliated to 
Partners in Health, an organisation 
actively involved in the cholera 
microbiological surveillance in 
Haiti. Therefore, we consider these 
omissions in the Article as a crucial 
misinformation.

We strongly agree with Lee and 
colleagues that the UN should fulfil 
its promise of compensation to those 
affected, and that investment in large-
scale public water and sanitation 
systems would benefit Haitians’ 
health. However, we sincerely doubt 
that a nationwide vaccination 
campaign would currently meet the 
basic conditions of the principle of 
beneficence.
We declare no competing interests.
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Authors’ reply
We appreciate  the  careful 
consideration of our Article1 from 
Stanislas Rebaudet and colleagues and 
Jean Hugues Henrys and colleagues, 
but we must respectfully disagree 
with most of their concerns about our 
study. 

Our work sought to understand 
the potential impact of mass oral 
cholera vaccination campaigns and 
their consequent synchronisation 
of population immunity in the 
unique Haitian context, where 
local transmission in the Americas 
was geographically isolated and 
importation risk has been historically 
low. This modelling study in no 
way constitutes a recommendation 
for a national cholera vaccination 
campaign in Haiti. The Bill & Melinda 
Gates Foundation and other funding 
organisations during the conduct and 
outside of our study had no role in 
the concept, design, data collection, 
writing, review of, or decision to 
publish these results. 

Our work explores the potential 
impact of the campaigns that had 
been planned by the Haitian Ministry 
of Health at the start of the study, and 
of campaigns with a larger scope.2 As 
more countries set their sights on 
cholera elimination, understanding 
situations where mass oral cholera 
vaccination campaigns could produce 
long-lasting effects is crucial because 
supplies of vaccine are scarce. The 
study design, objectives, and our 
conclusions were informed by multiple 
collaborative consultations with 
colleagues in the public health sector 
in Haiti.

Recognising that individual models 
might provide unreliable predictions, 
we focused on consensus results across 
models with different assumptions 
about cholera  transmission, 
interventions, and immunity in the 
Haitian population. Although we did 
not individually model water and 
sanitation improvements and other 

non-vaccination interventions, this 
approach does not invalidate our 
results. Our work assessed the effect 
of vaccine on top of existing measures, 
because the model calibration 
procedures estimated transmission 
parameters under the empirically 
observed conditions (not in the 
absence of all interventions) from 
Oct 23, 2010, to January, 2019, the 
time of analysis. Furthermore, because 
most models were simulated at the 
department scale, these relatively 
macro-level disease dynamics would 
probably prevail over the effect of 
small-scale interventions with unclear 
effectiveness.

We modelled underlying infections 
and applied a theoretical definition of 
elimination: less than one infection 
of Vibrio cholerae over a consecutive 
1-year period. We recognise that 
it would be near-impossible for a 
surveillance system to certify zero 
infections in a real-world setting, but 
a simulation study does not need 
a proxy definition of elimination; 
elimination can be determined 
directly. Rebaudet and colleagues 
expressed concern about the early 
median times to elimination in the no-
vaccination scenario, but this might 
stem from their misinterpretation 
of the results. Almost all model-
scenario combinations predicted 
a small probability of elimination 
shortly after the end of the calibration 
period (meaning that the absence 
of cases after February, 2019, 
was within the predicted range of 
outcomes). However, an increased 
proportion of simulations that would 
have had persistent transmission 
actually achieved elimination 
under vaccination scenarios in 
our study; thus, median times to 
elimination were delayed relative to 
the no-vaccination scenario because 
additional simulated eliminations 
were caused by the vaccination 
campaign.

Rebaudet and colleagues  are 
nevertheless justified in their concern 
that few simulations projected the 

absence of confirmed cases since 
February, 2019, and we acknowledged 
this fact in our Article and discussed 
potential contributing factors. 
However, we stand by the fact that 
the absence of reported cases could 
be due to limitations in surveillance. 
We do not dispute that the total 
number of cases of diarrhoea in Haiti 
has been substantially reduced and 
cholera is well controlled in Haiti, but 
the absence of reported cases does 
not necessarily mean that cholera is 
completely absent.

The Haitian National Surveillance 
System has performed very well under 
extremely challenging circumstances, 
and we applaud the work of the 
Ministry of Health and partners. But 
when elimination (not just disease 
control) is the objective, a surveillance 
system must be even more exacting to 
reach even a pragmatic, public health 
definition of elimination. Although 
the global cholera community has not 
defined the minimum requirements 
of a surveillance system to declare 
elimination, these requirements 
might reasonably include active 
case finding, enhanced laboratory 
surveillance of a representative 
sample of individuals with diarrhoea 
and all individuals with suspected 
cholera, and community-based 
surveillance. Through consultations 
with implementers and Haitian public 
health officials and, because several 
study coauthors work in the rural 
health system of Haiti, we are aware 
of some gaps between the laudable 
stated goals of cholera surveillance 
and actual delivery. For example, 
interruptions in ability to transport 
samples during extended periods of 
sociopolitical crisis in 2019, minimal 
decentralised laboratory infrastructure 
for stool sample cultures, and from 
April to August, 2020, large reductions 
in attendance for diarrhoea at health 
centres in the Centre and Artibonite 
departments of Haiti while the health 
system responded to COVID-19. In 
epidemiologic weeks 1–33 of 2020, 
one decentralised laboratory did 
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only 183 stool sample cultures for a 
geographical region with a population 
of 3·8 million people.3 Coupled with 
high rates of self-administration 
of antibiotics in general outpatient 
visits,4 and imperfect sensitivity of 
culture for V cholerae,5 V cholerae O1 
infections could reasonably be missed.

We are aligned with Henrys 
and colleagues and Rebaudet and 
colleagues in our desire to ensure 
sustained control of cholera in Haiti, 
and believe elimination is possible. 
Reinforcing surveillance, and in some 
places executing on already-planned 
enhancements, will be an important 
way to document that goal.
The declaration of interests remain the same as in 
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