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Cholera is preventable by providing clean water and adequate 
sanitation, hygiene education, food safety, oral cholera vaccines, etc., 
and readily treatable through oral rehydration therapy (ORT).1,2 It is 
endemic in many countries in Africa and South Asia, where several 
minor and major outbreaks have been reported.3 

A large-scale cholera outbreak in Zimbabwe demonstrated 
how a preventable and easily treatable enteric disease can have 
disastrous outcomes that can be exacerbated by a weak health system 
infrastructure, sub-optimal availability of and access to basic water/
sanitation, and lack of political will to improve the system. Between 
August 2008 and July 2009, 98 592 cases of cholera reportedly 
occurred in Zimbabwe alone, leading to 4 288 deaths (case fatality 
rate (CFR) 4.3%).4 The worst cholera outbreak affected all provinces 
in Zimbabwe and spread to South Africa, Mozambique, Zambia, 
Angola and Malawi.5

The Zimbabwean outbreak prompted a rethink about the most 
effective strategy to prevent and contain cholera outbreaks.6 This, 

together with changes in epidemiological trends of cholera and 
the availability of a new vaccine, resulted in the World Health 
Organization (WHO) issuing a new position paper concerning 
cholera outbreaks. The mainstay of control measures should be to 
provide appropriate treatment and improve water and sanitation, 
and community mobilisation. However, the WHO suggests that 
pre-emptive vaccination may play a role in preventing or containing 
outbreaks. The WHO also suggests that ‘reactive vaccination could 
be considered by local health authorities as an additional measure, 
depending on the local infrastructure and following a thorough 
investigation of the current and historical epidemiological situation, 
and clear identification of geographical areas to be targeted’.7 

Nevertheless, the GAVI Alliance (a public-private partnership 
to increase access to vaccines in the poorest countries) has not 
prioritised support for cholera vaccines in developing countries 
before at least 2013.8

Few studies have examined the value of cholera vaccines in 
controlling cholera outbreaks. To provide stakeholders and policy 
makers with information on the potential value of oral cholera 
vaccines and to provoke discussion, we used the Zimbabwe outbreak 
to explore the cost-effectiveness of a hypothetical reactive vaccination 
from the global society perspective. 

Methods
Base-case scenario for reactive vaccination 
using oral cholera vaccines
It is reported that: (i) the first case of the recent cholera outbreak in 
Zimbabwe occurred in mid-August 2008; (ii) the cholera outbreak 
was detected in September 2008; (iii) after its detection the Zimbabwe 
Health Cluster developed an operational plan to control the outbreak;9 

(iv) during the outbreak, the international community (United 
Nations (UN), WHO, governments, non-governmental organisations 
(NGOs), and other donors) worked with the Zimbabwean Ministry 
of Health and Child Welfare to control the epidemic, including 
the establishment of a Cholera Command and Control Centre 
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to co-ordinate responses and delivery of medicine and health 
equipment to health centers;10 (v) during the crisis, because of the 
health systems breakdown in Zimbabwe, most cholera patients were 
treated at cholera treatment centres (CTCs) or cholera treatment 
units (CTUs) that were temporarily opened across the country and 
mostly operated by NGOs such as Médecins Sans Frontières;11 and 
(vi) despite the large scale of the humanitarian response, by the end 
of July 2009, 98 952 cases and 4 288 deaths were recorded. 

We therefore hypothetically assumed that: (i) a reactive vaccination 
had been planned as an additional measure to contain the cholera 
outbreak during its early stage; (ii) a reactive mass vaccination 
campaign had been conducted starting from November 2008, and 
approximately 50% of the target population (individuals aged ≥2 
years, N=12  782 00012) had received two doses (7 - 14 days 
apart) of vaccine by the second week of December 2008; and (iii) 
protective efficacy had been achieved among all effectively vaccinated 
individuals by mid-December 2008, as cholera vaccines require about 
a week after the last dose administration to reach protective efficacy. 

Regarding the natural history of cholera and vaccine characteristics, 
we assumed that: (i) ~15% of reported (symptomatic) cholera events are 
severe cases2 requiring admission to medical facilities or CTCs/CTUs, 
and the remainder are mild to moderate, allowing outpatient treatment; 
(ii) the vaccine has 84% efficacy against symptomatic cholera (regardless 
of severity) and death;13 and (iii) the duration of protection is 6 months 
for children aged 2 - 4 years and 2 years for people aged ≥5 years.13

Decision-analytical approach
We developed a simple Excel-based model to calculate retrospectively 
the burden of the cholera outbreak in terms of disability-adjusted 
life years (DALYs) averted, with and without reactive vaccination 

using oral cholera vaccines (Fig. 1). We conservatively assumed that 
the reactive vaccination campaign would not have prevented any 
cholera cases or deaths that occurred before mid-December 2008 (i.e.  
18 413 cases and 976 deaths4), but would have reduced portions of 
the cholera cases and deaths recorded between mid-December 2008 
and the end of July 2009, depending on vaccine efficacy and coverage. 
Based on the assumed age distribution of the cholera events (caption 
Fig. 1) and Zimbabwe’s age-specific life expectancy14 and population 
projection,12 the model translated the known and assumed numbers 
of cholera episodes and deaths with and without reactive vaccination 
into DALYs, following WHO recommended methods15 (Fig. 1). For 
resource use, we included direct medical costs (programme costs and 
cholera treatment costs) only. The primary outcome measure was 
incremental cost per DALY averted. To assess parameter uncertainty 
and examine the implications of alternative assumptions to the base-
case, we performed comprehensive sensitivity analyses including: 
(i) univariate and multivariate sensitivity analyses; (ii) a threshold 
analysis; and (iii) a scenario analysis, by varying the values of key 
uncertain variables or assumptions one at a time or in combination 
over plausible ranges. 

Assumptions on herd immunity effect
A crucial issue in estimating the cost-effectiveness of mass vaccination 
campaigns using oral cholera vaccines is whether they provide herd 
immunity effects and, if so, how the level of potential herd immunity 
depends on vaccine coverage. Studies by Ali et al.16 and Longini et 
al.17 suggest that mass vaccination using oral cholera vaccines can 
confer indirect protection to unvaccinated individuals. Based on 
their findings we explored the potential impact of herd immunity 
due to oral cholera vaccination, in one set of analysis considering 

herd immunity, assuming 
that vaccinating 50% of the 
Zimbabwean population would 
have lead to overall protection 
of about 93% (we relied on 
the findings from Bangladesh, 
where cholera is endemic, 
because of a lack of studies 
in settings like Zimbabwe 
where cholera is considered 
epidemic). Although the 84% 
vaccine efficacy assumed in 
our analysis is higher than 
that (50% for susceptibility 
and 70% for infectiousness for 
a population in Bangladesh) 
used in the simulation study by 
Longini et al.17 and may lead to 
a higher overall vaccine efficacy 
against symptomatic cholera, 
we conservatively assumed 
an overall vaccine efficacy of 
93%, in part for comparability 
with a study that explored the 
implications of herd immunity18 

based on the same findings.16,17

Assumptions on 
resource use
To estimate the resource use 
associated with a hypothetical 
react ive vaccination 

Fig. 1. Schematic of the cost-effectiveness model. The primary outcome measure is incremental costs per disability-
adjusted life year (DALY). A DALY is a summary measure of population health that incorporates mortality and mor-
bidity; it is calculated from the sum of the number of years lost due to premature mortality (years of life lost, YLL) and 
the number of years of survival with disability (years lived with disability, YLD). To calculate DALYs due to cholera, 
the age distributions of the cholera cases and deaths for the entire population are needed. Based on the data observed 
in the Mudzi district between early October and mid-December 2008,24 we assumed that approximately 9%, 14%, and 
77% of the cases occurred in age groups 0 - 4 years, 5 - 14 years and 15 years and older, respectively. The correspond-
ing percentage distributions of all cholera deaths were 13%, 9% and 78%, respectively. The YLL due to cholera were 
calculated based on age-specific life expectancy at cholera death. In calculating YLD due to cholera, we assumed 5 days 
of duration for cholera and a disability weight of 0.119 for an episode of diarrhoea. We used a 3% discount rate and 
uniform age weights on equity grounds. 
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Ratio ICER = ∆C / ∆E

Using GDP per capita 
as proxy for societal 
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programme, we considered direct medical costs (vaccination 
programme costs and medical treatment costs) only, not including 
direct non-medical costs such as transportation and patient time 
costs. All costs were expressed in 2008 US dollars. For the vaccination 
programme costs, we included vaccine purchase costs and vaccine 
delivery costs. For the base-case analyses, we assumed per-dose prices 
of US$1 and $5 and a 10% vaccine wastage rate, but widely varied 
these assumptions in the sensitivity analysis. For vaccine delivery, 
we assumed US$0.50 per dose, which is often assumed for average 
vaccine delivery costs in low-income countries, for comparability, 
but varied the value up to $2.40 per dose (based on the per-child 
operational costs for a measles campaign in Zimbabwe19) in the 
sensitivity analysis. In the absence of reactive vaccination, direct 
medical costs were assumed to be the total costs for treating cholera 
cases. Estimating such costs using an ingredient approach (numbers 
of units used multiplied by unit cost of each item) is challenging, as 
no detailed data are available. Accordingly, as a proxy for cholera 
treatment costs, we relied on the aggregate costs associated with 
running CTCs or CTUs during the outbreak (Table I). The base-case 
medical treatment cost under no reactive vaccination was assumed to 
be $36 million, but was varied widely in the sensitivity analysis owing 
to the high parameter uncertainty, e.g. we assumed an upper limit 
of $131 million, which is 1.5 times greater than the humanitarian 
aid given by the international community for the Zimbabwe cholera 
crisis between 2008 and May 2009 (~$87 million, according to UN 
reports20,21). The medical treatment costs under reactive vaccination 
were based on the same approach but were assumed to decrease 
in proportion to the reduction in cholera cases/deaths due to 
vaccination (summary Table I). 

Results 
Base-case results
The total numbers of cholera cases and deaths reported during 
the Zimbabwe cholera crisis were translated into 78 240 DALYs 
(discounted at 3%). If reactive vaccination had been conducted 
approximately 2 - 3 months after the outbreak had started, under 
the base-case assumptions without considering herd immunity (50% 
coverage and 84% vaccine efficacy), approximately 32 570 cases 
(~33% reduction) and 1 320 deaths (~31% reduction) could have 
been averted, equating to approximately 23 650 DALYs averted (~30% 
reduction). Incorporating the potential impact of herd immunity, 
approximately 72 110 cases, 2 920 deaths and 52 360 DALYs could 
have been averted (Table II). 

Under the base-case assumptions (50% coverage, $36 million of 
total treatment costs, and vaccine delivery cost of $0.50 per dose), 
if vaccine price per dose had been set at $5, the total vaccination 
programme costs would have been ~$74.1 million. Assuming a 
vaccine price of $1 per dose, the corresponding total would have 
been ~$20.6 million. Without reactive vaccination the total cholera 
treatment costs would have been ~$36.0 million. Under a reactive 
cholera vaccination programme the medical treatment costs would 
have been decreased to ~$9.8 million and ~$24.2 million, respectively, 
with and without considering potential herd immunity.

Combining the health and cost outcomes, without herd immunity, 
under the base-case assuming $5 per vaccine dose, the estimated 
incremental cost per DALY averted was $2 770. Assuming a vaccine 
price of $1 per dose, the incremental cost was substantially reduced 
to $370. When we assumed that reactive cholera vaccination at 50% 
coverage could have conferred herd immunity, the incremental 
cost-effectiveness ratio was $980 per DALY averted with a per-dose 
vaccine price set at $5, and, when we used a per-dose vaccine price 
of $1, the reactive vaccination programme was cost-saving (Table II). 

Uncertainty analysis
In the one-way sensitivity analysis, the results were most sensitive 
to CFR, per-dose vaccine price and the size of epidemic (i.e. 
total number of cholera cases), regardless of consideration of herd 
immunity (Fig. 2). Using the WHO’s approach, which considers an 
intervention with a cost-effectiveness ratio less than the GDP per 
capita (~$200 for Zimbabwe) ‘very cost-effective’ and one with a 
cost-effectiveness ratio less than 3 times the GDP per capita (~$600) 
‘cost-effective’, under the assumption of herd immunity, the break-
even values of vaccine efficacy above which reactive vaccination 
could be considered very cost-effective or cost-effective were 66% 
and 42%, respectively. Without considering herd immunity, no 
corresponding break-even values within the possible range (0 - 
100%) were identified (Table III). For vaccine price, the break-even 
costs for cost-saving were $0.38 and $1.40, respectively, with and 
without herd immunity (Table III). Fig. 3 illustrates the two-way 
sensitivity analysis results using two of the influential parameters, 
vaccine price and total cholera treatment costs. Table IV presents 
selected results of a scenario analysis in which a comprehensive 
set of key variables/assumptions were varied over plausible ranges, 
in combinations taking into account correlations among different 
variables/assumptions. These suggest that the incremental costs per 
DALY averted cost-effectiveness profiles of the hypothetical reactive 
vaccination may vary widely across scenarios. 

Table I. Assumptions on resource use

Items Baseline estimates Ranges Sources

Vaccination costs
Vaccine price (per dose)* (US$) 1 or 5 0.50 - 10 Assumed
Vaccine wastage rate (%) 10 0 - 20 Assumed
Delivery costs (per dose) (US$) 0.50 0.10 - 2.40 Assumed
Disease treatment costs
Total cholera treatment cost (US$) 36M 18M - 131M Assumed
Monthly cost for operating a CTC† (US$) 30 000 20 000 - 50 000 Assumed9

Total CTC (mo.)‡ 1 200 1 000 - 1 500 Assumed11

CTC = cholera treatment centre; M = million.
*The price of a prequalified oral cholera vaccine ranges from $7 to $30 per dose, but the manufacturer offers a lower price for WHO-supported programmes.6 A newer killed whole-cell bivalent 
vaccine without a B subunit is expected at about US$1 per dose.25 The two base-case per-dose prices $1 and $5 were therefore chosen. 
†The monthly cost of operating a CTC with capacity of 50 patients was assumed based on the known operational standard and monthly budget for personnel costs ($22 605) for a CTC and the 
costs of a diarrhoea kit (including medication, equipments and supplies for treating 500 patients with diarrhoeal disease) (~$6 000).
‡ Value assumed based on the weekly numbers of active CTCs or cholera treatment units (CTUs) reported during the outbreak (e.g. it is reported that ~365 CTCs/CTUs were being operated 
during the first week of February 2009).
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Discussion
We show that reactive vaccination using oral cholera vaccines could 
have been effective and cost-effective in halting a large-scale cholera 
outbreak. However, these outcomes can vary widely depending on 
choices of parameter values and assumptions, e.g. the scale and 

severity of the outbreak, vaccine price, and the presence and level 
of herd immunity. For example, in our base-case analysis, the cost-
effectiveness ratios that are based on four different combinations of 
vaccine price and assumptions on the presence of herd immunity 
ranged from cost-saving to $2 770 per DALY averted. Our results 
are probably a conservative estimate of the impact of the reactive 
cholera vaccination because: (i) the reported cases and deaths are 
probably underestimates owing to the limited capacity to obtain 
accurate disease statistics, particularly during the early phase of the 
outbreak (we recognise that there may also be over-reporting, given 
that a small number were laboratory-proven while the majority were 
clinically diagnosed during the outbreak); (ii) we did not include the 
cholera burden in neighboring countries as a result of the Zimbabwe 
outbreak; and (iii) we did not include the health benefits that might 
be realised in the year after the outbreak (i.e. between August 2009 
and July 2010) through reduction in cholera cases among vaccinated 
individuals aged ≥5 years while vaccine efficacy lasts. 

Our study weaknesses are mainly associated with uncertainty due 
to data gaps and the questionable feasibility of the reactive campaign 
scenario of our model. We could not evaluate in depth the feasibility 
of achieving a high coverage rate among individuals of such a wide 
age range in a short time during a cholera crisis. Also, we were not 
able to fully explore what the epidemic outcomes would have been 
like if different sub-populations or geographical areas had been 
targeted or if the reactive vaccination had been initiated earlier or 
later with different scales. Owing to data gaps, we relied on rough 
assumptions in estimating the costs for cholera management and 
for a vaccination campaign. The base-case estimates of both costs 
might be underestimates given the narrow scopes of cost items 
considered (however, for vaccine cost-effectiveness considerations, 
underestimating both costs concurrently may have limited impact, 
since treatment and vaccination costs influence incremental 
cost-effectiveness ratios in opposite directions). To address some 
limitations we performed a comprehensive uncertainty analysis 
including threshold analysis and scenario analysis. Our findings 
should be carefully interpreted when considered for different settings, 
since some parameter values may be specific to the size and severity 
of the Zimbabwe outbreak and demographics (e.g. age-specific life 
expectancy), and epidemiology may vary by country.

Fig. 2. One-way sensitivity analysis results. Panel (A) shows the potential 
incremental cost-effectiveness ratios (ICERs) of reactive cholera vaccination 
as key parameter values are varied over plausible ranges. Panel (B) shows 
the corresponding ranges of ICERs when assuming potential herd immunity 
(overall ~93% reduction at 50% coverage).

ICER ($/DALY averted)
0     1K     2K     3K     4K     5K     6K     7K    8K    9K   10K   11K   12K

Case Fatality Rate [1%, 20%]

Vaccine price per dose [$0.50, $10.00]

Vaccine efficacy [43%, 95%]

Size of epidemic: total cholera cases    
[49 476, 148 428] 

Discount rate [0%, 6%]

Total cholera treatment costs 
[$18M, $131M]

Vaccine delivery cost per dose
[$0.10, $2.40]

Vaccine wastage [0%, 20%]

(A) Without considering potential herd immunity (base-case vaccine price: $5 per dose)

ICER ($/DALY averted)

0     1K     2K     3K     4K     5K    6K     7K     8K    9K   10K   11K   12K

Case Fatality Rate [1%, 20%]

Vaccine price per dose [$0.50, $10.00]

Vaccine efficacy (overall) [43%, 95%]

Size of epidemic: total cholera cases 
[49 476, 148 428] 

Discount rate [0%, 6%]

Total cholera treatment costs 
[$18M, $131M]

Vaccine delivery cost [$0.1,$2.4]

Vaccine wastage

(B) Considering potential herd immunity (base-case vaccine price: $5 per dose)

K=thousand, M=million

Table II. Cost-effectiveness of reactive vaccination using oral cholera vaccines (base-case results)

Outcomes No vaccination
Reactive vaccination
(without herd immunity)

Reactive vaccination
(with herd immunity)

No. of cholera cases 98 952 66 387 26 842
No. of cholera deaths 4 288 2 969 1 367

Assuming $5 per vaccine dose
Cost (US$) 36 000 000 101 552 000 87 166 000
Incremental cost (US$) - 65 552 000 51 166 000
Effectiveness (DALYs) 78 242 54 596 25 882
Incremental effectiveness (DALYs averted) - 23 647 52 360
ICER (US$/DALY averted) - 2 770 980

Assuming $1 per vaccine dose
Cost (US$) 36 000 000 44 745 000 30 359 000
Incremental cost (US$) - 8 745 000 -5 641 000
Effectiveness (DALYs) 78 242 54 596 25 882
Incremental effectiveness (DALYs averted) - 23 647 52 360
ICER (US$/DALY averted) - 370 Cost-saving

DALY = disability-adjusted life year; ICER = incremental cost-effectiveness ratio.
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This analysis is exploratory and intended to stimulate discussion 
and debate regarding reactive vaccination to control cholera 
outbreaks. It provides insights into the practical challenges that might 
be associated with reactive vaccination and the potential value of the 
intervention, and suggests areas of future study.

The Zimbabwe cholera outbreak is considered to be over. However, 
the threat of another cholera outbreak remains, especially since the 
nearly-collapsed water/sanitation infrastructure and weak public 
health system that probably helped spark the last outbreak remain;22 

further, the population still faces multiple crises such as hunger, high 
HIV/AIDS prevalence, and continued failure in economic recovery, 
with high unemployment and widespread poverty. The threat of 
cholera also looms over other vulnerable countries in Africa and 
other regions (recent outbreaks in Pakistan and Haiti) that face 
similar challenges. While in the long term improvement of water 
and sanitation as specified in Millennium Development Goal 7 is of 
paramount importance (also to reduce the burden of other diseases), 
given the slow progress towards improved sanitation,23 cholera 
vaccination may be a critically important tool to prevent or contain 
both endemic and epidemic cholera in the short term. 

To plan and organise a reactive vaccination campaign in the early 
phases of a cholera outbreak is challenging, since the unfolding of an 
outbreak is hard to predict. Other challenges include the feasibility of 
stockpiling of cholera vaccines, which require a cold chain, for a large 
campaign, and reaching a targeted population within a short period 
during a crisis. Justifications for considering reactive vaccination as 
an additional measure to control cholera epidemics include: (i) the 
5-year cumulative reported numbers of cholera cases has increased 
globally since 2001;3 (ii) the existing humanitarian responses to 
cholera crises may provide a high level of funding such that savings 
on humanitarian aid may largely offset the costs of reactive mass 
vaccination campaign in some vulnerable countries (as illustrated 
in our exploratory analysis); and (iii) a new lower-cost vaccine may 
become available with much improved logistics (i.e. no requirement 
for a buffer, which facilitates vaccine use under field conditions).13 
Given these facts, the international community should seriously 
consider selective use of reactive vaccination in some vulnerable 
countries experiencing complex humanitarian crises. 

Future studies may help policy makers refine the approach to 
cholera outbreak control: (i) epidemiological studies focused on its 
natural history (e.g. potential presence and duration of protection 
after natural infection) and the age and gender distribution of cholera 
cases/deaths could identify more effective strategies to control endemic 
and epidemic cholera; (ii) the development of an advanced model to 
better predict the outbreak and spread of cholera would be useful; (iii) 
more evidence on herd immunity conferred by oral cholera vaccines 
could help design appropriate control measures (e.g. determining 
effective and cost-effective level of vaccination coverage), particularly 
in communities where immune status has been compromised by other 
infections, especially HIV; (iv) as current oral cholera vaccines require 

Table III. One-way threshold analysis results

Key parameters

Without herd immunity With herd immunity

Threshold 
(cost-saving)

Threshold
(1×GDP per 

capita)*

Threshold 
(3×GDP per 

capita)†
Threshold 

(cost-saving)

Threshold 
(1×GDP per 

capita)*

Threshold 
(3×GDP per 

capita)†

Size of epidemic (total cases of cholera) NA 1 371 560 457 187 NA 483 476 161 158
Vaccine efficacy (%) NA NA NA NA 66 42
CFR (%) NA 60.2 20.1 NA 21.2 7.1
Vaccine price per dose (US$) 0.38 0.72 1.38 1.40 2.13 3.61
Vaccine delivery cost NA NA NA NA NA NA
Total cholera treatment costs under a 
cholera outbreak (US$)

235.2M 220.8M 192.1M 106.2M 91.8M 63.1M

*Very cost-effective.
†Cost-effective.
NA = cases in which there are no solutions within the assumed possible ranges of parameter values; CFR = case fatality rate; M = million.

Fig. 3. Two-way sensitivity analysis results. Two of the influential para- 
meters (vaccine price and total cholera treatment costs) were used. For each 
of the two proxies for cost-effectiveness, the upper-left region represents com-
binations of the two key parameter values with which reactive cholera vac-
cination can be considered cost-effective; the two lines indicate combined 
thresholds under each of the two proxies for cost-effectiveness, e.g. in panel 
(A), using a cost-effectiveness threshold based on one time per capita GDP 
($200 for Zimbabwe), a total of $50 million for cholera treatment would be 
justified if the vaccine price per dose were $1.

(A) Without considering potential herd immunity

(B) Considering potential herd immunity
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two doses and WHO guidelines recommend targeting a broader age 
range of individuals for outbreak control, identifying effective ways 
to reach individuals and scale up a cholera vaccination programme 
should be a high priority, e.g. studying the benefits of a reactive 
campaign at the sub-national scale such as a province hit relatively late 
during a course of cholera outbreak; and (v) comprehensive evaluation 
of cost-effectiveness and affordability of multiple strategies, including 
ORT, water and sanitation system improvement, hygiene education, 
and pre-emptive or reactive vaccination – alone and in combination – 
would inform the development of a co-ordinated control strategy that 
is feasible and sustainable. 

In conclusion, reactive vaccination has the potential to be a cost-
effective measure to control cholera outbreaks in some vulnerable 
countries at high risk. However, the feasibility of its implementation 
should be further evaluated, and caution is needed in transferring our 
findings to different settings.
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Table IV. Scenario analysis results

Scenario No.

Key parameters ICER (US$/DALY averted)

Burden of outbreak Intervention Resource use (US$) Without herd immunity With herd immunity*†‡

Size of epidemic 
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