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Abstract: Objectives: In this study, we examine the allocation of oral cholera vaccines
(OCVs) across 25 African countries between 2013 and 2019. Methods: We constructed a
dataset combining cholera outbreaks and requests, decisions, and deliveries of OCVs from
the Global Task Force on Cholera Control, alongside additional covariates. Using machine
learning algorithms, we assess the relative importance of socio-demographic, governance,
and weather variables in predicting cholera outbreaks. We constructed and used an “index
of cholera risk” as an instrumental variable to predict the likelihood of suspected cases and
estimate the impact of cholera outbreaks on OCV allocation. Results: The majority of OCVs
(77.4%) were allocated reactively. Governments took an average of 299.6 days to request
doses, international agencies took 10.4 days to decide, and it took 84 days for vaccines to be
delivered. Countries experiencing a cholera outbreak were 31.7 and 36.5 percentage points
more likely to request and receive a vaccine delivery in the same month as the outbreak,
respectively. We confirmed that the probability of obtaining vaccines through a reactive
mechanism was 48.4 percentage points higher compared to preventive allocation. When
exploring the heterogeneity of impacts, OCVs were more likely to be requested, allocated,
and delivered in countries with strong institutions and those not facing crisis situations.
OCVs were also more likely to be allocated in the central parts of the continent. Conclusions:
While OCV allocation is responsive to cholera outbreaks, addressing delays, particularly in
high-risk countries, could improve their distribution and mitigate the impact of cholera
outbreaks. This study highlights the need for targeted strategies to ensure vaccine access in
fragile and conflict-affected settings, where institutional capacity is weaker.
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1. Introduction

Cholera is an acute diarrheal disease caused by ingesting food or water contaminated
with the bacterium Vibrio cholerae. Despite being preventable and treatable, cholera remains
a significant public health challenge, particularly in countries with inadequate access to
safe water and improved sanitation. The World Health Organization (WHO) estimates
that cholera causes between 1.3 and 4 million cases and results in 21,000 to 143,000 deaths
annually [1]. Cholera is endemic in many regions of Asia and Africa, with the highest
risk affecting populations living without access to safe water, sanitation, and adequate
hygiene [2]. Sub-Saharan Africa is among the hardest-hit regions, with over 230,000 cases
and 4000 deaths reported across 14 countries since the start of 2023 [3].

The resurgence of cholera in Africa has been increasingly linked to the impacts of
climate change [4,5]. Rising temperatures, changing rainfall patterns, and extreme weather
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events create conditions that facilitate the spread of Vibrio cholerae. For example, flooding
can contaminate water sources with sewage, while droughts limit access to safe drinking
water, forcing reliance on unsafe alternatives. In coastal areas, warming sea temperatures
and changing ecosystems promote cholera proliferation. Climate-related displacement and
strained sanitation infrastructure in densely populated regions further increase vulnera-
bility to outbreaks. As climate change intensifies, the risk of cholera is expected to rise,
especially in sub-Saharan Africa, where fragile health systems are ill-equipped to manage
this threat.

The oral cholera vaccine (OCV) is an effective tool for preventing cholera outbreaks.
Administered orally in two doses, the first followed by a second dose within 1 to 6 weeks,
OCYV provides protection for up to five years, although its effectiveness is lower in chil-
dren under five [6]. However, the supply of OCV is limited [7]. In 2018, 23 million doses
were produced, sufficient for 11.5 million people, which is just a fraction of the 87.2 mil-
lion people living in high-risk areas of sub-Saharan Africa [8]. As of September 2024,
33 countries have requested a total of 352.8 million doses, but only 184.5 million doses
were delivered [9]. After the global stockpile was depleted in October 2024, the production
ramped up in November with new formulations and production methods introduced
and prequalified [10,11]. Yet, the ongoing scarcity continues to obstruct efforts to manage
cholera outbreaks and to respond swiftly to the disease’s spread.

Given the limited global supply, countries do not routinely administer the OCV;
instead, it is primarily used reactively during emergency outbreaks. In public health
emergencies, a single dose is often administered to provide short-term protection. This
approach allows for quicker coverage of large groups, which is crucial in emergency settings
like refugee camps or during natural disasters. However, this one-dose strategy typically
offers protection for only about six months, compared to the longer-lasting immunity
provided by two doses [12]. After the immediate threat is managed, it is recommended to
administer a second dose to ensure sustained immunity, especially in endemic regions.

The OCV allocation in Africa is supported by global partners such as the WHO and
the Global Alliance for Vaccines and Immunization (GAVI), regional organizations, and
national governments working together to address the public health challenge of cholera,
with a focus on integrating vaccination with broader water, sanitation, and hygiene (WASH)
interventions. The WHO, particularly through the Global Task Force on Cholera Control
(GTFCCQC), provides a strategic framework and technical support to ensure efficient vaccine
distribution in high-risk areas. GAVI provides funding and supports countries in vaccine
procurement, working to ensure that OCVs are affordable and accessible to vulnerable
populations in Africa.

There exists an emergency stockpile of vaccines, funded by GAVI, the WHO, and
other partners, which is managed by the International Coordinating Group (ICG). To
request access to OCV, a country needs to submit an OCV request form, annexes and other
required documents to the ICG secretariat. An ICG member agency present in the country
(WHO, Médecins Sans Frontiéres (MSF), the International Federation of Red Cross and Red
Crescent Societies (IFRC) and the United Nations International Children’s Emergency Fund
(UNICEF)) can also submit the application on behalf of the Ministry of Health (MOH). The
request form to access ICG support from the global stockpile includes (i) epidemiological
information per place and week (cases, deaths, attack rate, case fatality rate); (ii) history of
previous outbreaks of cholera in the last 3 years (year and month, duration, cases and deaths,
any vaccination, doses); (iii) laboratory information as 10-20 cases need to be confirmed to
ascertain a cholera outbreak; and (iv) estimate of vaccine needs (area, population, urban vs.
rural, and expected number of doses), in addition to a vaccination plan and a map of areas
to be vaccinated. In addition, the request form asks for basic information on capacity to
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control the outbreak such as availability of facilities for patient care, WASH interventions,
behavioral and social interventions, and cold chain capacity. Requests are then evaluated
based on the severity of the outbreak, the population at risk, and the country’s capacity to
implement a vaccination campaign. Once approved, vaccines are dispatched to the country
experiencing an outbreak. These emergency vaccinations are often complemented by other
WASH interventions to prevent further spread. For example, countries like Mozambique,
Malawi, and South Sudan have received large shipments during outbreaks exacerbated by
natural disasters.

Another mechanism of allocation which GAVI primarily supports is for preventive
campaigns in endemic areas. For example, in endemic areas, such as Ethiopia, Nigeria, and
Sudan, vaccines are distributed to vulnerable populations with poor sanitation and limited
access to clean water to prevent outbreaks before they occur, as conflict and displacement
have increased cholera vulnerability. This decision is based on data from cholera surveil-
lance systems, which assess the historical burden of cholera, population density, access
to clean water, and healthcare infrastructure [9]. In addition, countries develop national
cholera control plans in collaboration with the GTFCC, which outline target populations,
prioritize high-risk areas (e.g., refugee camps, urban slums, or regions with poor sanitation),
and coordinate efforts among ministries of health, WHO, and partners. National health
systems, along with non-governmental organizations help with the last-mile delivery of
vaccines, ensuring they reach rural or hard-to-access communities [5,9].

In May 2018, the 71st World Health Assembly adopted a resolution to reduce global
cholera deaths by 90% by 2030 [13]. Achieving significant reductions in morbidity and
mortality is essential to this goal, especially in sub-Saharan Africa. The allocation of OCVs
in Africa is then crucial for controlling both endemic and epidemic cholera, with vacci-
nation campaigns often combined with long-term improvements in water and sanitation
for sustainable prevention. Consequently, efficient strategies are essential to maximize the
impact of the limited vaccine supply in cholera control. However, there remains limited un-
derstanding of how the allocation process functions in practice and the criteria considered.
There is limited evidence on how OCVs are allocated in the real world, while evidence on
optimal allocation is primarily confined to modeling studies [14,15]. Moore et al. (2015)
modeled the allocation of OCVs in endemic regions and found that the best strategy is to
allocate most doses to reactive campaigns unless the request came late in the epidemic,
while unused doses should be distributed in proactive campaigns [14]. Lee et al. (2019)
projected impacts of OCVs in sub-Saharan Africa and found that an approach optimized
to targeting regions by historical burden rather than risk factors such as limited access to
water and sanitation would be more cost-effective in terms of cost per disability-adjusted
life years (DALYs) [15].

This paper aims to investigate the allocation of OCVs across African countries. By eval-
uating the relative importance of socio-demographic, governance, and weather variables in
predicting cholera outbreaks, we develop an “index of cholera risk” at the country—-month
level. This index serves as an instrumental variable to predict the likelihood of suspected
cholera cases and assess the impact of cholera outbreaks on OCV allocation. Furthermore,
we analyze heterogeneous impacts to identify gaps in vaccine distribution, with the aim
of improving proactive planning and strengthening governance mechanisms to ensure
equitable and efficient OCV allocation across the continent.

2. Material and Methods
2.1. Data

We used data on cholera outbreaks [16] and data from the GTFCC dashboard [9] to
investigate how OCVs were allocated across 25 countries in Africa between 2013 and 2019.
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For the analysis, we selected African countries that either had an outbreak recorded or a
request, decision or delivery of OCVs in the datasets over the study period (Table Al for a
list of countries).

In terms of cholera outbreak characteristics, the data [16] contained information on
any or number of (suspected, confirmed, death) cases, duration of the outbreak (weeks),
time to peak of the outbreak (the number of weeks between the start of an outbreak and
the week with the most reported cases), attack rate, threshold, and case fatality rate. Based
on these data, we also constructed the total number of (confirmed) cases over the previous
3 years.

In terms of allocation of OCVs, the GTFCC data contained any and number of requests,
decisions and deliveries, and the associated doses, together with the number of days taken
to decide and deliver OCVs. After combining the outbreak and the OCV datasets, we also
constructed the numbers taken from the last outbreak to the first request.

Finally, we constructed a dataset of covariates to further account for time variant
characteristics for each country. This includes (i) Socio-demographic variables: GDP per
capita (in 1000 USD) [17], population [18], population density [19], refugee population [20],
net migration [21], share of urban population [22], total number of conflicts and fatal
ones [23], and the share of the population with unimproved drinking water [24] and
sanitation services [24]. (ii) Governance variables that measure control of corruption,
government effectiveness, and political stability and absence of violence/terrorism [25,26],
and a manually constructed indicator for whether an election happened [27] to account
for possible interruptions in the logistics of requesting or delivering OCVs. (iii) Weather
variables include monthly mean precipitation (in millimeters), monthly air temperature
between 20 and 25 degrees Celsius) [28], and the number of floods [29]. As far as air
temperature is concerned, cholera is found to be correlated with temperature [30]. However,
a systematic literature review shows how this relationship is not linear [31]. As Vibrio
cholera grows optimally at temperatures between 20 °C and 45 °C [32], we considered
different temperature ranges and ultimately selected 20-25 °C as the most predictive for
our measure of outbreak risk. Please see Table A2 for a list of all variables considered, and
their measurements and links to data sources.

2.2. Identification Strategy

Our dataset, which combines data on cholera outbreak and allocation of OCVs and
covariates, is at the month—country level (25 countries are observed for 12 months for
7 years, N = 2100). We initially explore the allocation of OCVs in terms of requests,
decisions, and deliveries by investigating how the outbreak characteristics are associated
with measures of OCVs allocation.

Our empirical model relies on an ordinary least squares (OLS) regression:

Yeym = a1 + biOutbreakeym + c1Xeym + ¢ + ym + ecym (1)

where Yy, refers to the measures of request, decision, and delivery of OCV, including any
dose requested, decided on, or delivered; total number of doses by category; number of
requests, decisions, and deliveries; total number of days from outbreak to request, from
request to first decision, from decision to first delivery; in country c; year y; and month m.
Outbreakcyy, refers to a proxy for whether there was a cholera outbreak that we primarily
measure based on suspected cases, and X, is a vector of covariates described above. We
also control for year-month (ym) and country (c) fixed effects, thus exploiting variation
within the country over the study period. Standard errors are clustered at the country level.
Analyses were performed using Stata/MP, version 18.0 (StataCorp, LLC, College Station,
TX, USA).
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However, cholera outbreaks can be endogenous when analyzing their impact on
vaccine allocation because outbreak incidence might itself influence factors that affect
OCVs distribution. Thus, we consider an instrumental variable (IV) approach that could
help estimate the causal impact of cholera outbreaks on OCV allocation.

We use least absolute shrinkage and selection operator (LASSO) estimation to as-
sess the relative importance of socio-demographic, governance, and weather variables
in predicting cholera outbreaks. The LASSO is a regression analysis method that adds a
penalization term based on the sum of the absolute values of the coefficients. By shrinking
the parameters toward zero, it enhances the prediction accuracy and the interpretability
of the model. The output entails only those variables that are the most relevant predic-
tors [33]. We use all the covariates listed above and defined in Table A2 to predict cholera
outbreaks—defined as at least a recorded suspected case—on the sample of countries with
at least a cholera outbreak over the study period. The algorithm selects the proportion of
population with improved water, with improved sanitation, political stability and absence
of violence/terrorism, monthly mean precipitation, and temperature between 20 and 25 de-
grees Celsius. We use these variables to construct a cholera risk index by standardizing
each item following [34] and use it as an IV for whether the country recorded at least a
suspected cholera case in that month—year. Figure 1 depicts how the cholera risk index
changed over the study period. From 2013 to 2019, cholera risk in Africa shifted from west
to east, with the Central and Eastern regions experiencing persistently higher cholera risk,
while West Africa generally saw declining outbreaks.

2013 2014 2015

(2.24,7.50]

. (0.43,2.24]
(-0.16,0.43]
[-4.12,-0.16]
No data

Figure 1. Cholera risk index over study period (in standard deviations). Gray areas represent no
data availability. Darker blue shaded areas indicate higher cholera risk index. Cut-offs are fixed and
represent the 25th, 50th, and 75th percentiles in 2016. Minimum and maximum values were adjusted
to include all values across the years of the study period (2013-2019).

Two conditions need to hold for the cholera risk index to be a valid IV. First, the IV
needs to be relevant, i.e., the cholera risk index has to be correlated with the regressor
of interest. We implemented the LASSO on several measures of outbreaks following the
criteria used to evaluate countries’ requests for OCVs and found that the most valid IV is
any suspected cases, followed by mean R0, which we use as robustness check for the results
(Table A3). Controlling for time and country fixed effects and clustering standard errors at
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the country level, we find that 1 standard deviation increase in cholera risk index increases
the likelihood of having an outbreak by 2.37 pp, which represents a 23.6% increase over
the mean of 10% of any suspected cholera cases recorded in the sample. Cragg-Donald
Wald F statistics for IV weak identification test are 21.691 for outcomes at time t, 21.686 for
outcomes at time + 1, and 21.624 for outcomes at t + 3, suggesting the IV is not weak.

Second, the instrument must be exogenous: the cholera risk index should be uncor-
related with the error term, meaning it should influence OCV allocation only through
its effect on cholera outbreaks. The primary threat to this identification strategy is if the
cholera risk index is correlated with unobserved confounders that directly affect OCV
allocation. First, if countries rely on factors included in the cholera risk index to allocate
vaccines, the exclusion restriction could be violated. However, the key criteria for vaccine
allocation—such as epidemiological data, past outbreaks, and laboratory confirmation—are
largely absent from the predictors used to construct the index. While some other charac-
teristics (e.g., population, living in urban areas) may be relevant to vaccine needs, they
were not selected by the LASSO and thus do not contribute to the index. Additionally,
although vaccine requests require reporting on WASH programs, these interventions are
not included as predictors. Second, the cholera risk index may correlate with other factors
influencing OCV allocation such as donor funding and media attention, which may direct
vaccines toward certain countries, independent of cholera risk. A particular concern is the
inclusion in the index of the proportion of the population with unimproved drinking water
or sanitation services. While exogeneity is untestable, we confirmed that the correlation
among these measures and OCV delivery is not statistically significantly, suggesting no
direct pathway for OCV allocation unless a cholera outbreak occurs. However, we cannot
rule out the possibility that the proportion of the population with unimproved drinking
water or sanitation services is correlated with other determinants of OCV allocation, such as
international aid priorities, health system capacity, or WASH interventions. If donors target
countries with poor water access for broader cholera prevention efforts beyond outbreak
response, this may violate the exclusion restriction. Taking these caveats into consideration,
our preferred empirical model is a two-stage least square, as follows:

Outbreakeym = ap + byCholera Risk Indexcym + c2Xeym + ¢ + ym + ecym (2)

where Cholera Risk Indexcy, refers to constructed cholera risk index as predicted by the
LASSO and used as an 1V, while Outbreaky, and Xy are defined as above. We control
for year—-month (ym) and country (c) fixed effects, and standard errors are clustered at the
country level. This methodology helps to mitigate the endogeneity problem by using the
cholera risk index, which is correlated with the likelihood of an outbreak but is presumably
not directly influencing OCV allocation decisions beyond the outbreak itself. We aim to
causally estimate b3.

2.3. Additional Analysis

Furthermore, we explored additional effects by investigating the agencies that made
requests (MOH, WHO, Agence de Médecine Préventive (AMP), MSFE, STChealth (STC)) or
approved (GTFCC, ICG) the vaccines. We also considered the allocation of different types
of OCVs (Euvichol, Euvichol Plus, and Shanchol) and the mechanism of allocation (reactive
compared to preventive).

Finally, we constructed measures of country vulnerability—such as weak institutions
and crisis situations—to explore heterogeneous effects, which we derived from several
pre-existing covariates. Specifically, we generated variables to identify countries with weak
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institutions, defined as those scoring below the median for government effectiveness and
control of corruption. This resulted in 43% of the sample being classified as having weak
institutions. Additionally, we defined a crisis variable, identifying countries contending
with refugee populations and number of conflicts higher than the median in the sample,
resulting in 33% of the sample categorized under crisis conditions. These categorizations
allow us to investigate how institutional weaknesses and crisis situations might influence
the allocation of OCVs differently. Finally, we describe the effects by African region (West,
East, Central, and South), consistent with the WHQO's definition.

3. Results
3.1. Sample

Twenty-two countries were exposed to 576 outbreaks in total between 2013 and 2019
(3.7 outbreaks per year per country on average, while the dataset does not record outbreaks
for Burundi, Sierra Leone, or Sudan). On average, during these outbreaks there were
about 519.0 suspected cases, 36.4 confirmed cases, and 4.81 deaths (if data were available).
The average outbreak lasted 12.9 weeks, reaching a threshold of 10.1 cases per week, an
attack rate of 5.24 per 1000 people, a case fatality rate of 1.85, and a mean instantaneous
reproductive number over the first week of an outbreak (Rg) of 1.90. Most outbreaks
occurred in rural areas (82.6%) with high population density (6245.9 people per km?).

Over the study period, 18 countries sent 85 requests, 74 were considered, 60 were
approved, and those accounted for 96 deliveries. About 88.14 million doses were requested,
73.59 million doses were approved, but only 50.62 million doses were delivered. Table 1,
Panel B shows that, in terms of requests, 63.5% of requests were from the MOH, 21.2% from
WHO and 11.8% from MSF. In terms of agents approving the requests, IGC approved 85.1%
of the requests. On average, it took 299.6 days from the last outbreak to a first request,
10.4 days to make a decision, but 83.3 days to deliver OCVs to the countries. Shanchol was
delivered in 46.9% of cases, Euchivol Plus in 36.5% of cases, and Euchivol in the remaining
14.6% of cases. The majority of deliveries were reactive to outbreaks (77.6%) rather than a
preventive allocation. Table A4 presents similar summary statistics on cholera outbreaks
and OCV at the month—country level.

Table 1. Characteristics of cholera outbreaks and vaccines.

Mean SD Min Max N Obs

Panel A. Cholera outbreaks

Tot suspected cases 519.0 1189.4 5 15,871 576
Tot confirmed cases 36.4 212.3 0 2751 242
Total deaths 4.8 9.5 0 75 487
Duration (weeks) 129 71 3 48 576
Threshold 10.1 77.8 0 1656.9 576
Attack rate 5.2 28.9 0 465.1 576
Case fatality rate 1.8 2.9 0 21.6 487
Mean RO 1.9 0.34 1.1 3.39 576
Population (area outbreak) 9015.0 20,930.2 0.1 200,479 576
Population density 6245.9 120,844.3 2.4 2,900,000 576
Rural 82.6 37.9 0 100 576
Pop less than 10,000 1.2 11.0 0 100 576
Pop between 10,000 and 100,000 20.3 40.3 0 100 576
Pop between 100,000 and 1,000,000 63.2 48.3 0 100 576
Pop more than 1,000,000 15.3 36.0 0 100 576
WHO AFRO region 99.3 8.31 0 100 576
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Table 1. Cont.

Mean SD Min Max N Obs

Panel B. Cholera vaccines

Total doses 832,726.3 1,132,318.9 40,000 7,400,000 255
Any request 33.3 47.2 0 100 255
Any decision 29.0 455 0 100 255
Any delivery 37.6 48.5 0 100 255
Request approved 81.1 39.4 0 100 74
Request agent MOH 63.5 484 0 100 85
Request agent WHO 21.2 41.1 0 100 85
Request agent AMP 2.35 15.2 0 100 85
Request agent MSF 11.8 324 0 100 85
Request agent STC 1.18 10.8 0 100 85
Approved agent GTFCC 14.9 35.8 0 100 74
Approved agent ICG 85.1 35.8 0 100 74
Duration request (days) 267.8 482.9 0 1697 68
Duration decision (days) 104 23.2 0 180 73
Duration delivery (days) 83.3 126.7 4 590 83
Vaccine Euvichol 14.6 355 0 100 96
Vaccine Euvichol Plus 36.5 484 0 100 96
Vaccine Shanchol 46.9 50.2 0 100 96
Mechanism—Preventive 224 41.7 0 100 255
Mechanism—Reactive 77.6 41.7 0 100 255

Notes: The table presents summary statistics on cholera outbreaks (Panel A) and vaccines (Panel B). Means (in
% for binary variables) are reported along with standard deviations, minimum and maximum, and number of
observations in the dataset.

In terms of cases, cholera outbreaks showed a peak in 2017 (Figure 2, Panel A), as
driven by Ethiopia and Democratic Republic of the Congo (Figure A1, Panel B). In terms of
OCVs, Figure 2, Panel B depicts total doses (million) over the study period, suggesting that
deliveries are not matching either requests or decisions. Figure A1, Panel B in Appendix A
shows variation across countries, suggesting that some countries had never received a
dose despite requesting, such as Burundi and Chad, and some received vaccines without a
request, such as Cameroon, Democratic Republic of the Congo, Malawi, Nigeria, Somalia,
and South Sudan as measured, over the study period. Figure A2 provides a comprehensive
visual representation of patterns over time. It simultaneously depicts suspected cholera
cases—the primary measure used to define a cholera outbreak in the analysis—and vaccine
doses by requests, decisions, and deliveries (in 1000s) at the year—-month level, highlighting
considerable variability over time.
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Figure 2. Cholera cases and vaccine doses. Panel (A): cases (1000). Panel (B): vaccine doses (million).

3.2. Allocation of Cholera Vaccines

Table 2 presents the impact of cholera outbreaks on the allocation of OCVs. We find that
countries experiencing a cholera outbreak are 31.7 percentage points more likely to request
vaccines and 36.5 percentage points more likely to receive a vaccine delivery in the same
month as the outbreak. As expected, deliveries were also more likely one month and three
months after the outbreak, increasing by 47.4 and 32 percentage points, respectively. The
number of doses delivered was also significantly higher—by 245,565 doses—one month
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after an outbreak. These results remain robust when using the mean RO reproduction
number of the outbreak as the main regressor, though of a smaller magnitude (Table A5).

Table 2. The impact of cholera outbreaks on allocation of vaccines.

m 2 3) @ )] 6
Requests Decisions Deliveries
Any Number of doses Any Number of doses Any Number of doses
Panel A: Time T
Any outbreak (OLS) —0.005 58,555.463 * 0.009 25,124.194 0.014 2887.914
(0.016) (31,117.942) (0.015) (27,487.831) (0.017) (13,142.015)
Any outbreak (IV) 0.317* 222,007.120 0.176 200,055.388 0.365 ** 115,103.415
(0.164) (300,933.855) (0.145) (266,681.698) (0.177) (128,520.329)
Observations 2100 2100 2100 2100 2100 2100
Mean Dep. Var. 0.0338 41971 0.0300 35041 0.0410 24104
Panel B: Time T + 1
Any outbreak (OLS) 0.027 * 15,631.338 0.012 16,799.153 0.041 ** 26,160.278 **
(0.016) (31,148.978) (0.015) (27,475.541) (0.017) (13,156.631)
Any outbreak (IV) 0.217 113,468.394 0.245 221,985.055 0.474 ** 245,564.992 *
(0.154) (299,855.860) (0.149) (267,529.976) (0.185) (134,927.105)
Observations 2099 2099 2099 2099 2099 2099
Mean Dep. Var. 0.0338 41991 0.0300 35058 0.0410 24115
Panel C: Time T + 3
Any outbreak (OLS) —0.016 24,530.069 —0.002 37,168.555 0.039 ** 13,706.584
(0.015) (31,148.397) (0.015) (27,491.764) (0.017) (13,174.671)
Any outbreak (IV) —0.124 —152,266.581 —0.089 63,999.967 0.320 * 213,713.445
(0.151) (301,813.116) (0.142) (264,300.439) (0.171) (133,809.120)
Observations 2097 2097 2097 2097 2097 2097
Mean Dep. Var. 0.0339 42,031 0.0300 35,092 0.0410 24,138

Notes: The table presents the main estimates for requests, decisions, and deliveries of cholera vaccines using
ordinary least squares (OLS) in Equation (1) and instrumental variable (IV) in Equation (3). The number of
observations and the mean of the dependent variable are reported. Observations are at the country-month level
from 2013 to 2019. Panel A describes the effects in the same month as a cholera outbreak (time t), Panel B describes
the effects one month later, and Panel C describes the effects three months after a cholera outbreak. Standard
errors are reported in parentheses. *** p < 0.01, ** p < 0.05, * p < 0.1.

Requests were mainly made by AMP, while decisions were made by ICG. In the
same month as the outbreak, the delivery of the Shanchol vaccine was more likely. One
month later, Euvichol was also delivered, and three months after the outbreak, deliveries of
Euvichol Plus were more common. Finally, the analysis also confirms that after outbreaks,
the probability of obtaining vaccines through a reactive mechanism was 48.4 percentage
points higher compared to preventive allocation (Table A6).

When examining the number of events (requests, decisions, and deliveries) and the
time elapsed from the outbreak to requests, from requests to decisions, and from decisions
to deliveries (Table 3), we find results consistent with those in Table 2. Countries that
experienced a cholera outbreak had 0.368 more requests and 0.402 more deliveries in the
same month as the outbreak. They also had 0.338 more decisions and 0.532 more deliveries
one month after the outbreak. However, we do not find statistically significant results three
months after the outbreak. In the IV empirical specification, we also find no evidence that
outbreaks impact the time taken by institutions to complete each event. Note that in the
OLS specification, we find that countries experiencing a cholera outbreak requested OCVs
28.283 days earlier than countries without an outbreak. This is not surprising, but the large
magnitude of the coefficient is primarily driven by the small number of observations where
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we could link a request to a previous outbreak and thus construct the average number of
days from a previous outbreak to a request at the month level.

Table 3. The impact of cholera outbreaks on additional number of events and days to events.

) (2 (3) @ (5) (6)
Requests Decisions Deliveries
Events Days to Events Days to Events Days to
Panel A: Time T
Any outbreak (OLS) —0.015 —28.283 *** 0.010 0.223 0.023 —3.068
(0.020) (8.066) (0.018) (0.409) (0.020) (2.481)
Any outbreak (IV) 0.368 * —66.152 0.283 —0.633 0.402 * 14.376
(0.208) (77.893) (0.185) (3.929) (0.206) (24.428)
Observations 2100 2100 2100 2100 2100 2099
Mean Dep. Var. 0.0405 7.520 0.0352 0.331 0.0457 3.105
Panel B: Time T + 1
Any outbreak (OLS) 0.027 * 15,631.338 0.012 16,799.153 0.041 ** 26,160.278 **
(0.016) (31,148.978) (0.015) (27,475.541) (0.017) (13,156.631)
Any outbreak (IV) 0.236 15.809 0.338* 6.582 0.532 ** 29.682
(0.195) (77.840) (0.188) (4.164) (0.216) (24.415)
Observations 2099 2099 2099 2099 2099 2098
Mean Dep. Var. 0.0405 7.523 0.0353 0.331 0.0457 3.106
Panel C: Time T + 3
Any outbreak (OLS) —0.016 24,530.069 —0.002 37,168.555 0.039 ** 13,706.584
(0.015) (31,148.397) (0.015) (27,491.764) (0.017) (13,174.671)
Any outbreak (IV) —0.120 79.890 —0.003 —3.052 0.325 32.692
(0.192) (79.700) (0.176) (4.005) (0.199) (24.480)
Observations 2097 2097 2097 2097 2097 2096
Mean Dep. Var. 0.0405 7.531 0.0353 0.331 0.0458 3.109

Notes: The table presents the main estimates for number of, and days to requests, decisions, and deliveries of
cholera vaccines using ordinary least squares (OLS) in Equation (1) and instrumental variable (IV) in Equation (3).
The number of observations and the mean of the dependent variable are reported. Observations are at the
country—-month level from 2013 to 2019. Panel A describes the effects in the same month as a cholera outbreak
(time t), Panel B describes the effects one month later, and Panel C describes the effects three months after a
cholera outbreak. Standard errors are reported in parentheses. *** p < 0.01, ** p < 0.05, * p < 0.1.

3.3. Heterogeneous Allocation of Cholera Vaccines

When we explore the heterogeneity of the impacts of cholera outbreaks on OCV
allocation one month after the outbreak across various dimensions of vulnerability, we find
that vaccines are more likely to be requested, allocated, and delivered in countries defined
with strong institutions and those not facing crisis situations. When analyzing effects by
African region, we find that vaccines are more likely to be allocated in the central (and
southern) parts of the continent rather than in East and West Africa. This may be driven
by the Democratic Republic of the Congo, which experienced the majority of outbreaks
(N = 56) over the study period (Table 4).
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Table 4. Heterogeneous impacts of cholera outbreaks on allocation of vaccines.

ol 2 3) @ ) (6)

Attime T + 1:

Requests Decisions Deliveries

Any outbreak (IV), by:

Any Number of doses Any Number of doses Any Number of doses

Panel A. Institutions

Weak institutions 0.147 —134,808.894 0.224 137,230.919 0.351 32,157.132
(0.295) (705,048.979) (0.288) (637,126.970) (0.329) (283,872.043)
Observations 899 899 899 899 899 899
Strong institutions 0.256 * 267,162.377 0.244 * 217,037.552 0.454 ** 267,640.320 **
(0.153) (207,731.472) (0.146) (169,606.005) (0.184) (113,104.641)
1200 1200 1200 1200 1200 1200
Panel B. Crisis
Crisis —0.089 —368,176.662 0.044 —145,792.791 0.037 —156,956.988
(0.192) (462,040.563) (0.184) (409,032.092) (0.205) (188,573.994)
Observations 701 701 701 701 701 701
No Crisis 0.467 * 481,355.048 0.433 * 391,095.705 0.804 ** 521,356.897 **
(0.259) (333,583.648) (0.243) (273,423.953) (0.333) (215,681.618)
Observations 1396 1396 1396 1396 1396 1396
Panel C. Africa Region
West and East 0.346 1,043,485.56 0.649 1,346,289.88 0.219 398,336.826
(0.568) (1,384,256.64) (0.730) (1,547,463.60) (0.515) (596,624.072)
Observations 1008 1008 1008 1008 1008 1008
Central and South 0.095 —323,216.610 0.125 —162,324.153 0.539 ** 221,961.969
(0.179) (367,952.662) (0.175) (307,006.411) (0.219) (147,556.719)
Observations 1091 1091 1091 1091 1091 1091
Mean Dep. Var. 0.0338 41,991 0.0300 35,058 0.0410 24,115

Notes: The table presents the main estimates for requests, decisions, and deliveries of cholera vaccines using
ordinary least squares (OLS) in Equation (1) and instrumental variable (IV) in Equation (3), by weak or strong
institutions (Panel A), by crisis or no crisis situation (Panel B), and by WHO AFRO regions. Weak institutions
are defined as those scoring below the median for government effectiveness and control of corruption; countries
are classified with a crisis if they have refugee populations and number of conflicts above the median. We use
the WHO definition of regions in Africa to define countries in east and west versus central and south parts of
the continent. The number of observations and the mean of the dependent variable are reported. Observations
are at the country—-month level from 2013 to 2019. Panel A describes the effects in the same month as a cholera
outbreak (time t), Panel B describes the effects one month later, and Panel C describes the effects three months
after a cholera outbreak. Standard errors are reported in parentheses. *** p < 0.01, ** p < 0.05, * p < 0.1.

4. Discussion

In this paper, we examine the allocation of oral cholera vaccines (OCVs) across
25 African countries, between 2013 and 2019. We address the endogeneity of cholera
outbreaks by construing an “index of cholera risk” at the country—month level using ma-
chine learning algorithms, such as the least absolute shrinkage and selection operator
(LASSO) estimation. By assessing the relative importance of socio-demographic, gover-
nance, and weather variables in predicting cholera outbreaks, we use the index of cholera
risk as an instrumental variable to predict the likelihood of suspected cases and thus to
estimate the impact of cholera outbreaks on OCV allocation, including requests, decisions,
and deliveries; days to each event; agents involved; and type of mechanism (reactive
or preventive).

We find that, during the study period, the majority of OCVs (77.4%) were allocated
reactively. Following an outbreak, governments took an average of 299.6 days to request
doses, international agencies took 10.4 days to decide on these requests, and it took 84 days
for vaccines to be delivered. Countries experiencing a cholera outbreak were 31.7 and 36.5 per-
centage points more likely to request and receive a vaccine delivery in the same month as
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the outbreak, respectively. We confirmed that the probability of obtaining vaccines through a
reactive mechanism was 48.4 percentage points higher compared to preventive allocation.

Moreover, we identify important heterogeneities in vaccine distribution: countries
with stronger institutions and those not experiencing crisis situations were more likely to
request, receive, and successfully deploy vaccines, raising concerns about equitable access
in more fragile settings. Regional disparities further emphasize these challenges, as Central
Africa receives a larger share of vaccine allocations, likely driven by recurrent outbreaks in
the Democratic Republic of the Congo. These findings underscore the need for proactive
and targeted strategies to ensure timely and equitable vaccine distribution, particularly in
vulnerable and crisis-affected regions where institutional capacity may be weaker.

We contribute to the current limited literature on OCV allocation, which has largely
been confined to modeling studies [14,15], by quantitatively examining the allocation of
cholera vaccines across Africa. While previous work has offered valuable insights into the-
oretical allocation frameworks, our study provides a comprehensive, empirical analysis of
OCYV distribution patterns in real-world settings. By using a machine learning-based cholera
risk index and addressing key endogeneity concerns, our study advances the literature by
offering a more nuanced understanding of the allocation process. Our findings highlight
substantial delays in vaccine allocation, especially in reactive contexts, and underscore the
disparities in vaccine access between more and less vulnerable countries. These insights are
crucial for informing policies aimed at optimizing vaccine distribution, improving response
times, and ensuring that the most vulnerable populations in fragile settings are not left
behind. Additionally, we shed light on the importance of governance and institutional
capacity in determining vaccine allocation, an aspect overlooked in previous studies.

Given the resurgence of cholera in many regions, particularly in sub-Saharan Africa,
understanding how vaccines should be allocated remains crucial for effective public health
responses. The world is facing significant shortages of OCVs, not only due to the increasing
number of cholera outbreaks but also because of vaccine manufacturers’ limited interest in
production, driven by low economic returns [35,36]. However, recent efforts by companies
in South Korea, India, and South Africa to increase production capacity for simplified OCV
formulations and ramp-up manufacturing following WHO prequalification over the next
few years [35] present a promising development. Despite these efforts, the dual challenge
of rising demand and constrained supply necessitates a closer examination of the factors
influencing OCV distribution to ensure equitable access, particularly in high-risk regions.
Our study highlights the need for proactive planning and stronger governance mechanisms
to ensure equitable and efficient OCV allocation across Africa, reinforcing the importance of
preparing not only for preventive but also reactive strategies to combat cholera effectively.

Our study is not without limitations. First, the accuracy and completeness of cholera
case reporting vary across countries, particularly in regions with weak surveillance systems.
Underreporting or misclassification of cases could affect the estimated cholera risk index
and the analysis of vaccine allocation. Our primary analysis relies on suspected cholera
cases as the main variable of interest, as confirmed cases and death records have missing
values. Second, while we address endogeneity concerns with an instrumental variable
approach, this strategy may not fully eliminate all sources of bias. Unobserved factors,
such as political will or logistical constraints, may still influence both cholera outbreaks and
OCYV allocation. Third, distinguishing between reactive and preventive vaccine allocation is
challenging due to the recurring nature of cholera outbreaks and the continuous distribution
of OCVs. Some preventive campaigns may be indirectly influenced by recent outbreaks,
complicating the identification of clear causal links. Additionally, the short interval between
cholera outbreaks (about 3 months) makes it difficult to conduct a robust event-study
analysis, as the frequent recurrence of outbreaks results in overlap between the post-
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event period of one outbreak and the pre-event period of the next one. Furthermore, the
long delays in vaccine requests and deliveries mean that responses to an outbreak often
extend into subsequent outbreak periods. Future research with a larger sample size could
explore alternative causal inference methods to better assess the impact of outbreaks on
OCYV allocation. Finally, our analysis focuses on the country level within Africa, where
governance capacity, health system infrastructure, and international agency engagement
vary widely. The geographic scope of our analysis also limits the generalizability of our
findings to regions outside Africa. Similarly, our study covers the period from 2013 to
2019, using cholera outbreak data compiled by the GTFCC. More recent developments in
vaccine stockpiles, funding, and distribution mechanisms may have influenced allocation
dynamics in subsequent years. Future research, particularly with more granular and recent
data, could examine vaccine allocation beyond this period and assess OCV deployment at
subnational levels to better understand regional and community-level disparities.

Our findings carry several important policy implications for improving the timeliness,
equity, and effectiveness of OCV allocation. First, delays in vaccine requests highlight
the need to streamline and simplify the application and approval processes. Establishing
fast-track mechanisms—such as pre-approved outbreak response protocols or automated
triggers based on early surveillance data—could reduce the time lag observed between
outbreak onset and vaccine request. Second, while vaccination plays a critical role, it
must be part of an integrated cholera control strategy. Investments in strengthening
health systems, expanding access to safe water and sanitation, and improving surveillance
infrastructure remain essential to reduce both the incidence of cholera and reliance on emer-
gency vaccination campaigns. Finally, the proposed cholera risk index offers a promising,
data-driven approach to guide vaccine deployment. While further validation is needed,
its use as a decision-support tool could help prioritize high-risk areas and ensure more
proactive, needs-based allocation—provided that it remains accessible, interpretable, and
operationally feasible for use by national health authorities and global partners alike.

5. Conclusions

Our findings highlight the reactive nature of OCV allocation, with vaccine requests
and deliveries significantly increasing following outbreaks. However, despite this respon-
siveness, delays in vaccine deployment and discrepancies between requests, approvals,
and deliveries suggest inefficiencies in the allocation process. Strengthening institutional
capacity and ensuring equitable vaccine distribution, particularly in crisis-affected regions,
remain crucial for improving cholera prevention and response efforts. Future research
should examine the drivers of these delays and assess more proactive allocation strategies,
especially in high-risk, low-capacity contexts, to inform fairer and more efficient vaccine
delivery systems.
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Abbreviations

The following abbreviations are used in this manuscript:

AMP:
DALYs:
GAVI:
GTECC:
ICG:
IFRC:
1V:
LASSO:
MSF:
OCV:
OLS:
STC:
WASH:
WHO:

Agence de Médecine Préventive
Disability-Adjusted Life Years

Gavi, the Vaccine Alliance

Global Task Force on Cholera Control
International Coordinating Group
International Federation of Red Cross and Red Crescent Societies
instrumental variable

least absolute shrinkage and selection operator
Médecins Sans Frontieres

oral cholera vaccine

ordinary least squares

STChealth

water, sanitation, and hygiene

World Health Organization

Appendix A

Table A1l. List of countries in the sample.

Country Name With Outbreak With Vaccine Request

Angola
Benin
Burundi

Cameroon

Chad

Cote d’Ivoire
Democratic Republic of the Congo

Ethiopia
Ghana
Guinea
Kenya
Malawi

Mozambique
Namibia

Niger
Nigeria

Republic of the Congo

X
X

XXX XXX XXX XXXXX

Sierra Leone

Somalia

South Sudan

Sudan

Tanzania

Uganda
Zambia

Zimbabwe

< X

X X X X

X XX

x X

XX XXX XXX
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Table A2. Description of variables and databases.

Covariates

Definition

Data Source

Available Years

Socio-demographic variables

GDP per capita is gross domestic product divided by

GDP per capita midyear population, in current U.S. dollars. The World Bank 1960-2022
Population density P'eo'ple per sq. km of liand area 1s.m1d—year population The World Bank 1961-2021
divided by land area in square kilometers.
Urban population Share of the population living in urban areas. The World Bank 1960-2023
Unimproved drinking  Share of the population using unimproved water WHO/UNICEF Joint 2000-2022
water sources as defined by the World Health Organization. ~Monitoring Programme
Share of the population using unimproved sanitation
services. Sanitation services refer to the management
Unimproved of excreta from the facilities used by individuals. WHO/UNICEF Joint
i . . - . o 2000-2022
sanitation services Unimproved sanitation for example refers to use of pit Monitoring Programme
latrines without a slab or platform, hanging latrines or
bucket latrines.
Refugees’ population ~ Refugee population by country or territory of origin The World Bank 1960-2023
Net total of migrants during the period, that is, the
Net migration number of immigrants minus the number of The World Bank 1960-2023
emigrants, including both citizens and noncitizens.
Total number of The national conflict event by country and month. We Armed Conflict Location
. . and Event Data 1997-2024
conflicts reconstructed the monthly total number of conflicts.
(ACLED)
Total number of The national fatalities due to conflict events by Armed Conflict Location
fatalities due to country and month. We reconstructed the monthly and Event Data 1997-2024
conflict total number of fatalities due to conflict. (ACLED)
Governance variables
. L . Adam Carr’s Election
Election Number of elections in a given year Archive: Psephos 2013-2019
Estimated score on 'Cor}trol' of corruption”, in units of The World Bank,
. a standard normal distribution, and measures the .
Control of corruption . . : . . Worldwide Governance  1996-2023
extent to which public power is exercised for private -
. Indicators
gain.
Estimated score on “Government effectiveness”, in
Government units of a standard normal distribution, and captures =~ The World Bank,
offectiveness perceptions of the quality of policy formulation and Worldwide Governance  1996-2023
implementation, and the credibility of the Indicators
government’s commitment to policies.
Political stability and E§t1mated score on * l?ohtlc‘al stability and absence of The World Bank,
violence/terrorism”, in units of a standard normal .
absence of o — r Worldwide Governance = 1996-2023
- . distribution and captures the likelihood of political -
violence/terrorism ) . ., . . Indicators
instability and/or politically motivated violence.
Weather variables
Monthly average mean surface air temperature in The World Bank,
Average mean surface  degrees Celsius. We constructed the average mean .
. . Climate Change 1901-2022
air temperature surface air temperature between 20 and 25 degrees
. Knowledge Portal
Celsius.
e The World Bank,
Ar\IeeC1;a§; Z((:)crlllmulated xﬁﬂi’lgei:erage accumulated precipitation in Climate Change 1901-2022
precip ' Knowledge Portal
Number of floods Number of floods in a given month. Global Flood Database 2000-2018
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Table A3. First stage estimation, by measure of cholera outbreak.

) @ 3) @ 5) (6) @ ®) 9 (10) @an (12) 13)

Time to Attack

Any Outbreak Tot Number of Cases Threshold Duration CFR RO Cumulative
Peak Rate

Suspected Confirmed Deaths Suspected Confirmed Deaths (Mean) (Mean) (Mean) (Mean) (Mean) (Mean) Cases
Cholera Risk o - y o o - 45
Index 0.024 0.005 0.013 16.136 0.784 0.213 0.042 0.209 0.093 —0.004 0.077 0.045 29.646

(0.009) (0.003) (0.006) (12.309) (0.866) (0.158) (0.045) (0.097) (0.040) (0.025) (0.032) (0.017) (20.393)

Observations 2100 2100 2100 2100 2100 2100 2100 2100 2100 2100 2100 2100 2100
Mean Dep. Var. 0.100 0.0190 0.0700 1424 4.196 1.115 0.852 1.259 0.478 0.382 0.217 0.186 223.5

Notes: The table presents the main estimates for the first stage IV estimation (equation (2)) across different
outbreak characteristics. The empirical model is an ordinary least squares (OLS). The number of observations and
the mean of the dependent variable are reported. Observations are at the country-month level from 2013 to 2019.
Standard errors are reported in parentheses. *** p < 0.01, ** p < 0.05, * p < 0.1.

Table A4. Characteristics of cholera outbreaks and vaccines (month-level dataset).

Mean SD Min Max N Obs

Panel A. Cholera outbreaks

Tot suspected cases 142.4 964 0 19157 2100
Tot confirmed cases 42 128.2 0 5627 2100
Total deaths 1.1 6.7 0 106 2100
Duration (weeks) 1.3 4.3 0 30 2100
Threshold 0.8 12.7 0 419.8 2100
Attack rate 0.4 3.6 0 89.2 2100
Case fatality rate 0.2 1.3 0 21.6 2100
Mean RO 0.2 0.6 0 2.74 2100
Panel B. Cholera vaccines

Any request 3.4 18.1 0 100 2100
Any decision 3 17.1 0 100 2100
Any delivery 4.1 19.8 0 100 2100
Total doses—request 41,971.3 359,406.7 0 7,400,000 2100
Total doses—decisions 35,041.4 316,824.4 0 5,700,000 2100
Total doses—delivery 24,104 154,747.6 0 2,700,000 2100
Number of requests 0.04 0.2 0 3 2100
Number of decisions 0 0.2 0 3 2100
Number of deliveries 0 0.2 0 3 2100
Request approved 2.5 15.7 0 100 2100
Request agent MOH 22 14.6 0 100 2100
Request agent WHO 0.6 7.8 0 100 2100
Request agent AMP 0.1 3.1 0 100 2100
Request agent MSF 0.5 6.9 0 100 2100
Request agent STC 0 22 0 100 2100
Approved agent GTFCC 0.5 6.9 0 100 2100
Approved agent ICG 2.6 15.8 0 100 2100
Approved agent Loan 0 0 0 0 2100
Duration decision (days) 0.3 4.6 0 180 2100
Duration delivery (days) 3.1 28.9 0 590 2099
Vaccine Euvichol 0.6 7.85 0 100 2100
Vaccine Euvichol Plus 1.6 12.4 0 100 2100
Vaccine Shanchol 1.9 13.7 0 100 2100
Mechanism—Preventive 24 15.2 0 100 2100
Mechanism—Reactive 4.6 20.9 0 100 2100

Notes: The table presents summary statistics on cholera outbreaks (Panel A) and vaccines (Panel B). Means (in
% for binary variables) are reported along with standard deviations, minimum and maximum, and number of
observations in the dataset.
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Table A5. The impact of cholera outbreaks on allocation of vaccines (robustness check with mean R0
as regressor).

1) () 3) 4) (5) (6)

Requests Decisions Deliveries

Any Number of Doses Any Number of Doses Any Number of Doses

Panel A: Time T

Mean RO (OLS) —0.005 22,384.242 0.001 4991.843 0.007 —460.434
(0.008) (16,424.032) (0.008) (14,504.527) (0.009) (6933.479)
Mean RO (IV) 0.164 * 115,034.849 0.091 103,660.376 0.189 ** 59,641.799
(0.085) (156,162.074) (0.075) (138,405.873) (0.091) (66,630.837)
Observations 2100 2100 2100 2100 2100 2100
Mean Dep. Var. 0.0338 41971 0.0300 35,041 0.0410 24,104
Panel B: Time T + 1
Mean RO (OLS) 0.017 ** 5030.271 0.007 7266.510 0.021 ** 11,663.578 *
(0.008) (16,434.088) (0.008) (14,495.866) (0.009) (6943.096)
Mean RO (IV) 0.112 58,794.736 0.127 * 115,023.685 0.245 ** 127,241.855 *
(0.080) (155,412.121) (0.077) (138,610.096) (0.096) (69,918.320)
Observations 2099 2099 2099 2099 2099 2099
Mean Dep. Var. 0.0338 41,991 0.0300 35,058 0.0410 24,115
Panel C: Time T + 3
Mean RO (OLS) —0.010 6108.176 —0.001 17,502.306 0.020 ** 6297.636
(0.008) (16,434.996) (0.008) (14,505.222) (0.009) (6951.034)
Mean RO (IV) —0.064 —78,868.709 —0.046 33,149.722 0.166 * 110,696.014
(0.078) (156,134.035) (0.073) (136,918.474) (0.089) (69,236.070)
Observations 2097 2097 2097 2097 2097 2097
Mean Dep. Var. 0.0339 42,031 0.0300 35,092 0.0410 24,138

Notes: The table presents the main estimates for number of, and days to requests, decisions, and deliveries of
cholera vaccines using ordinary least squares (OLS) in Equation (1) and instrumental variable (IV) in Equation (3).
The mean RO number is used as a regressor. The number of observations and the mean of the dependent variable
are reported. Observations are at the country—month level from 2013 to 2019. Panel A describes the effects in the
same month as a cholera outbreak (time t), Panel B describes the effects one month later, and Panel C describes the
effects three months after a cholera outbreak. Standard errors are reported in parentheses. *** p < 0.01, ** p < 0.05,
*p<0.1.

Table A6. The impact of cholera outbreaks, by agents and type of vaccines or response.

@ (2) (3) @) (5) (6) ?) 8) ) (10) 11)

Agent for Requests Agent for Approval Vaccine Response
MOH  WHO AMP MSF STC  GTFCC ICG Euvichol E“I‘,’lifl;wl Shanchol  Reactive
Panel A: Time T
Any outbreak (OLS) —0001 0005 0013 70013 4001 0006 0.001 0.001 0.007 0.009 0.004
(0.013)  (0.007)  (0.003)  (0.006)  (0.002)  (0.006) (0.014) (0.007) (0.010) (0.012) (0.018)
Any outbreak (IV) 0.153 0075  0074* 0039  —0003  0.026 0.165 0.027 0.094 0.200 * 0.484 **
(0.125)  (0.067)  (0.029)  (0.059)  (0.018)  (0.058) (0.135) (0.066) (0.102) (0.120) (0.199)
Observations 2100 2100 2100 2100 2100 2100 2100 2100 2100 2100 2100
Mean Dep. Var. 0.0219  0.00619  0.000952 0.00476  0.000476  0.00476 0.0257 0.00619 0.0157 0.0190 0.0457
Panel B: Time T + 1
Any outbreak (OLS) 0.009 0.011*  0.006*  0.009 —0.002  0.006 0.006 0.002 0.013 0.029 ** 0.010
(0013)  (0.007)  (0.003)  (0.006)  (0.002)  (0.006) (0.014) (0.007) (0.010) 0.012) (0.018)
Any outbreak (IV) 0193  —0.046  0.047*% 0043  —0002 0044 0.232* 0.128* 0.139 0.211% 0.465 *
0.127)  (0.066)  (0.027)  (0.058)  (0.018)  (0.058) (0.139) (0.071) (0.104) (0.119) (0.196)
Observations 2099 2099 2099 2099 2099 2099 2099 2099 2099 2099 2099

Mean Dep. Var. 0.0219 0.00619 0.000953  0.00476 0.000476  0.00476 0.0257 0.00619 0.0157 0.0191 0.0457
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Table Aé6. Cont.
[60) 2) 3) @) (5) (6) 7) (8) 9) (10) (11)
Agent for Requests Agent for Approval Vaccine Response
MOH WHO AMP MSF STC  GTFCC ICG Euvichol E“I‘,’lifll;"l Shanchol  Reactive
Panel C: Time T + 3
Any outbreak (OLS) —0.010 0.007 —0002 %0 o001 0.004 —0.006 0.010 0.013 0.019* —0.000
(0.013)  (0.007)  (0.003)  (0.006)  (0.002)  (0.006) (0.014) (0.007) (0.010) (0.012) (0.018)
Any outbreak (IV) 0043  —0098 %97 001 —0011  —0056  —0.002 0.073 0.184* 0.039 0.110
(0.122)  (0.069)  (0.029)  (0.058)  (0.019)  (0.059) (0.131) (0.067) (0.107) (0.113) 0.171)
Observations 2097 2097 2097 2097 2097 2097 2097 2097 2097 2097 2097
Mean Dep. Var. 00219  0.00620 0000954 0.00477  0.000477  0.00477 0.0258 0.00620 0.0157 0.0191 0.0458

Notes: The table presents the main estimates by agents of requests (MOH, WHO, AMP, MSF, STC) and approvals
(GTECC, ICG), type of vaccine (Euvichol, Euvichol Plus, Shanchol), or response (reactive compared to preventive),
using ordinary least squares (OLS) in Equation (1) and instrumental variable (IV) in Equation (3). The number
of observations and the mean of the dependent variable are reported. Observations are at the country—-month
level from 2013 to 2019. Panel A describes the effects in the same month as a cholera outbreak (time t), Panel
B describes the effects one month later, and Panel C describes the effects three months after a cholera outbreak.
Standard errors are reported in parentheses. *** p < 0.01, ** p < 0.05, * p < 0.1.
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Figure Al. Cholera cases and vaccine doses, by country. Panel (A): cases (1000). Panel (B): vaccine

doses (million).



Vaccines 2025, 13, 519 20 of 21

100,000 100,000
g 80,000 g 80,000
% 60,000 % 60,000
@ 40,000 g 40,000
O 20,000 o 20,000
0 017 ’
201|301 201|501 201|701 201|901 201|301 201|501 201|701 201|901
Year-Month Year-Month
40,000
g 30,000
F 20,000
S 10,000
0
201|301 2011501 201|701 201|901
Year-Month
— Doses(request)
—— Doses(decision)
— Doses(delivery)
— Suspected cases
Figure A2. Cholera (suspected) cases and vaccine doses (1000).

References

1. World Health Organization. Cholera. 2024. Available online: https:/ /www.who.int/news-room/fact-sheets/detail /cholera?
gad_source=1&gclid=Cj0KCQjwurS3BhCGARIsADdUH52-6yypirRPiPICOr1GJF1dwYOmbWvbi-kOb-RJoEMsXEag5XYQb9
0aAhEREALw_wcB (accessed on 8 May 2025).

2. US Center for Disease Control and Prevention. Cholera Global Snapshot. Available online: https://www.cdc.gov/cholera/
about/global-epidemiology-of-cholera.html (accessed on 8 May 2025).

3. UNICEE Cholera Outbreak in Eastern and Southern Africa. 2024. Available online: https://www.unicef.org/esa/reports/
cholera-outbreak-eastern-and-southern-africa-2024 (accessed on 8 May 2025).

4. The Lancet. Cholera: A pandemic ignored. Lancet 2024, 404, 1493. [CrossRef] [PubMed]

5. Amisu, B.O.; Okesanya, O.]J.; Adigun, O.A.; Manirambona, E.; Ukoaka, B.M.; Lawal, O.A.; Idris, N.B.; Olaleke, N.O.; Okon, L.L;
Ogaya, ].B.; et al. Cholera resurgence in Africa: Assessing progress, challenges, and public health response towards the 2030
global elimination target. Le Infez. Med. 2024, 32, 148-156. [CrossRef] [PubMed] [PubMed Central]

6. Fong, Y.; Halloran, M.; Park, J.; Marks, E; Clemens, ]J.; Chao, D. Efficacy of a bivalent killed whole-cell cholera vaccine over five
years: A re-analysis of a cluster-randomized trial. BMC Infect. Dis. 2018, 18, 84. [CrossRef]

7. Burki, T. The great cholera vaccine shortage. Lancet 2024, 403, 891-892. [CrossRef]

8. Lessler, J.; Moore, S.M.; Luquero, EJ.; McKay, H.S.; Grais, R.; Henkens, M.; Mengel, M.; Dunoyer, J.; M'bangombe, M.; Lee, E.C,;
et al. Mapping the burden of cholera in sub-Saharan Africa and implications for control: An analysis of data across geographical
scales. Lancet 2018, 391, 1908-1915. [CrossRef] [PubMed]

9.  Global Task Force on Cholera Control. Dashboard. Available online: https://apps.epicentre-msf.org/public/app/gtfcc (accessed
on 8 May 2025).

10.  World Health Organization. Multi-Country Outbreak of Cholera, External Situation Report #19-18 October 2024. 2024. Available
online: https:/ /www.who.int/publications/m/item/multi-country-outbreak-of-cholera--external-situation-report--19---18
-october-2024 (accessed on 8 May 2025).

11.  World Health Organization. Multi-Country Outbreak of Cholera, External Situation Report #20-20 November 2024. 2024.
Available online: https://www.who.int/publications/m/item/multi-country-outbreak-of-cholera--external-situation-report-
-20---20-november-2024 (accessed on 8 May 2025).

12.  Leung, T; Eaton, J.; Matrajt, L. Optimizing one-dose and two-dose cholera vaccine allocation in outbreak settings: A modeling
study. PLoS Neglected Trop. Dis. 2022, 16, €0010358. [CrossRef] [PubMed]

13.  World Health Organization. World Health Assembly Adopts Five-Year Plan for Advancing SDGs. 2018. Available online:
https:/ /sdg.iisd.org/news/world-health-assembly-adopts-five-year-plan-for-advancing-sdgs/ (accessed on 8 May 2025).

14. Moore, S.M.; Lessler, J. Optimal allocation of the limited oral cholera vaccine supply between endemic and epidemic settings. J. R.

Soc. Interface 2015, 12, 20150703. [CrossRef] [PubMed]


https://www.who.int/news-room/fact-sheets/detail/cholera?gad_source=1&gclid=Cj0KCQjwurS3BhCGARIsADdUH52-6yypirRPiPlC0r1GJF1dwYOmbWvbi-k0b-RJoEMsXEaq5XYQb9oaAhEREALw_wcB
https://www.who.int/news-room/fact-sheets/detail/cholera?gad_source=1&gclid=Cj0KCQjwurS3BhCGARIsADdUH52-6yypirRPiPlC0r1GJF1dwYOmbWvbi-k0b-RJoEMsXEaq5XYQb9oaAhEREALw_wcB
https://www.who.int/news-room/fact-sheets/detail/cholera?gad_source=1&gclid=Cj0KCQjwurS3BhCGARIsADdUH52-6yypirRPiPlC0r1GJF1dwYOmbWvbi-k0b-RJoEMsXEaq5XYQb9oaAhEREALw_wcB
https://www.cdc.gov/cholera/about/global-epidemiology-of-cholera.html
https://www.cdc.gov/cholera/about/global-epidemiology-of-cholera.html
https://www.unicef.org/esa/reports/cholera-outbreak-eastern-and-southern-africa-2024
https://www.unicef.org/esa/reports/cholera-outbreak-eastern-and-southern-africa-2024
https://doi.org/10.1016/S0140-6736(24)02305-5
https://www.ncbi.nlm.nih.gov/pubmed/39426821
https://doi.org/10.53854/liim-3202-4
https://www.ncbi.nlm.nih.gov/pubmed/38827826
https://pmc.ncbi.nlm.nih.gov/articles/PMC11142410
https://doi.org/10.1186/s12879-018-2981-4
https://doi.org/10.1016/S0140-6736(24)00467-7
https://doi.org/10.1016/S0140-6736(17)33050-7
https://www.ncbi.nlm.nih.gov/pubmed/29502905
https://apps.epicentre-msf.org/public/app/gtfcc
https://www.who.int/publications/m/item/multi-country-outbreak-of-cholera--external-situation-report--19---18-october-2024
https://www.who.int/publications/m/item/multi-country-outbreak-of-cholera--external-situation-report--19---18-october-2024
https://www.who.int/publications/m/item/multi-country-outbreak-of-cholera--external-situation-report--20---20-november-2024
https://www.who.int/publications/m/item/multi-country-outbreak-of-cholera--external-situation-report--20---20-november-2024
https://doi.org/10.1371/journal.pntd.0010358
https://www.ncbi.nlm.nih.gov/pubmed/35442958
https://sdg.iisd.org/news/world-health-assembly-adopts-five-year-plan-for-advancing-sdgs/
https://doi.org/10.1098/rsif.2015.0703
https://www.ncbi.nlm.nih.gov/pubmed/26423441

Vaccines 2025, 13, 519 21 of 21

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.
36.

Lee, E.C.; Azman, A.S.; Kaminsky, J.; Moore, S.M.; McKay, H.S.; Lessler, J. The projected impact of geographic targeting of oral
cholera vaccination in sub-Saharan Africa: A modeling study. PLoS Med. 2019, 16, €1003003. [CrossRef] [PubMed]

Zheng, Q.; Luquero, FJ.; Ciglenecki, I.; Wamala, J.F.; Abubakar, A.; Welo, P.; Hussen, M.; Wossen, M.; Yennan, S.; Keita, A.;
et al. Cholera outbreaks in sub-Saharan Africa during 2010-2019: A descriptive analysis. Int. |. Infect. Dis. 2022, 122, 215-221.
[CrossRef] [PubMed]

The World Bank. World Development Indicators. Available online: https://data.worldbank.org/indicator/NY.GDP.PCAP.CD
(accessed on 20 April 2024).

The World Bank. World Development Indicators. Available online: https://data.worldbank.org/indicator/SP.POP.TOTL
(accessed on 20 April 2024).

The World Bank. World Development Indicators. Available online: https://data.worldbank.org/indicator/EN.POP.DNST
(accessed on 20 April 2024).

The World Bank. World Development Indicators. Available online: https://data.worldbank.org/indicator/SM.POP.REFG.OR
(accessed on 20 April 2024).

The World Bank. World Development Indicators. Available online: https://data.worldbank.org/indicator/SM.POP.NETM
(accessed on 20 April 2024).

The World Bank. World Development Indicators. Available online: https://data.worldbank.org/indicator/SP.URB.TOTL.IN.ZS
(accessed on 20 April 2024).

Armed Conlflict Location and Event Data. Available online: https://acleddata.com/data/ (accessed on 20 April 2024).

The WHO and UNICEF Joint Monitoring Programme for Water Supply, Sanitation and Hygiene (JMP). Data. Available online:
https:/ /washdata.org/data/household#!/table?geo0=region&geol=sdg (accessed on 20 April 2024).

The World Bank. World Development Indicators. Available online: https://databank.worldbank.org/source/worldwide-
governance-indicators (accessed on 20 April 2024).

Daniel, K.; Kraay, A. Worldwide Governance Indicators. Last Modified 2023. Available online: www.govindicators.org (accessed
on 8 May 2025).

Carr, A. Election Archive. Psephos Adam Carr’s Election Archive. Available online: http://psephos.adam-carr.net/ (accessed on
8 May 2025).

The World Bank. Climate Change Knowledge Portal. Available online: https://climateknowledgeportal.worldbank.org/
download-data (accessed on 8 May 2025).

Global Flood Database. Available online: https:/ /global-flood-database.cloudtostreet.ai/ (accessed on 8 May 2025).

Asadgol, Z.; Mohammadi, H.; Kermani, M.; Badirzadeh, A.; Gholami, M. The effect of climate change on cholera disease: The
road ahead using artificial neural network. PLoS ONE 2019, 14, e0224813. [CrossRef] [PubMed] [PubMed Central]

Sheikh, H.I; Najiah, M.; Fadhlina, A.; Laith, A.A.; Nor, M.M,; Jalal, K.C.; Kasan, N.A. Temperature upshift mostly but not always
enhances the growth of Vibrio species: A systematic review. Front. Mar. Sci. 2022, 9, 959830. [CrossRef]

Martinez, R.M.; Megli, C.J.; Taylor, R K. Growth and laboratory maintenance of Vibrio cholerae. Curr. Protoc. Microbiol. 2010, 17,
6A-1. [CrossRef] [PubMed]

Tibshirani, R. Regression shrinkage and selection via the lasso. . R. Stat. Soc. Ser. B (Methodol.) 1996, 58, 267-288. [CrossRef]
Kling, J.R.; Liebman, ].B.; Katz, L.F. Experimental analysis of neighborhood effects. Econometrica 2007, 75, 83-119. [CrossRef]
Feinmann, J. Cholera makes a comeback amid calls to boost vaccine production. BM]J 2023, 380, 636. [CrossRef]

Memish, Z.A.; Blumberg, L.; Al-Maani, A.S.; Baru, R.; Dube, E.; Gao, G.F; Jernigan, D.B.; Leo, Y.S,; Peiris, ].S.; Masud, ].H.; et al.
Moving cholera vaccines ahead of the epidemic curve. Lancet 2024, 403, 127-129. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1371/journal.pmed.1003003
https://www.ncbi.nlm.nih.gov/pubmed/31825965
https://doi.org/10.1016/j.ijid.2022.05.039
https://www.ncbi.nlm.nih.gov/pubmed/35605949
https://data.worldbank.org/indicator/NY.GDP.PCAP.CD
https://data.worldbank.org/indicator/SP.POP.TOTL
https://data.worldbank.org/indicator/EN.POP.DNST
https://data.worldbank.org/indicator/SM.POP.REFG.OR
https://data.worldbank.org/indicator/SM.POP.NETM
https://data.worldbank.org/indicator/SP.URB.TOTL.IN.ZS
https://acleddata.com/data/
https://washdata.org/data/household#!/table?geo0=region&geo1=sdg
https://databank.worldbank.org/source/worldwide-governance-indicators
https://databank.worldbank.org/source/worldwide-governance-indicators
www.govindicators.org
http://psephos.adam-carr.net/
https://climateknowledgeportal.worldbank.org/download-data
https://climateknowledgeportal.worldbank.org/download-data
https://global-flood-database.cloudtostreet.ai/
https://doi.org/10.1371/journal.pone.0224813
https://www.ncbi.nlm.nih.gov/pubmed/31693708
https://pmc.ncbi.nlm.nih.gov/articles/PMC6834266
https://doi.org/10.3389/fmars.2022.959830
https://doi.org/10.1002/9780471729259.mc06a01s17
https://www.ncbi.nlm.nih.gov/pubmed/20440684
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.1111/j.1468-0262.2007.00733.x
https://doi.org/10.1136/bmj.p636
https://doi.org/10.1016/S0140-6736(23)02244-4

	Introduction 
	Material and Methods 
	Data 
	Identification Strategy 
	Additional Analysis 

	Results 
	Sample 
	Allocation of Cholera Vaccines 
	Heterogeneous Allocation of Cholera Vaccines 

	Discussion 
	Conclusions 
	Appendix A
	References

