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Systematic testing for Vibrio cholerae Olis rare, which means that

the world’s limited supply of oral cholera vaccines (OCVs) may not be
delivered to areas with the highest true choleraburden. Here we used a
phenomenological model with subnational geographic targeting and
fine-scale vaccine effects to model how expanding V. cholerae testing
affected impact and cost-effectiveness for preventive vaccination
campaigns across different bacteriological confirmation and vaccine
targeting assumptions in 35 African countries. Systematic testing followed
by OCV targeting based on confirmed cholera yielded higher efficiency and
cost-effectiveness and slightly fewer averted cases than status quo scenarios
targeting suspected cholera. Targeting vaccine to populations with an
annual incidence rate greater than 10 per 10,000, the testing scenario
averted 10.8 (95% prediction interval (PI) 9.4-12.6) cases per 1,000 fully
vaccinated persons while the status quo scenario averted 6.9 (95% P16.0-7.8)
cases per 1,000 fully vaccinated persons. In the testing scenario, testing
costsincreased by US$31 (95% P125-39) while vaccination costs reduced

by US$248 (95% P1176-326) per averted case compared to the status quo.
Introduction of systematic testing into cholera surveillance could improve
efficiency and reach of global OCV supply for preventive vaccination.

Choleraremains amajor public health threatinareas withlimited access
to safe water and sanitation services. Africa bears a substantial part
of the global burden of cholera with an estimated 87 million people
living in high-incidence districts (that is, mean annual incidence rate
>1suspected case per 1,000 people)*. However, these estimates rely
primarily on data from passive clinical surveillance with infrequent
laboratory confirmation and may not reflect true cholera burden.
Choleraincidence varies greatly across space and time. The major-
ity of suspected casesreported in Africa during 2010-2016 were from

less than 5% of the population'?, and 65% of reported outbreaks during
2010-2019 occurred in only four countries®. Even in high-incidence
populations, cholera transmission can span the endemic-epidemic
continuum, including locations with year-round transmission and
locations with outbreaks recurring every three to five years and no
reported cases in interim periods’. This heterogeneity challenges
national surveillance systems, which may need multiple case defini-
tions and reporting protocols to accommodate different transmission
settings. Whenboth cholera epidemiology and surveillance reporting
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Table 1| Policy summary table

Background  Systematic laboratory confirmation of suspected cholera cases is rare, which means the world’s limited supply of OCV may be delivered to
geographic areas that do not have the highest true burden of V. cholerae.

Main Our strategic modeling study in cholera-affected regions of Africa found that targeting vaccines on the basis of the burden of systematically

findingsand  confirmed cholera resulted in more averted cases per vaccine used, higher cost-effectiveness when accounting for the costs of testing and

limitations vaccine delivery, with a relatively small reduction in the absolute magnitude of averted cases across model settings. Limitations of this study
include not accounting for annual variability in cholera burden and immunity and simplified assumptions of testing and vaccine targeting
compared to reality. Due to the model assumptions, results should be interpreted relative to the other reported scenarios and not as absolute
projections.

Policy Introduction of systematic testing into cholera surveillance could improve efficiency and reach of global OCV supply for preventive vaccination.

implications  Future investigation should consider what drives country-level variability in the optimal systematic testing strategy to inform specific surveillance

system designs.

vary widely, targeting disease control measures efficiently can be
extremely difficult.

Previous work has shown that targeting cholera control to
areas with high historical burden can make substantial improve-
ments to the cost-effectiveness and public health impact of these
interventions®. Geographic targeting is critical for the rollout of
disease-specific, planned control measures such as preventive vac-
cination campaigns; and only 33 million doses were shipped out of
72 million doses requested in 2022 (ref. 7). Yet the cholera surveil-
lance programs required to enable such targeting are lacking. While
most cholera-affected countriesin Africa perform passive clinic-based
cholerasurveillance, there is substantial variation in case definitions,
reporting coverage, data quality and case detection practices®*°.
Further, systematiclaboratory confirmation of suspected cholera cases
through culture and polymerase chain reaction (PCR) testing is chal-
lenging due to limited laboratory resources and supply chains. Among
suspected cholera outbreaks in Africa from 2010 to 2019, laboratory
testing data were reported in 25% of outbreaks and only 13% reported
at least one confirmed cholera case*. While rapid diagnostic tests
(RDTs) for Vibrio cholerae 01/0139 detection are being increasingly
adopted for outbreak detection and case screening, their widespread
use isrelatively new, performance across tests and indifferent settings
is variable, and global standards for their use and interpretation for
surveillance are still in their infancy®".

A previous systematic review and meta-analysis estimated that
an average 52% of suspected cholera cases were true cholera, but
this proportion varied widely across space and time with a range
of 0.01% to 100% (ref. 12). With suspected cases coming from other
diarrhea-causing pathogens such as enterotoxigenic Escherichia coli,
Cryptosporidium and Shigella”™, the current practice of prioritizing
the world’s limited supply of oral choleravaccine (OCV) using primarily
suspected cholera surveillance could be highly inefficient. Fine-scale
OCV targeting supported by improved bacteriological confirmation
capacity would substantially increase campaign efficiency and vaccine
impact while simultaneously reducing the number of campaign sites
and target population sizes.

Inthis Article, focusing on 35 cholera-affected countriesin Africa
where district-level (subnational) cholera incidence estimates are
available, we build upon an existing strategic modeling framework®
to explore the potential gains in preventive vaccination campaign
impact and efficiency that may be observed withimproved V. cholerae
01/0139 confirmation capacity (Table 1). We modeled the impact of
vaccination campaigns under different scenarios and calculated the
vaccineimpact, vaccination campaign efficiency and cost-effectiveness
relative to a scenario with no vaccination.

Results

Impact of testing on OCV targeting and efficiency

Scenarios that targeted OCV campaigns using surveillance with
enhanced bacteriological confirmation capacity through systematic
testing of suspected cholera cases with RDT and culture (‘decentral-
izedtesting’ and ‘centralized testing’ scenarios) always had higher OCV

efficiency than those that targeted campaigns using only suspected
choleracase definitions (‘clinical definition’scenario) (Fig.1, Extended
Data Tables1and 2). When districts (subnational units within countries)
withanobserved choleraincidence rate over 10 per 10,000 population
weretargeted with OCV, the decentralized testing and clinical definition
scenarios fully vaccinated 30.1(95% predictioninterval (PI) 24.4-37.9)
and 65.2 (95% P1 59.8-71.0) million individuals and averted 0.33
(95%P10.26-0.41) and 0.45 (95% P10.38-0.53) million cases, thus yield-
ingan OCV efficiency of10.8 (95% P19.4-12.6) and 6.9 (95% P1 6.0-7.8)
averted cases per 1,000 fully vaccinated persons (FVPs), respectively
(Table 2). This represented 19.2% (95% P116.7-22.3) of true cases
averted in scenarios with systematic decentralized testing and 26.5%
(95% P124.4-28.5) in those without.

Across targeting thresholds of 1,2 and 10 cases per 10,000 popu-
lation, the median of the clinical definition scenarios vaccinated 1.43,
1.67,and 2.17 times more people than the median of the decentralized
testing scenarios, while averting 1.07, 1.13, and 1.37 times as many
true cholera cases at the median, respectively. Thus, OCV efficiency
of decentralized testing scenarios was 1.34 (95% P11.29-1.40),1.47
(95%P11.39-1.54) and 1.56 (95% P11.39-1.79) times higher than clinical
definition scenarios for the three targeting thresholds, respectively
(Extended DataFig.1).

Scenarios with enhanced confirmation capacity led to a more
focused delivery of vaccines to people living in high-incidence-rate
areas. For example, 97.8% (95% P192.8-100%) of FVP lived in areas
where the true incidence rate exceeded 10 per 10,000 population
in the relevant decentralized testing scenario, in contrast with 43.1%
(95% PI 35.2-51.8%) in the analogous clinical definition scenario
(Extended Data Table 2). When targeting areas with an incidence rate
above 10 per 10,000, introducing decentralized testing reduced the
total number of districts targeted by the OCV campaign from 272
(95% P1238-319) t0 130 (95% P1107-171), and reduced the unique num-
ber of districts targeted from 119 (95% P1105-137) to 60 (95% P148-76)
(Extended Data Table 2).

Impact of testing on OCV cost-effectiveness

We found that systematic decentralized testing greatly reduced
the combined cost of testing and OCV campaigns across targeting
thresholds compared to the clinical definition scenario. For example,
for the targeting threshold of 1 per 10,000, testing reduced the total
cost per averted case from US$2,452 (95% P12,153-2,707) to US$1,829
(95%P11,653-2,017) (Table 3). Each US dollar spent on testing suspected
cholera cases reduced OCV campaign costs by US$61 (95% P152-69).
Decentralized testing also increased OCV efficiency from 1.9
(95%P11.7-2.2) t0 2.6 (95% P12.4-2.9) averted cases per 1,000 FVPs but
averted aslightly lower percent of true cases—41.8% (95% P141.0-42.9)
versus 44.7% (95% Pl 44.3-45.3) in the clinical definition scenario
(Table 2). Decentralized testing scenario outcomes were not equiva-
lent to clinical definition scenarios with higher vaccine targeting
threshold, as systematic testing had the added effect of reducing
variability in the detection and targeting of high-incidence-rate areas
(Extended DataFig. 2).
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Comparison of averted cases, OCV efficiency,
total costs and other metrics across scenarios

choleraincidenceis observed. Districts are targeted for OCVin a simulation
year if the mean observed incidence rate over the past 5 years exceeds one of
three thresholds, 10 per 10,000, 2 per 10,000 or 1 per 10,000 population, and
thelocation has not been vaccinated in the last 3 years. Models are simulated
and public health impact and cost-effectiveness are evaluated with true averted
cases, true averted cases per 1,000 FVPs (OCV efficiency) and total costs of
testing and OCV campaigns, among other metrics.

Heterogeneity in testing impact across countries

Across country-level outputs, scenarios thatintroduced decentralized
testing into surveillance systems averted slightly fewer true chol-
era cases than those using a suspected case definition to target OCV
(Fig.2a), while vaccinating many fewer people (Extended DataFig. 3).
Consequently, decentralized testing scenarios achieved a higher
OCV campaign efficiency (Table 2) with lower total costs than com-
parable clinical definition scenarios (Fig. 2b). In addition, decentral-
ized testing scenarios led to more cost-effective OCV campaigns

and reduced across-country heterogeneity in cost-effectiveness
(as measured by OCV cost per case averted) as compared to clinical
definition scenarios (Fig. 2c).

Our results suggest that, when OCV use expands to include
moderate incidence settings, testing becomes more critical to OCV
campaign cost reduction (Fig. 2d). For example, when we lowered
the targeting threshold from 10 per 10,000 to 1 per 10,000 in Nige-
ria, test costs per true averted case declined from US$31 to US$12
while the reduction in OCV costs per averted case increased from
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Table 2 | FVPs, averted cholera cases, OCV campaign efficiency and percent of true cases averted across different modeling

scenarios, 2022-2035

Threshold Fully vaccinated population (million) Averted cases (million) OCYV efficiency (averted Percent of true cases averted
cases per 1,000 FVPs)
Clinical definition Decentralized Clinical definition Decentralized Clinical Decentralized Clinical definition Decentralized
testing testing definition testing testing
1/10,000 per year 391.8(378.8-412.2)  274.6(2611-285.8)  0.76 (0.69-0.84)  0.71(0.64-0.8) 1.9(1.7-2.2) 2.6 (2.4-2.9) 447 (44.3-45.3) 41.8 (41-42.9)
2/10,000 per year 275.2 (264.5-283.9) 165.2(153.9-179.4) 0.7 (0.64-0.79) 0.62(0.55-0.71) 26(2.3-2.8) 3.7(3.4-4.2) 41,5 (40.8-42.7) 36.5(35.4-38.1)
10/10,000 per year  65.2 (59.8-71) 30.1(24.4-37.9) 0.45(0.38-0.53)  0.33(0.26-0.41) 6.9 (6-7.8) 10.8(9.4-12.6) 26.5(24.4-28.5) 19.2 (16.7-22.3)

For combinations of modeling scenarios that vary by incidence rate threshold and bacteriological confirmation capacity, we report the median estimates and 95% Pls in parentheses for FVP,
true averted cases (millions), true averted cases per 1,000 FVPs (OCV efficiency) and percentage of true cases averted. ‘Clinical definition’ refers to a scenario without testing of suspected
cases, while ‘decentralized testing’ refers to a scenario with systematic testing of suspected cases with RDT and culture in district-level laboratories.

Table 3 | Cost-effectiveness of introducing decentralized
testing of suspected cholera cases, 2022-2035

Threshold Totalcostperavertedcase = OCVcost Test OCV cost
(US$) reduction costper reduction
Clinical Decentralized per T [P
definiti testi averted case dollar spent
efinition esting case(US$) (US$) (US$)
1/10,000 2,452 1,829 631 10 61
per year (2153-2,707) (1,653-2,017) (509-731) (9-1) (52-69)
2/10,000 1,84 1,272 587 13(12-14) 45
per year (1,658-2,042)  (1142-1,413) (473-682) (39-51)
10/10,000 685 468 248 31 8
per year (603-780) (405-543) (176-326) (25-39) (6-9)

We report the median estimates and 95% Pls for total costs per averted cases and metrics that
demonstrate tradeoffs in testing and OCV costs between clinical definition and decentralized
testing settings. OCV cost reduction (due to systematic decentralized testing) per averted
case is the difference between OCV cost per averted case in the decentralized testing and
clinical definition scenarios. Test cost per averted case is the cost of testing in decentralized
testing scenarios; no tests were performed in clinical definition scenarios. OCV cost
reduction per test dollar spent is the ratio of OCV cost reduction per averted case and test
cost per averted case.

US$353 to US$1,806 (Fig. 2d). Similarly, in South Sudan and Malawi,
the test cost per true averted case declined from US$12 to US$8 and
from US$218 to US$24, while the OCV cost per averted case increased
from US$351to US$790 and from US$1,029 to US$4,283, respectively.
The improvement in OCV efficiency and cost per averted case with
the introduction of testing varied widely across countries, and it did
not appear that high-burden countries would universally experience
larger OCV cost reductions per test dollar spent (Extended Data Fig. 4).

Comparison of decentralized and centralized testing

We also compared systematic decentralized and centralized testing
strategies. Centralized testing scenarios had slightly higher OCV effi-
ciency and targeted slightly fewer people and administrative units than
decentralized testing scenarios (Extended Data Table 2). For exam-
ple, when targeting districts with an observed incidence rate above
10 per 10,000, the centralized testing scenario fully vaccinated 22.8
(95% P119.3-29.5) million individuals, averted 0.28 (95% P10.22-0.35)
million cases and averted 12 (95% P110.3-14.4) cases per 1,000 FVPs
(Extended Data Table 2).This represented a more focused campaign
with fewer averted cases but greater efficiency than the decentral-
ized testing results reported above, though the 95% Pls overlapped
(Table 2). When considering tradeoffs between total costand averted
cases, the centralized testing setting averted more cases for lower total
costs than the decentralized testing setting when targeting districts
above the 2 per 10,000 threshold (Extended Data Fig. 5). However,
the higher costs of decentralized testing yielded more averted cases
when the vaccination targeting thresholds were at 1 per 10,000 or
10 per 10,000. The proportion of FVP living in truly high-incidence-
rate areas was lower in the centralized testing scenario, with 94.3%

(95% P183-99%) in the scenario targeting districts above the thresh-
old of 10 per 10,000 (Fig. 3 and Extended Data Table 2).

Discussion

Our study builds on previous OCV targeting work® by proposing how
specific surveillance improvements—that is, systematic confirma-
tory testing of suspected cholera cases—could improve the targeting
efficiency of preventive campaigns and extend the reach of the limited
global supply of OCVs'®. When districts with an observed mean annual
incidence rate over 10 per 10,000 were targeted for vaccination, the
introduction of systematic decentralized testing increased OCV cam-
paign efficiency by about 60%, used nearly 70 million fewer doses in
a9-year period, and reduced vaccination costs by US$8 for every US
dollar spent on testing, while observing a 25% decrease in true cases
averted. In scenarios where OCV use was more expansive (thatis, a
lower incidence rate threshold was used to target districts for OCV),
the introduction of testing produced smaller gains in OCV campaign
efficiency but reduced the number of doses used and the amount spent
on testing. This suggests that testing will become even more critical
for OCV targeting as preventive OCV use becomes more common in
lower-burden settings.

Our scenarios compared two systematic testing strategies that
were based on recent Global Task Force on Cholera Control (GTFCC)
guidance on public health surveillance in areas with confirmed out-
breaks"”. Compared to the centralized testing scenario, which was
defined as systematic testing with culture in a single reference labo-
ratory, decentralized testing used a combination of RDT and culture
thatresultedinagreater total number of tests performed and greater
accuracy in the estimated V. cholerae positivity. The centralized test-
ing scenario had the unanticipated effect of slightly increasing OCV
efficiency, as only the highest-incidence-rate districts remained above
the OCVtargeting threshold after accounting for reductionsin culture
sensitivity due to transport and delays.

A robust laboratory surveillance system would most likely be a
combination of the centralized and decentralized testing scenarios,
with perhaps multiple national reference laboratories and smaller,
dispersed laboratories with capacity to perform a mix of RDT and
culture among suspected cases in their communities'®. Such a system
could gain the advantages from both approaches, with better quality
control and standardization of testing in reference laboratories, and
improved timeliness in outbreak confirmation from decentralized test-
ing. Asevidenced by the heterogeneity in testing impact across coun-
tries and variability in the optimal testing strategy at different vaccine
targeting thresholds, enhanced testing strategies need to be adapted
to the local context. High- and low-burden countries will necessarily
have different approaches to cholera control, and the optimal testing
strategy may vary based on the spatial distribution of burden, testing
capacity and other specifics of the surveillance system. Future studies
should consider how testing strategies may be optimally adapted to
different burden, laboratory capacity and surveillance contexts, and
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represents the median estimate for one individual modeled country, and the
boxplots show the distributions of the country medians (n = 35 countries), where
the box demarcates the 25th, 50th and 75th percentile and the whiskers extend
beyond the 25th and 75th percentiles by 1.5 times the interquartile range. d, Cost
tradeoff between decentralized bacteriological confirmation of V. cholerae by
RDT or culture and OCV campaign, under district-level OCV targeting setting.
Each point represents anindividual county. The x axis and y axis are the median
cost spent per averted case and the median cost reduction per averted case,

for aspecific country. The gray lines link the data points of the three targeting
thresholds for three selected countries, South Sudan, Nigeria and Malawi.

how optimization may be sensitive to factors that also alter diagnostic
testsensitivity in centralized and decentralized testing scenarios. These
extensions could informtargeted guidance on theimplementation of
systematic testing in specific countries.

Our modeling scenarios do not capture notable challenges in
confirmatory testing faced by many cholera-affected countries. We
assumed that reporting and testing of cases would be spatially homo-
geneous withinadistrict, although differencesinaccessto care, health
behavior, health care capacity and testing capacity could cause spatial
heterogeneity. Evenvariationin antibiotic usage may bias reporting, as
this has been observed to reduce culture sensitivity”. In addition, our
cost-effectiveness analyses do not include the substantial resource,
training and supply-chain difficulties of developing and maintaining
alaboratory prepared to perform culture at any time.

While several cholera RDTs are now available and beginning to
have wide usage, none of the products has received World Health
Organization prequalification and only recently has GTFCC released

guidance thatintegrates RDTs into public health cholerasurveillance
strategy'”*”". RDT evaluation studies so far have found high variability
insensitivity and specificity across products and protocols concurrent
with concerns about the accuracy of gold-standard culture results”,
leading some to question the best uses of these tools. Nevertheless,
use and confidence in cholera RDTs, supported by a comprehensive
RDT evaluation with a standardized protocol, is critical for expanding
the network of laboratories where decentralized confirmatory testing
canbe performed.

Our results are limited by the assumption that mean annual sus-
pected choleraincidence estimates from 2010 to 2016 (ref. 1) represent
astatic risk of cholera during our projection period. These estimates
depend onreporting and care-seeking for cholera symptoms and may
not accurately reflect current and future burden. Consequently, it is
more appropriate to interpret the relative magnitude of scenarios
rather than the absolute public health impact or costs or the results
of any single country. Second, our model projects average burden
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trends over time, without consideration of high annual variability in
choleratransmission (for example, due to outbreaks or humanitarian
emergencies). Finally, to narrow the scope of our investigation, we
applied highly simplified approaches to vaccine targeting, based only
onincidence rates and without vaccine supply constraints, as well as
to vaccine efficacy, where there were no age-specific differences and
all vaccinated individuals received two doses.

Robust disease surveillance has long been cited as essential for
efficient vaccine targeting®>?, but other advantages would follow as
well. Facilitated by the short turnaround time of RDTs, decentralized
testingin cholera-outbreak-prone settings could enhance the rollout
of control activities such as reactive vaccination and case-area tar-
geted interventions, which would have otherwise relied on suspected
case data for prioritization**. A 2023 update to GTFCC guidance now
recommends countries to prioritize areas for interventions includ-
ing preventive vaccination through a multidimensional index that
includes cholera test positivity from RDTs, culture or PCR, in addi-
tion to suspected case incidence, persistence and mortality®. Both
financial and political investments are needed by ministries of health
and the broader global health community to translate diagnostic
developmentinto effective surveillance and vaccine distribution for
cholera control.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41591-024-02852-8.
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Methods

Here we describe the model input data and parameters, the compo-
nents of targeting scenarios, the simulation framework, and calculation
of public health and cost-effectiveness metrics.

Modelinputs

Suspected cholera incidence rates. Previously published gridded
estimates of meansuspected choleraincidence rate from2010 to 2016
in 35 countries were downscaled from 20 km x 20 km to 5 km x 5 km
by assuming that 5 km x 5 km cells had the same rate as the overlap-
ping 20 km x 20 km cell'. We assumed that these rates would remain
constant from 2022 through 2035 in the absence of modeled vacci-
nation, but the number of cases could change as the population size
changed eachyear. These gridded estimates were then aggregated to
anadministrative unit scale as the population-weighted mean of each
ofitsgrid cells.

We assumed that a variable fraction of suspected cholera case
incidence was dueto true cholerainfections. To simulate the incidence
rate of ‘true cholera’ we multiplied the suspectedincidence ratein each
administrative unitby a positivity proportion (‘V.cholerae positivity’).
V.cholerae positivity was drawn randomly for each administrative unit
and simulation, but was assumed constant across years and modeling
scenarios. We assumed that V. cholerae positivity followed a beta dis-
tribution (a = 5.604821and 8 = 5.125101) that was fit to 1,000 posterior
predictive samples of the pooled adjusted V. cholerae positivity from
arecent meta-analysis'.

We defined administrative areas according to the Global Adminis-
trative area database (GADM) using the R package GADMtools (version
3.9.1)%. Hereafter, first-level administrative units are called ‘provinces’
and second-level administrative units are called ‘districts’.

Vaccine properties. As in a previous modeling study®, we assumed
that complete vaccination had adirect protective effect of 66%in the
first year, which waned to 0% after 5 years”. Indirect vaccine effects
were modeled as a relative (multiplicative) reduction in incidence
rate for unvaccinated individuals according to the corresponding
grid cell’s vaccination coverage. We assumed 68% of individuals 1 year
old and above in the targeted administrative unit received two doses
of vaccine in the vaccination year and otherwise none, similar to a
previous study®.

Population data. Annual country population estimates and projections
were from UN World Population Prospects®. The spatial distribution
of population within a country followed the relative population pro-
portions of the unconstrained 20201 km x 1 km WorldPop population
raster after it was aggregated to the 5 km x 5 km resolution*°.

Modeling scenarios

We explored the potential impact and efficiency of targeted cholera
vaccine use in scenarios that varied by three primary variables: bac-
teriological confirmation capacity (three settings), incidence rate
thresholds (three levels, above which administrative units would be
targeted for vaccination) and administrative scale of the vaccination
campaigntargeting (twoscales). Intotal, we simulated 18 vaccination
scenariostorepresent all combinations (3 x 3 x 2) and one ‘no vaccina-
tion’ scenario (Fig.1).

Bacteriological confirmation capacity. Bacteriological confirmation
capacity represents a country’s capacity for systematic confirmatory
testing. This setting determines how well the incidence rates ‘observed’
by thesurveillance system align with true incidence of V. cholerae; the
observed incidence rate determined where vaccines were allocated.
We considered three bacteriological confirmation capacity scenar-
ios. The low-capacity setting, ‘clinical definition’,assumed that only sus-
pected incidence rates were observed as no systematic confirmatory

testing was performed (representing the current practice in much of
the world). To calculate testing costs, the ‘decentralized testing’ set-
ting assumed that suspected cholera samples were tested systemati-
cally with RDTs and RDT-positive samples were tested systematically
with culturein district-level laboratories, following Global Task Force
for Cholera Control (GTFCC) public health surveillance guidance in
confirmed outbreak settings (see ‘How testing works’ section and
Extended Data Table 3)%. In this setting, the observed and true V. chol-
eraeincidencerates were assumed to be the same. The primary results
compared scenarios with ‘clinical definition’and ‘decentralized testing’
for district-level campaign targeting.

Both decentralized and centralized testing settings use V.cholerae
positivity estimates that have already been adjusted for the sensitivity
and specificity of different test types (see more in ‘How testing works’
section)™. The ‘centralized testing’ setting assumes that suspected
cholera samples are tested systematically with culture in a national
reference laboratory when calculating testing costs” These tests expe-
rience an additional 20% reduction in test sensitivity compared to
the decentralized testing setting, an attenuation that is motivated by
testing delays and damage to samples that may occur as samples are
delivered to areference laboratory. In this setting, the observed inci-
dence rate was roughly 20% lower than the true V. cholerae incidence
rate at the national level, with variation derived from district-level
V.choleraepositivity (see ‘Suspected choleraincidence rates’ section).

Targeting thresholds. Administrative units were vaccinated if their
observedincidence rate exceeded the threshold of 10 cases per 10,000
population, 2 cases per 10,000 populationor1case per10,000 popula-
tion, according to the scenario.

Administrative scale of the vaccination campaign. Vaccination
campaign targets were identified at the district or province level of
the country. In scenarios with province-level targeting, the province
V. cholerae positivity was calculated as the suspected-case-weighted
mean of the associated district-level V. cholerae positivities.

How testing works

We considered three bacteriological confirmation capacity settings
in our scenarios, each representing a different way to determine the
observed incidence rate in a given administrative unit. The observed
incidence rate was calculated as the product of a suspected cholera
incidence rate and a V. cholerae positivity; in the case of the ‘clinical
definition’setting, the suspected choleraand observedincidencerates
were the same as no systematic testing was applied. In the ‘decentral-
ized testing’ setting, we drew a random value from a distribution of
V. cholerae positivity estimates for each simulation and second-level
administrative unit (district). To make the ‘centralized testing’ setting
comparable to the corresponding ‘decentralized testing’ setting, we
calculated the mean positivity of each simulation across all districtsin
the decentralized testing scenario and applied it to all districts in the
centralized testing scenario. In addition, we applied a 20% reduction
to this mean positivity toreflect sensitivity loss from testing delays and
damage to samples that may occur as samples are delivered to a central-
ized referencelaboratory. For all testing scenarios, positivity remained
the same for allmodeled years, but differed across administrative units
(in decentralized testing) and simulations.

The V. cholerae positivity distribution was derived from Wiens
et al.”2. They first conducted a systematic review of qualified studies
from 2000 to 2023 that tested suspected cholera cases using either
culture, PCR or RDTs. Based on data from four studies that used all
three diagnostic tests, they constructed a hierarchical conditional
dependence model under a Bayesian framework to estimate each
diagnostic test’s sensitivity and specificity. Next, these estimated
diagnostic-test-specific sensitivities and specificities were used to
adjust for the possibility of false negatives and false positives to arrive
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atanoverall adjusted positivity estimate. This positivity estimate was
pooled across all 119 included studies and fit in a generalized linear
model with study-level random effects. They estimated that on aver-
age 52% (95% credible interval 24-80%) of suspected cholera cases
weretrue V.choleraeinfections. We fit 1,000 posterior samples of this
adjusted positivity estimate to a beta distribution (a = 5.604821 and
S =5.125101) and used the parametric distribution to draw random
V.cholerae positivity estimates.

While positivity could vary as a function of observed incidence,
Wiens et al. found that V. cholerae positivity was not associated with
the estimated suspected cholera 2010-2016 mean annual incidence
rate' in the administrative unit containing each study’s research site.
Consequently, we assumed in our models that V. cholerae positivity
wasincidence-independent.

How targeting works

Foreachyearinthe projection period, the model alternates betweena
vaccinetargeting step and an epidemiologic modeling step (Extended
DataTable1). OCVtargetingis performed dynamically in each projec-
tionyear on the basis of the observed mean annual incidencerateina
given administrative unit over the past 5 years; this dynamic targeting
differs from the originally published model®.

In brief, the model begins with a single simulation of the gridded
2010-2016 mean annual suspected choleraincidence rate’. Processes
that affect population susceptibility to disease (that is, direct and
indirect vaccine effects, vaccination campaign coverage and natural
populationturnover) were then applied. Alladministrative units withan
observed 5-year meanannualincidence rate greater than the targeting
threshold (thatis, 10 cases, 20 cases or 1 case per 10,000 population)
were vaccinated, such that 68% percent of the population aged 1 year
and older received two vaccine doses.

After the vaccine targeting and epidemiologic modeling steps, a
new 5-year observed meanannualincidence rateis calculated toinform
the vaccine targeting step in the next projection year.

Epidemiologic model assumptions

Assumptions related to direct and indirect vaccine effects, vaccina-
tion campaign coverage and population turnover were the same as a
previously published paper’.

For direct vaccine effects, we estimated annual vaccine efficacy in
years O through 5 after vaccination by taking the mean point estimates
from afitted log-linear model fit to pooled two-dose vaccine efficacy
estimatesidentified in asystematic review and meta-analysis of OCVs®.
The initial vaccine efficacy was 66% in the year of vaccination, then
declinedto 0% inyear 6.

For indirect vaccine effects, we fit a logistic function to data
gathered from India and Bangladesh on the association between the
relative reduction in the incidence among unvaccinated individuals
in the OCV-coverage neighborhood®. Fitted values from the logistic
function were thenapplied asa‘percentreductioninincidence dueto
vaccination-induced immunity’ at the grid-cell level of the model. With
this assumption, unvaccinated individuals received 80% and almost
100% mitigationin choleraincidenceiftheir neighborhood (simulated
asthe 5 kmby 5 kmgrid cellinthe model) had a 50% or 70% vaccination
coverage, respectively.

Vaccination campaign coverage was assumed to be 68% on the
basis of a review of published data from seven vaccination campaign
coverage surveys. Additional details and the extracted survey data may
be found in the previously published paper®.

Population turnover represents the loss of vaccinated individuals
in the population due to births and deaths since the time of the last
vaccination campaign. As in the original paper, country-specific life
expectancy in the model year and number of years since the last vac-
cination campaign were used to calculate the proportion of the model
year population that retained their vaccinated status®.

Model equations

We modeled each country and scenario independently. For eachmodel
year in the simulation, there were alternating vaccine targeting and
epidemiologic modeling steps.

Targeting vaccines on the basis of observed incidence rates. Vac-
cines were targeted on the basis of the observed mean annualincidence
rate in administrative level 2 units (districts) in the previous 5-year
period. The observed mean annualincidencerate (/1"/‘;S ) depended on
the bacteriological confirmation capacity setting (Fig. 1, bacteriologi-
cal confirmation capacity).

Inthe clinical definition setting;:

obs _ jsus
Ai,p S /ll DS’

where A is the mean annual incidence rate of suspected cholerain
dlStI‘lCtl in the previous S-year period p, and simulations. The observed
and suspected incidence rates were equivalent because no systematic
testing was performed; therefore, only suspected incidence rates were
available for useinvaccine targeting. The suspected choleraincidence
rate for a district was the population-weighted mean of the associated
5km by 5 km gridded estimates of mean annual suspected cholera
incidence:

A = x 2,

jei 7 Pop;
where j € i represents the set of j 5 km by 5 km grid cells that overlap
withtheidistrict. The gridded estimates were derived from previously
published 20 km by 20 km gridded estimates of mean annual suspected
choleraincidencein2010-2016 across Africa’; all 5 km by 5 kmgrid cells
inthe same 20 km by 20 km grid cell had the same incidence rate A.
Inthe decentralized testing setting:

obs _ jtrue
Ai,p S Al DS’

where /l"p”e is the unobserved, underlying true cholera mean annual
incidencerate. We assumed that afraction of suspected cholera cases
were true cholera cases, such that

Atrue — /lsus true
ip,s ip,s is

where afveis the underlying true V. cholerae positivity that remains
constantacross all yearsforagivendistrict and simulation (Fig. 1, model
input). We assumed that decentralized testing would return perfect
estimation of the true positivity e, and thus underlying incidence
rates were perfectly observed.

Inthe centralized testing setting:

obs
/li,p,s

= A3 X g x (1- ),
where ¢ is the loss of sensitivity during shipment of samples to the
national reference laboratory, and ay is the V. cholerae positivity
for country N. Thisis calculated as the suspected-case-weighted mean
ofalltrue V. cholerae positivity values at the district level:

/lsus‘yl X p OP,

_ true
Ans = Z ai,s X Asusyl
Ns X pOPN

ieN

where i e Nrepresentsall districtsin country N. A country’s V. cholerae
positivity (ay ;) was constant for all model years; the suspected-case-
weighted-mean for only the first model year (y1) was used in this
calculation.

All districts i with an observed mean annual incidence rate (470
that exceeded a scenario’s incidence rate targeting threshold and
had not been targeted by a campaign within the last three years were
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targeted with a vaccination campaign in a given scenario (Fig. 1,
identifying OCV targets for each simulation year).

Epidemiologic modeling to update true incidence rates. Epidemio-
logic modeling occurs at the grid cell level. For all districts selected
for vaccination in a given year, we calculated the proportion of the
population vaccinated in each 5 kmby 5 km grid cell:

popyey~

Vjys = 0Xp0pj’y)< po—%,

where 6 is the vaccination campaign coverage proportion, y is the
model projection year, and pop{***! is the number of people in the
country projected to be 1year old and above according to UN World
Population Prospects?. Only individuals aged 1 year and above are
eligible for oral cholera vaccination. For alladmin 2 units not selected
forvaccination, v, = 0.

The proportion of the population susceptible to infection (that
is, those not protected by vaccine) (g, ;) is a function of vaccination
campaignsin the currentyear and previous 5 years:

Yy
H a- (Uij X 6y—m X Tj,may))7
m=y-5

Ojy,s =

where v, ,, is the proportion of thejgrid cell population vaccinated in
yearm, 6,_p, isthe proportion protected fromdirect vaccine effectsin
y-myearssincevaccination,and; .., is the proportion of the popula-
tionfrom year mthat remainsinthe populationin year yafter account-
ing for population turnover. The population turnover multiplier (; ,.,)
is calculated as

Tjmoy = POD; , X (1= (¥ = m) X fin))/pop;

where puy, is the inverse of the life expectancy in country Nand yeary
according to UN World Population Prospects®.

The gridded true expected cholera cases in the next model year
( “”e ) isupdated in the epidemiologic model as

Strue

true,yl
jy+ls = Popy, A

X Ojy.s X ljy,s>

where AEL””I represents the true underlying incidence rate in the first
model year and remains constant for all simulation years; this assumes
thatcholerarisk remainsstatic over time. The ;, ;represents the reduc-
tionin population susceptibility due toindirect vaccine effects, which
are a function of grid cellj vaccine-derived protection in year y (see
more in ‘Epidemiologic model assumptions’ section). Consequently,

thetrueincidencerate at the district level (/lf’“f1 ;) canbe calculated as

1
I

true
/ Sj,y+1,s
JEi

true  _
iy+1s

The suspected cholera incidence rate for the next model year

()lf”il )isthenback-calculated from the true incidence rate such that
— At t
Ay = A, Jae.

Thevaccine targeting step then begins for the next modeled year.

Targeting vaccine to administrative level 1 units (provinces). While
the primary manuscriptscenarios targeted vaccine to districts, we also
rananalogous model scenarios when vaccine was targeted to adminis-
trative level 1units (provinces).

Inthe clinical definition setting, model equations for province-level
targeting mirrored those for district-level targeting;:

obs sus
Akp S /lk DS

and
pop;
pop;’

sus _ sus
/lk PsS Z;/lj,p,s X
Jje

where j € k represents the set of j 5 km by 5 km grid cells that overlap
with the kprovince.

Inthe decentralized testing setting, the true and observed mean
annualincidenceratesin period p for vaccine targeting mirrored those
for district-level targeting:

obs _ jtrue
/lkps Akps

and

true sus true
/lk’ps )lkps X o,

and V. cholerae positivity at the province level (a"”e) was calculated as

/lsusyl x DOP,

atrue
sus,yl
/lk,s X pop,

Z atrue

where i € k represents all districts i in province k. Province-level

V. cholerae positivity remained constant across all years and relied

only ondistrict suspected-case weights fromthe first model year ( y1).
Inthe centralized testing setting,

obs _ = ]5us

ks~ Mhps < ONs X

a-y,

and the country-level V. cholerae positivity (ay ;) was calculated as

/lsus‘yl X p OP,

— true
Ans = Z ai,s X Asusyl
Ns X p0pN

ieN

the same as that for the district-targeting scenarios, which makes the
district and province targeting scenarios more comparable.

Model simulation

We performed simulations independently by country for a dura-
tion that enabled three possible rounds of vaccination campaigns
(2022-2030) and five additional years for waning vaccine effects
(2031-2035). The timeline was chosen to mirror the 2030 cholera
control targets set by the 71st World Health Assembly®'. We modeled
allcountries in Africa where spatial clinical choleraincidence estimates
were available, which included all cholera-affected African countries
identified in the GTFCC Global Roadmap to End Cholera®. Thirty-five
countries were modeled: Angola, Burundi, Benin, Burkina Faso, Central
African Republic, Cote d’Ivoire, Cameroon, the Democratic Repub-
lic of the Congo, Republic of the Congo, Ethiopia, Ghana, Guinea,
Guinea-Bissau, Kenya, Liberia, Madagascar, Mali, Mozambique, Mauri-
tania, Malawi, Namibia, Niger, Nigeria, Rwanda, Senegal, Sierra Leone,
Somalia, South Sudan, Chad, Togo, Tanzania, Uganda, South Africa,
Zambiaand Zimbabwe.

For scenarios with vaccination, each simulation year proceeds
with vaccine targeting and epidemiologic modeling steps during the
2022-2030 vaccination period, and with only epidemiologic steps
from2031to 2035 (Extended Data Table 1). All vaccinated individuals
were assumed to be fully vaccinated with two doses. Simulations of
the no-vaccination scenario included only the epidemiologic step.

Model outputs

Public health impact. We calculated true cholera cases averted as
the difference between true choleracasesin matched vaccinationand
no-vaccination simulations. OCV campaign efficiency was defined
as the number of true cholera cases averted per 1,000 FVPs. Relative
efficiency was theratio of OCV campaign efficiencies in two vaccination
scenarios. Percent of FVPs living in high-incidence-rate administrative
unitsis calculated by dividing FVP living in units with atrue incidence
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rate that exceeded the scenario’s targeting threshold by the total
FVPinthe scenario.

Number of tests performed. We followed the GTFCC public health
surveillance guidance to determine how many and what kinds of tests
were performed under the decentralized and centralized testing
setting®. The decentralized testing setting assumed that the first
three suspected cases per health facility per day were tested with RDTs
and the first three RDT-positive cases per week per surveillance unit
were tested with culture (Extended Data Table 3). The centralized
testing setting assumed that the first three suspected cases per health
facility per week were tested with culture (Extended Data Table 3).
The percentage of suspected cases tested in the two settings was based
on daily clinical surveillance data in four health facilities in endemic
choleratransmissionregionsin the Democratic Republic of the Congo
and Bangladesh. We assumed that no tests were performed in the
clinical definition setting.

Testing and vaccination costs. Based on expert consultation and a
brief review of reagent costs from major brands, we assumed that the
cost of performing RDT and culture was US$1.9 and US$13 per test,
respectively (Extended Data Tables 4 and 5)'°**. We assumed that the
cost of procuring, shipping, and delivering OCV was US$2.36 per dose
(Extended Data Table 4)"***"%, Total costs for a scenario refer to the
sum of testing and OCV costs for all tests and doses administered.

Cost-effectiveness was calculated as total cost per averted case.
To understand tradeoffsin testing and vaccination with the introduc-
tion of systematic decentralized testing, we subtracted OCV cost per
averted case and test cost per averted case between the clinical defini-
tionand decentralized testing scenarios. This subtraction yielded two
metrics, OCV cost reduction per averted case and test cost spent per
averted case, respectively. OCV cost reduction per test dollar spent
is the ratio of OCV cost reduction per averted case and test cost per
averted case.

Statistical analysis

For eachscenario, wejoined the 200 country-level simulationsto cre-
ate 200 continent-wide simulations and calculated median and Pls
across the continent-wide scenario results. Pls around these metrics
represent stochasticity that wasintroduced through selection of 200
random posterior draws of mean annual suspected choleraincidence
ratemaps and random draws fromthe V. cholerae positivity distribution
(by district and suspected cholera incidence draw)™. A random seed
was fixed to enable direct comparison of simulations across modeling
scenarios. For a given metric, scenarios with non-overlapping 95% Pls
were considered to be statistically significantly different.

Ethics and inclusion statement

Data for this study includes previously published estimates of chol-
eraburden in Africa. The original study included co-authorship for
and feedback from African country representatives that contributed
confidential datato the modeling effort.

For this current work, we do not encourage country-specificinter-
pretation of the results due to the strategic nature of the research ques-
tion; complete scenario-based comparisons are more appropriate for
interpretation. Rather, the research is locally relevant to the studied
countries in that it compares different surveillance testing strategies
and their effects on targeting cholera vaccine. These results provide
local decision-makers with data on the relative benefits of enhanced
cholera surveillance, thus motivating possible changes in national
surveillance guidelines.

Three authors (E.B.M., G.B. and P.W.0O.) are based in cholera-
affected low- and middle-income countries (LMICs), and provided
feedback on the interpretation and application of this work based
on their expertise in cholera surveillance in LMIC contexts. We fully

endorse the Nature Portfolio journals’ guidance on LMIC authorship
and inclusion, and are strongly committed to the inclusion of more
researchers and decision-makers from LMICs in future related work.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Summary model outputs related to vaccine targeting, public health
impact and cost-effectiveness for each scenario are available on
figshare at https://doi.org/10.6084/m9.figshare.25037177. Subnational
shapefiles are available from the GADM, which we accessed from the
R package GADMtools (version 3.9.1).

Code availability

All modeling and analyses were performed in R version 4.0.3 14
(ref. 36). The model code, inputs, and explanatory README setup
file can be accessed in the Github repository at https://github.com/
HopkinsIDD/gavi_vimc_cholera.
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Extended Data Fig. 4 | Total doses administered, total cost per averted

cases, and OCV cost reduction per test dollar spent compared between
clinical definition testing and decentralized testing scenarios by country.
Country-level OCV efficiency for the clinical definition and decentralized testing
settings are depicted for the (A) 10 per 10,000 and (B) 2 per 10,000 incidence rate
thresholds. Country-level costs per averted case for the clinical definition and
decentralized testing settings are depicted for the (C) 10 per 10,000 and (D) 2 per
10,000 incidence rate thresholds. For panels (A)-(D), clinical definition results
areinblue, decentralized testing results are in goldenrod, and point sizes refer

to the total doses administered in a given scenario (in millions). Country-level

OCV cost reductions per test dollar spent are depicted for the (E) 10 per 10,000
and (F) 2 per 10,000 incidence rate thresholds. For all panels, the vertical dashed
lines represent the cross-continent median estimate for a given setting (matched
by color). Abaseline incidence rate for each country was calculated by taking the
mean of the population-weighted gridded 2010-2016 mean annual suspected
choleraincidence rate across 1000 posterior samples'. For panels (E) and (F),
countries witha2010-2016 mean annual incidence rate greater than or equal to
the median of the country baseline incidence rates (9.1*10° per year) had dark-
shaded bars while countries below the median had light-shaded bars.
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Extended Data Fig. 5| Tradeoffs between total OCV and testing costs and
total averted cases by model scenario (across all countries and model
simulation years). The point represents the median and the horizontal and
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vertical bars represent the 95% prediction intervals of the two metrics (n =200
simulations). Lines connect scenario projection points for the same confirmation
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Extended Data Table 1| Description of model simulation steps in vaccination scenarios

Component Model Simulation Description
1) Vaccine Identify administrative units1 where the mean observed incidence rate over
targeting the past five years exceeds the incidence rate threshold as potential

vaccination targets.

Exclude administrative units that have been vaccinated within the past three
years.

2) Epidemiologic | Project the final list of targeted administrative units to grid cell level with the
modeling proportion of each cell's population that is vaccinated.

Calculate the proportion of each grid cell’s population that is susceptible to
cholera infection based on vaccinated population proportion for the last five
years, population tumover, and waning OCV efficacy.

Model the expected true cases in each grid cell for a given year based on
population, susceptible proportion, and true cholera incidence rate rasters,
and indirect vaccine protection.

Calculate observed cholera incidence rate at administrative unit level based
on gridded true case model in preparation for vaccine targeting in the
following year.

1 Twenty-eight districts that did not encompass at least one full 5 km x 5 km grid cell or
overlapped completely with a non-residential area were excluded from the model.

The two model components, vaccine targeting and epidemiologic modeling, are implemented in sequential order for each year of vaccination campaigns from 2022-2030. Only the
epidemiologic modeling component is implemented in simulation years 2031-2035 to simulate the impact of waning vaccine protection and population turnover after the end of campaigns.
A summary of steps within each component is provided.
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Extended Data Table 2 | Model output metrics for all scenarios, 2022-2035

Metric Confirmation Threshold: 1/10,000 Threshold: 2/10,000 Threshold: 10/10,000
capacity
Province District Province District Province District
FVPs Clinical 616.5 3918 360.7 2752  64.8 (52.2- 652
{million) Definition (568- (378.8- (3414-  (2645- 744)  (50.8-71)
650.6) 412.2) 392.5) 283.9)
Decentral. 368.8 2746 198.8 1652  149(84- 301
Testing (340.9-  (261.1- (1756-  (153.9- 28.8) (24.4-
409.2) 285.8) 223.5) 179.4) 37.9)
Central. 312.2 240.2 147.9 1224 9.7 (6.9- 228
Testing (289.4-  (224.3- (1248  (107.3- 15.7) (19.3-
335.5) 254.9) 170.8) 142.2) 20.5)
Cases Clinical 0.72(0.65- 076 0862 (0.55- 0.7 (0.64- 027 (0.22- 045
averted Definition 0.79) (0.69- 0.69) 0.79) 0.31) (0.38-
(million) 0.84) 0.53)
Decentral. | 0.63(0.56-  0.71 0.5 (0.43- 062  0.13(0.08- 033
Testing 0.7) (0.64- 0.57) (0.55- 0.19) (026
0.8) 0.71) 0.41)
Central. 0.59(0.52- 068  051(0.33- 085 0.1(0.06- 028
Testing 0.67) (0.61- 0.69) (0.49- 0.15) (022
0.77) 0.82) 0.35)
ocV Clinical 12(11- 18(1.7- 1.7(15 26(23 42(35 69 (6
Efficency Definition 1.3) 2.2) 1.9) 2.8) 5.1) 7.8)
cagee"“’,‘ ?goo Decentral. 1.7(15- 26(24- 25(22- 37(34 83(58- 10.8
FVP) Testing 1.8) 2.9) 2.8) 42) 13.7) (9.4-
12.6)
Central. 1.9(1.7- 28(26- 34(24- S53(41- 97(68  12(10.3-
Testing 2.1) 3.1) 4.4) 6.7) 15.3) 14.4)
Percent of Clinical 424 (41.7- 447 364 (352- 415  159(136- 265
true cases Definition 42.9) (44.3- 37.5) (40.8- 17.6) (24.4-
averted (%) 45.3) 42.7) 28.5)
Decentral. | 36.9(355- 41.8(41- 202(27.3- 365 7.6 (5.1- 19.2
Testing 38) 42.9) 31) (35.4- 10.8) (16.7-
38.1) 22.3)
Central. 34.7(332- 40(38.7- 206(21.2- 385  6(34-85) 164
Testing 36.1) 41.6) 37.4) (31.3- (13.0-
44.4) 10.4)
Percent of Clinical 573(520- 671 506445 569  214(115 431
vaccinated Definition 62.1) (63.4- 57.7) (52.9- 35.9) (35.2-
on 71.2) 62.6) 51.8)
"i""*}d‘: high | pecentral. | 98.5(96.3- 987  989(846 981  100(79.7- 978
m't‘: m&‘iﬂ . Testing 99.9) (97.4- 100) (95.5- 100) (92.8-
99.5) 99.3) 100)
(%)
Central. 98.3(94.9- 063 (93- B889(764- 955  100(73.7- 94.3(83-
Testing 99.8) 97.9) 96.8) (91.7- 100) 99)
97.6)
Total admins Clinical 400 (389- 1580 255 (245- 1067 53 (48-64) 272
targeted Definition 424) (1490- 281) (1018- (238-
1641) 1103) 319)

For all 18 vaccination modeling scenarios, which vary by targeting threshold, campaign targeting scale, and bacteriological confirmation capacity, we report the median estimates and 95%
prediction intervals in parentheses for number of fully vaccinated persons (FVP) in millions, true cholera cases averted in millions (averted cases), proportion of true cases not averted in

percentage, and true cases averted per 1,000 FVP (OCV efficiency), proportion of FVP living in high incidence rate areas in percentage, total (with repetition) and unique (without repetition)
number of administrative units and countries targeted by the OCV campaigns. Only district targeting scale results are reported in the main text.
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Extended Data Table 3 | Differences in bacteriological confirmation capacity settings

Scenario Decentralized Testing Centralized Testing Clinical case
detection only & No
Setting - vaccination
scenarlos

Dimension
Testing Test first 3 suspected cases per Test first 3 suspected cases per No tests performed
Strategy day per health facllity with RDT week per health facility

{transiated to 74% of clinical cases | with culture (transiated to 30% of

tested by RDT); clinical cases tested by culture)

Then test 3 RDT-positive cases See note 4

per week per survelllance unit with

culture (translated to 19% of

clinical cases tested by culture)

See notes 1-3
Detection Cholera positivity rate in each Assume 20% reduction in test Not applicable
Sensitivity district drawn randomiy from a sensitivity relative to the district

distribution with a mean of 52% bactenological confirmation

positivity capacity

See note § See note 6
Population- True confrmed cases are A pooled, national positivity rate Not applicable
level Testing | completely observed when {case-weighted average of the
Positivity targeting OCV. district positivity rates) is used to
Rate calculate observed cases;

observed cases are used to target
OCV.

Testing Strategies were denved from Public health surveillance for cholera intenm GTFCC guidance for
cholera testing in surveiffance units with a confirmed cholera outbreak, Table 47;

1) Assume 56% RDTs are positive (unadjusted RDT positivity rate across all settings'™)

2) Assume 749% of clinical cases are tested with RDT

3) Assume 48% of RDT-positive cases are tested with culture
4) Assume 30% of clinical cases are tested with culture

5) Drawn from a Beta (Alpha = 5604821 and Beta = 5.125101) distnbution (based on Wiens et al., fit a Beta
distribution to postenior predictive distribution draws for overall cholera positivity across tests and settings’)
6) Multiply cholera positivity distribution by 1-0.2 (20% reduction)

This table describes how the three settings differ in terms of systematic testing strategy and number of tests performed, detection sensitivity, and population-level positivity rate.
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Extended Data Table 4 | Testing and OCV campaign cost assumptions

Type of Cost Estimate Data source
(USD)
Cost per Crystal VC Rapid Diagnostic Test 19 UNICEF supply division costs for Crystal VC test
(RDT) kits™
Cost per culture test 13 Assumption informed by expert estimation
Procurement cost per OCV in a 1 dose 1.65 OCV price in 2023 proposed in UNICEF report**

presentation, plastic tube

Shipping cost per OCV dose 0.06 UNICEF Emergency Stockpile Avallability Report,
February 2023%.
Delivery cost in the field per OCV dose 0.65 The upper limit of delivery support per dose in

USD that a country can apply for from Gavi
{through Operational Cost Grants),; a value used
for Gavi financial forecasting®.
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Extended Data Table 5 | Estimated cost of V. cholerae culture in US dollars (USD)

Reagentunits | Lower est. Upper est.
Reagent/ Reagent/ Reagent units Cost per used per cost per cost per
Material Material cost avallable reagent unit sample sample sample
(A) (8] (€] (O] [E) (F) (G]

TCBS 100~320 568 0.18~0.56 2~6 plates 0.35 3.38
(500 g) per 10 ml

plate
TSB 60~200 1667 0.04~0.12 3~4 plates 0.1 0.48
(500 g) per 10 ml

plate
Agar powder 160~500 3846 0.04 per 10 3~4 plates 0.12 0.52
{500 g) ml plate
Filter paper 120 1000 0.12 per disk 4 disks 0.48 0.48
{1000 fitters)
APW (500 g) 105~180 1667 0.06 per5mi 1~25ml 0.06 0.22

aliquot aliquots
Oxidase 105 50 2.10 per 1 plece 210 210
(50 pleces) plece
Antiserum - 165 2 8250 perml | 0.01~0.04 ml 0.83 3.30
Polyvalent
(2 mi)
Antiserum- 165 2 8250 perml | 0.01~0.04 mi 0.83 3.30
Inaba {2 mi)
Antiserum - 165 2 8250 perml | 0.01~0.04 ml 0.83 3.30
Ogawa (2 mi)
Total cost $5.71 $17.08

This table includes rounded, estimated costs of reagents and materials required to perform culture of V. cholerae from suspected case stool samples stored in agar stabs, as solicited by
expert information. Our model assumption of $13 USD per sample falls within the range presented in the table. The costs listed in [B] are the estimated total costs for a box or bottle of reagent
or material. The term ‘reagent unit’ [C-E] refers to the number of preparations that can be made from the amount of reagent or material listed in [A]. Cost per reagent unit [D] is calculated as
the Reagent/ Material cost [B] divided by Reagent units available [C]. In some cases, multiple preparations may be required to test a single sample [E]. Lower and upper estimated costs per
sample [F-G] are calculated as the product of Cost per reagent unit [C] and Reagent units used per sample [E]. These estimates do not take into account the costs of plastic consumables or
running a laboratory.
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D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Model inputs and assumptions are available at https://github.com/HopkinsIDD/gavi_vimc_cholera

Data analysis Modeling was conducted in R version 4.0.3 and all code is publicly available at https://github.com/HopkinsIDD/gavi_vimc_cholera

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Summary model outputs related to vaccine targeting, public health impact, and cost-effectiveness for each scenario are available on figshare at https://
doi.org/10.6084/m9.figshare.25037177. Sub-national shapefiles are available from the Global Administrative area database (GADM), which we accessed from the R
package GADMtools (version 3.9.1).




Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Not applicable

Population characteristics Not applicable
Recruitment Not applicable
Ethics oversight Not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed. There are no "samples" in this modeling study. We chose to perform 200 stochastic simulations for
each modeled scenario to capture variability in the distribution of the estimate of the mean annual incidence rate and the distribution of the
cholera positivity rate. Since there are only two sources of stochastic variability in our model, we thought 200 samples was sufficiently large to
explore the parameter space while remaining computationally tractable.

Data exclusions  No data were excluded from the analysis.
Replication 200 stochastic simulations were performed for each modeling scenario. Our reported results represent summary statistics across 200
stochastic simulations. Here, we are not looking for results to be replicated across different simulations, but in reporting the summary

statistics across many simulations we are trying to understand trends that hold true across a distribution of model parameters.

Randomization  Thisis not relevant to our modeling study. The study uses model assumptions and model simulation to test hypotheses. We did not aim to
test the effectiveness of an intervention in different study populations using real-world data.

Blinding This is not relevant to our modeling study. There were no patients or intervention arms in our modeling study so blinding is not relevant.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines g |:| Flow cytometry
Palaeontology and archaeology g |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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