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a b s t r a c t 

Background: Cholera remains a public health threat but is inequitably distributed across sub-Saharan 

Africa. Lack of standardized reporting and inconsistent outbreak definitions limit our understanding of 

cholera outbreak epidemiology. 

Methods: From a database of cholera incidence and mortality, we extracted data from sub-Saharan Africa 

and reconstructed outbreaks of suspected cholera starting in January 2010 to December 2019 based on 

location-specific average weekly incidence rate thresholds. We then described the distribution of key out- 

break metrics. 

Results: We identified 999 suspected cholera outbreaks in 744 regions across 25 sub-Saharan African 

countries. The outbreak periods accounted for 1.8 billion person-months (2% of the total during this pe- 

riod) from January 2010 to January 2020. Among 692 outbreaks reported from second-level administrative 

units (e.g., districts), the median attack rate was 0.8 per 10 0 0 people (interquartile range (IQR), 0.3-2.4 

per 10 0 0), the median epidemic duration was 13 weeks (IQR, 8-19), and the median early outbreak repro- 

ductive number was 1.8 (range, 1.1-3.5). Larger attack rates were associated with longer times to outbreak 

peak, longer epidemic durations, and lower case fatality risks. 

Conclusions: This study provides a baseline from which the progress toward cholera control and essential 

statistics to inform outbreak management in sub-Saharan Africa can be monitored. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Cholera remains a public health threat worldwide, predomi- 

antly in countries with inadequate access to safe water and im- 

roved sanitation facilities. Sub-Saharan Africa is one of the regions 

ith the highest cholera burden, where more than 140,0 0 0 sus- 

ected cases are estimated to occur each year in both endemic 
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nd epidemic settings ( Lessler et al., 2018 ). From 2010 to 2019, 

,080,778 of the 4,426,844 (24%) cholera cases reported to the 

orld Health Organization (WHO) came from sub-Saharan Africa 

 World Health Organization, 2020 ). 

Large cholera outbreaks in refugee camps in the late 20th cen- 

ury have shaped public perception about the nature of epidemic 

holera in sub-Saharan Africa (e.g., 1994 Goma outbreak among 

wandan refugees ( Goma Epidemiology Group, 1995 )); and data 

rom these outbreaks continue to inform contemporary cholera 

utbreak responses ( Global Task Force on Cholera Control, 2019 ). 
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inistries of health and humanitarian medical organizations, typi- 

al stakeholders in emergency cholera outbreak response, use sum- 

ary statistics on historical cholera outbreaks to set expectations 

or the duration and magnitude of potential emergency responses 

 Global Task Force on Cholera Control, 2019 ; Olson et al., 2018 ;

nited Nations Children’s Fund, 2013 ). As the distribution and 

ensity of populations in Africa have changed over the past few 

ecades, so has water and sanitation infrastructure, and the dom- 

nant circulating pandemic Vibrio cholerae O1 lineages outbreak 

haracteristics may have changed ( Jones et al., 2020 ; Local Burden 

f Disease WaSH Collaborators, 2020 ; Weill et al., 2019 ). In addi- 

ion, although many recent cholera outbreaks are associated with 

umanitarian crises, outbreaks in refugee and internally displaced 

eople camps appear to be less prevalent and less explosive than 

n times past, likely because of improved camp coordination and 

reparedness, timely response to outbreaks, and increased preven- 

ive cholera vaccination in these settings ( Shannon et al., 2019 ). 

Over the past decade, reported cholera attack rates, case fa- 

ality risks (CFR), and estimates of the basic reproductive num- 

er have varied widely ( Denue et al., 2018 ; Eisenberg et al., 2013 ;

bary et al., 2011 ; Msyamboza et al., 2014 ; Mukandavire et al., 

011 ; Troeger et al., 2016 ). This heterogeneity in outbreak charac- 

eristics makes it hard to set clear expectations for how outbreaks 

ay unfold. Previous studies of cholera outbreaks have focused on 

 narrow range of temporal and spatial scales, typically a single 

utbreak, so it is not often possible to examine factors associated 

ith this heterogeneity ( Denue et al., 2018 ; Eisenberg et al., 2013 ;

bary et al., 2011 ; Msyamboza et al., 2014 ; Mukandavire et al., 

011 ; Troeger et al., 2016 ). Despite the existence of WHO out- 

reak definitions, the geographic range and time bounds of cholera 

utbreaks (e.g., the beginning and end) have been inconsistently 

efined in the past, further complicating the comparison of such 

tatistics ( World Health Organization, 2022 ). 

Taking advantage of a large, global cholera incidence database, 

e performed a systematic examination of the characteristics and 

ransmission dynamics of outbreaks of suspected cholera in sub- 

aharan Africa from January 2010 through January 2020 (outbreaks 

hat started within the 10-year time window of January 1, 2010, 

hrough December 31, 2019). These results are meant to provide 

 contemporary picture of cholera outbreaks in the region while 

erving as a practical resource in the control and management of 

holera outbreaks in the years to come. 

ethods 

holera data 

We extracted daily and weekly suspected cholera incidence data 

rom the Global Task Force for Cholera Control’s global cholera 

atabase, which contains public and confidential surveillance re- 

orts from sources including WHO, Médecins Sans Frontières 

MSF), the Program for Monitoring Emerging Diseases, ReliefWeb, 

nited Nations Children’s Fund (UNICEF), ministries of health, and 

he scientific literature ( Lessler et al., 2018 ; Moore et al., 2017 ).

ypical reports were of suspected cholera cases using variants of 

he WHO-recommended suspected case definition ( World Health 

rganization, 2022 ), though confirmed cases and deaths were also 

eported in select reports. Although this database is not compre- 

ensive, it is, to our knowledge, the largest centralized source of 

lobal cholera incidence and mortality data. After aggregating daily 

ncidence data to the weekly level and averaging reports from dif- 

erent sources that overlapped in space and time, we assembled 

eekly unified cholera incidence for each sub-national administra- 

ive unit (hence, “regions”). Further information on data coverage 

s described in Tables S1 and S2. 
216 
opulation data 

Gridded, yearly population data (100m resolution) were ob- 

ained from WorldPop for each country associated with an out- 

reak ( Linard et al., 2012 ; WorldPop, n.d. ). Where shapefiles could 

e found from Humanitarian Data Exchange, Ministries of Health, 

atabase of Global Administrative Areas, and Global Administra- 

ive Unit Layers ( Database of Global Administrative Areas, n.d. ; 

umanitarian Data Exchange, 2022 ; GeoNetwork Team, n.d. ), the 

utbreak region population was estimated using the gridded pop- 

lation data, and we considered the population in the year of the 

rst outbreak day as the total population for the whole outbreak 

Figure S1). We defined regions as “urban” when population den- 

ity was equal to or higher than 10 0 0 habitants per km 

2 and “ru-

al” when below 10 0 0 habitants per km 

2 , following the previous 

onvention ( Chen et al., 2020 ; Hay et al., 2005 ). 

utbreak definition 

We applied a consistent operational outbreak definition across 

ll regions in our analysis, which assumes that cholera outbreaks 

re defined by time periods where cholera incidence equals or 

xceeds the baseline incidence (also called the “outbreak thresh- 

ld”) in a given region (Figure S2). An outbreak start was defined 

s a week when weekly cholera incidence reaches the outbreak 

hreshold and is followed by increasing incidence for at least two 

onsecutive weeks. For each unique region, the outbreak thresh- 

ld was the average weekly cholera incidence between the first 

nd last reported daily or weekly suspected cases; for this pur- 

ose, weeks without case reports were assumed to have no sus- 

ected cases. An outbreak was considered over after two consec- 

tive weeks where weekly cholera incidence remained below the 

utbreak threshold, provided that this outbreak end was followed 

y a four-week “wash-out” period where weekly cholera incidence 

lso remained below the outbreak threshold. Reported cases and 

ortality during the “wash-out” period were not considered part 

f the outbreak. 

Outbreaks at sub-national administrative unit levels with un- 

nterrupted reporting during the epidemic period were included 

n our main analysis (Figure S1). We removed outbreaks in the 

ame region with overlapping time periods as duplicates, manually 

electing those outbreaks with less censoring and fewer missing 

elds and observations. Outbreaks reported at different administra- 

ive reporting levels with overlapping time periods (e.g., province- 

evel and district-level reporting) were counted as separate out- 

reaks and assessed independently in our study. 

pidemic metrics 

We calculated a standard set of metrics for each outbreak. At- 

ack rate was defined as suspected cholera cases per 10 0 0 popu- 

ation living in the outbreak region. CFR was defined as the ratio 

f cholera-associated deaths to suspected cholera cases in an out- 

reak. Time to outbreak peak was defined as the number of weeks 

etween the start of an outbreak and the week with the most re- 

orted cases. We estimated instantaneous reproductive numbers 

sing the EpiEstim package in R ( Cori et al., 2013 ), where trans- 

ission was modeled in a Poisson process that calculates the 

ncidence rate at a given time as the product of the instanta- 

eous reproductive number (Rt) and average infectiousness. Us- 

ng a Bayesian framework, we assigned a Gamma prior (mean = 2, 

D = 0.7) to Rt and assumed the serial interval followed a Gamma 

istribution (mean = 4 days, SD = 3 days) and had a smoothing 

indow of one week where transmission was assumed constant 

 Bi et al., 2018 ). The early outbreak reproductive number was the 

verage of the instantaneous reproductive estimates over the first 
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Figure 1. Spatial distribution of outbreaks reported at sub-national administrative 

units, January 2010 to January 2020. This map shows the regions that are associated 

with suspected cholera outbreaks. Different colors represent different sub-national 

administrative units at which cholera outbreaks were reported. Outbreaks in third- 

level administrative units are additionally marked with black dots to increase visi- 

bility on the map. 
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eek of an outbreak (see details in Supplement) ( Bi et al., 2018 ;

ori et al., 2013 ). We used the Wilcoxon rank sum test to test the

ull hypothesis that urban and rural settings had no differences 

n epidemic metrics. To further measure the associations between 

ifferent epidemic metrics, Pearson bivariate correlation tests were 

erformed for outbreaks reported across different administrative 

nits ( Best and Roberts, 1975 ; Hollander et al., 2013 ). For those

pidemic metrics with a skewed distribution (i.e., outbreak attack 

ates, outbreak thresholds, and CFRs), a log transformation (i.e., 

og 10 -transformed scale) was used to normalize the covariate in 

orrelation tests. 

ensitivity analyses 

Although we assumed zero suspected cases for weeks with- 

ut case reports, many regions only report cases during offi- 

ially declared outbreaks, leaving the possibility that more sporadic 

ases were not captured in the surveillance systems ( Ajayi and 

mith, 2019 ; Balakrish Nair and Takeda, 2014 ; Deen et al., 2020 ;

anesan et al., 2020 ). Hence, setting the average of the reported 

eekly incidence as the fixed outbreak threshold may not reflect 

he true burden of cholera for a given region. To assess the sen- 

itivity of the threshold and assumption, we repeated the analy- 

is using a different definition for the outbreak threshold, which 

as defined as the average number of reported suspected cases 

er week during the first three epidemic weeks with an increasing 

umber of reported cases (see Supplement). 

Reported cases were aggregated to administrative units (e.g., 

istrict and province levels) in the surveillance systems, whereas 

he population of administrative units differed greatly within and 

etween countries ( Fontanelli et al., 2017 ). Therefore, outbreaks re- 

orted at the same spatial level may not be comparable to each 

ther in terms of epidemic characteristics. To test other grouping 

ethods, we further summarized the outbreak statistics by four to- 

al population size groups, including regions with a population of 

 10,0 0 0, regions with a population between 10,0 0 0-10 0,0 0 0, re-

ions with a population between 10 0,0 0 0-1,0 0 0,0 0 0, and regions

ith a population of > 1,0 0 0,0 0 0 (see Supplement). 

ode and data availability 

All analyses were conducted in the R statistical programming 

anguage, version 4.0.2 (R Foundation for Statistical Computing). 

utbreak extraction code and aggregated data unlinked from spe- 

ific geographic locations are available on Github ( https://github. 

om/HopkinsIDD/cholera _ outbreaks _ ssa ). 

esults 

From January 2010 through January 2020, we captured 999 

holera outbreaks with 484,450 suspected cholera cases from 744 

nique sub-national regions across 25 sub-Saharan African coun- 

ries in our database. This included 62 outbreaks in 50 unique first- 

evel administrative units, 692 outbreaks in 492 unique second- 

evel administrative units, and 245 outbreaks in 202 unique 

hird-level administrative units ( Figures 1 and S1, Table S1). 

mong them, only 128 sub-national regions reported at least one 

onfirmed cholera case, and 876 sub-national regions reported 

holera-associated deaths. 

Over this 10-year period, 1.8 billion person-months (2% of the 

otal during this period) were spent at risk of a cholera outbreak 

n sub-Saharan Africa ( Figure 2 and Table S2), where all individ- 

als living in a region with an outbreak were considered at risk. 

he collective outbreaks in four countries covered 65% of this to- 

al person-month burden: the Democratic Republic of the Congo 

27.8%), Ethiopia (27.1%), Cameroon (6.3%), and South Sudan (3.2%). 
217 
hese values corresponded to 5% each of the Democratic Repub- 

ic of the Congo and Ethiopia person-months, and 4% each of 

ameroon and South Sudan person-months. 

Outbreaks were extracted and examined by administrative lev- 

ls, as reported by the original data source ( Table 1 ). Across the

92 suspected case outbreaks reported in second-level administra- 

ive units, the median outbreak threshold was 0.7 per 10 0,0 0 0 peo- 

le per week (interquartile range (IQR), 0.7-2.8 per 10 0,0 0 0 people 

er week), the median epidemic duration was 13 weeks (IQR, 8- 

9), the median time to outbreak peak was 4 weeks (IQR, 3-6), the 

edian early outbreak reproductive number was 1.8 (range, 1.1- 

.5), and the median attack rate was 0.8 per 10 0 0 people (IQR, 

.3-2.4 per 10 0 0 people) ( Table 1 and Figures S3-7). One in four

ases (median 23.8; IQR 16.4-34.5%) during each outbreak was re- 

orted in the week following the epidemic peak, with a median 

eak week incidence of 0.2 per 10 0 0 people (IQR, 0.1-0.5 per 10 0 0

eople) ( Table 1 and Figures S8-9). 

Outbreaks reported at a higher spatial scale (e.g., province is 

igher than village) tended to have more suspected cases (e.g., me- 

ian suspected cases of 620 vs 100 for first-level and third-level 

dministrative units, respectively) but lower attack rates (e.g., me- 

ian attack rate of 0.5 per 10 0 0 vs 2 per 10 0 0 for first-level and

hird-level, respectively) ( Table 1 and Figures S7 and S10). Epi- 

emic durations (e.g., median of 12-13 weeks across levels), times 

o peak (e.g., median of 4 weeks across levels), and early outbreak 

eproductive numbers were similar across spatial reporting units 

e.g., median of 1.9-2 across levels) ( Table 1 and Figures S4-6). 

Only a subset of outbreaks also reported confirmed cases and 

eaths, and these data were not systematically reported ( Table 1 , 

able S3, and Figures S11-14). For example, only 92 (13%) of 

econd-level administrative unit outbreaks reported any confirmed 

ase data (including zeros), with only 54 (8%) reported at least 

ne confirmed cholera case; a median of 2.2% of suspected cases 

as confirmed (IQR, 0.5-9.8%) among outbreaks with at least one 

onfirmed case (Table S3 and Figures S11-12). There were 646 

93%) outbreaks at second-level administrative units that reported 

holera-associated deaths, with a median CFR of 1.6% (IQR, 0.3-4%) 

 Table 1 and Figures S13-14). 

https://github.com/HopkinsIDD/cholera_outbreaks_ssa
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Figure 2. Proportion of population living in regions with outbreaks reported at the sub-national administrative units (%) . The proportion of population living in regions with 

outbreaks reported at sub-national administrative units for each month between January 1, 2010 and January 31, 2020. The areas in grey represent time periods covered by 

daily and weekly cholera reports. To combine the population at different spatial levels, we added the population of different regions together, and when an outbreak was 

reported at multiple spatial units, the population of the highest spatial unit was used to represent the population affected by that outbreak. 

Table 1 

Summary of outbreaks of suspected cholera cases reported in sub-Saharan Africa, January 2010 to January 2020. 

Outbreaks reported 

at first-level 

administrative units 

Outbreaks reported 

at second-level 

administrative units 

Outbreaks reported 

at third-level 

administrative units 

Metrics based on suspected cholera cases 

Number of outbreaks 62 692 245 

Outbreak threshold,weekly incidence per 100,000 people 

(IQR) 

0.7 

(0.7-2.0) 

0.7 

(0.7-2.8) 

1.7 

(1.7-12.8) 

Median outbreak size, cases (IQR) 620 

(251-2,191) 

182 

(70-449) 

100 

(42-234) 

Median epidemic durations, weeks (IQR) 12 

(8-19) 

13 

(8-19) 

12 

(8-16) 

Median time to epidemic peak, weeks (IQR) 4 

(3-5.5) 

4 

(3-6) 

3 

(3-5) 

Median proportion of suspected cases reported during the peak week (%) 

(IQR) 

19.1 

(14.8-29.7) 

23.5 

(16.4-34.2) 

28.8 

(20.5-38.1) 

Median weekly incidence during the peak week per 1000 people (IQR) 0.1 

(0.03-0.2) 

0.2 

(0.1-0.5) 

0.5 

(0.2-1.5) 

Median early outbreak reproductive number (range) 1.8 

(1.2-2.9) 

1.8 

(1.1-3.5) 

1.9 

(1.02-3.2) 

Median attack rate per 1000 people (IQR) b 0.5 

(0.2-1.2) 

0.8 

(0.3-2.4) 

2.0 

(0.6-6.4) 

Metrics based on cholera-associated deaths a 

Number of outbreaks with reports of deaths 37 646 193 

Median case fatality risk (%)(IQR) 1.2 

(0.4-2.1) 

1.6 

(0.3-4) 

0 

(0-0.9) 

Population-weighted case fatality risk (%) c 0.7 1.9 0.8 

This table presents the key epidemic metrics of outbreaks by different administrative reporting units, including outbreak size, duration, time to outbreak 

peak, initial reproductive numbers during the first epidemic week, attack rate, and CFRs. 
a N.B. Outbreaks with reports of deaths may not have documented this information systematically, so these results are highly sensitive to reporting 

biases. 
b Only outbreaks with valid population estimates are included. There were 62 outbreaks at the first-level administrative units, 657 outbreaks at the 

second-level units, and 281 outbreaks at the third-level units. 
c Only outbreaks with reports of deaths and valid population estimates are included. There were 36 outbreaks at the first-level administrative units, 610 

outbreaks at the second-level units, and 229 outbreaks at the third-level units.CFR = case fatality risks; IQR = interquartile range. 
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Outbreaks in rural and urban areas reported at a fine spatial- 

cale (3rd level administrative unit) had different characteristics. 

rban outbreaks had higher peak weekly incidence (e.g., median 

eak weekly incidence of 0.4 versus 0.8 per 10 0 0 people in ru- 

al and urban settings, respectively, p = 0.03) ( Table 2 and Figure 

22), greater attack rates (e.g., median attack rate per 10 0 0 pop- 

lation of 1.5 versus 2.9 in rural and urban settings, respectively, 

 = 0.002) ( Table 2 and Figure S23), longer epidemic durations (e.g., 

he median duration of 12 weeks versus 14 weeks in rural and ur- 

an settings, respectively, p = 0.03) ( Table 2 and Figure S24), and 
218 
 higher rate of confirmed cases per population (e.g., median con- 

rmed cases per 10 0 0 population of 0.04 versus 0.7 in rural and 

rban settings, respectively, p < 0.001) (Table S5 and Figure S25). 

e found different results when comparing outbreaks reported at 

oarser spatial scales (Table S4). However, it is likely that many of 

he larger administrative units classified as rural were actually a 

ix of urban and rural areas, thus challenging the interpretation 

f these results. 

We explored the relationships between outbreak metrics, fo- 

using on outbreaks at the second administrative level ( Figure 3 , 
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Figure 3. Bivariate relationships between epidemic metrics among outbreaks reported at the second-level administrative units. This figure shows the correlations between 

different epidemic metrics for second-level administrative unit outbreaks, including outbreak threshold, mean reproductive number during the first epidemic week, attack 

rate, duration, time to outbreak peak and CFR. The marginal histograms show the distributions of individual metrics (The attack rate, weekly incidence per 10 0,0 0 0 people, 

and CFR are in log scale, whereas other characteristics are in linear scale). Panel A shows the correlation between time to outbreak peak (week) and outbreak duration 

(week). Panel B shows the correlation between outbreak threshold (i.e., weekly incidence per 10 0,0 0 0 people) and attack rate per 10 0 0 people. Panel C shows the correlation 

between mean reproductive number during the first epidemic week and attack rate per 10 0 0 people. Panel D shows the correlation between time to outbreak peak (week) 

and attack rate per 10 0 0 people. Panel E shows the correlation between outbreak duration (week) and attack rate per 10 0 0 people. Panel F shows the correlation between 

CFR (%) and attack rate per 10 0 0 people. CFR = case fatality risks. 

Table 2 

Outbreaks of suspected cholera cases reported at the third administrative level in 

rural and urban settings. 

Rural Urban 

Metrics based on suspected cholera cases 

Number of outbreaks 188 57 

Outbreak threshold, weekly incidence 

per 100,000 population (IQR) 

1.5 a 

(0.5-11.4) 

3.0 a 

(1-28.2) 

Median outbreak size (IQR) 100 

(43-215) 

96 

(40-469) 

Median epidemic durations, weeks 

(IQR) 

12 a 

(8-15) 

14 a 

(10-17) 

Median time to epidemic peak, weeks 

(IQR) 

3 

(3-5) 

4 

(3-6) 

Median proportion of suspected cases 

reported during the peak week (%) 

(IQR) 

31.4 a 

(22.2-39.2) 

22.7 a 

(16.7-30) 

Median weekly incidence during the 

peak week per 1000 people (IQR) 

0.4 a 

(0.1-1.4) 

0.8 a 

(0.3-3) 

Median early outbreak reproductive 

number (range) 

1.9 

(1.02-3) 

2.0 

(1.3-3.2) 

Median attack rate per 1000 people 

(IQR) 

1.5 a 

(0.6-5.7) 

2.9 a 

(1.9-10.9) 

Metrics based on cholera-associated deaths b 

Number of outbreaks with reports of 

deaths 

138 55 

Median case fatality risk (%)(IQR) 0 

(0-1) 

0 

(0-0.2) 

This table presents the comparisons of epidemic metrics between rural and urban 

settings for outbreaks at third-level administrative units. 
a P < 0.05 Wilcoxon rank sum test was used to test if the medians of outbreak 

characteristics are the same between rural and urban settings. 
b N.B. Outbreaks with reports of deaths may not have documented this informa- 

tion systematically, so these results are highly sensitive to reporting biases.IQR = 

interquartile range. 
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ee Figures S26-27 for bivariate relationships at different spa- 

ial scales). Two comparisons, outbreak threshold versus attack 

ate (correlation = 0.75, P < 0.0 0 01), and time to outbreak peak ver-

us epidemic duration had strong positive relationships (correla- 

ion = 0.62, P < 0.0 0 01). Larger attack rates were also associated 

ith longer times to outbreak peak (correlation = 0.2, P < 0.0 0 01)
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nd longer epidemics (correlation = 0.4, P < 0.0 0 01). Larger attack 

ates also appeared to have a negative relationship with CFRs 

correlation = -0.3, P < 0.0 0 01). The early reproductive number did 

ot appear to have an association with other outbreak metrics. 

hese relationships were consistent across different spatial report- 

ng units. 

As a sensitivity analysis, we extracted outbreaks using an al- 

ernate outbreak threshold definition (see Methods) and found 

nly minor changes to summary outbreak metrics (see Supple- 

ent and Tables S6-7 and Figures S39-74). We also examined out- 

reak metrics after grouping outbreaks by population size instead 

f administrative units (Table S8 and Figures S28-38). Case fatality 

isk increased monotonically for the three smaller population-sized 

roups and declined again for outbreaks in regions with popula- 

ions greater than 1 million (Table S8 and Figure S28). Early re- 

roductive numbers, outbreak duration, and time to outbreak peak 

ere similar across regions with different population sizes (Table 

8 and Figures S29-31). 

iscussion 

We shed new light on cholera outbreaks in sub-Saharan Africa 

ver the past decade by applying a systematic outbreak definition 

o time series from a large database of cholera incidence. We found 

hat 2% or 1.8 billion person-months of the total sub-Saharan Africa 

opulation were at risk in regions with ongoing cholera outbreaks 

n the period from 2010 through 2019; this impact was spread 

cross 999 suspected cholera outbreaks in 744 sub-national regions 

cross 25 sub-Saharan African countries. 

Timing (time to outbreak peak and epidemic duration) and inci- 

ence rate metrics (outbreak threshold and attack rate) had strong 

ositive correlations with each other, and as may be expected, out- 

reaks with larger attack rates tended to be longer. Outbreaks with 

arger attack rates tended to have lower CFRs. The low specificity 

f suspected cholera case definitions and limited laboratory testing 

or cholera may mean that attack rates are overestimated, CFRs are 

nderestimated, and that these metrics are negatively correlated. 
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Although a few studies report greater relative cholera burden 

nd mortality in rural areas, high population density, and urban 

ettings have long been thought to be drivers of V. cholerae in out- 

reaks ( Cowman et al., 2017 ; Emilien, 2015 ; Mengel et al., 2014 ;

age et al., 2015 ; Penrose et al., 2010 ). Our results add nuance to

his general wisdom in that population density may not be uni- 

ersally associated with more severe cholera outbreak outcomes; 

ttack rates were higher, and epidemics were longer in urban set- 

ings for third-level administrative unit outbreaks, but the peak 

utbreak week captured a larger percentage of total outbreak cases 

n rural settings. 

Summaries of historical outbreaks have served as the basis of 

lanning for emergency cholera responses for decades, enabling 

rganizations like MSF and UNICEF to perform data-driven allo- 

ation of resources like beds and rehydration fluids ( Olson et al., 

018 ). Compared with existing planning resource tables, our re- 

ults estimate that contemporary outbreaks in sub-Saharan Africa 

ave much lower attack rates and CFRs in both urban and rural 

ettings, a slightly higher proportion of cases reported during the 

eak week, and that peak bed capacity needs may be only one- 

hird to one-fifth of existing estimates ( Olson et al., 2018 ). Un- 

ike the outbreak-specific surveillance used to develop these plan- 

ing resource tables, our analyses used heterogeneous surveillance 

ources aggregated to administrative units, so these metrics may 

ot be directly comparable. 

This work may also support decision-making related to reac- 

ive oral cholera vaccine (OCV) campaigns, as our descriptive anal- 

sis may be used to inform prospective vaccine impact estimates 

or a given campaign. In addition, future policy guidance for emer- 

ency OCV requests may wish to leverage the positive association 

etween outbreak incidence thresholds and overall outbreak attack 

ates ( Figure 3 and Figures S26-27) to triage ongoing outbreak lo- 

ations at greatest risk for a high attack rate. 

Our analysis suggests that cholera outbreaks at larger geo- 

raphic scales may be a compilation of outbreaks at smaller ge- 

graphic scales because duration, peak timing, and early reproduc- 

ive number metrics remained relatively stable across geographic 

cales (and for an alternate outbreak threshold definition, Table 

4). The cholera incidence and mortality data were reported at 

he scale of administrative units (as opposed to the “outbreak”

cale), which means that a single outbreak spanning multiple ad- 

inistrative units appears as multiple outbreaks, and outbreaks 

elow the level of an administrative reporting unit would be ag- 

regated to a higher scale. Our metrics are likely sensitive to re- 

orting units, which vary greatly in size by country, and may 

ot directly translate to outbreak metrics reported elsewhere, par- 

icularly for regions with smaller populations (see Table S8 for 

ummary statistics by population size). However, third-level ad- 

inistrative units observed the highest outbreak thresholds, at- 

ack rates, and proportions of cases reported in the peak week 

compared with larger geographic scales), and an assessment of 

utbreaks overlapping in space and time found that it was com- 

on for multiple third-level administrative units to report concur- 

ent outbreaks at the same time as their surrounding second-level 

dministrative unit (Figures S75-77). This suggests that multiple, 

eographically-proximate administrative level three units may of- 

en represent an epidemiologically-relevant geographic region for 

holera outbreaks. 

This work represents one of the most comprehensive analyses 

f cholera outbreaks, but reporting gaps between outbreaks posed 

hallenges to outbreak extraction and may have biased our out- 

reak metrics; an average of 54% (range 5-100%) of the study pe- 

iod had some surveillance data coverage across all countries. Our 

nalysis leverages but is also limited by its disparate data sources, 

ase definitions, and testing and reporting protocols ( Nadri et al., 

018 ). Cholera surveillance with laboratory confirmation is not col- 
220 
ected or reported systematically across sub-Saharan Africa. Fewer 

han 13% of our outbreaks reported at least one confirmed case, 

ikely because of limited reporting of laboratory data. Further, our 

utbreak threshold definition does not account for cholera sea- 

onality, although sensitivity analysis suggests that our results are 

obust to alternate non-seasonal baseline definitions (Table S7-8) 

 Perez-Saez et al., 2022 ). 

This study serves as an important baseline for monitoring 

rogress toward cholera control in sub-Saharan Africa and provides 

ssential information to inform cholera outbreak management and 

mergency response. As several countries have started to announce 

mbitious plans for large-scale reductions in cholera incidence and 

utbreak frequency, improvements in surveillance and reporting, 

ncluding laboratory confirmation, will be key not only to describ- 

ng the true burden but also to targeting interventions with scarce 

esources. 
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