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Abstract 

 

Environmental Risk Factors during the Zimbabwe Cholera Outbreak, 2008–2009 

By David Berendes 

 

 

Cholera is a waterborne disease that causes outbreaks worldwide.  Despite advances in 
safe water distribution networks in the developing world, cholera and other waterborne 
diseases persist in the environment. In Zimbabwe, gradual economic collapse over the 
last 10 years culminated in the creation of a complex humanitarian emergency state in 
2008, with massive loss of health and water infrastructure.   This situation put the country 
at risk for one of the largest and most severe cholera outbreaks in the past 10 years.  The 
goal of this study was to assess the effect of safe water use, particularly borehole use, at 
the village level in preventing cholera spread and lowering cholera attack rates in the 
Chivi and Gokwe North districts during the outbreak.  Safe water use, and borehole use 
in particular, was associated with reduced attack rates and fewer outbreak-affected 
villages when compared with unsafe water use by villages.  Both the reductions seen in 
attack rates and those seen in cholera prevalence across villages were borderline 
significant.  Missing data was an issue in the analysis, and imputation methods were 
compared and contrasted in the development of final logistic and multiple linear 
regression models.  Despite the limited availability of timely point-of-use water treatment 
in the Zimbabwean cholera outbreak, a characteristic inherent to many response efforts, 
there was suggestive but inconclusive evidence that water quality at the source may 
reduce cholera morbidity by itself. This paper has important implications not only for 
field outbreak data methodology, but for water and sanitation promotion as well. While 
simple imputation methods seem to be the norm in outbreaks in the field, there was value 
in multiple imputation methods for improving the validity and precision of the model 
estimates.
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Literature Review: 

Cholera is an infectious waterborne disease that affects millions of vulnerable populations, 

especially in the poorest and least developed countries and regions.  It is a disease that can spread 

quickly through a population, resulting in individuals with dehydration and causing severe 

morbidity and mortality.  Cholera is endemic in some regions and has epidemic potential in 

others. There have been seven cholera pandemics: the earliest began in 1817 around the Indian 

subcontinent, while the most recent began in 1961 in Indonesia and spread to Africa in 1970, and 

South America in 1991 [1, 2].   

Between 2006 and 2009, almost one million cases of cholera were reported to the World 

Health Organization (WHO), though the actual burden is probably thousands to millions more 

due to incomplete surveillance and misclassification [3-6].  The WHO estimates that only 1% of 

cholera cases are actually reported and that the total burden is close to 3–5 million cases 

worldwide yearly, with 120,000 deaths [7, 8].  This estimation yields a case fatality rate (CFR) of 

4% [7, 8].  Another study estimated the total global burden of cholera was closer to 11 million 

cases per year [9].  Of the 826,255 cholera cases reported to WHO between 2006 and 2009, 

20,431 deaths were reported, yielding a CFR of about 2.5% [3-6],  still well above the emergency 

containment threshold of 1% CFR [10]. This CFR underscores cholera’s role as a major public 

health disease of international proportions. Nearly half (20 of 41) countries reporting native (non-

imported) cholera cases to the WHO in 2009 had CFRs above the 1% threshold.  Those 20 

countries contained over 78% of all cases reported worldwide [3], indicating a disproportionate 

burden of cholera on select countries. 
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Cholera Surveillance 
 

It is difficult to accurately estimate the burden of cholera infection in a population 

primarily because cholera’s presentation varies from asymptomatic to severe.  Given this range of 

symptoms, identification of cholera in a community in overburdened and underdeveloped 

surveillance systems is difficult.  Estimates indicate that from as low as 1% to as high as 33% of 

infections can be symptomatic, with the majority of clinical estimates ranging from 20–30% [1, 7, 

11-13].  Because the majority of cases are mild to moderate in severity, treatment advice is 

generally not sought and stool culture, a key identification tool in cholera outbreaks, may not be 

undertaken.  Without using cultures to isolate the bacterium, mild to moderate cholera symptoms 

may easily be confused with those of other diarrheal diseases, making reliable surveillance 

estimates of cholera cases difficult to attain [7].   

While the WHO presents surveillance information from reporting countries, there is great 

variation in the quality of the passive and active surveillance systems in countries, if those 

surveillance systems are present at all.  In 2005, 95% of reported cases worldwide were in Africa, 

and in 2009, 98% were in Africa [3, 14].  These numbers, however, exclude the endemic seasonal 

cholera cases in Bangladesh and India that comprise a significant number of unreported or 

misreported—as acute water diarrhea (AWD)—cases [3, 7, 14].  While thousands to millions of 

cases can be misclassified, there are a large proportion of cases simply labeled as “acute watery 

diarrhea” to avoid social or political stigma that could impact the country’s government and 

tourism, among other problems.  In 2009, only 27 imported cases were reported to WHO, 

representing a probable underestimation of the true number of cholera cases [3]. Adding to 

misreporting, travelers to these areas may become unknowingly infected with an asymptomatic or 

mild form of cholera, causing the individual to experience symptoms in a short period while 

abroad.  The short duration and variation in symptoms, if present at all, decreases the likelihood 
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of reporting the disease, even if the individual is from a nation with formidable surveillance 

infrastructure.  If the individual does in fact ‘import’ the disease to their native land, there is still a 

low chance of the infection being recognized, documented, and treated as cholera, rather than one 

of the multitude of other similar diarrheal diseases or simply “traveler’s diarrhea.”  While cholera 

is a major disease of epidemic proportions, it is still difficult to comprehensively document its 

spread due to asymptomatic cases. 

Cholera Types and Environmental Features 

Cholera is caused by the bacterium Vibrio cholerae, a rod-shaped and Gram-negative 

organism.  Vibrio cholerae exists in various strains with multiple subgroups and serotypes. The 

infectious organism can be differentiated by serogroups based on its O antigen of its 

lipopolysaccharide component of the outer membrane.  Serogroup O1 has been the main cause of 

epidemic cholera, although a newly-described outbreak of “O139 Bengal” in India and 

Bangladesh in 1992 caused concern of an 8th, concurrent pandemic.  Serogroup O139 now 

coexists with O1 in Bangladesh and India, though it has failed to spread outside of that region in 

the epidemic proportions that were anticipated [1].  The O1 serogroup is further subdivided into 

two distinct biotypes: El Tor and classical.  Both biotypes are able to be further classified into 

serotypes Inaba and Ogawa [15, 16].  The seventh, current pandemic is comprised primarily of V. 

cholerae O1 El Tor, while the classical strain was associated with early pandemics.  Both strains 

are capable of yielding severe infection in individuals. 

In the environment, cholera organisms have many unique features that allow them to 

survive.  Cholera bacteria can attach to plant, green algae, copepod, crustacean, and/or insect 

surfaces [17-26], and use these organisms as protection from harsh and otherwise less-than-

hospitable aquatic conditions.  Additionally, V. cholerae build up on biofilms, which provide 

survivable microenvironments for the organisms [17], and can switch between viable and non-
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culturable states in response to nutrient conditions/deprivation [17, 27, 28].  This non-culturable 

state can be altered or resuscitated into a more infectious state with extreme environmental 

changes, such as exposure to the human intestinal environment from consumption [17, 27, 29].  

The V. cholerae organism is considered a facultative human pathogen due to its persistent 

survival outside the human host, especially in O1 and O139 strains [17, 18, 30-32].  In the natural 

environment (ecosystems, non-human environments), many of the O1 strains are non-toxin 

forming [33], suggesting that cholera bacteria must undergo a genetic change that leads to toxin 

generation in the human host.  This change may occur in or be facilitated by contact with 

intestinal conditions in humans [17, 34, 35].   

Clinical Features of Cholera: 
In humans, the clinical manifestations of cholera infection vary from isolated 

loose/watery diarrhea and mild dehydration to vomiting and extensive diarrhea with a 

characteristic “rice water” appearance.  While usually painless, this diarrhea produces rapid 

dehydration, with volume loss of up to a liter an hour or more in adults with severe cholera [1].  

In patients with severe cholera, symptoms of dehydration may present initially as restlessness and 

extreme thirst, but as the dehydration progresses and shock sets in, patients may become 

apathetic, develop poor skin turgor and sunken eyes, and have weak to undetectable blood 

pressures.  Death can occur in the first few hours or day if the water and electrolyte loss is 

significant enough.  On a population scale, while mortality from asymptomatic and mild 

infections (though mostly undocumented) is extremely low, outbreaks associated with cholera 

gravis (severe infection) can yield mortality rates of up to 50% if patients are left untreated [13].   

The devastating diarrhea and dehydration characteristic of cholera are caused by the 

release of the cholera enterotoxin from the ingested bacterium.  The toxin binds to the mucosal 

cells of the intestine, where it activates adenylate cyclase enzyme, causing increased production 
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of intracellular cyclic adenosine monophosphate (cAMP).  The cAMP in turn causes those cells 

to pump out potassium, sodium, and other important ions.  A large loss of water follows these 

ions out, causing the severe dehydration and “rice water” stool.  This water loss contains toxin 

and free organisms in sufficient quantity to infect others in the area, especially if the excrement or 

water source it contaminates are handled improperly, ingested, or otherwise consumed or used in 

food processing during the subsequent exposure period.  

Treatment of Cholera and Mortality: 
The treatment of cholera requires replacement of adequate fluids and electrolytes to keep 

the individual alive throughout the symptomatic period, though the methods vary by case.  

Treatment with oral rehydration salts (ORS) is typically the primary treatment in patients 

retaining the ability to swallow fluids.  This treatment has the benefit of replacing both fluid and 

electrolyte loss from the diarrhea using glucose to facilitate uptake.  Proper treatment with ORS 

and IV fluids lowers mortality to around 1% [13], though these numbers depend on the size, 

location, and quality of the distributor or facility.   

ORS has limited effectiveness if it cannot be sustained in sufficient capacity to replenish 

lost fluids and electrolytes and is ineffective in cases where the individual is so dehydrated that 

they cannot swallow fluids.  In this case, treatment is switched to intravenous polyelectrolyte 

solution to sustain the treatment until the individual can consume fluid orally again.  Severely 

dehydrated patients may require replacement of 10% of their body weight in the first 2–4 hours of 

treatment.  While consistent and prolonged ORS treatment has been shown to be effective as long 

as fluids and electrolytes are being replaced at the rate they are lost, the challenge in resource-

poor settings throughout the world is to provide consistent fluid treatment and track an 

individual’s fluid loss.  Improper or unsustained treatment can lead to complications, such as 

acute renal failure, electrolyte imbalance, and even miscarriage or premature delivery in pregnant 
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women [1, 36, 37].  Resources and staff are necessary to sustain the ORS or IV treatment, while 

use of a ‘cholera cot’—essentially a cot with a hole in the middle draining into a bucket to collect 

the patient’s excretions—allows for easy tracking of fluid loss.   

Cholera Transmission  
The organism is transmitted fecal-orally, via ingestion of water or food contaminated 

with the bacterium, frequently in the context of poor hygiene or sanitation. Contaminated water 

sources have been implicated in the spread of cholera since John Snow’s investigations in 1855, 

and have been the most commonly implicated risk factor in recent global outbreaks [2].  Cholera 

transmission has also been associated with food itself, especially filter-feeding seafood or 

shellfish.  Glass et al. [38] documented transmission by crabs, squid, partially dried fish, bi-valve 

mollusks, rice, and street food, among others, in their 1991 review, though this list is far from 

comprehensive.  Food can become a vehicle for cholera transmission after contact with other 

contaminated food, contaminated water, or an infected food handler. 

Transmission of cholera has been documented through social and community interactions 

as well.  Cholera transmission in association with migration and residence in refugee camps has 

been documented since the 1970s.  Asymptomatic migrants probably led to the spread of cholera 

throughout previously unaffected areas of Africa [38, 39].  Additionally, burial practices 

involving close contact with recent cholera deaths, including cleaning and transporting bodies, 

have been implicated in outbreaks [38, 40], including a 1994 outbreak in Guinea-Bissau [41].  In 

general, these funeral practices involve disinfection of the body, but are frequently accompanied 

by feasts, facilitating the fecal-oral contact with disease-free individuals.     

While cholera requires a high infectious dose (105-108 organisms, varying on host 

characteristics) compared to shigellosis and other bacterial infections causing diarrhea, rapid 

spread associated with outbreaks still occurs due to large amounts of highly infectious shedding 



7 

 

in stool of symptomatically and asymptomatically infected individuals.  Asymptomatic 

individuals can shed up to 105 vibrios per gram of stool, while mildly infected individuals can 

shed up to 108/g stool, and those with cholera gravis, shed on the higher end—107–109 /g stool, 

and also experience severe vomiting which can contain similar numbers of infectious vibrios 

(cited in [15]).   

Cholera Outbreaks: 
Outbreaks can occur from a single host’s actions, whether that is migration of an infected 

case to a new area or ingestion of environmental V. cholerae by an immunogenically naïve 

individual, allowing the organism to change into an infectious state.  During epidemics, cholera 

organisms can remain hyperinfectious for at least 5 hours after excretion from an infected patient.  

The persistence of this hyperinfectious state, combined with crowded conditions and poor 

sanitation and hygiene, can lead to quick uptake by other immunogenically-naïve individuals [15, 

42, 43].  Because of the amount of cholera organisms shed by infected individuals and the length 

of the organism’s hyperinfectious period, cholera outbreaks can appear to simulate and be on the 

scale of person-to-person outbreaks.  The organism may spend little time in the environment 

alone, especially when hyperinfectious or in immunogenically-naïve communities [15, 44].  This 

characteristic allows for cholera to spread quickly and widely throughout a region or population, 

especially those with overcrowding and poor or insufficient sanitation and hygiene. 

   

Safe Water: 

Currently, 884 million people worldwide do not get drinking water from improved 

sources (for example, wells and piped water), representing about 16% of the population in the 

developing world [45].  Worldwide, 87% of people use improved drinking water sources, but in 
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sub-Saharan Africa, that number is just 60% [45].  “Safe water” describes a range of activities 

and interventions designed to promote access to clean, potable drinking water in low-resource 

settings, and often gets grouped with aspects of sanitation and hygiene to form the “WASH” 

(water, sanitation, and hygiene) sector, representing the inter-connectedness of these arenas.  

These topics areas are heavily linked to waterborne disease as well [46].   

One of the problems associated with providing safe water is the finite quantity of fresh 

water on Earth.  With increases in population, especially in already resource-poor developing 

countries, water quantity for drinking alone is strained.  This limitation is even more pronounced 

when other water requirements, such as water for hygiene and food production, are taken into 

account.  Minimal standards of water quantity and quality have been established by leading 

public health organizations, including the WHO and UNICEF, to give providers a target for water 

supply interventions in resource-poor conditions.  These estimates of daily water use have 

changed over time.  Early papers focused mainly on the minimum water supply per person 

necessary for survival, yielding estimates ranging from 1.8–5 liters (L) per person per day 

[47].The current SPHERE project standards take into account the range of uses and needs a 

family has for its household water, including not only water for ingestion, but also water for 

cleaning and basic hygiene and water for cooking.  This estimate ranges from 7.5–15 L per 

person per day in complex humanitarian emergencies (including up to 20 L per person per day by 

UNHCR standards). [10].   

Water usage is not governed solely by the quantity supplied by the individual water 

sources, but also by access and proximity to those sources.  Water use varies with distance to the 

water source and climate, with hotter, tropical climates requiring more water consumption per 

capita [48].  The International Water Management Institute estimates that by 2025, 1.8 billion 

people in 17 countries will live in areas of physical water scarcity (insufficient water quantity in 
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the country itself, regardless of water development projects implemented).  Another 24 countries 

will be classified as being in “economic water scarcity” (countries without sufficient economic 

resources to implement sufficient development projects to provide water to their people) [49] if 

they have not been already, further adding to the water quantity constraints.   

Water source types and quality vary across developing nations, where water is more 

vulnerable to contamination, which reduces the number of safe and viable sources in any one 

community.  Source types are generally divided into those providing surface water and those 

providing groundwater.  Water source type can significantly affect the quality and safety 

(microbial contamination, mineral content, and turbidity, among others) of the water provided.  

Surface water (including rivers, ponds, streams, and even standing water) doesn’t require drilling 

or high economic investment and is more easily accessible, thus it is more commonly used in 

developing and developed countries.  However, surface water that is untreated, as is frequently 

observed in developing countries, has a higher potential for contamination and is less “safe” as a 

source than deeper groundwater.  In urbanized overcrowded areas, without sewage systems, 

surface water can be perpetually contaminated as a result of poor sanitation.  Surface water 

quality and quantity are also vulnerable to environmental events, such as storms, which can raise 

turbidity and bring organic and fecal matter into the water itself [50].  Sewage treatment can 

substantially reduce pathogen concentrations in the water, by up to 90–99% in some studies [50].  

Groundwater sources comprise subterranean water that must be bored or drilled to access.  In 

addition to being more difficult to access, groundwater sources have low potential for bacterial or 

other contamination due to the protective layers of soil and may be important in outbreaks, where 

maintaining clean communal water sources can be a concern [50, 51].   

Piped water systems have been the norm in developed nations, with developing countries 

increasing their piped water supplies in recent decades.  Piped water systems have traditionally 
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carried groundwater directly to houses or villages; however, they are not indestructible and have 

themselves been vulnerable to contamination and outbreaks [48].  “Distribution deficiencies” 

such as broken water system pipes have caused cross-connections and back-siphonage of the 

water, and were associated with 51% of distribution system outbreaks in the US from 1971 to 

1998 [48, 52].  In developing countries, breaks in the water infrastructure can frequently cause 

much longer term problems due to inadequate resources for repair and maintenance.  These 

breaks often spur further interest in establishing illegal connections to distribution systems in 

impoverished areas [48].  Water loss and contamination are major problems with piped water in 

these countries: water loss is estimated at 25–45% in those countries [53] and contamination has 

been implicated in many typhoid and cholera outbreaks in the past 25 years [54].   

Boreholes, a less costly source of groundwater in developing settings, have been shown 

to yield better quality water than untreated surface water and may thus reduce disease 

transmission, but are also subject to seasonal fluctuations in quality because of contaminant 

seepage in the rainy seasons [55, 56].  A study in Nigeria found that residential areas with high 

borehole use reported low counts and proportions of cases of waterborne diseases, such as 

typhoid fever, bacillary dysentery, amoebic dysentery, and cholera [56].  They also noted that 

inadequate source water supply quantities, including those of boreholes, were a significant 

problem for residents.  Where boreholes were compared to surface and municipal or mining 

compound water in Bindura, Zimbabwe, the chemical borehole-water profiles matched the 

quality of the municipal water.  However, when bacterial water quality was assessed, borehole 

water exhibited seasonal fluctuations in fecal coliforms (safe water should be free of coliforms of 

all types).  Municipal water supplies were free of coliforms year-round and river water was 

continuously contaminated with greater than 1,800 coliforms per 100 mL.  Borehole water fell in 

between these sources in its fluctuations, ranging from being free of coliforms in the drier seasons 

to up to 240 coliforms per 100 mL in the rainy season.  Seepage contamination of borehole 



11 

 

groundwater was suggested to explain this observed seasonality [55].  Use of borehole water 

when compared with surface water provides protection against waterborne diseases.  A review of 

a cholera outbreak in a Mozambican refugee camp in 1988 found borehole water use was 

significantly more associated with control (non-disease) status rather than cases (those positive 

for cholera), who tended to use shallow wells.  Cases were 4.5 times as likely as controls to have 

used shallow wells instead of boreholes (95% CI: 1.0–20.8) [57].  

Cholera in Africa: 

Cholera cases have been more concentrated in Africa in recent decades, possibly due to a 

number of socio-economic and environmental factors associated with disease prevalence, 

incidence, and transmission.  Between 1995 and 2005, 632 outbreaks with 484,246 cases were 

reported, of which two-thirds of those outbreaks were reported in sub-Saharan Africa [2].  These 

outbreaks comprised 88% of the total number of cases reported worldwide during that time period 

[2], indicating that sub-Saharan African outbreaks were larger in scale in general and probably 

more widespread.  Throughout sub-Saharan Africa, cholera outbreaks have higher reported death 

tolls as well: in 2005, the cholera CFR in sub-Saharan Africa was 1.8% in outbreaks, 3 times that 

of Asia (0.6%) [58].  In 2005 alone, 31 of the 40 sub-Saharan African countries (78%) reported 

native (in-country, instead of imported) cholera cases, and the incidence of 166 cholera cases per 

million people was 95 times higher than the next highest incidence in Asia (1.74 cases/million) 

and 16,600 times higher than that of Latin America (0.01 cases per million) [58].  South Africa 

reported the largest outbreak in the 1995–2005 period with  103,320 cases,[2], although WHO 

reported just over 86,000, with only 181 deaths (CFR = 0.21%) for the same outbreak [59].  In 

comparison, Zimbabwe’s outbreak of 2008–2009 was at least as large, with the final June 2009 

WHO report listing 98,424 official cases (officially documented at health centers or cholera 
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treatment centers, among others), and was much more severe, with 4,276 deaths (CFR = 4.34%, 

over 20 times that of South Africa) [60].   

The causes and factors contributing to cholera’s stronghold in Africa are varied and 

numerous.  A 2002 paper by Naidoo and Patric identified two main contributors: displacement 

and environmental factors [61].  Large displacement often results from instability in a region; 

these populations require housing, and generally end up in resource-poor refugee camps.  

Instability in the region can also create complex humanitarian emergencies (CHEs), multi-faceted 

humanitarian crises in a country, region, or society that result in total or substantial breakdown of 

authority due to internal or external conflict, necessitating international response [62, 63]..   

Complex Humanitarian Emergencies:  

Since 1970, the start of the seventh cholera pandemic, there have been millions displaced 

across Africa primarily for political and socioeconomic reasons, generating complex emergency 

situations.  Complex emergencies worldwide have been shown to be frequently associated with 

mass epidemics in the decade from 1995–2004, where 63% of complex emergencies worldwide 

included at least one epidemic [62].  Reasons for this association include longer duration of 

complex emergencies (as compared with natural disasters), higher prevalence of CHEs in Africa, 

where epidemic diseases are more endemic and poverty is more pervasive, and increased 

malnutrition and population migration because of CHEs, among others [62, 64].  CHEs can result 

from and lead to disastrous health and safety situations for a population, including administrative 

and political decay or collapse, intense and prolonged violence, genocide, disease outbreaks, 

strained resources, population displacement, wars, and high morbidity and mortality in the 

population [62, 65].  CHEs require a variety of responses in different arenas, including but not 

limited to water, sanitation, nutrition, communicable diseases, reproductive health, human rights, 

psychosocial/mental health, security, logistics, and infrastructure reconstruction [65].  
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Natural disasters can result in complex emergency situations in developing countries 

when structural damage or populations affected are extremely large.  Natural disasters require 

international help to aid the country’s response and can exacerbate CHEs in countries where high 

governmental instability exists.  In addition, disasters, especially when combined with CHEs, 

strain health ministry resources within the country, exposing weaknesses within the public health 

infrastructure and leaving populations vulnerable to epidemics in those situations [65].  A 

significant number of epidemics have been documented during or immediately following CHEs, 

but the same magnitude of relationship has not been shown between epidemics and natural 

disasters alone [62].  Between 1995 and 2004, 63% of the largest CHEs had an epidemic 

concurrent to or just following the event, compared with just 23% of natural disasters [62].  Also, 

87% of the CHEs documented during that period had one or more natural disasters in the recent 

history. Epidemics follow CHEs and follow the combined CHE-natural disaster situations much 

more frequently than natural disasters alone, underscoring the public health importance of CHEs 

in communicable disease prevention [62, 66].   

CHEs have been environments for outbreaks associated with crowding and lack of safe 

water especially, with cholera frequently found in these situations[66], especially in Africa.  In 

1998, 500,000 refugees residing in the Democratic Republic of the Congo (DRC) finally returned 

to Rwanda after fleeing their country years earlier due to genocide, though they were unable to 

avoid a 14,000 case-outbreak of cholera in the camps themselves [61, 67].  Similarly, cholera 

outbreaks also occurred in populations of refugees or displaced persons in Somalia, Ethiopia, 

Malawi, Sudan, Rwanda, and Mozambique in 1997 [61, 68].  Larger outbreaks in Liberia (2003), 

Democratic Republic of the Congo (2000–2007, and still ongoing), and Kenya (2005 and 2009) 

have been prominent more recently.  In Liberia, the civil war that had been ongoing since 1989 

caused mass displacement of about 300,000 residents of Monrovia as rebels approached that 

capital.  This quickly led to a shortage of clean water, poor sanitation, and mass overcrowding.  In 
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addition, most healthcare facilities in the area were closed.  Overall,  over 17,000 suspected 

cholera cases were observed in 1993, though the CFR remained below emergency thresholds 

(<1%) due in large part to quick facility response in the form of inpatient hospitals, cholera 

treatment centers, ORS clinics, and outpatient clinics [69]. 

In the Democratic Republic of the Congo (DRC), Lake Kivu, bordered by the provinces 

of North and South Kivu, has been a site exhibiting the after-effects of natural disasters and 

complex humanitarian emergencies.  In 1994, the fleeing of 500,000–800,000 Rwandan refugees 

to Lake Kivu resulted in over 62,000 cases of diarrheal disease, most V. cholerae O1. Overall 

attack rate estimates ranged from 7–16%.  Estimates of the overall average CFR in this outbreak 

ranged from 3–7%, but the weekly CFR peaked at 22% in the middle of the outbreak [70].  These 

provinces have been subject to occupations, civil war, volcanic eruption, earthquakes, and 

population displacement in the 2000s as well, with about 5.4 million deaths in the area between 

1998 and 2006 [71, 72].  Between 2000 and 2007, 18 large-scale population displacements took 

place, with 6 overlapping with ongoing cholera epidemics and 4 being followed by cholera 

outbreaks within 12 weeks, 2 of which were in IDP camps.  While statistical time-series 

simulations in the study by Bompangue et al. [71] indicate that the occurrence of cholera 

epidemics after displacements or wars was no higher than would be expected by chance, there is 

still evidence to support the influence of these events in amplifying ongoing cholera outbreaks 

and contributing to the spread of cholera in the region [71].  Overall, at least 73,000 cases were 

observed around Goma and Lake Kivu between 2000 and 2007, leaving it as a continuously 

notable cholera-affected and war-torn region in the world [2, 71].   

Kenya has also experienced political unrest, but also has felt the effects of CHEs in 

surrounding countries.  All of these factors have contributed to the spread of cholera within 

Kenya, including cholera outbreaks in refugee camps in 2005 and 2009.  In January–July, 2005, 
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cholera spread through 5 areas of the country from January to July, totaling about 1000 suspected 

cases and 25 dead.  The largest of these affected areas was in the Kakuma refugee camp near the 

Sudanese border, where about half of the cases (estimates ranging up to 522) were found and 14 

deaths occurred (CFR = 2.7%).  Use of unsafe or untreated water, storage of drinking water in an 

open containers, poor sanitation and hygiene practices, and funeral attendance were all significant 

risk factors [73].  The movement and turnover of refugees into and out of the camp, as well as 

their camp conditions, probably added to these risk factors and contributed to the magnitude of 

the outbreak itself, exhibiting the vulnerability of refugee camps [73, 74].  Risk factors for 

cholera infection within the camp included sharing latrines among ≥3 households and having 

newly arrived at Kakuma camp [74].  Analysis of the outbreak data recommended targeting new 

arrivals at refugee camps for cholera prevention measures to control and prevent future outbreaks 

[74].  This outbreak, combined with those already mentioned, shows the widespread effects of 

CHEs on the spread of cholera, even across international borders.  

Cholera outbreaks in the last 4 years have overwhelmingly occurred in countries without 

stable governments.  Countries with outbreaks, especially high CFR outbreaks, were ranked 

higher in instability in the Failed States Index [75], compared with countries without cholera 

cases or with solely imported (non-native) cholera cases.  Further, countries with higher numbers 

of internally displaced persons (IDPs) or refugees were more likely to have had cholera outbreaks 

in the past 4 years, or be areas of endemic cholera, indicating that failed states, frequently sites of 

CHEs, are significantly associated with epidemic cholera [76].  Many of the recent conflicts 

mentioned above were political in nature, leading to CHE situations themselves, and were 

corresponding with or leading to a cholera outbreak.  Because of these conflicts, the importance 

of CHE conditions in cholera outbreaks is underscored, especially in developing countries with 

insufficient water supply and quality in the first place, such as Zimbabwe. 
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Zimbabwe: 

Zimbabwe had the perfect mix of political unrest, instability, and infrastructural 

deficiencies, especially in water and sanitation, to engender the massive cholera outbreak seen in 

2008–2009.  It was one of the largest in African history, comprising over 100,000 cases and 4,000 

deaths [3, 60, 77].  In 2008, an almost complete collapse of the economy exacerbated already 

strained water, sanitation, hygiene, and health infrastructure [78, 79].  Combined with a growing 

political crisis in the country and smaller cholera outbreaks seen annually in the country since 

1998, the foundation existed for a disastrous situations [78, 80].  Violence and political tension 

began prior to the March 29th elections and continued between forces in the ruling party 

(Zimbabwe African National Union—Patriotic Front (ZANU-PF)) and those of the opposition 

(primarily Movement for Democratic Change (MDC)) through the run-off elections in late June.  

Additionally, the Government of Zimbabwe suspended relief work in the country on June 4th, 

2008, and effectively crippled the Zimbabwean infrastructure to respond to humanitarian needs 

[80].   

This governmental instability, combined with healthcare deficiencies in the country, 

resulted in mass population displacement out of the country (with the majority fleeing to South 

Africa) leaving dire conditions for those who stayed in their homes [78, 80].  Specifically, food 

security, healthcare, and water supply were the major problems in the country.  Food security was 

mainly a concern because of hyperinflation, rising global food prices, inadequate governance, and 

decreased crop production within Zimbabwe, mostly due to inaccessible agricultural supplies in-

country, adverse climate, and violence against farm workers [80].  Similarly, the economic 

conditions of Zimbabwe stifled wages for hospital workers and arrested supply lines for hospitals, 

causing many hospitals to shut down in mid to late 2008 [78, 79].  Harare, the capital of 
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Zimbabwe, had to close its 2 largest health facilities early on in the outbreak after they were faced 

with a shortage of supplies and worker strikes [78].     

Insufficient water, sanitation, and hygiene conditions existed mainly because of the 

government’s inability to sustain WASH projects and inadequate or halted funding for relief 

projects [80].  Zimbabwe’s water supply and sanitation system, supported by UNICEF and other 

international organizations, had been one of the more expansive and effective systems in southern 

Africa before the outbreak.  It had combined a mix of community-based and government-funded 

supply maintenance of existing boreholes and other water supply with the construction of new 

boreholes and other sources of safe water in rural regions to increase water access [77, 79-82]. 

The borehole project was designed to switchover the Zimbabwean water supply from 70% 

surface water between 1980 and 2000 to groundwater sources [83].  Insufficient funding in 2004 

and 2007 borehole hand-pump repair efforts, however, left most of these rural communities 

without sources of “safer” groundwater and forced them to utilize surface water sources [83].  By 

2007, the Zimbabwe National Water Authority estimated that there were between 40,000 and 

50,000 boreholes in the country, which should have been sources of safe water for the 

surrounding communities, though at that time, most weren’t functioning properly and needed to 

be repaired [83].   

District-Level Water Access: 
In rural districts, such as Gokwe North and Chivi, the conditions noted throughout 

Zimbabwe resulted in limited local water supply, forcing many households to turn to alternative, 

unsafe sources of drinking water around the time of the cholera outbreak in 2008.  A 2008 

evaluation of water supply in Gokwe North [81] determined that primary sources of water used 

included both “protected” and “unprotected” sources.  Protected water sources included piped 

water, protected wells, and boreholes, while unprotected sources mainly comprised rivers, 
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unprotected wells, streams, and small earth dams.  Upkeep of boreholes built as part of the 

national project’s efforts was cut-off due to a lack of funds, resulting in inaccessible borehole 

water with broken hand-pumps and forcing households to find new, generally unsafe sources of 

water.  Additionally, sanitation services were lacking for 75–85% of households in the province.  

Overall, at least 50% of boreholes were considered non-functioning before the cholera outbreak, 

and about 59% of households in the community had no easily accessible water points and instead 

were driven to use surface water sources in the form of ponds and rivers or at best, supplement 

surface water use with borehole use and vice versa [81].  While these data are from a case study 

of a district in Gokwe North, similar issues in resource development and management and access 

were seen across Gokwe North and in the province of Chivi [84].   

Goals and Aims: 

There is a need to identify whether functioning boreholes in communities such as Chivi 

or Gokwe North would have protected against the spread of cholera between villages and 

restricted the size of the outbreak within each village in Zimbabwe. Safe water reduces the 

transmission and risk of cholera incidence; however, any source effects observed are frequently 

overshadowed by water treatment options available in the community.  Chivi and Gokwe North, 

for the most part, water treatment supplies, as in many outbreaks, the supply distribution followed 

the spread of cholera, rather than preceding it.  This provides a unique opportunity to evaluate 

borehole effectiveness in the outbreak to determine if funding and support for source water repair 

in outbreak should be a priority.  Thus, the goals of our study are to evaluate the effects of 

borehole water and protected source use on cholera infection in the cholera outbreak in 

Zimbabwe from 2008–2009.  Our specific aims are to determine if differences in safe water 

access, including specifically borehole access, at the village level were associated with cholera 

spread between villages.  Additionally, and more specifically, we would like to identify the 
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relationship between safe water use, including borehole use, and cholera attack rate within a 

village.  The effect of safe source water on cholera attack rate has not been addressed through 

modeling in outbreak settings  

Significance: 

Our study will define the role of protected groundwater sources in cholera outbreak 

settings.  We will be able to evaluate the effectiveness of functioning borehole projects in the 

specific provinces of Gokwe North and Chivi against the transmission of cholera in the outbreak 

setting.  This research will also generalize to public health emergencies where groundwater 

sources are considered for rapid implementation as safe water sources in the midst of the 

outbreak.  We have a unique opportunity to examine the effect of boreholes and protected wells 

on cholera transmission at the village level with little of the effects of point-of-use treatment.  

Boreholes can have an important and, as of yet, undefined role to play in preventing the spread of 

cholera in future outbreaks and complex humanitarian emergencies, and this study may serve to 

renew the advocacy efforts for safe water projects in developing countries by showing protection 

against cholera in an outbreak setting, making water source projects a priority with point-of-use 

treatment at the household level.   
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Materials and Methods: 

Study Population: Our sampling frame consisted of all villages in 2 districts in Zimbabwe 

affected by the cholera outbreak: Chivi and Gokwe North. The study was conducted from August 

20th to September 5th, 2009.   

IRB: This survey was part of an outbreak investigation (Epi Aid) qualified as “non-research” and 

was exempt from the formal Internal Review Board approval process at Centers for Disease 

Control and Prevention.  The protocol was evaluated by the Associate Director of Science for the 

National Center for Environmental Health (NCEH) for ethical clearance.    

Personnel and Partners: Drs. Susan Cookson and Diane Morof from the International Emergency 

and Refugee Health Branch (IERHB) at the Centers for Disease Control and Prevention (CDC) 

led the data collection in Chivi, while Merlin and the -German Agro Action (GAA) conducted the 

survey in Gokwe North.   

Selection of Districts: These districts were chosen based on cholera command and control center 

(C4) listings for total cholera cases and deaths in Zimbabwe.  The C4, a collaboration between the 

World Health Organization (WHO), the Zimbabwean Ministry of Health and Child Welfare, and 

other partners, was the most reliable and accurate cholera case count database.  Districts selected 

had to 1) have at least 1,500 cholera patients that reported to cholera treatment centers, health 

facilities, or cholera treatment units within that district (i.e. in the C4 database), 2) have over 100 

cholera deaths in the community (i.e. deaths not in a health facility), 3) be geographically 

separated, 4) be small and accessible enough to allow for complete data collection within 2.5 

weeks, and 5) have not been part of a study during the previous cholera outbreak.   
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Selection of Wards and Villages: Within Gokwe North, wards (sub-levels of districts with 

multiple villages) were selected using the total number of deaths from line lists at the cholera 

treatment unit (CTU).  In Chivi, wards were selected using Cholera Treatment Center data listing 

of community deaths.  All villages were surveyed in Chivi, while sampling was used for ward 

selection in Gokwe North.  In the Copper Queen Central ward of Gokwe North, all 6 villages 

were surveyed. To get to the target of 10 villages per ward, an additional 4 of 13 small-scale 

farms listed on facility line lists from Copper Queen Central were selected, however only one of 

those farms was visited due to time limitations.  For Goredema, Chireya IIa, Chireya IIIb wards 

in Gokwe North, 10 villages were randomly selected.  To ensure that these villages existed and to 

determine their ward, the nursing staff of the CTU (Goredema) or the ward councilor (Chireya IIa 

and Chireya IIIb) were consulted.  Villages that were unknown, misplaced, or incorrectly 

designated as villages were replaced with other randomly selected villages. Once the 10 villages 

were selected, the villages were split into two groups based on their geographical location.  The 

teams were also given the names of two additional villages that should be surveyed in the event 

that the initial 10 villages did not provide sufficient data and there was sufficient time.  This 

process was carried out in Chireya IIIb and Chireya IIa where more than 10 villages were visited.   

 

Selection of Key Informants in each Village: Key informants (e.g. village health workers, ward 

council members, school teachers, religious leaders, traditional healers, and village kraal heads 

(village leader roles) in the village) were identified in each village.  Ideally, 3 key informants per 

village were chosen to collaboratively fill out the survey, but often the village head, village health 

worker(s), and/or the school master were not present.  In those cases, the one or two key 

informant types that were available, and in some cases peer educators, village secretaries, and 

choloroquine-holders, were surveyed.   
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Survey Instrument: The community survey consisted of 27 questions, divided into 8 sections: 

Village Characteristics, Population Changes, Security Issues, Communication, Water Questions, 

Healthcare Services, History of the Recent Cholera Outbreak (since October 2008), and Health 

Education.  Village characteristics included ward and village population counts and GPS 

coordinates for the village, location of the nearest road, and various healthcare centers.  The 

Population Changes section assessed if new settlement occurred in the past year.  The Security 

Issues section aimed to evaluate village safety, while the Communication section described 

community mobilization and availability of radios and cell phones.  Water Questions documented 

the village’s main source(s) of drinking water, safe water usage, and the number, type, and status 

of safe boreholes serving the village.  Healthcare services focused on estimated HIV/AIDS 

prevalence, while the History and Recent Cholera Outbreak section attempted to determine if a 

previous cholera outbreak had taken place and what kind of access to health services was 

available during the recent cholera outbreak.  Finally, the Health Education section assessed 

community knowledge and practices related to homemade salt-sugar solutions (SSS).   

Survey Methods: The survey questionnaire was created in English, translated to Shona, the local 

language, and then blind back-translated to English by a separate translator to assure accuracy.  A 

total of 10 in-country interviewers underwent a 4-day training on the survey instrument, which 

included pilot testing of the survey instrument.  Minimal modifications were made to the survey 

after the pilot test.  In the main survey, verbal consent was obtained from all respondents and 

documented on the survey.  Interviewers then conducted the surveys, generally in sheltered areas 

in a central location of the village.  The surveys were completed on paper, and Epi Info 3.5.1 

(CDC, Atlanta, GA) databases were created for survey entry.  The Chivi data entry was 

completed by Drs. Diane Morof and Susan Cookson; however, the Gokwe North data was entered 

into Epi Info by a hired data entry team (Great Minds), with a second data entry required and 

completed by Dr. Diane Morof.  A complete audit of 10% of the questionnaires was conducted 
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and differences in data entry were corrected.  Less than 2% of data had errors in entry.  All 

missing values were double checked with original surveys for accuracy.  Responses were 

analyzed by village using SAS 9.2 (SAS Corporation, Cary, NC). 

Analysis:  

Case Definition: Classification of villages was based on line listings from a concurrent 

case/control patient survey conducted in the same villages, cholera treatment centers (CTCs), 

hospitals, and other healthcare centers included in the sample by the same research team.  Cholera 

patients for line listings were defined as anyone greater than 5 years of age living in the 

respective district for at least a week prior to diarrheal onset who had 3 or more episodes of 

diarrhea in a 24 hour period between October 1, 2008 and July 28, 2009.  Patients were not tested 

for Vibrio cholerae due to resource restrictions.  Cholera attack rate (AR) was calculated per 

village by dividing the total number of cases from the line listings from the community by total 

village population (or imputed village population, see below).  Villages were classified as (1) a 

‘case’ if any C4-confirmed cholera cases were present and reported in the village or (2) a 

‘control’ if cholera cases were not reported in the village during the outbreak between October 1, 

2008 and July 28, 2009.    

Imputation methods: Enumerators collected data for both the number of households and the total 

population in each village.  The total population was missing for 37 (30.6%) of the villages; 

however, the total number of households were available for 120 (99.2%) of the villages following 

an initial survey assessment.  In villages lacking population figures (necessary to calculate 

cholera attack rates for multiple linear regression techniques), we used simple and multiple 

imputation methods to generate population estimates.  ‘Simple imputation’ methods imputed the 

unknown population from the number of households in the village multiplied by the average 

population per household from the villages with known populations in our sample.  Multiple 



24 

 

imputation methods were based on the Markov Chain Monte Carlo (MCMC) method estimation 

of the village population and used a compilation of repeated drawings of replacements for the 

missing values [85].   

Logistic Modeling: We used logistic regression to identify the best model for cholera case/control 

status of villages based on the use of borehole or surface water for drinking.  In this analysis, we 

identified village population, the type of respondent, and the presence of a previous cholera 

outbreak in the year prior to the current outbreak as potential confounders for our model.  We 

hypothesized that the quality of information may have varied by the type of respondent answering 

the survey, so dummy variables were constructed for 5 of the 6 categories of respondent: village 

health worker, village leader, religious leader, home-based care provider, and school headmaster 

(“no respondent listed” was used as the reference category), though only the village leader 

category was used because of stratification.  Previous cholera outbreaks in the last year may have 

provided village members with residual immunity to cholera infection [11, 15, 86-88].  Therefore, 

the presence of previous outbreaks in the village was included as a potential confounder in the 

analysis.  Population was included to allow for standardization across villages, as there was a 

large range of population counts across all villages.  Interaction terms for all confounders with the 

borehole variable were constructed for the initial analysis.  We used the “All-Subsets” analysis 

approach proposed by Kleinbaum and Klein [89] to evaluate interaction and confounding in 

constructing the model.  We assessed confounding by sequentially removing variables or 

combinations of variables and comparing the resulting odds ratio (OR) with the OR of the model 

containing all variables (the “full” model).  Bounds for model acceptance were estimates within 

10% of the full model odds ratio (OR).  Reduced and full models were judged by accuracy of the 

model OR and precision of the OR’s 95% confidence interval.   



25 

 

Linear Modeling: We used multiple linear regression (MLR) techniques to model the cholera 

attack rate (AR) by village.  To generate attack rates, we divided the total number of cholera 

cases (obtained by village line listings) by the population—estimated by simple imputation 

methods, MCMC multiple imputation methods or no imputation methods (only using complete 

observations)—and fit water source (environmental risk) parameters to the imputed ARs.  We 

also controlled for village respondent type and previous cholera outbreaks (within one year), 

which may have conferred residual immunity and consequently affected the cholera attack rate 

within individual villages [11, 15, 86-88].  All model tests and estimates were evaluated at an 

alpha of 0.05. 

In our MLR analysis, we combined water source variables to avoid over-stratification of 

source variables.  The following water source types were considered: borehole (safe water 

source), other safe water (use of a safe water source besides borehole water, usually a protected 

hand-dug well), unsafe water (use of a single unsafe water source for the village: streams, 

unprotected hand-dug wells, scoop holes, rivers, and other similar surface water sources), and 

multiple unsafe water (concurrent use of 2 or more unsafe water sources during the outbreak).  

We built a full model around these 4 predictors—while controlling for previous cholera outbreaks 

in the village and respondent type (see above)—using each of the imputation techniques noted: no 

imputation, simple imputation, and multiple (MCMC) imputation.  Sample size increased from 73 

(no imputation model) to 102 (simple imputation model) to 120 (MCMC multiple imputation 

model) across imputation types.  Effect modification and confounding were both assessed, in that 

order, by constructing variables for their potential interactions with the exposure water source 

variables and by inserting them into the model.  Interaction was assessed using partial T tests/F 

tests [90], while confounding was assessed using methods described in Kleinbaum and Klein 

[89].   
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Results: 

The goal of this study was to assess any differences in safe water source access that may 

have contributed to differences in cholera spread and attack rate across villages in the Chivi and 

Gokwe North districts.  A total of 121 villages were included in the sample: 72 in Chivi and 49 in 

Gokwe North, totaling over 7,500 households. To ensure that our study districts—Gokwe North 

and Chivi—were comparable in population and households, we assessed population and cholera 

indicators in the overall study population and within each district’s population (Table 1).  Overall, 

villages varied widely in both population and cholera attack rates and case fatality rates, though 

the differences between village populations, number of households, average attack rates, and case 

fatality rates were not statistically significantly different between Chivi and Gokwe North.  

Overall village populations ranged from 34 to over 1600.  Of the 121 villages surveyed in Chivi 

and Gokwe North districts, 105 villages (86.8%) had cholera cases present during the outbreak 

and 13 villages (10.7%) had no cholera cases (the remaining 3 villages were missing cholera 

status due to inconsistencies in the line listings and thus were left out of the analyses).  Among 

the 105 villages with cholera, attack rates ranged from 2-578 persons per 1000, and 53 villages 

(50.5%) reported at least one death due to cholera.  51.4% of villages in Chivi reported at least 

one cholera death compared with 35.4% in Gokwe North.  A total of 108 deaths were reported 

overall, 61.1% of which were in Chivi.  Overall, because there were no significant differences in 

population and cholera statistics between the districts observed, the districts will be combined for 

further analysis. 

Water: 

 To understand our study population’s potential exposures to cholera, we examined the 

distribution of water source used and cholera prevalence and attack rate by source type (Table 2).  

Data from villages listing multiple ‘main’ sources of water were omitted from this analysis as 



27 

 

there was no reliable way to confidently characterize a single water source type from those 

surveys.  Overall, only 37.0% villages reported using a safe water source as a ‘main source’ of 

water before the outbreak.  Taps, as well as water trucking and safe water tankers, were not 

reported as major sources of drinking water for these rural villages; boreholes and protected wells 

served as the only reported sources of safe water in the village.  Access to safe water sources was 

associated with about a 50% reduction in overall attack rate compared with unsafe water sources, 

though this difference was not detected as statistically significant at the 0.05 level.  This 

difference was mostly due to the effect of boreholes, as protected wells exhibited an overall attack 

rate closer to that of unsafe sources.  Villages with boreholes reported the lowest attack rates of 

all the drinking water source types, while villages using streams reported the highest.  Villages 

employing safe water sources before the outbreak were more likely to have avoided the cholera 

outbreak compared with those using unsafe water sources (81% of safe water source villages 

reported cholera compared with 93% of unsafe water source villages), and this difference was 

borderline significant (p = .053). Suspicion of misclassification of protected wells led to 

reassignment of water source divisions into boreholes (safe water), wells—both protected and 

unprotected (unsafe), and all other (surface water sources).  In this organization, boreholes 

exhibited the lowest attack rates of all sources, followed by well sources, and then surface water 

sources (data not shown), though this difference was not significant.  This is further support for 

the use of the classification of boreholes as the major source of safe water (see below).  Overall, 

though, there is evidence to suggest that type of water source affected cholera prevalence and 

attack rate through Chivi and Gokwe North. 

Of the originally-classified safe water sources, boreholes (76% among the safe water 

sources) were the most commonly reported source of safe water for villages during the outbreak, 

as had been indicated in background investigation prior to the study’s inception (data not shown).  

To further describe the frequency and distribution of boreholes across the region, data on 
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borehole availability, functionality, and use with regards to the cholera outbreak were collected 

(Table 3).  Villages with primarily borehole-supplied water reported the lowest overall cholera 

proportions (82%) relative to villages with other water source types in the outbreak.  However, 

borehole distribution and functionality was far from ubiquitous in the outbreak setting.  Sixty-

nine villages (57.0%) reported no boreholes serving the village.  The 52 villages with boreholes 

were distributed unevenly by district between Chivi and Gokwe, with Chivi comprising 85% of 

the boreholes in the region and reporting many more villages with functioning boreholes during 

the outbreak.  Of the 52 villages with boreholes present, 17 (32.7%) reported zero borehole hand-

pumps working during the outbreak and 24 (46.2%) reported at least one borehole hand-pump as 

broken or not working during the outbreak (data not shown).  In total, 31 out of the 79 boreholes 

sources (39.2%) were nonfunctional during the outbreak. Overall, there was evidence to suggest 

that use of boreholes and/or safe water sources for drinking water was associated with a 

meaningfully, though not quite statistically significant, lower attack rate compared with all other 

water source types used in villages during the outbreak, especially surface water sources and 

surface water overall.   

Cholera and Water Source Analysis in Study Villages: 

As an initial assessment of the effect of the water source exposure on cholera spread and 

burden in villages in Chivi and Gokwe North, we compared the proportion of study villages 

reporting cholera cases and their average attack rates across water source types: all protected 

sources, borehole water only, and unsafe water.  We evaluated cholera presence using a Cochran-

Mantel-Haenszel (CMH) chi-square analysis and cholera attack rates by an Analysis of Variance 

(ANOVA) test, estimating missing population estimates with simple imputation techniques.  In 

both analyses villages with multiple listed “main sources” of water where all listed sources were 

of one status type (safe or unsafe alone) were included in this analysis, while (4) villages with 
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‘mixed’ (safe and unsafe) water source types were omitted from this analysis and all further 

analyses in this paper (Table 4). Villages using boreholes exhibited decreased odds of cholera 

prevalence and decreased AR compared with surface water sources, though all analyses were not 

significant at the 0.05 level.  Additionally, villages using boreholes for drinking water saw a 67% 

reduction in the odds of having a case of cholera compared with villages using unsafe water (95% 

CI: 0.09–1.26, p = 0.094, data not shown), while villages using safe water in general saw a 69% 

decrease (95% CI: 0.09–1.06, p = 0.053, data not shown).  AR analysis revealed that borehole-use 

villages with cholera had lower attack rates compared with well and surface water source 

categories, respectively, though neither were significant at the 0.05 level.  When aggregated, 

cholera-affected villages using boreholes and protected wells reported a decrease of 23.5 cases 

per 1000 persons, on average, and those using just boreholes reported a 27.0 cases per 1000 

reduction on average compared with unsafe water source villages (data not shown).  All AR 

analyses were borderline significant (0.10 < p < 0.13), although it is important to note, as before, 

that cholera prevalence across villages during the outbreak was relatively high for all water 

source types (≥ 80%).  It was also interesting to note that cholera prevalence and attack rate do 

not follow the ordinal nature of the water source division.  While use of unsafe water was 

expected to be associated with the highest proportion of case villages and the highest attack rates, 

followed by use of well water, and the borehole use, villages using well water actually reported 

the largest proportion of case villages and highest attack rates. Overall, though, we noted a 

marked yet not quite statistically significant reduction in cholera prevalence and attack rate by 

safe water, and specifically borehole, use compared with other unsafe water sources. 

Cholera Modeling: 

Logistic and multiple linear regression models were constructed to generate hypotheses 

for potential risk factors for cholera outcomes during this outbreak.  Case/control villages were fit 
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in 2 logistic regression models below: one comparing safe (borehole and protected hand-dug 

well) vs. unsafe (surface and unprotected hand-dug well) water source use and one comparing 

borehole only vs. unsafe water use.  The models evaluated interaction and confounding due to 

respondent type and previous cholera outbreaks in the village in the last year prior to the current 

one using simple and multiple imputation techniques (Tables 5 and 6).  The final model 

parameters included the exposure variable of interest—safe or borehole water—and controlled for 

village population, respondent type, and the presence of a previous cholera outbreak in the village 

in the last year.  Final logistic regression model analysis suggested that use of safe water sources 

as the main source of village drinking water (Table 5) was borderline significantly protective 

(0.058 ≤ p ≤ 0.100 for adjusted model estimates), indicating about a 70% reduction (on average 

across models) in the odds of cholera affecting a village using safe water sources compared to 

those using unsafe water sources.  Presence of a previous cholera outbreak in the village was 

associated with about a 50% reduction in the odds of cholera compared with villages without a 

previous outbreak (results not significant) across all model types.  When disaggregated from all 

safe water source use, the use of borehole water by villages (Table 6) was associated with a 

borderline significant (0.062 ≤ p ≤ 0.162 for adjusted model estimates) reduction in the odds of 

cholera of about 70-75% (across adjusted models) in villages using borehole water compared 

with villages using unsafe water sources.  In both cases, we saw a marked and borderline 

significant (overall 0.058 ≤ p ≤ 0.162 for adjusted model estimates) decrease in the odds of 

cholera in a village based on water source type.  These data suggest that borehole use has a 

protective effect from cholera in the villages above that of safe water use alone, and that both 

reduce the odds of cholera; however, our study lacks sufficient power to detect these differences 

as significant at the 0.05 level.   

We also evaluated cholera attack rates in outbreak-affected villages across water source 

type.  To define the relationship between water source type and AR in a village, we fit ARs in a 
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multiple linear regression (MLR) model controlling for previous cholera outbreak and respondent 

type with water source divided into 4 variables comprising borehole use, other safe water use, 

unsafe water use from a single main source, and unsafe water use from multiple main sources, 

along with all relevant interactions.  Using imputation techniques in the data for the model, no 

meaningful interaction nor confounding was detected among the variables in the model using the 

methods noted by Kleinbaum and Klein [89] to select variables in the model while keeping it 

hierarchically well formulated.  We used the ‘full’ model without interaction terms (i.e. leaving 

all confounders in the model) for ease of comparison of results in differing imputation techniques.  

The final model assessment of collinearity by conditional index analysis revealed no significant 

collinearity issues in the model (all conditional indices (CI) < 30).  Thus, the final model included 

1) borehole, other safe water, unsafe, and multiple unsafe drinking water source variables as 

exposure variables of interest, 2) respondent type variable (defined as village leader/other), and 3) 

an indicator variable for the village having had a previous cholera outbreak in the last year 

(yes/no) (Table 7).  Main water source was not significantly associated with cholera attack rate in 

one-way, unadjusted, and simple imputation-adjusted models when divided 4 ways, with the 

exception of the use of multiple unsafe sources of water, which was significant at the 0.05 level.  

Analysis of water source divided by borehole use, well use, and surface water use (as in Table 4) 

was marginally significant for wells as a risk factor for elevated attack rate (p = 0.095 in simple 

imputation adjusted model, data not shown).  The multiple unsafe water source variable was not 

significant in the MCMC imputation analysis.  Additionally, despite the loss of power and sample 

size due to sparseness and missing values in this data collected from an outbreak setting, the 

simple imputation model explained the data better than the mean of the outcome (p = 0.023), 

though only 14% of the variation in attack rate was explained by the model for water source type 

controlling for respondent type and previous cholera outbreaks.  Across unadjusted and simple-

imputation models, multiple sources of unsafe water were a significant risk factor for extreme 
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increases in attack rate above and beyond the effects of the other levels of the water source 

variable; however, water source type overall in each village does not seem to be significantly 

related to changes in attack rate in the study villages across all linear models constructed.   
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Discussion: 

We evaluated borehole use on cholera spread and the magnitude of the outbreak on the 

village level in the Chivi and Gokwe North districts of Zimbabwe during a major outbreak.  

Survey results indicated that villages with a safe water sources were at a lower risk of cholera 

(0.058 ≤ p ≤ 0.100 across adjusted/unadjusted models).  Furthermore, we found evidence to 

suggest that boreholes were the main source of safe water associated with reduced cholera spread 

across villages, though again this was not significant (0.062 ≤ p ≤ 0.162).  In examining cholera 

attack rates, type of water source used by villages did not significantly reduce the attack rate in 

unadjusted and adjusted models.  Finally, in comparing imputation techniques used in analyzing 

missing data frequently found in outbreak response and Epi-Aid studies, we noted differences in 

estimates that seemed to vary according to the model analyzed. 

 Villages using safe water sources were less likely to have one or more cholera cases, 

compared with villages using unsafe water sources and controlling for the size of the village.  

This result, though important, was only borderline  statistically significant.  In analyzing water 

sources at the village level, we are unable to assess individual household use, and it is likely that 

not all members of the village used the sources reported, whether safe or unsafe in nature, which 

would dilute the protective effects associated with safe water sources.  Those in Gokwe North, in 

a study by Muguvu and Mutengu [81], reported frequent supplementation of borehole water with 

other, usually unsafe, source water due to the inaccessibility of sources.  Despite this 

supplementation, in our study, the population using the reported protected sources was sufficient 

to buffer the community against cholera.  While lacking power to detect this at the 0.05 level, this 

finding suggests an important role for water source maintenance in preventing outbreaks.  

Maintenance of safe water sources makes large, public, easily contaminated surface water 

sources, such as lakes or streams, a less available option in those villages.  This is important as 
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these large surface water sources have been the subject of other outbreaks [71, 91].  The spread of 

cholera was aided by continued use of large water sources during multiple large outbreaks in 

Malawi and the DRC, among others [71, 91].  Additionally, the use of unprotected hand-dug 

wells has proved sufficient to be a source of contamination and further cholera outbreaks in point-

source propagated spread patterns around the world [92].  Both of these scenarios could have 

appeared in these villages in Zimbabwe in 2008–2009 and affecting the spread of cholera 

throughout the region.   

The ability of a large proportion of safe water-use villages to avoid the cholera outbreak 

is probably attributable to a lack of vibrios contaminating protected water sources, though we 

lack the microbiologic assays to detect this.  It is plausible that infectious cholera bacteria did not 

penetrate these sources, particularly boreholes.  Protected wells may have been slightly more 

susceptible to cholera bacteria despite their designation as a safe water source, since villages 

using ‘protected’ wells actually showed elevated attack rates over most other water source types, 

including boreholes.  Additionally, these designations could have been misplaced, as we were 

unable to observe the sources of water noted for each village and verify their microbiologic 

quality and classification.   

Among villages using safe water sources, borehole-supplied villages had the smallest 

proportion of cholera across villages, and experienced a reduction in cholera prevalence that 

approached significance when compared with villages with unsafe water sources, and even those 

with protected wells.  These results imply that maintenance of borehole hand-pumps in 

Zimbabwe could have been an important component in protecting villages from cholera.  These 

results have been supported by another outbreak investigation [57] that identified boreholes as a 

protective exposure when compared to shallow, unprotected wells.  In an analysis conducted in 

Malawi, boreholes were significant (p = 0.04) with a very wide confidence interval when 
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compared with shallow well use in the outbreak (1.0–20.8).  The Moren et al. study also supports 

the hypothesis that boreholes are the safest water source, when measured in terms of protection 

from cholera contamination through the soil.  This data also indicates similar deficiencies in wells 

in outbreak or CHE settings as we see in our study (Table 4).  In the Malawian refugee camp, 

none of the camp boreholes tested positive for cholera, while positive results were found for 50% 

of unprotected and 25% of protected wells [57].  Similar to our results from Gokwe North and 

Chivi, the protected wells in Malawi did not remain cholera free.  This result may be explained by 

insufficient lining and sealing of the protected wells and/or better protection against cholera 

organism conferred through boreholes, possibly due to deeper drilling.  In both Moren et al. and 

our study, we found evidence to suggest a protective effect of borehole water use in a cholera 

outbreak without the implementation of water treatment at point-of-use or the source.  These 

findings support the use of boreholes as a safe water sources at the individual and village level. 

 In our study, the borderline protective effect of borehole water at the community level 

may also be due to water quantity as well as water quality.  Borehole water may provide a more 

reliable source of water in quantities sufficient not only for drinking, but also for hygiene.  In a 

1991 meta-analysis, Esrey et al. [93] observed  water quantity to be just as important, if not more 

important, as water quality in protecting against disease.  They describe the effect of increased 

water supply interventions, which allow for increased household water use and therefore 

increased sanitation and hygienic practices [93].  Cairncross [94] noted that water source 

availability acts as a major link between water quantity and hygiene.  Increasing the accessibility 

of a reliable water source to households in a community increases water quantity per family in 

that community significantly.  With that increase, the family is able to practice better hygiene.  

Hygiene practices, including handwashing with soap, have been identified as significant 

protective factors in cholera outbreaks [95].  Over half of those surveyed by Maguvu and 

Mutengu [81] in Gokwe North in 2004 had to walk 5–10 km to get any source of water, as they 
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did not have a source of their own near them.  Another 59% lacked any sort of sanitation 

coverage.  Villages reporting functioning boreholes in our study had more reliable water overall, 

including water for basic hygiene and sanitation, than those with unsafe or surface water.  

Although undocumented in our survey, it is possible the villages with functioning boreholes may 

have had better hygiene or sanitation practices 

Overall, cholera attack rates did not vary significantly across water source types (in 

multiple linear models; however, in bivariate analyses, villages using unsafe water sources 

exhibited twice the cholera attack of those using safe water sources (Table 2).  Though attack rate 

risk factor modeling for cholera has been sparse in the literature, our study indicates that, among 

villages with cholera, safe water source use was associated with fewer cases of cholera in the 

village.  This further emphasizes the role of borehole and hand-pump maintenance in outbreak 

settings.  While we were unable to determine the exact environmental source of cholera in case 

villages, our results suggest that multiple unsafe water sources provided an opportunity for 

increased host-pathogen interaction and increased infection in the community.  Provided they 

were functional, protected, and maintained, boreholes could have continued to provide safe water 

in villages with cholera despite the outbreak.  The problem in case villages, then, would have 

been due to the lack of boreholes to supply the entire community and prevent supplementation by 

unsafe sources.  This deficiency may have been caused by crowding or overpopulation in areas 

served by boreholes.  As Fernandez et al. [77] note in their spatial analysis of the 2008–2009 

Zimbabwe cholera outbreak in Harare, high density population and low socioeconomic status 

were important risk factors for cholera in the city.  While we were able to control for village 

population, we have no data on the spatial distribution of people or water resources, which could 

have contributed greatly to spread of the disease in the height of the outbreak.  Lower SES was 

also associated with poorer sources of water in Harare, and these risk factors may extend to the 
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rural communities as well.  Insufficient safe water sources in communities can be supplemented 

with further borehole projects similar to those that were abandoned in the early to mid-2000s.   

One of the strengths of our study is that it is one of the first to evaluate the effects of 

untreated safe water in an outbreak setting using retrospective village level surveillance.  Often, 

studies in outbreaks evaluate water sources with point-of-use water treatments that mask any 

source water effects.  Our study not only provides evidence that source maintenance in villages 

can limit the spread of cholera, but it also tests a new potential methodology for investigating 

outbreaks.  Normal outbreak investigations involve case-control studies identifying common 

exposures in the affected population.  Our village-level surveys allow a much larger population to 

be reached more efficiently.  The fact that we observe a borderline significant reduction in 

cholera attack rates and village case/control status suggests the survey could be applied reliably at 

this level, though we need further evaluation.  

There are several limitations to the methodology as well.  A lack of household-level data 

means that our survey assumed the use of a single main source of water across a large 

community.  This probably oversimplified the true nature of water use in the community and 

prevented us from documenting other water sources used, potentially including unsafe source use 

that would have reduced the effects seen in the data, possibly to the point of the observed non-

significance. 

While this methodology accounted for limited time for response and research, adequate 

care was not taken in completing the community level surveys as thoroughly once the case-

control portion of the study was fully completed.  We lacked sufficient time for a lengthy pilot 

test and were forced to deploy and collect information as quickly as possible from the available 

sources.  Overall, incoming data was unclear in some places and sparse in others.  A comparison 

of the variables from the main water source and percent of households with safe water revealed 
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vastly inconsistent data.  This discrepancy led us to drop the variable assessing the percentage of 

households using safe water sources.  Furthermore, a whole district (Kadoma) had to be dropped 

from our analysis due to uncertainty in water source variables, as it was an urban setting with less 

easily-identifiable water source data.  Additional time may be required for future assessments 

using this methodology.  Sero-surveys and microbiologic assays at the household level would 

help to make generalizations and conclusions at the village level more reliable. 

It was especially difficult to gather village population and household estimates from 

village leaders, which resulted in large amounts of missing data and decreased power.  To 

compare traditional ‘field’ methods in a controlled model, we used imputation methods to model 

cholera prevalence and attack rates in the villages.  We are one of the first studies to compare no-

imputation, simple imputation, and multiple imputation models for attack rate in an outbreak 

setting.  In CHE settings, time and logistical constraints on rapid assessments frequently require 

quick estimation of village or camp populations.  This estimation is generally crude: conducted 

by simple imputation with the average number of persons per household used, or some other 

standard (4 or 5 persons per household uniformly across a population, for example). 

In comparing no-imputation, simple imputation, and multiple imputation models (Tables 

5–7), we noted several key differences in estimates and standard errors.  In logistic models 

(Tables 5 and 6), village population (imputed and unimputed values) was included as an 

independent variable for control purposes.  Imputation of exposure variables in this manner is the 

traditional use of multiple imputation [96].  In these models, we observed little difference in 

estimates and standard errors and confidence intervals between unadjusted, simple, and multiple 

imputation models.  As was expected, imputation methods—both simple and multiple—led to 

more precise confidence intervals by increasing the sample size.  The larger the number of 

observations used, the more estimates and confidence intervals converged across model types.  
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We do note, however, that no-imputation adjusted models differed meaningfully from the 

imputation models in both analyses.   

In our multiple linear regression models (Table 7), the village population was a 

component of the attack rate calculation, and therefore a dependent variable.  This approach to 

imputation has not been tested in the literature.  While it was difficult to judge the effects of 

multiple imputation on model estimates due to the lack of power and significance, we do note that 

p-values did not change markedly from adjusted no-imputation to simple imputation models.  

Simple imputation modeling, as expected, added markedly to the power and available sample size 

for the model.  When moving to multiple imputation modeling, we observed a marked increase in 

p-values across estimates, especially in the variable representing multiple unsafe water sources, 

which, as noted, was associated with elevated cholera attack rates in all models except the 

multiple imputations MCMC model.  This increase in p-values may be due to the initially sparse 

observations under this variable.  While simple imputation methods did not correct the lack of 

observations with appropriate standard errors, multiple imputation methods yielded standard 

errors accounting for the imputation itself.  It is possible that our model lacked sufficient power to 

detect differences in attack rates between villages, and therefore may not have been the ideal 

model to examine simple vs. multiple imputation methods.  However, we aim to encourage and 

see a value in future research in this field with better methods in the literature.  

The 2008–2009 cholera outbreak in Zimbabwe allowed us to evaluate the effects of 

isolated source water on cholera incidence and prevalence without confounding due to chlorine or 

other point-of-use treatments.  While it has been standard outbreak response practice to provide 

these treatments to the population as soon as possible to ensure safe water for all at the household 

level, ‘safe’ water sources, particularly boreholes, showed borderline protective effects on cholera 

spread and burden at the village level when analyzed in aggregate without these point-of-use 
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treatments.  These results provide support for the implementation of new or maintenance of 

sustained safe water source programs before and even during cholera outbreaks. In areas with 

endemic cholera or frequent outbreaks, these programs would lessen the population’s morbidity 

and mortality relative to former outbreaks. In the face of economic and political hardships, 

priority must be given to existing community- or government-based borehole sustainability 

programs.  This investment gives the population a chance at avoiding future waterborne disease 

outbreaks that may arise in CHE states.   

 In addition to taking a novel research approach to safe water in emergencies, this paper is 

the first to evaluate imputation methods for missing data in logistic and linear modeling of a 

cholera outbreak.  We acknowledge that our analysis is largely incomplete and must therefore be 

viewed as a starting point for this approach, however, we do offer some conclusions from this 

work and to guide future research.  In working with outbreak data, we must caution against the 

sole use of simple imputation analysis or conversion across seemingly related factors (such as 

number of households and population) to reach broad conclusions without first accounting for 

over-precise variances and standard errors.  Multiple imputation methods have an important role 

in disease outbreaks due to the propensity for missing or incomplete data in this setting.  Hastily 

constructed model estimates can impact resource allocation and ultimately human lives in the 

ongoing outbreak, thus, if undertaken, model construction must ensure validity across all 

biostatistical and epidemiologic arenas.  We would encourage a collaborative effort by 

biostatisticians, epidemiologists, and other public health practitioners to re-evaluate imputation 

conversions from previous outbreaks in order to ensure best method practices and preparedness 

for future international emergencies. 
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Future Directions and Public Health Implications: 

• Boreholes were a common main source of water due to the borehole development campaigns of 

the late 1990s and early 2000s that were abandoned in the mid-2000s.  They were also the most 

common safe water source in the villages reporting  People in these areas are dependent on 

boreholes for their water supply, especially safe water; these projects must be restarted and 

reinvigorated to replenish their supplies of safe water to prevent further diarrheal disease. 

• Boreholes used as the main source of water in villages, among other safe water sources, were 

associated with reduced cholera prevalence across those villages compared with non-borehole-

using villages.  This result, however, was only borderline significant.  Still, there is evidence to 

suggest that source water type may affect the spread of cholera from village to village during an 

outbreak, even in the absence of point-of-use and household treatment.  Future studies should 

evaluate the effects of source water type on cholera prevalence at the community level.   

• Borehole-use villages were also associated with reduced attack rates compared with villages not 

using boreholes.  This result was also only borderline significant.  This study provides evidence 

to suggest that source water type may affect the spread of cholera not only between villages but 

within villages, reducing the attack rate markedly.  Still, future studies must evaluate this prospect 

through larger, more controlled, and more rigorous studies. 

• General safe water source use by villages was associated with reductions in cholera prevalence 

and attack rate similar to those seen in only borehole-use villages that approached significance.  

Villages using safe water reported an average attack rate that was half that of villages using 

unsafe water sources in the cholera outbreak.  Again these results were only borderline 

significant.  These results have more widespread implications than those noted above, as safe 

source water, generally an easier component to regulate, may protect against cholera in villages.  
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• Missing values in the village population, as well as other variables, forced us to exclude over one-

third of the data in our no-imputation models.  This modeling yielded the lowest odds ratios 

(farthest from the null) of all models in cholera attack rate and prevalence analyses, but the widest 

confidence intervals.  When assessing outbreak data, no-imputation modeling, though statistically 

valid, fails to utilize all the data and thus wastes the efforts of those collecting it, making it less 

practical in outbreaks and emergencies. 

• Simple imputation modeling allowed the missing village population values to be estimated by 

multiplying the average persons per household by the number of households per village for the 

missing observations.  This process resulted in a marked increase in the quantity of usable data, 

though 10-15 observations were still unusable.  Logistic regression odd ratios and multiple linear 

regression estimates were similar to those above, though generally slightly closer to the null value 

and with narrower confidence intervals.  While common and convenient, this method is not 

necessarily statistically valid and thus may yield inaccurate or imprecise estimates in models.   

• Multiple imputation modeling allowed all missing village population and other missing data 

values to be approximated by the values of the other variables in that model.  This technique also 

penalized the model estimates by elevating the standard errors to account for the imputing of the 

values, rather than their direct observation.  While this method may dilute the p-values and 

confidence intervals in the data, it is the most statistically valid and conservative method and does 

allow for the use of all data with reliable imputation of missing values. 

• We acknowledge that multiple imputation modeling of missing values in an outbreak setting is 

not the norm today; however, we would encourage future outbreak responders to consider 

multiple imputation techniques when estimating data in the outbreak.  This technique allows one 

to more accurately assess the situation and incoming data, and to actually increase the precision 

of the estimates over those from simple imputation, the more prevalent technique in the field. 
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Tables and Figures: 

Table 1: Village Demographics and Attack Rate by District 
Descriptor               Overall           Chivi       Gokwe North 

N Mean  
(Std. Dev.) 

N Mean  
(Std. Dev.) 

N Mean  
(Std. Dev.) 

Total Village Population* 120 338.09 (260.63) 71 384.46 (278.60) 49 270.90 (217.76) 
Total Number of Households 120 62.84 (44.32) 71 74.55 (47.36) 49 45.88 (33.21) 
Attack Rate† 1031 39.45 (67.89) 62 28.83 (40.89) 41 55.52 (93.62) 
Case Fatality Rate† 1041 139.10 (214.65) 63 145.61 (219.46) 41 129.11 (209.33) 
*The village population for villages with the total number of households reported but missing population data (N = 36) was estimated by simple 
imputation: multiplying the total households by 5.55, the average number of persons per household for the remaining 84 villages with population 
estimates.   
†Estimates are cholera cases per 1000 persons. 
1 Villages may be missing population/household data yet have data for cases of cholera, thus AR and CFR numbers may not match  
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Table 2: Main source of pre-outbreak drinking water and cholera distribution for all villages 
Type of Water Source Villages Using Source  

no. (%) (n = 100) 
Villages with Cholera  

No. (%) 
Mean Attack Rate by 

Source per 1000 (95% CI)* 
Unsafe 63 (63.0) 69 (93.2) 47.9 (28.2, 67.5) 
 Hand dug well 13 (13.0) 13 (100.0) 28.5 (15.3, 41.6) 
 River 24 (24.0) 23 (95.8) 26.8 (11.9, 41.7) 
 Sand abstraction 16 (16.0) 14 (87.5) 40.0 (15.2, 64.7) 
 Scoop holes 8 (8.0) 7 (87.5) 50.8 (22.5, 79.1) 
 Stream 2 (2.0) 2 (100.0) 141.3 (N/A) 
 
Safe 

 
37 (37.0) 

 
30 (81.1) 

 
24.4 (12.8, 35.9) 

 Borehole 28 (28.0) 23 (82.1) 20.8 (10.0, 31.6) 
 Protected well 9 (9.0) 7 (77.8) 35.9 (0.0, 78.3) 
*Represents AR for villages with cholera only  
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Table 3: Borehole Functionality and Distribution Across Districts 
District Total 

Villages 
Reporting 
Sources 

Villages with 
Borehole Water 
as Main Source 
(%) 

Villages with 1+ 
Functioning 
Borehole Pre-
Outbreak (%) 

Total Number 
of Boreholes 
Prior to 
Outbreak 

Total Number of 
Boreholes 
Functioning During 
Outbreak (%) 

Borehole-use 
Villages with 
Cholera (%) 

Attack Rate* in 
Borehole-Use 
Villages with 
Cholera 

Chivi 72 25 (34.7) 44 (61.1) 70 41 (58.6) 21 (84.0) 17.6 
Gokwe 
North 

49 3 (6.1) 8 (16.3) 9 7 (77.8) 2 (66.7) 54.7 

Overall 121 28 (23.1) 52 (43.0) 79 48 (60.8) 23 (82.1) 20.8 
*Reported as cases per 1000 persons, reported among villages with cholera 
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Table 4: Cholera Spread and Attack Rate Analysis by Village Main Water Source Type  
Main Water Source Proportion (%) of 

Villages with 
Cholera 

CMH  X2-statistic, 
p-value 

OR (95% CI) Average AR  
(per 1000 
persons)* 

Between-groups 
F-statistic, p-value 

Overall F,  
p-value 

Surface Water 
(reference) 

47/52 (90.4%) — — 38.88 — 1.98, 0.144 

Well Water 29/31 (93.6%) 0.25, 0.618 1.54 (0.28,8.48) 58.90 1.18, 0.282 
Boreholes 23/28 (82.1%) 1.12, 0.291 0.49 (0.13, 1.86) 20.83 2.73, 0.104 
*Among villages with cholera 
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Table 5: Logistic Regression Model Cholera Distribution by Village on Safe/Unsafe Water Use 

Variable 

 Unadjusted  Adjusted** No 
Imputation (n= 74) 

Adjusted** 
Simple Imputation  
(n= 109) 

Adjusted** Multiple 
Imputation (n= 120) 

 OR* 95% CI OR* 95% CI OR* 95% CI OR* 95% CI 
Safe Main Water Source  
(n = 107) 

0.311 (0.09, 1.06) 0.252 (0.05, 1.30) 0.294 (0.08, 1.04) 0.309 (0.09, 1.05) 

Had Previous Cholera Outbreak  
(n = 117) 

0.480 (0.05, 4.65) N/A† - 0.513 (0.05, 5.41) 0.564 (0.06, 5.71) 

-2 log(Likelihood) 43.116 71.507   
Likelihood Ratio (statistic, p-value) 3.214    0.523 4.075 0.40   
*Villages with cholera during the outbreak are coded as 1, while villages without cholera are coded as 0 
**also adjusted for respondent type (village leader/other, dichotomous) and village population (continuous) 
†OR estimates are unavailable for the ‘previous cholera’ variable in this model as there are only 2 villages with previous cholera outbreaks in this subset of the data 
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Table 6: Logistic Regression Model Cholera Distribution by Village on Borehole/Unsafe Water Use 

Variable 

 Unadjusted  Adjusted** No 
Imputation (n= 71) 

Adjusted**Simple 
Imputation (n= 105) 

Adjusted** Multiple 
Imputation (n=111) 

 OR* 95% CI OR* 95% CI OR* 95% CI OR* 95% CI 
Borehole Main Water Source  
(n = 102) 

0.333 (0.09, 1.26) 0.239 (0.03, 1.78) 0.260 (0.06, 1.07) 0.303 (0.07, 1.26) 

Had Previous Cholera Outbreak  
(n = 117) 

0.480 (0.05, 4.65) N/A† - 0.539 (0.05, 6.07) 0.647 (0.06, 7.55) 

-2 log(Likelihood) 32.474 59.967   
Likelihood Ratio (statistic, p-value) 2.939    0.57 5.049 0.28   
*Villages with cholera during the outbreak are coded as 1, while villages without cholera are coded as 0 
**Also adjusted for respondent type (village leader/other, dichotomous) and village population (continuous) 
†OR estimates are unavailable for the ‘previous cholera’ variable in this model as there are only 2 villages with previous cholera outbreaks in this subset of the data  
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Table 7: Risk Factors Associated with Cholera Attack Rate by Village 

Variable 

 Unadjusted, No 
Imputation  

Adjusted*, No Imputation 
(n= 73) 

Adjusted, Simple 
Imputation (n= 102) 

Adjusted, Multiple 
Imputation (n= 120) 

 Beta P-value Beta P-value Beta P-value Beta P-value 
Intercept   0.0212 0.500 0.0212 0.428 0.0224 0.856 
Main Water Source: 
(n = 81) 

        

 Borehole -0.0283 0.219 0.0066 0.873 0.0111 0.727 0.0177 0.908 
 Other Safe Water -0.0113 0.690 0.0257 0.571 0.0234 0.531 0.0183 0.913 
 Unsafe Water (single 

source) 
-0.0047 0.781 0.0261 0.456 0.0239 0.413 0.0568 0.610 

 Unsafe Water (multiple 
sources) 

0.0681 0.005 0.0911 0.025 0.0919 0.008 0.0823 0.599 

Previous Cholera Outbreak  
(n = 81) 

-0.0270 0.622 -0.0212 0.709 -0.0057 0.867 0.0397 0.900 

 Overall F Test (statistic, p-value) 1.60, 0.160 2.58, 0.023   
 R-Squared Value 0.127  0.140    
          
*Adjusted for respondent type (village leader/other)  
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