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Abstract

Cholera (Vibrio cholerae) is endemic in southern Africa and frequently breaks out in epidemics along the eastern seaboard. Extensive re-
sources are directed at combating cholera yet it remains a significant problem. Limited resources could better be directed to prevent outbreaks
if it were possible to assess the risk of an outbreak in space and time. The CSIR in South Africa is investigating technologies to predict health
risk in line with national priorities. This paper describes an early warning GIS prototype tool aimed at identifying favourable preconditions for
cholera outbreaks. These preconditions were defined using an expert system approach. The variables thus identified were input into a spatial
fuzzy logic model that outputs risks. The model is based on the assumption that endemic reservoirs of cholera occur and that environmental
conditions, especially algal blooms, trigger Vibrio growth in the natural environment. If the preconditions are met, the subsequent spread of
cholera depends mainly on socio-economic factors such as human behaviour and access to safe water supply and sanitation. This paper focuses
on the environmental preconditions. The methodology described relies on capturing expert knowledge and historic data that integrate climatic
and biophysical parameters with epidemiological data to produce a fuzzy surface of cholera outbreak risk potential.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Cholera is a severe diarrhoeal disease caused by the bacte-
rium Vibrio cholerae. A patient may lose up to a litre of fluid
per hour, which can lead to death in fewer than 24 h if un-
treated. It is a highly infectious disease and transmission to hu-
mans is mainly through exposure to contaminated water or
food.

The severity and extent of cholera is recognised worldwide.
It is listed as one of three internationally quarantinable dis-
eases by the World Health Organisation (WHO), along with
plague and yellow fever (WHO, 2000). It is the first disease
that received organised modern public health surveillance
and reporting of worldwide incidence. Cholera is one of the
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most researched communicable diseases, yet it still has devas-
tating effects on local communities (Collins, 2003). Most of
the new cases reported since 2000 are from eastern and south-
ern Africa.

South Africa experienced major cholera outbreaks during
1980 to 1984 and further outbreaks have occurred since August
2000. From August 2000 to February 2002, the disease infected
at least 114 000 people in KwaZulu-Natal (more than 70% of
the total cases reported in the country) and claimed at least
259 lives in the province (Cottle and Deedat, 2002). Initial
reports of the cholera outbreak in 2000 came from the largely
rural and impoverished communities near Empangeni town.
The source of the epidemic was traced to the uMhlathuze
River, also in the northern part of the KwaZulu-Natal Province
(Fig. 1). Subsequent outbreaks have occurred in the Eastern
Cape and Mpumalanga provinces. Hot and humid climatic con-
ditions and socio-economic conditions are risk factors, with
most cases reported during the ‘hot” months of the year,
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Fig. 1. Map showing the KwaZulu-Natal river basins, major rivers, locations of reported cholera cases and a preliminary fuzzy suitability surface for February algal

bloom. The river thick grey river exiting south of Richards Bay is the uMhlathuze.

February being one of these. (Source: Cholera cases — GIS
unit, KwaZulu-Natal Department of Health.) The model we de-
velop is based on the assumption that endemic reservoirs of
cholera exist and that environmental conditions trigger algal
blooms which in turn trigger Vibrio growth. Once the cholera
is present in water in sufficient numbers, any outbreak and
spread of cholera depends mainly on socio-economic factors
such as human behaviour and access to safe water supply and
sanitation, as well as proximity to surface water, high

population density and poor educational level (Ali et al.,
2002). This paper focuses on the environmental preconditions.
Our aim was to develop an integrative modelling approach
per se and to demonstrate its applicability to a real problem
like cholera. We developed a model based on knowledge cap-
tured from literature reviews and discussions with experts to-
gether with historical data on cholera outbreaks and
environmental conditions in South Africa. The model is based
on assumptions about the conditions that trigger a cholera
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outbreak. We chose KwaZulu-Natal province as the study area
since most of the cholera cases reported during the 2000 out-
break occurred there. KwaZulu-Natal is also the only province
for which a GIS-based surveillance system has been developed
(operated by the GIS unit of the KwaZulu-Natal Department
of Health: Private Bag X9051, Pietermaritzburg, 3200, South
Africa).

The focus of this study was to investigate and develop an
integrative prediction model that ultimately can form part of
an integrative approach to reduce the number of cholera cases
in the country, through applying a range of intervention types
and policy decisions. An integrative prediction model uses
multiple inputs. An integrative case reduction approach in-
cludes a range of interventions and policy decisions.

2. Problem statement

Cholera is a complex health problem to manage because of
a combination of factors. These vary from biophysical to so-
cial and economic. No single solution has been identified
that effectively can reduce or eliminate the impact of cholera.
We therefore sought to assist with the management objective
of allocating resources to the right places, early enough to pre-
vent a cholera outbreak by:

e Understanding the environmental preconditions for a chol-
era outbreak;

e Assessing the risk of an outbreak based on these environ-
mental preconditions.

Predicting cholera has proven difficult because of a number
of factors including multiple strains of the bacteria, high levels
of case fatalities in some regions of the world and a complex of
influences on its distribution in people and the environment. Just
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a slight improvement in information could improve resource
allocation and coordination between departments dramatically.

3. Approach and methodology

The prediction model described herein is based on the ap-
plication of a simulation model to parameterise an expert sys-
tem, which is then implemented with fuzzy logic in a GIS. An
hierarchical approach was followed to understand the ecology
and possible spread of V. cholerae in the environment (Fig. 2).
The integrative modelling approach is based on this hierarchi-
cal structure.

A flow diagram to illustrate the application of the different
techniques is provided in Fig. 3. The model output is the pre-
dicted, or estimated, risk of an algal bloom that potentially
could trigger a cholera outbreak.

The simulation model and expert systems were used to cap-
ture and simulate the knowledge gained from the literature re-
view and discussions with cholera experts. Subjective expert
input can be relied upon if handled correctly (Kawano et al.,
2005). The simulation model simulated the changes in bacte-
rial numbers in the natural environment based on the com-
bined impact of changes in certain environmental conditions
and provided some inputs for the expert system. The simula-
tion model was based on quoted values for the different vari-
ables in the literature and no real data were used. Fig. 4 is
a flow diagram that illustrates the simulation model, which
was developed in Powersim. The outputs of the expert system
were used to establish the high-level structure and flow of the
integrated model. The expert system could equally have been
derived from a complex decision tree or binary model. Fig. 5
illustrates the expert system model, which was developed in
the ERDAS Imagine Knowledge Engineer. The outputs were
then integrated and implemented as a fuzzy logic model in

Transmitted to humans:

e Ingestion of an infectious dose of V.
cholerae (critical threshold value of 10°
cells)

e Socio-cultural-economic vulnerability
factors

Transmission to humans

i1

Zooplankton:

. V. cholerae associates with zooplankton
for survival, multiplication &
transmission purposes

Zooplankton: copepods & other
crustaceans (fresh & saltwater systems)

Algae:

. Promote survival of V. cholerae

. Provide indirectly favourable
conditions for growth and maybe
expression of virulence

b Provide food for zooplankton

Phytoplankton & Aquatic
plants

Temperature, pH

Abiotic conditions:

expression of virulence
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Fig. 2. The hierarchical approach to describe the ‘ecology’ and spread of cholera in the environment (modified from Lipp et al., 2002).
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Inputs
Literature survey and expert workshops

to:
Determine possible contributing factors
to a cholera outbreak

Simulation model to:
Provide some of the input into the expert system
Simulate the relative importance of different variables [€————

Expert system to:

Capture the knowledge and data
Establish the high-level structure and flow of the

integrated model

GIS to:

Capture and present the spatial nature of cholera
Implement the fuzzy logic model

Outputs

Possible cholera outbreak location and date

Fig. 3. Flow diagram to illustrate the application of techniques used.

a GIS, namely ArcInfo GRID, coded in AML (Arc Macro
Language).

The optimal values or ranges for the individual variables
identified and used as part of the simulation model and expert
system are provided in Table 1. The flow diagram provided to

illustrate the expert system (Fig. 5) must be interpreted to-
gether with Table 1.

A large number of the environmental variables have high
uncertainties. It is possible, using fuzzy logic techniques, to
take these uncertainties into account when attempting to pre-
dict these variables in space or time (Iliadis, 2005; Metternicht
and Gonzalez, 2005), fuzzy set membership functions were
developed for average annual rainfall, mean maximum daily
temperature on a monthly basis and ‘month of first rains’
per pixel. The ‘month of first rains’ was included because it
is thought that the flush of salts into the rivers from the first
rains of the season contributes to the salinity requirements
of a cholera bloom. A fuzzy gamma coefficient of 0.75 was
used in the generation of a fuzzy surface representing member-
ship of the set ‘at risk of developing an algal bloom’ for the
month with the highest number of reported cases, namely Feb-
ruary (Fig. 1). The expert system (Table 1 and Fig. 5) provided
the rules for decision points in the model, i.e. the cut-off points
and ranges for fuzzy membership functions. The fuzzy mem-
bership functions were linear functions within the ranges in
Table 1. Fuzzy logic or a combination of fuzzy sets was ap-
plied to conduct the model inference, matching as closely as
possible the logic represented in the expert system.

A large literature exists regarding the prediction of algal
blooms by using artificial neural networks. The use of an expert
system together with fuzzy logic as described above is more in
line with the work done by Marsili-Libelli (2004) on the devel-
opment of a Sugeno fuzzy inferential engine that predicts algal
blooms. More regularly monitored data on the diurnal pattern
of dissolved oxygen and oxidation—reduction potential, and
to a lesser extent pH and water surface temperature are needed
for the rivers in South Africa, especially in the areas where
cholera cases are reported. These physico-chemical water pa-
rameters contribute to water conditions that are favourable
for algal blooms. Cholera blooms and subsequent outbreaks
are assumed to be linked to algal blooms.

The prediction model is based on the assumption that en-
demic reservoirs of V. cholerae occur in the study area and

Algal_presence

Iron_presence

Surface_temp Rainfall

| o)

Decrease_factor

Probability_range_switch_2

Salinity

Fig. 4. Flow diagram to illustrate the simulation model.
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Fig. 5. Expert system design diagram from Erdas Knowledge Engineer.

that the bacteria are closely associated with the occurrence of
algae in the water. It was also assumed that environmental fac-
tors, for example an increase in water temperature and rainfall,
are linked, directly or indirectly, to cholera blooms. The rela-
tive importance of all the variables used was assumed equal.

The rate and magnitude of spread of cholera after the first
case is reported, depends mainly on socio-economic factors.
The rational for these assumptions are based on the results
of the literature review. From the literature it became clear
that changing environmental conditions favour disease

Table 1

Optimal values and ranges for variables identified to be important for an algal or cholera bloom to occur in the natural environment

Variable Range Optimal value
Occurrence of cholera in the past In epidemic form, isolated cases are poor indication
of endemic reservoir in the natural environment

Average rainfall (mm/month) >600

Mean maximum daily surface 30—38 °C 37 (temperatures below 15 °C reduce growth and
temperature (°C/day) survival rates significantly)

Number of consecutive ‘hot’ months 1-4 >1 month
overlapping with the rainy season

Salinity for growth purposes 0—45 Values between 5 and 25% considered to be optimal
(total salts, %)

Salinity for expression of toxicity 0.05-2.5 Values between 2 and 2.5% considered to be optimal
(total salts, %) (Hdse and
Barquera, 2001). Derive from
conductivity.

pH 8—8.6 8.2 (value below 4.6 and when combined with

Fe™ (soluble or insoluble form)

Presence of phytoplankton and algae

Presence of zooplankton

Dissolved oxygen daily cycles for
every month of the year (mg/l)
Oxidation—reduction potential daily

cycles for every month of the year

Must be present (moderate amounts)

Direct and indirect link with phytoplankton: factors
driving algal growth during the growth season are
similar to bacterial growth and survival factors.
The availability of dissolved organic material can
support sub-optimal or poor survival conditions,
e.g. close to 0% or 45% salinity, increase in pH
due to the uptake of carbon during photosynthesis
The simple presence of crustacean copepods
enhances the survival of V. cholerae 01

Daily fluctuations provide a preliminary indication
of algal blooms

low temperatures reduce growth and survival rates
significantly)

Low < 0.1

Moderate = 0.1 to 0.5

High > 0.5
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outbreaks throughout the world by either increasing the prev-
alence and virulence of existing diseases or facilitating new
diseases (Colwell and Huq, 1994; Harvell et al., 1999; Codeco,
2001; Hugq et al., 2001; Sack et al., 2003). For example, cli-
mate variability and human activity appear to play major roles
in driving disease outbreaks and epidemics by undermining
the host resistance and facilitating pathogen transmission.
The biophysical environment, for example changes in climatic
conditions, affects ecosystem functioning over extended tem-
poral and spatial scales. Pathogens are transported globally
through human activity.

4. Results

The bio-complex nature of cholera together with the lack of
detailed environmental data makes it difficult to accurately
predict cholera outbreaks in a specific geographic area. The
use of a ‘simple’ simulation model that was built on the under-
standing gained from discussions with experts and the litera-
ture review helped to develop a framework for the expert
system. The simulation model proved useful in building sce-
narios based on changes in the values quoted in the literature
for the variables identified. Non-linear functions to link the
relative importance of the different variables were used to cre-
ate these different scenarios.

Interim results produced by the Expert—GIS model show
relative long-term risk. The model currently does not predict
locations and times based on actual environmental conditions.
Further work will incorporate remote sensing data that can
supply input surfaces for some of the variables, for example
surface temperatures of water sources large enough to be de-
tected on satellite images, phytoplankton and algal blooms
and spread. Field measurements will be needed for daily tem-
perature and rainfall data as well as diurnal data on dissolved
oxygen, oxidation—reduction potential, salinity levels, pH and
the presence of the bacteria.

5. Discussion and conclusions

Once daily weather data are incorporated, predictions of past
cholera outbreaks will be tested against reported statistics from
those outbreaks. Once operational, the model will be run daily to
forecast algal blooms. If an algal bloom is forecast, the time lag
between the time of an algal bloom and the date of the first case
of cholera reported will be built into the prediction model to pre-
dict the date of a possible outbreak in a given area. The time-lag
factor will be based on historical data and derived from the dif-
ference in time between an algal bloom and the date of the first
case reported where it is sure or known that human contact was
not the only possible source of cholera. A time-lag factor vary-
ing between 14 days to about 84 days was assumed for the sim-
ulation model. Socio-economic models will be triggered that
can highlight the communities that are most likely to be at
risk. These socio-economic models will be applied together
with scenario analysis models to estimate the effects of various
interventions.

An integrative approach using different modelling tech-
niques is an effective way to model complex integrated biolog-
ical and socio-economic problems. The expert system proved
an effective tool to capture expert information and modelled or
simulated results. The spatial characteristics of an environ-
mental disease such as cholera are best modelled in a GIS en-
vironment combined with the inputs generated by other
modelling techniques such as expert systems and fuzzy logic.

The outputs generated by any model or combination of
models are as good as the data that were used as inputs. Fur-
ther research work involving field verification and the use of
remote sensing technology will fill some or most of the current
data gaps.

Intensive data collection is needed to populate, test and ver-
ify the outcomes of the model. This will form part of future
research efforts to update the model and make it more applica-
ble to specific areas. Based on the success of the research con-
ducted on cholera in Bangladesh, future research work will
include the use of remote sensing to detect V. cholerae by in-
direct measurement (Lobitz et al., 2000). Remote sensing data
will be used as input into the fuzzy GIS—Expert system
model. Funding has been awarded to include the coastline of
Mozambique and Beira as part of the study area and to incor-
porate remotely sensed data and field measurements of various
factors. Ultimately the prediction model, if successfully devel-
oped, will be linked with spread and risk models, i.e. models
that incorporate the social risk factors that contribute to the
spread of cholera from the natural source of cholera to humans
and from one area to the next.
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