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Abstract. Among the poor in developing countries, up to 20% of an infant’s life experience may include diarrhea.
This problem is spatially related to the lack of potable water at different sites. This project used risk analysis (RA)
methods and geographic information system (GIS) technologies to evaluate the health impact of water source. Maps
of Imo State, Nigeria were converted into digital form using ARC/INFO GIS software, and the resulting coverages
included geology, hydrology, towns, and villages. A total of 11,537 diarrheal cases were reported. Thirty-nine water
sources were evaluated. A computer modeling approach called probabilistic layer analysis (PLA) spatially displayed
the water source at layers of geology, hydrology, population, environmental pollution, and electricity according to a
color-coded five-point ranking. The water sources were categorized into A, B, and C based on the cumulative scores
< 10for A, 10-19 for B, and > 19 for C. T-test showed revealed significant differences in diarrheal disease incidence
between categories A, B, and C with mean = SEM values of 1.612 + 0.325, 6.257 = 0.408, and 15.608 = 2.151,
respectively. The differences were significant between categories A and B (P = 0.0000022), A and C (P = 0.0000188),
and B and C (P = 0.0011348). The PLA enabled estimation of the probability of the risk of diarrheal diseases
occurring at each layer and solutions to eliminate these risks.

Diarrhea is an increase in daily stool weight above 200 g
per day and an increase in stool liquidity and frequency.
Watery diarrhea is caused by several microorganisms; the
most prevalent causative agents include Vibrio cholerae,
Escherichia coli, Giardia lamblia, and Salmonella typhi. In
Africa, Asia, and South America, acute diarrheal illnesses
are not only a leading cause of morbidity in children, pro-
ducing an estimated 1 billion cases per year, but also are
responsible for 4—6 million deaths per year, or 12,600 deaths
per day. In some areas in sub-Saharan Africa, more than
50% of the deaths of children are directly attributable to
acute diarrheal illnesses.*? This problem is most evident in
Nigeria, Africa’s most populous country.?

The objective of the present project was to devise a model
that will eventually lead to reduction in the incidence of
diarrheal diseases related to water-borne infections. This
project used a new approach of risk analysis and geographic
information system (RA/GIS) technologies to perform health
and environmental impact assessment of water source (treat-
ed surface water and tube wells or bore holes).

The GIS provides computerized capture, storage, manage-
ment, analysis, retrieval, and display of spatial and descrip-
tive data that are geographically referenced to a common
coordinate system. It is composed of a database (spatial and
attribute), data input (digitized scan), cartographic display
system, database management, and geographic analysis sys-
tems (e.g., overlay process and buffer zone creation). The
spatial database contains information held in the form of
digital coordinates, which describe spatial features.*

Risk analysis includes risk assessment, risk management,
and risk communication. Risk assessment is the process of
identifying a hazard and evaluating the risk of a specific
hazard, either in absolute or relative terms. Risk assessment
provides estimates of the probability of occurrence of un-
wanted future events. This information is used by the risk
management teams to choose the best course of action. This
approach has been previously applied in environmental as-
sessment.®
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MATERIALS AND METHODS

The population of the area studied was 2,311,675 persons
0-85 years of agein 18 local government areas of Imo State,
Nigeria. The populations in the various areas did not differ
significantly with regard to socioeconomic status, education-
al level and access to heath care based on a self-reported
questionnaire. The reported diarrheal diseases were obtained
from the annual disease surveillance report from the various
health centers in the local government areas studied. Digital
coverages were created using ARC/INFO GI S software (En-
vironmental Systems Research Institute, Inc., Redlands,
CA). These coverages were derived from existing 1:350,000
scale maps of Imo State. The resulting GIS layers included
geology, hydrologic features, towns, and villages. All cov-
erages were converted from state plane coordinates to the
universal transverse mercator coordinate system and projec-
tion. The digitized geology was color-coded according to soil
types. The true spatial relationship of the geology, hydrolo-
gy, towns, and villages was provided using an overlay of the
layers in the GIS database. The geology coverage was used
to determine suitability of the various areas for placement
of bore holes. The hydrologic features were used initially to
determine the proximity of rivers and streams to towns and
villages studied. The use of the water source by inhabitants
of the towns and villages was latter confirmed by field data.
The means of distribution of water was considered reticu-
lated when water distribution was by an extensive pipe-
borne water network or satellite when water was collected
for use from the site of a bore hole. The latter entailed walk-
ing short distances to the site of the bore hole by users.

To examine the contribution of the various layers of the
database to the overall probability (P) of a hazard occurring,
each data layer was sequentially considered by what we here
refer to as probabilistic layer analysis (PLA). The PLA isa
method of risk assessment that begins with identification of
a hazard endpoint and sequentially weighing the factors con-
tributing to this endpoint or its probability at each layer of
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TaBLE 1
Diarrheal disease incidence rate (DDIR) in the communities served by categories A, B, and C water sources in Imo State, Nigeria

Category A DDIR Category B DDIR Category C DDIR
Aguneze 1.504 Awarra, Oguta 7.669 Agbala 35.294
Amala 0.166 Eziudo 6.836 Anara 14.692
Amorie 2.648 Mbutu 4.439 Ejemekwuru 24.065
Awarra, Ohgji-Egbema 0.981 Nwaoriubi 6.851 Eke Nguru 8.446
Dikenafi 0.382 Obodoukwu 3.078 Eziama-Ntu 12.615
Egbema 0.093 Obiangwu 6.032 Ezi-Orsu 10.357
Enyiogugu 1.884 Ogbaku 7 Eziagbogu 11.528
Lorji 2.649 Oguta, Egbuoma 5734 Eziama-Obaire 9.781
Nnarambia 0.972 Oke Uvuru 8.731 Ife 9.805
Ohgji Egbema 1.851 Okpaa 5.74 1zombe 11.861
Owerri 1.236 Ulakwo 6.364 Onicha 16.731
Umuohi 4.206 Umuhu 5.298 Orsu-Obodo 24.039
Umuohiagu 2.395 Umuneke 7.576 Osina 13.697

a gpatialy referenced database. This in principle relates to
probabilistic scenario analysis.>® Probabilistic modeling has
been applied in other fields.5?> However, spatial features are
integrated in the PLA.

A computer model comprising a two-dimensional repre-
sentation of each layer (geology, hydrology, population, en-
vironmental, and electricity) was drawn and stacked respec-
tively in sequence. The data from the GIS coverages, field
collected data, and population were color-coded in a five-
point scale (from 1 to 5) of magnitude for each layer, re-
spectively. For example, on the geologic layer, the most fa-
vorable was considered water available at a good depth of
subterranean aquifers that diluted to a safe concentration any
fecal contamination, excluded other known sources of tox-
icity, and at the same time was cost-effective. Each water
source was assigned an applicable value at each layer. A line
was projected through the various layers at sites correspond-
ing to the features of a particular water source, starting with
an initiating event (IE) and terminating with an end point
(EP) considered as the incidence rate of diarrheal disease.

The relative risk (RR) and attributable risk (AR) due to
factors operational at each layer were computed as follows:
RR = diarrheal rate among those exposed to source/diarrheal
rate among those unexposed to source = P(D/S)/P(D/S); AR
is defined as the proportion of diarrheal disease cases attrib-
utable to the source or as the proportional decrease in inci-
dence of diarrheal disease if the entire population was not
affected by the source. AR = P(D/S) — P(D/S)/P(D/S) =
RR — 1/RR where P(D) = the prevalence of diarrheal dis-
ease, P(S) = proportion of people exposed to the source,
P(S/D) = proportion of patients with diarrhea exposed to the
source, (S/D) = proportion of people free of diarrhea ex-
posed to the source, P(D/S) = proportion of patients exposed
to the source who have diarrhea; P(D/S) = proportion of
patients not exposed to the source but who have diarrhea,
P(D/S) = proportion of people not exposed to source and
are free of diarrhea.

The population figures were obtained from the National
Population Commission based on head count of 1991 and
the projections for 1996 for each community studied.® Dis-
criminant function analysis using the software package STA-
TISTICA for Macintosh® (Statsoft, Tulsa, OK) was applied
to determine which variables discriminate between the pre-
selected groups. Data were expressed as the mean = SEM,

and significance was accepted at the 5% level. Other statis-
tical analysis of the epidemiologic data of diarrheal disease
prevalence was based on the probability concept as given
above.’?

RESULTS

A total of 11,537 diarrheal cases were reported in the pe-
riod January to December 1996. There was an annual inci-
dence rate of 5 per 1,000. The male to female ratio was 1:
1. Children less than five years of age comprised 46.6% of
the patients. The study included 39 community water sourc-
es. Of these, one was a treated surface water source. The
others were bore holes that were either hand-operated tube
wells or pump-operated bore holes. The diarrheal disease
incidence in the communities served by the water sources
are summarized in Table 1 and categorized into A, B, and C.

Discriminant function analysis revealed significant differ-
ences in diarrheal disease incidence between categories A,
B, and C, with means = SEM values of 1.612 + 0.325,
6.257 *= 0.408, and 15.608 *= 2.151 respectively. The dif-
ferences were significant between categories A and B (P =
0.0000022), A and C (P = 0.0000118), and B and C (P =
0.0011348). Thus, category A is associated with low risk for
diarrheal disease, category B with moderate risk, and cate-
gory C with high risk. There was no difference related to
the means of distribution of the water (satellite versus retic-
ulated; P = 0.61).

Figure 1 shows the models derived from the PLA ap-
proach using three layers. A category A water source is sit-
uated in a geologically most favorable area with a very low
probability (pl) of contributing to the overall diarrheal dis-
ease hazard. It serves an areathat is very densely populated
with people living a safe distance from the water source,
reducing the risk of human waste contamination, thus a low
probability (p2). The water source is functional most of the
time, thereby reducing the need for the usually polluted al-
ternative water sources from rivers and streams; thus, a low
probability (p3). The overall probability of the hazard is a
low PA = (p1)(p2) (p3).

Category B and C water sources were analyzed in a sim-
ilar fashion. For people using a category B water source,
alternative sources of water (rivers, streams, and lakes) are
easily accessible, especially in periods of non-function of the
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Ficure 1. A, probabilistic layer analysis (PLA) application to the three categories (A, B, and C) of water sources (see Results for an
explanation). B, PLA approach to modify factors acting on category C to reduce diarrheal diseases incidence in C'. EP = endpoint; |IE =
initiating event.
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water source, leading to multiple contributing factors (pn)
such that pn > p2 > pl; PB = (pl)(p2)(pn). For a category
C water source, easy access to untreated surface water al-
ternatives and other environmental hazards due to human
and industrial activities increased the probability (p4) of the
hazard. The overall probability of the hazard is high; PC =
(P1)(P2)(p4).

Recommendations were made to local authorities to re-
duce overall risk by measures aimed at modifying conditions
at one or more layers (Figure 1B). For example, category C
water source requires creating a buffer zone around the water
source. This implies measures as simple as raising the plat-
form of the hand-operated tube well so that people cannot
clean their laundry around the well, to building restrictions
that require an offset of several meters from the water
source. These measures limiting unwanted human activities
around the site will modify the impact of the population
layer, and the environmental layer will be free of human
waste, such that p3 < p2 and p5 < p4. This reduces the
overall probability PC' = (pl1)(p3)(p5). Other recommen-
dations included perimeter fencing of the contaminated al-
ternative water source to reduce access, relocation of animal
slaughter houses to areas remote from the source to prevent
contamination by animal waste, periodic flushing of pipes or
replacement of old pipes for reticulated networks, and reg-
ular water treatment. The implementation of these recom-
mendations and monitoring of effects have yet to be evalu-
ated in most communities.

DISCUSSION

The results show that application of spatialy referenced
RA methods helped to convert the statistical and tabular data
into meaningful easy-to-understand information for decision-
making. These applications in the planning of water resourc-
es development policy are a novel idea, applied in this man-
ner for the first time in literature. The integration of the PLA
in the GIS database is a further development in risk assess-
ment of environmental and health impacts with potentially
wide applications.

Water is a scarce resource in most African countries. This
is further exacerbated by much wasting of water through
poor water-use efficiency. Poor planning of water resource
facilities has led to a situation in which there is no restriction
to ground water mining (drilling wells); some areas have too
much water and others have none. In this regard, the PLA
is most appropriate for planning agricultural, health, envi-
ronmental, mining, and other development programs in Af-
rica. Examining the intersectoral relationships is much easier
from a regiona perspective when RA/GIS is applied. For
example, the relationship between water resources, agricul-
ture, and health becomes evident when information at the
corresponding layers of the GIS database is examined.

In Nigeria, as in most developing countries, the problem
of data collection is compounded by rapid rates of change
in administrative boundaries and city size, and bureaucratic
and political factors. The existing maps are at least a decade
old. There are numerous agencies involved in water resource
management, yet there is no comprehensive data pool. How-
ever, while it may seem attractive to create a comprehensive
centralized national GIS database for planners to use for

PLA applications, such a system will be plagued by ineffi-
ciency that is typical of such government-backed schemes.
Moreover, the affordable technology may not support such
a massive scale program. It is more practical and easy to
manage a GIS database for water resource management at
state levels. This condition will ensure that indigenous ex-
pertise can have effective control of this useful technology.
However, a centralized GIS database for PLA applications
can be adopted for specific larger water resources develop-
ment programs. To overcome some of these limitations, use
of recently acquired high-resolution remote sensing images
may help provide detailed up-to-date maps. In addition, nor-
malized vegetation index satellite images from very high
resolution radiometers may be useful in estimating overall
water needs for plants. This may help quantify, in addition
to rainfall data, the water sources required in a particular
region.

There is need for further studies using multiple endpoints
including biologic and chemical factors affecting water pu-
rity. The recent tragedy in Bangladesh related to arsenic poi-
soning from an underground water source** further empha-
size the need for PLA with multiple endpoints including tox-
icology to be used in future designs of public water projects.
The ability to apply PLA to computer models permits di-
agnosis, monitoring, and project evaluation in the pre-im-
plementation stage of water projects.

Other areas of application of PLA include environmental
impact analysis of toxic wastes for health-related endpoints,
e.g., oil spills in southeastern Nigeria or in the case of the
Exxon Valdez accident in Alaska. Forecasts of health impact
can be made for new facilities and for evaluation of existing
facilities that work with nuclear materials. Planned air
strikes, as in the Kosovo conflict, may acquire a new di-
mension if the choice of targets was analyzed using PLA to
evaluate the effects the target facilities will have on health-
related endpoints. The construction of roads and bridges can
be better assessed on how they will impact on the transpor-
tation layer in a PLA model. Market analysis of goods and
services in a geographic area can be better appreciated with
this model. The PLA can be applied in several areas not
directly related to the present work; these include environ-
mental impact assessments, and construction, industrial,
commercial, and military issues. Further studies are required
in these areas to demonstrate that GIS with PLA model ap-
plications will have potential benefits.

In summary, PLA used in conjunction with GIS technol-
ogies have much potential application in developmental pro-
grams in African countries, particularly for risk assessment
in the health sector. Its application to development of water
resources and evaluation of health impact on diarrhea dis-
eases remains to be fully demonstrated. This demonstration
must come from scientists and policy makers of developing
countries themselves if it is to be meaningful to the devel-
opment process.®
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