
Corresponding author: Damiana Ada Amatobi

Copyright © 2023 Author(s) retain the copyright of this article. This article is published under the terms of the Creative Commons Attribution Liscense 4.0. 

Quantitative Microbial Risk Assessment (QMRA) of major drinking water sources at 
household level incorporating boiling treatment effect 

Damiana Ada Amatobi 1, * and Gloria Ogechi Umezuruike 2 

1 Department of Civil Engineering Technology, Akanu Ibiam Federal Polytechnic, Unwana, Nigeria. 
2 Department of Science Laboratory Technology Akanu Ibiam Federal Polytechnic Unwana, Nigeria. 

World Journal of Advanced Research and Reviews, 2023, 19(01), 638–649 

Publication history: Received on 30May 2023; revised on 10 July 2023; accepted on 13 July 2023 

Article DOI: https://doi.org/10.30574/wjarr.2023.19.1.1344 

Abstract 

This study conducted a quantitative microbial risk assessment (QMRA), incorporating the effect of boiling of water, on 
major sources of drinking water for households in Afikpo North LGA, Ebonyi State, Nigeria. Water samples were 
collected from12 drinking water boreholes (n =36), a popular spring water (n= 36) and four popular brands of sachet 
water (n= 36).The samples were analysed in the laboratory for colonies of microorganisms, coliform organisms, E. coli, 
Salmonella spp and Giardia lamblia. Data were analysed for specific parameters of the study population (n =1150). The 
parameters include daily water consumption per person per day (L/person/day), the fraction of thepopulatonexposed 
to the contaminated drinking water source under consideration, the percentage ofthe population vulnerableto 
pathogenic infection among the exposed population,the pathogen strike rate in each water source, and the probability 
that water is boiled before drinking. Quantitative microbial risk assessment was performed for concentrations of E. coli 
(CFU/L), Salmonella spp (CFU/L), and Giardia lamblia (Cyst/L) in the water samples. From the findings, the risk of 
diarrhea is significantly highin all the drinking water sources examined. The risk of diarrhea ranged between0.090 and 
0.190 for borehole water source, 0.004 and 0.032 for spring water source, 0.039 and 0.125 for sachet water sources. 
The implication is an urgent need to regualte the operation of water boreholes, protect spring water source, and enforce 
standards on the processes of production, distribution and storage of sachet water in Afikpo North LGA. 
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1. Introduction

Extensive studies have implicated contaminated drinking water as a major pathway for microbial hazards (active 
pathogens) that cause diarrhea and diarrhea-related water borne diseases such as dysentery, typhoid fever, and cholera 
[1-5]. Current estimates [6] put diarrhea as a leading cause of death for young children across the world and responsible 
for death of about 484,000 children annually. Controlling microbial risks in drinking water sources and improving 
access to clean water can reduce diarrhea by about 40% [7, 8]. Instructively, the water quality guidelines by the World 
Health Organization (WHO) emphasize a risk-based management approach for prevention or minimization of microbial 
hazards in the water supply process [9]. 

Hence, various quantitative microbial risk assessment (QMRA) models have been developed for drinking water sources 
across the world. QMRA enjoys a wide acceptance, especially in the developed countries, as a scientific means of 
estimating human exposure to unsafe drinking water and quantifying the health risks associated with consumption of 
contaminated drinking water. The outcome of QMRA provides objective basis for monitoring the concentration of 
pathogenic microorganisms and keeping the pathogen loads at safe levels along the processes of drinking water 
treatment and supply systems [10]. 
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Many, especially at the household level in the developing countries, do not recognize the risk of microbial contamination 
in some common sources of drinking water. However, extensive studies indicate that common sources of drinking 
water, such as the water borehole, spring and the sachet water, do produce unsafe water [11- 13]. Therefore, water 
supply systems at both the raw water and treatment levels require period assessment. This practice will enable 
proactive detection and control of imbedded microbial pathogens that may pose health risk to consumers in drinking 
water sources. 

Most of the current QMRA were applied along municipal systems, outside the household level. However, in many 
developing countries municipal drinking water treatment systems are lacking [14]. Appropriate application of QMRA at 
household drinking water sources therefore needs to take into consideration the drinking water treatment processes 
and water supply sources that are available at the household levels where the municipal system does not exist. In this 
study, QMRA was conducted on drinking water supply system at household level in Afikpo North Local Government 
Area (LGA), Ebonyi State, Nigeria. 

Lack of access to municipally or centrally treated drinking water constrains many households in Afikpo North LGA to 
obtain drinking water through private arrangements from sources such as surface water (rivers, streams and ponds), 
springs, water wells, water boreholes and vended water, including packaged (sachet) water. A previous study observed 
a high prevalence of waterborne diseases among the household communities in Afikpo North LGA.  Amatobi and 
Adenaike [15] found that the prevalence rates of typhoid fever, hepatitis A, dysentery and diarrhea in Afikpo North Local 
Government Area were 20%, 1.52%, 7.27%, and 14.55% respectively. 

The aim of this study is to conduct a quantitative microbial risk assessment (QMRA), incorporating the effect of boiling 
of water, on major sources of drinking water for households in Afikpo North LGA, Ebonyi State, Nigeria The study was 
designed to conduct QMRA on the three major drinking water sources namely boreholes, sachet water, and spring water. 
Data from appropriate QMRA of the major drinking water sources of household communities will provide objective site-
specific data, which can assist authorities, stakeholders and individual water operators and water consumers to take 
right decisions regarding safe drinking water supply in Afikpo North LGA. This study is envisaged to facilitate proper 
understanding, creation of awareness and taking preventive and proactive actions towards maintaining safe drinking 
water quality thereby reducing the prevalence of waterborne diseases and protecting public health. 

2. Material and methods 

2.1. The study area 

Afikpo North LGA is located in Ebonyi State, Southeastern Nigeria, on latitude 6°Nand longitude 8°E. The study area 
covers approximately 164 square kilometers in land area. The current population of Afikpo North LGA is about 259000, 
projecting (with 3% national growth rate) from Nigeria’s last census of 2006 [16]. The LGA hosts three major growing 
urban cities of Ebonyi State, which are Afikpo (the LGA headquarters), Unwana (the site of Akanu Ibiam Federal 
Polytechnic) and Amasiri (a growing commercial transit town). The study area has no municipal or centralized drinking 
water supply system and so drinking water supply in Afikpo North LGA is largely a private affair. A previous study 
reveals that the three major sources of drinking water in the study area are water boreholes, sachet water and spring 
water. A formal epidemiological or waterborne diseases prevalence data for Afikpo North LGA are currently not 
available for Afikpo North LGA. However, a previous study [15] reinforced by the current researchers’ experience reveal 
a high prevalence of waterborne gastro-intestinal diseases such as diarrhea, typhoid fever and dysentery in the study 
area.  

Since drinking water is one of the major pathways for transmission of gastro-intestinal infections, there is a need for a 
formal quantitative microbial risk assessment of major drinking water sources in Afikpo North Local Government Area 
of Ebonyi State Nigeria. Fig, 1 consists of maps of Nigeria, Ebonyi State and Afikpo North LGA locating the study area 
and the sampling points. 
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Figure 1 Maps of Nigeria, Ebonyi State and Afikpo North Local Government Area, locating the sampling points 

2.2. Sample collection 

Water samples were collected from 12 drinking water boreholes, a popular spring water source (“Why Worry” spring 
at McGregor hill Ukpa), and from four brands of vended sachet water in the study area. These three water sources 
provide daily drinking water for about 90% of people living in the selected communities [15]. The communities include 
Akanu Ibiam Federal Polytechnic Unwana premises, Unwana Town, Amuro, Mgbom, Eke Market Environ, Ndibe, Ukpa, 
Government College Environ, Ngodo, Amachi, Amaizu and Amasiri. For boreholes, water samples were collected from 
twelve (12) most patronized commercial drinking water sources across communities in the study area. The selected 
boreholes were sampled three (3) times each (in three weeks), making 36 samples in all. The water samples from the 
boreholes were collected into 1.5 L polyethylene terephthalate [PET] bottles that were pre-soaked with 20% HNO3 
solution for 12 hours and rinsed with de-ionized water prior to collection of samples. Thirty-six (36) water samples 
were also collected (in 36 days) from the spring using 1.5 PET bottles prepared in similar manner as in the sampling of 
water boreholes. In addition, water samples were collected from each off our (4) common brands of sachet water that 
are sold in the study area and each brand was randomly sampled 9 times ( in nine days)making a total of 36 samples. In 
all, 108 drinking water samples were collected. In each case, the PET bottles that were filled with sampled water were 
stored in an ice-chest, imbedded with ice packs, and taken to laboratory within 24 hours of collection for analyses.  

2.3. Laboratory tests 

In the current study, E. coli and Salmonella spp were selected as indicators of bacteria while Giadia lamblia was selected 
to represent protozoa. Viruses were not included in the scope of microorganisms for QMRA in this study due to the low 
rate of survival of viruses outside their natural water environment and the constraints of feasibility in laboratory 
analysis. For purpose of comparison of the water quality with the safe drinking water limits set by the WHO [17] and 
the Nigerian Standard for Drinking Water Quality [NSDWQ] [18], the colonies of microorganisms and coliform 
organisms were also determined in the water samples. 
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The water samples were analysed using standard laboratory procedures for concentrations of colonies of 
microorganisms, coliform organisms, E. coli, Salmonella spp and Giardia lamblia [19, 20]. The analyses were also used 
to reveal the pathogen strike rate (percentage of positive samples in the total sample). 

2.4. Site visits for field (household) survey 

Apart from visits to water source sites in the study area for collection of samples, households in the study area 
communities were also surveyed (using structured questionnaire) to determine some key input parameters for the 
QMRA. The parameters determined include per capita water consumption per day (L/person/day), percentage of 
people exposed to each of the major water sources in each community (or the exposed population), percentage of 
vulnerable population, and the probability that water from a specific source is boiled before drinking.  

2.5. Dose response model  

This study adoptedthecomprehensive susceptibilty dose-response model developed byAmatobi and Agunwamba[10]. 
Thecomprehensive susceptibilty model is stated as [10]: 

𝑃𝐼 = ζ[1 − (𝑒−0.5λ𝑉)], 0 < 𝜁 < 1………(1) 

Where:𝑃𝐼  is the daily risk of infection; ζ is a comprehensive susceptibility parameter (which is characteristic of the 
exposed population and pathogen prevalence among the exposed population); λ,  is the concentration of specific 
pathogenic organism in the water samples; 𝑉 is the volume of water ingested by an individual per day.  

The comprehensive susceptibility parameter is mathematically defined as [10]: 

ζ =  0.33(𝑃𝑝 +  𝑃𝑣 + 𝑆𝑑)………….. (2) 

Where:𝑃𝑝  is the fraction of populaton of the study area exposed to the contaminated drinking water source under 

consideration;𝑃𝑣 is the percentage ofthe population vulnerableto pathogenic infection among the exposed population; 
and 𝑆𝑑  is the pathogen strike rate. 

The comprehensive susceptibilitymodel was modified by this study with incorporation of boiling treatment effect 
parameter (1-t). Thus, the modified formulation of the daily risk of infection is stated as: 

 
𝑃𝐼 = (1 − 𝑡)ζ[1 − (𝑒−0.5λ𝑉)], 0 < 𝜁 < 1…………(3) 

Equation (3) is the formulation used in this study to calculate the daily risk of pathogen infection from ingestion of 
contaminated drinking water. 

Where t is the probability that a particular water source is boiled before drinking. 

2.6. Application of the QMRA model  

A point estimates for ζ, λ, V, and t were obtained using descriptive statistics. Risks of pathogen infection and diarrhea 
for the three major sources of drinking water (water boreholes, sachet water and spring water) in the study area were 
determined. Risk of disease multiplication factors (Pill = K) were used to convert risk of pathogen infection to risk of 
diarrhea were obtained from literature: for E. coli O157:H7, Pill = 0.25; for Salmonella spp, Pill = 0.45 and for Giardia 
lamblia, Pill = 0.67 [10]. To address the uncertainty and variability in the exposure estimates, ten thousand Monte Carlo 
iterations were executed for concentration of pathogens identified in each water source. The simulations were 
performed using a programme written in Microsoft Office Excel 2007 spreadsheet. The pathogens used for simulation 
of daily risks of infection and diarrhea disease were E. coli (cfu/l), Salmonella spp (cfu/l) and Giardia lamblia (cyst/l). E. 
coli concentration was converted to E. coli O157; H7 by a factor of 0.08 [21, 10]. 
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3. Results and discussion 

3.1. Mean concentration of pathogens 

Table 1 presents the mean concentration of pathogens in water samples collected from water boreholes, sachet water 
and spring water. The table contains guideline values recommended by NSDWQ [18] and WHO [17]. 

Table 1 Mean concentration of pathogens in water boreholes, sachet water and spring water samples 

 Water sources Colonies of 
Microorganisms 
(cfu/ml) 

Coliform 
Organisms 
(cfu/100ml) 

E-coli 
(cfu/100ml) 

Salmonella 
spp 
(cfu/100ml) 

Giardia 
lamblia 
(cyst/100ml) 

Borehole: Mean(std. dev) 51 (12) 17 (5) 4.44(2.39) 1.22 (0.99) 0.44 (0.3) 

Sachet water: Mean(std. dev) 14.53 (2.3) 4.73 (0.4) 0.88 (0.3) 0.57 (0.3) 0.4 (0.3) 

spring water: Mean(std. dev) 7.94 (2.37) 0.36 (0.93) 0.08 (0,28) 0.03 (0.17) 0.06 (0.23) 

NSDWQ[18]Limits 10 0 0  NS  NS 

WHO[17]Limits 10 0 0 NS NS 

This result indicates that most of the borehole and sachet water sources currently available in Afikpo North LGA do not 
produce drinking water within the safe guideline values of the WHO [17] and the NSDWQ [18]. 

3.2. Pathogen strike rate 

This result revealedthe frequency of detection of contaminats in the specific water sources. It measured the percentage 
of samples that tested positive for a particular pathogenic organism. Thus this outcome revealed how critical or 
vulnerable a particular drinking water source could be to microbial contamination. The outcome is presented in table 
2. 

Table 2 Pathogen strike rate 

 Water sources Pathogen strike rates 

Colonies of 
Microorganism 

Coliform 
Organism 

E-
coli 

Salmonella spp  Giardia 
lamblia 

Borehole  1 1 0.53 0.33 0.33 

Sachet water  1 0.69 0.44 0.33 0.33 

spring water 1 0.17 0.08 0.03 0.06 

The result in table 2 corroborates with the one in table one showing high incidences of pathogens in borehole and 
sachets water samples. 

3.3. Per capita water consumption 

Per capita water consumption (L/person/day) was determined to be 1.52L/person per day in the study area. Per capita 
water consumption is an important component in the exposure analysis stage of quantitative microbial risk assessment. 
The product of the per capita water consumption and concentration of pathogenic organism in the drinking water gives 
the exposure dose. A knowledge of per capita water consumption can also be useful when estimatingdrinking water 
demand for a community. The result obtained is in consonace with a previous study by Amatobi and Agunwamba [10]. 

3.4. Vulnerable population 

The vulnerable population was determined for the study area to be 18.38%.This is the fraction of people in the study 
area most susceptible to waterborne pathogen and waterborne diseases due to weak or compromised immune system. 
This group of people includes children under five, adults above 65, pregnant women and people suffering or undergoing 
treatment for immune depleting illnesses such as cancer, HIV/AIDS, etc. [10]. 
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3.5. Distribution of drinking water population by source 

Fig. 2 shows the distribution of population by consumption of drinking water from the common sources in the study 
area. Fig. 2 shows that 57% of the people in the study area rely on borehole water, while 19% reply on sachet water as 
sources of drinking water. These two sources constituting 76% of the population in this study are also currently the 
major sources of drinking water in many communities in Nigeria. Udoh et al [5] assert that 18% of urban households in 
Nigeria depend on sachet water as source of drinking water. A recent survey [22] suggests that the water borehole 
contributes over 40% of drinking water consumed in Nigeria. 

 

Figure 2 Distribution of drinking water population by sources in the study area 

3.6. Boiling treatment effect  

Table 3 presents the proportions of the population that boil water from specific sources before drinking. This proportion 
represents the probability that consumers could boil water from a specific source before direct consumption. The 
proportion generates the boil effect (1-t , section2.5) on the risk of pathogen infection .The result suggests that boiling 
water before drinking is not a popular behaviour in the study area. Only 9% of respondents indicated that they boil 
water before drinking. 

Table 3 Proportion of boiling water before direct consumption of specific water sources 

Drinking water source Not boiled Boiled Total Proportion of boiled water before 
direct consumption (t) 

Boiling Effect† 1-t 

Borehole 650 66 716 0.09 0.91 

Sachet water 222 18 240 0.08 0.93 

Bottle water 35 0 35 0.00 1.00 

River water 85 16 101 0.16 0.84 

Spring water 58 0 58 0.00 1.00 

Total 1050 100 1150 0.09 0.91 

† A value of 1 signifies no effect; a value of 0 signifies absolute effect (approximately total decimation of microorganisms) 

3.7. Risk Characterization 

3.7.1. Infection and diarrhea risks of different water sources 

Tables 4a – c present the risks of pathogen infections based on 10,000 Monte Carlo simulations for water borehole, 
spring and sachet water sources respectively. 
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Table 4a Mean values of risks of pathogen infection predicted (based on 10,000 Monte Carlo simulations) for 
concentration of pathogens in borehole water samples 

 

Pathogen 

Predicted risk values on borehole water 

Mean Std. Dev. Mode Median 95th Percentile 5th Percentile 

E-coli O157:H7 (cfu/l) 0.35 0.08 0.39 0.39 0.39 0.14 

Salmonella spp (cfu/l) 0.29 0.10 0.33 0.33 0.33 0.00 

Giardia lamblia(cyst/l) 0.29 0.09 0.33 0.33 0.33 0.00 

 

Table 4b Mean values of risks of pathogen infection predicted (based on 10,000 Monte Carlo simulations) for 
concentration of pathogens in spring water samples 

Pathogen Predicted risk values 

Mean Std. Dev. Mode Median 95th Percentile 5th Percentile 

E-coli O157:H7 (cfu/l) 0.015 0.018 0.000 0.008 0.052 0.000 

Salmonella  spp (cfu/l) 0.036 0.036 0.000 0.027 0.086 0.000 

Giardia lamblia  (cyst/l) 0.046 0.042 0.000 0.052 0.097 0.000 

 

Table 4c Mean values of risks of pathogen infection predicted (based on 10,000 Monte Carlo simulations) for 
concentration of pathogens in sachet water samples 

Pathogen Predicted risk values 

Mean Std, Dev. Mode Median 95th Percentile 5th Percentile 

E-coli O157:H7 (cfu/l) 0.153 0.046 0.170 0.159 0.218 0.068 

Salmonella  spp  (cfu/l) 0.151 0.044 0.220 0.164 0.217 0.023 

Giardia lamblia  (cyst/l) 0.185 0.068 0.220 0.216 0.217 0.000 

The results in table 4a-c show that mean daily risks of infection by E. coli O1567:H7 for consuming contaminated water 
was highest in borehole water sources (0.35 ± 0.08), followed by sachet water sources (0.153 ± 0.046) and the least was 
spring water source (0.015 ± 0.018). Risks of infection of Salmonella spp and Giardia lamblia followed the same pattern 
with the case of E. coli O1567:H7 in the three water sources. For Salmonella spp, the mean risks were (0.29 ± 0.10), 
(0.151 ± 0.044) and (0.036 ± 0.036) for borehole, sachet water and spring water sources respectively. The risk values 
obtained exceed even the acceptable annual risk of infection for drinking water, which is conventionally put at 1 in 
10,000 [23]. The scenario of high risk of waterborne pathogen infection from drinking water source has also been 
observed by other studies in Nigeria [24, 25]. In developing countries, drinking water supply is typically a private 
arrangement and water supply process is usually not regulated. As a result, quality of water supply is usually 
compromised due to poor operational environment. 

3.7.2. Distribution of diarrhea risks based on presence of specific pathogens in the water sources 

Figs. 4– 6 present the distribution of the risks of diarrhea for the investigated pathogens, based on 10,000 Monte Carlo 
simulations for water borehole, spring and sachet water sources respectively. As also stated, consumers of water from 
these two sources consist 76% of the population of the study area. This may be the reason the incident of diarrhea 
diseases in the study area is as high as 9.3% [10]. 
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Figure 4 Risk of diarrhea distribution (based on 10,000 Monte Carlo simulations) from consumption of water from 
boreholes in the study area by specific pathogens: a – E. coli; b – Salmonella spp; and c – Giardia lamblia 

The risk of diarrhea from exposure to water in the studied boreholes is not normally distributed among the population. 
The highest risk exposures arising from E. coli (Fig.4a), Salmonella spp, and Giardia lamblia(Fig. 4c) also have the highest 
frequency, with the modal risks ranging between 7000 – 8000 people for every 10,000 population. The mean risk of 
diarrhea ranges between 0.09 and 0.19.This is a high-risk scenario; also suggesting that borehole water in the study 
area is unsafe for direct human population. High risk of diarrhea results from high levels of pathogen contamination 
beyond tolerable limit in the borehole water sources. The sinking and operation of boreholes are not currently regulated 
in most States in Nigeria. The consequence is that many boreholes in Nigeria are installed and operated indiscriminately 
making many of them to be prone to pollution and microbial contamination from the environment [26]. 
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Figure 5 Risk of diarrhea distribution (based on 10,000 Monte Carlo simulations) from consumption of water from 
spring water in the study area by specific pathogens: a – E .coli, b – Salmonella spp, and c – Giardia lamblia 

Diarrhea risk exposures to the spring water source in the study area are also not normally distributed (Figs. 5a – c). 
Unlike the case in boreholes, the lowest risk exposures have the lowest frequencies, with the modal risk of diarrhea 
being approximately zero from the three reference pathogen sources. This suggests a low risk situation. Indeed, the 
diarrhea risk determined from the spring water source is lowest of the three major sources of drinking water 
investigated. Most of the spring water samples reported zero risk. However, the mean daily risk of diarrhea from 
exposure to spring water is still significantly high, ranging between 0.004 and 0.032. It means that the annual risk of 
infection observed in the current study is much greater than the recommended annual risk of infection of 10-4 per 
person [23].        
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c 

Figure 6 Risk of diarrhea distribution (based on 10,000 Monte Carlo simulations) from consumption of water from 
sachet water in the study area by specific pathogens: a – E. coli, b – Salmonella spp, and c – Giardia lamblia 

The distribution of diarrhea disease risks in the sachet water samples (Fig.6) also indicate a high-risk scenario, with 
daily risk of diarrhea disease ranging between 0.039 and 0.125.Apart from improper treatment [27], sachet water can 
be contaminated through poor packaging [28] or poor storage (Ojekunle et al., 2015). 

4. Conclusion 

Consumers of untreated water from boreholes, spring and sachet water sources in Afikpo North LGA of Ebonyi State, 
Nigeria are at high risk of diarrhea. The practice of boiling water before direct consumption is minimal in the study area 
and at the current level does not significantly reduce the risk posed by microbial pathogens in water. Concentration of 
pathogens in samples taken from these major drinking water sources in the study area were above safe drinking water 
guideline values of the WHO [17] and NSDWQ [18]. Spring water samples are however close to meeting the guideline 
values. The following are the recommendations. 

 There is a need for intensive public enlightenment by appropriate public health authorities on the necessity for 
boiling or any other cost-effective treatment of raw water before drinking to curb high prevalence of diarrhea 
related diseases in Afikpo North LGA.  

 The sinking and operation of drinking water boreholes should be regulated and monitored to ensure that 
portable water or clean drinking water are continually produced. 

 The appropriate public health authorities should continually monitor the processes involved in the production, 
distribution and storage of package water in Afikpo North LGA. 
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 There is need to protect the spring water at Afikpo (Why Worry Spring Water) from intrusion of runoff and 
animal droppings.  

 Further studies could look into cost-effective drinking water treatment technologies at household level that 
may be appropriate for Afikpo North LGA. 
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