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A high incidence of waterborne diseases is observed worldwide and in order to
address contamination problems prior to an outbreak, quantitative microbial risk
assessment is a useful tool for estimating the risk of infection. The objective of this
paper was to assess the probability of Giardia infection from consuming water
from shallow wells in a peri-urban area. Giardia has been described as an
important waterborne pathogen and reported in several water sources, including
ground waters. Sixteen water samples were collected and examined according to
the US EPA (1623, 2005). A Monte Carlo method was used to address the
potential risk as described by the exponential dose response model. Giardia cysts
occurred in 62.5% of the samples (50.1–36.1 cysts/l). A median risk of 1071 for
the population was estimated and the adult ingestion was the highest risk driver.
This study illustrates the vulnerability of shallow well water supply systems in
peri-urban areas.
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Introduction

Waterborne diseases are reported worldwide and are a major cause of morbidity
and mortality with significant social and economic costs, particularly for the
developing world (World Health Organization [WHO] 2003; WHO/United Nations
Children’s Fund [UNICEF] 2005). Due to the lack of adequate water supply and
sanitation, people living in sub-standard settlements are often exposed to unsafe
water which can be contaminated with pathogens (Teixeira et al. 2007). According
to the WHO, in developing countries it was estimated that 94% of the diarrheal
disease burden was associated with risk factors such as unsafe drinking-water and
poor sanitation and hygiene (WHO 2006). In Brazil, infectious diseases were
responsible for 5.1% of deaths and are the fifth most common cause of mortality,
according to the Brazilian Health Ministry (Brasil 2004). From 1995–1999, patients
due to environmentally-caused diseases occupied 3.4 million hospital beds (Brasil
2004).

The protozoan parasite Giardia has been described as an important waterborne
pathogen and is associated with severe gastrointestinal illness (giardiasis). Karanis
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et al. (2007) carried out a study and reported on 325 water-associated outbreaks of
parasitic protozoa worldwide, verifying that Giardia duodenalis and Cryptosporidium
parvum likely presented the largest number of recorded outbreaks.

Giardia develops cysts which are excreted in feces which provide the organism
protection from environmental stresses. Cysts have been found in several water types
in numerous studies, including wastewater, surface waters, spring waters, recrea-
tional waters, ground waters and drinking water (Solo-Gabriele et al. 1998; Franco
et al. 2001; Rose et al. 2002; Hachich et al. 2004; Briancesco and Bonadonna 2005;
Ryu and Abbaszadegan 2008; Muchiri et al. 2009). Important issues regarding
Giardia cyst presence in waters includes its resistance to conventional methods of
disinfection, high persistence in the environment and low infectious dose (WHO
2002). For these reasons, the presence of Giardia cysts in source water and
particularly in drinking water represents a public health concern.

Groundwater is often thought of as being protected from these larger cysts.
However, some researchers have reported the presence of this parasite in ground-
water samples, and previous giardiasis outbreaks have been associated with
groundwater sources. In 2007, Karanis et al. reported that giardiasis cases were
associated with contaminated wells in Colorado, South Dakota and Florida. Daly
et al. (2009) carried out a study which suggested that groundwater was the source of
the giardiasis outbreak in New Hampshire in 2007. In water surveillance studies,
Hancock et al. (1998) found that 12% of the 199 sites analyzed in the United States
were contaminated with Cryptosporidium, or Giardia or both. Solo-Gabriele et al.
(1998) reported Giardia and Cryptosporidium presence in a well that supplies water
for San Pedro Sula (Honduras). Karanis et al. (2006) assessed water quality of
private wells in Russia and Bulgaria, used mostly to irrigate gardens; and reported
that out of 18 samples analyzed two (11.1%) and three (16.7%) were positive for
Giardia and Cryptosporidium, respectively.

In Brazil, there are no official data regarding giardiasis outbreaks but some
health studies show high prevalence of infection especially in areas with poor
sanitary conditions. Gross et al. (1989) reported a giardiasis prevalence of 17.9% in
two low-income urban communities in Belo Horizonte (MG/Brazil). Later, Teixeira
et al. (2007) conducted a study that showed giardiasis prevalence was 18% among
children in a sub-standard settlement in Juiz de Fora (MG/Brazil). Prado et al.
(2003) studied Giardia cysts prevalence in the feces of pre-school children (2–45
months) in the city of Salvador (BA/Brazil) and found 13.7% (95/694) of them were
infected with Giardia duodenalis. According to Mascarini and Donalı́sio (2006) there
is high prevalence of giardiasis among children who attend daycare centers in Brazil,
mainly in poor areas.

Quantitative Microbial Risk Assessment (QMRA) is a valuable tool to estimate
the risk of infection from exposure to pathogens (Gale 1996; Haas et al. 1999; Soller
2006) and to predict the relative magnitude of the potential problems by estimating
the possible number of people affected, in a specific location, over time in this case
via the consumption of contaminated drinking water (Rose et al. 1991; Haas et al.
1993; Hunter et al. 2003; Soller and Eisenberg 2008). The advantages of using this
kind of analysis are that by estimating impacts of exposure to pathogens, expressed
quantitatively in terms of probability of infection, morbidity and/or death, this
assists in addressing the management options which will best focus on health
protection, risk reduction and in addressing the uncertainty and drivers of the data
which are prominent in the risk.
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The objective of this study was to utilize a QMRA approach for examining public
health risks associated with the use of shallow wells in a peri-urban area of the
Metropolitan Region of São Paulo (MRSP), Brazil, for a population of about 2,000.
These wells, used as drinking water sources, are located where sanitation has been
observed as inadequate and the risk of parasitic infections via groundwater was a
significant concern. Therefore, it was considered likely that the residents were at an
increased risk of exposure to pathogens from their drinking water.

The Monte Carlo method was used in this study and allows for repeated random
sampling, computing results of a model or models over many multiple iterations. The
Monte Carlo method relies on probability distributions which are used to describe
the variables deemed uncertain. In the case of this work the uncertainty of the
following variables was described with probability distributions:

(1) Exponential dose response k parameter;
(2) Dose of cysts to adults and children from both bathing and drinking;
(3) Concentrations of cysts in the well.

The Monte Carlo method allows for a more complete picture of the risks to the
population and the likely factors driving this risk (Rubinstein and Kroese 2008). It
also allows for the capture and control of the variability (seasonal or otherwise) of
the environmental sampling data, by overlaying a probability distribution in order to
describe these values, in the model (dose response function).

Materials and methods

Area characterization

Peri-urban settlements irregularly established in the Protection Water Catchment
Area in the MRSP (south-eastern Brazil), were identified as areas of concern when
poor sanitary conditions were observed. This area has approximately 2,000
inhabitants. Some treated water is supplied by truck-tanks and transferred to
collective reservoirs, this is intended to provide water for 5–7 families, and however,
this is not enough to meet the community water demand. This situation has forced
people to look for alternative water sources by digging shallow wells (depth of
3–5 m) in their backyards. These wells are used as drinking water sources and for
household activities such as cooking, cleaning and bathing. The sewage is disposed
in septic tanks, in basic latrines or directly into water bodies. It should be
emphasized that neither the wells nor the septic tanks were built following any
sanitary criteria.

Sampling and analysis

A total of 16 water samples were collected from wells during four months spanning
winter and spring (July, September, October and November 2008). Sampling was
performed according to the US EPA – Method 1623 (2005). Ten liters of water were
collected using sterile disposable containers and were kept chilled during the
transportation and examined within a 24-h period.

Samples were concentrated using the IDDEX FiltaMax1 filter with a controlled
flow between 1 and 4 l/min. After this step, the elution was done with 600 ml of
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phosphate buffered saline (PBST) solution processed in a stomacher for 5 min. This
procedure was performed twice. Then, the eluate obtained was centrifuged at
2500 rpm for 15 min to obtain a pellet for processing by the immunomagnetic
separation (IMS). The IMS step was run using the commercial kit Dynabeads
GC-Combo (Dynal Biotech,UK) as described in the Method 1623 (US EPA 2005).
Following this step, the sample was stained using fluorescent antibody A100FLR-1X
(Waterborne, USA) according to manufacturer’s instructions with a counter DAPI
stain. Finally, cysts were enumerated with an epifluorescence microscope (BX-60,
Olympus Optical Co., Ltd, Tokyo, Japan). The enumeration of Giardia cysts was
undertaken by microscopic enumeration using the fluorescence produced by the cyst
wall-based antibody stain, DNA stain and differential interference microscopy
(FITC, DAPI and DIC examination), respectively (US EPA 2005). The results were
expressed in cysts/l. Positive and negative controls were also prepared.

Quality control: Precision and recovery

In order to obtain the recovery using this method, five independent spiking
experiments were performed by filtering 10 l of contaminated reagent water. Spiking
suspensions of 100 cysts of Giardia (EasySeedTM, BTF Precise Microbiology,
Australia). The analytical procedure was the same described above. The percentage
recovery efficiency (R) was calculated according to Equation 1.

R ¼ cysts recovered=number of cysts spikedð Þ � 100 ð1Þ

The mean percentage of recovery and the standard deviation (SD) were calculated
for Giardia. The interference of the sample matrix was investigated. Volumes of
10 l of the water sample from the wells were collected and spiked with a
suspension containing 100 cysts of Giardia (EasySeedTM, BTF Precise Micro-
biology, Australia). The analytical procedure was the same as described above.
This procedure was done once in view that the frequency recommended by EPA
is one Matrix Spike (MS) sample per 20 samples field samples. The percentage
recovery (R%) was calculated according to Equation 2, knowing the percent
recovery (R).

R ¼ Nsp �Nns

� �
=T

� �
� 100 ð2Þ

where: Nsp¼Number of cysts counted in spiked samples; Nns¼ number of cysts
counts in not spiked samples; and T represents the number of cysts spiked (100 cysts
of Giardia).

The mean percentage of recovery and the relative standard deviation (RSD) were
determined for Giardia. The percentage of recovery of the method (n¼ 5) was 35.8%
and relative standard deviation (RSD) was 10.6% for Giardia cysts According to US
EPA (2005), the initial precision and recovery criteria for Giardia should range from
24–100% and the maximum RSD for Giardia cysts should be 49%. Therefore data
obtained in this study are in accordance with EPA’s recommendation. In relation
to well water samples spiked and unspiked, the recovery obtained was 37% for
Giardia.
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Giardia genotyping

Giardia genotyping of three samples of well water was undertaken. Sample
concentration (10 l) was carried out according to Araújo et al. (2006), which
consists of filtration and centrifugation steps. Millipore membranes and a manifold
(Millipore1 Brasil) were employed. The material captured from the filter was all re-
suspended in one tube and washed with ultra pure water (Milli Q1). The material
was centrifuged (7.428 g/150/248C) and supernatant was discharged. The pellet
obtained after the concentration step was purified by flotation in zinc sulphate
solution (33%) according to Faust et al. (1938), with some modifications. Briefly, the
pellet was washed with ultra pure water (Milli Q1). Supernatant was discharged
after centrifugation (7.428 g/150/248C). Ten milliliters of zinc sulphate solution was
added. After homogenization, tubes were centrifuged (3.714 g/30/248C). The pellet
was removed with a 10 ml pipette. The floated supernatant left in the tube (2 ml) was
washed twice with ultra pure water (Milli Q1), and then re-suspended in ultra pure
water (Milli Q1). Genomic DNA was extracted using phenol-chloroform-isoamilic
alcohol modified protocol (Araújo et al. 2006), with small modifications

PCR mix consisted of 25 ng of DNA, 106 buffer, 2 mM of MgCL2, 1% of
polyvinylpyrrolidone (PVP), 300 mM of deoxynucleoside triphosphate mix, 0.5 mM
of each primer, 1.25U of Tth DNA polymerase (Biotools1 Madrid, Spain) and ultra
pure water (MilliQ1) to complete the final volume of 25 ml. In the second
amplification, PCR mix was maintained except that PVP was not added.
Amplification primers and conditions are described in Table 1.

Nested PCR product was resolved with 1.8% agarose gel electrophoresis,
prepared with 16 tris-acetate-EDTA (TAE) buffer and stained with ethidium
bromide. A 100 bp DNA Ladder Plus (Fermentas) was included as a size marker.
Gel images were obtained by UV transillumination and captured by a gel
documentation system (Epi Chemi II Darkroom and Software Labworks – UVP).

Following successful PCR, the products were purified (Ilustratm GFXtm PCR
DNA and Gel Band Purification Kit, GE1 Healthcare, UK). Molecular clone and
sequencing were done as described by Ivanova et al. (2001). Analyses of the 862
position (position 659–1485 from the start of the gene) of the gdh coding gene
sequences of the clones were compared with their closest relatives in the GenBank
database by BLASTN searches (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Further
phylogenetic and molecular evolutionary analyses were performed with the MEGA
4.1 program (Tamura et al. 2007).

Table 1. Amplification primers and conditions for PCR analysis.

Step Primers (Souza et al. 2007) Conditions

First
1190 bp

GdhR (forward) 958C for 7 min (‘‘hot start’’);
40 cycles at 958C for
2 min, 508C for 1 min
and 728C for 1.5 min;
728C for 5 min.

50CGAGCGCGAGCCGAAGTATATCC30

#579II (reverse)
50GATGTTYGCRCCCATCTGRTAGTTC30

Second
890 bp

GDH-FI (forward) 948C for 2 min; 30 cycles
at 948C for 35 s, 568C for
35 s and 728C for 1 min;
728C for 5 min.

50AAYGAGGTYATGCGCTTCTGCCA 30

#579II (reverse)
50GATGTTYGCRCCCATCTGRTAGTTC30

226 M.T.P. Razzolini et al.
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Risk assessment

In order to determine the health risk impacts from use of the well water, a QMRA
was performed. In the QMRA the exposure was defined as ingestion of the water
either inadvertently through bathing or directly via drinking. The concentrations of
Giardia cysts in water from wells were used to estimate the dose and then the daily
probability of infection (Pi) and annual probability of infection (Pa).

The rate of daily drinking water ingestion was assumed to be 2 l per day for
adults and 1 l per day for children (US EPA 1980, 1991). Water ingestion during the
bathing was assumed to be 16 ml per 45 min of bathing for adults while for children
was 37 ml per 45 min, based on study carried out by Dufour et al. (2006) which
estimated ingestion of water during swimming activities.

The exponential dose response model (Equation 3) was found to be the best at
depicting the dose response relationship for Giardia cysts (Rose et al. 1991).

Pi ¼ 1� exp ð�k � doseÞ ð3Þ

where Pi is the daily probability of infection, k is the best-fit parameter that describes
the probability of cysts initiating an infection, which for Giardia is 0.01982 (with
upper and lower 95th confidence intervals of 0.009798 and 0.03582, respectively)
(Rose et al. 1991). For the exponential model dose must be in cysts number, which is
determined using the cyst concentration in the water multiplied by the daily
consumption value previously discussed.

In this study, it was assumed that all cysts were viable, even though the method
used to determine the parasite does not allow knowing about the viability. However,
method assessment demonstrates that only 35.8% of the cysts present are likely
recovered. Thus while one assumption of viability may overestimate the risk, the
method recovery underestimates the risk.

The daily risk was also subjected to a Monte Carlo uncertainty analysis. The
Monte Carlo method uses random sampling form probability distributions which
describes the uncertain variables in the model. In this case the model is the dose
response model (Equation 3). The uncertain variables for this analysis included the
total dose of Giardia cysts which are ingested by children and adults during bathing
or drinking, as well as the exponential dose response parameter.

Table 2 shows the probability distributions used in the Monte Carlo method,
which was run for 10,000 iterations and summarizes the dose-response model used in

Table 2. Probability distributions and parameters used in the Monte Carlo uncertainty
analysis.

Distributin parameters

Uncertain parameter Distribution Minimum Maximum Likeliest

k unitless Triangular 0.009798 0.03582 0.01982
Drinking ingestion dose to adults* Triangular 8.3 30.5 19.4
Drinking ingestion does to children* Triangular 4.2 15.2 9.7
Bathing ingestion dose to adults* Triangular 0.6 2.4 1.5
Bathing ingestion dose to children* Triangular 1.5 5.5 3.5

*Units of cysts.
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this study to estimate the probability of Giardia infection (Pi) posed by ingestion of
water from wells. For these distributions, the confidence intervals were used to
determine the parameter values for the triangular distributions. The triangular
distribution was chosen due to the wide applicability of the distribution, and the
more realistic nature than using a uniform distribution, since there were insufficient
data points to fit a distribution. The annual risk was performed and was determined
using Equation 4.

Pa ¼ 1� 1� P ið Þn ð4Þ

where Pa is the annual risk, Pi is the daily risk and n is the number of exposures (365
days).

Results and discussion

This study addressed the water quality of an at risk community for parasites using a
minimal sampling approach over a short time frame in order to provide information
and recommendations as quickly as possible for public health. Table 3 shows the
results obtained for Giardia cysts concentrations in 16 water samples collected from
the wells in the peri-urban area in the MRSP. A high percentage of samples were
positive, 62.5% (10/16) were found to have Giardia cysts and the concentrations
ranged from 50.1–36.1 cysts/l with a mean of 9.7cysts/l. This level of pollution
initiated an immediate public health concern and further analyses were warranted on
the types of Giardia present (indicating the source of the contamination and the risk
of human infection).

Table 3. Giardia cysts concentration detected in well water samples from a peri-urban area in
the metropolitan region of São Paulo, 2008.

Date of collection Wells Concentration of Giardia cysts/l1

07/28/2008 Well 1 50.1
07/28/2008 Well 2 50.1
07/28/2008 Well 3 5.0
09/01/2008 Well 4 2.8
09/01/2008 Well 5 28.0
09/29/2008 Well 6 33.2
09/29/2008 Well 7 36.1
10/13/2008 Well 8 18.6
10/13/2008 Well 9 15.0
10/13/2008 Well 10 10.0
10/13/2008 Well 11 4.0
11/02/2008 Well 12 2.5
11/10/2008 Well 13 50.1
11/10/2008 Well 14 50.1
11/24/2008 Well 15 28.0
11/24/2008 Well 16 50.1
Mean 9.7
Standard Deviation 12.67
CI 95th (Lower/Upper) 4.16/15.24.

1Detection limit¼0.1 cysts/l.
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The PCR analyses performed yielded genotype A group II with sequences in the
Genbank as follows: Three sequences GQ503142 a GQ503144 and seven sequences
GQ503145 a GQ503151. Most studies have found that this assemblage is associated
with human infections (Amar et al. 2002; Monis et al. 2003; Cacció et al. 2005).
Thus, the probable source of Giardia contamination in the water wells is from human
excreta and represents a high risk associated with the further spread of human
infections.

Estimating the risks of infection was of interest for the population using this well
water. Drinking represented the greatest exposure and highest potential for risk.
However, the population was using the water for bathing and there was little
understanding of the risk that this activity might carry with it when using
contaminated water. The calculated risk estimates, Pi and Pa are shown in Table 4,
bounded by the 95% confidence interval. The estimated risk for adults boundedwithin
1.746 1071 and 5.026 1071 with a mean of 3.26 1071, while for children the
probability of infection presented a slight fall within the bounds of 9.106 1072 and
2.946 1071 with amean of 1.766 1071. Bathing risks were 100 times lower on a daily
basis but if the contaminated water is used year round even bathing increased the risk.
Drinking water ingested by adults was higher is the primary driver of the risk.
Interestingly, during bathing it is estimated that children will actually swallow more
water than adults, thus risks are slightly higher for children during bathing compared
to adults.

The results from the Monte Carlo are best demonstrated through Figure 1, which
portrays the risks to the combined population (adults and children) from a combined
exposure (drinking and during bathing). Figure 1 shows the distribution of the risk
level (probability of infection on the x axis, running from 0.1–0.999) for the total
exposed population (adults and children) versus the distribution of that risk (Y1
axis) via consumption of contaminated water with Giardia cysts, (with Y2
demonstrating the frequency of occurrences of the observed risk levels for 10,000
runs). In general, it is seen that the adults typically experience risks on infection
greater than 0.50. Overall it was observed according to the model that there was a
3% chance that the risk was between 6 and 76 1071. Therefore it can be surmised
that the total population is slightly skewed or likely to me more prone to a higher
risk of infection, due to the influence of the adult ingestion volumes, as shown in the
sensitivity analysis. This is highlighted again when viewing the distribution of risk
level for just the children which had a 3% chance of the risk being between 2 and
2.66 1071 due to exposure and the overall risk being skewed to the low risk region
as is depicted in Figure 2.

In order to determine which of the variables is driving the risk a sensitivity
analysis was performed as well. Figure 3 shows that adult ingestion is the highest
driver to the risk for the population (55.6%). This result is not surprising due to the
larger volume of water which they ingest on a daily basis if they use the wells for
drinking water.

A high level of contaminated well water was found in the peri-urban in the
MRSP, putting the population at risk of waterborne disease. As previously discussed
our results are comparable with those in other developing regions of the world such
as Honduras, Russia and Bulgaria (Solo-Gabriele et al. 1998; Karanis et al. 2006).

This study demonstrated how vulnerable the water supply system was in this
specific area. Both, monitoring Giardia cysts presence in the well water and the
estimated probability of infection due to ingestion the contaminated water with
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Giardia show that there is a significant public health risk, even using this source for
activities such as bathing when small volumes could be ingested. The probability of
Giardia infection considering only water ingestion during bathing was estimated
bounded within 1.536 1073 and 5.56 1073 with a mean of 3.086 1073 for adults
while for children the risk was bounded by 3.526 1073 and 1.286 1072 with mean
of 7.126 1073 (Table 4). It can be observed that the risk levels obtained for children
and adults during bathing present the same magnitude. Yet the risk difference is not
actually much higher, although children ingest higher volume of water, it brings
concerns the impact on children’s health. Moreover, it should take into account that
children, especially in poor areas, are more vulnerable than adults.

As temporary measures, the population should be warned to boil or filter the
water before using. If used for bathing, the community should be educated so as to
avoid water ingestion. But, the ideal situation would be to provide an improved

Figure 1. Risk estimation results from the Monte Carlo simulation with the combined
population and combined exposure to water contaminated by Giardia cysts.

Figure 2. Risk to children from combined exposure (drinking and bathing) to water
contaminated with Giardia cysts.
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community water supply, filtration facility which could treat the ground water and
provide disinfection resulting in reducing risks of infection and promoting health for
this population.

Conclusions

The results of this study demonstrate the vulnerability of shallow well water supplies
in irregular settlements where people are exposed to waterborne pathogens. The
daily risk as a probability of Giardia infection reflects a median risk to the popula-
tion which is too high and not acceptable. Overall it can be shown that the highest
risk is to the members of the population who are ingesting the larger volumes and
using the wells as drinking water, thus it is can be recommended that this activity
should be discontinued Public policies which provide an educational campaign, and
access to water with improved quality will reduce the risk of infection and promote
health for the people living in these areas.
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