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SUMMARY

Cryptosporidiosis is the most common cause of outbreaks of disease linked to mains water
supply in the United Kingdom and the second commonest in the United States. Recent
evidence has suggested that prior population immunity may have an impact on the
epidemiology of waterborne outbreaks and in particular prior immunity may reduce the power
of case-control studies for demonstrating association between disease and water consumption
behaviour. However, the degree of impact of prior immunity on the power of epidemiological
studies is not yet clear. This paper reports the results of some simple mathematical models of
outbreaks of waterborne disease in populations with varying levels of immunity due to prior
water and non-water exposure. The basic outbreak model was run on a spreadsheet. To
determine the impact of prior immunity on case-control studies, further analysis was done
using a Monte Carlo method to simulate sampling from cases and controls. It was found that
moderate degrees of prior immunity due to water associated disease could markedly reduce the
relative risk of water consumption on illness in waterborne outbreaks. In turn this would
reduce the power of case-control studies. In addition, this model was used to demonstrate the
impact of case misclassification and recall bias on case-control studies. Again it was found that
within the model, the results of case-control studies could be significantly affected by both
these sources of error. Anyone conducting epidemiological investigations of potentially
waterborne outbreaks of disease should be aware of the epidemiological problems. Mistakes
from case-control studies will be minimized if the outbreak team pays considerable attention to
the descriptive phase of the investigation and if case-control studies are conducted as soon as
possible after an outbreak is detected.

INTRODUCTION

Cryptosporidiosis is now known to be a frequent
cause of gastroenteritis worldwide which can give rise
to prolonged illness [1, 2]. In the United Kingdom,
cryptosporidiosis has become the most commonly
reported cause of outbreaks of waterborne disease
[2, 3]. In the United States, cryptosporidia is now
second only to giardia as a diagnosed pathogen in
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waterborne outbreaks [4, 5]. However the largest
recorded outbreak of a waterborne disease in the
United States was of cryptosporidiosis which was
responsible for an estimated 403000 infections [6].
Clearly, waterborne cryptosporidiosis is the major
infectious cause of waterborne disease in the western
world.

Despite its importance there remains significant
uncertainties about its epidemiology and trans-
mission. One of the areas of outstanding uncertainty
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is how does one determine that an outbreak of
cryptosporidiosis is indeed waterborne. In both the
United States and United Kingdom national disease
surveillance organizations have produced guidance on
categorizing levels of evidence in reported waterborne
outbreaks [5, 7]. Both systems use a combination of
epidemiological evidence and water quality data. In
particular, considerable weight is given to the results
of any analytical epidemiological investigation under-
taken, which would usually mean a case-control
study. However, we have recently expressed concern
about the reliability of case-control studies for the
investigation of waterborne outbreaks of crypto-
sporidiosis in certain circumstances [8].

One of the situations where case control studies
may experience problems is when there is pre-existing
immunity in the population. Whilst immunity to
cryptosporidiosis is still not completely understood.
Recent evidence, from human volunteer studies,
suggest that resistance following a single repeat
exposure is not complete, though oocyst shedding and
severity of diarrhoea is significantly lower in people
when challenged for the second time in 12 months
[9, 10]. Other support for the hypothesis that infection
can lead to immunity comes from the follow-up of an
outbreak of cryptosporidiosis in Jackson County,
Oregon [11]. During this outbreak it was noted that
out-of-town guests at a wedding reception had a
higher attack rate than local guests, presumably
because of prior exposure. Indeed, in a recent United
Kingdom outbreak of waterborne cryptosporidiosis
in a river water supply area, a feature of the outbreak
was the large number of cases in visitors (i.e. non-
immunes) to the area [12].

Other situations where case-control studies may
have problems are when there is case misclassification
(cases of cryptosporidiosis are included in the analysis
when they are not part of the outbreak or are
secondary cases) and reporting bias (cases believe that
drinking water is the likely source and artificially
report that they are more likely to drink unboiled tap
water).

In this paper I report the results of some relatively
simple mathematical modelling of waterborne out-
breaks of cryptosporidium which investigates the
power of case-control studies in waterborne outbreaks
where varying proportions of the population is
immune, where case misclassification occurs and
where there is reporting bias of water consumption
behaviour. By power, I mean the ability of a case-
control study to find a statistically significant as-
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sociation between drinking water and illness, if the
outbreak is in fact due to drinking water.

METHODS

The basic model was run in on a personal computer
using the Quatro Pro spreadsheet. A virtual popu-
lation was categorized according to water-consump-
tion behaviour based on that of the control population
of an outbreak that we had previously reported [13].
Essentially 34-5 % of the population drank less than 1
glass of raw tap water each day, 43-1% 1-3 glasses,
13-8% 4-6 and 8:6 % 7 or more. These 4 groups were
summarized as drinking 0-5, 2, 5 and 8 glasses per day.

Within each group there were susceptibles and
immunes. Each cycle, nominally one year, susceptibles
converted to immunes according to the following
equation:

Rate = susceptible
x daily water consumption

x water infectivity.

susceptible to immune

This equation was defined from the assumptions that
only susceptible individuals were at risk of infection
and that the probability of infection (from drinking
water) in a susceptible was directly related to the daily
water consumption and a variable ‘water infectivity’.
This water infectivity variable was incorporated in the
model to enable one to change the proportion of
the population immune at equilibrium. However, the
variable is directly related to the probability of a
susceptible individual becoming infected in a year by
drinking 1 glass of unboiled tap water per day.

In this model immunity was assumed to last for life
and so immunes were replaced by susceptibles by
death and replacement by newborns. Thus the
population was assumed to be in balance with
newborns exactly matching deaths. Therefore, the
transfer from immune to susceptible was governed by
the equation:

Rate,

immune to susceptible

= immune/70.

The variable for water infectivity was changed in the
model so that various predetermined proportions of
the population were created immune when the model
had reached equilibrium. This was done by trial and
error until the desired proportion was produced by
the model.

Once the model reached equilibrium, relative risk of
water consumption for water-related and non water-
related infection were calculated.
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In order to calculate the minimum number of cases
required to give a statistically significant result in 95 %
of outbreaks a simple Monte Carlo model was
developed in basic [14]. This was done by taking the
proportion of each population group infected and
creating n cases and 2xn controls. Cases were
randomly assigned to the four water consumption
groups with a probability equal to that of the
proportion of each water consumption group amongst
cases. Controls were allocated randomly in proportion
to the distribution of all individuals in each water
consumption group. Once all cases and controls were
allocated to water consumption groups y* for trend
was calculated. For each value of n, 1000 trials were
run and the number of trials giving a y* with P < 0-05
calculated. The number of cases were increased by one
until a statistically significant result occurred on more
than 95% of occasions for two consecutive values of
n. The lowest value was then taken as the number of
cases.

To demonstrate the impact of reporting bias on
case-control studies, I ran the Monte Carlo model as
described in the previous paragraph except that cases
and controls were allocated to the water-consumption
groups with a probability equal to the proportion of
the group in the total population. In other words,
there was no difference in water-consumption be-
haviour between cases and controls. However,
reported water-consumption behaviour for various
proportions of cases was increased by 1-4 glasses to
model the impact of reporting bias.

To demonstrate the impact of case-misclassification
errors I made 20% of cases have the water-
consumption behaviour of the control population,
rather than the case population.

RESULTS
The impact of prior immunity

The impact of prior immunity due to infection
acquired via the waterborne route on the relative risk
associated with water consumption is shown in
Figures 1 and 2. It can be seen from Figure 1 that,
during a waterborne outbreak, when 20% of the
population is immune, as a result of water associated
infection, the relative risk associated with the highest
water consumption halves from 16 to 8. When 50 % of
the population is immune then this halves again to
only 4. For non water-associated outbreaks, the
association becomes increasingly negative as water
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Fig. 1. Relative risk in a model of a waterborne outbreak

according to daily water consumption and proportion of
population immune due to water-associated disease.
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Fig. 2. Relative risk in a model of a non-waterborne
outbreak according to daily water consumption and
proportion of population immune due to water-associated
disease.

associated immunity in the population increases
(Fig. 2).

This decline in strength of association due to prior
immunity has a very big impact on the cases required
to give a case-control study sufficient power. Figure 3
demonstrates this by showing the number of cases
required to give a 95% probability of achieving a
statistically significant result. Above 20 % immunity
the number of cases required increases dramatically.

The impact of case misclassification

Case misclassification had a significant impact on the
relative risk and on numbers required. Although any
degree of misclassification reduced the power of case-
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Fig. 3. Number of cases required for a case-control study of
water consumption as a risk factor for cryptosporidiosis
assuming varying levels of immunity due to previous
exposure to cryptosporidium via the water route with and
without 20% of cases being erroneously identified as
primary.
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Fig. 4. Impact of 20% of identified cases being misclassi-
fication as being part of waterborne outbreak on calculated

relative risk for population drinking 8 glasses of water a day
compared to those drinking less than 1.

control studies we have chosen to present only the data
for a 20 % rate. The impact on relative risk is shown
in Figure 4. Whatever the proportion of the popu-
lation immune from prior water exposure, if 20 % of
cases included in the study are not primary cases, then
approximately 50% more cases are required to
maintain the power of any case-control study.

The impact of reporting bias

The impact of bias on giving falsely significant results
is shown in Table 1. Without bias, only 5% of studies
should give significant results. However, even when a
minority of cases give biased results, this can have a
major impact on the likelihood of falsely reporting a
significant study. Indeed, even with 30% of cases
reporting that they drink 2 glasses of water more each
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day then they do, this would give a falsely significant
association between illness and water consumption in
more than 50% of studies with 100 cases and 200
controls.

DISCUSSION

Even within affluent countries, with otherwise sat-
isfactory water supplies, some communities have
significantly greater exposure, and so immunity, to
cryptosporidium, through their water supply, than do
others. This can be seen in the reported variation in
the results of seroepidemiological surveys which
report antibody positivity ranging from about 20 to
60% [9, 15, 16]. Based on our experience of investi-
gating two outbreaks of waterborne cryptosporidiosis,
we recently suggested that a major factor in the
geographical variation in seroprevalence was source
of drinking water [8, 13]. More specifically those
populations drinking treated river water were more
likely to be exposed to infection then those drinking
groundwater [8, 17]. Such repeat exposure in popu-
lations taking river water would interfere with the
power of case-control studies to demonstrate
significant associations. We found evidence for this
hypothesis in a review of the literature where we
demonstrated that the relative risk of disease was
always higher in those living in a groundwater supply
area during a waterborne outbreak than in those
living in river water supply areas during an outbreak
[8].

Subsequently, further evidence to support this
hypothesis has come from several sources. Frost
reported serological studies following two outbreaks
in Jackson County, Oregon [11, 18]. They noted that
residents of Talent, a river water supply area, had
higher antibody levels soon after the outbreak and
also 2 years later. Their suggestion that ‘long-term
residents of communities such as Talent, who may
receive recurrent exposure to oocysts, may eventually
experience minimal risk of illness from re-infection’ is
in line with our explanation. The work of McLauchlin
and colleagues showing higher levels of antibody in
populations consuming river water also provides
further confirmatory evidence [16]. Perz and col-
leagues devised a model to predict the number of
cases of cryptosporidiosis in a population and applied
this model to New York [19]. They found that their
model predicted many more cases then were seen in
practice. Perhaps, this discrepancy is due to high levels
of immunity in the New York population.
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Table 1. Proportion of runs giving a significant response when outbreak not water-related assuming varying
levels of misclassification and reporting bias for 50 and 100 cases

Proportion of runs giving a statistically significant response (P < 0-05)/ %

Study with 50 cases and 100 controls

Study with 100 cases and 200 controls

No. of extra

glasses reported 10 % cases 20 % cases

30% cases

10% cases 20% cases 30% cases

due to bias misclassified misclassified misclassified misclassified misclassified misclassified
1 79 10-8 195 89 17-6 342
2 93 167 299 139 292 584
3 10-5 22-5 46-8 155 42-5 776
4 161 489 81-6 28-8 79-8 983

What then are the implications of this model?
Outbreaks of waterborne cryptosporidiosis in river
water areas will be more difficult to detect as illness
will be less severe and cases will be fewer. Furthermore
case-control studies in such areas will also lack power
unless the case numbers are large. From the model, at
least 60 cases will be needed if 40 % of the population
is immune through prior water exposure, even
assuming all cases included in the study are primary
cases. The number of cases will be much higher if
secondary cases are included in the analysis, or if a
greater proportion of the population is immune by the
water route. We do not know exactly what the levels
of effective immunity are in the population. It would
appear that antibody response does not always occur
following a primary or secondary infection [10, 20]. It
could well be the case that immunity is much greater
than indicated by seroprevalence surveys. By contrast
one would expect to see a negative dose-response
relationship for many non-waterborne outbreaks.

Further, reducing the power of any case-control
study is the problem of including cases even when they
have not acquired infection directly from the water
supply. These could be secondary cases or they could
be totally unrelated to the outbreak under investi-
gation. The problem of secondary cases in a household
is usually solved by excluding the second case if illness
developed more than a certain number of days after
the first. However, secondary cases may still be
included if the primary case was asymptomatic. I am
not aware of any studies that have adequately
estimated the number of secondary cases of crypto-
sporidiosis that were erroneously included in epi-
demiological investigations of outbreaks.

Case-control studies, however, can also give false
positive (type I errors) when cases’ reporting of water
consumption is biased. Indeed, as can be seen in this
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report, bias can have a dramatic impact on the
probability of generating a type I error, even when
only a minority of cases’ reporting is biased. Unfortu-
nately we can not be totally sure about the level of bias
in an epidemiological study, though such bias may be
more marked than is generally thought and can have
significant impact on the results of case-control studies
[21-23]. Factors leading to increased recall bias
are not fully understood, though a knowledge of
the hypothesis under evaluation and potential for
financial gain probably play a significant role [24, 25].
Such factors may artificially increase cases’ recall of
unboiled tap water consumed in an outbreak where
the media have already blamed the water supply
and individuals are hoping to make compensation
claims.

Finally, are case-control studies so flawed that they
should not be used to investigate outbreaks of
waterborne cryptosporidiosis? Despite their potential
problems, case-control studies do have an important
role, as long as investigators are aware of their
potential problems. Assuming that most populations
have some immunity from water exposure then, in a
non-waterborne outbreak, one would expect to see a
negative dose—response relationship between disease
and water consumption. The finding of a negative
association would be taken as good evidence that the
outbreak was not waterborne. Similarly, if the case-
control study was not too restricted in the exposures
enquired about, an outbreak due to another factor,
such as farm visits or milk consumption, should, when
studied, show an association with these other
exposures. This approach reinforces the importance
of good descriptive epidemiology, undertaken as early
in the investigation as possible. This may be even
more important for waterborne disease than for other
causes of outbreaks.
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