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The incidence of sporadic cryptosporidiosis among
106,000 residents of 2 local government districts in northwest England before and after installation of membrane filtration of public water supplies was compared to that of
59,700 residents whose public water supplies remained
unchanged. A national outbreak of foot and mouth disease
in livestock during 2001 was associated with a decline in
sporadic human cryptosporidiosis in all regions of the
United Kingdom. In a Poisson regression model, membrane filtration was associated with an estimated 79%
reduction (incidence ratio 0.207, 95% confidence intervals
0.099–0.431, p < 0.0001) after adjustment for the interval of
the foot and mouth disease epidemic and the water source.
Despite the confounding effect of that epidemic, membrane
filtration of the public water supply was effective in reducing the risk for sporadic human Cryptosporidium infection in
this population.

ryptosporidium is a genus of enteric parasites that
cause diarrhea in humans and many animal species
worldwide; it is the third most common cause of nonviral
infectious diarrhea reported in England and Wales (1,2).
Oocysts are shed in large numbers in feces of infected
humans and animals and contain highly infectious sporozoites when ingested (1,3). Disease may be prolonged and
fatal in immunocompromised persons (1). Cryptosporidium hominis (previously designated C. parvum
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genotype 1) is found in humans but occurs naturally in
livestock animals very rarely; C. parvum (previously designated C. parvum genotype 2) infects humans and livestock (4–6).
Cryptosporidium oocysts are a threat to the safety of
drinking water supplies because they remain viable in
water and damp soils for prolonged periods and are resistant to concentrations of disinfectants, including chlorine,
used in conventional water treatment. Removal of these
oocysts depends on sedimentation, coagulation, and filtration (1,7,8). We have previously reported a prospective
case-control study of risk factors for sporadic cryptosporidiosis in residents of Allerdale and Copeland local
government districts in North Cumbria, rural northwest
England, from March 1, 1996, to February 29, 2000. That
study showed a strong association with the usual daily volume of cold unboiled tap water drunk and with short visits
to farms (9). We present extended observation of the population to August 31, 2002, during which time membrane
filtration of public drinking water supplies was introduced
for two thirds of the study population and a national outbreak of foot and mouth disease (FMD) in livestock
occurred.
Materials and Methods
The study area comprises part of the Lake District
National Park. The lakes act as natural reservoirs for local
public water supplies and have livestock farms and open
grazing land abutting them. Approximately one third of the
study population receive public water supplies from
Ennerdale Lake, one third from Crummock Lake, and one
third from a number of smaller sources. From March 1,
1996, to February 29, 2000, water from Ennerdale and
Crummock Lakes was disinfected with chlorine, but unfiltered, because the low level of particulate matter in these
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sources precluded chemically assisted flocculation.
Membrane filtration began on March l, 2000, at works
treating water from Ennerdale and Crummock Lakes and
remained active until the end of the study. The remaining
third of the population received water from a number of
smaller sources undergoing a variety of conventional treatments, including coagulation, filtration and chlorination,
and chlorination alone. No changes in the treatment of
water from these other sources occurred at any time.
FMD Epidemic in Livestock

The first FMD case in livestock was confirmed on
February 21, 2001, in southeast England and the last case
on September 30, 2001, in northwest England (10).
Epidemic controls were enforced throughout the United
Kingdom; they included culling livestock, excluding livestock from traditional pastures, limiting livestock movements, and excluding the public from the countryside. The
FMD epidemic was associated with marked attenuation of
the usual spring peak in human cryptosporidiosis reporting
from all regions of England and Wales and with a decline
predominantly of C. parvum (livestock and human
species). FMD epidemic controls were applied uniformly
across the Allerdale and Copeland Districts and ended on
January 21, 2002.
Analysis of risk factors and laboratory testing for
Cryptosporidium were undertaken as previously
described; cases with date of onset from March 1, 2000, to
August 31, 2002, and associated controls were added (5,9).
To determine if introduction of membrane filtration and
the FMD epidemic in livestock were associated with a
change in risk factors or incidence of human cryptosporidiosis, observations were divided into 5 intervals:
before commissioning of membrane filtration (March 1,
1996, to February 29, 2000); membrane filtration commissioning (March 1, 2000, to July 31, 2000); established
membrane filtration before the FMD epidemic (August 1,
2000, to February 20, 2001); the FMD livestock epidemic
to ending of local FMD epidemic controls (February 21,
2001 to January 20, 2002); and post-FMD epidemic
(January 21, 2002, to August 31, 2002).

and stayed outside the study area during the entire 14-day
period before onset of illness; or if they, or a household
member, had already been enrolled as a case-patient or
control at any time during the study.
Control Definition

Controls were residents of Allerdale or Copeland who
had no history of diarrhea (defined as >3 loose stools in a
24-hour period) and had spent at least 1 night within the
study area in the 14 days before interview. Potential controls were excluded if they had traveled outside the United
Kingdom in the 14 days before the date of interview or if
they had traveled within the United Kingdom and stayed
outside the study area during the entire 14 day period
before the date of interview. Potential controls were also
excluded if they or a household member had already been
enrolled as a case-patient or control at any time during the
study.
The local water company provided details of the water
sources, water supply zones, number of houses and residents served by each water source and water supply zone,
and treatment of water to each zone. The study team and
water company maintained vigilance for changes in the
water supplies to the population at all stages of the study.
In a minority of participants, the water source changed;
these case-patients and controls were categorized as
receiving mixed supplies from >1 source.
Risk Factor Analysis

Five sets of contingency tables, 1 for each interval of
observation defined by introduction of membrane filtration
and the FMD epidemic, were constructed for each exposure variable, and odds ratios were calculated. Main effects
variables were defined as those significant at p < 0.2 in any
of the 5 sets of contingency tables. These variables—interval, age, sex, and water supply zone—were put into a multivariable model. Stepwise sequential removal of variables
with p > 0.05 was undertaken retaining time interval, age,
sex, and water supply zone. The significance of interaction
terms between time interval and the remaining main
effects variables was tested in separate models with stepwise sequential removal of terms with p > 0.05.

Case Definition

Case-patients were residents of Allerdale or Copeland
who had diarrhea (>3 loose stools in a 24-hour period)
with onset from March 1, 1996, to August 31, 2002; were
fecal smear positive for Cryptosporidium oocysts, but
feces negative for other enteric pathogens; and had spent at
least 1 night within the study area in the 14 days before
onset. Patients were excluded if, within 14 days of onset,
they had contact with another household patient with cryptosporidiosis or any diarrhea illness, traveled outside the
United Kingdom, or traveled within the United Kingdom
252

Incidence Rates and Incident Rate Modeling

Incidence rates were determined for residents by water
supply zone and modeled by Poisson regression using the
number of cases as the predictor variable and the number
of person-years of observation as the offset (11,12). The
models had 3 predictor variables: membrane filtration
(before and after), FMD epidemic (before, during, and
after local FMD controls), and water source (Ennerdale,
Crummock, and “other” water supplies). The interaction
between these predictors was explored. The models
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provided estimates of the incidence rate ratio (IRR). The
goodness-of-fit of the models was assessed. The species of
Cryptosporidium isolates before and after membrane
filtration were compared.
Results

completed for the associated case and 9 (1%) interviews
because the potential controls were found to be in the
wrong age band; the reason for exclusion was not recorded for 3 potential controls (<1%). Of the 537 controls
enrolled, 468 (87%) had interview dates from March 1,
1996, to February 29, 2000; and 69 (12.9%) had interviews
from March 1, 2000, to August 31, 2002 (Table 1).

Population and Water Supplies

Public water supplies derived from Crummock Lake
served 58,295 residents; from Ennerdale Lake, 47,780 residents; and from a variety of other smaller water sources,
including a few private water supplies, the remaining
59,699 residents of Allerdale and Copeland (Appendix
Table 1; available from http://www.cdc.gov/ncidod/EID/
vol11no2/04-0274_app.htm). Public drinking water supplies derived from Crummock and Ennerdale Lakes before
March 1, 2000, were chlorinated but not filtered
(Appendix Table l). Separate membrane filtration plants at
water treatment works at Crummock and Ennerdale Lakes
were commissioned from March 1, 2000, to July 31, 2000;
full operation was achieved by August 1, 2000. These
plants remained fully operational until the end of the study,
August 31, 2002. The treatment of water derived from
other sources remained unchanged for the study period.
These multiple smaller sources received a variety of conventional treatments, including coagulation, filtration and
chlorination, and chlorination alone. In addition, a small
number of houses had private water supplies, which were
untreated (Appendix Table 1).
Recruitment and Exclusion of Patients

A total of 249 patients identified as having sporadic
cryptosporidiosis were ascertained during the study period; 74 (30%) were excluded, and 175 (70%) were enrolled
(Table 1). Of the 175 primary cases of cryptosporidiosis
enrolled, 153 (87%) had onset dates from March 1, 1996,
to February 29, 2000, before the commissioning of membrane filtration at Crummock and Ennerdale Lakes; 22
(13%) patients had onset from March 1, 2000, to August
31, 2002, after the membrane filtration plants were introduced (Table 1).
Recruitment and Exclusion of Controls

A total of 929 potential controls were approached during the study; 392 (42%) were excluded, and 537 (58%)
were enrolled. Two hundred and twenty one (24%) persons
either refused to participate or were repeatedly unavailable
for interview (Table 1). The address was not found for 3
(<1%). One hundred twelve (12%) were excluded because
they did not meet the study control definition for a variety
of reasons (Table l). Fifty-six (6%) were not enrolled for
administrative reasons. The study team cancelled interviews for 44 (5%) because 3 control interviews had been

Study Population
Patients

Of the 175 case-patients, 150 (86%) were <16 years of
age, and 96 (55%) were <6 years of age. Ninety (51%)
were male (Table 2). The proportion of cases <16 years of
age and the proportion who were male were lower after
membrane filtration was introduced into Crummock and
Ennerdale Lake water. The proportion of case-patients
served by water from other sources that never received
membrane filtration was higher after introduction of membrane filtration (Table 2).
In addition to diarrhea, a substantial proportion of
patients had abdominal pain, vomiting, fever, loss of
appetite, and weight loss (Appendix Table 2). Forty-two
(24%) patients remained symptomatic at interview. Of the
133 (76%) whose symptoms had abated at interview, the
median duration of illness was 9 days (range 2–21 days)
(Appendix Table 2). In children <6 years of age, 14 (25%)
of 55 of boys and 6 (15%) of 41 girls were admitted to hospital because of diarrhea (Appendix Table 3). The admission rates in children 6–15 years of age were 3 (11%) of 28
boys and 3 (12%) of 26 girls. Most of the patients and all
male patients <6 years of age had onset dates before the
membrane filtration was introduced (Appendix Table 3).
Twenty-six (17%) of the 150 patients who were <16 years
of age were admitted to hospital, but none over this age.
Species identification was undertaken for 68 fecal specimens from patients with onset from January 1, 1998, to
February 29, 2000 (Appendix Table 4). Fifty-seven (84%)
were C. parvum. Thirteen (81%) of the 16 smears derived
from patients with onset dates from March 1, 2000, to
August 31, 2002, were also C. parvum. Overall, 70
(83.3%) of the 84 specimens for which the species was
identified were C. parvum.
Controls

The 537 controls had similar age, sex, and drinking
water supplies as the 175 patients (Table 2). The time
between notification of a case by a microbiology laboratory to the study-coordinating center to enrollment of the
patient and his or her associated controls was a median of
2 weeks (range 1–8 weeks) and was similar before and
after the introduction of membrane filtration.
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Risk Factor Analysis

None of the interaction terms between the main effects
variables and time intervals of observation, defined by
introduction of membrane filtration and the FMD epidemic in livestock, were significant, including the term for the
usual volume of cold unboiled tap water drunk per day (p
= 0.12). These interaction terms were therefore excluded
from the final multivariable risk factor model (Table 3).
The risk for sporadic cryptosporidiosis was independently
associated with the usual volume of cold unboiled tap
water drunk each day, with contact with cattle farms and
254

noncattle farms, and with feeding pets leftovers. Water
supply zones, the time interval of observation, age, and
gender were not independently associated with having a
case (Table 3).
Incidence and Seasonality

The incidence within the populations served by public
water supplies derived from Ennerdale Lake, Crummock
Lake, and other water sources was similar before March
2000 at ≈22 cases per 100,000 person years but declined to
<10 per 100,000 person years after March 1, 2000
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(Table 4) (Figure 1). The decline was more marked in the
populations served by water derived from treatment works
at Ennerdale and Crummock Lakes, where membrane filtration plants had been installed, than in the population

served by other water sources, where membrane filtration
was not installed. A well-defined spring peak in cases was
apparent from 1996 to 1999, but not from 2000 to 2002
(Figures 2 and 3).
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After membrane filtration was introduced for
Crummock and Ennerdale supplies, an estimated reduction
in incidence of ≈79% occurred (IRR 0.207, 95% confidence intervals [CI] 0.099–0.431), p < 0.0001, after adjustment for the FMD epidemic interval and water source in a
Poisson regression model (Table 5). The decrease attributed to the FMD interval was ≈60% (IRR 0.394, 95% CI
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0.167–0.925), with some evidence of a residual effect after
the end of local FMD epidemic controls (IRR 0.686, 95%
CI 0.292–1.61). No additional effect was contributed by
water source (p = 0.6). The data for this model are presented graphically in Figure 1 and detailed in Table 4.
Little difference was made by modeling the intervals for
commissioning and postcommissioning of membrane
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filtration separately, and no significant difference was seen
between these rate estimates when this modeling was done
(p = 0.35)
Discussion
Consumption of cold unboiled tap water from public
drinking water supplies was shown to be a leading independent risk factor for sporadic cryptosporidiosis with a
highly significant increase in risk with the usual volume
drunk each day (Table 3). Risk was also increased by contact with cattle farms and noncattle farms and with feeding
pets leftovers. Fifty five percent of patients were <6 years
of age, and 31% were 6–15 years. Infection was predominantly with C. parvum (livestock and human species). The
results of the risk factor analysis for the entire study period were similar to those obtained for the interval before
installation of membrane filtration, when most cases arose
(9). Illness was prolonged and almost one fifth of children
<6 years of age required hospital admission. The excess in
hospitalization in boys <6 years of age may suggest that
young boys are more vulnerable to Cryptosporidium than
young girls, a bias in favor of admitting young boys, or a
combination of these factors.
The 2001 FMD epidemic in livestock, which occurred
after membrane filtration was introduced in Allerdale and

Crummock Lake water, affected all regions of the United
Kingdom (10). This livestock epidemic was associated
with a highly significant decline in laboratory reports of
human cryptosporidiosis from all regions of England and
Wales and was more marked in Northwest England. The
decline in reports was most marked for C. parvum (the
species infectious in humans and livestock species) than
for C. hominis (infectious only in humans) (10). The FMD
epidemic control measures of excluding the public from
the countryside, extensively culling farm animals, and limiting animal movements probably decreased direct and
indirect exposure of the human population to livestock and
livestock feces.
The annual agricultural and horticultural census conducted by the U.K. Department for Environment, Food and
Rural Affairs and its predecessor, the Ministry of
Agriculture, Food and Fisheries showed >600,000 sheep,
300,000 lambs, 100,000 total cattle and calves, and 40,000
calves <1 year of age in each of the years 1996–2000 within the 135,000 hectares of agricultural land in Allerdale
and Copeland local government districts (13,14). A substantial decline occurred in 2001 and 2002 associated with
the FMD epidemic, but no evidence suggested that the
decline in animal densities or change in human contact
with livestock and with the countryside differed within
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Figure 2. Average number of cases by month of onset before
membrane filtration, March 1, 1996-February 29, 2000, Allerdale
and Copeland local government districts.
Figure 1. Cases of primary cryptosporidiosis per 100,000 personyears before and after membrane filtration introduced into public
water supplies, derived from Crummock Lake, Ennerdale Lake,
and other water sources.

Allerdale and Copeland, according to the sources or distribution of the public drinking water supplies (13,14). The
decline in incidence attributable to the FMD epidemic
effect was therefore expected for our entire study population, regardless of its household water supply. We therefore
believe that the experience of the population served by
other supplies provided a valid measure of the impact of
the FMD epidemic in livestock, whereas the population
served by water from Ennerdale and Crummock Lakes
experienced the effect of both membrane filtration and the
FMD epidemic. The results of the Poisson regression
model indicated a marked reduction of incidence in sporadic cryptosporidiosis following introduction of membrane filtration after adjustment for the FMD epidemic
interval and water source (Table 5). Despite the confounding effect of the FMD epidemic, our study provides convincing evidence that membrane filtration was highly
effective in reducing the risk for sporadic cryptosporidiosis in this population; this measure was also associated
with a decline in hospital admissions for cryptosporidiosis
in children, especially of boys <6 years of age.
The incidence rates associated with other supplies from
a number of different sources and treatment works, some
using conventional flocculation and filtration, were similar
from March 1996 to February 2001 to the rates in the pop-
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Figure 3. Average number of cases by month of onset after membrane filtration introduced March 1, 2000, to August 31, 2002,
Allerdale and Copeland local government districts.

ulation served by Crummock and Ennerdale Lakes, whose
water was unfiltered at this time. This finding supports the
notion that conventional sand filtration and flocculation
may be insufficient to prevent intermittent low-level
Cryptosporidium oocyst contamination of treated water.
The local water company has since closed higher risk
sources and substituted them with water from lower risk
catchments.
Our observations strongly support recent revision of the
UK drinking water regulations requiring water companies
to undertake risk assessments of water sources, and where
judged to be a risk, to implement continuous monitoring of
Cryptosporidium oocyst concentrations in treated water
(15). A minimum standard of an average of <1 oocyst per
10 L of water in any 24-hour period is required.
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The substantial negative impact of waterborne cryptosporidiosis leading to potentially life-threatening diarrhea and stunting in childhood is well-recognized in
developing countries (16,17). Our findings show that
Cryptosporidium remains an obstacle in water and sanitation infrastructure and a threat to child health in industrialized countries as well. The scale of this effect will continue
to be underestimated if adequate surveillance of cryptosporidiosis by testing diarrheal feces specimens for
Cryptosporidium and collation of positive test results,
especially in children, is omitted by health services (18).
Although the study population was located in an area of
livestock farming with high historic rates of cryptosporidiosis in England, the demonstration that public
drinking water supplies were a leading independent risk
factor for sporadic cryptosporidiosis and that introduction
of membrane filtration at water treatment works was effective in substantially lowering this risk, may have relevance
to water companies, regulators, policymakers, and consumers in other countries.
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