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Effects of Drinking-Water
Filtration on Cryptosporidium
Seroepidemiology, Scotland
Colin N. Ramsay, Adam P. Wagner, Chris Robertson, Huw V. Smith, and Kevin G.J. Pollock

Continuous exposure to low levels of Cryptosporidium
oocysts is associated with production of protective antibodies. We investigated prevalence of antibodies against the
27-kDa Cryptosporidium oocyst antigen among blood donors in 2 areas of Scotland supplied by drinking water from
different sources with different filtration standards: Glasgow
(not filtered) and Dundee (filtered). During 2006–2009, seroprevalence and risk factor data were collected; this period
includes 2007, when enhanced filtration was introduced to
the Glasgow supply. A serologic response to the 27-kDa antigen was found for ≈75% of donors in the 2 cohorts combined. Mixed regression modeling indicated a 32% stepchange reduction in seroprevalence of antibodies against
Cryptosporidium among persons in the Glasgow area,
which was associated with introduction of enhanced filtration treatment. Removal of Cryptosporidium oocysts from
water reduces the risk for waterborne exposure, sporadic
infections, and outbreaks. Paradoxically, however, oocyst
removal might lower immunity and increase the risk for infection from other sources.

E

ach year since 2005, Health Protection Scotland has
received reports of 500–700 laboratory-confirmed cases of cryptosporidiosis (10–14 cases/100,000 population/
year); seasonality is usually markedly biphasic, peaking in
spring and early autumn. Cryptosporidiosis is caused by >1
species/genotypes of the protozoan parasite in the genus
Cryptosporidium, which infects a wide variety of animals
including humans. The most common human pathogens
are Cryptosporidium hominis and C. parvum. Characteristic signs of infection are profuse, watery diarrhea, often
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accompanied by bloating, abdominal pain, and nausea or
vomiting. Illness is typically self-limiting but can last for
2–3 weeks; studies suggest an association with long-term
health sequelae, such as reactive arthritis and postinfection
irritable bowel syndrome (1,2). Moreover, severe, chronic
diarrhea or even life-threatening wasting and malabsorption can develop in persons with severely compromised immune systems, particularly those with reduced T-lymphocyte counts, in the absence of immunotherapy (3).
Drinking water contaminated with Cryptosporidium
oocysts is a recognized risk factor for human illness (4–
6). Before or after treatment, water can be contaminated
by a variety of sources, including livestock, feral animals,
or humans (7). Oocysts can remain infectious in the environment for prolonged periods and are resistant to regular
drinking-water disinfection treatments. For preventing
human exposure, oocysts must be physically removed
from water supplies; however, inadequate water filtration
can expose persons to risk for infection from viable oocysts (8–11).
Where drinking-water filtration has been enhanced
to reduce oocysts counts, the incidence of reported clinical Cryptosporidium infection has been reduced (6,11).
However, reported rates of infection are subject to variation, depending on factors such as local laboratory testing
criteria, and exposure source attribution depends on the
quality of risk-factor exposure data. Therefore, assessing
trends in clinical infection rates might not be sufficiently
sensitive for detecting changes in single-exposure risks.
Variations in other risk factors (e.g., foreign travel, direct
animal contact) can also obscure an effect associated with
reduced exposure to oocysts in drinking water. Assessment of the effects of changes in environmental oocyst
exposure would ideally be based on measuring population-level indicators, rather than relying on reported (selfselected) cases of laboratory-confirmed cryptosporidiosis.
Alternatively, longitudinal variation in levels of antibody
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to Cryptosporidium oocyst proteins could be used to detect associations with variations in oocyst exposure.
The association between seropositivity and exposure
to Cryptosporidium oocysts in drinking water has been
investigated. Low levels of oocysts have been detected in
65%–97% of surface-water supplies, suggesting that many
populations may be at risk (12). Elevated serologic responses have been detected in those whose drinking-water
source is surface water rather than groundwater. The risk
for oocyst exposure might therefore be higher for surface
water than for groundwater sources (13–15), even after
conventional filtration (13). However, chronic low-level
exposure to oocysts in environmental sources, including
drinking water, can stimulate protective immunity. Strong
serologic responses to oocyst antigens have been associated with such environmental exposures (16,17).
To decrease the risk for waterborne Cryptosporidium
infection from drinking-water supplies, the water industry established several barrier water treatment systems.
In Scotland, water treatment has significantly reduced the
concentration of Cryptosporidium oocysts in final (posttreatment) tap water. Before September 2007, however, the
Loch Katrine system, which supplies the towns of Glasgow
and Clyde, did not have such a filtration treatment. The risk
from drinking unfiltered water was demonstrated in 2000,
when an outbreak of cryptosporidiosis occurred among
Glasgow residents living within the Loch Katrine supply
area (18). To decrease this risk, in September 2007, enhanced treatment (rapid gravity filtration and coagulation)
was introduced to the Loch Katrine supply system. This
new system provided an opportunity to assess the public
health effects of improving the standard of water filtration.
We investigated the prevalence of antibodies to the
27-kDa Cryptosporidium oocyst antigen among residents
living in the Loch Katrine supply area (Glasgow) before
and after the introduction of filtration and compared these
with levels in a control population (Dundee) where no such
change to drinking-water treatment occurred. Our main
objective was to determine whether an association exists
between prevalence of antibody response to the 27-kDa antigen and the standard of drinking-water treatment (filtered
vs. unfiltered).
Methods
Study Sites and Populations

The study received approval from the Multi-Research
Ethics Committee for Scotland and was conducted from
April 2006 through October 2008. Volunteer blood donors
were recruited in Glasgow (population 580,000; western
Scotland) and Dundee (population 142,000; eastern Scotland). Each area receives drinking water from a separate
surface-sourced system. Before September 2007, the

Glasgow water supply received only rough screening treatment, but after that date, it was upgraded to match the specifications at Dundee (Clatto reservoir), the control system,
which received rapid gravity filtration and coagulation.
During the study period, no significant changes were made
to the Dundee water treatment system, and no waterborne
or other outbreaks of cryptosporidiosis were reported for
either location. Blood samples for this study were collected during 4 periods (matched for seasonality): April–July
2006 (period 1), August–October 2006 (period 2), April–
July 2008 (period 3), and August–October 2008 (period 4).
Waterborne Oocyst Data

Potential exposure to waterborne oocysts was assessed
by examining data on oocyst counts, which was routinely
collected from the respective supplies for regulatory purposes. To reduce sampling bias, large sample volumes
(≈1,000 L), collected before and after filtration, were used
for oocyst detection. Filtamax filters (Genera Technologies,
Newmarket, UK) were used for posttreatment water sampling; Cuno (3M, Bracknell, UK) filters were used for pretreatment water sampling because of their higher turbidity.
Blood Sample Collection and Donor Questionnaires

Blood donors from Glasgow and Dundee were informed of the aims of the study and asked to consent to
participate for the duration of the project. At each blood donation session attended during the study period, volunteers
were asked to confirm their agreement to allow a sample
to be used for the study and to provide information about
recent known exposure to potential risk factors for Cryptosporidium infection. Blood samples (1 mL) were sent in
heparinized containers to the Scottish Parasite Diagnostic
Laboratory for analysis.
Western Blot

Serum samples were analyzed by using immunoblot (mini-format) to measure IgG response to the 27-kDa
antigen. The analytical methods are described elsewhere
(14,16,17). However, because locally available human serum for use as positive control was insufficient, the positive
control was derived from serum from a rabbit that had been
immunized with a soluble lysate of C. parvum in Freund’s
complete adjuvant.
Before each blood collection period, fresh rabbit control serum was prepared, aliquoted, and frozen. Serum
samples (Dundee and Glasgow) from each collection period were tested in the same set of test runs, which enabled
comparison of potential differences between the 2 geographic locations. Oocysts (Iowa isolate) were imported
from the University of Arizona (Tucson, AZ, USA). The
intensity of the serologic response to the antigen was digitally analyzed by using a Gel Doc 2000 Imaging System
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(Bio-Rad, Hercules, CA, USA). The intensity of each band
was standardized by comparing the response intensity of
each serum sample against a positive control (expressed as
percentage positive response [PPR]). PPR standardization
was performed by comparing the intensity of the study serum band with that of the positive control band from the
same blot.
Statistical Methods

To achieve a power of 95% for detecting a difference
of at least 10% in seropositivity between prefiltration and
postfiltration blood samples in the Glasgow cohort, 700 donors were required from Glasgow and 290 from Dundee.
These numbers were based on results of the McNemar test
and an assumption that ≈30% of the prefiltration samples
would be seropositive. According to results of a standard
normal test for differences in proportions, the power to detect a seropositivity difference between the cohorts of at
least 10% would be >90%.
Several statistical methods, including univariate (χ2
or Fisher exact test) and multivariate techniques, simultaneously considered several explanatory variables and serologic values. The type of multivariate regression model
used was dictated by the distribution of the response variables: linear regression for continuous (PPR) and logistic
regression for binary (positive/negative) responses.
Each participant should have had serologic results
from 4 periods, and results were expected to correlate with
each other. To enable repeated observations from the same
participants over time, we used mixed-effect regression
models. These methods maximized the data at each period
and accounted for new participants recruited to replace
those lost to attrition.
Measurement of Seropositivity

Antibody levels in immunized rabbits are probably
higher than those in humans exposed to low levels of oocysts in the environment. Seropositivity was measured
relative to the positive (rabbit serum) control (0 to >100%
PPR). Some of the analyses used the actual PPR measurements; others required a binary measure (positive/negative
response). For the latter analyses, a PPR level had to be
selected to designate what constituted a positive response.
Seropositivity can therefore vary, depending on the cutoff
threshold value used to compare with the positive control.
Other studies of Cryptosporidium antibody seroprevalence that used serum from human patients rather than
immunized rabbits have used a 20% cutoff threshold to
designate positivity (13–15,19). In such studies, Cryptosporidium antibody seroprevalence has been 48%–76% of
the study populations. Because our study used 20% PPR
as the cutoff threshold, overall prevalence of antibodies
against Cryptosporidium was similar for the entire study
72

cohort (75%). Had the cutoff been increased to 30% PPR,
then 64% of the entire cohort would have been designated
as having a positive serologic response.
The choice of PPR cutoff threshold affected our ability to detect significant changes in the proportion of each
cohort who were antibody positive. To determine what effect different PPR cutoffs would have on the analyses, we
conducted a sensitivity analysis; as the PPR cutoff value
increased, the chance of detecting a significant difference
also increased.
Multivariate Analysis of Risk Factors and
Serologic Responses

Logistic models were fitted to the logistic response by
dichotomizing the response at different PPR cutoff values;
those >20% were designated as positive. Within the logistic models, we fitted a series of contrasts, which enabled
us to test differences in serologic responses linked to differences in risk factor exposures between the cohorts and
between collection periods. From the 8 main observation
categories (2 cities and 4 periods), 7 comparisons (contrasts) were generated and used to assess variations in the
proportions of persons with a positive serologic response.
The main study hypothesis was that the introduction of
filtration to the Glasgow supply would be associated with
a change in seroprevalence levels in the Glasgow cohort.
The prefiltration/postfiltration effect in Glasgow, compared
with this effect in Dundee, was the major comparison used
in the sensitivity analysis for choosing the optimal PPR
cutoff for the main statistical analyses. Analyses of logarithmically transformed PPRs were used to identify relative
differences across collection periods and city cohorts. We
also compared the exposure risk profiles of those who had
no (0) detectable responses with those who had some (>0)
serologic responses by using χ2 tests.
Unless otherwise stated, we used R software version
2.80 (www.R-project.org) for the statistical analysis and
Minitab statistical software version 14 (www.minitab.com)
for information collation. In general, a significance level of
5% (p<0.05) was used for all analyses. However, because
repeated tests were conducted for the same variable (the
serologic response), the level used to assess statistical significance was corrected by using the Bonferroni correction.
Because there were 31 demographic risk factor questions, a
corrected significance level of 0.0016 (0.05/31), rather than
the standard 0.05, was used.
Results
Study Participants

The original cohort consisted of 791 blood donors
from Glasgow and 260 from Dundee. However, not all the
original participants remained in the study, and some were
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replaced by new recruits (Table 1). The total number of
study participants was therefore 1,437. Some participants
did not donate blood during all 4 collection periods; others
donated >1 time during some collection periods.
Oocyst Counts

Before September 2007, the oocyst detection rate in
Clatto (final water) averaged 4.4 × 10–4 oocysts per 10 L
(Table 2). During this period, consumers of Loch Katrine
water were exposed to 13.2 × 10–4 oocysts per 10 L, which
is 3 times higher. Therefore, the risk for waterborne infection was potentially greater for Glasgow residents. After
filtration was introduced at Loch Katrine, the oocyst count
decreased to zero in final water, representing complete removal of waterborne oocysts. During this period, consumers of Clatto water were also exposed to fewer oocytes (average 1.15 × 10–4 oocysts/10 L, reduced from the original
4.4 × 10–4 oocysts/10 L). Thus, both cohorts were exposed
to reduced oocyst contamination in the drinking water, but
the magnitude of reduction was greater for the Glasgow
cohort (100% reduction) than for the Dundee cohort (75%).
Speciated oocysts were C. parvum, C. bovis, C. ubiquitum,
and other environmental genotypes. However, C. hominis
was never isolated from either drinking water supply during the study period.
Questionnaire Responses

Few statistically significant differences in demographic or exposure risk factor variables were found between the
2 cohorts (Table 3). The relative similarity in demographic
and risk factor profiles between the Glasgow and Dundee
cohorts indicated that the populations were comparable.
During the first period, more Glasgow participants consumed bottled water and fewer consumed unboiled drinking
water than did their Dundee counterparts (p<0.001). Fewer
participants in each cohort reported swimming after September 2007 than before (p = 0.011 and p = 0.015, respectively).
Serologic Responses

According to univariate analyses, the only significant
difference was that participants who had no (0) antibody
response were significantly younger (p<0.001) than those
with a detectable (>0) serologic response. The importance
of age to participant serologic response was also assessed

by using a linear model fitted to the square root of the
serologic response (to normalize the distribution). In this
model, age was associated with a statistically significant
difference in the serologic response (p<0.0001); for each
additional year of age, the serologic response increased
by ≈0.35%.
In this study, serologic response to Cryptosporidium
oocysts was positive for 75% of participants in both cohorts. The mean serologic response showed an overall increase over the 3-year period, as measured by the proportion with a serologic response (positive/negative, logistic
model) and the average PPR (linear model) in both cohorts
(Figure). Both cohorts showed an overall increase over the
whole 3-year period, as measured by the proportion with
a serologic response (positive/negative, logistic model)
and by the average PPR (linear model) (Figure). For periods 1 and 2, the responses for the Glasgow cohort were
higher than those for Dundee. However, for the Glasgow
cohort, the average serologic response (PPR) for period 3
dropped below that for period 2. This finding coincided
with the introduction of enhanced filtration treatment at
Loch Katrine in September 2007. The Glasgow response
during period 3 was also lower than the Dundee response
during period 3. Although for period 4, the average serologic response among participants in both cohorts again
increased, the mean response for Glasgow remained lower
than that for Dundee.
Further analysis of the data, with the second linear
mixed effects model fitted to the log of the PPR, indicated
that mean serologic responses for Glasgow participants
decreased by 32%, compared with those for Dundee participants, after enhanced filtration began at Loch Katrine
(Table 4). This step-change reduction was statistically associated with introduction of the new treatment.
The mixed regression analysis of other risk factors
for exposure to Cryptosporidium oocysts identified 4 positive findings, although none was statistically significant
(by Bonferroni correction). Average serologic response to
Cryptosporidium oocyst antigen was lower among participants who owned pets than among those who did not (p =
0.034), higher among those who had been swimming in the
United Kingdom (p = 0.091), higher among those who consumed water from private supplies (p = 0.087), and lower
among those who drank bottled water (p = 0.051).

Table 1. Participants in study of antibodies against Cryptosporidium in drinking water, Scotland, UK, 2006–2008
Study period
Participants
1 (2006 Apr–Jul)
2 (2006 Aug–Oct)
3 (2008 Apr–Jul)
4 (2008 Aug–Oct)
Previous participants*
1,051
750
608
911
New recruits
0
133
253
0
Total
1,051
883
861
911
By city
Glasgow
791
671
638
698
Dundee
260
212
223
213
*Donated blood at least 1 time since period 1.
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Table 2. Concentration of oocysts in drinking water before and
after September 2007 installation of filtration system in Glasgow,
Scotland, UK
Concentration of oocysts/10 L
Reduction,
Location, period
Raw
Final
%
Dundee
Before
0.000850
0.000439
48
After
0.001979
0.000115
94
Glasgow
Before
0.004219
0.001320
69
After
0.000855
0.000000
100

Using the interactions model, we investigated the effect of introducing filtration in Glasgow and how this was
associated with the sources of water consumed. The coefficients of all of these potential interactions were negative,
providing evidence that enhanced filtration at Loch Katrine reduced serologic responses among all participants in
Glasgow, regardless whether they drank only unboiled tap
water, only bottled water, or both. Serologic response reduction was largest among participants who consumed any
bottled water (either solely or in combination with unboiled
tap water). However linear, quadratic, and cubic analyses
indicated no evidence of a direct statistically significant
association between the reported quantity of bottled water consumed and the reduced serologic response (i.e., no
dose–response effect).
Discussion
Opportunities to study the public health effects of major infrastructure changes are uncommon. Blood donors
provide a convenient sample; they are relatively healthy,
accessible, and generally cooperative. However, because
they are predominantly younger to middle-aged adults,
they are not completely representative of the population.
Hence, the results of this study might be less applicable to
children or elderly persons.
In this survey, serologic response to the 27-kDa Cryptosporidium oocyst protein was detected in 64%–75% of
the total cohort. These findings are consistent with those
from other populations served by surface-water sources
(14,19). However, the aspects of this study that advance

previous knowledge are as follows: the study involved a
large number of participants in distinct cohorts followed
over a considerable period, there was a defined intervention
in one population but not the control population, and we
sought to collect data on demographics and changes to biologically plausible risk factor exposures each time a participant donated a blood sample. The prospective cohort study
design is a relatively robust epidemiologic method; high
participant numbers enabled robust statistical analyses.
We were primarily interested in evidence of serologic
response to oocyst exposure spanning a long period, as opposed to recent, acute exposure. Other serologic studies
have assessed IgG serologic responses to the 15/17-kDa
complex and the 27-kDa protein (13–15,17,19). After exposure to Cryptosporidium oocysts, a serologic response to
both of these antigen groups usually peaks 4–6 weeks later
(20). The 15/17-kDa marker declines to baseline levels in
4–6 months, but the 27-kDa marker remains elevated for at
least 6–12 months. Because the 27-kDa response is considered a reliable marker for exposure to Cryptosporidium oocysts, we do not believe that our not investigating serologic
responses to the 15/17-kDa complex devalues our findings.
The Western blot method compared each serum sample with a positive control. Ideally, the positive control serum would have been derived from clinically ill persons,
but because we did not have access to enough such serum to compare with >3,700 participant samples, we used
rabbit-derived positive control serum. Although this form
of calibration is recognized as acceptable for serologic
studies, it is a possible limitation to this study despite the
fact that our primary focus was detecting evidence of low
level oocyst exposure, not confirming a clinical diagnosis
of infection.
By using several statistical models, we detected a
marked and dramatic step-change reduction in the seroprevalence of antibodies against Cryptosporidium among blood
donors from the Loch Katrine water supply area after introduction of enhanced water filtration. We detected no corresponding step-change in seroprevalence among the control
(Dundee) participants. The collated evidence suggests that

Table 3. Demographic characteristics of participants in study of antibodies against Cryptosporidium in drinking water, Scotland, UK,
2006–2008*
Location, water filtration status
Dundee
Glasgow
Characteristic
Before
After
Before
After
Mean age, y
42.3 (40.8–43.9)
45.5 (43.8–47.2)
38.8 (37.9–39.6)
42.7 (41.7–43.6)
Female, %
44.2 (38.3–50.3)
45.2 (38.7–52)
47.1 (43.9–50.3)
43.1 (39.6–46.8)
Swam in past 12 mo, %
64.6 (58.6–70.2)†
48.3 (41.6–55.1)‡
58.4 (55.1–61.5)†
50.1 (46.4–53.7)‡
Have with <5 children, %
8.5 (5.7–12.5)†
9.5 (6.2–14.3)‡
7.4 (5.9–9.2)†
7.5 (5.8–9.7)‡
Have pets, %
43.8 (37.9–49.9)†
38.8 (32.4–45.5)‡
32.3 (29.3–35.4)†
30.8 (27.5–34.3)‡
Drink unboiled water, %
96.2 (93.1–97.9)†
95.2 (91.4–97.4)‡
89.2 (87.1–91.1)†
88.4 (85.8–90.5)‡
Drink bottled water, %
69.2 (63.4–74.5)1
63.2 (56.4–69.4) ‡
77.4 (74.6–80)†
73.7 (70.3–76.8)‡
*Before, before filtration in Glasgow (periods 1 and 2); after, after filtration in Glasgow (periods 3 and 4).
†Percentage of persons who answered “yes” to the question at period 1, period 2, or both.
‡Percentage of persons who answered “yes” to the question at period 3, period 4, or both.
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this effect was mainly, if not solely, attributable to the introduction of filtration to the Loch Katrine water supply.
Given the fact that the serologic response levels (PPR)
continued to increase after the oocysts were eliminated
from the Loch Katrine water source, this study supports evidence that oocysts from other environmental sources stimulate background immunity levels. Exposure to oocysts
through other sources (e.g., animal contact and contaminated food) might be at least as common as exposure through
contaminated drinking water and might be more likely to
transmit a higher dose of oocysts.
The study demonstrated that serologic responses to
Cryptosporidium oocyst exposure were more likely (although not statistically significantly) to be higher among
participants who ingested water while swimming in an
indoor swimming pool or drank tap water from a private
supply than among those who did not. The protective effect of antibody levels induced by such exposures is unknown; clinical cases of cryptosporidiosis have also been
associated with swimming pools and private water supplies
(21,22). More frequent use of water for recreational and
other purposes might therefore increase the overall level of
oocyst exposure, but it might also confer some resistance to
infection on a per-event basis (23).
The observation in this study that age correlates with
increased serologic response to Cryptosporidium antigen
has been observed among persons with gastrointestinal and
other infections (24–26). Children are more susceptible to
gastrointestinal infection (including cryptosporidiosis) than
adults, partly because adults have higher serum/mucosal
antibody levels induced by the number of pathogen exposures during their lifetime (15,26).
Because partial (probably protective) immunity develops among persons with previous or ongoing exposure to

Figure. Mean percentage positive response (PPR) (IgG) to the
27-kDa antigen of Cryptosporidium oocysts among blood donors
in Glasgow and Dundee, Scotland, 2006–2008. This graph
represents the (model estimate) geometric mean PPR for an
average participant followed up for the 4 time periods. The plot
does not represent the proportion of participants for whom serologic
response to the 27-kDa antigen was positive.

Cryptosporidium oocysts, contamination of drinking-water
sources might not necessarily manifest itself as detectable
cases or outbreaks among local residents, but it might affect casual consumers more. Increased rates of clinical disease might not be the inevitable result of ongoing chronic
low-level contamination of the water supply (4). The apparently complete removal of Cryptosporidium oocysts
from drinking water supplied by Loch Katrine might have
decreased the risk for waterborne illness. However, this
reduction of low-level immune system stimulation might
have paradoxically increased risk for infection from other
sources of exposure.

Table 4. The coefficients and significance of the terms used in the second linear mixed effects model fitted to the log of the percentage
positive response*
Coefficient
Coefficient exponentiated
% Difference
Model element
Value (95% CI)
p alue
(95% CI)
(95% CI)
Intercept
2.79 (2.61 to 2.98)
0.0000
16.32 (13.57 to 19.63)
NA
City†
0.09 (0.02 to 0.15)
0.0077
1.09 (1.02 to 1.17)
19 (5 to 33)
Pre/post filtration periods‡
0.29 (0.24 to 0.33)
0.0000
1.33 (1.27 to 1.4)
66 (54 to 79)
Period 2 vs. period 1§
0.16 (0.1 to 0.22)
0.0000
1.17 (1.1 to 1.25)
34 (20 to 49)
Period 4 vs. period 3¶
0.12 (0.06 to 0.19)
0.0004
1.13 (1.06 to 1.21)
26 (11 to 42)
Pre/postfiltration, Glasgow vs. Dundee#
0.0000
0.84 (0.8 to 0.88)
0.17 (0.22 to 0.12)
32 (40 to 23)
Period 2 vs. period 1, Glasgow vs. Dundee**
0.06 (0 to 0.12)
0.0690
1.06 (1 to 1.13)
12 (1 to 26)
Period 4 vs. period 3, Glasgow vs. Dundee††
0.07 (0 to 0.14)
0.0475
1.07 (1 to 1.15)
14 (0 to 29)
Minimum donor age‡‡
0.02 (0.01 to 0.02)
0.0000
1.02 (1.01 to 1.02)
NA

*Calculated for study of antibodies against Cryptosporidium spp. in drinking water, Scotland, 2006–2009. NA, not applicable.
†Negative value implies fewer/lower serologic responses in Glasgow than in Dundee, averaged over the 4 periods.
‡Positive value implies more/higher responses in periods 3 and 4 compared with periods 1 and 2, averaged over the periods and cities. Periods 3 and 4
are post filtration in Glasgow.
§Positive value implies more/higher responses during period 2 compared with period 1, averaged over the cities.
¶Positive value implies more/higher responses during period 4 compared with period 3 averaged over the cities.
#Negative value implies fewer/lower responses after filtration (period 3 and 4) at Glasgow than at Dundee. This is a comparison of the change in
response from periods 1 and 2 with periods 3 and 4 in Glasgow with the same change in Dundee.
**Positive value implies more/higher change in responses at Glasgow than at Dundee in period 2 compared with period 1.
††Positive value implies more/higher change in responses at Glasgow than at Dundee in period 4 compared with period 3.
‡‡Earliest age at which a sample was collected from a donor.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 20, No. 1, January 2014

75

RESEARCH
Acknowledgments
We thank the Scottish National Blood Transfusion Services
for their invaluable participation in this study and acknowledge
the Scottish Government for the funding of this project. Special
thanks go (posthumously) to Huw Smith, who provided the specialist parasitology expert advice for the study and facilitated the
serologic testing.
Dr Ramsay is a consultant epidemiologist in environmental public health at Health Protection Scotland. His research
interests include environmentally related disease and health
effects of exposure to chemical and microbiological waterborne hazards.

14.

15.

16.

17.

References
1.

2.
3.

4.

5.

6.

7.
8.

9.

10.

11.
12.
13.

76

Hunter PR, Hughes S, Woodhouse S, Raj N, Syed Q, Chalmers
RM, et al. Health sequelae of human cryptosporidiosis in immunocompetent patients. Clin Infect Dis. 2004;39:504–10. http://dx.doi.
org/10.1086/422649
Thabane M, Marshall JK. Post-infectious irritable bowel syndrome.
World J Gastroenterol. 2009;15:3591–6. http://dx.doi.org/10.3748/
wjg.15.3591
Hunter PR, Nichols G. Epidemiology and clinical features of
Cryptosporidium infection in immuno-compromised patients.
Clin Microbiol Rev. 2002;15:145–54. http://dx.doi.org/10.1128/
CMR.15.1.145-154.2002
McAnulty JM, Keene WE, Leland D, Hoesly F, Hinds B, Stevens
G, et al. Contaminated drinking water in one town manifesting
as an outbreak of cryptosporidiosis in another. Epidemiol Infect.
2000;125:79–86. http://dx.doi.org/10.1017/S0950268899004136
Goh S, Reacher M, Casemore DP, Verlander NQ, Chalmers R,
Knowles M, et al. Sporadic cryptosporidiosis, North Cumbria,
England, 1996–2000. Emerg Infect Dis. 2004;10:1007–15. http://
dx.doi.org/10.3201/10.3201/eid1006.030325
Goh S, Reacher M, Casemore DP, Verlander NQ, Charlett A,
Chalmers RM, et al. Sporadic cryptosporidiosis decline after
membrane filtration of public water supplies, England, 1996–2002.
Emerg Infect Dis. 2005;11:251–9.
Smith HV, Robertson LJ, Ongerth JE. Cryptosporidiosis and giardiasis:
the impact of waterborne transmission. Journal of Water Supply:
Research and Technology. 1995;44:258–74.
Smith HV, Patterson WJ, Hardie R, Greene LA, Benton C, Tulloch W,
et al. An outbreak of waterborne cryptosporidiosis caused by
post-treatment contamination. Epidemiol Infect. 1989;103:703–15.
http://dx.doi.org/10.1017/S0950268800031101
Mac Kenzie WR, Hoxie NJ, Proctor ME, Gradus MS, Blair KA,
Peterson DE, et al. A massive outbreak in Milwaukee of
Cryptosporidium infection transmitted through the public water
upply. N Engl J Med. 1994;331:161–7. http://dx.doi.org/10.1056/
NEJM199407213310304
Smith HV, Grimason AM. Giardia and Cryptosporidium in water
and wastewater. In: Duncan M, Horan NJ, editors. Handbook of
water and wastewater microbiology. London: Academic Press;
2003. p. 695–756.
Pollock KGJ, Young D, Smith HV, Ramsay CN. Cryptosporidiosis
and filtration of water from Loch Lomond, Scotland. Emerg Infect
Dis. 2008;14:115–20. http://dx.doi.org/10.3201/eid1401.070562
Juranek DD. Cryptosporidiosis: sources of infection and guidelines for prevention. Clin Infect Dis. 1995;21(Suppl 1):S57–61.
http://dx.doi.org/10.1093/clinids/21.Supplement_1.S57
Frost FJ, Muller T, Craun FG, Calderon RL, Roefer PA. Paired
city Cryptosporidium serosurvey in the southwest USA.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Epidemiol Infect. 2001;126:301–7. http://dx.doi.org/10.1017/
S0950268801005337
Frost FJ, Kunde TR, Muller TB, Craun GF, Katz LM, Hibbard AJ,
et al. Serological responses to Cryptosporidium antigens
among users of surface- vs ground-water sources. Epidemiol
Infect.
2003;131:1131–8.
http://dx.doi.org/10.1017/S095026
8803001341
Frost FJ, Roberts M, Kunde TR, Craun G, Tollestrup K, Harter L,
et al. How clean must our drinking water be: the importance of
protective immunity. J Infect Dis. 2005;191:809–14. http://dx.doi.
org/10.1086/427561
Chappell CL, Okhuysen PC, Sterling CR, Wang C, Jakubowski
W, Dupont HL. Infectivity of Cryptosporidium parvum in healthy
adults with pre-existing anti–C. parvum serum immunoglobulin G.
Am J Trop Med Hyg. 1999;60:157–64.
Elwin K, Chalmers RM, Hadfield SJ, Hughes S, Hesketh LM,
Rothburn MM, et al. Serological responses to Cryptosporidium
in human populations living in areas reporting high and low incidences
of symptomatic cryptosporidiosis. Clin Microbiol Infect. 2007;13:1179–
85. http://dx.doi.org/10.1111/j.1469-0691.2007.01823.x
National Health Service for Scotland, Greater Glasgow Outbreak
Control Team. Report of an outbreak of cryptosporidiosis in the
area supplied by Milngavie Treatment Works–Loch Katrine water.
Glasgow (Scotland): Department of Public Health, Greater Glasgow
Health Board; 2001.
Kozisek F, Craun GF, Cerovska L, Pumann P, Frost F, Muller T.
Serological responses to Cryptosporidium-specific antigens in
Czech populations with different water sources. Epidemiol Infect.
2008;136:279–86. http://dx.doi.org/10.1017/S0950268807008370
Moss DM, Chappell CL, Okhuysen PC, Dupont HL, Arrowood
MJ, Hightower AW, et al. The antibody response to 27-, 17and 15-kda Cryptosporidium antigens following experimental
infection in humans. J Infect Dis. 1998;178:827–33. http://dx.doi.
org/10.1086/515377
Boehmer TK, Alden NB, Ghosh TS, Vogt RL. Cryptosporidiosis from a community swimming pool: outbreak investigation and
follow-up study. Epidemiol Infect. 2009;137:1651–4. http://dx.doi.
org/10.1017/S0950268809002696
Pollock KGJ, Ternent HE, Mellor DJ, Chalmers RM, Smith
HV, Ramsay CN, et al. Spatial and temporal epidemiology
of sporadic human cryptosporidiosis in Scotland. Zoonoses
Public Health. 2010;57:487–92. http://dx.doi.org/10.1111/j.18632378.2009.01247.x
Schijven J, de Roda Husman AM. A survey of diving behaviour
and accidental water ingestion among Dutch occupational and sport
divers to assess the risk of infection with waterborne pathogenic
microorganisms. Environ Health Perspect. 2006;114:712–7. http://
dx.doi.org/10.1289/ehp.8523
Reymond D, Johnson RD, Karmali MA, Petric M, Winkler M, Johnson S, et al. Neutralizing antibodies to Escherichia coli Vero cytotoxin
1 and antibodies to O157 lipopolysaccharide in healthy farm family
members and urban residents. J Clin Microbiol. 1996;34:2053–7.
Badami KG, McQuilkan-Bickerstaffe S, Wells JE, Parata M.
Cytomegalovirus seroprevalence and ‘cytomegalovirus-safe’
seropositive blood donors. Epidemiol Infect. 2009;137:1776–80.
http://dx.doi.org/10.1017/S0950268809990094
Ang CW, Teunis PF, Herbrink P, Keijser J, Van Duynhoven YH,
Visser CE, et al. Seroepidemiological studies indicate frequent
and repeated exposure to Campylobacter spp. during childhood.
Epidemiol Infect. 2011;139:1361–8. http://dx.doi.org/10.1017/
S0950268810002359

Address for correspondence: Colin N. Ramsay, Health Protection
Scotland, Clifton House, Clifton Place, Glasgow, Scotland G3 7LN, UK;
email: colin.ramsay@nhs.net

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 20, No. 1, January 2014

