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SUMMARY

Previous evidence has suggested an association between cryptosporidiosis and consumption of
unfiltered drinking water from Loch Katrine in Scotland. Before September 2007, the water was
only micro-strained and chlorinated; however, since that time, coagulation and rapid gravity
filtration have been installed. In order to determine risk factors associated with cryptosporidiosis,
including drinking water, we analysed data on microbiologically confirmed cases of
cryptosporidiosis from 2004 to 2010. We identified an association between the incidence of
cryptosporidiosis and unfiltered Loch Katrine drinking water supplied to the home (odds ratio
1·86, 95% confidence interval 1·11–3·11, P=0·019). However, while filtration appears to be
associated with initially reduced rates of cryptosporidiosis, evidence suggests it may paradoxically
make those consumers more susceptible to other transmission routes in the long-term. These
findings support implementation of similar treatment for other unfiltered drinking-water supplies,
as a means of reducing cryptosporidiosis associated with drinking water.
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INTRODUCTION

Drinking water contaminated with Cryptosporidium
oocysts is an established risk factor for human illness
[1–3]. Contamination of drinking water can arise from
a variety of sources [4] including raw water and post-
treatment contamination with oocysts from infected
humans, livestock and feral animals. Oocysts can
remain infectious in the environment and water
for prolonged periods and are resistant to most

disinfectants used to treat drinking water. In-
adequate treatment of drinking water can permit
transmission of infectious oocysts to susceptible
consumers [5–7]. Although infection in immuno-
competent people generally results in a self-limiting
diarrhoeal illness, cryptosporidiosis in the immuno-
deficient can result in extra-intestinal disease and
life-threatening wasting and malabsorption [8].

The response by the water industry to Cryptospori-
dium contamination of drinking water has been to
establish effective multiple barrier water treatment
systems, using a variety of methods, in an effort to
reduce this pathogen from drinking-water supplies.
These include coagulation, rapid gravity filtration
(RGF), dissolved air flotation (DAF) and membrane
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filtration [3]. We previously performed a retrospective
analysis of Cryptosporidium incidence in a population
supplied with drinking water, where introduction
of both coagulation and RGF had a demonstrable
association with a reduction in local incidence rates
of cryptosporidiosis [6].

Low levels of oocysts have been detected in 65–97%
of surface-water supplies, suggesting that many
populations may be at risk of waterborne infection
[7, 9]. In Scotland, the majority of drinking-water
supplies to urban areas have had effective forms of
water treatment, capable of significantly reducing the
Cryptosporidium load in final drinking water. Until
September 2007, the Loch Katrine system, which
supplies much of the Glasgow and Clyde population
had only micro-straining and chlorination but not
filtration (Fig. 1). In 2000, an outbreak of cryptospori-
diosis in Glasgow residents was associated with
drinking water from Loch Katrine [10]. The catch-
ment area around Loch Katrine had a large sheep
population, as well as cattle. Livestock were removed
from the catchment area by the water authorities, fol-
lowing the outbreak although there was no microbio-
logical evidence that these animals were the source of
the outbreak [11]. Furthermore, in order to eliminate
Cryptosporidium from Loch Katrine-sourced water,
coagulation and RGF was introduced as a treatment
to the Loch Katrine supply in September 2007.

In order to determine whether Loch Katrine-
sourced water was associated with the local incidence
of cryptosporidiosis, we performed a retrospective
cohort study of all laboratory-confirmed cases in
the Glasgow & Clyde area between 2004 and 2010,
3 years either side of the introduction of water fil-
tration. Our hypothesis was that if a proportion of
clinical illness was attributable to drinking unfiltered
Loch Katrine water, then the incidence should have
decreased after the introduction of enhanced water
treatment. However, rates of reported cryptosporidio-
sis in the Glasgow & Clyde NHS Board area were
known to be much lower than the mean rate for
Scotland. Detecting small changes in incidence might
therefore be difficult.

METHODS

The methodology has been previously described else-
where [6]. Briefly, a retrospective cohort study of
microbiologically confirmed cases of cryptosporidiosis
was conducted involving the population of the
Glasgow & Clyde NHS Board area. The period of

study (2004–2010) was chosen to enable the detection
of any epidemiological trends in cases and in risk
factor exposures associated with cryptosporidiosis,
straddling the introduction of enhanced water treat-
ment. In order to improve the potential power of the
analysis and to improve the ability to detect a true
difference, if one existed, we pooled all cases.

Both demographic and potential risk factor data
from original NHS Health Board case investigation
records were reviewed, and were entered into an
Excel database. Using home location postal codes,
we linked cases to their drinking-water supply zone
and water source, details of which were supplied by
Scottish Water. For analysis, cases were divided into
two groups according to the source of drinking
water at the home address (Loch Katrine or other
source, i.e. not Loch Katrine). Water treatment for
the ‘not Loch Katrine’ drinking water supply did
not change from 2004 to 2010. We used the date
of laboratory confirmation to code the variables
before/after filtration, based on 1 October 2007 as
the cut-off.

The potential waterborne oocyst exposure during
the study period was addressed using weekly data col-
lected on the levels of oocyst contamination detected
in the Loch Katrine drinking-water supply. Large
sample volumes (about 1000 litres) were used for
oocyst detection to reduce scope for sampling bias,
taken at points before and after filtration, i.e. raw
and final, treated water. ‘Genera’ filters were used
for final water sampling; ‘Cuno’ filters (3M, UK &
Ireland) were used for raw water samples due to the
higher turbidity of these samples.

Descriptive statistics were used to describe the
characteristics of cases and the distribution of cases
by water source, before and after the introduction of
enhanced physical treatment at Loch Katrine. Cases
associated with different water sources were compared
using Mann–Whitney tests for quantitative variables
and χ2 tests for qualitative variables. A χ2 test was
then performed to investigate any difference in the
distribution of cases in people who received water
from Loch Katrine or from other sources, before
and after the introduction of enhanced treatment
of Loch Katrine water. The factors with χ2 P values
< 0·10 were included in a multiple logistic regression
model and we used backward selection by removing
the least significant factor at each stage. Unless other-
wise stated, Minitab statistical software, version 14
(www.minitab.com) was employed at a significance
level of 5% for all analyses.
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Fig. 1 [colour online]. Layout of Loch Katrine supply to Glasgow.
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RESULTS

Of the 452 microbiologically confirmed cases, 15 had
no date of laboratory confirmation and were excluded
from further analysis. Although there were no
reported outbreaks in Glasgow and Clyde between
2004 and 2010, there was a large outbreak in 2005,
associated with a wildlife centre in Perthshire, 50 km
distant from Glasgow [12]. Nineteen cases from
Glasgow and Clyde were known to have visited
this wildlife park during the exposure period; both
microbiological and epidemiologicalal investigations
defined these as outbreak-associated cases and so
these were also excluded. A small number of cases
(n=23) had no defined water source or were supplied
via a private water source, therefore the actual number
in the final analysis was 395 (Table 1).

There was no association between water source,
gender or age, i.e. those living in the area supplied
by Loch Katrine had a similar demographic profile
to non-Loch Katrine distributed water. This did not
change after filtration was introduced in September
2007. The period incidence of cases supplied with
water from Loch Katrine was 7·5 cases/100000
population before filtration (September 2007) and

5 cases/100000 after filtration (Table 2). The period
incidence of cases who received water from other
water sources in the Glasgow & Clyde region was
9·9/100000 before October 2007 and 10·7/100000
after. By comparison, the period incidence of cases
in the rest of Scotland was 35·7/100000 before
October 2007 and 33·8/100000 after.

The period incidence of cases of Cryptosporidium
spp. for the Loch Katrine supply area in the
Glasgow & Clyde region was analysed for cases before
and after filtration (Table 3). Comparison of the
observed and expected data illustrates that fewer
cases of C. parvum occurred in the area supplied by
Loch Katrine after enhanced treatment than would
have been expected (P=0·025). Consequently, there
were more cases of C. hominis in the Loch Katrine
supply area, after filtration.

Before September 2007 (the introduction of fil-
tration to Loch Katrine) the oocyst detection rate in
Glasgow (final water) averaged 13·2×10−4/10 litres
(Table 4). Following the introduction of filtration
at Loch Katrine, the oocyst count decreased to zero
in final water, representing complete removal of
waterborne oocysts.

Comparison of the observed and expected values
(Table 1) illustrates that fewer cases occurred in the area
supplied by Loch Katrine after enhanced treatment
than would have been expected if there had been no

Table 1. Distribution of cases of cryptosporidiosis
in Greater Glasgow & Clyde NHS Board area by
drinking-water source, before and after the introduction
of filtration on Loch Katrine water, Scotland

Relation to enhanced
water filtration*

Water source, no.†

Loch Katrine Other All

Before 89 (78) 118 (129) 207
After 60 (71) 128 (117) 188
All 149 246 395

* Coagulation and rapid gravity filtration, introduced in
September 2007.
†Numbers in parentheses are cases expected under the null
hypothesis (i.e. no association between water supply and
filtration).

Table 2. Period incidence of cryptosporidiosis
cases/100000 population in Greater Glasgow & Clyde
(GG&C) NHS Board area and Scotland, 2004–2010

Cases by drinking-water
source

Jan. 2004–
Sept. 2007

Oct. 2007–
Dec. 2010

GG&C, Loch Katrine 7·5 5·0
GG&C, non-Loch Katrine 9·9 10·7
Rest of Scotland 35·7 33·8

Table 3. Period incidence of Cryptosporidium spp.,
per 100000 population in Loch Katrine supply area of
Greater Glasgow & Clyde NHS Board, 2005–2010

Species
Apr. 2005*–
Sept. 2007

Oct. 2007–
Dec. 2010

Cryptosporidium parvum 1·4 1·3
Cryptosporidium hominis 2·0 3·4

* Health Protection Scotland only received speciated data
from April 2005 via the Cryptosporidium Reference Unit,
Swansea.

Table 4. Rate of oocysts in raw and final water
before and after the installation of a filtration system
in Glasgow

Period

Concentration of
oocysts/10 litres

Reduction (%)Raw Final

Pre-filtration 0·004219 0·001320 69
Post-filtration 0·000855 0·000000 100
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association between the incidence of cases and intro-
duction of drinking-water filtration. The analysis
shows a significant association between being a case
and living in the area supplied by Loch Katrine water
before filtration was introduced (P=0·023) (Table 5).

There were a number of other putative risk factors
associated with being a confirmed case of cryptospori-
diosis (Table 5). Fewer cases than expected from
the Loch Katrine-supplied area were associated with
travel within the UK (P=0·022), while fewer cases
than expected supplied by Loch Katrine, owned pets
(P=0·019). Fewer cases than expected from the
Loch Katrine area had recreational water contact
compared to cases from non-Loch Katrine areas
(P<0·001). Finally, cases from the Loch Katrine
supply area were significantly less likely to consume
bottled water compared to their non-Loch Katrine
counterparts (P<0·005).

In the logistic regression analysis, the most signi-
ficant factor associated with being a Loch Katrine-
supplied case was consumption of unfiltered drinking
water (P=0·019) (Table 5), people who consumed
Loch Katrine water prior to the introduction of fil-
tration (vs. other studies) were significantly more likely
to be a confirmed case of cryptosporidiosis [odds ratio
(OR) 1·86, 95% confidence interval (CI) 1·11–3·11];
significantly less likely to have consumed bottled
water (OR 0·56, 95% CI 0·33–0·97), owned pets (OR
0·51, 95% CI 0·30–0·88) or had recreational water
contact (OR 0·23, 95% CI 0·14–0·38).

DISCUSSION

In Scotland, there has been an intense public interest
in the microbial quality of drinking water, largely

due to a number of high-profile outbreaks of crypto-
sporidiosis and incidents resulting in boil-water notices
[10, 13, 14]. The legacy of the Central Scotland E. coli
O157 outbreak in 1996 [15] still prompts significant
media and political interest in cases of infectious intesti-
nal disease. Multiple barrier methods have been devel-
oped for source and treatment especially in urban
areas [16]. The Loch Katrine distribution system sup-
plying much of the Glasgow and Clyde population
was an exception until September 2007.

In order to reduce the risk of waterborne crypto-
sporidiosis from Loch Katrine, coagulation and
RGF was introduced to the Loch Katrine distribution
system in September 2007. A sero-epidemiological
study was conducted to determine whether there
was evidence of an association between the seropreva-
lence to Cryptosporidium and the type of treatment
(Ramsay et al., unpublished data). As a follow-up to
this work, we collated data on all laboratory-
confirmed cases of cryptosporidiosis in the Greater
Glasgow & Clyde NHS Board area from 2004 to
2010 and performed a retrospective cohort study to
ascertain whether there was an ecological association
between exposure to unfiltered Loch Katrine-sourced
drinking water and the incidence of cryptosporidiosis.

The study provided evidence that consumers were
being exposed to infectious oocysts in minimally
treated tap water. Upgrading the water treatment,
using coagulation and RGF was associated with sig-
nificantly reduced numbers of laboratory-confirmed
cases. This is consistent with findings in similar
natural experiments involving other drinking water
supplies in the UK [3, 6, 17]. The concurrent findings
that bottled water consumption, recreational water
contact and pet ownership were inversely associated

Table 5. Reported exposure variables for cryptosporidiosis, Greater Glasgow & Clyde NHS Board area – univariate
analysis and logistic regression analysis

Variable

% of cases within
Loch Katrine
water source

% of cases not
within Loch Katrine
water source

P
value OR (95% CI)

Adjusted
P value

Pre-filtration 59·7 48·0 0·023 1·86 (1·11–3·11) 0·019
Travel in the UK 14·2 24·4 0·022 0·45 (0·23–0·88) 0·019
Travel outside UK 40·8 42·0 0·822
Contact with farm animals 13·1 16·5 0·404
Contact with farm land 13·2 20·2 0·108
Ownership of pets 28·7 41·5 0·019 0·51 (0·30–0·88) 0·016
Recreational water contact 35·5 69·7 <0·001 0·23 (0·14–0·38) <0·001
Consumption of bottled water 53·8 69·2 0·005 0·56 (0·33–0·97) 0·037
Contact with confirmed case 7·1 11·3 0·289

OR, Odds ratio; CI, confidence interval.
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with being a Loch Katrine supply area case are of
interest. While consumption of bottled water might
suggest reduced consumption of tap water and there-
fore less potential for waterborne oocyst exposure in
the Loch Katrine case cohort, the ‘protective’ element
of recreational water contact and pet ownership is
unclear although there is some evidence to suggest
that pet ownership may be protective [18].

Chappell and others [19, 20] have postulated that
protective immunity may be acquired by repeated low-
level exposure to oocysts. However, the same group
suggests that clinically apparent infection may develop
with ingestion of as little as 10 oocysts [21]. Since rec-
reational water exposure is considered one of the
strongest aetiological risk factors for infection with
Cryptosporidium [22, 23], our finding of previous rec-
reational water exposure being apparently ‘protective’
against developing cryptosporidiosis in the Loch
Katrine case cohort, is paradoxical but substantiated
elsewhere [24]. Host immunity is multi-factorial and
depends on both infectious dose and viability of the
consumed oocysts, as well as the immunological status
of the host at the time of ingestion and during the
incubation period. It is probable that susceptibility/
resistance to infection is due to key interactions in
the immunological milieu (both cellular and physical)
being significantly influenced by subtle extrinsic and
intrinsic factors, e.g. steroidal medications for under-
lying disease or endogenous stress cortisol levels
[25, 26]. This argument could be applied to pet owner-
ship but the situation is likely to be even more
complex [27].

We previously performed a study assessing fil-
tration in the Loch Lomond supply to Glasgow and
other parts of Central Scotland and observed that
the period incidence decreased from 12·6/100000 to
6·5/100000 [6]. It is interesting to note that the period
incidence per 100000 for the Loch Katrine case cohort
(before and after filtration) was lower than that
for the non-Loch Katrine case cohort. Given that
the non-Loch Katrine case cohort received filtered
water from Loch Lomond and other sources in the
Glasgow area and has done for at least 7 years, this
would suggest that rates of cryptosporidiosis are actu-
ally increasing in these areas (from 6·5/100000 for
2000–2003, to 10·7 cases/100000 for 2007–2010).

While filtration appears to be associated with
initially reduced rates of cryptosporidiosis, it may
paradoxically make those consumers more susceptible
to other transmission routes as demonstrated by an
increasing period incidence of C. hominis in the area

supplied by Loch Katrine. This finding corroborates
previous studies [20] and suggests that a reduction in
exposure to one species (C. parvum) through improved
physical treatment of drinking water might lead
to increased susceptibility to other species (e.g.
C. hominis) through other transmission routes such
as foreign travel and swimming [28, 29].

Given the ecological study design, our conclusions
are valid only at the population level; the study was
based on the water supply solely to the home location
of cases. Data on the water consumption patterns
of individuals were insufficient for us to be able
to comment on other sources of drinking-water
exposure. The ecological study method is, however,
widely accepted in environmental epidemiology,
as opportunities to collect precise environmental
exposure data on individuals are often limited.
The inferences gleaned from this study highlight the
complexities associated with exposure, infection and
immunity to Cryptosporidium.

While all known outbreak cases were excluded
from this study, it is plausible that we may have
included cases that were associated with undetected
mini-outbreaks. Since 2005, most positive isolates
for Cryptosporidium spp. have been forwarded to
the Cryptosporidium Reference Unit for speciation
and/or genotyping. In summary, our data suggest
that drinking unfiltered tap water supplied from
Loch Katrine was associated with infection with
Cryptosporidium spp. at the population level. Up-
grading the treatment using a RGF system was associ-
ated with a marked reduction in the numbers of
cryptosporidiosis cases. These findings support
implementation of similar treatment for other unfil-
tered drinking-water supplies, as a means of reducing
clinical cryptosporidiosis.
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