Comparison of inflammatory responses in human cells
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Fig. 1. Effects of lipopolysaccharides from E. cofi 055:B5 on (a) cell viability and (b) IL-8 secretion of human keratinocytes. The data
represent the mean = the standard deviation of three independent experiments, Asterisks indicate significant difference in comparison

to the cells without LPS stimulation.

LPS stimulation was observed with endotoxin stimulation
above 45000 EU/mL. The cytokine levels at different LPS
concentrations were compared in Figure 1(b) using the
amounts of cytokine production per 10° viable cells. The
IL-8 secretions were also increased significantly by stimu-
lation with endotoxins above 45000 EU/mL. The decrease
of cell counts, however, caused by the cytotoxic effect at a
higher LPS stimulation contributed significantly to these
increments. No TNF-« secretion was observed with LPS
stimulation in NHEK.

Our previous results indicated that the endotoxin levels
in water systems in Japan ranged from 10° (drinking water)
to 10¢ (effluent from sewage treatment facility) EU/mL.[1®!
The NHEK cytokine secretions occurred only with stimu-
lation at extremely high LPS concentrations compared to
the endotoxin levels in aquatic environments.

CDI14* monocytes

The cell survivals of CD14% monocytes after stimulation
with purified E. coli LPS for 6 or 24 h are shown in Figure 2.
Although there were no large changes in cell counts with
6 h stimulation, the approximately 1.5-fold cell counts after
24 h stimulation were observed in all examined endotoxin
levels (30 — 30,000 EU/mL).

The cytokine secretions, TNF-« and IL-8, are presented
in Figure 2(b). In all of the following figures, the cytokine
levels at different LPS concentrations were compared using
the amounts of cytokine production per 10° viable cells.
The IL-8 production after 6 h stimulation at 30 EU/mL
was drastically increased to 30,000 pg/10° cells. The same
Jevel of IL-8 secretion even at 0.3 EU/mL was observed
here (data not shown). At a higher range of endotoxins, the
IL-8 stayed at around 20,000 pg/ 106 cells.

On the other hand, secreted IL-8 levels were decreased to
16,000 21,000 pg/ 108 cells after 24 hours stimulation. The
TNF-« was also increased up to 4800 pg/ 109 cells by LPS
stimulation at 30 EU/mL for 6 h, but further increased to
more than 7800 pg/10° cells with LPS stimulation above
3000 EU/mL. After 24 h stimulation, the TNF-o were
then decreased to less than 260 pg/10° cells at all LPS
concentrations. These results suggested that cytokines were
secreted within 6 h and the decomposition rate of each
cytokine largely exceeded the newly secretion during the
next 18 h.

As described previously, the endotoxin levels in aquatic
environment were in the range of 10° — 10* EU/mL in
Japan!'®l, The LPS stimulation even at very low levels
caused significant cytokine secretions, and no clear dose-
dependent changes in cytokine secretions was obtained.

THP-1

The cell survivals of THP-1 after stimulation with purified
E. coli LPS for 6 or 24 h are compared in Figure 3(a).
The cell counts of THP-1 after 6 h stimulation showed no
significant change in the examined endotoxin range of 7 -
70,000 EU/mL as well as CD 14" monocytes, but the counts
were increased significantly in a dose-dependent manner
after 24 hours stimulation.

The IL-8 and TNF-« secretions after LPS stimulation are
also presented in Figure 3 (b). The cytokine productions af-
ter 6 h LPS stimulation were increased dose-dependently in
the examined endotoxin range, although the secreted levels
were 890 and 640 pg/10° cells at maximum for IL-8 and
TNF-«, respectively, which were much lower than the levels
observed in CD14% monocytes. After 24 h stimula-



1970 Ohkouchi et al.
1.6
al® sool ® | |
-d
§ 12} s 4 7 30000 p i y
3 8
> 10 e | { o 25000 | B i
¥ | @ %
'é 08} X 4 220000 - .
8
= 08| L 4 £ 15000 | : J
g £
B 04F s 4 © 10000 |- X .
S
02k X i 5000 | A .
0 ' ' Dt

i1 . An2aed] ! Al Py ~l
Control 40' 10> 40° 0*  10°

£. coll Endotoxin (EU/mL)

-——-E M s W Chpass
Control 10' 107 10° 10*  10°

E. coli Endotoxin (EU/mL)

Fig. 2. Effects of lipopolysaccharides from £. celi 055:B5 on (a) cell viability and (b) cytokine secretion of CD14* monocytes. In (a),
the viable cell count after 6-h stimulation (solid circle) and 24 h stimulation (solid square) are presented. In (b), the IL-8 afier 6 h
(solid circle) and 24 h (solid square) stimulation and the TNF-w after 6 h (open circle) and 24 h (open square) stimulation are also
presented. The data represent the mean with the range of two independent experiments.

tion, TNF-o disappeared completely, while IL-8 pro-
duction decreased, but was still detecied in the culture
medium,.

The exposure routes of endotoxins via waier in daily life
include oral ingestion, inhalation, and dermal contact, and
only inhalation route has been already identified as a health
risk factor!'®-2!, Among the examined cell lines in this in-
vestigation, NHEK is the only cells forming the boundary
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of the human body against endotoxin exposure via water in
daily life. Therefore, the obtained inflammatory responses
in NHEK could be more directly interpreted as toxicity on
the skin via dermal contact to water. Our results, however,
showed very poor inflammatory responses of NHEK with
LPS stimulation.

On the other hand, the human blood cells revealed more
sensitive responses to LPS stimulation at average levelsin an
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Fig. 3. Effects of lipopolysaccharides from E. coli 055:B5 on (a) cell viability and (b) cytokine secretion of THP-1. In (a), the viable
cell count after 6 h stimulation (solid circle) and 24 h stimulation (solid square) are presented. In (b), the IL-8 after 6 h (solid circle)
and 24 h (solid square) stimulation and the TNF-o after 6 h (open circle) and 24 h (open square) stimulation are also presented. The
cell count data represent the mean = the standard deviation of four independent experiments. The cytokine data represent the mean
with the range of two independent assays. Asterisks indicate significant difference in comparison to the cells without LPS stimulation.
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Table 1. Microbiological parameters of river water samples.

Yodo River sample

Heterotrophic plate counts (CFU/mL) 4.1x 10
Total bacterial cell counts (cells/mL) 3.9 x 10°
Total Endotoxin (EU/mL) 4.4 % 102
Free Endotoxin (EU/mL) 2.4 x 10*
Cell-bound endotoxin (EU/mL) 2.2 x 162

aquatic environment. By comparison of CD14% monocytes
with THP-1, the dose-dependent responsiveness in THP-1
could cover a wide range of endotoxin levels generally ob-
served in aquatic environments, while CD14% monocytes
significantly responded to a trace level of endotoxin. Based
on these results, THP-1 with 6-h LPS stimulation was cho-
sen for the following assay to determine the inflammatory
potencies caused by endotoxins in aquatic environments,

Obviously, there is a limitation to applying the obtained
data using these cell lines to a toxicity assessment caused
by LPS, because the blood cells are rarely exposed to them
directly except during medical care or in wound tissues.
The blood cells are usually exposed only to some portion
of inhaled or ingested endotoxins because of various phys-
ical and chemical defenses in the human body. The actual
inflammatory responses in blood cells, therefore, should be
estimated based on the internal doses, but litile information
on internal LPS doses is currently available. This limitation
of THP-1 assay system should be considered in a further
toxicity assessment, however, the assay system enables us
to detect and to compare the inflammatory potency in var-
ious water samples taken from aquatic environments or
water treatment/reclamation processes, which were con-
taminated with endotoxins at different levels,

LPS extraction from indigenous bacterial cells in agquatic
environment

Table 1 shows a summary of microbiological parameters in
the river water sample taken in the downstream area of the
Yodo River. It is a main river in the Kinki region in Japan,
and is a main resource of drinking water in Osaka City, the
second biggest city in Japan. The heterotrophic plate counts
were 4.1 x 10° CFU/mL, and the total bacterial cell counts
determined by DAPI staining were 3.9 x 10° cells/mL. This
result indicates that only 1.1% of indigenous bacteria in the
river water could be cultivated on R2A agar medium at
20°C, which is the ordinary condition for detecting het-
erotrophic bacteria in aquatic environments. Additionally,
this result suggested that such an unculturable fraction of
the aquatic bacterial community could contribute to endo-
toxins in aquatic environments.

The total endotoxins determined by LAL assay were 440
EU/mL. The free endotoxins determined after centrifu-
gation to remove cell-bound endotoxins were 240 EU/mL.
The endotoxic activity per indigenous bacterial cell was cal-
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culated as 1.1 x 10~ EU/cell in this sample. Our previous
investigation showed that the endotoxin levels in the middle
part of the river were greater than 1500 EU/mL, because
there are many contamination sources of endotoxins, such
as the inflow of effluent from several sewage treatment fa-
cilities located along the river ['8l, However, the endotoxin
contamination seemed to be partially mitigated less than
1600 EU/mL in the downstream of the Yodo River based
on our two time samplings.

The changes of total endotoxin and weight in the sample
during purification steps are shown in Table 2. After enrich-
ment with ultrafiltration membrane, the total endotoxic
activity increased by 78%. We have not yet identified the rea-
son for the endotoxin increase, but new endotoxin synthesis
with multiplication or release from existing bacteria might
have occurred becauseit took a few days to concentrate over
20 L sample by ultrafiltration. During the purification steps,
72% and 54% of the endotoxic activities were removed by
phenol extraction and RNase A treatment, respectively. In
these two steps, the losses of dry weight overwhelmed the
decrease in the total endotoxic activity, and consequently
the endotoxic activity per dry weight increased.

Phenol extraction can destroy cell membranes and re-
move proteinaceous compounds contained in bacterial cells
by denaturing, The RNase A treatment was then applied to
the crude extract, because it was considered fo still contain
abundant RNA fractions. The degraded high molecular
weight RNA could be removed by the following dialysis
in this procedure. As a result, the purity of the LPS con-
tained in the extract from indigenous bacterial cells could
be increased. Finally, the purified LPS sample exhibited
1.29 x 10° EU/mg.

Inflammatory responses caused by LPS derived from
indigenous bacteria in aguatic envivorment

The THP-1 cell viability after 6 h stimulation with purified
LPS from the river water samples, called environmental
LPS here, is presented in Figure 4(a). The cell viability was
increased by 20% with LPS stimulation in all examined
ranges. This result was inconsistent with the observation in
THP-1 cells stimulated with the purified E. coli LPS for 6 h.
There are two possible reasons for the difference, The first
is that the remaining contaminant substances except LPS,
which are hydrophilic high molecular weight organic com-
pounds and could not be removed by phenol exiraction
or the following dialysis, could activate THP-1 cells. The
second is that the variety of LPS structures in environmen-
tal bacteria could affect the cell viability. Unfortunately,
there is no clear evidence to identify which factor could
contribute more to the THP-1 activation at this stage.

The IL-8 and TNF-« secretions from THP-1 are com-
pared in Figure 4(b), and both secretions were increased in
a dose-dependent manner. It is of note that the environmen-
tal LPS induced stronger inflammatory responses in THP-1
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Table 2, Purification of LPS from indigeneous bacterial cells in the river water sample.

Total endotoxic activity

Endotoxic activity per dry

(EU) Dry weight (mg) weight (EU/mg) Relative purity* (%)
River water 9.59 x 108 — — —
After ultrafiltration 171 x 107 20.3 8.40 x 10° 100
After phenol extraction 4.78 x 10° 4.4 1.09 x 105 130
After RNase A 2.19 x 108 1.7 1.29 x 105 154
treatment
After sterilization 2.50 x 108 — — —

*Relative purity means how much endotoxic activity per dry weight was increased compared to the start sample after ultrafiltration.

than purified E. coli LPS at the doses corresponding to the
same endotoxic activities determined by LAL assay. With
regard to the overall range of endotoxins, more than 10-fold
cytokine productions were observed in the culture medium
of THP-1 with the environmental LPS stimulation.

The second noteworthy point is that TNF-o secretion
was comparable to IL-8 secretion in THP-1 stimulated with
the environmental LPS, whereas I1L-8 secretion was supe-
rior to TNF-o secretion in all tested human cells stimulated
with LPS from E. coli 055:B5 as shown in Figures 1 - 3.
Thus, the stimulation of THP-1 with the environmental
LPS induced completely different levels and patterns of
cytokine secretions compared to E. coli LPS,

Previous researches investigated the secretions of various
proinflammatory and immunoregulatory cytokines, such as
IL-18, IL-6, IL-8, IL-10, IL-12, interferon (IFN)-y, and
TNF-a, from human blood cells after stimulation with
various bacterial LPSI% !4, Recently, Skovbjerg et al.l?2
compared productions of several cytokines from PBMCs
stimulated with gram-positive bacteria and gram-negative
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bacteria inactivated by UV irradiation, respectively. These
researches proved that gram-negative bacteria more
strongly induced IL-10, 1L.-8, and 1L.-6 than gram-positive
bacteria, while gram-positive bacteria induced more IFN-
¥, TNF-a, and IL-18.

Their results suggested that the [L-8 and TNF-« secre-
tions tested in our investigation might be consequences
of different responsiveness to inflammatory substances de-
rived from aquatic bacteria. Based on the above knowledge,
the stronger 1L-8 secretion could be attributed to the diver-
sity of LPS structures and their inflammatory potency as a
reflection of the diversity of indigenous bacteria in aquatic
environments, while some part of the TNF-« elevation ob-
served here might be caused by unidentified contaminated
substances from gram-positive bacteria in the river water
or other microorganisms.

In addition to the above information, several literatures
would be helpful for interpreting our result. For exam-
ple, it is known that peptidoglycan or lipoteichoic acid
derived from gram-positive bacteria could be inducers
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Fig. 4. Effects of lipopolysaccharides from indigenous bacteria in river water samples taken from the Yodo River on (a) cell viability
and (b) cytokine secretion of THP-1. Two types of cytokines, IL-8 (solid circle) and TNF-o (open circle) were determined after
6-h stimulation. The cell count data represent the mean =+ the standard deviation of 6 independent experiments. The cytokine data
represent the mean with the range of two independent assays. Asterisks indicate significant difference in comparison to the cells

without LPS stimulation.
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Fig. 5. Effects of Polymixin B addition as an inhibitor of endotoxin activity on cytokine seeretion of THP-1. Two types of cytokines,
1L-8 and TNF-« were determined after 6 h stimulation with LPS samples and pretreated LPS with Polymixin B, respectively. The
cylokine data represent the mean with the standard deviation of four independent assays. Asterisks indicate significant difference in

comparison to the cells without Polymixin B pretreatment.

of pyrogenic reactions in human blood cells. Nucleic
acids could also cause cytokine secretion. The river wa-
ter contains these bacterial substances as abundantly as
LPS. However, it would be reasonable to conclude that
there was little contribution of these contaminated sub-
stances to cytokine secretions. The following researches are
evidences.

Nakagawa et al.>¥ compared cytokine (IL-6, IL-1, TNP-
«) inducibility with several pyrogens using a monocytic cell
line, Mono Mac 6, and reported that the equivalent cy-
tokine secretions were observed only after stimulation with
250-fold or higher doses of peptidoglycan and poly (I:C),
which is a synthetic analog of double-stranded RNA, com-
pared to endotoxin. Similarly, several researches proved
that the equivalent cytokine secretions also required more
than 100-fold amounts of lipoteichoic acid compared to
LPS, {13,171

To clarify the contribution of contaminant substances
in the prepared environmental LPS samples to the TNF-«
elevation, the changes in mRNA expression levels of TLR-
2, which can recognize lipoteichoic acid and peptidoglycan
from gram-positive bacteria as ligands, after stimulation
were examined. In THP-I, mRNA of TLR-2 was consti-
tutively expressed without any stimulation, but no increase
in the expression level after the stimulation was observed
{data not shown). .

On the other hand, the addition of Polymixin B as an in-
hibitor of endotoxin activity significantly, not completely,
inhibited both cytokine secretions as shown in Figure 5.
This result clearly indicated that the major contributor to

cytokine elevations was LPS components in the environ-
mental LPS sample. The higher secretion level of TNF-¢
than ¥L-8 by stimulation with the environmental LPS sam-
ple was also confirmed in this experiment.

Above all information strongly suggested that the con-
tribution of contaminated substances from gram-positive
bacteria to TNF-a elevation was not significant in our re-
sult. On the other hand, Erridge et al.P¥ reported that
Acinetobacter LPS could induce higher levels of TNF-¢
secretion than IL-8 in THP-1. They also proved that Acine-
tobacter LPS could induce stronger immunoreactions than
E. coli LPS in THP-1. Thus, some bacteria existing ubig-
uitously in aquatic environment possibly induce stronger
inflammatory responses including TNF-g elevation. The
impact of various bacterial LPS in aquatic environment
on inflammatory potencies or patterns of cytokine secre-
tions should be further investigated to deeply understand
immunoreactions in human cells caused by LPS in aquatic
environment.

Gur result also suggested a limitation of the LLAL assay
for detecting the toxicity changes caused by endotoxins to
humans. Wichmann et al.'% have already reported that fil-
tered river water samples could induce cytokine production
in healthy human blood cells. Their report also indicated
that cytokine production in human blood cells could be a
good indicator for LPS in river water. In addition to their
findings, our results presented that cytokine secretion as-
say using THP-1 cells can reflect the differences of LPS
derived from aquatic bacteria in their potency to induce
inflammatory responses in humans.
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Dehus et al.! reported that cytokine release from human
whole blood did not correlate with LAL activity based on
the results of whole blood samples stimulated with LPS
from enteric bacteria and Pseudomonas aeruginosa, and
their result also strongly supported our result. The bacte-
rial community differs according to the locations or water
types, such as river, lake, effluent from sewage treatment
facilities, or inside water distribution pipes. Our proposed
THP-1 cell culture assay combined with cytokine produc-
tion could be a useful tool for covering a broad range of
water types inducing human inflammatory responses by
various bacterial communities in aquatic environments.

Conclusion

This investigation indicated that cytokine assay using THP-
1 with stimulation for 6 h could be useful for detecting the
changes in inflammatory potencies of bacterial LPSs. The
environmental LPSs purified from a river water sample
induced stronger cytokine secretions in THP-1 including
TNF-a elevation than E. coli LPS. Our findings suggested
not only that LAL assay has a limitation for detecting
changes in toxicity of bacterial LPSs in aquatic environ-
ment, but also that indigenous bacteria in aquatic environ-
ment can cause strong immune responses in humans even
though they exhibited relatively low endotoxic activities.
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ABSTRACT

The yearly risk of Campylobacter infection was estimated for a treatment plant in the
Netherlands. The median and mean values for the overall removal efficacy of the four treatment
steps at the plant were estimated to be 7.46 log;, and 6.22 log,, respectively. The mean yearly
risk of infection was estimated to be 1.68 x 10~ infection/person/yr. The uncertainty analysis
demonstrated that the following items had large impacts on the yearly risk of infection: the ratio
of Campylobacter to E. coli in the source water, the method of pairing the concentration data
before and after treatment, and the variation in the removal efficacy of slow sand filtration
depending on the water temperature. Based on these results, the important components that are
required to improve the accuracy of the estimates were identified. Disability Adjusted Life
Years (DALYs) and costs-of-illness in the distribution area were estimated. The uncertainty
analyses of DALY's showed that the ratio of illness to infection is the most important factor
that affects the DALYSs. It should be noted that it is important to estimate the ratio of illness
to infection to decrease the uncertainty of the DALY's.

Keywords: Campylobacter, disability adjusted life years, quantitative microbial risk assessment

INTRODUCTION

Since the 1980s, Quantitative Microbial Risk Assessment (QMRA) has been used to
quantify the microbial safety of drinking water (Haas et al., 1999; Medema et al.,
2006). The microbial exposure or dose is calculated based on the pathogen
concentration in the drinking water and the consumption of unboiled drinking water.
The risk of infection is calculated based on the chance of ingesting pathogens and
developing an infection from this exposure (dose-response relation). In many studies,
the variability of each element, such as pathogen concentration in the source water and
the removal and inactivation efficacy of the water treatment steps, is described by a
Probability Density Function (PDF). The yearly risk of infection is quantitatively
estimated by Monte Carlo simulation. To date, the methodology of QMRA has been
developed and improved by several studies.

Drinking water is supplied without chlorination in the Netherlands. The Dutch
legislation requires that several microbes are assessed, notably enteric viruses,
Cryptosporidium, Giardia and other relevant pathogens (Smeets et al., 2009). Although
Campylobacter is not specified in this list, this pathogen is considered to be one of the
most important bacteria that cause waterborne diseases in many European countries
(Medema et al., 2006). The removal and inactivation efficacy required by the water
treatment plants was estimated based on the monitored concentrations of pathogens in
raw water and the acceptable risk level (107 infection/person/yr) in the Netherlands
(Smeets et al., 2009). These results suggest that the required log reduction for
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Campylobacter is the largest among the four index pathogens listed above. To date,
however, the accuracy of estimating the risk of Campylobacter infection via drinking
water and the adverse health outcomes has not been clarified.

First, many techniques that were developed by previous QMRA studies were applied in
this study, and the yearly risk of Campylobacter infection was estimated in a case study.
Second, Disability Adjusted Life Years (DALYs) as adverse health outcomes and
costs-of-illness were approximated. Thus, one of the aims of this study is to perform a
complete QMRA. Third, uncertainty analyses of the estimates were conducted. As a
result, the variable that has the greatest impact on decreasing the yearly risk of infection
was identified, and components or variables that can help improve the accuracy of the
estimates were determined. In addition, the uncertainty analyses of DALYs were
conducted to find important factors that affect the DALYSs.

METHODS

Case description

The Weesperkarspel treatment plant of Waternet (water cycle company for Amsterdam
and the surrounding areas) located in the western Netherlands was used as a case study.
With a production average of 115,000 m*/day, the plant supplies drinking water to the
eastern part of Amsterdam and the suburbs. The source water for this plant is abstracted
from a polder (the 5.4 km® Bethune Polder) that is a land reclaimed for agriculture
and stock raising. The water is pumped out as surface water from the neighboring
watercourses and is mainly seepage water flowing through a good permeable
underground of the polder. When water demand is high, such as in the summer, water
can also be abstracted from the nearby Amsterdam-Rhine Canal (ARK-water). The
volume of ARK-water is 5% of the total annual produced volume. The
Amsterdam-Rhine Canal water comes from the Rhine River, and is more polluted than
the water from the Bethune Polder (Hijnen ef al., 2005).

Figure 1 shows the treatment process of the plant. The raw water is pre-treated by
coagulation, stored in the lake water reservoir, and then undergoes rapid sand filtration
(RSF) at the Loenderveen plant. The average time in the reservoir (123 ha, 6.9 x 10°
m’) is 89 days. After the RSE the water is transported to the Weesperkarspel plant
where it undergoes several treatment steps such as ozonation, softening, granular
activated carbon (GAC) filtration and slow sand filtration (SSF).
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Fig. 1 - Treatment process of Weesperkarspel.
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Pathogen and its indicator

Generally, it is not easy to measure the concentrations of pathogens in source water,
treatment plant water or drinking water, and often there are not a large number of
monitored concentrations. For pathogenic bacteria like Campylobacter, indicator
bacteria like E. coli and enterococci have been proposed as process indicators to assess
the elimination capacity of water treatment processes (Hijnen and Medema, 2010). For
SSF, E. coli is a conservative surrogate for removal of Campylobacter as demonstrated
by Hijnen et al. (2004) and Dullemont et al. (2006). For RSF, Hijnen ez al. (1998)
showed that E. coli is removed slightly better than environmental Campylobacter
bacteria. It has been found that E. coli and Campylobacter can be similarly inactivated
by ozonation (Smeets ef al., 2005). Based on these information, this study estimated
the efficacy of removing and inactivating E. coli by the treatment plant. Then, the E.coli
concentration was translated into a Campylobacter concentration using the ratio of
Campylobacter to E. coli in the surface water.

Data on E. coli in the raw water from the Bethune Polder were provided by Waternet.
The analyses included E. coli concentrations that were measured 46 times from April,
2002 to December, 2004.

Non-parametric validation of treatment efficacy

First, the method to determine the removal and inactivation efficacy of the water
treatment process was selected. Pairing by date has been widely used to determine the
reduction efficacy. In this method, influent and effluent samples taken on the same day
are compared and the reduction efficacy is calculated for each pair. This assumes that
samples before and after treatment are correlated in time. On the other hand, pairing by
rank assumes that there is a complete correlation between the influent and effluent
concentrations (lowest influent concentrations correlate to lowest effluent
concentrations, etc.). To enable pairing by rank, the samples of the influent and effluent
concentrations are sorted by concentration in descending order before determining the
treatment efficacy. The other pairing method is the random method, which assumes no
correlation by date or rank. In this method, the influent and effluent sample
concentrations are paired randomly. Smeets et al. (2008) demonstrated that the date and
random methods resulted in similar removal, while the rank method proved to be the
best method to validate the treatment efficacy in a water treatment process in the
Netherlands. However, the applicability of the rank method to different situations is not
known. Therefore, the rank, date, and random methods were compared in this study.

The confidence interval for the monitored E. coli concentrations was determined by
adapting a standard nonparametric bootstrapping procedure. Thus, bootstrap samples
of E. coli concentrations were produced for the monitored water before and after each
treatment step, such as coagulation-storage, RSE, and ozonation. The observed
treatment efficacy was calculated from the bootstrap samples paired by date and rank. A
difference of 89 days (average time in the reservoir) was given even when the samples
were paired by date before and after coagulation-storage. By comparing the predicted
concentrations to the monitored effluent concentrations, the accuracy of the rank, date,
and random methods was compared.
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Parametric treatment model

Coagulation-storage, RSE, ozonation and SSF are considered the main microbial
barriers at the water treatment plant examined in the case study. Therefore, the removal
and inactivation efficacy were estimated for each of these four steps. The E. coli
concentrations after coagulation-storage were measured 91 times from January, 2002
to August, 2005. The E. coli concentrations after RSF and after ozonation were
measured 556 and 326 times, respectively, from January, 2003 to December, 2004.
Thirty of the 326 measurements in ozonated water were performed with large volume
samples ranging from 10 L to 100 L.

For each step of coagulation-storage, RSF and ozonation, the parametric distributions,
which fit the distributions of the treatment efficacy estimated by the rank method, were
selected for the QMRA.

Water treated with SSF is the drinking water that is supplied to the city. The available
E. coli data include concentrations monitored daily from January, 2003 to December,
2004 for each of two parallel lines. E. coli was detected only once (0.2 E. coli/100 mL)
over a total of 1393 measurements, and all of the other samples were negative for E.
coli. Therefore, the removal efficacy of SSF cannot be determined based only on the
monitored data. In order to estimate the removal efficacy, a pilot-scale plant was dosed
with E. coli in order to detect E. coli in the effluent (Dullemont et al., 2006). A
maximum value of 4.2 log;y, mean elimination capacity (MEC) of 2.4 log;, and
minimum value of 2.0 log;y were obtained when determining the removal efficacy six
times under conditions where the water temperature was below 13°C. A triangular
distribution with these parameters was constructed. In addition, the removal efficacy
under conditions where the water temperature was above 13°C was determined three
times. The impact of these results will be examined by an uncertainty analysis in this
study:

The overall removal efficacy with the four treatment steps was calculated by Monte
Carlo simulation, which was performed by drawing random values from each PDF that
was given to the four steps. This procedure was repeated 100,000 times to achieve
stable results. The E. coli concentration in the finished (treated) water can be estimated
by multiplying the overall removal efficacy with the source water concentration by

Monte Carlo simulation. Crystal Ball 7 ® (Oracle Corporation, USA) was used to select
the parametric PDFs fitted to the variables and to perform the Monte Carlo simulation.

Risk calculation :

Daily exposure (dose) (E. coli/day) was calculated by multiplying the estimated
concentration in the treated water with the amount of unboiled drinking water
consumed per day in the Netherlands. To account for the variability in water
consumption within the population, a Poisson distribution with a mean value (rate in the
Poisson model) of 0.706 glass/day was recommended to use with the QMRA (Mons et
al., 2007). Assuming that a glass contains 250 mL, the mean value is equivalent to 177
mL/day.

The E. coli dose (E. coli/day) was translated into the Campylobacter dose
(Campylobacter/day) using the ratio of Campylobacter to E. coli (C/E ratio) in the
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surface water. It is needed to use C/E ratio for the Bethune Polder water or the source
water after the ARK-water was added to the Bethune Polder water. Campylobacter,
however, is not a pathogen measured in the routine practice of water quality monitoring.
There is very limited data of Campylobacter concentrations in the source water that can
produce C/E ratios with corresponding E. coli concentrations (Hijnen et al., 2005). On
the other hand, there is a data set of concentrations of E. coli and Campylobacter in the
Meuse River at the intake site of a water company in the Netherlands (Medema et al.,
2006). These data measured 22 times in 1994 were used to determine the C/E ratio in
this study. After calculating the ratios from the concentrations of E. coli and
Campylobacter, a PDF that fits the distribution of the C/E ratios was chosen.

The daily risk of infection P, (infection/person/d) was calculated from the
Campylobacter dose using a dose-response model. The dose-response relationship of
Campylobacter jejuni presented by Tenuis ef al. (2005) is a Beta-Poisson model where
a =0.024 and B = 0.011. Although the Beta-Poisson approximation should retain the
criteria of > 1 and a < B, the above o and B do not satisfy these criteria. Actually, when
the aforementioned Beta-Poisson model was applied, it was noted that the Beta-Poisson
model can exceed the maximum risk curve at low doses (Medema et al., 2006). This
means that the dose-response model predicts a theoretically impossible probability of
infection. Therefore, the Beta-Poisson model is not appropriate for the calculation.
Alternatively, the exact Beta-Poisson model can be approximated for low doses (< 0.1
organisms/L) by setting y of the exponential model equal to the expected value of the
Beta distribution (o / (o + f)), thus avoiding this complication. Consequently, the
Beta-Poisson model was approximated by the exponential model (P;= 1 — exp(—0.686
x D), D: dose) with y = 0.686, which was used in this study. The effects of using the
maximum risk curve or the Beta-Poisson model were examined by the uncertainty
analysis. ‘

The individual health risk is represented by the average yearly risk of infection. Under
the assumptions of a binomial process, the yearly risk of one or more infections is
calculated using the following equation (1).

Py=1-(1-P)** 1

Monte Carlo simulation was performed by drawing random values from each PDF of
the E. coli concentration in the source water, four treatment steps, water consumption,
and the C/E ratio to calculate the yearly infection risk P,. This simulation assumes that
there are no correlations between the variables. Stable results were achieved with
acceptable calculations 100,000 times.

Uncertainty analysis

It is natural that the estimated values of target variables and yearly risk of infection have
large uncertainty. Uncertainty analyses were performed to examine the impact of using
ARK-water, the impact of the removal efficacy of SSF under conditions with high water
temperatures, the impact of the C/E ratio, the impact of dose-response models, and the
impact of data pairing methods such as the rank and date methods. The uncertainty
analyses of DALYs were also performed to find important factors that affect the
DALY and examine the impact of the ratio of illness to infection.
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RESULTS AND DISCUSSION

Comparison of the data pairing methods

The E. coli concentrations in the treated water that were predicted by the date, rank
and random methods were compared to the monitored E. coli concentrations. Figures
2(a) and 2(b) show examples of the predicted and monitored E. coli concentrations after
coagulation and storage. The distributions of the concentrations were presented by
CCDFs (Complementary Cumulative Distribution Functions) on a double log scale,
which is well-suited for magnifying data from rare events (Smeets et al., 2008). It was
found that the pairing method by date resulted in an overestimation of effluent
concentrations, indicating that the date method tends to assess the removal efficacy at
a lower value. This reduced value is because the date method often yielded a low
removal efficacy and could even predict “negative removal”. “Negative removal”
would imply that microbes were occasionally “produced” by the treatment, which is
unlikely. However, the rank method did not allow for negative removal. The rank
method provided an appropriate estimate of the removal efficacy for Monte Carlo
simulation since the monitored concentrations in Fig. 2(a) were consistent with the
predicted concentrations. The random and the date method resulted in a similar estimate
of the removal efficacy (data are not shown). Consequently, the rank method was used
in the following analyses.

Application of distribution type _

PDFs were selected to describe the distributions of the E. coli concentrations in the
source water, the removal and inactivation efficacy by coagulation-storage, RSE
ozonation and SSE and the C/E ratio. In general, extreme events can dominate the
average health risk. Therefore, the PDF should fit the extremes (tail) of the observed
variations. From the point of emphasizing the fit to rare events, the results of the
Anderson-Darling test were more emphasized than the results of the chi-square test and
the Kolmogorov-Smirnov test when selecting a distribution type. The selected PDFs
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Fig. 2 - E. coli concentration after coagulation and storage calculated with the
non-parametric model validated by the rank (a) and date (b) methods.
Calculated concentration by the rank and date methods (dashed) are
compared to monitored concentrations (line and markers). Median
concentration (thick) and 95% CI (fine) are shown.
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