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In health risk assessment, risk is commonly characterised by calculating a simple hazard quotient (HQ),
which cannot reflect the actual distribution of exposure and health effect values. This study aimed to
develop a new risk characterisation method, the overall risk probability (ORP) method based on proba-
bilistic techniques. Exposure exceedence values were calculated to obtain an exposure exceedence curve
(EEC). The area under the EEC was calculated as the ORP value to represent the risk. This method was
demonstrated by a case study for two steroidal EDCs, 1733-estradiol (E2) and 17«a-ethinylestradiol (EE2)
for fish in surface water. It was found that the risk probability of fish exposed to E2 (ORP, 8.1%) and
EE2 (ORP, 27%) were both above the reference value of 2.5%, which was consistent with the results of
HQ method. Assuming independent action of individual EDCs, a combined risk probability of 33% was
obtained for the mixture effects of E2 and EE2. Our results implicated that the adverse health effects
imposed by E2 and EE2 were significant for fish in surface water worldwide.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Each year, large quantities of chemicals are released into the
environment contaminating land, water, air and food sources.
As a result, various adverse health effects such as cancers, birth
defects and reproductive abnormalities have been observed in
many wildlife species and humans. For example, a particular group
of pollutants termed as endocrine disrupting chemicals (EDCs)
is able to cause endocrine disruption in living organisms. Evi-
dence of this includes increased vitellogenin (VTG) levels in male
and juvenile female fish, reproductive abnormalities, altered sex-
ual ratios and neuroendocrine disruption in some aquatic species
[1-5]. Research has also revealed possible links between EDCs (e.g.,
DDT and DES) and adverse human health effects such as female
breast cancers, male testicular and prostate cancers [6-13].

With more evidences on adverse health effects appeared in the
scientific communities and public media, the health risks of emerg-
ing or existing environmental pollutants are subjected to close
scrutiny by many regulatory authorities. Thus, the assessment of
these health risks becomes a crucial step for any further regula-
tory actions. The principle goal of a risk assessment is to define a
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‘safe’ exposure level, which can protect the majority of organisms at
most of the time with minimum costs. In this context, the concept
of ‘risk’ generally has three core elements, exposure, adverse effects
and likelihood or probability of adverse effects. The risk will be zero
without any of these three elements [14,15]. Risk assessment using
probabilistic techniques will enable the risk assessor to express
the risk in terms of probability distribution, rather than the tradi-
tional deterministic methods using a single-point risk estimation
approach.

Historically, probabilistic techniques have been applied to engi-
neering problems since the 1970s, such as the estimation of seismic
risk and assessment of nuclear power plant safety [16,17]. Recently
it has been applied to assess the risk of environmental pollu-
tants [18-22]. In this method, the exposure and effect values are
expressed in cumulative probability distributions (CPD) and plot-
ted in the same diagram. For simple risk estimation, the risk can
be expressed as a hazard quotient (HQ) value (also referred to
as risk quotient), which is the ratio of an exposure concentration
to an adverse effect concentration [19]. The estimated HQ values
are compared with a reference value of one to show whether the
risk caused by the target pollutant is significant or not. However,
this risk characterisation method is a single-point risk estimation
method, which cannot reflect the actual shape and distribution of
the CPD curves.

The aim of this article was to propose a new health risk charac-
terisation method by using the concept of overall risk probability
(ORP), which is capable of reflecting the shape and distribution of
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Fig. 1. Cumulative probability distribution of exposure and NOAEC values for
aquatic species.

CPD curves. As an example, a case study of health risk characterisa-
tion with this new concept was conducted for two typical steroidal
EDCs, 17p-estradiol (E2) and 17a-ethinylestradiol (EE2) for fish in
surface water.

2. Methodology
2.1. Risk assessment using probabilistic techniques

The use of probabilistic techniques in risk assessment has gained
increasing popularity in the area of environmental science, which
proved its usefulness and applicability. A detailed description of
conducting probabilistic risk assessment was published in two US
EPA guidance documents [23,24]. Its application was also demon-
strated elsewhere in a number of case studies [18,20,21]. Briefly,
the exposure and adverse effect values (measured or simulated) are
cumulatively distributed in the same plots, which were illustrated
in Fig. 1 for aquatic species and Fig. 2 for humans and mammals.
In Fig. 1, aqueous phase concentration is used for the measure of
exposure, whereas in Fig. 2, daily dose of exposure is used. The risk
is evaluated from the overlapped region between the exposure and
effects CPD curves. Generally, the closer the two CPD curves, the
higher is the level of risk.

Itis important to note that, in the calculation of cumulative prob-
abilities for exposure values, those values that are reported to be
below the detection limit should also be counted as part of the total
number of exposure values. Solomon et al. [19] assigned a dummy
value of zero for these values to obtain the correct position of each
point in the CPD curve. Cao [25] suggested using random values
between zero and the detection limit to simulate random sampling,
which was regarded as an improvement in data treatment.
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Fig. 2. Cumulative probability distribution of exposure and NOAEL values for
humans and mammals.

In the assessment of adverse effects for aquatic organisms (e.g.,
fish), the no-observed-adverse-effects-concentration (NOAEC) values
are collated and ranked to calculate cumulative probabilities (CP)
(Fig. 1). Similarly in dose-response assessment for humans and
mammals, the no-observed-adverse-effects-level (NOAEL) values are
used for non-carcinogenic effects, whilst other indicative levels can
be used for carcinogenic effects (Fig. 2). Due to experimental dif-
ficulties and sensitive ethical issues [26,27], NOAEL values are not
always available for humans. Thus, NOAEL values obtained in ani-
mal studies can be used to extrapolate NOAEL values for humans
with appropriate methods. Currently, there are three interspecies
extrapolation methods: extrapolation based on caloric demand,
body weight and body surface area [29]. These methods have been
reviewed and compared by several authors [29-32]. The body sur-
face area method has been recommended by the US Food and Drug
Administration [33], which is described in Eq. (1).

Km animal (1 )

NOAELHep = NOAEL,pimar X I?

m human

where NOAELygp is the human equivalent daily dose
(ngkg BW~1d~1), NOAEL,imai is the animal dose (ng kg BW—1d-1),
K is a factor calculated as the body weight (BW) divided by body
surface area (m?). Some typical values of Ky, were set by the
US Federal Drug Administration for humans and some common
mammals used in laboratory studies [33].

The measured or extrapolated human NOAEL values can be used
to determine a reference dose value (RfD) or an acceptable daily
intake (ADI) by dividing a safety factor ranging from 10 to 1000
(Fig. 2). Due to experimental difficulties in the determination of
NOAEL and NOAEC values, Bailer and Oris [34] suggested that the
lowest-observed-adverse-effects-level (LOAEL) values or the lowest-
observed-adverse-effects-concentration (LOAEC) values can also be
used in effects assessment in the absence of NOAEL and NOAEC
values.

2.2. Risk characterisation by single-point methods

Commonly, risk is characterised by the hazard quotient (HQgs/s)
method for non-carcinogenic effects and the ‘slope factor’ method
for carcinogenic effects. The HQgs/5 method is a single-point com-
parison between exposure and non-carcinogenic effect values,
which is generally expressed as an exposure value divided by an
effects value [35]. For the protection of the majority of population
under most exposure conditions, a HQgs/5 value is calculated as an
exposure value at 95% of CP divided by an adverse effects value at
5% of CP, which is described by Egs. (2) and (3).

EC95 . .
HQgs/5 = NOAEC, (Aquatic species) (2)
where ECgs is the exposure concentration at 95% of CP and NOAECs
is the adverse effects concentration at 5% of CP.

Dosegs

HQos/5 = NOAEL;

(Humans and mammals) 3)
where Dosegs is human or mammals daily dose at 95% of CP and
NOAEL; is the adverse effects level at 5% of CP.

The HQgs/s5 value of one can be regarded as a reference value
to assess whether a significant level of health risk occurs or not. If
HQgs;5 is less than 1, it means that less than 5% of organisms will
be affected by 95% of exposure concentrations, or the majority of
exposure concentrations will affect only a minority of the popula-
tion. If HQgs/5 is larger than 1, it means that more than 5% of fish
will be affected by 95% of exposure concentration, or the population
affected by most exposure concentrations is significant (>5%).



482 Q. Cao et al. / Journal of Hazardous Materials 187 (2011) 480-487

100% - Humans & Mammals

yOA, e T Ty
80% A

Exposure

60% A

40% A

20% A

Exposure exceedence =1 -y%

Cumulative Probability

X[ ===

0%

NOIAELX
Dose (log)

Fig. 3. The calculation of exposure exceedence value at any cumulative probability
of affected samples.

For carcinogenic effects, the US EPA [36] set the guidelines to
calculate the carcinogenic risk by introducing a slope factor:

CR = SF x CDI (4)

where CR is the carcinogenic risk, SF is the slope factor and
CDI is the chronic daily intake. Most SF values can be found in
the integrated risk information system (IRIS) database of US EPA
(www.epa.gov/iris), or it can be derived from the slope by linear
extrapolating from the high dose range to low dose range in the
dose-response curve.

2.3. Risk characterisation by overall risk probability

In contrast to the above single-point methods, the ORP method
is a multipoint risk characterisation method, which can be applied
to both non-carcinogenic and carcinogenic effects. The ORP method
is based on the use of an exposure exceedence curve (EEC) [37]. The
EEC is the plot of exposure exceedence values against CP values for
given affected samples. The calculation of exposure exceedence val-
ues can be illustrated as shown in Fig. 3. For example, at any x% of
affected samples indicated in the effects CPD curve, it corresponds
to an effect level of NOAELXx (or a dose level related to a certain car-
cinogenic effect). Within the overlapped region, this NOAELx value
also corresponds to an exposure CP value of y%. The CP of expo-
sure level higher than this NOAELx value, (1 —y%) is calculated as
the exposure exceedence value. Thus, an EEC can be obtained by
plotting the CP of affected samples against exposure exceedence
values, which is shown as curve A in Fig. 4.

The risk can be qualitatively characterised by the relative dis-
tance between the EEC and the origin of the axes (Fig. 4). A larger
distance implies higher risk. Therefore, the EEC provides a tool
which is able to compare the risk level among different EDCs. Inter-
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Fig. 4. Exposure exceedence curve derived from the cumulative probability distri-
butions of exposure and effects values.

estingly, the area under the EEC increases when the curve moves
away from the origin. Thus, the area can be used to quantify the
risk. This area is obtained as the product of the two probabilities in
the CPD curves for exposure and effects values. This is referred as
the ORP value here ranging from 0 to 1.

It is observed that the relative position between the exposure
and effect CPD curves can affect the shape of the EEC. Usually, the
exposure CPD curve is on the left hand side of effects CPD curve
and the shape of EEC is concave (curve A in Fig. 4). However, if the
two CPD curves are overlapped with each other, the EEC became a
straight line and the corresponding ORP value is 0.50 (diagonal line
Bin Fig. 4). In some unusual situations, such as accidental industrial
spills, the exposure CPD curve is on the right hand side of effects
CPD curve, the EEC will be convex (curve C in Fig. 4).

In correspondence to the reference value of one in the HQgs/5
method, a reference value for the ORP method can also be devel-
oped. This value is calculated as the area under a reference curve
crossing the point of (5%, 5%) as shown in Fig. 4. The point of (5%, 5%)
corresponds to the reference value of one in the HQgs/5 method. By
taking half of the total area of the small rectangular and two trian-
gulars in Fig. 4, the reference value obtained for the ORP method is
2.5%. With this reference value, it enables the risk assessor to judge
whether a significant level of risk is imposed or not. For example, if
the obtained EEC for a particular EDCis above the reference curve, or
if the ORP value calculated is larger than 2.5%, the risk is considered
as significant.

2.4. Considerations for mixture of environmental pollutants

In practical situations, human and animals are usually exposed
to a mixture of pollutants, instead of a single pollutant. These pol-
lutants may impose antagonistic, additive or synergistic effects on
the exposed organisms [28,38-42]. Although the combined mix-
ture effects have been assessed by several concentration addition
models [38-40,43,44], the lack of information on exposure scenar-
ios makes health risk assessment difficult for mixtures [42]. With
the concept of ORP proposed in this work, this issue can be resolved
by assuming each pollutant acts independently. For each individ-
ual pollutant in a mixture, the probability of having certain adverse
health effects is calculated as ORP; (i=1, 2, ..., n) according to the
method described in Section 2.3. Thus, the probability of no adverse
health effects for this pollutant is (1 — ORP;). For the mixture, the
probability of no certain adverse health effects is the product of all
(1 — ORP;) values for individual pollutant. Therefore, the probabil-
ity of having adverse health risk for the mixture can be calculated
as:

ORPmixture =1— [ (1-ORP) (5)

i=1,2,...,n

where ORP ixture is the ORP of mixture, ORP; is the ORP of individual
pollutant.

2.5. Comparison between HQgs/5 and ORP method

The major difference between the HQgs/5 method and the ORP
method is that the former is a single-point risk estimation method,
whilst the latter takes into account of all points in exposure and
effects CPD curves. In other words, the information of the shape of
the CPD curves is taken into account by the ORP method. Gener-
ally, there is a good agreement between these two methods. For
example in Fig. 5a, both HQgs;5 and ORP values decrease when the
effects CPD curve moves from B to C. In the other two examples
illustrated in Fig. 5b and ¢, both HQgs/5 and ORP values increase
when the slope of exposure or effects CPD curve decreases.
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Fig. 5. (a) Agreement between the HQqs/s and ORP method when effects CPD curve
moves from B to C. (b) Agreement between the HQgs/5 and ORP method when the
slope of exposure CPD curve decreases from A to B. (c) Agreement between the
HQqs/5 and ORP method when the slope of the effects CPD curve decreases from B
to C.

However in other cases, disagreement also exists between these
two methods. For example, in Fig. 6a and b, HQgs 5 values calculated
from the exposure and effect CPD curves are the same, because
overlap occurs at the ECy5 or HCs for different exposure or effects
CPD curves. Apparently, the ORP values calculated from their excee-
dence curves will be different, depending on the slope changes of
the exposure or effects curve. This was explained in detail in the
following example.

In Fig. 6a, the slope of exposure CPD curve A is smaller than
curve B, resulting in two different exceedence curves as shown in
Fig. 7. These two exceedence curves intersect at the point of (x%, 5%)
with x% being the cumulative probability of the effects CPD curve
at ECgs. The relative size of the area under these two exceedence
curves depends on the position of this overlapped point of (x%, 5%).
The value of ORPxc equals the value of ORPgc only at a particular
point when the size of those two shaded areas is the same. Simi-
lar analysis could be done with the example in Fig. 6b, which also
shows that HQgs/5 method cannot reflect the shape of CPD curves.

In some rare situations, the CPD curve of exposure or effects is
close to a vertical line because of extremely small standard devi-
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Fig. 6. (a) Disagreement between the HQgs;5 and ORP method when two expo-
sure CPD curves overlapped at ECgs. (b) Disagreement between the HQgs/s and ORP
method when two effects CPD curves overlapped at HCs.

ation compared with the other CPD curve with large standard
deviation. If the exposure CPD forms a vertical line, a ‘Z’ shaped
exposure exceedence curve is obtained with a rectangular area of
x% (or ORP=x%). Similarly, if the effect CPD forms a vertical line,
a mirror ‘Z’ shaped exceedence curve is obtained. The area under
the exceedence curve will be (1 —x%)2. From the above analysis,
it again indicates that the ORP method reflects more information
regarding the CPD curve of exposure and effect data. Therefore, the
ORP method is regarded as an improvement in risk characterisa-
tion. It has been further proof-tested with seven EDCs, which all
showed good agreement with the HQ method. As an example, the
risk characterisation for two steroidal EDCs was presented in the
following case study.

100 4

70 obtained from curve B and C

overlapped point (x%, 5%)

obtained from curve A and C

Exposure Exceedence above Effects (%)
[
o

0 30 40 50 60 70 80 90 100
Percent of Affected Samples (%)

Fig. 7. Comparison of HQqs/5 and ORP values when the exposure CPD curves over-
lapped at the same ECos point (exceedence curves derived from CPD curves in
Fig. 6a).
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Table 1

Physicochemical properties and chemical structure of 173-estradiol (E2) and 17a-ethinylestradiol (EE2).2

EDC MW (g mol~!) MP (°C) S(mgL1) log Kow (-) EEF (-) Chemical structure
E2 272 222 3.9 3.57 1
EE2 296 183 9.7 3.67 1.2

Data adapted from [89,90].

2 MW - molecular weight, MP — melting point, S - aqueous solubility, log K, — octanol/water partition coefficient, and EEF - E2 equivalent factor.

2.6. A case study of E2 and EE2

The steroidal EDC, 17B-estradiol (E2) is a naturally occur-
ring estrogen produced in human and animal body, but it can
also be synthesised from other steroids [45,46]. In contrast, 17a-
ethinylestradiol (EE2) is a synthetic steroidal EDC and mainly used
for contraceptive purposes. The physicochemical properties listed
in Table 1 indicate that E2 and EE2 are hydrophobic and can eas-
ily partition into organic matter or fat tissues. After metabolism
in the body, E2 and EE2 are excreted as sulphate and glucuronide
conjugates. Conjugation makes estrogens more water soluble and
biologically inactive [47,48]. Once entering the sewer system and
wastewater treatment plant (WWTP), the conjugated E2 is com-
pletely deconjugated into its free form by sewage bacteria [49-52].

Although the majority of E2 and EE2 can be removed in WWTPs
with activated sludge process, they can be detected in WWTP
effluents with concentration from below detection limit to sev-
eral ngL~!. Recent studies indicated that these remaining steroidal
EDCs in effluent can still be a threat to aquatic organisms in surface
water [1,52-54]. Due to bioconcentration and biomagnification
mechanisms, birds or humans that consume the contaminated
fish may also be under health threat. Therefore, it is necessary to
conduct health risk assessment for aquatic organisms exposed to
steroidal EDCs in surface water.

In this study, the measured exposure concentration values of
E2 and EE2 were derived from published scientific literature from
15 countries worldwide, such as Germany, France, Italy, the Ned-
erland, UK, the USA, Canada, Japan and China [49,55-73]. With
effects assessment, the induction of significant level of vitellogenin
(VTG), a yolk protein, has been commonly used as a biomarker
for adverse health effects for fish. In this study, NOAEC values on
VTG induction for fathead minnow, brown trout, rainbow trout,
Japanese medaka, and zebrafish were derived from numerous pub-
lished studies [1,53,54,74-87].

Both exposure and effects values were cumulatively distributed
in the same plots and shown in Fig. 8a and b. With these plots, a
risk characterisation was conducted by the HQg5;5 and ORP method
respectively. The HQgs/5 values were obtained by simply using Eq.
(2), which gave values of 16 and 250 for E2 and EE2 respectively. It
should be noted that the ECg5 and NOAECs values estimated from
Fig. 8 in logarithm were converted into their original values before
they can be calculated with Eq. (2). Compared with the HQgss
method, exposure exceedence values had to be calculated and plot-
ted against the CP of affected fish to obtain the EEC, which were
shown in Fig. 9 for E2 and EE2 respectively. The area under each
EEC was calculated numerically to be 8.1% for E2 and 27% for EE2.
Assuming independent action, the ORP value calculated by Eq. (5)
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for the mixture effects was 33%, which was higher than the ORP
value of individual estrogens.

3. Discussion

The probabilistic techniques used in risk assessment conve-
niently provided either qualitative or quantitative observations
regarding the health risk. With the CPD curves plotted in Fig. 8,
a significant level of health risk was observed with fish exposed
to E2 and EE2, because the exposure and effects CPD curves were
almost completely overlapped. The slop of CPD curves indicates the
range or standard deviation of exposure and effects values. This is
particularly important for effects assessment, because larger slope
corresponds to a narrower range of NOAEC values, which implies
fishis very sensitive to these pollutants. It was also noticed in Fig. 8b
that a large proportion of exposure values for EE2 were below the
detection limit. This reflected the fact that the concentration of EE2
in wastewater effluent is generally lower than E2. Although the
half-life of EE2 is much longer than E2 in activated sludge and nat-
ural environment [88], its potential for adsorption to organic matter
is higher than E2 due to larger log Kow values (Table 1). As aresult of
these factors, the concentration of EE2 in surface water is generally
lower than E2.

A distinct difference in the effects assessment between E2 and
EE2 is that the NOAEC values of EE2 were lower than those of E2.
The median effects concentration of 14 and 0.3 ngL~! at 50% of CP
were estimated from the effects curves for E2 and EE2 respectively.
These two median concentrations are only general reflections of
their strength of biological activity (or potency) and should be dis-
tinguished from the EEF values listed in Table 1, which used the
same bioassay for comparison (E-screen or MVLN cells).

The HQgs,5 values obtained for E2 (16) and EE2 (250) were well
above the reference value of one, showing significant level of risk
for fish. This result implies a global pollution of surface water by
these two EDCs, because the exposure and effects data were derived
from numerous sources from 15 countries worldwide. Therefore,
the removal of E2 and EE2 has to be improved for current WWTPs.
This issue however is problematic for many WWTPs, as their princi-
ple goal is to remove most common pollutants to meet local effluent
discharge requirements. In addition, there is a lack of legislative
actions on the emerging issue of EDC pollution. As a result, the dis-
charge limit of EDCs is not specified in the license of most WWTPs.

Although the HQgs5 values indicated a significant level of risk,
the results were difficult to interpret. With the obtained HQgss
values, the risk assessor only knows that the health risk of EE2 is
higher than E2, but the probabilities of health risk were difficult
to quantify. This weakness, however, was addressed by the ORP
method proposed in this work. With the plotted EEC in Fig. 9, it was
straight forward to observe the different level of risk between these
two EDCs. Apparently, EE2 exhibit much higher level of health risk
for fish. The area under the EEC was easy to calculate, which gave
ORP value of 8.1% for E2 and 27% for EE2. The results can be gen-
erally interpreted that there were 8.1% and 27% of probability that
fish were at risk. Both ORP values were above the reference value
of 2.5%, showing significant level of risk. This was also consistent
with the results obtained using the HQg5;5 method. In addition, the
ORP for the case of E2 and EE2 presented as a mixture was also eas-
ily quantified as 33%. This quantification with the HQgs;5 method
whereas is not feasible.

4. Conclusions

This study developed a more detailed risk characterisation
method, the overall risk probability (ORP) method. Although this
method had some degree of consistency with the commonly used

hazard quotient (HQgs/5) method, it showed a clear advantage of
being able to reflect the shape and actual distribution of exposure
and effects values. This method also enables the comparison of risk
level among different pollutants either qualitatively by the expo-
sure exceedence curve (EEC) or quantitatively by the ORP value.
With this method, the obtained ORP values for E2 and EE2 in
the case study were all above the reference value implicating the
adverse effects on fish are significant in a global scale. Particularly
the synthetic EDC of EE2 imposed much higher health risk for fish
than the natural EDC of E2. Therefore, the removal of these two pol-
lutants in WWTPs needs to be improved. In addition, the mixture
effects were also easily quantified by the ORP method whereas this
quantification is not feasible with the HQgs/5 method.
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