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Abstract

NOEC as critical effect concentration.

This paper describes a straightforward modeling procedure to derive ‘expected risk’ (ER) of chemical substances. Start-
ing from proposed use volumes, intended uses, physical and chemical substance properties and toxicity information,
the procedure combines multimedia environmental fate modeling with species sensitivity modeling to derive the
probability that exposure concentrations exceed critical effect concentrations. The procedure was tested on 1977
so-called mono-constituent organic chemicals that had been registered to be marketed in the EU, after ‘possibility to
be used safely’had been demonstrated by showing that the possible Risk Quotients (RQ) defined as PEC/PNEC ratios
(Predicted Exposure Concentration & Predicted No Effect Concentration) were expected to remain below the value of
1, as required by REACH. It appears from this study that (i) RQ and ER of chemicals can be calculated readily, reliably,
transparently and reproducibly, that (i) both RQ and ER can be used to assess whether a new chemical may exceed

a chosen acceptability level, but that (i) in addition ER can be straightforwardly used to rank chemicals according to
expected environmental safety. In conclusion, the paper states that modeling ER of chemicals (instead of estimating
RQ values), could strengthen the scientific basis of environmental risk assessment for use in REACH. The paper further
recommends that more robust environmental risk calculation can be done by using acute EC50, instead of chronic
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Background

Quantitative risk assessment provides a scientific basis
for evaluating potentially toxic chemicals. Central in
the concept of environmental risk is that it depends on
both exposure and toxicity. Chemicals will only express
their toxicity when they exceed a concentration at which
a defined target becomes affected. Regulatory use of
risk assessment often combines absolute and compara-
tive forms of assessment. Risks are assessed to decide
whether chosen critical values or environmental quality
criteria are exceeded, while at the same time assessments
are used to compare chemicals and prioritize them for
needs of regulatory measures.

Quantitative risk assessment started in the 1980s
with taking simple Risk Quotients (RQ): ratios of expo-
sure concentrations (PEC), relative to no-effect concen-
trations (NEC). Risk quotients greater than 1 triggered
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action; in the EU, this usually meant that, according to
EU guidelines [1] new chemicals could be marketed
only when predicted quotients fell below 1. This simple
approach was widely adopted in regulatory risk assess-
ment practice.

In the early 1990s, environmental risk assessment
scientists started to apply the concept of Species Sen-
sitivity Distributions to work out a mathematical
methodology to quantify environmental risk of toxic
substances. As explained in detail in various chapters
of the so-called SSD book (as referenced in [2], risk can
be quantified mathematically by the convolution of the
distribution functions of exposure concentrations and
species sensitivities. The outcome of this mathemati-
cal operation was interpreted by Van Straalen [3] as
‘the probability of the undesired occurrence of expo-
sure concentrations exceeding critical effect concentra-
tions, or ‘ecological risk; and by Aldenberg et al. [4] as
‘expected risk’ (ER) (after [5, 6]). The same approach is
applied in the EU System for the Evaluation of Chemi-
cals EUSES [7] as a tool to ‘demonstrate the possibility
to use a chemical safely, which is the scientific ration-
ale of the REACH regulation. There is broad scien-
tific consensus [8] that environmental risk is reflected
well by the probability of exceedance of critical effect
concentrations.

However, the simple risk quotient approach applied in
many national and international regulatory frameworks,
including the EU REACH program, ignores the notion
that exposure concentrations and critical effect concen-
trations are not fixed numbers but stochastic variables
that follow probability distributions. While the method
described by Van Straalen [3] and Aldenberg et al. [4]
assesses the probability that PEC exceeds NEC, the sim-
ple quotient method merely compares point estimates
of PEC and NEC, demanding that PEC does NOT (i.e.,
never, under no circumstance) exceed NEC.

Recently, the integrative ER method (Van Straalen,
Aldenberg and others, as referenced in [2]) has been
used in the EU project SOLUTIONS to assess ecologi-
cal risks of currently used toxic chemicals in Europe
(https://www.solutions-project.eu/, [9, 10]). The integra-
tive ER approach used in the SOLUTIONS project has
been thoroughly tested by making calculations for nearly
2000 different chemicals that are currently in use in the
EU [11]. The SOLUTIONS method, which fully accounts
for variability and uncertainty, is known as probabilistic
risk assessment [12] and has been introduced and applied
both in environmental [12] and human health-oriented
risk assessment [13]. This method is deemed suitable as a
screening tool under REACH to prioritize the long list of
chemicals, assuring that those posing unacceptable risks
are adequately risk managed.
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In the present study, we have compared expected risks
of 1977 registered REACH chemicals with the PEC/
PNEC-quotients of the same substances. We have tested
the use of ER as a means to demonstrate the possibility
of using a chemical safely, as pursued in the EU REACH
legislation. We have used the SOLUTIONS model Sim-
pleRisk to calculate ER of 1977 so-called mono-constit-
uent organic substances for which possibilities for ‘safe
use’ had been demonstrated by showing that PEC/PNEC-
quotients for all possible uses were expected to remain
smaller than one.

Methods

SimpleRisk

SimpleRisk is a tool that follows the REACH guidance
[14] to predict PEC and PNEC in a probabilistic way. This
Excel-based SimpleRisk spreadsheet system is almost
identical to the modeling system that was used in the
SOLUTIONS project. It comprises separate spreadsheet
models for estimating emission rates from use volumes,
for assessing removal during treatment of wastewater,
for assessing exposure concentrations from emission
rates, and for assessing environmental impact from expo-
sure concentrations and SSD-moments. SimpleRisk has
been described in detail by Van de Meent et al. [11]. The
spreadsheet model used in this study is given as supple-
mental material. For convenience, a summarized descrip-
tion is given below.

Emission model
Different chemical groups have different emission pat-
terns. Some chemicals are made to be released to the
environment. For instance, plant protection prod-
ucts used in open field applications are released almost
entirely to crops and soils. Similarly, chemicals used in
‘down-the-drain’ household products find their way to
the environment via domestic sewage collection and
incomplete removal in treatment systems, as mandated
in EU legislation [15]. Other chemicals are made for use
as constituents of durable products, from which variable
amounts are released into the environment. Yet other
chemicals are not meant to be used as such at all, but
serve as industrial intermediates, or as fuel in vehicles
and power plants. Still other chemicals enter the envi-
ronment due to accidental spillage or accidents. We have
developed a general-purpose substance-flow estimation
procedure that accounts for these very different uses of
chemicals with vastly different release rates. Releases of
chemicals from all possible uses in the entire life cycle of
chemicals are considered (Fig. 1).

The emission model is based on the Environmen-
tal Release Category (ERC) approach currently used
for Chemical Safety Assessment in REACH [14], which
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was further developed into the generic emission model
by using the so-called spERC (Specific Environmental
Release Category) tables, published by industry [16].

Total emission into the environment is modeled as the
product of use volume, release fraction and fraction not
retained in the process of waste treatment:

Eijk = Z ,k(UseVoli - ActCat;j) - RF i - Fstp;,
1)

where E;;; denotes the EU-wide emission rate [kg.s™']
of substance i from use j into environmental medium k,
(L[seVoli - ActCat; ,j) represents the volume of substance
i, used in activity category j [kg.s™1], RF;; is the (dimen-
sionless) fraction [-] of this use that is released into
medium k and Fstp;; [-] denotes the fraction of sub-
stance released to medium k upon sewage treatment, as
predicted by the STP model SimpleTreat, recommended
in the REACH Guidance [14]. The applicability of Eq. 1 to
estimate release rates for the purpose of chemical safety
assessment of chemicals under REACH was tested for
all chemical substances known to be used in Europe per
April 2015 ([11]. The 169 specific Environmental Release
Categories [16], claimed to be ‘best possible estimates’
were categorized into the 12 composite main uses listed
in Table 1.

D

Fig. 1 In SimpleRisk releases of chemical substances are estimated for all chemicals based on different emission processes during the chemicals’
life cycle stages: manufacturing and transport (A), formulation and distribution (B), service life (C) and recycling/waste stage (D). Release to the
environment can take place mediated by (household or industrial) wastewater treatment

Exposure model
Expected exposure concentrations of chemicals in a
‘typical EU-water body” were calculated from estimated
emission rates using the multimedia mass balance model
SimpleRisk (Fig. 2). SimpleRisk is a simplified (spatially
and temporally invariable) version of the model used in
the EU project SOLUTIONS. SimpleRisk combines the
above emission estimation model with the environmental
fate simulation models SimpleBox vs 4 [17] and Simple-
Treat vs 4 [18, 19]. The SimpleRisk model has been used
and was validated in the EU project SOLUTIONS [11],
to test the usefulness and plausibility of the outcomes
of the emission model for use in chemical safety assess-
ments. SimpleRisk simulates emissions of chemicals at
so-called ‘local’ and ‘regional’ spatial scales, and calcu-
lates expected steady-state concentrations of chemicals
in a ‘generic receiving environment’ (air, water, soil).
Exposure concentrations are uncertain, due to spa-
tial variability and uncertainty in true values of model
parameters. Different chemicals have different exposure
distributions (i.e., different means and variances). Taking
variability and uncertainty into account results in dis-
tributions of exposure concentrations, characterized by
medians and variances, rather than point estimates. For
the purpose of this study, we assumed equal variances of
exposure concentrations for all chemicals. An estimated
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Table 1 Estimated release fractions in the various uses and life cycle stages, based on published and unpublished reports

Activity category Release (%) To air (%) To water (%) To soil (%)
Stage | Usel: MANUFACTURING 04 0.2 95 5

Stage | Use2: DISTRIBUTION & FORMULATION 0.5 60 39 1

Stage | Use3: INDUSTRIAL PROCESSING 0.5 59 35 6

Stage ll Use4: USE in AGRICULTURE 100 15 1 84

Stage |l Use5: USE in MEDICINE 12 0.0 100 0

Stage I Use6: WIDE-DISPERSIVE USE in ‘down-the-drain 100 0.0 100 0

Stage ll Use7: Other WIDE-DISPERSIVE USES 100 73 1 16

Stage |l Use8: WIDE-DISPERSIVE 'low-release’ USES 5 73 11 16

Stage I Use9: USE as FUEL 0.04 96 4 0

Stage |l Use10: Other stage-Il USES 0.5 26 22 9

Stage lll Use11: TREATMENT, RECYCLING 5 33 33 33

Stage Il Use12: SOLID WASTE DISPOSAL 10 0.0 0.0 100
Use-weighted averages, based on selected SpERCs 25 63 31 6

SpERC Specific Environmental Release Category; from Van de Meent et al. [11]

value (0conc=0.3) was used, based on the outcomes of
previously conducted Monte Carlo simulations of expo-
sure model uncertainty [20], and of validation stud-
ies carried out in the EU project SOLUTIONS [11, 21].
The assumption of homogenous variance can easily be
relaxed in specific cases, as the mathematical derivation
of the risk equation does not critically depend on it.

Impact model

SimpleRisk adopts the derivation procedure described
by Van Straalen [3] and Aldenberg et al. [4], to quantify
‘expected risk’ ER as the probability that concentrations
in the environment (which are known to vary in space
and time), are greater than critical effect concentrations
(which vary across species). In this study, we have calcu-
lated ER from distributions of modeled concentrations in
‘typical EU water’ ([11] and distributions of laboratory-
measured chronic NOECs. Additionally, we have calcu-
lated ER of the same chemicals, based on acute EC50,
as derived by [21]. We closely followed Van Straalen [3],
by taking integrals of the products of probability density
functions of modeled concentrations in surface water and
the cumulative distribution functions of no-effect con-
centrations (Fig. 3).

Because distributions of chemical concentrations are
commonly skewed, we consider the log,, of the concen-
tration. In addition, we followed the recommendation by
Aldenberg et al. [4] to toxicologically standardize cumu-
lative SSDs according to

loge — u§
z= c N’ (2)
oN
where u§; is the mean of log;, of NEC and oy the log,,
of standard deviation of critical effect concentrations.

This facilitates evaluation of many chemicals in a multiple
exposure scenario. Assuming a normal distribution and
applying the z-transform to each of them, gives all SSDs
mean zero and unity variance, so effectively merges them
into one distribution. After transformation, expected risk
ER is calculated from:

oo
ER(z) =6 = / p(2)N (z)dz, (3)
—00

as shown in Fig. 3. Distributions of exposure concen-
trations p and no-effect concentrations N can now be
visualized by plotting them on the new (dimensionless)
z-transformed concentration axis.

When both p(z) and N(z) are normal distributions, the
expected risk integral of Eq. 3 can be solved analytically
[4]:

z

C [
ER = & M — & Mp

()
U;2+a]f[2 1/0;2—1— 1

where @ is the cumulative standard normal distribution
function, 7 is the mean of z-transformed exposure con-
centrations and cr; is the standard deviation of z-trans-
formed no-effect concentrations.

Case study

The SimpleRisk spreadsheet modeling procedure for
deriving expected risk was applied to the 1977 mono-
constituent organic chemicals that had been registered
under the REACH legislation for marketing in the EU
until April 2015, as described in an earlier paper [11].
EU tonnages, proposed uses, physical and chemical sub-
stance properties were taken from this study. For 1977
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Fig. 2 Principle of exposure modeling in SimpleRisk. The multimedia mass balance model SimpleBox [17], combined with the sewage treatment
plant simulation model SimpleTreat [18, 19], is used to estimate expected exposure concentrations of chemical substances, describing, explaining
and predicting how and why different chemicals behave differently in the environment, depending on their physical and chemical substance

properties

of these, first and second moments (i.e., across-species
averages and variances of acute EC50 and chronic NOEC
were obtained from an earlier study by Posthuma et al.
[21]. It should be noted that for 1428 out of the 1977
chemicals (72%), averages and standard deviations of
NOECs and/or EC50s in Posthuma and De Zwart’s data-
base [21] were derived from three different test species

only, which is barely sufficient to generate reliable SSD
moments in isolation.

In addition to calculating expected risks, we used the
same modeled exposure concentrations and the same
toxicity data to derive the environmental risk quotients
as required by REACH in order to assess whether the
‘safe use’ is possible:
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p(2) N(z)

Probability density
Probability

z

Fig. 3 The expected risk of a chemical, denoted §, is defined as the
probability that PEC is greater than NEC, where both PEC and NEC are
random variables: 6 = Prob(PEC > NEQ). Figure from Van Straalen [27]

RQ(0) = ——— =, — HC5y = i, — (nfy — 1.640%).
(5)

Note that in this study we used the 5th percentile of the
NOEC distribution, HCS, to estimate PNEC. Note that,

as prescribed by REACH, only the mean of possible PECs
is used, disregarding possible variation and uncertainty.

Results

Results of the case study are given in the supplemental
information (Additional file 1: Table S1), and summa-
rized in Figs. 4-6.
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Histograms of the EU-wide annual use volumes and
emission rates of the 1977 mono-constituent organic
REACH chemicals are shown in Fig. 4. Expected emis-
sion rates in the EU range from less than 1 ton per year
to over 100 million tons per year. SimpleRisk-modeled
expected exposure concentrations in the aquatic EU
environment (Fig. 5) range from picograms per liter
to milligrams per liter. Note that outputs of first-order
steady-state environmental fate models (expected expo-
sure concentrations) are directly proportional to the
inputs (emission rates). The proportionality constant
between exposure emission rate and concentration var-
ies from chemical to chemical, in reflection of differences
in environmental behavior of the substances studied—
in Life Cycle Impact Assessment (LCIA), such propor-
tionality constants are called ‘environmental fate factor’
[22]. The environmental fate factors of the 1977 mono-
constituent organic REACH substances in this study did
not vary widely, which explains why ranges in emission
rates and exposure concentrations do not differ much:
expected exposure concentrations depend more on the
amount of chemical used than on the properties of the
chemical.

SimpleRisk-modeled Risk Quotients, RQporc and
Expected Risks, ERyorc and ERpes, are shown, in his-
togram format, in Fig. 6. ERs of individual chemicals
are generally very low: for nearly 90% of the tested 1977
REACH chemicals, both EC50-based and NOEC-based

700 []
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>
€ 400 ]
g
o @ Use volume
& 300 -
L. O Emission rate
200
100
0 J [ 1 , ‘ = |
0 1 2 3 4 5 6 7 8

log,, tonnage [tpa]

Fig. 4 Registered market volumes and model-estimated emission rates (in tons per year) of 1977 mono-constituent organic REACH chemicals
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Fig. 5 Histograms of SimpleRisk-modeled median expected exposure concentrations in ‘typical EU fresh water’and of median critical effect
concentrations (average aquatic log-EC50-acute and log-NOEC-chronic (data from [21])) of the 1977 REACH-registered mono-constituent organic

chemical substances in a ‘typical EU-water body’

ERs can be considered ‘negligible’: the probability of
encountering undesired events in which species are
exposed to concentrations that exceed their critical effect
concentration are insignificant. A few of the tested chem-
icals had NOEC-based Risk Quotients that exceeded
the value of one, or NOEC-based Expected Risks that
exceeded the value of 0.05 (5%), which equals -1.301 on
the log;,ER scale. This ER value is considered maximally
acceptable under REACH.

Figure 7 compares the expected risks and risk quotients
that were calculated for 1977 organic REACH chemi-
cals. It can be seen that good correlations as fitted with
quadratic regression curves are found for substances with
near equal interspecies variations of sensitivity (oyogc in
Fig. 7A, 0gcs, in Fig. 7B). For substances with unequal
OnoEC OF Opcsp ER and RQ appear unrelated in the sense
that substances with equal risks ER may have very differ-
ent risk quotients RQ, and substances with equal RQ may
have very different ER.

It also appears from Fig. 7 that, near RQ=1, all sub-
stances with equal RQ, regardless of their interspecies
differences in sensitivities o,,,, do have the same ER,
namely ER=0.05 (5%). This can be understood bearing
in mind that RQyor-=1 means that PEC=HCS5, i.e., 5%
of the species have NOEC smaller than PEC. It is also
true that all substances with RQ>1 have ER>0.05, and all

substances with RQ <1 have ER < 0.05. It can be seen from
Fig. 7 that this is not true at smaller risk quotients and
expected risks. Substances that have RQ much smaller
than 1, have RQ that seem unrelated to ER. Substances
with equal RQ may have ER that differ by many orders of
magnitude, depending on differences in interspecies dif-
ferences in sensitivities o,,,.

Note that many REACH chemicals in this study (340
out of 1977) have interspecies sensitivity variations of
0,,,=0.70 £0.05), and that many of these share the non-
polar narcotics mode of action, for which ¢,,,=0.70 is
the median observed value reported by De Zwart [23].
The chemicals with o,,, & 0.7 are represented in Fig. 7A
and B by black dots, and nicely fall onto the same ER-RQ
curves in Fig. 7A and B.

Discussion

Central in the concept of science-based quantitative envi-
ronmental risk assessment is that ecotoxicological risk
depends on both exposure and toxicity. There are differ-
ent ways to objectively compare exposure with toxicity.
In this study, we have considered the two most widely
used ways: the simple risk quotient (RQ) approach and
the more sophisticated expected (ER) risk method. The
simple RQ approach to risk assessment of chemicals has
been adopted in the EU chemicals legislation (REACH)
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and various other regulatory platforms. The integrative
ER method (Egs. 3 and 4) has mainly found application as
a means to compare and prioritize chemicals: the greater
ER, the greater the priority for taking risk reduction
measures. This approach has been successfully taken in
many scientific studies (Posthuma et al. [2] and references

herein), most recently in the EU project SOLUTIONS
(https://www.solutions-project.eu/, [9, 10]).

In this study, we have applied the SimpleRisk/EUSES
modeling concept to calculate integrative expected risks
ER and simple risk quotients RQ of 1977 potentially
toxic chemicals that had been registered for marketing
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published by Posthuma et al. [21]

under the EU REACH regulation before 2015. We use the  Suitability of SimpleRisk to model environmental risks
results of this study to test whether (i) relevant quantita-  of chemicals

tive indicators of environmental risks of chemicals can be It appears from this study that both RQ and ER can be
obtained by modeling, and to decide which indicators can  readily modeled for all chemical substances offered for
offer scientific support to regulatory decision-making. registration. The SimpleRisk spreadsheet used in this
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study models the environment according to the sub-
stances evaluation concept, which was introduced in
the late 1970s [24], in response to the concerns raised by
early environmentalists, who observed undesired bio-
logical consequences of the growing use of toxic organic
chemicals [25]. Environmental fate modelers reasoned
that those necessary regulatory measures would be
served best and most fairly by modeling the possible con-
sequences of releases of different chemical substances
into the same hypothetical standard environment, which
they named ‘Unit World. SimpleRisk adopts this con-
cept, and the steady-state mass balance modeling system
(‘Fugacity Modeling’) [26], that comes with it. SimpleR-
isk calculates expected concentrations and expected risks
from use volumes, physical-chemical substance prop-
erties and toxicities, assuming releases into an assumed
hypothetical environment—instead of Mackay’s Unit
World, SimpleRisk uses a so-called ‘typical’ EU-environ-
ment. Earlier studies in the SOLUTIONS project have
shown how the SimpleRisk/EUSES modeling concept can
be applied to all chemicals used in Europe, producing all
outputs necessary for making regulatory decisions about
acceptable uses of chemicals in a transparent way.

Suitability of ER and RQ to measure environmental risks

of chemicals

The simple RQ calculation and the integrative ER method
are mathematically related, but distinctly different. The
approaches are related in the sense that both are math-
ematical functions of (partly) the same variables, namely
the means and variances of the distributions of expo-
sure concentrations and critical effect concentrations.
The approaches are distinctly different, too, because the
functions ER (Eq. 4) and RQ (Eq. 5) are certainly not the
same. When applied to the same large set of chemicals,
outcomes were different (this study, Fig. 7), which should
not come as a surprise.

When applied to different chemicals, ER and RQ,
although based on the same exposure- and critical effects
data, appear unrelated. This can be concluded from
Fig. 7, where it is shown that two different chemicals can
have equal ER, while at the same time they have greatly
different RQ. The apparent, perhaps counter-intuitive,
nonconformity of ER and RQ can be understood from the
mathematical differences in derivation between the two
approaches. The integrative ER calculation (Egs. 2—4)
measures the extent of ecotoxicological risk probabilisti-
cally by assessing the overlap between exposure concen-
trations and critical effect concentrations, to yield the
probability that one exceeds the other. The simple RQ
method merely serves to test whether the mean of pos-
sible PECs exceeds the 5th percentile of possible NECs
(Eq. 5). However, RQ does not yield information about
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the magnitudes of risks expected for different chemi-
cals, while ER, being designed to serve this purpose,
does. As a consequence, ER of different chemicals (with
unequal interspecies differences in sensitivities) can be
compared directly, regardless of the possible interspecies
differences in sensitivities (o,,,). RQ of different chemi-
cals can be compared only for chemicals with equal o,,,
(Fig. 7); only ERs and RQs of chemicals with equal o,
plot on distinguished curves, whereas calculation results
of chemicals with unequal o,,, scatter widely. While ER
can (and must) be interpreted as an exceedance prob-
ability [27] and can, in that quality, serve as a quantitative
measure of ecotoxicological risk, this is not true for RQ.
This study demonstrates that, certainly, the two methods
express different aspects of environmental risk of chemi-
cals, and can, therefore, not be used interchangeably.
Consequences for regulatory application of risk-based
comparison of chemicals are serious. Both RQ and ER
are perfectly suitable to support binary (yes/no) decisions
with respect to acceptability of chemical risks, while only
ER is suitable to quantify and compare environmental
risks of different chemicals!

Suitability of ER and RQ to measure risks of mixtures

The outcome of ER calculation (Egs. 2—4) is a prob-
ability. ER is a dimensionless number that expresses the
probability that exposure concentrations exceed critical
effect concentrations. Thanks to this, ER is additive in the
sense that, in the case of combined exposure to different
chemicals (mixtures), the overall ER of the mixture can
be found by addition of the ERs of the components of the
mixture. The outcome of the RQ calculation (Eq. 5) is also
a dimensionless number, but not a probability. Addition
of the RQs of the mixture components would only result
in a meaningful overall mixture RQ, when the compo-
nents of the mixture have the same interspecies variation
of toxic sensitivities o,,,. In toxicological practice, this
limits the use of RQ for risk assessment purposes to con-
sideration of single chemicals, or to mixtures of chemi-
cals with similar species sensitivities. The suitability to
quantitatively assess risks of combined exposure to mix-
tures of chemicals with different toxicological modes of
action is a useful added value of ER over RQ.

Suitability of ER and RQ to address uncertainty

Being the quotient of two uncertain and/or variable fig-
ures, RQ is an intrinsically uncertain variable. Uncer-
tainties and variabilities in exposure concentrations
and critical effect concentrations propagate into RQ in
a known, predictable way. As a result, RQs are usually
very uncertain. The outcome of the ER calculation, is an
exceedance probability. Unlike RQ, ER is not uncertain.
The magnitude of ER follows from the magnitudes of the
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variances in exposure concentrations and critical effect
concentrations. Unlike in RQ, greater variances result
in greater ER, not in more uncertain ER. This suitability
to include the consequences of uncertain input to risk
quantification is another important added value of ER
over RQ.

Suitability of ER and RQ for risk-based regulatory
decision-making

When regulatory risk assessment of chemicals is needed
to support yes/no decisions about acceptability of poten-
tially riskful applications of chemicals, both the simple
RQ method and the integrated ER can be used. When it is
necessary to determine the magnitude of risk to be taken,
the only available option is to use a method that is capa-
ble of comparing risks of different chemicals. We have
shown in this study that such comparative risk assess-
ments can be made by means of ER, but CANNOT, and
should not, be made using RQ, i.e., not by means of RQ
calculated from Eq. 5, using untransformed data.

We have tested whether RQ could be turned useful for
this purpose by calculating it from z-transformed con-
centration data, as done for ER (Eq. 2). It can be seen
from Fig. 8, that this is possible. The differences in RQ
for chemicals with equal ER (as in Fig. 7) disappeared
after application of z-scaling: chemicals with near equal
ER? also have near equal RQ?. Data points for different
chemicals, which were scattered when RQ® was calcu-
lated from unstandardized data (light gray dots in Fig. 8)
collapse onto a much narrower band (dark gray black
dots in Fig. 8) after recalculation from z-scaled concen-
trations. Remaining scatter disappeared completely when

................................. ER=0.05 e
+ ER=0.000001

-30

-60

log;o ERyogc []

-90

RQ=0.005  RQ=1

-120
-9 -6 -3 0
logyo RQuokc [-]

Fig. 8 Expected risk £R versus risk quotients RQ of 1977
mono-constituent organic REACH chemicals. Light gray symbols:
RQ calculated as in REACH (from untransformed concentration
data); dark gray symbols: RQ calculated alternatively (from
z-transformed concentration data), with opg- of all chemicals set to
0.3; black symbols: RQ calculated alternatively (from z-transformed
concentration data), with all opg-setto 0
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uncertainty in PEC (which is accounted for in ER? but
not in RQ?) was assumed zero.

When both ER and RQ are calculated from z-scaled
concentrations, both ER and RQ can be used in risk-
based regulatory decision-making. In the EU, where
maximum acceptable risk of chemicals, and maximum
acceptable exposure concentrations are chosen to be
characterized by the PEC=PNEC standard, chemicals
with risk quotients greater than 1 (or expected risks
greater than 0.05 (5%)—in this study, this applied to less
than 1% of the 1977 substances considered—are “unac-
ceptable” according to criteria, and cannot be allowed on
the market. Chemicals with expected risk based on acute
EC50 values below 107° (or risk quotients below 0.005)—
in this study, this applied to 82% of the 1977 REACH sub-
stances considered—can be considered “safe for use” and
can be registered for marketing. For the remaining 17%
of the tested chemicals, this screening-level assessment
does not suffice for risk-based decisions about the pos-
sibility to use a chemical safely.

Recommendations

Clearly, RQ could be turned useful for the purpose of
quantitative environmental risk assessment of chemicals
by calculating it from z-transformed concentration data,
as this is done for ER. To do so, the long-used PEC/PNEC
risk quotient calculation would need to be abandoned,
replacing it by a similar quotient, built from completely
new z-transformed concentrations. We feel that making
such changes would meet great resistance, and would
take great effort and much time. We feel that interna-
tional regulatory bodies are more likely to be convinced
of the need to introduce the additional, but long-known
variable ER in environmental risk assessment. From a sci-
entific perspective, it would suffice to stop misinterpreta-
tion of PEC/PNEC ratios by stopping to call them Risk
Quotients. Rather than that, the European Commission
should limit use of RQ to state that PEC/PNEC quotients
greater than one mean that “use is not sufficiently safe to
allow registration under REACH”.

On the basis of the results of this study, we recommend
using ER in addition to RQ. Use of screening-level RQ
(as currently practiced in the EU) should be limited to
making decisions about exceedance of maximum accept-
ability levels. Support for regulatory decisions about pri-
orities for risk reduction or authorization requires more
extensive knowledge of environmental risks of chemicals.
In a recent opinion article, Van Straalen et al. [28] have
summarized the scientific and practical reason for this
recommendation.

Moreover, the calculation of ER with acute EC50 data
should be preferred due to the following reasons:
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+ The statistical derivation of EC50 is far more
robust than the test design dependent derivation of
NOEC.

+ As compared to the availability of chronic NOEC
data, many more acute EC50 data are available for
many more substances and many more species,
making the statistical derivation of SSD curves
much more reliable.

+ It has been demonstrated that ER based on acute
EC50 data more closely reflects the impact on bio-
diversity and ecological status that can be observed
in field exposed communities of species [29-31].
This is very useful when mixture toxicity needs to
be addressed.
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