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INTRODUCTION

Current approach of aquatic toxicology for stan-
dard regulatory paradigm such as water quality cri-
teria uses the environmental concentration as a surro-
gate for the concentration at the target site. This para-
digm called as ‘external concentration-based appro-
ach’ is based on the premise that the toxicant concen-
tration at the target site is proportion to the organism
concentration, which is in turn proportional to the
exposure concentration. Current aquatic toxicology
has addressed numerous problems such as the inter-
pretation of toxicity of contaminant mixtures, vari-
able bioavailability of the chemicals in the complex
media, the impact of intermittent exposures to biota,
most of all, the significance of chemical residues in
field-collected organisms exposed to various. These
problems are related to using an external concen-
tration as a surrogate dose for actual dose in site of
toxic action. This approach was unavoidable since
the involved toxicological processes, mainly dose-
response relationship in target site (s), had been poor-
ly understood.

Meanwhile ‘body residue-based approach’ opens a
way to overcome the above problems in current aqu-
atic toxicology (Landrum er al., 1992; McCarty and
Mackay, 1993; Sijm er al., 1993). If effects can be
expressed based on the body residue to produce the
effect, one can get information of the intrinsic toxi-
city masked by the uncertainty regarding bioavai-
lability and bioaccumulation. In addition, coupling of
kinetic models with the body residue approach
allows the prediction of toxic effects resulting from
complex exposure scenarios (Landrum ef al., 1992).

In this review, current external concentration-bas-
ed approach in aquatic toxicology are summarized,
and then as an alternative approach on the current
approach, body residue-based approach are introduc-
ed. In addition, newly developed method to estimate
the Predicted No-Effect Concentration (PNEC) based
on the body residue approach is introduced as an
alternative of the traditional approaches such as No-
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Effect observed Concentration (NOEC) and Effect
Concentration for 5% effect size (ECS) based on the
external-concentration approach. Finally, further
study needs for the effect analysis based on the body
residue approach are addressed.

1. Current frame of aquatic toxicology: external
concentration-based approach

1) Experimental design for the standard
toxicity test

Toxicity represented as LC50 endpoint is a product
of three types of factors-exposure duration, accu-
mulation kinetics, and chemical potency (Rand et al.,
1995). Similarities or differences of the toxicity test
results can be judged only when each set of experi-
mental data is interpreted by quantifying the influ-
ence of parameters in each of the three component
categories (Rand et al., 1995). Current toxicity test
results themselves (i.e., the numerical estimates of
effect and no-effect concentration such as LC50 or
No-Observable Effect Concentration, NOEC) are not
the ultimate toxicological objectives; rather they are
the basis for gaining toxicological insights, which
can be used to make comparisons with other toxic
agents and/or organisms (Rand et al., 1995). For
comparisons of toxicity among different agents and/
or test organisms, it is assumed that a steady state is
reached between the external chemical concentration
and the concentrations of chemical at target sites in
the organism during the short-term test period
(Sprague, 1969). In the ideal situation, at the thresh-
old exposure concentration where toxic effects have
reached the incipient stage, the exposure water con-
centration should be a valid surrogate for the unknown
amount of toxicant in the organism that is actually
causing the effect. Once a threshold relationship is
established, the potency and kinetic information
obtained can be used to interpolate the time course
prior to steady state.

Unfortunately, Sprague’s admonishment to get
steady-state toxicity test data by obtaining and report-
ing time-independent bioassay results, such LC50s
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(Sprague, 1969), has been largely ignored. Lack of
steady state simply means that more detailed toxi-
cological investigation such as bioconcentration
experiments is required because the underlying
assumptions of the toxicity test design have been
violated (Van Wezel et al., 1995).

2) Prediction of chronic toxicity from acute
toxicity

Chronic effects of toxicants are often inferred or
estimated from observation made during short-term
or ‘acute’ studies. Using acute lethality data to esti-
mate chronic toxicity (lethality, growth, and repro-
duction) to test animals involves deriving an acute-
to-chronic ratio (ACR, Kenaga, 1982). The ACR is
used to estimate chronic NOECs for other species for
which only acute toxicity data exist:

NOEC=LC50/ACR.

However, this approach has some limitations (Ma-
yer et al., 1994).

(1) When one uses the ACR, the acute median
lethal concentration (LC50) is compared with NOEC,
often derived from an endpoint other than lethality.
Although different degrees of response (acute 50%
vs. chronic no-effect or 0%) could be used when
response slopes were similar, the slopes could be
different.

(2) The use of the ACR method does not take into
consideration the progression of lethality through
time that is observed in acute toxicity test. The pro-
gression of degree of response with duration of ex-
posure should be essential when one predicts chronic
lethality from acute toxicity data.

Assuming that concentration-response is a continu-
um in time, and the mode of toxic action for lethality
is similar under acute and chronic exposures, Mayer
et al. (1994) predicted successfully chronic lethality
to fishes from acute toxicity data and demonstrated
that growth effects can be predicted from the chronic
lethality. But they did not succeed to estimate the
chronic reproductive effects from acute lethality.

Roex et al. (2000) analyzed the variability in ACR

values for various chemicals in relation to their mode
of toxic action such as non-polar narcotics, polar
narcotics, specifically acting compounds, which had
been suggested by Verhaar ef al. (1992). As an acute
endpoint, the LC50 was used (invertebrate: 24-h or
48-h LC50 values, fish: 96-h LC50 values), as a
chronic endpoint, the lowest test concentration at
which the natural rate of population increase (r) is
affected (LOEC (r)) was used. Non-polar narcotic
chemicals demonstrate the smallest variation in
ACRs, and acute tests can be used to derive chronic
endpoints for this chemical class. For other classes,
however, it is less reliable to predict chronic toxicity
using the results of acute tests. In general, differences
in species sensitivity rather than in mode of action
for the chemical seem to determine differences in
ACRs.

In the above studies, several endpoints that differ
regarding time of exposure (acute and chronic) and
level of organization (survival, growth, reproduction,
and population growth rate) are compared. However,
chronic toxicity data for toxicant with different modes
of action can only be compared when a standardized
parameter, which also has ecological relevance, is
used (Forbes and Calow, 1999; Roex et al., 2000). In
addition, as acute endpoints, not a fixed exposure
time LC50 values such as 24-or 48-h LC50 values,
but the incipient 1.C50 values need to be used (Mayer
etal., 1994).

3) Bioavailability and multiple exposure
pathways

Toxicity can vary with external factors such as
temperature, pH, and ligand system in aquatic system
such as salinity, concentration of dissolved or par-
ticulate organic matters, as well as intrinsic factors of
a toxicant (Newman and Unger, 2003). Since total
concentration of toxicant is not useful to predict the
toxicity, a terminology of ‘bioavailable fraction’ was
suggested to solve this problem (Hamelink et al.,
1994). In the case of metals, the free ionic activity
model (FIAM) was suggested to predict the bioavail-
ability fraction of a metal in aquatic system (Tessier
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and Turner, 1995). According to the FIAM, the free
ionic activity is the best dosimetry for the bioavail-
ability and toxicity. In similar to metals, the freely
dissolved form of organic compound represents the
bioavailable fraction of organic compounds in aquat-
ic system (Di Toro et al., 1991). In addition, the
FIAM was extended into predicting the sediment
toxicity, where the sediment toxicity can be predicted
by the free ionic activity or the freely dissolved con-
centration in the pore water between sediment par-
ticles. At the same time, according to the equilibrium
partition (Eq-P) theory, the freely dissolved concen-
tration for organic compounds can be predicted from
organic carbon-normalized concentration in sedi-
ment.

Most of aquatic toxicity tests were conducted under
single or multiple exposure conditions such as water-
only exposure or sediment exposure without dietary
uptake exposure. Results of the toxicity tests are
summarized based on a concentration in water or
sediment. This type of external concentration-based
approach is based on the Eq-P theory among differ-
ent phases such as water, organic matter, and biota.
In contrary, in field situation, aquatic organisms are
exposed to toxicants via water or sediment routes
together with dietary uptake route at the same time.
Therefore, external concentration-based approach
cannot represent real exposure condition with the
multiple exposure routes, but under-estimate the
bioavailability because each exposure route addi-
tively contributes to the bioaccumulation of toxicant
(Luoma ef al., 1992). Finally, the relative contri-
bution of each exposure route, especially dietary
exposure route is not generic, but specific to a local
ecosystem (LLuoma and Rainbow, 2005).

4) Toxicity under the time-varying exposure
“condition
USEPA (1998) stated on the possibilities to im-
prove the current approach for regulation of water
quality such as an approach that will better handle
variable concentrations by use of a kinetic-based
toxicity model coupled with a population response
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model. “A Kkinetic-based toxicity model considers the
speed at which effects appear in different individuals
and different concentrations. The kinetic-based tox-
icity model allows prediction of the toxicity of any
series of time-variable concentrations. [t can predict
how often effects would occur, and what fraction of
individuals in the species would be affected”. A pop-
ulation response model is “to allow the toxic impact
to be portrayed as the overall average reduction in
the number of individuals in a species, both during
lethal sublethal periods and during recovery periods,
accounting for both partial lethality and partial
recavery” (USEPA, 1998).

Current kinetic models for invertebrates are ther-
modynamic relations to empirically predict steady
state, i.e., the relation between the bioconcentration
factor (BCF) for non-polar organic compounds and
the octanol-water partition coefficient (Kow) (McCarty
et al., 1992; Di Toro et al., 2000). Current efforts for
kinetic-based toxicity model allow prediction of
effects for non-polar organics acting by a narcotic
mechanism based on body residue and should be
predictable from toxicokinetic models (McCarty et
al., 1989; Mackay et al., 1992; McCarty and Mackay,
1993; Rand et al., 1995; Di Toro et al., 2000).

Usually, kinetic models were developed to describe
and predict processes that alter exposure regimes and
the toxicokinetic factors that result in toxicologically
significant accumulation of chemicals on or in the
body of exposed organisms (Landrum ez al., 1994).
Once such factors are understood, it may then be
possible to modify exposure regimes or avoid cir-
cumstances that create exposures so that adverse
effects do not occur. This represents the essence of
the current approach for the application of sound
scientific principles to the development of external
concentration-based regulatory criteria for environ-
mental protection (Landrum et al., 1994). Until now,
few studies applied the kinetic-based toxicity model
to the toxicity of any series of time-variable concen-
trations (Hickie er al., 1995; Reinert et al., 2002).
The population response model to derive the allow-
able frequency of excursion above the criterion has
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Fig. 1. Relationship between external concentration. toxi-
cokinetics, internal concentration, target site concen-
tration, and biological effect (modified from Escher
and Hermens, 2002).

seldom been studied coupled with the time-variable
exposure conditions (Barnthouse, 2003).

2. Body residue-based approach as an alternative
of current frame in aquatic toxicology

The current frame in aquatic toxicology results in
the difficulties in determining the bioavailabe frac-
tion of the environmental concentration, multiple
uptake routes, pulsed doses, non-steady-state situa-
tions (e.g., short exposure times), and toxicant bio-
transformation (Fig. 1). However, if effects were
based on the body residue required to produce the
effect, complications arising from the uncertainty
regarding bioavailability and accumulation would
essentially be eliminated (Landrum et al., 1992).

1) Advantage of body residue approach

The link between environmental exposure or inter-
nal dose and adverse biological responses, whether it
is laboratory-based toxicity endpoints or field-based
ecological effects, is currently the most poorly under-
stood aspect. However, shifting form comparison

between ambient water concentrations and water
concentrations known to cause toxic effects (‘exter-
nal concentration-based approach’) to comparison
between organisms concentration and internal critical
body residue known to cause toxic effects (‘body
residue-based approach’) has several advantages
(McCarty and Mackay, 1993; Sijm et al., 1993; Van
Wezel et al., 1995).

(1) Body residue-based approach gives more infor-
mation on the concentration of the chemical at the
site of the toxic action and then may help to distin-
guish and understand various modes of toxic action,

(2) Difference of sensitivity between species can
be assessed. Species differences in the LC50 values
for a compound may reflect a bioconcentration behav-
ior and/or a different intrinsic toxicity, while species
differences in lethal body residue reflect only the
intrinsic toxicity of the compound.

(3) If the lethal body residue for a compound of a
species is known, the amount necessary for killing
the species will be known. In this case, previous expo-
sition of the compound can be taken into account in
toxicity assessment.

(4) Mixture toxicity may be easily described. If
different chemicals have the same model of toxic
action, e.g. narcosis, the lethal body residue that
causes narcosis may be derived from the sum of the
body residues of the individual compounds. Each
compound therefore equivalently contributes to their
toxicity.

(5) The lethal body residue is assumed to be less
dependent on exposure conditions such as difference
of exposure media (water-only or sediment exposure,
dietary uptake, etc) and attainment of equilibrium
conditions. Therefore, metabolism, multiple uptake
pathway, limited bioavailability and changing expo-
sure concentrations are not confounding factors in
interpreting the body residue, because the concen-
tration inside the organism is measured.

For these reasons the comparison of field and labo-
ratory data can be facilitated.
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2) Critical body residue interpretation of
environmental hazard in aquatic biomonitoring
species

Biomonitoring studies have generated a wealth of
information describing contaminant loads in living
organisms collected from contaminated sites. Living
organisms act as integration of environmental ex-
posure and, depending on the feeding habits and
mode of interaction with environmental media, par-
ticular species will take up more or less of a given
contaminant. Thus, biomonitoring body residue data
can establish that a contaminant is present in the
ecosystem but cannot by itself, define the hazard pos-
ed by its presence. Therefore, the meaning of vari-
able residue levels between species as well as the
biological impact of harboring a given residue needs
to be interpreted and established.

The Critical Body Residue (CBR) required to pro-
duce a statistically significant toxicological response
for a given endpoint, e.g. mortality, may significantly
improve interpretation of biomonitoring data (McCarty
and Mackay, 1993). Importantly, CBRs incorporate
information about all possible routes of exposure,
accumulation kinetics and bioavailability thus elimi-
nating variability caused by these phenomena. Thus,
most of the problems with biomonitoring studies can
be avoided. In addition, existing biomonitoring data
can be made more useful by establishing the relation-
ship between body residue of contaminant and the
biological effect that will result for both acute and
chronic endpoints.

Use of environmental or organism concentrations
are, in fact, surrogates for the target site concentra-
tion in the organism necessary to cause an observed
effect or CBR. While the environmental concentra-
tion of contaminant necessary to depending upon the
hydrophobicity of the chemical, the nature of the
medium in which the contaminant residues, and the
type and amount of interaction that biomonitor has
with the contaminated medium, the CBR of a chemi-
cal in an organism needed to be produce that res-
ponse varies little. In fish, the concentration of nar-
cotic chemicals necessary to produce acute toxicity
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varies from 2 to 8 mmol/kg wet weight (van Hoogen
and Opperhuizen, 1988; McCarty and Mackay, 1993;
Sijm et al., 1993).

Importantly, a few researches investigated the
CBR used as biomonitors (van Hoogen and Opper-
huize, 1989; Sijm et al., 1993; Landrum et al., 1994,
van Wazel er al., 1995; Kane Driscoll et al., 1997a,
b; Fisher et al., 1999; Yu et al., 1999), but nor has a
relationship between sub-lethal effects and body
residue for any organism been established (Arthur
and Dixon, 1993; Mortimer and Connell, 1995). If
CBRs can be established for several different bio-
monitoring organisms for several types of effects
ranging from acute toxicity to chronic sub-lethal
effects, aquatic risk assessment will be dramatically
improved (Jarvinen and Ankley, 1999). However,
several operational definitions for the empirical mea-
surement and theoretical estimation of CBR value
have been suggested and confused implementing the
CBR concept into the toxicity assessment (Lee et al.,
2002; Landrum et al., 2005). Barron et al. (2002)
stated that the uncertainty of the CBR approach was
similar to the external concentration-based approach
such as LC50, because the CBR value depended
upon the same sources of variability associated with
aqueous exposure such as the aqueous dosing re-
gime, chemical structure, individual species sensiti-
vity, biotransformation processes, and lipid content,
etc. These uncertainties are partially due to the dif-
ferent measurement methods for the time depen-
dency of CBR.

3) Time-dependence of critical body residue
(CBR)

Body residue approach is a common assumption
for a toxicokinetic-toxicodynamic model as well as
an application method of a constant CBR to interpret
biomonitoring data. In many types of toxicokinetic-
toxicodynamic model, toxic effect depends upon the
body residue. The first attempt of the body residue
approach was to establish the body residue basis for
toxicity. The critical body residue (CBR) for a wide
range of non-polar narcotic organics known as most
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common environmental toxicant was relatively con-
stant from 2 to 8§ mmol kg™ wet weight (McCarty
and Mackay, 1993). In this attempt only toxicoki-
netic process was considered to be a time-limiting
step and then assumed constant threshold (CBR) with
exposure time. Meanwhile, in the case of other
organics with different mode of toxic action (reactive
compound or receptor-mediated toxicant), the CBR
values decreased even after body residue attain the
steady state (Verhaar et al., 1999; Legierse et al.,
1999). Therefore, the real challenge is the toxicody-
namics of a compound to investigate the time course
of toxicity. Considerable research has been requested
to determine the minimum data sets required to
establish threshold body residue (CBR) for the major
environmental toxicants (Landrum et al., 1992).
Further more, the time-dependence of threshold body
residue for a compound needs to be investigated
related to its mode of toxic action, because our con-
cerns are not only to determine the threshold con-
centration, but also ‘to predict how often effects
would occur, and what fraction of individuals in the
species would be affected (USEPA, 1998)’.

3. Application of body residue approach to
estimate the Predicted No-Effect Concentra-
tion (PNEC) in ecological risk assessment

One of the final product of the effect analysis in
ecological risk assessment is a measure of the Pre-
dicted No-Effect Concentration (PNEC) such as No-
Observed Effect Concentration (NOEC)/the Lowest
Observed Effect Concentration (LOEC), or the Effect
Concentration for 10% effect size (EC10), etc. The
PNEC is not a time-dependent measure, but an essen-
tially time-independent toxicity threshold, whereas
the above measures for the PNEC are determined at
an arbitrary chosen exposure time for a test species,
e.g., 4 days or 21 days for daphnia magna. In addi-
tion, these measures are determined experimentally
and estimated using specific statistical methods such
as ANOVA for NOEC/LOEC or time-independent
regression analysis for the concentration-response

modeling such as EC10. It is, however, noticeable
that a statistically non-significant effect does not
imply that biologically significant effects are absent
(Kooijman and Bedaux, 1996). A truly time-indepen-
dent PNEC cannot be determined experimentally, but
estimated only by a toxicokinetic-toxicodynamic mo-
del, which is a systematic application method of the
body residue approach for the quantitative effect

assessment.

1) ANOVA approach: NOEC/LOEC

In standard toxicity test, the mean response at each
concentration is compared with the untreated mean in
the control using the analysis of variance (ANOVA).
The highest concentration that is not significantly
different from the untreated is then designated as the
No Observed Effect Concentration, or NOEC. The
“No-Effect” concept in PNEC is easily associated
with the NOEC. So the NOEC was the main sum-
mary parameters of aquatic ecotoxicity tests. Actu-
ally, in the regulatory guidelines for environmental
quality in many countries, the NOEC has played an
important role. The US-EPA used the NOEC in order
to derive the final chronic value for the aquatic eco-
system.

Meanwhile, many researchers have commented
severe statistical problem in the NOEC approach.
Pack (1993) summarized the disadvantages of the
NOEC as follows

“(1) the NOEC must be one of the test concentra-
tions and therefore depends on No-Effect concen-
trations the choice of the test concentrations; (2) no
precision statements are possible with the NOEC; (3)
because of the variability in an experiment the
NOEC may correspond to large effects; (4) the
NOEC approach gives no information on the slope of
the concentration-effect curve, i.e. the range of the
sensitivity of the chemical.” (de Bruijin and van
Leeuwen, 1996).

Chapman ez al. (1996) stated as follows

“(a) the NOEC is not a good estimate of the NEC,
(b) NOEC:s are highly variable between tests and can
lead to contradictory results, (¢) relatively subtle



192 J. ENVIRON. TOXICOL.

differences in the way an analysis is carried out can
also lead to quite different results, (d) EC50s or other
point estimates are more consistent, more reliable
and less variable than NOECs and can be compared
between tests, and (e) using different taxa inter-
changeably in tests will increase variability” (de
Bruijin and van Leeuwen, 1996).

In OECD workshop, it was concluded that the
NOEC is inappropriate and should therefore be
phased out. Finally, OECD was recommended to
move towards a regression-based estimation proce-
dure and initiate a study of the available time-depen-
dent regression model (both mechanistic and empiri-
cal) to incorporate the time course of toxicity into the
data analysis procedure.

2) Time-independent regression approach:
Effect Concentration estimation (EC)

An “effective concentration” (EC) is defined as the
concentration that produces a specified size of effect
relative to an untreated control. A regression model
is fitted to the data and, through a process known as
inverse estimation, a concentration corresponding to
a specified percent effect relative to the control is
estimated. Confidence intervals for the EC can, and
should always be, estimated. The curve fitted will
usually be empirical in nature and will not have any
particular biological justification.

There are many methods to estimate ECy, which
includes threshold model, hormesis model, and
benchmark concentration. The benchmark concentra-
tion is defined as the statistical lower confidence
limit on a concentration, which produces some pre-
determined increase in response rate compared to the
untreated control. In other words, it is the lower con-
fidence limit on an EC estimate. If EC estimation is
to replace the NOEC, then the size of effect of inter-
est needs to be decided upon. USEPA is using the
benchmark concentration with benchmark response
of 5% or 10% in order to estimate the reference dose
(RfD) or to replace the NOEC. The benchmark
approach has been proposed as an alternative pro-
cedure that can be used until biologically motivated
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approaches are available for some or all effects
(USEPA, 2000).

Disadvantages of EC estimation as an alternative
the NOEC approach are as follows

“(1) The estimate usually depends upon the choice
of model. The confidence interval for small effect
size is relatively large. Precision of EC estimates
depends upon the number of test concentrations and
their values. Therefore, it is needed to determine
optimum selection of test concentrations. This may
need to be done separately for each model. (2) For
the benchmark concentration not only do the model
and the effect size need to be chosen but also the
confidence level used in estimating the confidence
interval. Both threshold and hormesis models re-
quires at least one extra parameters compared with a
normal sigmoid model such as a logistic model. This
makes it more difficult to fit the model. Experience
suggests that confidence intervals around NEC esti-
mates from threshold and hormesis models tend to be
very wide” (Chapman, 1998).

3) Time-dependent regression approach :
Interna!l No-Effect Concentration (NEC)

Kooijman and Bedaux (1996) developed the
Dynamic Energy Budget toxicity (DEB-tox) model
as a time-dependent regression approach to estimate
the PNEC. The DEB-tox model can be used to
estimate the No-Effect Concentration (NEC) as a mo-
del parameter from data from several aquatic toxicity
tests.

Recently, in an ISO/OECD report Magaud, 2003),
the DEB-tox model was suggested for the ecotoxicity
data analysis as an alternative for traditional mea-
sures for PNEC such as NOEC/LOEC or LCx /ECx.
Assuming that toxicological parameters such as
hazard rate are proportional to the body residue that
exceed the internal NEC, the DEB-tox model can
make it possible to estimate the internal NEC as a
time-independent toxicity threshold.

Essential difference between the DEB-tox model
and other traditional measures for PNEC is that the
DEB-tox model is process-based. This makes it
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possible to extrapolate the results from laboratory
bioassay into the field conditions such as time-vary-
ing exposure concentration. In addition, extrapola-
tions from one chemical into other chemicals, from
one species into other species, from individual res-
ponse into population consequences make it easier to
apply the bioassay results to the ecological risk asse-
ssment.

Effects of toxicants were modeled by a change in
the parameters of the dynamic energy budget of an
organism, as a function of the body residue of the
toxicant. In addition, with the help of eco-physio-
logical model such as the dynamic energy budget
model, the NEC concept was successfully applied to
analyze sub-lethal effect such as growth, repro-
duction, and population growth as well as mortality
data.

FURTHER STUDY NEEDS

As a long-term alternative for the external con-
centration-based approach, not the body residue-
based approach, but the dose-based approach was
suggested (Reiley et al., 2003). The external concen-
tration-based approach assumed that the rate of up-
take of the chemicals is the same in both the toxicity
test and the field. However, in field condition, multi-
ple pathway exposure via food uptake and sediment
ingestion can violate the uptake equality assumption.
Instead, body residue-based approach assumes that
the concentration-response relationship is indepen-
dent of uptake route (Reiley er al., 2003). The dose-
based approach can be extended to estimate the fate
of the absorbed dose and the accumulation of injury.
Such an extension has the potential to overcome the
assumption that toxicity is independent of the route
of uptake.
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