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A damageassessmentmodel (DAM) was developedto
describe and predict the toxicity time course for PAHin
Hyalellaazteca.The DAM assumesthat deathoccurs when
the cumulativedamagereaches a critical point and was
described by a combinationof both first-order toxicokinetic
and toxicodynamicmodels. In aqueous exposures,body
residuesincrease in proportion to the water concentration.
Damageis assumedto accumulate in proportionto the
accumulated residue and damage recovery in proportion
to the cumulativedamagewhen damageis reversible.As a
result, the toxicity time course, LCso(t),is determinedby
both a damagerecovery rate and an elimination rate. The
constant critical body residue (CBR)and the critical
area under the curve (CAUC)modelscan be derived as
two extremecasesfromthe DAM,andall three modelswere
reanalyzedusing a hazard modeling approach.As a
result,the critical cumulativedamage(OLIis the determinant
of the concentration-time response relationshipand not
simply the CBRor the CAUC.Finally,from the DAM, two
parameters,a damage recovery rate constant kr and the
killing rate kt, were estimated and found to be relatively
constant for selected PAH.

Introduction

The time- and concentration-dependent toxicity curve that
yields 50% mortality is a graphic summary of mortality data
acquired in a toxicity experiment (1, 2). To fit time series
data of LCso(t)or LTso(e),the empirically selected models for
LCso(t) are generally given by a hyperbolic function of time
(3-5), e.g., Ostwald's equation (6). The toxicity level should
be linearly related to the product dose times duration, or
"c(' (concentration x time). Therefore, at the fIXed toxicity
level, the product of dose and duration should be constant.

In the field of aquatic toxicology, a critical body residue
(CBR) model was used as a first attempt to describe and
predict the time course of toxicity based on the assumption
that CBR, the body residue for 50% mortality, is constant for
exposure conditions such as exposure concentration and
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time (2).Fornonpolarnarcotic (anesthetic)compoundssuch
asPAH,this model assumedafirst-order toxicokineticmodel
to predict the time-dependentLCsoandtheincipient median
lethalconcentration (LCso( 00» at steadystate (1,7- 10).From
the constantCBRmodel,both the LCso(t)and theCBRshould
be constant at steady state.

In the companion paper (11),the bioaccumulation process
of PAH in H. azteca was described and predicted by a one-
compartment first-order toxicokinetic model. However, both
the LCso(t)and the CBR values decreased with increasing
exposure time after H. azteea attained steady state (11).Thus,
it is necessary to assume a time-limiting step other than
toxicokinetics to model the toxicodynamic process.

To investigate the toxicity time course for reactive and
receptor-mediated compounds, the critical area under the
curve (CAUC) model was recently derived on the basis of
integrals of time and concentration as a dose metric (12, 13).
The CAUCmodel is compared with the constant CBRmodel,
which is based on the peak concentration as a dose metric.
The CAUC model was considered as the first theoretical
explanation for the hyperbolic relationship between exposure
concentration and time shown in Ostwald's equation (12).

The simplest case for a toxicodynamic model would be
for recovery from an acute injury to follow a one-compart-
ment model (14). Recently, Ankley et al. (15) suggested a
conceptual model for prediction ofthe phototoxicity of PAH
using a one-compartment first-order toxicodynamic model
adapted to the condition of constant body residue. However,
Ankelyet al. (15)failed to describe and predict the time course
of toxicity for PAH.

For this study, a one-compartment first-order toxico-
kinetic-toxicodynamic model for minimally metabolized
nonpolar organic compounds was derived to describe and
predict the time course of toxicityand compared with the
CBRand CAUCmodels(seeTable 1forsignificantabbrevia-
tions used in the text). Furthermore, the concentration-
time response relationship based on the toxicokinetic-
toxicodynamic model was compared with the empirically
derived Ostwald's equation.

Theory
Empirically Derived Toxicity Model: Ostwald's Equation.
Usually, there is a balance between dose and time, with a
iow dose and a long exposure time producing a similar effect
to a high dose and a short exposure time. A formalization of
this is provided by Ostwald's equation (6): if a given level
of response (kp),e.g., percent mortality (p%) is produced by
concentration c and time-to-response t, then Ostwald's
equation predicts the relationship

etA.= kp (1)

for constant kp and A.
Variability in the toxic response results from the variability

in the time course of accumulation and the amount of
compound delivered to the site(s) of toxic action (toxico-
kinetics) and/or the variability in the time course of the
response to the target dose (toxicodynamics) (14). Various
toxicodynamic models have been suggested (see ref 16)with
the common objective to describe and predict the concen-
tration-time response relationship of exposure concentra-
tion to time-to-death or LCsoor LDsoat fixed exposure times.
Thesemodels are not basedon toxic mechanism but rather
on empirical relationships, e.g., a hyperbolic relationship
between time and concentration, and Ior statistical assump-
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TABLE1.UstofSymbolsandTheirDimensionforVariablesandParameters
interpretation

water concentration
exposure time
body residue of the compound
uptake clearance rate (eq 13)
elimination rate constant (eq 13)
cumulative damage (eq 15)
damage accrual rate (eq 14)
damage recovery rate constant (eq 14)
median lethal concentration (eq 16)
incipient LCsoat the infinite time
critical body residue level corresponding to 50% mortality (eq 17)
incipient CBR at infinitive time
the median lethal time
mean lethal residues for dead animals within treatment
critical cumulative damage level corresponding to 50% mortality (eq 16)
body residue at steady state
area under the curve (fR(t, c) dt)
critical area under curve corresponding to 50% mortality (eq 7)
hazard rate function (eq 28)
cumulative hazard function (eq 29)
survival probability function (eq 30)
killing rate constant in hazard model (eq 31)
killing rate based on body residue corresponding to Ie.,in DAM (eq 33)
coefficient between Hand D (eq 36)
killing rate based on body residue corresponding to (k3ka) (eq 46)
% of mortality
damage level for x% of mortality
time-to-death for x% of mortality
lethal concentration corresponding to x% of mortality .
time scale function in toxicokinetic and toxicodynamic processes (eqs 40 and 41)

tions such as log-normal distribution ofindividual tolerance
in probit analysis:

Green's model (3): LDso= al + bl(1ft) (2)

Finney's model (17): Pp = llz + b2ln (D) + czln t (3)

Newman's model (18): In LTso= ~ + b3ln C (4)

where LDsois the median lethal dose yielding 50% mortality;
t is exposure time; Pp is the probit of p% mortality; D is the
dose yielding p%mortality; LTsois the median lethal time for
half of the test animals to die in each treatment; C is the
external exposure concentration; ah az, a3, bh bz, b3,and Cz
are constants.

According to these models, the toxicity time course is a
hyperbolic time function independent of the bioconcentra-
tion kinetics. However, the constants in these empirically
derived models are not defined by toxicological mechanism
but rather on statistical significance.

Mechanism-Based Toxicity Model: The Constant
CBR Model and the CAUC Model. Constant CBR Model.
According to the narcosis hypothesis, CBR is constant for
exposure concentration and time within the compound
groups with the same mode of toxic action (19). The time-
dependent nature of CBR was actually expressed as the
difference between the CBRfor acute and chronic tests (19).
In the case of narcotic compounds, the ratio of acute to
chronic CBR for lethal effect was estimated to be about 10
from the experimental data (20).The difference between acute
and chronic CBRvalues was usually explained as differences
in the mode of toxic action between acute and chronic
toxicity.

CAUCModel. Recently, for reactive or receptor-mediated
toxicants, theoretically derived toxicology models having a
hyperbolic time function were suggested (12,13). The model
for these irreversibly bound toxicants was well-explained by
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two models that considered exposure time and body residue,
the CAUC model (12) and the critical target occupation
(CTO) model (13). One of the major differences between
the toxicity of narcotics and reactive chemicals is that re-
active chemicals interact essentially irreversibly with the
target, while narcotics interact reversibly. With irreversible
receptor binding, it is not simply the target site concentration
but the total amount of target affected or occupied that is
the relevant dose parameter (12, 13, 21). Thus, the concen-
tration of affected target (CaffectedtargeJcan be modeled as
follows (12):

dCalJected talget - k C C. t - kdCalJected target (5)- a talget tmacan

where C,argetis a concentration of target, Ctoxicantis a
concentration of toxicant, and ka and kcJare constants.
Assuming absolutely irreversible interaction (kd = 0), the
model leads to

CAUC 1 (6)
LCso(t) = BCF t - (1 - e-kef)f ke

In the case that target site can be renewed by biosynthesis,
the LCso(t)is eventually expected to reach an incipient value
(LCso(oo»:

CAUC 1 + LCso(oo) (7)
LCso(t) = BCF t- (1- e-kef)fke

Thus, the CBR at the target site depends on the exposure
time:

CBR(t) CAUC + CBR(oo)
t _1..

-kef) ke(1 - e

(8)

symbol unit

c mmol L-1
t h
R(t; c) mmol kg-I
ku L kg-I h-1
Ie., h-1
D(t; c)
Ie., mmol-l.kg.h-1
k, h-1
LCso(t) mmol L-1
LCso(oo) mmol L-1
CBR(t) mmol kg-I
CBR(oo) mmol kg-I
LTso h
MLR mmol kg-I
Dt
R.. mmol kg-I
AUC(t; c) mmol kg-I h
CAUC mmol kg-I h
hIt; c) h-1
H(t; c)
S(t; c)
kl mmol-1 kg
k2 mmol-1 kg h-1
k3
kt mmol-1 kg h-1
x
Dx
LTx h
LCx mmol L-1
P(t) or PI LTso) h



If the exposure time is sufficiently long to reach steady state,
the LCso(t)is a hyperbolic function of the exposure time t:

CAUC.! + LCso(oo)LCso(t) = BCF t

and the concentration-time response relationship under
the steady state is given by

log (LCso(t) - LCso(oo»+ log t = log (CAUC/BCF) (10)

This relationship is essentially the same as Green's empirically
derived model (eq 2).

While the CAUCmodel and other empirical models such
as Green's model (eq 2) assume an irreversible interaction
between toxicant and target site, typical narcotics such as
PAH are assumed to interact reversibly with the target site,
membrane lipid. If the toxicity is rapidly and absolutely
reversible, the exposure history does not matter, and the
peak concentration at the target tissue is more important.

Derivation of DAM.To create a general model, we must
not assume a priori whether the toxicity of a compound is
reversible, but rather we must investigate the extent of
reversibility. The DAMis based on three assumptions. First,
the compound accumulates by the simple first-order kinetics:

dR = kuc - k~dt (11)

where Cis the aqueous exposure concentration (mmol L-1),
R is the tissue residue (mmol kg-I), kuis the uptake clearance
rate (Lkg-I h-I), keis the elimination rate constant (h-I), and
t is exposure time (h). For actively metabolized organic
compounds such as PAHin fish and naphthalene in H. azteca,
the model would need to be modified.

Second, organism damage accumulates in proportion to
the tissue residue, and the damage recovery is proportional
to the cumulative damage (reversible damage):

dD = kaR- kpdt (12)

where D is the cumulative damage (dimensionless), k. is a
rate for accrual of damage (kg mmol-I h-I), and k, is a first-
order rate constant for damage recovery (h-I). This model
can be applied to compounds with rapid reversible binding
to the target site (k, "'"00)as well as to reactive and receptor-
mediated compounds with irreversible binding (k, "'"0) (12,
13). However, for this model, it is simply assumed that in
addition to the bioconcentration kinetics there is a second
rate-limiting step that is critical for modeling the time-
dependent toxic response.

The third assumption is that death occurs when damage
accrues to a certain critical lethal level, Dt. If c is constant
and D(O) is zero, the cumulative damage function D(t) is
given by

ku

(
e-k't - e-ket 1 _ e-k't

)D(t) = ka-k c k - k + kere r
(13)

If D(t) can be denoted by Dt for the extent of damage that
produces 50% mortality, the time-dependent median lethal
concentration LCso(t)and the time-dependent critical body
residue (CBR(t» are as follows:

DLI ka (14)
LCso(t) = ku

(e-krl _ e ket+ 1 _ e k,t)ke kr-ke kr

(9)

CBR(t) = Ddka
~ (e krl- e ket 1 _ e-krl

)
(15)

(1 - e-ket) kr - ke + kr

with DLIk. in mmol kg-I h. The coefficient Dtl k. is equiv-
alent to the product of tissue residue and exposure time.
Therefore, the coefficient Dtl k. can be viewed as the
compound equivalent toxic damage level required for 50%
mortality.

Relationship of the DAMto the CBRand CAUCModels.
Both the constant CBRmodel and the CAUCmodel are special
cases of the damage assessment model.

According to the narcosis hypothesis, the damage is
reversible (not accumulated), for any givenexposure duration,
and eq 12 should always equal zero:

dD=kaR-kP=Odt (16)

Thus, the tissue residue corresponding to DLshould be a
constant value equivalent to the CBR:

DLIka = CBR
kr

(17)

with CBRin mmol kg-I. Under these conditions, D(t) would
also be zero, if k. = 0 (no damage accumulation)or k, = 00
(extremely rapid reversibility). If k. was zero, then the
biological response would not caused by the internal dose.
If kr is infinite, then the damage is not accumulated. In this
case, eq 14 is modified as follows:

Dd ka (18)
LCso(t) = ~ ku

(e-krl _ e ket+ 1 _e k'
~

k,~ -
k kk k - rere

= CBR
u

,,(1 _ e-ket) (19)e

Equation 19 is the same as the constant CBR model
(7, 22).

In the case of reactive or receptor-mediated com-
pounds, the interaction of these compounds with target is
assumed to be irreversible (12). Therefore, the dose metric
is not the instantaneous peak concentration such as the
CBR but is the time-integrated concentration such as the
CAUC.This situation is similar to the condition where k,
equals zero. If k, equals zero, then eq 12 is simplified as
follows:

dD = k R = k k..
k c(1 - e-ket)

dt a a e
(20)

Thus, D(t) is then given by

D(t) = kaJ~ R dt = ka x AUC(t) (21)

where AUC(t) stand for "area under the curve" from time 0
to time t and has units of mmol kg-I h. Under conditions of
50% mortality, D(t) can be denoted Dt and AUC(t) would be
a time-independent constant, "critical area under the curve
(CAUC)". Therefore, in the case of k, = 0, a relationship
between Dt and CAUC is as follows:

DLI ka = CAUC (22)
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with both Dtl kaand CAUCin units of mmol kg-I h. There-
fore, if kr is zero, eq 14 is simplified as follows:

DL1ka
LCso(t) = ""

( e-ket_ 1.)- t+T kke e e

(23)

which reduces to

LCso(t) = CAUCk

(
-

~ l-eko
1k t-e ke

(24)

Therefore, the CAUCmodel (12,13) is derived from the DAM
under the assumption that kr equals zero.

Hazard Modeling Using the DAM. To investigate the
relationship among body residues, cumulative damage, and
survival rate, a hazard model can be used (23,24). The simple
hazard model without control mortality is given by

h(t) = _ L dS(t)
S(t) <it (25)

H(t) = J~ h(t) dt =-In Set) (26)

Set) = e-H(tJ (27)

where h(t) is the hazard rate function in h-I, H(t) is the
cumulative hazard (dimensionless), and Set) is the survival
probability (dimensionless). To simplify the simulation, it is
assumed that there is no toxicity threshold. There can be
three types of hazard models relating the survival probability
and lethal residue or cumulative damage, which corresponds
to the CBR and CAUC models and the DAM.

For the constant CBR model, the cumulative hazard
function (H(t» is proportional to the body residue:

HI (t) = kIR(t)

= kl :u cO - e-ket)e

where the unit of ki is kg mol-I and kl can be called a killing
rate constant. In eq 29, the time-dependent toxicity is
controlled only by kinetic processes. Thus, the lethal effects
of a toxicant should be constant as tissue residue approaches
steady state. This equation yields the same toxicity time
course as the constant CBRmodel. It also indicates that the
cumulative damage function results from the assumption of
very large kr.

For the CAUC model, the hazard function (h(t» is
proportional to the body residue:

hN) = kzR(t)

where the units of k2are kg mol-I h-I and k2is a killing rate.
This equation is the same as the Kooijman's hazard model
(24) except for the assumption that the no effect concentra-
tion is zero. From eqs 30 and 26, the cumulative hazard
function H(t) is given by

H2(t) = J~ h2(t) dt = k2 ku C(t _ 1 - e-k.t
)ke ke
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Equation 31 has the same form as the DAM under the
assumption that kr is zero. Thus, k2corresponds to kain the
DAM.According to this model, ifthere is no toxicity threshold,
the survival rate for any treatment level at infinite time should
be zero.

Finally,for the DAM,the cumulative hazard is proportional
to the cumulative damage level:

HN) = ~D(t) (32)

where k3is a dimensionless coefficient This equation is based
on a process of damage accumulation that can be limited by
both ke and kr:

ku

(
e-k.t - e-ket 1 - e-k.

1H3(t) = k3ka-k c k - k + kere r
(33)

According to eq 33, the survival rate (exp(-k~3(oo» for any
treatment level at the infinite time is zero or a positive
constant value.

Table 2 summarizes the characteristics of the hazard
models corresponding to the CBR and CAUC models and
the DAM, respectively. On the basis of the above analysis,
cumulative hazard (H(t» corresponds to the cumulative
damage (D(t» in the DAM. Therefore, using eqs 27 and
33, the survival probability can be related to the body
residue and the cumulative damage function based on the
DAM.

Finally, from eq 33, the survival probability, Set;c), for a
given treatment level c at the exposure time t. is given by

Set; c) = exp(-k3D(t; e» (34)

where Set;c) is the survival probability for a given treatment
level cat exposure time t,and D(t;c)is the cumulative damage.
Thus, for a given percent of mortality (x) in a given treatment
c, Set; c) = (100 - x)/lOO, the relationship between a given
treatment level c and time-to-death LTxat that treatment
level for a given x% mortality is

Dx(LTx; c) = -11 ksIn«lOO - x)/lOO) (35)
(28)

where DX<LTx;c) is a constant value for a given mortality level
X%.This leads to two combinations with (LTx,c) or (t, LCx)
as follows:(29)

In (000 - x)/lOO) = -kSka(ku1ke)cP(LTx) (36)

P(LT) =(
e-k,LTx- e-k.LTx 1 - e-k.LTx

)x k-k +r e kr
(37)

or

In (000 - x)/lOO) = - k3ka(kul ke) LCx(t) P(t)

pet) = (e-~ = ~~kot + 1 -~-k0

(38)

(39)

(30)

(31)

where P(LTx) and pet) are a time scale function for both
the toxicokinetic and toxicodynamic processes. In eq 36,
for a given x% mortality, LTxis a dependent variable and
c is an independent variable. Thus, eq 36 is the inverse
function of LTx. In contrast, in eq 37 for a given x%
mortality, t is an independent variable and LCx(t) is a
dependent variable. Therefore, eqs 36 and 38 are essentially
the same.

For 50% mortality, the survival function S(t) would be
1/2, and the exposure time t would be the median lethal



TABLE2. ComparisonamongHazardModelsBasedon ConstantCBRModel.CAUCModelwithout ToxicityThreshold.andDAM"

constantCBRmodel CAUCmodelwithouttoxicitythreshold DAM

hazard model
critical assumption
implication
limiting parameter
D(t; c)
LCso(t)
LT..(c)
CBR(t)
S(t;c)
D(t; c)r--
LCso(t)r--
L T ..(c)c-Q

CBR(t)r--
Set;c)r--
target compds

reference

H,(t, c) = k,R(t, c)
CBR ==constant

kr~oo
k,
R(t; c)(kJk,)
CBR/«kulke)(1 - e-k.l))
-(1/ke) In(1 - LC..(oo)/c)
(kulke)LCso(1 - e-k.1)
exp(-k,R(t; c)(kJk,))
c(kulke)(kJk,)
CBR/(kulke) > 0

(kulke)LCso
constant (0 < S.:S 1)
narcotic compds

McCarty et al. (7)

h2(t, c) = k2R(t, c)
CAUC == constant
k,e; 0
ke (k, = 0)

k. x AUC(t; c)
CAUC/«kulke)c(t - (1 - e-k.l)/ke))
CAUC(LTx: c) ==constant
CAUCf(d(1 - e-k.t) - 1/ke)
exp(-k2k. x AUC(t; c))

o

o
o
reactive and receptor-mediated compds

Verhaar et al. (12)

.R(t, c) = (kulle.)c(1 - e-k.,); AUC(t, c) = fR(t, c) dt; PIt) is a time scale function in DAM (see eq 42).

H3(t, c) = k3D(t, c)
DLfk. == constant
O.:Sk,.:S00

k. and k,
k.(kulke)cP(t)
(DLfke)/«kulke)P( t))
D(LTx: c) ==constant
(DLfk.)/«1 - e-k.l)P(t))
exp (- k3ke( kulk.)cP( t))
(kalk,)(kulke)c
(DLfk.)k,/(kulke) > 0

(DLfk.)k, ~ 0
constant (0 .:SS .:S1)
all org compds

(without active metabolites)
this study

TABLE3. InputParametersandEstimatedParametersfromConstantCBRModel.CAUCModelswithandwithoutToxicity
Thresbold(LC50(oo)).andDAM(SeeFignre1)8

. Valuesof the estimatedparametersarepresented:I:standarddeviation(SD).bUptakeclearancerate (ku)and elimination rate constant (Ie.)
are from ref 11.CCBRvalues are estimated using constant CBR model. dCAUC values are estimated using CAUC model without toxicity threshold
(LCoo(-)). .CAUC values are estimated using CAUC model with toxicity threshold (LC50(-))' 'Parameter DJIe., where Dt.is cumulative damage level
corresponding to 50% mortality and Ie.is the damage accrual rate. The killing rate (kt) and the damage recovery rate constant (k,) are estimated
using DAM. kt values and SD are calculated by (In 2!(DJIe.).

time (LTso). Then from eqs 36 and 38, LCso(t) and CBR(t) are
given by

LCso(t) = (In 2)1{k3ka(kul ke)P(t)} (40)

CBR(t) = {(In 2)(1 - exp( -ket}} I {(k3ka)P(t)} (41)

Equations 40 and 41 can be comparable to eqs 14 and 15.
Thus, Dtl k. is given by

DLI ka = (In 2) I (k3ka)

= (In 2)1~
(42)

(43)

where k3is a dimensionless coefficient and k. is the damage
accrual rate (mmol kg-I h). Then (k3k.>stand for a killing rate
(let)based on molar concentration of body residue (mmol-1
kgh -I). The killingrate (let)can be interpreted as an integrated
parameter of chemical potency and exposure time. In
addition, from the assumption of a critical damage level (Dt),
the toxicity time course can be predicted in terms of the time
scale function pet). Both the killing rate (kt) and the damage
recovery rate constant kr can be used to classify chemicals
into groups with the same mode of toxic action.

Methods
DataAnalysis. Data for modeling the time variable mortality
and toxicokinetics were taken from Lee et al. (11).Toxicity
curve for PAHsin Hyalella aztecawas fit by the constant CBR
model, the CAUCmodel with and without toxicity threshold,
and the DAM. Data sets, which were used for the above
modeling, are the measured LTso(Cj)and MLR(LTso(c;» values.

These data sets included data from different batches of
toxicity experiments (Exp I, II, and III) and, thus, actually
reflect the variation among different batches of toxicity
experiments as well as the variation among different treat-
ments within each experiment. Unfortunately, functions of
LTso(c;)and MLR(LTso(cj»cannot be analytically resolved.
However, LCso(t)and LTso(Cj)are theoretically the same, and
so are CBR(t) and MLR(LTso(cj».Equations of LCso(t)and
CBR(t)in Table 2 were used for modeling by the CBRmodel,
the CAUCmodel without toxicity threshold, and the DAM.
The CAUC model with a toxicity threshold LCso(oo)is
calculated using eqs 7 and 9. Measured toxicokinetic
parameters (kuand Ice)were used for estimating CBR,CAUC,
DL/k. or kh and kr (Table 3). LCso(oo)and CBR(oo)values were
also estimated from each model and compared with each
other. The data were fit by an iterative least-squares fit to the
equations using the fourth-order Runga- Kutta approach with
a time step 0.01 using Scientist, Version 2.01 (MicroMath,
Salt Lake City, UT).

Results

Curve Fitting of the DAM to LTso(c)Data and Parameter
Estimation. In Figure I, the measured LTso(c)values for
fluorene, phenanthrene, and pyrene in H. aztecawere plotted.
These measured LTso(e)values increase after H. azteca attains
steady state (~48 h) and showed a similar trend to the LCso(t)
(Figure 2 in ref 11). Results of fitting the four models are
presented in Table 3, and statistics associated with the fits
are given in Table 4. Estimated LCso(oo)and CBR(oo)values
are also presented in Table 5.

The constant CBR model and CAUC model without
toxicity threshold failed to describe the time-dependent
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input parametersb estimated parameters

k. Ie. CRR' CAUCd CAUC' DJIe.' kt' k/
compd (L g-1 h-l) (h-l) (mmol kg-II (mmol kg-I h-l) (mmol kg-I h-l) (mmol kg-I h-11 (mmol kg-I h-l) (h-l)

fluorene 0.27 (0.07) 0.97 (0.25) 1.44 (0.22) 111 (9) 79 (19) 86 (H) 0.008 (0.0003) 0.008 (0.001)

phenanthrene 0.15 (0.01) 0.32 (0.03) 1.47 (0.21) 80 (H) 56(9) 57 (13) 0.012 (0.003) 0.014 (0.009)

pyrene 0.52 (0.04) 0.15 (0.02) 1.91 (0.21) 257 (20) 165 (HO) 170 (23) 0.004 (0.001) 0.007 (0.002)



TABLE4.Coefficientsof Determination(r2)andSumof Squaresof Deviations(SSD)of rds of ConstantCBRModel.CAUCModels
withandwithoutToxicityThresbold(LCso(oo)).andDAMto tile LTso(c)DataforH. azteca(SeeFigure1)

TABLE5. CalculatedIncipientLCsoand CBRValuesfrom ConstantCBRModel.CAUCModel.andDAM(SeeFigure1).

constantCBRmodel CAUCmodel DAM

.Values of the estimated parameters are presented :f: standard deviation (SD). b SD for CBR(~) are calculated by the rule of the propagation
of errors, and SD for LC50(~1are calculated using CBR(~) :f: SD and fixed mean BCF values (fluorene, 278; phenanthrene, 469; pyrene, 3467).

Exposure time
or LT50 (hour)

FIGURE,. Fitsof the constant CBR model. CAUCmodels with
LC5Uloo)andwithout LC5UIoo).anddamageassessmentmodel(DAM)
to water exposure concentration-the median lethal time (LT5IIIc))
for fluorene. phenanthrene.and pyrene in H. azteca. Note: The
solid symbols represent LT50(C)and conversely the LC5UItIat the
respective LT500

toxicity data (Figure 1and Table 4). The constant CBRmodel
underestimates the LCsovalue at short exposure times and
overestimates the LCsoas time increases. The CAUCmodel
without a toxicity threshold accurately estimates toxicity at
short exposure times but substantially underestimates the
LCsovalues as time increases. In contrast, the CAUCmodel
with a toxicity threshold and the DAM accurately estimate
the LCsovalues over the whole exposure period. Estimated
LCso(oo)and CBR(oo)values for the DAMwere slightly higher
than those for the CAUC model (Table 5),

As shown in Figure 1, the results of fitting the LTso(c)to
the DAMand the CAUCmodel with toxicity threshold were
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0.1

10 100 1000

Exposure Time (hour)

FIGURE2. Measured lethal residues of fluorene. phenanthrene.
and pyrene in H. azteca (open symbols) for the different times of
death.Solidlineswerefittedfromthe meanlethalresidue(MLR-
(LT50))using the damageassessmentmodel (DAM. eq 17).

similar. However, the assumptions on which the two models
were based are very different: the CAUC model assumes
that the interaction of toxicant and receptor or target site is
irreversible. but the DAM assumed that the interaction is
essentially reversible and tried to estimate the actual damage
recovery rate constant k,. As a result, the nonzero k, values
and Dd k. or kt values were relatively constant for PAHwithin
a factor of 2 (Table 3).

Curve Fitting of the DAM to Measured Lethal Body
Residue Data. Individual lethal body residues for fluorene,
phenanthrene, and pyrene ranged from 0.1 to 3.0 mmol kg-1
wet wt, from 0.08 to 4.5 mmol kg-1 wet wt, and from 0.2 to
4 mmol kg-1 wet wt, respectively (11). Figure 2 shows the

constant CAUCmodel CAUCmodel
CBRmodel without U:5Ulool with LC5UIool DAM

compd n r2 SSD r2 SSD r2 SSD r2 SSD

fluorene 7 23.87 0.76 5.67 0.99 0.34 0.98 0.30
phenanthrene 5 3.94 0.62 1.49 0.93 0.28 0.94 0.24
pyrene 6 0.09 0.37 0.06 0.89 0.01 0.86 0.01

LC5UIool CBR(ool LC5UIool CBR(ool LC5UIoolb CBR(oolb
compd (PMI (mmol kg-II (PMI (mmol kg-II (pM I (mmol kg-II

fluorene 4.91 (:1:0.75) 1.44 (:1:0.22) 1.79 (:1:0.20) 0.51 (:1:0.06) 2.48 (:1:0.40) 0.69 (:1:0.11)
phenanthrene 3.21 (:1:0.46) 1.47 (:1:0.21) 1.17 (:1::0.34) 0.55 (:1::0.16) 1.71 (:1::0.49) 0.80 (:1::0.70)
pyrene 0.51 (:1::0.06) 1.91 (:1::0.21) 0.22 (:1::0.06) 0.83 (:1::0.23) 0.34 (:1::0.14) 1.19 (:1::0.50)
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TABU6. Estimated Parameters, Coefficients of Determination (rZ), and Sum of Squares of Deviation (SSD) of rrts from MLRData
Using DAM(See Figure 2)-

D.Jk. kt k, CBRloo)b LCsJIoo)b
Immol kg-I h-1) Immolkg-I h-1) !PM) Immolkg-I h-1) !PM)

41 (~3) 0.017 (~0.001) 0.006 (~0.002) 0.24 (~0.10) 0.86 (~0.36)
27 (~5) 0.025 (~0.005) 0.012 (~0.005) 0.33 (~0.20) 0.70 (~0.43)
88 (~16) 0.008 (~0.001) 0.010 aO.003) 0.88 (~0.42) 0.25 (~0.12)

compels

fluorene
phenanthrene
pyrene

SSD ,2

0.026
0.005
0.093

0.95
0.93
0.73

.Values of the estimated parameters are presented :I::standard deviation (SD). bSD for CBR(~} are calculated by the rule of the propagation
of errors. and SD for LC50(~) are calculated using CBR(~) :I::SD and fixed mean BCF values (fluorene. 278; phenanthrene, 469; pyrene, 3467}.

fitted result of the measured MLR(LTso(c))values byeq 15.
Estimated parameters are summarized in Table 6. Dd k. or
letand the incipient LCsoand CBRvalues estimated using the
measured MLR values were about one-half or one-third of
those estimated using the measured LCsovalues (Tables 3,
4, and 6). In contrast, considering the standard deviation of
estimated k,values, there is no significant difference between
the estimated k, values (Tables 3 and 6).

Discussion
The DAMas a New Type ofConcentration-T"une Response
Relationship. The previous work (11) demonstrated that
there was a second time-limiting step independent of the
bioconcentration process that regulated the toxic response.
Here, the time-limiting step was described by a damage
accumulation process. The damage accumulation process is
largely governed by k" which is related to the mode of toxic
action. The two limiting cases for the DAM are k, = 0 for
irreversibly bound receptor-mediated compounds and k, =
00 for very rapidly reversible compounds such as some
nonpolar narcotics. This study estimated the k, value from
time-to-death data without any assumption of the mode of
action or the reversibility of receptor binding. The critical
cumulative damage level was assumed to be constant. The
modeling produced relatively constant k, values (Table 3). In
addition, the killing rates (let)were also relatively similar.
within a factor of 2 or 3 (Table 3).

The first-order kinetic model described and predicted
the bioconcentration process but failed to relate the bio-
concentration process to the time course of toxicity of
PAH in H. azteca (11). Thus, CBR is not constant among
exposure concentrations for the exposure period. The kinet-
ics, specifically ke. which has been estimated for some
organisms from toxicity data (6), cannot be estimated from
the LCso(t)data for H. azteca. This is consistent with other
studies that exhibited time variable toxicity (e.g.,ref 16)where
leecould not be estimated and the CAUCand LCso(oo)could
only be estimated by using a fixed ke value. Theoretically,
damage recovery cannot be distinguished from elimination
of the PAH based strictly on the relationship of toxicity to
tissue residue. As shown for the parameter estimates, it is
apparent that the toxicodynamic process is independent of
toxicokinetic process. This requires some direct measurement
or independent estimate of the time course of toxicant
elimination if the extent of damage recovery is to be inferred
from toxicity test (13).

Finally, we derived a new type of concentration-time
response relationship (eqs 36 and 38), which can be applied
to time-mortality data, and estimated new toxicological
parameters from the results in the traditional bioassay. The
constant CBRmodel and the CAUCmodel are derived from
the DAMas specific cases in the DAM.The empirically derived
toxicity models represented by Ostwald's equation are also
derived from the DAM.

Limitations of the DAM.It is apparent that the DAMhas
some limitations based on its assumptions including simple
first-order toxicokinetics and toxicodynamics, the need to
compare time-dependent toxicity among treatments as a

fixed effect level, e.g., 50% mortality. and ignorance of the
toxicity threshold.

The DAM treated only the simplest situation of non-
polar narcotic compounds under water-only exposure. The
toxicokinetic model in the DAMwould need to be modified
to incorporate other factors such as growth dilution and
biotransformation. The DAM also assumes a simple first-
order toxicodynamic process reflecting only the reversibility
of the toxic response. The damage recovery process likely
includes several physiological and genetic processes, thus
selection of such a simple model should be examined for use
with other chemicals of differing mechanisms of action.

In this study, the concentration-time response relation-
ship was analyzed at the fIXed monality level, 50%. The
analysis method needs to be extended to multiple effect levels,
LCAt)or LTAc).In addition, the toxicodynamic parameters
k, and kt were also estimated at 50% monality under the
assumption that the two parameters were constant among
treatments. This basic assumption should be tested.

Finally, the DAMassumed the first-order toxicodynamic
process without consideration of a toxicity threshold. Ac-
cording to the DAM.the toxicity threshold cannot be defined
as a body residue but rather as a time-integrated internal
exposure reflecting accumulated damage. The no effect
concentration is not constant over time but is a function of
the potential toxicity of a toxicant (kJ. the recovery time (k,),
and the accumulated damage (Do)corresponding to no effect
At t = 00,the incipient no effect body residue would be given
by (DolkJ Ik,.
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