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Abstract

Rate constants for uptake and elimination of chemicals in organisms are often related to partition coefficients (typ-
ically the octanol-water partition coefficient). We show that the well-mixed one-compartment model for toxico-kinetics
implies that the elimination rate is inversely proportional to the square root of the partition coefficient. When chemical
exchange is limited by diffusion in the boundary layers adjacent to the interface, two-film models are appropriate, which
have more complex implications for the relationships between the exchange rates and the partition coefficient. We also
show that the popular steady-flux approximation of the two-film model is not a conceptual generalization of the one-
compartment model, although it shares the first-order kinetics. We compare the kinetics of a series of models with an
increasing number of well-mixed compartments for exchange, such that the two-film model results for an infinite num-
ber of compartments. The latter model formulation in terms of partial differential equations, and more in particular its
boundary condition at the interface of the two media, is believed to be new. In the steady-flux approximation and in the
model with single well-mixed boundary layers and low diffusivities, the elimination rate depends hyperbolically on the
partition coefficient. The available data for abiotic systems (SPME fibers) supports a hyperbolic relationship, whereas
the data for aquatic biota are less discriminating between a hyperbolic or a square root relationship with the partition
coefficient. The daphnia data showed less scatter than the fish data, possibly due to the small variance in body sizes,
since elimination rates are inversely proportional to body length. The square root relationship fitted these data best.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Knowledge about elimination rates in the context of
(eco)toxicological research is of importance to design
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experiments on toxico-dynamical properties of the com-
pound, and to predict body residues under time-varying
exposure. These rates depend on a number of factors,
such as the temperature and the size of the organism.
If elimination is proportional to the internal concentra-
tion, so to the amount of the compound per volume, and
chemical exchange with the environment is proportional
to surface area, the elimination rate should be propor-
tional to the ratio of the surface area and the volume
of an organism. If the organism does not change in
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shape during growth, the elimination rates should be in-
versely proportional to a length measure (Kooijman,
2000), i.e. to the cubic root of body weight. If we com-
pare different organisms, we should therefore correct
for differences in size.

This paper discusses the relationship between the
elimination rate and the partition coefficient. This parti-
tion coefficient depends on the chemical composition of
the organism, so on its nutritional status, which might
vary in time. Octanol is frequently taken to be a chemi-
cal model for ‘typical’ animal lipids. Estimates of the
octanol-water partition coefficients, P,y’s, are usually
available, and sometimes elimination rates of physiolog-
ically related compounds are known from other experi-
ments. Prior estimates for the elimination rate of the
compound under study can be used to estimate the expo-
sure time that is required to achieve a close to complete
saturation of the compound in the tissues. This is also of
importance for experiments to quantify toxic effects of
the compound, because these effects also depend on
the concentrations in the tissues (Kooijman, 1981; Mc-
Carty and Mackay, 1993).

The standard approach to find a prior estimate for the
elimination rate, given a set of elimination rates of phys-
iologically related compounds, is to use quantitative
structure activity relationships (QSARs), which generally
boils down to the application of the allometric model
ke = kP, or Ink, = Ink + aln P,,,, where k. is the elim-
ination rate, while the reference rate k£ and the exponent
o are obtained from linear regression of the log-trans-
formed partition coefficient and elimination rate data.
The model lacks any theoretical underpinning and suffers
from the problem that a reliable regression requires a
large number of data points, which puts some doubt on
the assumption that all these compounds have physiolo-
gically related uptake and elimination mechanisms.

The literature on theoretical prediction for the rela-
tionship(s) between elimination rates and partition coef-
ficients is somewhat confusing. Some references state
that the uptake rate has an optimum with P, (Tho-
mann, 1989), others state that the uptake and the elimi-

Opperhuizen, 1986; Sijm and Van der Linde, 1995),
while others state that the uptake rate is proportional
to +/Poy, while the elimination rate is proportional to
1/v/Poy (Kooijman, 2000). The purpose of this paper
is to present a systematic discussion of the topic, and
to give a new, and extended, derivation of the basic re-
sult that one-compartment models for kinetics imply
that the elimination rate is proportional to 1/y/Pyy.
We then compare the implications for the popular
one- and two-film models, which are not one-compart-
ment models. After discussing the connections between
film and one-compartment model, we test predictions
against experimental data. See Table 1 for the symbols.

2. 1,1- and 1-compartment models

We first consider a 1,1-compartment model, where
we think of a cylinder filled with two homogeneous med-
ia that do not mix, and a compound that can move
freely from one medium to another across the interface
with surface area S (see Fig. 1). The total number of
molecules of the compound is taken to be constant, con-
trary to a one-compartment model where the concentra-
tion in the environment of the compartment is taken to
be constant or a specified forcing function of time. N;
molecules are in medium 7 of constant volume ¥;, with
i=0, 1, so the concentration is ¢; = N;/7";. We intro-
duce a one-dimensional spatial axis, perpendicular on
the plane of the interface between the two media, and
do not correct for a possible curvature of this interface;
the depth of medium 7 is &; = ¥7;/S. The standard 1,1-
compartment model amounts for j=1 —i to

d N d
&Ci:gi I(UjiC/fvijCi) or *N,:kﬂNjfk,jN,

dt
(1)
where v;; is the exchange velocity (i.e. a mass transfer

coefficient) and k; = v;/%; the exchange rate of the
compound. At equilibrium we have that % =% =

< Vij

nation rate depend hyperbolically on P,, (Gobas and § ’,:—’/ = P;;, where P;; is called the partition coefficient.
Table 1

List of frequently used symbols

Symbol Dim Interpretation Symbol Dim Interpretation

t t Time hy, kiy ke, ki ! Rate

vy, Ui 1! Velocity d; P! Diffusivity

iy Cj #3 Concentration n;, ny #I7! Density

L / Depth of mixed bulk I; - Scaled length

L, Ly / Depth of boundary (sub)layer e I Volume of mixed bulk

S P Surface area Vi, Vi P Volume of boundary (sub)layer
i, j, n # Number Ny, Ny, M # Amount

P, - Partition coefficient

i

The symbols in the dimension specification stand for # number, ¢ time, / length. Vectors and matrices are printed in bold face.
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Fig. 1. The sequence of physical systems that we study in this
paper, called n,n-compartments. The medium 0 is confined to
the upper compartment in the cylinder, medium 1 to the lower
one; they cannot cross the thin line that separates them, while
the compound can but with possibly different concentration-
specific rates. The compound can also cross the very thin lines
within the media, but with the same specific rates. Starting from
the simplest situation at the left, n = 1, the system converges for
n=2,3,... to the two-film system at the right in which we have
continuous concentration gradients in the layers on each side of
the interface between the media.

To simplify the notation, we write x for the partition
coefficient Py; and try to find how the elimination rate
depends on x. Let us say that the elimination rate kg,
is some function f of x, i.e. ko ox f{x), which we want
to know. We solve the problem in two steps.

We first demonstrate that the partition coefficient can
be written as a quotient of two similar terms, one
depending only on i, and the other only on j. For this
purpose we suppose that an extremely thin slice sepa-
rates two media; the compound can cross the slice freely.
The assumption of well-mixed compartments, which is
basic to one-compartment models, excludes any concen-
tration gradients. If M denotes the number of molecules
in the slice, we get

d
aNi:hiM_kiNi (2)
d

where the hazard rate h; quantifies the specific escape
rate from the slice to medium i, while A, = h; + h;. We
have k; = v;/¥,, where the velocity v; does not depend
on the depth &; of medium i. On each side of the slice,
the compound cannot ‘feel’ the presence of the other
medium; only in the slice can the compound ‘sense’ both
media, k; does not depend on any property of medium j.
We have that M is very small with respect to the total
amount of molecules, implying that /4; > k; and that
the dynamics of M is fast with respect to that of N;.

Suppose that M is in pseudo-equilibrium, so
M* = k;Nilhy + k;N/h,. Substitution of this result in
(2) gives

d

aNl:Njkjhl/th _]V,k,hj/l'br (4)
From (1) it follows that k; = ki/hy or v; = vihilhy. The
exchange rate, therefore, depends on the properties of
medium i and j. The partition coefficient is
LN _ Lk ok g

*
Cj

P

7 N

v ff,‘ k,' hj Ui hj g/

with g; = h;!. The partition coefficient can thus indeed
be written as a ratio of two similar terms, each depend-
ing on a single medium only. The term g; is the value of
some function of properties of the compound and med-
ium 7 that we could quantify with a variable y;, for in-
stance, while g; is the value of that same function, but
now applied to medium j rather than . If the elimination
rate can be written as k; o< f(y)/f'(v;), we have the con-
dition f(x) = 1/f(1/x). This means that the unknown
function f belongs to the class of the power functions:
flx) = x% for some arbitrary value of the coefficient o
(at this moment in our reasoning).

The second step in our derivation is the use of the
skew-symmetry argument, which boils down to inter-
changing media. The rationale is that our choice which
of the media we label with 0 or 1 has been fully arbi-
trary. The result of how the elimination rate depends
on the partition coefficient should not depend on this
choice. Given that kg, x f{x), we know that the uptake
rate ko o< f(1/x), so we have that f<,1){"> = x. This condi-
tion allows for a large class of functions, but in combi-
nation with our previous condition f{(1/x) = 1/f(x), it
leads to a unique solution, namely fix)™>=x or
foo=x12
The final result is that

kij oc vy oc 1//Pyand -k o v oc /Py
which relates rate parameters to a steady state. The argu-
ment for these relationships are all basic to the one-com-
partment model, apart from the assumption that the
rates can be written as a function of the partition coeffi-
cient, which is by no means self evident. Notice that the
temperature, mixing rates, molecular size of the com-
pound, surface area of exchange, and other modifying
factors affects the proportionality constants of the rates,
not how they depend on the partition coefficient.

If medium 0 represents some organism, and medium
1 the aquatic environment in which the concentration is
constant at level ¢;, the model reduces to 1,0-compart-
ment model, better known as the 1-compartment model

C()(f) = C()(O) exp{fkmt} + C|P01(1 — exp{fkmt})
= ¢o(0) exp{—kot} fore; =0
= 1Py (1 — exp{fkmt}) for Co(o) =0

The rate ko; now has the interpretation of the elimina-
tion rate. The time we have to wait to saturate the tissue
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of an uncontaminated organism to a fraction x of the
ultimate level is ¢, = —k;, In(1 —x). It is independent
of the concentration in the environment and of the up-
take rate, and equals the time required to reach a frac-
tion 1 — x of the original concentration in the tissue if
an exposed organism experiences an uncontaminated
environment. We mention these trivialities in prepara-
tion of further discussions.

The one-compartment model is obviously a very sim-
ple one, in which both media are well-mixed. We will
now study an extension of the model, in which the media
are no longer well-mixed.

3. Film models

Film models are widely used in environmental chem-
istry. They are popular because they account for spatial
structure of transport in a very simple, yet appealing
way, but they suffer from the problem that the films,
1.e. the non-mixed layers, can typically not be identified
in a direct way. This complicates the link between model
predictions and data.

Suppose that the media are now separated by rather
thin layers of thickness L; see Fig. 1. We will use the
notation that the depth of the layer L = 0 at the mixed
bulk for both media, and L = L; at the interface. The
volume between lengths L, and L, is given V(L,, L;) =
(L, — L,)S, in both media. The density n of the
compound in layer i relates to the number of molecules
as Ni(L,, Ly, 1) fL n;(L,t)dL; we have concentration

c(Ly, Ly, t) = N(L,, L,,, t)/ V(La, L,). If the bulk has depth
&, there are N; = n;(0).%; molecules in the bulk, which
makes that the total amount of molecules in medium i is
N} =n;(0)%,; + N:(0,L;). The volume of the well-mixed
medium is ¥, = %S, and of the total medium is
Vi= (% +L)S, so the (mean) concentration is ¢ =
N,+ /V}. The concentration in the bulk is ¢; = c(O) =
n{0)/S. We need this notation to compare the different
models that we will discuss.

Assuming that the initial densities n{L,0) are given
such that the boundary conditions in (7) apply, the
dynamics for the densities is given for i = 1 — j by partial
differential equations (pde’s)

d &
0:*}’11([471‘) a 2

= ni(L,t) for L € (0,L) (5)

with boundary conditions at L = 0 for v; = d/L;

0= g}’11(071‘) —

0
o U,‘&ni(o7 t) (6)

and boundary conditions at L = L;

0= 0L ) = (L) + di (L) )

The latter boundary conditions are believed to be new,
despite the popularity of the film-models.

For increasing diffusivity’s d;, and/or decreasing
thickness of the non-mixed layers L, this two-film model
reduces to the 1,1-compartment model of the last sec-
tion. This reduction will be discussed in the following
sections. So it is an extension of the same ideas behind
the 1,1-compartment model, but now accounts for lack
of mixing in the boundary area.

This model has rather complex properties, therefore,
we will study simplifications of it.

3.1. Steady-flux approximation

Suppose now that transport in the films is steady, i.e.
the density profiles do not change in time, so
En;(L,t) = 0. Suppressing argument 7, we then have
according to (5) that

d2
0= @n,(L) for L € (07Ll)
The density profiles in the films are thus linear:

d
d_Lni(L) = (n;(L;) — n;(0))/L;

The mass balance across the bi-film gives L; $n;(0) =

—-L;4 $7;(0), which leads via (6) to (n(L) — nf0))v, =
— (n(L;) — n{0))v;. Substitution of this result in (7) gives
n{(L;) as a weighted sum of 7,(0) and n/0). Back-substi-
tution in (6) finally leads to the first-order kinetics for
the bulk densities $1,(0) = k.(Pyn;(0) — n;(0)) with
elimination rate

ke = kl(l +PUUI/U] — vi/l]ij)7]

for vv; <w;v; + v, The restriction of this approxima-
tion is that the change in bulk densities #; is sufficiently
small to allow the transport flux in the bi-film to be steady
and that transport within the film is strictly limiting; this
is not necessarily true. If the transport within the bi-film
is very slow, relative to the exchange velocities across
the interface, v,v; < v;v; + v;0;, the elimination rate sim-
plifies to k.~ k(1 + P,;jv,»/vj)fl, while n(L;) ~ Pjn(L;).
Boundary condition (7) shows that this can only be a
crude approximation indeed, because a gradient is
required to drive diffusive transport, and the concentra-
tion jump across the interface only equals the partition
coefficient in absence of a gradient in the films.

The time we have to wait to saturate the tissue of an
uncontaminated organism to a fraction x of the ultimate
level is ¢, = —k_'In(1 — x). Fig. 2 illustrates how this
time relates to the P,,,. We see that the elimination rate
k. is now a hyperbolic function of the partition coeffi-
cient. This result is reported by Schwarzenbach et al.
(1993) for air-water exchange, by Flynn and Yalkowsky
(1972) for artificial membranes, and by Gobas and
Opperhuizen (1986) for fish. For low P, values, the
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Fig. 2. A log-log plot of the time to reach an x-level saturation
in the tissues of an organism exposed in an environment with a
constant concentration of a compound in a two-film model,
using the steady-flux approximation. The curves correspond
with different values of the velocity vy; the upper curve has the
lowest velocity. Parameters: vy =1, v; =0.001, 0.01, 0.1, 1,
3.6mmh". vy = P}, vjg = P2, ky=10h"", x = 0.1. Notice
that the v; = 3.6mmh™" is close its maximum value in this
parameter combination to ensure positive elimination rates; the
steady-flux approximation is probably very poor in this
situation.

elimination rate hardly depends on the P, and for large
values it is inversely proportional to P,,. As a conse-
quence, the opposite holds for the uptake rate. The result
of Thomann (1989) is largely consistent with this rela-
tionship, if applied to the proper range of P, values.
Notice that this reasoning does not make use of the con-
siderations for how the exchange rates k; depend on P
as presented in the earlier section; this is because they
do not occur independently in this steady-state flux model,
but only in combination as a ratio in the form of Py
The steady-flux approximation of two-film model has
a one-film model as special case, where e.g. L; — 0 or
v;— oo. The elimination rates then reduces to k.=
k{1l — v,»/v,-,—)", and we must have that v; <v; Since
v o< 1/ \/P—,»-, this approximation is only valid in a lim-
ited range of P; values, depending on the value of v;.
This illustrates a serious problem with this steady-
flux approximation: contrary to the full pde formula-
tion, we cannot reduce this approximation in a smooth
way to the well-mixed special case of a one-compart-
ment model. If we would increase the diffusivities d;
and/or reduce the thickness of the non-mixed layers L;,
we are forced to increase the exchange rates k; as well
to ensure that the transport in the layers is still in
pseudo-steady-state. In other words: the dynamics of
the system disappear, and the whole system equilibrates
instantaneously. We will see that k¢, and ko occur inde-
pendently in other approximations of the two-film pde
model that do not suffer from this problem. The steady-
flux approximation is popular in situations where the
bulk volumes are infinitely large and represent the ocean
and the atmosphere, for instance. It than becomes a rea-

sonable assumption to take a constant flux from one
medium into the other, without changes in the bulk con-
centrations. This application is quite different from that
in toxico-kinetics, where one medium represents an ini-
tially uncontaminated fish, and the other an aquarium
with a compound, and we study the toxico-kinetics and
effects in transient states.

3.2. 2,2- and 2-compartment approximations

In this approximation we assume that the layers adja-
cent to the interface are well-mixed and write N;; for the
amount in the boundary layer of medium 7, and N; for the
amount in the bulk of medium 7 (see Fig. 1). The volume
of the layer is V;; and of the bulk 77;, which makes that
the concentration in the layer is ¢;; = N;;/V;; and in the
bulk ¢; =N,;/7";. The total amount in medium i is
N} = N;+ Ny, the total volume is V; = ¥"; + V;, and
the total (mean) concentration ¢; = N/ /V;. The set of
pde’s is now approximated by the linear ordinary differ-
ential equations (ode’s) for k;=v,/L; and [, = L,-Jl.’lz
%c = kc with

Co
c= ot and
Cio
C1
—koly kol 0 0
k— ko —ko — koi k1o 0
0 ko1 —ki1 — ko ky
0 0 kil —k 1y

This linear system can be integrated explicitly, with solu-
tion ¢(z) = exp{kt}c(0).

For large ko, the model for N reduces to the one-
compartment model, just as the pde model, for which
this model is an approximation. The link between this
2,2-compartment model and the two-film pde model is
discussed in the next subsection.

In order to compare this model with the one-com-
partment one, we again study the time ¢, we have to wait
to saturate the tissue of a uncontaminated organism to a
fraction x of the ultimate level. This study has to be done
numerically, and Fig. 3 summarizes the results. The
smallest rate dominates the waiting time. For large
P, this is the elimination rate, since the diffusivity does
not depend systematically on P,,. The figure shows that
the second film acts as an extra resistance, which be-
comes stronger for increasing P.,. While the one-film
model has slope 0.5 in the linear sections, the slope is
1 for the two-film model at low diffusivities, and 0.5
for large ones. For low diffusivities, the relationship is
similar to the one we found for the steady-flux approxi-
mation (i.e. hyperbolic). The results for the two-film
model clearly show that we can smoothly go from
a hyperbolic relationship (transport dominated by
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Fig. 3. A log-log plot of the time to reach an x-level saturation in the tissues of an organism exposed in an environment with a
constant concentration of a compound with a single film (left) and a double film (right). The curves correspond with different values of
the diffusivity in a two-compartment model; the upper curve has the lowest diffusivity. Parameters: [, = 1, ko = P;{/z, ki = P(l)éf

ko=10.01,0.1,1,10,100h " (left), ko = k; = 0.04,0.4,4,40,400h " (right), x = 0.1. Notice that the one-film model has slope 0.5, while
the two-film model has slope 1 in the linear sections for low diffusivities and high partition coefficients (i.e. low elimination rates), and

0.5 for large diffusivities.

diffusion in the film) to a square-root relationship (trans-
port dominated by exchange across the interface), by
changing the parameters of the system.

3.3. n,n-compartment approximations

We can partition the single mixed-layers of the 2,2-
compartment model into 2,3,...,n layers. We write
Vi = LS for the volume, and L; for the depth of sub-
layer j in medium i, with j=1,2,...,n. For the sake of
notational simplicity, we here take the numbers of sub-
layers equal in both media and choose all sub-layers in
each medium of equal depth, which gives L; = L;/n. Both
Vi; and L; decrease inversely proportional to n if the
depth of the (total) boundary layer L, = Z";:]L,-j is taken
to be constant. The vector of concentrations and the ma-
trix of coefficients become for k; = v;/L; and [, = L,-fl’l."

_ T
C—(Co €1 " Con Cin C11 Cl)

and

—kolo kol
K, -2k, K,

Ko -2k, K,
ky ko —ky Ky
ky  —ki =k
Ky

2K K,

The first item to discuss is how the values for rates
k; and kj; and the scaled length /] relate to each other
for different choices of the number of sub-layers
n. The mean residence time of a molecule in the (total)
boundary layer should not depend on the number
of sub-layers. By requiring &, = (n — 1)°k; and ki, =
(n—1Dk; and I'=1/(n—1) for n=2,3,..., we
achieve that an increase of n increases the level of
detail of the model, without affecting the overall
properties.

By increasing the number of sub-layers n — oo, while
decreasing the depth of each sub-layer dL such that the
depth of the non-mixed layer L; = (n — 1)dL is constant,
this set of ode’s converges to the pde model, with the
concentration in sub-layer j becomes the surface area-
specific density: ¢;(t) — n{Lyj/n,0)/S for j=1,...,n, and
ki — d,.L7* and k; — vyl

Numerical analysis shows that the increase of the
number of layers does not have a large quantitative ef-
fect, see Fig. 4.

0
Ko -2k K
kil =k
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Fig. 4. The time trajectory of the concentration in the bulk
co(?), for n=1,2,3,20 compartments in medium 0 and no
compartments in medium 1, while the concentration in the
medium 1 is zero, c¢;=0. The diffusivities are ko=
0.1(n — 1)>h™!, while the scaled length /, = 1/(n — 1). Notice
that for n = 1 we do not have a diffusion layer and the value for
the diffusivity and scaled length are irrelevant; the bulk then
eliminates exponentially.

4. Tests against experimental data

In this section we will compare the most extreme sim-
plifications of the pde model to experimental data; the
one-compartment model of Section 2 and the two-film
steady-flux model of Section 3.1. First, it must be
stressed that even though relationships between rate
constants and P, are most abundant in the literature
and convenient, the theory is based on the partition
coeflicient in the actual system studied. This implies that
for aquatic organisms, rate constants must be related to
the bioconcentration factor (BCF), which is of course it-
self related to P,,. The two-film steady-flux model re-
sults in a hyperbolic relationship between the rate
constants and the partition coefficients, whereas in the
one-compartment model the uptake rate is proportional
to the square root of the partition coefficient, while the
elimination rate is inversely proportional to this square
root.

The two-film steady-flux model does fit experimental
data for steady-state fluxes across a synthetic membrane
(Flynn and Yalkowsky, 1972). Results for a non steady-
state abiotic system are shown in Fig. 5, where data for
uptake and elimination rate constants in solid-phase mi-
cro-extraction (SPME) fibers are plotted against the fi-
ber-water partition coefficient (data from Vaes et al.,
1996; Verbruggen et al., 2000). In this simple chemical
system, the two-film model is clearly superior to the
one-compartment model, as the change in diffusion lim-
itation from the hydrophobic phase to the water phase is
prominent with increasing partition coefficient. Even
though the assumption of a steady-state flux across the
interface is violated (the concentration in the fiber obvi-
ously changes in time), the model still provides an ade-
quate description of the process.

For chemical exchange between water and organ-
isms, the situation seems to be different. Not only is
the assumption of a steady-state flux violated, the iden-
tification of the layers and the transport in these layers is
unclear. Nevertheless, several authors propose to use
a derivation from the two-film steady-flux model for
fish (Gobas and Opperhuizen, 1986; Sijm and Van
der Linde, 1995), although the data provided by these
authors provide little experimental support for this
model. The two-film steady-flux model predicts that
the elimination rate decreases with hydrophobicity
according to a slope of —1 (on log-log scale) in the
upper range of P, values (which appears to be the main
area of interest for ecotoxicologists). However, in the lit-
erature, widely varying slopes are reported, but generally
between —0.5 and —1. The problem with most of these
regressions is that P, is used as the partition coefficient
whereas BCF is the relevant partition coefficient in the
system.

We here re-analyse data for various fish species taken
from Connell and Hawker (1988), spanning a wide range
of log P,,, values (2.5-10). The spread in the data is quite
large, owing to the combination of different experiments
and different fish species. On inspection of the residual
sum-of-squares, the one-compartment model performs
somewhat better than the two-film steady-flux model
(Fig. 5). For Daphnia pulex (data collected by Hawker
and Connell (1986)), the data are limited and variation
is considerable, but the data show a better correspond-
ence to the one-compartment model than to the two-film
steady-flux model. The last data set is reported by Sijm
and Van der Linde (1995), consisting of data for fathead
minnows Pimephales promelas at different body sizes.
Since body size affects the rate constants, we corrected
these values assuming that the rates are proportional
to volumetric length™! (where this length is taken as
the third root of body weight, assuming a specific den-
sity of 1gem ™). For these data, the fit of the two-film
model is slightly better than for the one-compartment
model.

Hawker and Connell (1985, 1986) related the elimina-
tion rate k. to P,y and found k. = 8.851P, %% for fish,
ke = 113P,25 for Daphnia pulex and k. = 9.616P;2
for molluscs. The proportionality factor is inversely pro-
portional to the volumetric length of the animal (see
above), which explains the wide range of values. The re-
sults for daphnids are most reliable, because they have
all the same body size, in this case, which suggests that
ke < 1/4/Poy.

In summary, the data for the SPME fibers clearly
support the two-film steady-flux model; the logarithms
of the uptake and elimination rates have non-linear
relationships with the log of the partition coefficient.
For the fish and Daphnia data, discrimination between
both models is hampered by the poor data quality
(which may be expected when dealing with living
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SPME fibers ssq =2.3148 ssq = 11,6046

Daphnia puiex ssq = 19208 ssq =099776
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log rate constants (d-1)
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log rate constants (d-1)
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Fig. 5. Comparisons between experimental data and model results. Four data sets are shown, plotting the rate constants (elimination
open symbols, uptake closed symbols) versus the partition coefficient. Each data set is shown twice, fitted with a hyperbolic (left panel)
or a square root (right panel) relationship. 95% confidence bounds are shown as broken lines.

organisms), and a scarcity of data for hydrophilic
compounds; the one-compartment model fits well, gi-
ven the scatter in the data. The results from these data
sets therefore imply that diffusion does not clearly lim-
it transport in daphnia and fish, which might be due
to relatively high values of the diffusivities and/or to
the relatively small thickness of the non-mixed layers.
Their swimming activity might reduce the thickness of
the non-mixed layer in the water, for instance, while
transport via blood might reduce the thickness of
the non-mixed layer in the organism. The scatter in
the data obviously does not allow firm conclusions
here.

5. Discussion
Contrary to the partition coefficient (which is a con-

cept that is independent of a particular choice of model),
the elimination rate is the name of a particular parame-

ter of the one-compartment model. Many alternative
models and extensions of the one-compartment model
have more than one rate parameter, which make that
the elimination rate is no longer defined. We here cir-
cumvented the problem by focusing on the waiting time
for the concentration in the bulk to hit a threshold value
relative to the one in steady state. This is practical in
the context of experimental design of bioassays for
ecotoxicity.

As long as the one-compartment model applies, the
strength of the application of the result that
ke < 1/4/Pyy, is that if we know the P, of the com-
pound and the &, and P}, of a physiologically related
compound, the estimate of the elimination rate is
ke = k;\/Poy/P;,. So we need to know the properties
of a single reference compound only, which allows us
to be more strict in the condition that the compound
is physiologically related and only differs in the Py,
value. The square root relationship can be seen as a
special case of the allometric model that is mentioned
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in the introduction for fixed scaling exponent o = —1/2;
treating this exponent as a regression parameter makes
little physical sense. Moreover, we need more data for
this regression.

We showed that transport resistance in the media
causes deviations from the square-root relationship. In
a mono-film the waiting time is again proportional to
/Py for large P, values. At low P,,, values, however,
it is less steeply dependent on P, because the transport
in the film then restricts the flux. In a bi-film the waiting
time is proportional to Py, rather than to /Poy; the
second film acts as an extra resistance for transport,
which becomes stronger with the P,,. In the extreme sit-
uation of a steady flux, we can see this relationship
analytically.

In contrast to the data for SPME fibers, the experi-
mental data on toxico-kinetics in fish and daphnids that
we analysed the provided little support for the bi-film
model, and the elimination rate were found to be largely
consistent with square-root relationships. However, the
data provided insufficient detail to choose one particular
model over the other.

The models considered in this paper are an extreme
simplification of the very complex phenomena in nature.
The one-compartment model can be, and has been, ex-
tended into many more directions other than the inclu-
sion of films. The most popular and classic one is in
multi-compartments in pharmacology, where the com-
partments represent body parts, see e.g. Jacquez
(1972). Other extensions include dilution by growth,
changes in lipid content, several uptake and elimination
routes that are linked to metabolic performance, meta-
bolic transformation, etc. See Kooijman (2000) for an
overview. Nevertheless, one-compartment models do
capture the main features of toxico-kinetics, and a better
understanding of this simple basic model does serve its
extensions.
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