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Trichloroethylene exposure
Simulation of uptake, excretion, and metabolism
using a mathematical model
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ABSTRACT The absorption, distribution, and excretion of trichloroethylene, as well as the kinetics
of formation and elimination of trichloroethanol (TCE)and trichloroacetic acid (TCA)were simulated
by a mathematical model. The results of this model have been satisfactorily compared with those
obtained experimentally from pulmonary elimination of the solvent and from urinary excretion
of the metabolites. The model permitted a study of the distribution of the solvent in the different
tissues of the organism as well as an evaluation of the body burden ofTCE and TCA. The influence
of the duration and repetition of the exposure on the urinary eliminations of TCE and TCA was
studied, and showed that the excretion of the first metabolite represents the most recent exposure

while that of the second is related to the average exposure of the preceding days. The study of the
pulmonary elimination of trichloroethylene during single or repeated exposures showed a linear
relationship between the alveolar concentration of the solvent approximately 15 hours after the end
of the exposure and the quantity of trichloroethylene accumulated in the fatty tissues.

The uptake and elimination of trichloroethylene
(TRI), as well as its toxicity for the workers who
handle it, have long been topics for research. It is
known that during industrial exposure, the solvent is
principally absorbed by the lungs. Part of the TRI
is retained unchanged in the different body tissues
due to its great liposolubility, and some is metab-
olised and eliminated mainly in urine. Apart from
chloral hydrate (CH), trichloroacetic acid (TCA),
monochloroacetic acid (MCA), and free orconjugated
trichloroethanol (TCE) it is not known exactly which
other metabolites can be formed (Muller et al.,
1974).
In other publications, we have studied the uptake,

excretion, and metabolism of TRI (Fernandez et al.,
1975) with a view to setting up biological methods
for the control of occupational exposure; we have
also studied the pulmonary elimination of the sol-
vent (Fernandez et al., 1977a) and the urinary
excretion of its metabolites (Fernandez et al., 1977b).
However, despite all our work and that of other
authors (Soucek and Vlachova, 1960; Bartonicek,
1962; Ogata et al., 1971; Ertle et al., 1972; Muller
Received for publication 9 January 1976.
Accepted for publication 26 August 1976.

et al., 1972,1975; Kimmerle and Eben, 1973; Stewart
et al., 1974), it is still difficult to understand and
define with any certainty the relationships that exist
between the degree of exposure and the excretion
of the solvent and its metabolites.
We thought therefore it would be interesting to

study the processes of the absorption, distribution
and elimination of TRI, as well as the kinetics of the
formation and excretion of its metabolites, using a
mathematical model. For the purpose of this study
it is assumed that the distribution of TRI in the
body takes place in three groups of tissues (the very
vascular tissues, the muscles and skin, and the adi-
pose tissues), whereas the kinetics depend mainly
on the volumes, partition coefficients, and blood
perfusions of the different groups. In addition, it is
considered that TRI is quantitatively transformed
in the liver to chloral hydrate, precursor of TCA
and TCE, and the evolution of these metabolites
is studied using the corresponding rate constants
for the biotransformations and transfers which occur.

After a comparison of the theoretical values with
experimental data for the pulmonary elimination
of TRI and the urinary excretion of its metabolites,
the mathematical model will be used to study,
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either for repeated or isolated exposures, certain l
parameters which are inaccessible experimentally,
such as the distribution of TRI in the body and the
quantities ofTCE and TCA retained in the organism.

Theoretical bases

The uptake, distribution, and elimination of TRI
are simulated using a mathematical model similar to
that previously developed for our study of the distri-
bution of tetrachloroethylene in the body (Guberan
and Fernandez, 1974). In the current study, however,
cardiac output and alveolar ventilation are con-

sidered as being continuous processes. The principal
hypotheses used are the same as those discussed in
detail by Kety (1951), Eger (1963), and Mapleson
(1963):
The solvent diffuses freely through the entire
surface of the capillary and alveolar walls.
The concentration of the solvent in venous blood
is in equilibrium with that dissolved in the cor-

responding tissue.
The concentration of the solvent in arterial blood
is in equilibrium with that in the alveolar air.
For all tissues, the gas tissue partition coefficient
which determines the equilibrium between blood
and tissue, is independent of the solvent con-

centration.
The alveolar ventilation and cardiac output are

considered as being continuous instead of cyclic
processes.
The circulation time from the lungs to the tissues
is not significant.
The metabolism of TRI takes place mainly in the

liver, in the presence of NADPH and oxygen

(Leibman, 1965). The first known metabolite
resulting from this biotransformation is chloral
hydrate (Butler, 1949; Byington and Leibman,
1965). In order to develop a unified approach
to the metabolic fate of TRI, it is essential to define
quantitatively this former reaction. It will, therefore,
be assumed that the biotransformation of TRI takes
place solely in the liver and that this process is an

instantaneous one, so that the biotransformation
of TRI is limited by the blood flow through the
liver. In addition, it will be considered that the liver
is perfused by blood which has an arterial concentra-
tion ofTRI. The only repercussions of this simplifica-
tion are in the first few minutes of uptake or elimina-
tion, as the vessel-rich tissues which make up the
hepatoporial system are nearly always in equilibrium
with the arterial blood.

It is important to have an understanding of the
metabolic fate of TRI if a simulation of the forma-
tion and elimination ofTCE and TCA is to be made.
Chloral hydrate, formed in the liver, is metabolised

mainly by oxidation to TCA and by reduction to
TCE. These metabolites are then eliminated in
urine, and in less significant quantities by other
excretion routes, such as the bile (Bartonicek, 1962).
Furthermore, it has been established that TCA is
itself a metabolite of TCE (Marshall and Owens,
1954; Muller et al., 1974) that is, there is a direct
biotransformation from TCE to TCA. Finally, it is
well known that before being eliminated in urine,
TCE is transformed by conjugation to glucuronide
(TCE-G). These reactions are shown in Fig. 1, in
which a rate constant is allotted to each. It should
also be noted that for the purposes of this study
besides being excreted by routes other than in
urine, both TCE and TCA are eliminated by other
biotransformations which are still unknown. In fact,
various studies have shown that the total amount
of the two metabolites eliminated in urine represents
only about half of the quantity of chloral hydrate
(Muller et al., 1974) or TRI absorbed (Fernandez
et al., 1975). Although this difference could result
partly from an unknown biotransformation of
chloral hydrate, all other possible metabolic pro-
cesses are considered as arbitrarily issuing from TCE
and TCA. Nevertheless, this simplification does not
change the overall pattern of the system.
As the various stages of the metabolism are not

known, at least quantitatively, a number of hypoth-
eses must be defined:

All the rate constants of the reactions shown in
Fig. 1 are considered as being first order reactions
for the concentrations occurring during industrial
exposure.
As the half-life of chloral hydrate in the body is
low (Kimmerle and Eben, 1973; Breimer et al.,
1974) compared with that of TCA and TCE, the
biotransformation of chloral hydrate to its
various metabolites can be considered as being
instantaneous. Only the ratios of these constants
are therefore important.
The distribution of TCA and TCE in the body
takes place for each product in one single volume,
VTCA and VTCE, respectively. This hypothesis can
be considered as being realistic only if the equi-
librium rate of these two metabolites in the various
tissues is significantly greater than that of their
formation.
As the kinetics of free TCE and TCE glucuronide
are similar (Breimer et al., 1974), no distinction
will be made between the two in the mathematical
model. Only the sum of the two will be taken into
consideration.
All the hypotheses mentioned previously con-

cerning the distribution of TRI and the elimination
of its metabolites allow the elaboration of a mathe-
matical model, leading to a complete description of
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the processes resulting from an isolated or repeated
absorption of TRI. The mathematical development
of this model is described in detail in the Appendix.

Methods

UPTAKE, DISTRIBUTION, AND ELIMINATION
OF TRICHLOROETHYLENE
In order to simulate the uptake, distribution, and
elimination of TRI, the body is considered to
consist of a pulmonary compartment (arterial blood,
pulmonary tissue, and alveolar air), an organ
responsible for the metabolisation (liver) and of
several tissues grouped according to Mapleson
(1963): the tissue of the vessel-rich group excluding
the liver (VRG), the low perfused tissue such as
muscle and skin (MG), and the poorly perfused
fatty tissue (FG).
For a standard man (body weight 70 kg, body

surface area 1-8 m2), the volume and perfusion of
these different tissues, as well as the volume of
blood in equilibrium with them (venous blood

Fig. 1 Schematic pathways of the
metabolism of trichloroethylene.

TCE - urine

distributed in proportion to the blood perfusion
of the tissue) are shown in Table 1 (Cowles et al.,
1971). The volume of alveolar air is determined by
the functional residual capacity (2-43 1) plus half
the tidal volume (250 ml) (Cowles et al., 1971).
Table 1 also shows the partition coefficients for the
equilibrium between air and blood, liver, adipose
tissues (Steward et al., 1973), and muscles (Hagler,
1969). The partition between air and the vessel-rich
group has been estimated separately from the pro-
posed values for the brain, the kidneys, and the
liver (Steward et al., 1973). The lung tissue-gas
partition coefficient is assumed to be the same as the
blood-gas partition coefficient.
For the cardiac output (6-5 I/min), the cardiac

index of 3 5 I/min per m2 (Cowles et al., 1971)
is combined with the 1 87 m2 estimated surface
area (Documenta Geigy, 1963) ofour 20 experimental
subjects (71 kg, 177 cm) (Fernandez et al., 1977b).
The right-to-left shunt at the lungs is assumed to be
2% of the cardiac output. The alveolar ventilation
used corresponds to a value at rest of 5*5 I/min

Table I Tissue volumes, blood perfusions, blood volumes, and partition coefficients
VRG MG FG Liver Pulmonary

compartment

Tissue volume (1)* 7-1 36-3 11-5 1-7 1-0
Blood volume (1)* 2-59 0-63 0-18 0-60 1-4
Blood perfusion (%)* 55-1 15-7 4-5 24-7 -
Partition coefficienttf 20 19 600 20 9

*Cowles, et al. (1971)
tSteward, et al. (1973)
tHagler (1969)
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(BTPS) and is of the same order of magnitude as the
one estimated for the exposed subjects, thus allow-
ing a comparison to be made between experimental
and theoretical results.

THE KINETICS OF FORMATION AND
ELIMINATION OF TCE AND TCA
According to our hypotheses concerning the reac-
tions shown in Fig. 1, the following parameters
must be determined in order to simulate the kinetics
of the formation and elimination oftrichloroethylene
metabolites (TCE and TCA):
kEU = urinary elimination rate constant of TCE.
kAU = urinary elimination rate constant of TCA.
kE = elimination rate constants of TCE by other

excretion routes or metabolic pathways.
kA = elimination rate constant of TCA by other

excretion routes or metabolic pathways.
kEA = rate constant of the transformation ofTCE

to TCA.
kCE/(kcE + kcA) = percentage of CH transformed

in TCE.
kCA/(kcE + kcA) = percentage of CH transformed

in TCA.
As a mathematical model independent of the

experimental results obtained from exposure to
trichloroethylene is desired, these constants will be
estimated from kinetic and percentage studies
determined in vivo after absorption of CH, TCE,
and TCA.
The following combinations of constants can be
deduced from measuring the decrease of TCE
or TCA in blood in humans after absorption of
these products (Muller et al., 1974):
kEu + kEA + kE = 0.0533 h-1,
kAU + kA = 00137 h-1
After repeated absorption of chloral hydrate the
total percentage of TCA formed may be deter-
mined by measuring the daily amount of TCA
eliminated in urine (Owens and Marshall, 1955).
This percentage can also be estimated by examin-
ing the total excretion of TCA after a single
exposure to chloral hydrate (Marshall and Owens,
1954; Muller et al., 1974). This value is a combina-
tion of several rate constants:
[ kCA kCE kEA
kCE + kCA kCE + kCA kEU + kEA + kE

kAU
kA + kAU = 0-25

The total amount of CH changed into TCE is
determined by extrapolation by means of the
elimination rate constant and the quantity of TCE
excreted in urine during the 24 hours after

injection of chloral hydrate (Marshall and
Owens, 1954):

kCE kEU
*____ = 038

kCA + kCE kEU + kE + kEA

The percentage found by Muller et al. (1974)
is not considered as this appears very small
compared with the average values obtained in
exposures to trichloroethylene.
The proportion of TCA produced by direct
transformation may be determined after absorp-
tion of chloral hydrate because it has an extremely
short half-life. This is accomplished by measuring
theTCA concentration in theplasma approximately
half an hour after absorption and by estimating
the distribution volume as being about 250% of
the body weight (Payko9 and Powell, 1945;
Marshall and Owens, 1954; Muller et al., 1974).
Thus, if the quantity of TCA eliminated in urine
is considered negligible, the value obtained is
equal to this combination:

kCA
= 022

kCE + kCA

By evaluating the total quantity ofTCA eliminated
in urine after absorption of this product, one can
estimate the percentage of urinary excretion of
TCA and thus determine the ratio (Muller et al.,
1974):

kAu/kA = 1I0
The rate constants and the percentages calculated
with these values are given in Table 2.

Table 2 Rate constants of the formation and
elimination of CH, TCE, and TCA
Rate constant Numerical value

kEU 0-0260 h-1
kAU 0-00685 h-1
kE 0-00820 h-
kA 0-00685 h-1
kEA 0-0191 h-1
kcE/(kcE + kCA) 0-78
kCA/(kcE + kCA) 0-22

Results and discussion

COMPARISON WITH EXPERIMENTAL DATA
In order to test the hypothesis of the model concern-
ing the quantitative biotransformation of TRI in
the liver, the theoretical results of the biotransforma-
tion of TRI for pulmonary excretion are compared
with the alveolar air concentrations obtained experi-
mentally. Figure 2 shows the results of 20 exposures
to TRI, each lasting 8 hours at concentrations
varying between 54 and 160 ppm (Fernandez et al
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Fig. 2 Alveolar concentrations of
trichloroethylene after 8 hours' exposure.
Comparison of the theoretical curve and
the experimental data.

20

Post -ex p osure

1977a) and the corresponding elimination curve

obtained using the model. As can be seen, there is
good agreement between the theoretical and experi-
mental values. The variation which appears between
the fifth and twelfth hour after the end of exposure,
corresponds approximately with the period during
which the exposed subjects slept and most probably
results at least partly from a modification of the
physiological parameters such as alveolar ventilation
and cardiac output.
The simulation of the metabolic processes of

TRI depends on the distribution of the solvent
in the body and also on the hypotheses concerning
the kinetics and transfer of the metabolites. The
theoretical values predicted by the model for the
elimination of TCE and TCA in urine have therefore
been compared with experimental data. Figures 3
and 4 show the evolution of the total quantities
of TCE and TCA respectively eliminated during
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FIAL PRESSURES OF TRI IN THE BLOOD
TISSUES
kinetics of the saturation and desaturation of
issues depend on their blood perfusions and
rent volumes of distribution. Figure 5 shows the
tion of the partial pressures of TRI in the
ent body tissues during and after an exposure
g 8 hours. It appears that the group of very
ilar tissues which has the greatest blood per-
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y always in equilibrium with the arterial blood,
the concentration of TRI in the adipose tissues

Fig. 3 Total amounts ofTCE excreted
in urine after 8 hours' exposure to
97 ppm (3 subjects) and 54 ppm (2 subjects).
Experimental data are linearly corrected
to 100 ppm.
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Fig. 4 Total amounts of TCA excreted
in urine after 8 hours' exposure to
97 ppm (2 subjects) and 54 ppm (2
subjects). Experimental data are linearly
corrected to 100 ppm.

Fig. 5 Predictedpartial pressure of
trichloroethylene in alveolar air and tissue
groups during and after 8 hours' exposure.

2 4 6 8 2 4 6 hours

Exposure Post-exposure

(FG) increases only very slowly. This concentration
of TRI, as in thecase oftetrachloroethylene (Guberan
and Fernandez, 1974) or benzene (Fiserova-
Bergerova et al., 1974), continues to increase after
the end of exposure. The evolution of the partial
pressure of TRI in the muscles and skin, the tissue
group which has average physiological parameters,
is indicated as being intermediate between FG and
VRG, but being more like the latter.

In addition, by comparing the results shown in
Fig. 5 with those obtained for tetrachloroethylene
(Guberan and Fernandez, 1974), a substance which
is not metabolised in the body but which has
approximately the same physicochemical properties
as TRI, the influence of the metabolism of the solvent
on the partial pressures in the different tissues can
be estimated. It is thus observed that these are
significantly reduced and rapidly reach a state of

equilibrium for the tissues having the greatest blood
perfusion. In fact in the case of TRI the partial
pressures no longer reach the inspired concentration,
but stabilise at a lower level determined by the degree
of transformation, the air-blood partition coefficient,
the blood perfusion of the tissues where metabolism
takes place, and thealveolarventilation. Consequently
the quantity of the solvent absorbed is greater since
it directly depends on its concentration in the blood.

URINARY ELIMINATION RATES OF TCE AND
TCA

Figures 6 and 7 show the urinary elimination rates
of TCE and TCA, during and after four exposures
lasting 1, 2, 4, and 8 hours at 100 ppm. These curves
are analogous to those drawn from results obtained
during controlled experiments.

It has often been found experimentally that there

-

I-

u

a
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hours

Fig. 6 Predicted excretion rate of TCE
in urine during and after 1, 2, 4, and 8
hours of trichloroethylene exposure to
100 ppm. v indicates the maximum
excretion rate.

Fig. 7 Predicted excretion rate of TCA
in urine during and after 1, 2, 4, and
8 hours of trichloroethylene exposure to
100 ppm. _ indicates the maximum
excretion rate.

is a significant delay in the excretion of TCA,
whereas the maximum excretion rate of TCE is
reached immediately after the end of exposure. In
addition, positions of the maximum elimination
rates of TCA and TCE vary according to the length
of exposure.
The urinary elimination rates of TCE and TCA

are proportional to the concentration of exposure,
due to the principal hypotheses of the model. It
should also be noted that these graphs show an

approximately linear relationship between the length
of exposure and the elimination rates of the two
metabolites. Hence, the urinary elimination rate
(amount eliminated per unit of time), as well as
the urinary concentration of TCE and TCA, linearly
reflect the average exposure to TRI. In fact an

increase in the concentration of the exposure is

approximately equivalent to an increase in the length
of exposure.

BODY BURDEN OF TRI, TCE, AND TCA
The mathematical model in this study enables an

estimation to be made of the quantities of TRI
retained in the different parts of the body. In addi-
tion, if the excretion of TCE and TCA by other
excretion routes is considered to be about 10% of the
urinary elimination (Bartonicek, 1962), it is possible
to estimate the quantities of these two metabolites
retained in the body. Figure 8 shows the evolution
of the quantities of TRI in the body (VRG, MG,
FG, and total), as well as those of TCE and TCA
during and after an exposure lasting 8 hours at
100 ppm.

It is also observed that by the end of exposure,
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Fig. 8 Predicted distribution of trichloro-
ethylene to the tissue groups and predicted
body burden in TCE and TCA during
and after 8 hours' exposure to 100 ppm.

10 20 30 40
Exposure Post-exposure

54% of TRI absorbed has already been trans-
formed to TCE and 20% to TCA, while only 26%
remains unchanged (2% in the VRG, 9% in the
MG, 15% in the FG). Just after the end of exposure,
the amount of TRI metabolised increases even more

and finally reaches the total of 92%. Likewise, the
percentage of TCA increases to 27 %, partly due to
the formation of chloral hydrate from TRI, but
particularly due to the biotransformation of TCE.
This biotransformation also decreases the total
percentage of TCE formed (41 %).
At the end of exposure, the amounts of TRI in

theVRG andMG decrease rapidly, while the quantity
of the solvent retained in the FG continues to in-
crease for about one hour. Regarding the metabolites,
the TCE body burden continues to rise slightly
for half an hour, whereas that of TCA does so

progressively for about 30 hours. Therefore, the
urinary concentration of TCA increases also.

This delay in the elimination of TCA is due to a

combination of two properties of the total system.
Firstly, the urinary elimination rate of TCA is very
slow owing to its great affinity for proteins (Sellers
and Koch-Weser, 1971). Secondly, TCA is formed
not only directly from TRI by the intermediary
chloral hydrate, but also by the biotransformation
of TCE. For this reason, as long as the formation
rate of TCA, which is principally determined after

the end of exposure by the body burden of TCE,
is greater than its excretion rate, the amount of TCA
in the body increases as well as its elimination rate.
After about 30 hours, these two processes are
quantitatively reversed and it is only then that the
real depletion of TCA begins. Thus, after repeated
exposures, the accumulation of this metabolite in
the body would be expected to be considerable.

REPEATED EXPOSURES AND ALVEOLAR AIR
As can be seen in Fig. 8, 24 hours after the start of
exposure to TRI the release by the body of the sol-
vent itself and of its two metabolites (TCE and TCA)
is still incomplete. In fact, only 56% of TRI retained
at the end of an exposure lasting 8 hours is eliminated
during the following 16 hours (curve TRITOT).
Similarly, half of the TCE formed and retained in
the organism during this period remains in the body.
However, in the case of TCA, the quantity present
in the body increases by 42% during the 16 hours
after exposure. It can be expected that notable modi-
fications to the total pattern of the processes
arising from the absorption of TRI will occur if the
exposure is repeated day after day. So to gain a better
understanding of the absorption, distribution,
elimination, and metabolic processes of repeated
exposures, we used the model to simulate a situation
of this type, assuming that the behaviour of the
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organism towards TRI is not significantly modified
by repeated absorption of this solvent (Ikeda and
Imamura, 1973).

Table 3 shows the alveolar concentrations ob-
tained after repeated exposures at 100 ppm (5 days,
6 hours/day). It can be seen that the alveolar con-
centrations of TRI at the end of exposure vary only
slightly from one day to another. As previously
stated, the VRG and MG tissues are practically
in equilibrium with the arterial blood at the end of
exposure (Fig. 5) and the burden of TRI in these
tissues increases only slightly daily. On the other
hand, as Fig. 9 shows, the partial pressures in the
FG for repeated exposure (5 days, 6 hours/day),
the quantity of TRI in the adipose tissues progress-
ively increases because of the slow release of the
solvent during the elimination period. It is remark-
able to find that the adipose tissues have only a
minimum effect on the alveolar concentrations
during exposure and first hours after exposure.
On the other hand, the alveolar concentrations
18 hours after the end of exposure (Table 3) show
variations which are directly proportional to those
observed for the partial pressure of TRI in the FG.
Consequently, the measurement of the concentra-
tion in alveolar air during the first few hours after
exposure essentially reflects the retention of the
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VRG and MG, while the same analysis carried out
immediately before the following exposure enables
an estimation to be made of the quantities of TRI
retained in the FG.

REPEATED EXPOSURES AND METABOLITES
The behaviour of TCE and TCA in the body after
repeated exposure can be studied by discussing the
urinary excretion rate given by the model for these
two metabolites, this parameter itself being directly
proportional to the quantity present in the body and
to the concentration in the blood and urine. Figures
10 and ll show the elimination rates of TCE and
TCA during repeated exposures at 100 ppm (5 days,
6 hours/day). It is interesting to note that the form
of the curves shown in these two graphs generally
follows the variation in concentration of these
two metabolites determined experimentally in the
blood (Muller et al., 1972). Using the model, the
main difference in the behaviour of these after re-
peated exposures can be seen. While the urinary
elimination rate of TCE increases only slightly from
day to day and seems to reach a stable rate by
approximately the third day (Fig. 10), the excretion
of TCA increases steadily throughout the whole
week (Fig. 11). Consequently, the excretion rate
ofTCE in urine is principally determined by the most

Table 3 Predicted alveolar concentrations (ppm) after repeated exposure to 100 ppm (5 days, 6 hours/day)

Day of the week Post-exposure time

0 min 30 min 60 min 120 nmin 18 h

Monday 27-0 7-82 5-68 3-48 0-32
Tuesday 27-3 8-10 5-96 3-76 0-52
Wednesday 27-5 8-28 6-13 3-92 0 64
Thursday 27-6 8-38 6-23 4 03 0-71
Friday 27-7 8-45 6-30 4 09 0-76

0
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Repeated exposure 100 ppm
(5 days, 6 h/day)

Fig. 9 Predicted partial pressure of
trichloroethylene in fatty tissue for a
repeated exposure to 100 ppm (5 days,
6 hours/day).
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mg/h

Repeated exposure 100 ppm

(5 days, 6 h/day)

- Exposure

Fig. 10 Predicted excretion rate ofTCE
in urine for a repeated exposure to
100 ppm (5 days, 6 hours/day).

Fig. 11 Predicted excretion rate of TCA
in urine for a repeated exposure to
100 ppm (5 days, 6 hours/day).

2 4 6 8

recent exposure, whereas that of TCA represents
the accumulation of all earlier exposures.

In order to compare the behaviour of TCA after
isolated or repeated exposure, it is useful to study
the maximum excretion rate reached by the metab-
olite. As is seen in Fig. 8, this occurs about 30 hours
after an isolated exposure to TRI lasting 8 hours.
For repeated exposure (Fig. 11) the urinary elimina-
tion rate continues to increase during the first days,
and begins to decrease from the third day before
the start of the next exposure, that is, the maximum
excretion rate of TCA progressively occurs towards
the end of exposure. The reason for this is the
systematic accumulation of this metabolite in the

body after repeated exposures which induce an
increase in its body burden and therefore in its
elimination rate. The elimination rate rapidly
becomes greater than the quantity of TCA formed
by unit of time, depending mostly on the amounts
of TCE and TRI in the organism which com-
paratively increase very little from one exposure to
another. Hence, the equivalence between the forma-
tion and elimination rate of TCA is reached earlier
after repeated exposures. This considerable differ-
ence between isolated and repeated exposure found
using the model indicates that the results of urinary
elimination of TCA obtained from isolated experi-
mental exposures cannot directly be extrapolated

w
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Repeated exposure 100 ppm
(5 days. 6 h/day)

I TCA

L TCE

Fig. 12 Predicted daily excretion of TCE
and TCA (mg/24 hours) in urine for a
repeated exposure to 100 ppm (5 days,
6 hours/day).

I -

for considering industrial situations, due precisely
to the interdependence of these two metabolites.

Figure 12 shows the progression of the daily
quantities of the two metabolites excreted in urine
after a series of repeated exposures at 100 ppm

(5 days, 6 hours/day). The theoretical results cor-
respond significantly with the daily eliminations
obtained experimentally by other authors (Muller
et al., 1972). Once again, it is remarkable that a

stable elimination rate of TCE is reached quickly,
while in the case of TCA a large increase is main-
tained throughout the week. As certain authors
have already shown experimentally (Nomiyama
and Nomiyama, 1971; Muller et al., 1972), the
relationship TCE/TCA (mg/24 hours) decreases
from day to day and becomes lower than unity as
from the sixth day.

Conclusion

The mathematical model developed in this investi-
gation has allowed a quantitative prediction of
absorption, excretion, and metabolism of trichloro-
ethylene. As a result, trichloroethylene post-exposure
breath decay curves as well as urinary elimination
curves ofTCE and TCA can be regarded as methods
of monitoring time-weighted average exposures.
Nevertheless, it seems that each of these three
biological indicators has a different representativity
for the estimation of the degree of exposure. Con-
sequently, during an industrial exposure to trichloro-
ethylene, the choice of the biological test depends
on the type of exposure and the kind of information
desired, while the timing of the collection of samples
relative to exposure is determined by the kinetics of
elimination of each indicator.
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Appendix
UPTAKE, DISTRIBUTION, AND ELIMINATION
OF TRICHLOROETHYLENE

Pulmonary compartment
The difference between the solvent quantity which
enters the compartment and that which leaves it
during the interval of time dt corresponds to the
variation in concentration of the solvent in the
compartment multiplied by the apparent volume of
distribution:
VAPIdt - VAPAdt - PA(LuAbdt + Pv4)uAbdt =

(VA + TpAp + QbAb) dPA
The partial pressure in the mixed venous blood

Pv represents the mean of the partial pressures in the
different tissues and in the blood weighted by the
respective perfusions (cf. ith tissue and metabolic
compartments):

Pv = 2 PiQi/( + PA4)LQL/4)(QL + TLAL/Ab)
Finally, the relation between PA and the different

Pi is expressed:

dPA/dt = AVAPIdt + AOLUAb PiQi/a +
APA[VA + (LUAbOLQL/O(QL + TLAL/Ab) - OLUAb]
with

A = I/(VA + Tp Ap + QbAb)
-ith tissue compartment.
A similar discussion to that applied in the pul-
monary compartment leads to the following
equation:

4iAbPAdt - )iAbPidt = (TiA1 + QiAb) dPi
therefore

dPi/dt = OiAb(PA - Pi)/(TiAi + QiAb)
We thus obtain four interdependent differential

equations, which give the partial pressures in the
different compartments.

Metabolic compartment
The blood reaches the liver with a partial pressure PA.
As it is desired to determine the partial pressure PVL
(venous blood) outside this organ, it is assumed that
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metabolism takes place after equilibrium, according
to the partition coefficient:

PVL/PA = QL/(QL + TLAL/Ab)

FORMATION AND URINARY ELIMINATION
OF TCE AND TCA

The formation rates of TCE and TCA from CH
are determined by the total quantity of TRI metab-
olised per unity of time given by the equations of the
distribution of TRI. The rate of formation of CH
is described by the equation:

RCH = KOLAbPAC1 - QL/(QL + TLAL/Ab)]
with K = constant of transformation ppm - mg/l
(0 00489)
The formation rates of TCE and TCA, RTCE,

and RTCA respectively, are expressed by the
equations:

RTCE = RCHkCE/(kcE + kCA)
RTCA = RciHkCA/(kCE + kCA)

All the metabolic processes are therefore directly
proportional to the partial pressure of TRI in the
blood.
The TCE thus formed is distributed in one single

compartment of volume VTCE. The variations in the
concentration of TCE can, therefore, be expressed
by the following equation:
dCTCE/dt = RTCE/VTCE - kEUCTCE -

kEACTCE - kECTCE

By multiplying by VTCE, this equation becomes:
dWTCE/dt = RTCE - (kEu + kEA + kE) WTCE

where WTCE = VTCECTCE is the quantity of TCE in
the compartment of distribution. Each of the terms
kEUWTCE, kEAWTCE, and kEWTCE represents respect-
ively the elimination rates by the urine, in the
form of TCA, and other elimination routes or
metabolic pathways. The elimination by the urine
can therefore be expressed in the following way:
dREu/dt = kEU[RTCE - (kEU + kEA + kE)REU/kEU]

Similarly, the variations in the concentration
of TCA in the volume of distribution VTCA can be
expressed by the following equation:
dCTCA/dt = RTCA/VTCA + REA/

VTCA - kAUCTCA - kACTCA
where REA = formation rate of TCA from TCE.
But:

REA = REUkEA/kEU
We thus obtained by multiplying by VTCA:

dWTCA/dt = RTCA + REUkEA/
kEU - kAWTCA - kAUWTCA

where WTCA = VTCACTCA is the quantity of TCA
in the compartment as in the case of TCE we can
express the urinary elimination rate of TCA, RAU:
dRAU/dt = kAU[RTCA + REUkEA/kEU

- (kA + kAU)RAU/kAU]
The mathematical analysis of the absorption,

elimination, and metabolism of TRI leads to six
interdependent differential equations. Using the
Runge-Kutta-Gill method of integration, a program
was written in FORTRAN IV to solve this system of
equations on a IBM 1130 computer.

Table 4 Symbols used in the mathematical equations
VA volume of alveolar gas
TP volume of lung tissue
Q cardiac output
QLU blood flow through the lungs
VA alveolar ventilation
Ab blood-gas partition coefficient
AV lung tissue-gas partition coefficient
Ai ith tissue-gas partition coefficient
Ti volume of the ith tissue
Qi blood volume in equilibrium with the ith tissue
(0i blood flow through the ith tissue
PA partial pressure in arterial blood
Pv partial pressure in venous blood
Pi partial pressure in the ith tissue
PI partial pressure in inspired air
PVL partial pressure in liver venous blood
L as a suffix refers to liver
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