






Trichloroethylene exposure

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

51

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
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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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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).
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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
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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).
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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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