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amount of any one of TCA, TCE, or TTC excreted
in urine, we have

00
k2 ~~~~k1k2

Doo
= k3J Xcdt

=
Do+ CO + VB Bo + kAkB Ao.

The equation (14) can therefore be reduced to

DOo - XD = Qse-kst -
k3 Q2e-kt + k3 Qle-kAt.

(15)
Since k3 < kA or kB, we can see that when DO -XXD
is plotted on a logarithmic scale against time, the
slope of the line drawn through the second half of
the points will be - k3. When this line extra-
polated to t = 0 and IQ3e-kst- (Doo- XD)I is re-
plotted, the slope of the line drawn through the
points at the tail end of this plot will give an estimate
of the smaller one of the two rate constants, kA and
kB, and the slope determined from the residual points
an estimate of the larger one (Fig. 5).
The DO - XD plots for TCA, TCE, and TTC

resulted in the expressions as follows:
DOO- XD(TCA) = 113.56e-0O0177t- 59.30e-0.0618t

+ 16.89e-02l30t
DOO- XD(TCE) = 216.23e-°00285t + 75.23e-0.0961t
DOO- XD(TTC) = 303.24e-°00224t - 39.44e-08009t

+ 79.34e-0.l890t
The estimates of kA thus obtained from TCA- and
TTC-plots agree generally with the eventual rate
constant, a3 in (1), which was more directly deter-
mined from the time-course of blood or exhaled air
concentration of trichloroethylene. The reason why
the TCE-plot alone did not result in a three-exponen-
tial expression has not yet been fully elucidated, but
may be due to the fact that the plotted values for
TCA and TTC are directly measured but the value

for TCE is indirectly estimated, being expressed as
the difference between these values for TCA and
TTC.

Discussion

The quantitative study of the time-course of absorp-
tion, distribution, excretion, and metabolism of
toxic substances is a useful tool in studying the
characteristics of toxic effects induced by them (Levy
and Gibaldi, 1972; Sato et al., 1975b). The processes
of uptake and washout of organic solvent vapours in
a human body have recently been studied using an
analogue or mathematical model, which simulates
the processes and gives an adequate prediction
(Fiserova-Bergerova et al., 1974; Guberan and
Fernaindez, 1974).
With few exceptions, most pharmacokinetic

models have been built on the assumption that
blood perfusion alone is an effective medium of
transport for all tissues in a living body (Kety, 1951).
The mathematical model based on this perfusion-
limited assumption, failed to simulate thetime-course
of elimination of inhaled benzene and toluene in men
(Sato et al., 1974). For the transfer of fat-soluble
compounds direct diffusion between neighbouring
tissues, each having different perfusion/partition
properties and hence being filled and emptied at a
different rate, was found to be a significant pathway
in addition to perfusion (Perl et al., 1965). Taking
account of this intertissue diffusion, we have assumed
that it takes no longer than three hours after exposure
has ceased for trichloroethylene to reach an
apparent equilibrium and then to be distri-
buted throughout the body according to its
partitioning characteristics between blood and

Table 3 Urinary excretion of TCA, TCE, and TTC

Interval of measurements Midtime (hour) Amount measured (mg) mean ± SD
(hours)

TCA TCE TTC

0-1 0-5 021 ± 0-18 13-03 ± 3-25 13-24 3-12
1-2 1-5 0-25 ± 0-08 11-00 ± 4-66 11-24 + 4-73
2-4 3-0 0-57 ± 0-27 21-46 ± 10-34 22-03 10-44
4-8 6-0 2-37 + 1-57 3628 ± 5-55 38-65 6-35
8-12 10-0 1-32 + 0-61 31-45 ± 7-15 32-77 7-30
12-16 14-0 0-93 ± 0-26 26-70 ± 7-64 27-63 4-53
16-24 20-0 2-15 ± 0-74 33-58 ± 5-75 35-73 5-56
24-36 30-3 4-32 ± 1-31 39-70 ± 10-99 44-02 ± 11-01
36-48 42-0 8-17 ± 3-05 22-57 ± 7-76 30-74 + 876
48-60 54-0 7-79 ± 1-84 17-03 ± 3-76 24-82 2-28
60-72 66-0 7-83 + 1-48 11-50 ± 4-95 19-33 6-28
72-84 78-0 6-95 ± 2-64 6-52 ± 4-62 13-47 4-10
84-96 90-0 4-34 ± 0-91 3-88 ± 1-58 8-22 2-36
96-108 102-0 4-56 ± 1-22 6-00 ± 1-39 10-56 2-44
108-120 114-0 3-32 ± 0-93 3-14 i 1-85 6-45 2-61
120-132 126-0 3-23 + 1-18 2-17 ± 1-29 5-41 + 1-88
132-144 138-0 4-00 ± 2-30 1-65 ± 0-54 5-66 2-83
144-156 150-0 2-44 ± 0-32 0-88 ± 0-70 3-32 + 0-69
156-168 162-0 1-44 ± 0-53 1-08 ± 0-80 2-52 0-99
168-180 174-0 2-55 i 0-32 1-17 + 0-53 3-71 0-76
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amount metabolised bx
= total amount absorbed (AAa + b)x

b
AAa + b

i

°24 4 72 9 I80 144 168 192
Hours

Fig. 3 Cumulative amount of metabolites excreted in
urine.

tissues. The value of 104 1/hour for metabolic
clearance was estimated by treating the whole body
in the equilibrium as a single body mass. So far there
is no proof for these assumptions, but they would be
supported indirectly if the quantities predicted
agreed with the quantities measured by other
methods. About 70-80% of the absorbed trichloro-
ethylene was reported to be excreted in urine as

metabolites and the remaining 20-30% to be
eliminated unchanged in expired air (Bartonicek,
1962; Nomiyama and Nomiyama, 1971; Ogata et
al., 1971). Assuming that the loss of trichloro-
ethylene absorbed in man through other pathways is
negligible, the ratio, P, of the amount metabolised to
the total amount absorbed is given as follows:

(16)

Substitution of b = 104 for b in (16) resulted in P =
0 75, which is not very different from the one
measured more directly by other investigators.
Therefore, the assumptions that trichloroethylene

k4 k ( k2 k3

kj

Fig. 4 Metabolic pathways of trichloroethylene.
A: Trichloroethylene in the body.
B: A metabolite of trichloroethylene in the body,

possibly chloral hydrate.
C: A metabolite of trichloroethylene in the body,

which is to be excreted and applies to any one of
TCA, TCE, and TTC.

D : C excreted in urine (TCA, TCE, or TTC).
k,: Rate constant for the step A-*B, which is another

quantity from the metabolic clearance b in Fig. 1.
k2: Rate constant for the step B-*C.
k3: Rate constant for the step C-+D.
k4 : Rate constant for the loss of A through other

pathways than A--B. (k4 corresponds approxi-
mately to the elimination through the lungs, but
is not identical to a in Fig. 1.)

ki,kj: Rate constant for the pathways for disposal of B
other than the B-*C step.

Table 3 Urinary excretion of TCA, TCE, and TTC

JXDIu/t, mg/hour XD, mg - XD, mg Q3e-k3t - - XD)I, mg

TCA TCE TTC TCA TCE TTC TCA TCE TTC TCA TCE TTC

0-21 13 03 13-24 0 21 13-03 13-24 68-51 277-74 346 25 43 06 67 59 49-73
0-25 11 00 11-24 0 45 24 02 24-48 68 25 266-75 335-01 41 36 62 50 45 06
0-29 10-74 11-02 1 02 45 48 46 53 67-69 245 29 312 98 38 12 52 35 35 74
0 60 9 07 9-67 3-39 81 76 85 18 65-33 209 01 274-33 33-25 36-84 20 86
033 7-87 8 19 471 11320 117-90 6400 17756 241 57 27-85 23-93 9-83
0-23 6-68 6 91 5-64 139 91 145-53 63 08 150 87 213 94 22 50 13 78 2 07
027 420 4-47 7-79 17349 181-27 6093 11729 17821 1336 8 13 1-11
036 3-31 3-67 12-11 213 18 225-29 5661 77-59 134-19
068 1 88 2-56 2028 235-76 25603 48-44 5502 103-45
0-65 1-42 2 07 28 06 252 79 280 85 40 65 37-99 78-64
0-65 0 96 1-61 35-89 264-29 300-17 32-83 26-49 59-31
0 58 0-54 1-12 42-84 270 81 313-64 25-88 19 97 45-84
0-36 0 32 0-68 47 18 274-68 321 86 21-54 16 09 37-62
0 38 0 50 0-88 51-74 280 68 332-42 16-98 10-09 27 07
0 28 0-26 0 54 55 05 283-82 338-87 13-66 6-95 20-61
0 27 0 18 0 45 58-29 285-99 344-28 10-43 4-78 15-21
0-33 0 14 0-47 62-29 287-64 349-93 6-43 3 13 9 55
0 20 007 028 64-73 28853 353-25 3-99 225 6-23
012 009 021 66 16 28961 355.77 255 1-17 3-71
0 21 0.10 0 31 68-711 290-771 359-481 0 0 0

'The value is equal to Dw.
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Fig. 5 Semilogarithmic plots of D,, - XD.

Fig. 6 Semilogarithmic plots of AXD/At against
midpoint time.

will have reached an apparent equilibrium through-
out the body in three hours after exposure has
ceased and that the whole body can then be treated
as a single body mass, should not be unreasonable.
The rate constants for thedisappearanceoftrichloro-
ethylene estimated from the time-courses of urinary
excretion of TCA and TTC based on these assump-
tions agreed with those determined from the time-
course of blood concentration of trichloroethylene.
The method of estimating rate constants for

absorption, metabolism, and elimination of drugs
from urinary excretion data was reported by
Wagner (1967). The method described above applies
Wagner's method for trichloroethylene with several
modifications. As is clear in (13), the plot of dXD/dt
on a semilogarithmic scale against time is also ex-
pected to give an estimate of k3, kB, and kA. The value
of AIXD/Zt in Table 3, an estimate of dXD/dt, was
plotted on a semilogarithmic paper (Fig. 6). Com-

parison of the DOC- XD plot (Fig. 5) and JXD//lt
plot (Fig. 6), shows that the former is clearly more
linear.
TCA accounts for about 20% of TTC, and TCE

for about 80% in the present single exposure as is
shown in Table 3. The fact that k3 for TCA is
smaller than that for TCE, however, suggests that
TCA has a longer biological half-life than TCE,
which will lead to the prediction that the proportion
of urinary metabolites excreted as TCA increases in a
chronic exposure (Sato and Nakajima, 1977).
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