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Proposed biological threshold limit values for
industrial exposure to trichloroethylene vapor
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GUBERAN, E. Proposed biological threshold limit values for industrial exposure to
trichloroethylene vapor. Scand. j. work environ. & health 3 (1977) 80—90. A model
was used for the simulation of the pharmacokinetics of inhaled trichloroethylene
(TRI) vapor. Computed data of TRI in alveolar air and of trichloroacetic acid (TCA)
and trichloroethanol (TCE) in blood and urine agreed satisfactorily with experimental
results obtained by various authors. Biological threshold limit values were calculated
for subjects exposed at rest to a steady concentration of 100 ppm of TRI in ambient
air, between 0800 and 1200 and between 1300 and 1700, five days a week during the
whole year. The Monday to Friday range of values for urinary excretion (243—322
mg of TCA/24 h and 288—429 mg of TCE/24 h) roughly corresponded to the findings
of several surveys among TRI workers in industry. The hypnotic effect of TCE and/or
TRI during steady or fluctuating industrial TRI exposure was discussed with the
aid of the model.
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Since -the publication of the first study
using breath analysis to monitor trichloro-
ethylene (TRI) exposure (36), several other
studies have dealt with the determination
of TRI in alveolar air and trichloroace-
tic acid (TCA) and trichloroethanol (TCE)
in blood and urine (9, 17, 25, 26, 35, 37, 38,
39). During most of these studies subjects
were exposed to a steady concentration of
TRI vapor several hours a day for five
consecutive days. This procedure is closer
to the usual industrial situation than one
single exposure per person, but results
cannot be extended to exposures of more
than one week, especially for TCA, which
accumulates in the body. Studies on
volunteers exposed under well-controlled
conditions demand technical skill and a
high outlay. The reproduction of condi-
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ions usually observed in industry, such
as exposures of several weeks or constant
fluctuations of the ambient concentration,
would not only be time consuming but also
technically very difficult.

On the other hand, various mathematical
models of the absorption, distribution,
metabolism, and elimination (pharmaco-
kinetics) of drugs have been developed,
the general theory of which has been
reviewed by Wagner (41) and, as far as
inhaled anesthetics are concerned, by
Mapleson (22).

The present study is an attempt to use
such a model to fill the gap between ex-
perimental and industrial conditions. In
order to examine whether the model was
supported by experimental evidence, I
have compared its results with those of
experimental and industrial studies on
TRI. Then I calculated “biological thres-
hold limit values” by sjmulating industrial
steady exposure to 100 ppm of TRI, the
present threshold limit value for airborne



concentrations in most western countries.
Finally some pharmacological effects of
TRI absorption are inferred.

METHODS

For TRI I used a breath-by-breath model
previously described (13) and developed
along with experimental studies on tetra-
chloroethylene breath excretion (10). The
physiological parameters of the model
were modified with reference to the “pre-
ferred tissue volumes, blood flows and
blood volume for a standard man” pro-
posed by Mapleson (22). Alveolar ventila-
tion (5.85 I/min) was calculated from the
cardiac output of a standard man [6.5 1/
min (22)] with the use of a ventilation-
perfusion ratio of 0.9 (6). The partition
coefficients for TRI indicated by Steward
et al. (34) were used (blood-gas: 9; tissue-
gas, visceral compartment: 20 (average),
lean compartment: 12, fat: 600). A constant
urinary flow of 1 ml/min (1.44 1/24 h)
was postulated.

Experimental studies have demonstrated
that TRI is first converted by liver micro-
somes to chloral hydrate (CH) which is
rapidly metabolized into TCA, TCE, and
some unknown metabolites. TCE is then

Table 1.

partially oxidized into TCA and both
metabolites are excreted in the urine (TCE
mostly after conjugation with glucuronic
acid) (3, 4, 23, 26, 29, 30, 33). On the other
hand wvarious volatile anesthetics have
been shown to be metabolized at a rate
related to their alveolar concentration. At
lower levels, nearly all of the anesthetic
is transformed as it traverses the liver (7).

The following scheme was therefore in-
cluded in the model. All the hepatic blood
flow is cleared of TRI, which is immediate-
ly converted into TCA {15 %), TCE (51 %),
and unknown metabolites (34 o). TCA
and TCE are diluted in body fluids and
excreted in urine. (Apparent volumes of
distribution and renal clearances are given
in table 1.) Half of the excreted TCA is
metabolized directly from TRI and half is
oxidized from TCE (table 1). In the model
this latter conversion occurs only when
TCE is excreted in urine so that the
delayed excretion of TCA, as yet not fully
explained, will be simulated (26). (By a
slight modification of the model, TCA is
then reinjected into body fluids.) Experi-
mental data in the literature on the metab-
olism and excretion of TCA and TCE con-
flict to a certain extent. An estimation
was made from the studies quoted in
table 1.

Metabolism and excretion of trichloroacetic acid (TCA) and trichloroethanol

(TCE): Data used in the model (estimated from the quoted literature).

Hepatic metabolism (23, 26, 29)

Urinary excretion (3, 23, 29)

TCA 15.% ——>» TCA 30.%
W
TRI - CH —> TCE 51.% W TCE + glucuronic acid 36.%

? H4%

TCA TCE
Apparent volume of distribution (Vd) 8.51a 78 1a
Renal clearance (Cl) 1.3 ml/min (3, 23, 75 ml/minP
29, 33)
Biological half-time (t1/2) 75 h (30,33) 12 h (26)
In2 X vd
a Calculated fromt £1/2 = — —
Cl

b Estimated.
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Simulation with a digital computer was
based on a simple system of equations.
General equations of the exchange occur-
ring during one respiratory cycle, in the
case of a solvent eliminated only in the
breath, have been given elsewhere (13).
The introduced equations for hepatic
metabolism and the urinary elimination of
TCA and TCE are presented in the appen-
dix.
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RESULTS AND DISCUSSION

As shown in fig. 1, computed values of
the postexposure TRI alveolar concentra-
tion and the 24-h urinary excretion of
TCA and TCE satisfactorily agree with
the mean values obtained by Stewart et
al. (37). Similar agreement is observed
with the data of a German group (9, 25,
26), which also measured blood TCA and
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Fig. 2. Trichloroethylene alveolar concentra-
tion following exposure to 100 ppm for a period
of 6 h. Comparison of the model with the data
(mean of five subjects) of Miiller et al. (26).
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Fig. 3. Trichloroacetic acid blood concentra-
tion during exposure to 50 ppm of trichloro-
ethylene, 6 h daily for 5 .days. Comparison of
the model with the data (mean of five subjects)
of Miller et al. (25).
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Trichloroethanol (TCE) blood concentration and the 24-h urinary excretion of TCE

during exposure to 100 ppm of trichloroethylene 6 h daily for 5 days. Comparison of the model
with the data (mean of five subjects) of Ertle et al. (9) and those (mean of five subjects) of

Miiller et al. (25).
have been multiplied by 2)

TCE (fig. 2, 3 and 4), and with the data
of Kimmerle and Eben (17) (fig. 5). In
both cases experimental values of TCA
urinary excretion, not reported in the
figures, show a trend similar to the com-
puted values, but they deviate slightly
more than for urinary TCE. Nevertheless
account should be taken of the hypotheses
of the model previously discussed (13) and
of the expected biological variation, par-
ticularly the intersubject and intrasubject
difference in biotransformation that has
been reported for many drugs (18, 40) and
for chloral hydrate itself (29).

Industrial exposure to 100 ppm of TRI
between 0800 and 1200 and between 1300
and 1700 five days a week was then simu-
lated, and the predicted daily wurinary
excretion and blood peak concentration of
TCA and TCE are shown in fig. 6. As can
be seen, there was almost no further in-
crease from the third to the fourth week
for corresponding days. This result cor-
responds to an equilibrium state reached
between the TRI retained and that elimi-
nated through the lungs or metabolized
during the latter week. Therefore the
data of that week have been taken as
“biological threshold limit values” for full-
time TRI workers exposed to little-fluc-
tuating airborne concentrations averaging
100 ppm (fig. 7 and’table 2). These values,
calculated for a standard man at rest,

(Since the values of the latter corresponded to an exposure to 50 ppm, they
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Fig. 5. The 24-h urinary excretion of trichloro-
ethanol during exposure to 48 ppm of tri-
chloroethylene 4 h daily for 5 days. Comparison
of the model with the data (mean of four sub-
jects) of Kimmerle and Eben (17).

therefore correspond to basic conditions of
pulmonary ventilation.

The question arises whether these values
tally with the results of surveys made
among TRI workers. Pfaffli and Back-
man (32) are the only ones who, in a pre-
liminary report, have made analyses of
TRI breath excretion from exposed work-
ers, but their use of expired air measure-
ments does not allow comparison with the
alveolar concentrations predicted in the
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Fig. 6. Predicted values of the 24-h urinary excretion of trichloroacetic acid and trichloroethanol

(histograms) and peak blood concentration (curve)

during exposure to 100 ppm of trichloroethylene,

between 0800 and 1200 and between 1300 and 1700 five days a week for 4 weeks.
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Fig. 7. Computed curves of trichloroethylene

acid and trichloroethanol blood concentration
and between 1300 and 1700 five days per week.
weeks of steady exposure.

model. No other data on alveolar TRI or
blood TCA and TCE measured in industry
are available at the moment, but several
authors have attempted to correlate air-
borne TRI with the urinary TCA and TCE
of full-time exposed workers. The mean
values observed in these studies have been
compared with the predicted values in
table 3.

The early surveys of Frant and Westen-
dorp (11) and of Elkins (8) are in surpris-
ingly good accordance with computed
data, as well as that of Lindner (19) which
was drawn up for one worker only, but
for a period of 3 weeks. Mean results
of Grandjean et al. (12) and of Ikeda et al.
(15), on the contrary, differ from the
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alveolar concentration and the trichloroacetic
for exposure to 100 ppm between 0800 and 1200
Values apply to the third and subsequent

predicted values. Finally, data of Lowry
et al. (20), adjusted for urine concentra-
tion, are higher than expected for TCE
and lower for TCA, but total trichloro-
compounds (TCA + TCE) show a better
concordance with predicted values. These
three latter surveys show a wide scatter
of individual results, and the authors
have stressed uncertainty concerning the
actual exposure of each worker. After
this fact is taken into account, it can be
concluded that urinary TCA and TCE
predicted values roughly correspond to
the findings of various studies among
TRI workers. Also, it seems that observed
and computed data agree better when
total trichloro- compounds, rather than
TCA or TCE alone, are used.



Trichloroethylene exposure and chloral
hydrate absorption

Chloral hydrate, “one of the best sedative
and hypnotic drugs” (28), is the inter-

mediate of TRI metabolism. Most and
probably all of its long-lasting hypnotic
effect is due to TCE (21). Chloral hydrate
was shown to increase total sleep time
and to decrease sleep latency in man at a

Table 2. Computed values of postexposure drichloroethylene alveolar concentration and of the
24-h urinary excretion of trichloroacetic acid (TCA) and trichloroethanol (TCE) for an ex-
posure to 100 ppm between 0800 and 1200 and between 1300 and 1700 five days per week.
Values apply to the third and subsequent weeks of steady exposure of subjects at rest.

Alveolar concentration

Post-
(ppm) TCA TCE

ExphEitE _ Day (mg/24 h)2a  (mg/24 h)a
time Monday Friday

0 min 26.8 27.2 Monday 243 288
15 min 8.0 85 Tuesday 264 385
30 min 6.4 6.8 Wednesday 286 414
1h 4.3 438 Thursday 305 425
2h 2.2 2.7 Friday 322 429
3h 1.4 1.8 Saturday 296 172
15 h 0.6 1.0 Sunday 249 63

a For conversion to mg/l multiply by 0.694 (1,000 ml/1,440 ml). (Computed constant urinary

flow: 1 ml/min or 1,440 ml/24 h)

Table 3. Comparison of the predicted values of the urinary excretion of trichloroacetic acid
(TCA) and trichloroethanol (TCE) with those observed among trichloroethylene workers exposed

about 8 h daily.

Urinary TCA Urinary TCE Urinary TCA + TCE
Mean (mg/1) (mg/l) (mg/l)
Authors exposure b- . Ob- . Ob- .
m) Predicted Predicted Predicted
(pp served o Fpi Served gpon TRy served i
(Mean) (Mean) (Mean)
Frant and Westen-
dorp (11) + 1002 2002 169 —224
Elkins (8) 100 160 169 — 224
Grandjean et
al. (12) 25 86 42 — 56
Lindner (19) 41a 83a 69 — 92 1142 82 — 122 197a 151 — 214
mg/g creatinine
Ikeda et al. (15) 50 147b 107 287 132 276 191
120 230b 257 682 316 519 457
mg/g creatinine mg/g creatinine
Lowry et al. (20) 532 AM 48¢ 68 34 14 82 82
PM 43¢ 72 145 99 188 171

a Mean was calculated in the present study.

b Urine collected in the latter half of the weex at 1300. For the computed value the TCA
and TCE urinary excretions were calculated for the period between 0800 and 1300 on Friday.

¢ Urine collected before and after the workshift on Monday. For the computed value the TCA
and TCE urinary excretions were calculated for the period between 2300 and 0800 and for
the period between 1200 and 1700 on Monday. Creatinine urinary excretion was assumed
to be 1.25 mg/min at a constant rate during 24 h. (Computed urinary flow: 1 ml/min)
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dose of 0.5 g per day (14). Twice that
dose (15 mg/kg) has resulted after nearly
1 h in a TCE peak blood concentration of
about 7 mg/l (26) or 8 mg/l (33). The
computed value of TRI retained per day
during an industrial exposure to 100 ppm
(1.12 g) corresponds to an equimolar
amount of 1.4 g of chloral hydrate, and
the predicted TCE peak blood concentra-
tions from Tuesday to Friday are about
5 mg/l at 1700 (fig. 7 and also fig. 4). There-
fore the depressant effect on the central
nervous system induced by such a “per-
missible” exposure might be stronger than
that following the absorption of 0.5 g of
chloral hydrate, the “usual hypnotic dose”
(28).

Surveys on workers exposed to TRI have
shown, not unexpectedly, that ‘“abnormal
fatigue” and “increased need of sleep”
were the symptoms most commonly com-
plained of (1). The impression of my
coworkers and I, after interviewing many
TRI workers, is that these and other
prenarcotic symptoms are much more
pronounced during the first weeks of ex-
posure. This phenomenon can be attribu-
ted to the development of ‘“tolerance,”
which implies a decreasing effect of a
given dose of a drug after repeated ad-
ministration. Tolerance has been observ-
ed with chloral hydrate (14), as well as
with most narcotics and hypnotics, includ-
ing TCE (16, 24).

Hypnotic effect of trichloroethylene or
trichloroethanol?

The preceding discussion raises the ques-
tion of whether the hypnotic effect of TRI
is exerted by TCE only. Observations dur-
ing TRI analgesia and anesthesia might
help to clarify this point. When TRI was
administered at a concentration of 0.5 b,
analgesia required about 1 min and the in-
duction of surgical narcosis 10—15 min
(2, 27). These rapid effects are explained
better by the expected high TRI concen-
tration in blood (and brain) than by the
still very low TCE one, as shown in fig. 7
and 8. Also at the beginning of anesthesia
a sharp rise of TRI arterial concentration
was measured (5) and a slow increase in
the TCE brain concentration was observed
in an experiment with mice after intra-
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venous administration of chloral hydrate
(21).

Whereas, after the cessation of exposure,
the slow decrease of TCE blood concen-
tration, contrary to the fall of TRI blood
level (fig. 1, 2, 4, 7 and 8), might explain
why the symptoms which the TRI work-
ers complained of persist for a few hours
(1) and why, after long TRI general
anesthesia, some patients “slept for several
hours postoperatively, although they had
normal vital signs during this period” (31).

For industrial exposure as well as for
general anesthesia it is therefore very
likely that a short-term hypnotic effect
due to the action of TRI itself is followed
by a similar but more prolonged one due
to TCE.

Monitoring of industrial trichloroethylene
exposure

The last point to be discussed is whether
the concept of “time-weighted average,”
which refers to airborne concentrations
and is extensively used by industrial hy-
gienists, is adequate for monitoring in-
dustrial TRI exposure.

It is very likely that the prenarcotic
symptoms are associated with a threshold
concentration of TRI in blood after the
few minutes required for brain-blood
equilibration. There is no evidence that
a TRI blood concentration below the
threshold could still induce the symptoms
if it is maintained for a longer period.

As my coworkers and I have previously
pointed out (10, 13), the level of the alveo-
lar (or arterial) concentration versus time
of a solvent is directly proportional to its
constant inhaled concentration. Due to
the sharp initial slope of the arterial TRI
curve, if the airborne concentration rises
suddenly during exposure, a similar in-
crease of TRI concentration in arterial
blood and well-perfused viscera will
quickly follow. The effect of such fluctua-
tions on the computed concentration of
TRI in the vessel-rich tissues, including
brain, is shown in fig. 8.

Indicators related to the mean exposure,
such as the time-weighted average of the
airborne TRI concentration, TCA and TCE
urinary excretion and late postexposure
breath concentration, ignore the brief pe-
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riods when the “toxic threshold” is pos-
sibly exceeded. This possibility might ex-
plain the failure of observers to correlate
the excretion of metabolites with prenar-
cotic symptoms and the appearance of the
latter in many workers with very low
levels of TCA urinary excretion (1, 12).

Such large fluctuations of airborne TRI
concentration are likely to occur in de-
greasing and other industrial operations.
Under these special circumstances analyses
of frequent short-term samples of ambient
air are necessary to monitor worker ex-
posure to TRI, in addition to the measure-
ment of the time-weighted airborne con-
centration and/or to biologic measure-
ments.

NOTE

A Fortran program for the model will be
published elsewhere with full explanatory
comments and a discussion.
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APPENDIX

Equations for the hepatic metabolism and urinary elimination of trichloroacetic acid
and trichloroethanol

Wrer = Wrrt X 051 X X, (1)

where Wrcg is the equimolar amount of TCE (mg) metabolized from TRI during the respi-
ratory cycle, Wrry is the amount of TRI (mg) passing through the hepatic artery and the por-
tal vein during the respiratory cycle, and X is the ratio of molecular weight (mw) of TCE : mole-
cular weight of TRI.

WreA = Wrrr X 0.15 X Y, 2
as equation 1 but for TCA.
WT'tcE = WrcE + WTTCEo, (3)

where WT'tcr is the total amount of TCE (mg) in body fluids after metabolization but before
urinary elimination occurring during the respiratory cycle and WTrck, is the amount of TCE
(mg) in body fluids at the end of the preceding respiratory cycle.

Crer = WTreE/VATCE, 4)

where Crcg is the concentration of TCE (mg/l) in body fluids and Vdr(y its apparent volume
of distribution (1).

WU'rcE = Cree X Clter/(f X 1,000), (5)

where WU’rcr is the kidney excretion of TCE (mg) during the respiratory cycle, Clrcr is the
renal clearance of TCE (ml/min), and f is the number of respiratory cycles per minute (fre-
quency of respiration).

WUrce = WU’ rcE X 0.706, (6)
where WUT(g is the amount of TCE (mg) eliminated in urine during the respiratory cycle.
WTrcr = WT'TCE — WUTCE, (7

where WTTcE is the total amount of TCE (mg) in body fluids at the end of the respiratory
cycle.

W”repa = WU R X 0.294 X Z, 8y

where W”7¢A is the equimolar amount of TCA (mg) metabolized from TCE during the respi-
ratory cycle and Z is the ratio of molecular weight of TCA : molecular weight of TCE.

WT'tca = Wrca + W’rcA + WTTCAo, 9)
as in equation 3.
Crca = WT'rcA/Vdrea, (10)

as in equation 4.
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WUTcA = Crea X Clrea/(f X 1,000), 1y

where WUty is the amount of TCA (mg) eliminated in urine during the respiratory cycle
and Clycys is the renal clearance of TCA (ml/min).

WTrcA = WT'tcA — WUTCA, (12)
as in equation 7.

Remarks: WTrcr and WTrca of a respiratory cycle become Wrer, and Wrca, of the next
respiratory cycle. In figs. 3, 4, 7, and 8 the blood TCA concentration was drawn from Crpca
(equation 10) when the blood TCE concentration [Cr¢r (frue value)] was obtained from: Creg
(true value) = WUTcE X £ X 1,000/ClE.
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