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Using the Monte Carlo method and physiologically
based pharmacokinetic modeling, an occupational in-
halation exposure to trichloroethylene consisting of
7 h of exposure per day for 5 days was simulated in
populations of men and women of 5000 individuals
each. The endpoint of concern for occupational expo-
sure was drowsiness. The toxicologic condition lead-
ing to drowsiness was assumed to be high levels of both
trichloroethanol and trichloroethylene. Therefore, the
output of the simulation or dose metric was the maxi-
mum value of the sum of the concentration of trichlo-
roethylene in blood and the concentration of trichloro-
ethanol within its volume of distribution occurring
within 1 week of exposure. The distributions of the
dose metric in the simulated populations were lognor-
mal. To protect 99% of a worker population, a concen-
tration of 30 ppm over a 7-h period of the work day
should not be exceeded. Subjecting a susceptible indi-
vidual (the 99th percentile of the dose metric) to 200
ppm (the ACGIH short-term exposure limit or STEL)
for 15 min twice a day over a work week necessitates
a 2.5-h rest in fresh air following the STEL exposure
to allow the blood concentrations of trichloroethylene
and trichloroethanol to drop to levels that would not
cause drowsiness. Both the OSHA PEL and the ACGIH
TLV are greater than the value of 30 ppm derived here.
As well as suggesting a new occupational guidance
value, this study provides an example of this method

of guidance value derivation. © 1997 Academic Press

INTRODUCTION

The function of guidance values or safe exposure lim-
its for hazardous chemicals is protection of human
health. This study is an attempt to quantify human

1 This manuscript and the information herein were developed by
the author in his private capacity. No official support or endorsement
by the Environmental Protection Agency or any other agency of the
U.S. Government is intended or should be inferred.
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variability and to use this measure of variability to
derive a safe exposure limit or guidance value for inha-
lation of trichloroethylene (TRI) in an occupational set-
ting.

Ideally, guidance values, such as threshold limit val-
ues (TLVs) from the American Congress of Government
Industrial Hygienists (ACGIH), permissible exposure
levels (PELs) from the Occupational Safety and Health
Administration (OSHA), and acute inhalation minimal
risk levels (MRLs) from the Agency for Toxic Sub-
stances and Disease Registry (ATSDR), serve to protect
the target human population and also permit cost-effec-
tive use of a chemical within regulatory constraints.

Regulatory agencies have begun to use physiologi-
cally based pharmacokinetic (PBPK) modeling to deter-
mine guidance values for several volatile organic chem-
icals (Clewell et al., 1995) and methyl mercury
(USEPA, 1997). The most widely known use of such
a model is the integrated exposure uptake/biokinetic
(IEUBK) model for lead exposure in children that
is used by the Environmental Protection Agency
(USEPA, 1994).

A few PBPK modeling studies have attempted to ac-
count for human variability including body build and
pulmonary ventilation (Fiserova-Bergerova et al.,
1980), amount of body fat (Fisher et al., 1997), and
fitness (Pierce et al., 1996). However, these studies did
not attempt to derive guidance values.

Variability in human response can be treated effec-
tively using probabilistic methods. This study uses both
PBPK modeling and the Monte Carlo method to derive
a guidance value or safe limit for exposure to TRI in
the work place. The emphasis here is on the variability
of human responses. Hence, all probabilistic parame-
ters used in the model are based on actual human data.
The endpoint of fatigue or drowsiness was chosen be-
cause it can be an important hazard in occupational
settings. Drowsiness in response to trichloroethylene
exposure may be due to the parent compound (Amdur
etal., 1993) or to trichloroethanol (TCOH), a metabolite
with known sedative properties (Butler, 1948), or both
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FIG.1. Schematic diagram of the PBPK model used in this simu-
lation. The model is quite simple with only four compartments inter-
connected by their blood supply. The only portal of entry for trichloro-
ethylene is the lungs, and ingestion was specifically excluded.

compounds. The variability of the toxicodynamic re-
sponse, i.e., that of the brain, has not been explicitly
included in the model but is believed to be insignificant
relative to toxicokinetic variability. The guidance val-
ues derived here are compared to those currently used
for regulating the workplace. The occupational guid-
ance value for TRI derived here is neither endorsed
nor supported by EPA or any other agency of the U.S.
government.

METHODS

PBPK Model

The model was similar to those used earlier in an
examination of the possible carcinogenic effects of TRI
(Fisher et al., 1991; Fisher and Allen, 1993; Allen and
Fisher, 1993; Cronin et al., 1995). Tissue mass balance
was achieved with a four-compartment model including
a liver compartment, a fat compartment, a richly per-
fused compartment, and a slowly perfused compart-
ment (Fig. 1). Because of the need to account quantita-
tively for TCOH, the model’s depiction of TRI metabo-
lism is somewhat more complex than earlier models
(Fig. 2) but, nonetheless, more simple both in terms of
number of compartments and metabolism than a model
presently being considered for regulation of carcino-
genic effects of TRI (Clewell et al., 1995). Model param-
eter names, calculation methods, and values are pre-
sented in Tables 1-3.
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The dose regimen applied to the model was the occu-
pational exposure used in human experiments by Stew-
art et al. (1970). Individuals were exposed to 200 ppm
TRI in air for 3 h followed by 1-h break and then for
an additional 4 h. This exposure was repeated for 5
days.

Metabolism

Trichlorooethylene is metabolized by cytochrome
P450 2EI (CYP2EI) to chloral hydrate (CH) (Lipscomb
et al., 1997). The chloral hydrate is rapidly oxidized to
trichloroacetic acid (TCA) or reduced to TCOH (Lips-
comb et al., 1996). TCOH is the metabolite of CH re-
sponsible for its sedative effects (Butler, 1948; Sellers
et al., 1978). TCOH may be converted to TCA or conju-
gated with glucuronic acid to form trichloroethanol-
glucuronide (TCOG). TCA and TCOG are excreted in
the urine (Fig. 2). Minor metabolites include dichloro-
acetic acid, monochloroacetic acid, and oxalic acid (Lips-
comb et al., 1996).

CH is not explicitly represented in the model because
its conversion to either TCA or TCOH is rapid com-
pared to its formation from TRI. The ratio of the Mi-
chaelis-Menten constants, V.,./K., is approximately
equal to the first order rate constant of an enzymatic
reaction (Reitz et al., 1996). These rate constants, cal-
culated from published values, suggest a 20- to 1000-
fold difference in the reaction rates (Lipscomb et al.,
1996, 1997) and supports the rate-limiting step as oxi-
dation of TRI to CH by CYP2EI rather than subsequent
reactions of CH. A smaller portion (PO) of the TRI is
assumed to be oxidized to TCA, and the larger portion
remaining is reduced to TCOH (Marshall and Owens,
1954; Barton et al., 1996; Fig. 2). TCOH is oxidized to
TCA or conjugated to form TCOG; both these reactions

TRI
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PO
Fractional Split
TCOH— = TCA
VMGC KMO
KMG
KUTC
TCOG
KUGC
Excretion

FIG. 2. Schematic diagram of trichloroethylene metabolism in
the PBPK model. The metabolic parameters supplied to the model
are shown in italics next to the appropriate arrows.
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TABLE 1

Sources of Probabilistic Parameter Distributions

Parameter

Source

Pulmonary, cardiac, and tissue flows

Pulmonary ventilation (QPC)
(L/kg/h)

Cardiac output multiplier
for QPC (unitless)
(QCC = VP_Ratio * QPC)

Liver blood flow (QLC) (%)

Fat blood flow (QFC) (%)

Slowly perfused blood flow
(QSC) (%)
Richly perfused blood flow (QRC) (%)
Body weight and tissue volumes
(fraction of body weight/volume)
Body weight (BW) (kg)
Liver volume (VLC) (%)
Fat volume (VFC) (%)

Richly perfused volume (VRC) (%)
Slowly perfused volume (VSPC) (%)
Partition coefficients (unitless)
Blood/air (PB)
Fat/air (PFA)
Liver/air (PLA)
Richly perfused/air (PRA)
Slowly perfused/air (PSA)
Metabolic parameters
Maximum oxidation rate of TRI
by CYP2EI (VMC)
(pmol/mg protein/min)
Substrate affinity of CYP2EI for TRI
(KMC) (umol)
Portion CH Oxidized to TCA
(PO) (%)

ILSI, 1994; ICRP, 1975

Green, 1987

Thomas et al., 1996
Williams and Leggett,
1989; Thomas
et al., 1996
Thomas et al., 1996

Thomas et al., 1996

Stoudt et al., 1960
Thomas et al., 1996
Males: ILSI, 1994
Females: Rutishauer
et al., 1995
Thomas et al., 1996
Thomas et al., 1996

M. L. Gargas, personal

communication, 1996;

Gargas et al., 1989

Lipscomb et al., 1997

Lipscomb et al., 1997

Marshall and Owens,
1954; Barton et al.,

1996

Note. Literature sources of the parameter values used in the Monte
Carlo simulation. The values for the metabolic constants for TCOH
oxidation to TCA, TCOH glucuronidation, and the urinary excretion
constants for TCA and TCOG were determined by parameter optimi-
zation and are not included in this table.

were assumed to occur by saturable enzymatic pro-
cesses. Between 5 and 47% of CH is metabolized to
TCA. (Marshall and Owens, 1954). DCA or other minor
metabolites were not explicitly modeled because of
their rapid clearance (Dekant et al., 1984, 1986).
TCA, TCOH, and TCOG were modeled within similar
volumes of distribution calculated from the body
weight. The volume of distribution for each was as-
sumed to be 0.65 multiplied by the body weight (Clewell
etal., 1995). All TCA and TCOG present in their respec-
tive volumes of distribution was available for urinary
excretion via first order processes. Both urinary and
fecal excretion of TCOG occur in humans with fecal
excretion comprising less than 5% (Muller et al., 1974).
Excretion of TCOG in the model should be considered
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as the algebraic sum of urinary and biliary/fecal excre-
tion and reabsorption from the intestine.

Modeling

SCoP (Simulation Control Program from Simulation
Resources, Inc., Berrien Springs, MI) was used in batch
mode to conduct the simulations (Simulation Re-
sources, Inc., 1996). Source code for the model is avail-
able from the author.

For each run, the code checked the mass balance of
TRI and its metabolites, and if the mass balance of
either the parent or the metabolites departed from
zero, the run was discarded. The model was performed
successfully 5000 times each for men and women.

Monte Carlo Methodology and Parameter Selection

Distributions of physiological parameters were
taken from ILSI (1994), Thomas et al., (1996a), and
several other sources. Parameter references are
given in Table 1.

The 25 parameters in the model could be divided into
four categories: volumes, flows, partition coefficients,
and metabolic/kinetic constants. Parameters were as-
sumed to follow normal, lognormal, or uniform distri-
butions. Parameters for normal and lognormal distri-
butions were determined by established methods using
random numbers (Thomas et al., 1996b). Random num-
bers were generated with Pascal code (Press et al.,
1986). The code was capable of producing more than
5000 random decimals between 0 and 1 that occurred
in a statistically uniform distribution. Crystal Ball soft-
ware (Version 3.0, Decisioneering, Inc.) was used to
generate correlated uniform distributions of metabolic
parameters (see below). Selected other parameters
were correlated based on their dependence on body
weight. The parameter selection program, including
the random number generator, was written in Turbo
Pascal Version 5.0 (Borland, Inc., Scotts Valley, CA)
and is available from the author.

For compartmental volumes and flows, values for
three of four parameters were determined by probabi-
listic methods and the fourth by subtraction (Thomas et
al., 1996a; Table 2). Covariance between cardiac output
and pulmonary ventilation was treated by calculating
ventilation and then setting cardiac output using a
probabilistic estimate of their ratio (VP_Ratio) (Green,
1987; Tables 1 and 2).

Partition coefficients were taken from Gargas et al.
(1989) and modified after discussions with Dr. Gargas
(Gargas, personal communication; Table 2).

Vmax @and K., for TRI oxidation by cytochrome P450
2El were bootstrapped from the data obtained from
human liver samples (Lipscomb et al., 1997). Uniform
distributions were used for other metabolic and urinary
excretion parameters. The ranges for these distribu-
tions were determined by parameter optimization. Al-
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TABLE 2
Probabilistic Parameter Distributions and Values
Men Women
Parameter
name Parameter Distribution Mean STD Mean STD

Pulmonary, cardiac, and tissue flows
QPC Pulmonary ventilation (L/kg/h) Normal 15.0 4.2 15.0 4.2
VP_Ratio Multiplier for QPC to find QCC (unitless) Lognormal 1.0 0.65 1.0 0.65

(QCC = VP_Ratio * QPC)

QCC Cardiac output (L/kg/h) (QCC = VP_Ratio * QPC)
QLC Liver blood flow (%) Normal 0.25 0.07 0.27 0.076
QFC Fat blood flow (%) Normal 0.05 0.013 0.085 0.016
QscC Slowly perfused blood flow (%) Normal 0.19 0.086 0.19 0.086
QRC Richly perfused blood flow (%) Calculated as remaining fraction

Body weight and tissue volumes

(fraction of body weight/volume)

BW Body weight (kg) Normal 71.7 10.0 58.0 8.6
VLC Liver volume (%) Normal 0.026 0.0052 0.026 0.0052
VFC Fat volume (%) Normal 0.136 0.053 0.231 0.086
VRC Richly perfused volume (%) Normal 0.06 0.0114 0.06 0.0114
VSC Slowly perfused volume (%) Calculated as remaining fraction

Partition coefficients (unitless)
PB Blood/air Normal 7.97 0.6 Same for females.
PFA Fat/air Normal 554 36.4 Blood/tissue
PLA Liver/air Normal 27.2 10.2 partition
PRA Richly perfused/air Normal 27.2 10.2 coefficients were
PSA Slowly perfused/air Normal 10.2 6.6 calculated as the

ratio between
the blood/air PC
and the tissue/
air PC.

Note. Values of the probabilistic parameters used in the Monte Carlo simulations. For normal distributions, the set of parameters was
calculated using the means and standard deviations given in the table. For the lognormal distributions, the means and standard deviations
are in fact the geometric means and geometric standard deviations, and the parameters were calculated accordingly.

though these data could be fit to normal or lognormal
distributions (Table 5), uniform distributions were cho-
sen for the PBPK model because they tend to empha-
size the tails of the output distribution (Lipton et al.,
1995) and the high-end tail of this distribution is of
greatest interest for guidance value derivation.

Determination and Selection of Metabolic Parameters
for TRI

The Michaelis—Menten parameters for the oxidation
of TRI to CH by CYP2EI have been measured in 23
individual human liver samples (Lipscomb et al., 1997).
A bootstrap procedure was used to select from these 23
values for VMC and KMC (Table 3). Simply, 23 equal
ranges were chosen between 0 and 1, and each of the
23 sets of VMC and KMC was assigned to a range. A
random number was generated, and the range in which
it fell indicated the specific parameters.

A variation of the method of Reitz et al. (1996) was
used to convert the in vitro data to the appropriate
values for use in the model. The ratio of V., in vivo
to that in vitro was determined by optimization to be
2.0 (Eq. (1)). The in vitro data of Lipscomb et al. (1997)

were converted to the units of milligrams of TRI per
kilogram of liver per hour for VMC and milligrams per
liter for KMC as follows:

pm(_)l 12800 mg pr_otem
mg protein-min kg liver
mg TRI .60 min
pmol h

VMC: A

-1.315E - 07 2.0

mg TRI
-B———— 1
kg liver-h’ @

where A is the value supplied to model and B is the
value used in calculation.

umol

mg TRl  _ mg TRI

KMC: A ,
wmol L

-0.1315 (2

where A is the value supplied to model and B is the
value used in calculation.
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TABLE 3
Metabolic Parameters

Men and women

Parameter
name Parameter Distribution Range Source
PO Portion of CH oxidized to TCA (%) Normal Mean, 25.0 Truncated at 5 and 47%
STD, 9.0
VMC Vmax for TRI oxidation by cytochrome P450 2EI (mg/kg-h) Bootstrap Lipscomb et al., 1997
KMC K, or substrate affinity of cytochrome P450 2EI for TRI (mg/L) Bootstrap Lipscomb et al., 1997
VMOC Vmax for oxidation of TCOH to TCA (mg/kg-h) Uniform 0.12-95.2 Optimization (see text)
KMO K., or substrate affinity for oxidation of TCOH to TCA (mg/L) Uniform 2.38—803.4 Optimization (see text)
VMGC Vmax for glucuronidation of TCOH to TCOG (mg/kg-h) Uniform 0.1-12.0 Optimization (see text)
KMG K., or substrate affinity for glucuronidation of TCOH to TCOG Uniform 1.27-178.9 Optimization (see text)
(mg/L)
KUGC First order excretion constant for TCOG (/h) Uniform 0.044-115 Optimization (see text)
KUTC First order excretion constant for TCA (/h) Uniform 0.00001-0.3 Optimization (see text)

Note. Parameter list, distribution types, and values for the metabolic parameters used in the model. Figure 2 shows a schematic diagram

of the role of these parameters in TRI metabolism.

Determination of Metabolic Parameters for TCOH
and TCA by Optimization

Oxidation of TCOH to TCA and TCOH conjugation
to glucuronic acid were assumed to occur by Michaelis—
Menten Kinetics, and excretion of both TCA and TCOG
was assumed to be first order (Fig. 2).

Michaelis—Menten parameters (Table 3) for the oxi-
dation of TCOH to TCA (VMOC and KMO), the gluc-
uronidation of TCOH to TCOG (VMGC and KMG), and
the urinary excretion constants for TCA (KUTC) and
TCOG (KUGC) were determined by optimization of
these parameters to three data sets: (1) the appearance
of TCOG and TCA in plasma after ingestion of CH or
the sodium salt of TCOH (Sellers et al., 1978); (2) the
appearance of TCA and TCOG in urine after inhalation
of TRI (Stewart et al., 1970); and (3) the appearance of
these same metabolites in urine following TRI inhala-
tion from Sato et al. (1977). Ranges for these six param-
eters (VMOC, KMO, VMGC, KMG, KUGC, and KUTC)
from these three optimizations were used as the high
and low values of uniform distributions used in the
Monte Carlo simulation (Tables 3 and 4).

The starting parameters for the fits were taken from
Clewell et al. (1995). To ensure that all fits were robust
and converged to the same set of numbers, starting
parameters were varied and the fits performed several
times.

Parameter optimization based on the data of Sellers
etal. (1978). CH and TCOH were administered to hos-
pitalized patients without liver disease. Blood concen-
trations of TCOH, TCA, and TCOG were determined
(Sellers et al., 1978). Data for plasma concentrations
of TCOH and TCA were obtained from Fig. 1 of Sellers
et al. (1978). To determine ranges for the maximal en-
zyme rates, substrate affinities, and the two urinary

rate constants, a reduced model (available from the
author) was developed that included only the metabo-
lism and excretion of TCOH. The range for TCOH and
TCA blood concentrations was also assumed to lie be-
tween the mean minus 0.5 standard deviations and the
mean plus 2 standard deviations. Blood concentrations
less than 0.5 standard deviations below the mean were
not used because in almost all cases, these were nega-
tive numbers.

TCOH blood concentrations were supplied to the re-
duced model using the generalized forcing function of
SCoP (Simulation Resources, Inc., 1996). Forcing func-
tions were generated for the low range, the mean, and
the high range of TCOH in blood. The low range, the
mean, and the high range of the TCOH blood concentra-
tions were each fitted to the low range, mean, and high
range of the TCA blood concentrations.

Since each of three data sets for TCOH concentra-
tions was fit to each of three data sets (low, mean, high)
for TCA concentrations, once for CH administration
and again for TCOH administration, this procedure
yielded 18 values for each parameter.

Parameter optimization based on the data of Stewart
et al. (1970). The ranges of these six parameters were
also estimated by fitting the full TRl model to the ap-
pearance of TCA and TCOG in the urine (Table Il in
Stewart et al., 1970). The six parameters were fit to
the high and low ends of the range and the mean of
the urinary metabolite concentrations. Fits were per-
formed for the high, low, and mean data using each
of the 23 values of V,,» and K., for TRI oxidation by
CYP2EI (Lipscomb et al., 1997). In this way, a data
set of 69 values for each of the six parameters for the
appearance of TCA in the urine was determined, and
another data set of 69 values for the appearance of
TCOG in the urine was also determined.
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TABLE 4
Ranges of Optimized Metabolic Parameters
Parameters
Study or grouping Low value High value Low value High value

VMOC KMO
Overall 0.12 95.2 2.38 803.4
Sellers et al. (1978) 0.12 2.35 55.1 650.5
Stewart et al. (1970), TCA in urine 0.77 57.25 2.38 727.14
Stewart et al. (1970), TCOG in urine 14 35.6 150.0 760.7
Sato et al. (1977), TCA in urine 1.25 60.26 162.2 803.4
Sato et al. (1977), TCOG in urine 1.99 95.23 9.49 687.7

VMGC KMG
Overall 0.1 12.0 1.27 178.9
Sellers et al. (1978) 0.74 6.78 13.7 80.9
Stewart et al. (1970), TCA in urine 0.1 2.17 5.12 178.9
Stewart et al. (1970), TCOG in urine 0.71 5.18 9.94 44.24
Sato et al. (1977), TCA in urine 11 12.0 5.42 45.7
Sato et al. (1977), TCOG in urine 0.82 10.27 1.27 72.0

KUGC KUTC
Overall 0.044 11.5 0.00001 0.3
Sellers et al. (1978) 0.87 3.6 0.00001 0.3
Stewart et al. (1970), TCA in urine 0.36 8.64 0.023 0.066
Stewart et al. (1970), TCOG in urine 0.044 0.6 0.00001 0.001
Sato et al. (1977), TCA in urine 0.27 7.96 0.012 0.022
Sato et al. (1977), TCOG in urine 0.175 11.5 0.02 0.027

Note. Ranges of optimized parameters used for Monte Carlo parameter generation for kinetic constants related to TCOH metabolism and
excretion. The ranges were obtained by fitting the model to five different data sets from three human studies. There is considerable overlap
among the parameter ranges determined from the various data sets. See text for details of the optimization.

Parameter optimization based on the data of Sato
et al. (1977). The ranges of the six parameters were
estimated by fitting the TRI model to the appearance
of TCA and TCOG in the urine of four Japanese men
(Table 3 in Sato et al., 1977). The low and high values
for the metabolites in urine were assumed to be the
mean minus 0.5 standard deviations and the mean plus
2 standard deviations, respectively. The generation of
fitted parameters for the appearance of both metabo-
lites in the urine was performed 23 times for each me-
tabolite as described above, again yielding 69 values
for fits to TCA in urine and 69 values for fits to TCOG
in urine.

Criteria for Assuming Correlations between the
Optimized Parameters

Correlations between these six optimized metabolic
parameter distributions were determined for the com-
bined overall data (all parameter estimations from
Sellers et al. (1978), Stewart et al. (1970), and Sato et
al. (1977)), the fits resulting from each study and the
fits based on either TCA or TCOG excretion using the
Spearman rank correlation procedure. If (1) the overall
data and (2) two of three studies or (3) fits based on
TCA excretion and fits based on TCOG excretion indi-
cated a statistically significant correlation was present,

then a rank correlation coefficient was determined for
the overall data set and used during Monte Carlo pa-
rameter generation.

Choice of Dose Metric

A dose metric is considered an internal measure of
toxicologic or pharmacologic exposure. The dose metric
for a particular exposure is related by physiological
principles to the occurrence of an adverse effect.

For acute exposures, the major effect of TRI is on the
nervous system—headaches, fatigue, and drowsiness
(Salvini et al., 1971; Stewart et al., 1970, 1974).

Stewart et al. (1970) observed mild fatigue, sleepi-
ness, and a subjective observation of increased diffi-
culty in simple neurobehavioral tasks in volunteers ex-
posed to 200 ppm trichloroethylene in a 7 h/day occupa-
tional exposure conducted over 5 days. Fifty percent of
the subjects reported increased difficulty with neurobe-
havioral tests; all of the subjects reports feeling “fa-
tigued”; and 60% reported feeling “sleepy” during the
exposure.

TRI would exert a generalized solvent effect on the
brain (Amdur et al., 1993), potentially causing sleepi-
ness, and TCOH is a known sedative (Butler, 1948;
Sellers et al., 1978). Although there was no explicit
compartment for the brain in the model, TRI and
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TCOH should rapidly equilibrate with richly perfused
lipid-rich brain tissue. Hence, the sum of arterial blood
concentration of TRI and the concentration of TCOH
in its volume of distribution was considered the most
appropriate dose metric for sleepiness.

The neurobehavioral deficits reported in Stewart et
al. (1970) are likely physicochemical solvent effects on
the neural membranes needed for proper brain func-
tioning (Amdur et al., 1993). TRI has been reported to
produce a direct toxic effect on the lipid composition of
the myelin sheath around axons (Kyrkland et al., 1983),
but whether this effect functions to produce drowsiness
is unknown.

In each of the Monte Carlo simulations, the maxi-
mum value of the dose metric ([TRI] in blood + [TCOH]
in its volume of distribution) was saved. [TCOH] com-
prised the majority of the dose metric value—greater
than 90% in all cases—because metabolic processes
rapidly converted any inhaled TRI preferentially to
TCOH.

During a single simulation, the sum of [TRI] and
[TCOH] in blood would reach its maximum value at
the end or shortly after the end of a day’s exposure,
usually on the fifth exposure day. The maximum value
of the sum of [TRI] and [TCOH] in blood was saved by
the model but the time at which this value occurred
was not saved. Thus, the dose metric for each simula-
tion and the distribution of dose metrics resulting from
the Monte Carlo simulations are considered indepen-
dent of time.

Sensitivity Analysis

Sensitivity of the dose metric to the individual model
parameters was examined using the Spearman rank
correlation coefficient and the relative partial sum of
squares multiple regression technique (Rose et al.,
1991) to ascertain the relative contribution of each to
the variation in the dose metric.

Parameter Analysis within the Upper 5% of the
Distributions of the Dose Metric

It is generally preferable to derive a guidance value
protective of 100% of the potentially affected popula-
tion. In this study, there was a greater arithmetic range
of dose metric values between the 95th percentile and
the 100th percentile than between the 40th and 95th
percentiles for both males and females. The question
was posed whether some or all of these simulated indi-
viduals between the 95th and 100th percentiles are
composed of realistic combinations of parameters. If
these high-end individuals are “realistic,” it would be
prudent to protect 100% of the simulated individuals.

The simulated individuals within the top 5% range
of the dose metric were classified as unrealistic based
on three criteria: (1) if the ratio between cardiac output
and pulmonary ventilation (QCC/QPC) was greater
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than 2 or less than 0.5; (2) if the amount of body fat
(VFC) was less than 5%; and (3) if blood flow to the
liver (VLC) was less than 15%. A mismatch between
cardiac output and pulmonary ventilation often reflects
underlying disease that should not be present in
healthy workers (Green, 1987). Reduction in hepatic
blood flow often indicates disease such as cirrhosis
(Amdur et al., 1993). Five percent body fat can be con-
sidered a lower bound for both men and women (Rutis-
hauer et al., 1995; ILSI, 1994).

The distributions for these parameters were not
truncated during parameter generation. At the outset
of the Monte Carlo simulations, it was felt that the
simulated population should not be arbitrarily limited
in its variability. However, a safe exposure limit or
guidance value should be based on realistic estimates.

Hence, 41 of the simulated males and 60 of the simu-
lated females were eliminated from the top 5% of the
Monte Carlo sample. Therefore, it was decided to derive
a guidance value to protect the individual at the 99th
percentile and below; i.e. elimination of approximately
50 individuals would be a reduction of 1% in a sample
of 5000.

RESULTS

Metabolic Parameters for TCOH Metabolism

The ranges of the six parameters (VMOC, KMO,
VMGC, KMG, KUGC, and KUTC) based on the various
data sets are shown in Table 4. There was overlap be-
tween the ranges determined using data from the three
studies discussed under Methods. There is considerable
variability between the three studies used because of
the variability in excretion of TRI metabolites. A recent
study of TRI inhalation also showed considerable vari-
ability of urinary metabolites (Fisher et al., 1997).

No statistics were used to compare the values ob-
tained from each study because the data set from each
was too small to generate a recognizable distribution.
The values for these same parameters used by Clewell
et al. (1995) were within the ranges determined here.
Distributions were determined for the combined data
sets for these parameters from all three studies (Table
5). These distributions were not used in the PBPK
model—uniform distributions were used for these met-
abolic parameters.

In the overall optimized data, VMOC is positively
correlated with VMGC (VMOC-VMGC: r; = 0.407, P
< 0.05) and negatively correlated with KMG (VMOC-
KMG: r, = —0.234, P < 0.05) and KUGC (VMOC-
KUGC: rys = —0.309, P < 0.05). No other parameters
were correlated under the criteria presented under
Methods.

Validation of the Model

Based on the values of the dose metric, individuals
from the distributions of 5000 each of men and women
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TABLE 5

Distributions of the Fitted Parameters Determined
from Combined Data

Distribution Standard

Parameter type Mean deviation
VMOC Lognormal 25.5 58.8
KMO Normal 301.1 162.2
VMGC Lognormal 3.7 3.2
KMG Lognormal 29.1 20.5
KUGC Lognormal 1.58 4.7

KUTC Lognormal 0.04 0.033

Note. Distributions of the optimized metabolic parameters ob-
tained from combining the values obtained from all three studies
(Sellers et al. 1978; Stewart et al. 1970; Sato et al. 1977) (n > 250).
Uniform distributions were used in the parameter selection.

were chosen to represent (1) the individual at the 40th
percentile; (2) the individual at the 95th percentile; and
(3) the individual at the 99th percentile (Fig. 5). The
modeled concentration of TRI in expired air was plotted
along with measurements of this value in human subjects
(Stewart et al., 1970; Fig. 3). All six simulated individuals
representing the range of the distribution of the maxi-
mum value of the sum of [TRI] in blood and [TCOH] in
its volume of distribution agreed well with the data. The
greatest variability in expired air concentrations occurred
during the postexposure periods (Fig. 3).

Because the dose metric is highly dependent on
[TCOH], values for [TCOH] in blood were taken from
two additional studies (Muller et al., 1975; Vesterberg
et al., 1976). [TCOH] in the volume of distribution of
simulated individuals was similar in time course and
magnitude as the blood data obtained from the two
human studies (Fig. 4).

Distribution of the Dose Metric in Men and Women

The maximum value of the sum of [TRI] and [TCOH]
in blood was lognormally distributed in both men and

100 A

10 1

Concentration of TRI
in Expired Air (ppm)
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women (Filliben, 1975; Fig. 5). The means of the two
log-transformed distributions were not significantly
different (tjeos; = 0.728, P > 0.3). The highest level of
the dose metric observed in males was 170.9 mg/L and
in females it was 193.3 mg/L.

A threshold or target level of the dose metric could be
either a statistic of the output distribution of dose metrics
(Fig. 5) or an actual level of the maximum value of the
sum of [TRI] and [TCOH] in blood known to represent a
safe exposure. Sixty percent of the subjects in Stewart et
al. (1970) reported feeling sleepy, and sleepiness may
be of concern for an industrial worker. Therefore, if the
simulated population accurately mirrored the experimen-
tal sample, 60% of the simulated population would also
become “sleepy” at a dose of 200 ppm TRI for 7 h a day.
Individuals at the 40th percentile of the dose metric or
lower would not become “sleepy.” Hence, the maximum
value of the sum of [TRI] and [TCOH] in blood at the
40th percentile of the simulated population was chosen
as target dose metric (Fig. 5; Table 6). To derive a guid-
ance value based on the endpoint of drowsiness, the three
moments of the distributions of most interest were the
40th percentile, the 95th percentile, and the 99th percen-
tile (Fig. 5; Table 6).

Sedative doses of CH or TCOH administered to hu-
mans result in peak levels of TCOH in blood ranging
20 to 60 mg/L (Marshall and Owens, 1954). This obser-
vation corresponds well with the level of the target
dose metric, approximately 16 mg/L in both males and
females, above which drowsiness would occur.

The underlying assumption is that the simulated sam-
ple of men and women used in this Monte Carlo study
is representative of the same population as the sample
of six subjects used by Stewart et al. (1970) and also
representative of the population of occupational recep-
tors. The subjects in Stewart et al. (1970) were all young
and healthy, and, similarly, no disease states were explic-
itly included in the human probabilistic parameters used

0 24 48

T T T T

72 96 120 144 168

Time (hrs)

FIG. 3. Measured and modeled values of exhaled breath concentrations of TRI versus time in subjects receiving 200 ppm for 7 h a day.
The gray filled circles are mean values from Stewart et al. (1970). Stewart et al. (1970) sampled only twice when the subjects were in the
inhalation chamber. The three dotted lines are modeled values for males at the 40th, 95th, and 99th percentiles of the dose metric. The
three solid lines are the corresponding modeled values for females. There is overlap of the lines during periods of exposure.
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FIG. 4. Comparison of the time course of TCOH concentration in blood: modeled values and data from two independent studies. (A)
The gray filled circles represent [TCOH] in blood in response to 50 ppm 6 h/day for 5 days (Muller et al., 1975). The dotted and solid lines
represent the responses of simulated males and females respectively. The traces are labelled to indicate the 40th, 95th, and 99th percentiles.
(B) The gray shaded area represents the range of responses of volunteers to 180 min of exposure to 100 ppm TRI (Vesterberg et al., 1976).
The dotted and solid lines represent the responses of simulated males and females, respectively. In both A and B, the percentiles of the

dose metric represented are labeled.

here. Both the simulated sample in this study and the
sample from Stewart et al. (1970) could exhibit the
“healthy-worker” effect in which working men and
women tend to be more resilent to a variety of adverse
effects than nonworkers (Wen et al., 1983; Arrighi and
Hertz-Piccioto, 1994). The relative health of the small
experimental group of Stewart et al. (1970), the health
of the general worker population and the fact that disease
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A 40% below 95% below 99% below
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was explicitly excluded from the simulated population
here suggest that the three may be comparable.

Sensitivity Analysis

Both rank correlation coefficients and multiple re-
gression techniques were used to determine which
parameters affected the dose metric. The two tech-

B 15.65 mg/L. 59.97 mg/L  103.3 mg/L
40% below 95% below 99% below
500 1 Females
400 A
r =0.9983, p<0.005
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£ 300 %855
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FIG. 5. Frequency distributions of the maximum value of the sum of [TRI] and [TCOH] in the blood of males and females. The 40th,
95th, and 99th percentiles are indicated. The insets are log-probability plots showing that both distributions are lognormal. The probability
plot correlation coefficients (Filliben, 1975) are shown above the insets. (A) Distribution of the dose metric for 5000 simulated males. (B)

Distribution of the dose metric for 5000 simulated females.
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TABLE 6
Dose Metrics and Corresponding Air Concentrations

Air concentration

Air concentration

Dose metric Dose metric of TRI to reduce Dose metric of TRI to reduce
for the 40th for the 95th dose metric of for the 99th dose metric of
percentile percentile 95th percentile percentile 99th percentile
individual individual individual to individual individual to
at 200 ppm at 200 ppm 40th percentile at 200 ppm 40th percentile
TRI (mg/L) TRI (mg/L) level (ppm) TRI (mg/L) level (ppm)
Males 15.42 59.94 60 93.65 35
Females 15.65 59.97 50 103.28 30

Note. Values for the dose metric (maximum value of the sum of [TRI] and [TCOH] in blood) for males and females at the 40th, 95th, and
99th percentiles. Air concentrations of TRI needed to reduce the dose metric of individuals at the 95th and 99th percentiles to that of the

individuals at the 40th percentile.

nigues showed that the parameters, QCC, QPC,
VMC, KMC, PO, VMOC, KMO, VMGC, and KUGC,
were all significantly correlated with the dose metric
(males, F[g'4990] = 85278, P < 1E-06, femaleS, F[9,4990]
= 789.22, P < 1E-06). The most sensitive parameters
were V. and K, for oxidation of TCOH to TCA
(VMOC, KMO; Table 7).

Derivation of an Occupational Guidance Value

The basic procedure for deriving a safe exposure limit
or guidance value was to identify a sensitive individual,
i.e.,, one with a large value of the dose metric; such
individuals are more sensitive in a toxicokinetic sense.
This choice of which percentile to protect is, of course,
a regulatory policy decision. Here, the individual at the
99th percentile was chosen as the sensitive individual,
the one which will provide the basis of the guidance
value derivation.

The model was performed iteratively using a similar
7 h/day occupational dosing regimen, and the air con-
centration of TRI was reduced until the dose metric
experienced by the 99th percentile individual was just
less than the dose metric experienced by the 40th per-
centile individual. A similar exercise was done to deter-
mine the reduction in air concentration for the 95th
percentile individual. This exercise was performed for
both males and females (Table 6).

The guidance values derived for females (50 ppm to
protect 95% of workers; 30 ppm to protect 99% of work-
ers) were chosen because they were lower than those
for males and because of the increased acceptance of
females in all work places. The method used to derive
these values did not account for toxicodynamic uncer-
tainty, the possibly different sensitivity of various indi-
viduals to the effects of the dose metric at the target
tissue, but this is not believed to be a large factor (see
Discussion).

For comparison, the ACGIH TLV-TWA is 50 ppm, a
value that would protect 95% but not 99% of workers
(ACGIH, 1991). The OSHA PEL was previously 50 ppm

(OSHA, 1989a,b). In 1993, it was raised to 100 ppm, a
value that would protect 78% of workers (OSHA, 1993).

Determination of the Length of Rest Needed after a
15-min Exposure at the Short-Term Exposure
Limit (STEL)

ACGIH has indicated that a short-term exposure of
15 min to 200 ppm TRI is permissible. ACGIH consid-
ers this STEL to be 200 ppm. If two STELSs of 200 ppm
a day (morning and afternoon) are experienced by a
worker who is also constantly exposed to 50 ppm, how
much fresh air recovery time is needed following expo-
sure to a STEL concentration? It was assumed that
this twice a day exposure continued for a 5-day work
week. The maximum value of the sum of [TRI] in blood
and [TCOH] in its volume of distribution was deter-

TABLE 7

Sensitivity of the Dose Metric to Various
Model Parameters

Relative partial sum
of squares (%)

Spearman rank
correlation coefficient

Parameter Male Female Male Female
VMOC 14.3 12.8 —-0.573 —0.582
KMO 10.0 8.9 0.505 0.445
VMGC 5.6 5.6 —0.393 —0.402
QPC 3.3 3.1 0.338 0.333
PO 1.6 1.8 0.007 -0.141
VvMC 1.6 1.3 0.133 0.096
QCC 0.55 0.6 0.295 0.268
KMC 0.36 0.24 0.057 0.036
KUGC 0.009 0.02 0.194 0.098

Note. Sensitivity of the dose metric to the nine most influential
parameters of the model. The sensitivity was measured by (1) multi-
ple regression and the relative partial sum of squares and (2) the
Spearman rank correlation coefficient. The table is arranged by
ranks of the influence of each parameter showing that the two meth-
ods are equivalent.
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FIG. 6. Decline of the dose metric versus rest duration following
twice a day exposure to 200 ppm TRI for 15 min. The two upper
curves for males and females indicate the decline at the 99th percen-
tile. The two lower curves indicate the decline at the 95th percentile.
A 2.5-h rest in fresh air following exposure at the STEL is required
for the dose metric to decline to levels that would not cause drowsi-
ness in the 99th percentile individual.

mined for various rest durations following each STEL
experience. A rest period of 2.5 h is needed to produce
a reduction in the dose metric to levels that would not
cause drowsiness (Fig. 6). This rest is long enough so
that it includes the lunch break and abuts the end of
the day.

The 95th percentile individuals (male and female)
(but not the 99th percentile individuals) have dose met-
rics below the level of approximately 16 mg/L believed
to cause drowsiness (Fig. 5). Therefore, it would be pru-
dent for a worker to be exposed to no more than 2
STELs a day with a rest in fresh air of at least 2.5 h
after each exposure to the STEL concentration.

DISCUSSION

Comparison with Other Guidance Values

Both the OSHA and ACGIH guidance values of 100
and 50 ppm, respectively, were derived empirically.
The ACGIH TLV of 50 ppm protects against fatigue,
headache, and irritability and was selected following
a literature review to provide “a margin of safety”
(ACGIH, 1991). OSHA selected a value of 50 ppm based
on observations by NIOSH of industrial facilities at
which exposures exceeded 50 ppm and symptoms of
CNS disturbance were reported (OSHA, 1989a,b). Pro-
tection from carcinogenic effects was also considered.
The reasons for increasing the value to 100 ppm were
not made clear in the Air Contaminants Final Rule
(OSHA, 1993). A recent study of cancer risk from TRI
also suggests that both the OSHA and ACGIH guid-
ance values are not expected to be protective (Bogen
and Gold, 1997).
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ATSDR derives MRLs using uncertainty factors. The
acute inhalation MRL for TRI is 2 ppm and was derived
from Stewart et al. (1970) using a neurobehavioral end-
point observed in 50% of the subjects. The combined
uncertainty factor (UF) was 30: 3 for the use of a mini-
mum LOAEL and 10 for human variability (ATSDR,
1995). The value was also corrected from 7 h per day
to constant exposure. In the female at the 99th percen-
tile of the dose metric, a steady-state level of the sum
of [TRI] in blood and [TCOH] in its volume of distribu-
tion is reached in about 15 days. The safe exposure
limit for this sensitive receptor undergoing constant
exposure is 15 ppm.

Uncertainties in This Derivation

The sensitivity analysis reveals the parameters that
influence the dose metric. The prime uncertainty in the
guidance value derived here is the accuracy of the fitted
parameter values for TCOH metabolism to TCA
(VMOC and KMO) because they have the greatest in-
fluence on the dose metric (Table 7). Although there is
not yet a direct measure of these enzyme parameters,
the fact that the ranges of the fitted parameters derived
from several data sets showed considerable overlap
lends confidence to the values (Table 4).

Alcohol and/or aldehyde dehydrogenase may be the
enzymes responsible for the conversion of TCOH to
TCA and CH to TCOH. Both genetic and functional
polymorphism exists for these enzymes (Agarwal and
Goedde, 1992; Edman and Maret, 1992) and the V
of alcohol dehydrogenase has been shown to vary at
least 30-fold in African-Americans (Thomasson et al.,
1995). Considerably greater variability was observed
in the fitted V.« values used in this study (VMOC,
VMGC; Tables 3 and 4). Another factor is the levels of
NADH and NAD™" in the metabolizing tissue. The redox
poise of the tissue may affect reaction rates and
amounts of products formed (Barton et al., 1996).

Deficiencies in glucuronidation such as Crigler—
Najjar syndrome or Gilbert's syndrome would tend to
increase levels of TCOH. It is unknown whether indi-
viduals with these diseases fall within the range of
kinetic values for VMGC and KMG presented here.
Possibly these individuals represent a sensitive sub-
population (Barton et al., 1996).

In Lieu of Uncertainty Factors

The uncertainty factor for human variability is often
used to account for sensitive subpopulations. It should
be clear from this study that human variability within
a given population (industrial workers in this study) is
not the same thing as human variability based on a
separate subpopulation that may be more or less sus-
ceptible to the effects of a chemical. The ratio of dose
metrics for the individual at the 99th percentile and
that for the individual at the 40th percentile can be
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considered a data-derived toxicokinetic uncertainty
factor for human variability within this population.
This value is 6.1 for men and 6.6 for women.

Toxicological uncertainty may be apportioned into
toxicokinetic and toxicodynamic factors (Renwick, 1991,
1993; Dourson et al., 1996). The model used in this paper
is a strictly toxicokinetic model, and the method reduces
only toxicokinetic uncertainty. However, it has been
suggested that a factor of 2.5 may account for toxicody-
namic uncertainty (Renwick, 1993).

Application of this toxicodynamic UF to the guidance
value of 30 ppm would result in a level of 12 ppm. The
dose metric is dominated by TCOH and its effects are
believed to result from a physicochemical mechanism,
similar to ethyl alcohol in regard to drowsiness (Amdur
et al., 1993). The solvent behavior of both TRI and
TCOH and indeed ethyl alcohol affects the fluidity of
neuronal membranes and produces the effects of head-
ache, fatigue, and drowsiness. There may be some tox-
icodynamic variability for these effects in humans, but
because of the physicochemical mechanism, it is be-
lieved that the magnitude of this uncertainty is small,
and application of an uncertainty factor to account for
toxicodynamic differences is unnecessary.

Should the exact toxicodynamic mechanism of the
sedative effect of TCOH become clear, the preferred
method for amending the guidance values presented
here would be to combine this toxicokinetic model with
a toxicodynamic model with human parameters for
which distributions are known or can be measured.

Estimates of the efficacy of the 10-fold UF for human
variability indicate that it would protect between 86
and 96% of the human population (Dourson et al.,
1996). A UF of 10 applied to the exposure concentration
of 200 ppm (Stewart et al., 1970) would protect 100%
of workers and would, in fact, be “overkill.”

The uncritical application of UFs leads to overly con-
servative guidance values (e.g., ATSDR, 1995) and
should be eschewed—the goal for a guidance value is
protection of human health not excessive regulation.
However, the needs of regulation are immediate, and
post hoc validation of UFs has shown that the use of
data-derived UFs is a great improvement until a more
complete data-based analysis of each chemical can be
performed (Dourson et al., 1996). Guidance value deri-
vation based on probabilistic estimates of UFs has been
suggested (Baird et al., 1996) and will likely also be
effective in developing more realistic guidance values.
UFs are in essence a tool of last resort. The exigencies
of regulation are the basis of their embrace.

CONCLUSIONS

An occupational guidance value of 30 ppm for inha-
lation of trichloroethylene in the work place was de-
rived. This level is lower than both the OSHA PEL and
ACGIH TLV. The dose metric used to ascertain results

TED W. SIMON

of the PBPK modeling was the maximum value of the
sum of [TRI] in blood and [TCOH] in its volume of
distribution, and the endpoint selected was drowsiness.
In addition to providing a new guidance value, another
point of significance of the safe exposure level for TRI
determined here is that no uncertainty factors were
used in its derivation.
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