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Variability in Biological Exposure 
Indices Using Physiologically Based 

Pharmacokinetic Modeling and 
Monte Carlo Simulation 

By using physiologically based pharmacokinetic (PBPK) modeling coupled with Monte Carlo 

simulation, the interindividual variability in the concentrations of chemicals in aworker's 

exhaled breath and urine were estimated and compared with existing biological exposure 

indices (BEls). The PBPK model simulated an exposure regimen similar to atypical workday, 

while exposure concentrations were set to equal the ambient threshold limit values (TLV"s) of 

six industrial solvents (benzene, chloroform, carbon tetrachloride, methylene chloride, methyl 

chloroform, and trichloroethylene). Based on model predictions incorporating interindividual 

variability, the percentage of population protected was derived using TLVs as the basis for 

worker protection. Results showed that current BEIs may not protect the majority or all of the 

workers in an occupational setting. For instance, current end-expired air indices for benzene and 

methyl chloroform protect 95% and less than 10% of the worker population, respectively. 

Urinary metabolite concentrations for benzene, methyl chloroform, and trichloroethylene were 

also estimated, The current BEl recommendation for phenol metabolite concentration at the 

end-of-shift sampling interval was estimated to protect 68% of the worker population, while 

trichloroacetic acid (TCAAl and trichloroethanol (TCOH) concentrations for methyl chloroform 

exposure were estimated to protect 54% and 97%, respectively. The recommended 

concentration ofTeAA in urine as adeterminant of trichloroethylene exposure protects an 

estimated 84% of the workers. Although many of the existing BE Is considered appear to protect 

amajority of the worker population, an inconsistent proportion of the population is protected, 

The information presented in this study may provide anew approach for administrative 

decisions establishing BEls and allow uniform application of biological monitoring among 

different chemicals. 

T
he assessment of human exposure to indus
trial solvents is a difficult and complex prob
lem for industrial hygienists who seek to eval· 
uate and control fuctors relating to worker 

health. Traditionally, industrial hygienists have re
lied on air monitoring techniques to estimate hu
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man exposures, while the relative sarety of the 
worker is evaluated through comparisons with ref
erence standards. However, the monitoring of air
borne concentrations suffers from several short
comings that have been outlined and discussed pre
viously.(l,2) Primarily, airborne concentrations of the 
chemical may not reflect the actual absorbed dose 
due to pharmacokinetic factors or other routes of 
absorption. 

In 1981 reference standards for chemical sub
stances in biological media were adopted by the 
American Conference of Governmental Industrial 
Hygienists (ACGIH) to encourage an integrated 
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approach for assessing chemical exposures. These standards define 
limits on the amounts of substances (or their metabolites) to which a 
worker may be exposed without demonstrable hazard to health or 
well-being as determined from the worker's tissues, body fluids, or ex
haled breath.(3: Consequently, biological exposure indices (BEls) rep
resent the biological levels of determinants that are collected from a 
worker who has been exposed to an airborne chemical at the thresh
old limit value (TLV®) and, logically, provide the same margin of 
safety as TLVs. 

For the purpose of establishing BEls, physiologically based phar
macokinetic (PBPK) models have been employed to relate airborne 
concentrations of chemicals to the levels of the parent compound or 
their metabolites in a variety of body fluids or tissues.(4.') In physio
logically based pharmacokinetic models, the body is subdivided into 
anatomical compartments representing individual organs or tissue 
groups. The movement ofchemicals between the compartments is de
scribed by mass balance differential equations that incorporate blood 
flows, partition coefficients, and tissue volumes. After incorporating 
metabolic and potential pharmacodynamic processes, the fate and dis
position ofthe chemical and metabolites can be predicted and extrap
olated to a variety ofexposure scenarios. Although physiological mod
els have been successfully applied to the description of industrial 
chemicals within the human body, the primary weakness in using BEIs 
derived from physiologically based pharmacokinetic modeling is the 
variability within the human population;(6) specifically, human variabil
ity diminishes the relationship between absorbed dose and biological 
indicators. 

In an attempt to address this problem, Droz et alF)l) created a 
"population-based" physiological model in which selected physiolog
ical and exposure paran1eters were assigned realistic statistical distribu
tions. The model predictions of expired air and urinary metabolite 
concentrations were compared with the results offield studies to eval
uate the reliability of biological indicators. However, the model uti
lized by Droz et alP)l) did not incorporate many of the physiological 
and pharmacokinetic principles currently employed in PBPK models. 
Current PBPK models differ from classical or conventional pharma
cokinetics in that (I) they utilize a large body of physiological and 
physiochemical data that are not cl1emical-specific; (2) they afford, 
'with more confidence, intraspecies and interroute extrapolation; and 
(3) they may be used to predict apriori, from limited data, the phar
macokinetic behavior of certain chemicals.(9) This study attempts to 
expand on the work of Droz et alP,s) by combining current PBPK 
models with statistical simulation techniques (i.e., Monte Carlo simu
lation). The link.age ofPBPKmodels ,vith Monte Carlo simulation al
lows the assessment of interindividual variability by conducting phar
macokinetic studies computationally on a very large number of hu
mans (in this case n = 1000 humans) with varying physiological and 
metabolic parameters. A detailed description ofcoupling PBPK mod
els ,\lith Monte Carlo simulation is described elsewhere.(lO; 

The objectives of this study were to (I ) assess the variability in bi
010gical exposure indices for benzene, carbon tetrachloride, chloro
form, methyl chloroform, methylene chloride, and trichlorocthylene 
using PBPK modeling and Monte Carlo simulation; and (2) compare 
the current BEls listed in the ACGIH handbook(ll) with the model
derived values. 

MATERIALS AND METHODS 

Model Structure 
he basic physiological model structure is described by Leung(5)Tand illustrated in Figure 1. The body is subdivided into five tis

sue groups consisting of the liver, lung, slowly perfused, rapidly 
perfused, and fat, while each compartment is represented by mass 
balance differential equations that incorporate blood flows, parti· 
tion coefficients, and tissue volumes. The concentration of the 
chemical of interest in the blood leaving the lung is assumed to be 
in equilibrium with the concentration in alveolar air as determined 
by the blood:air partition coefficient. The chemical is distributed 
to all tissues and eliminated by metabolism in the liver, as well as 
by exhalation. Excretion of metabolites is assumed to occur 
through a first-order process (K,,), and the tractional metabolite 
formation (Fm) is included for phenol, trichloroacetic acid, and 
trichloroethanol. The mass balance equation for the liver can de
scribe metabolism in terms of a single saturable process, a first-or
der process, or a combination of the two. Specifically, the saturable 
process has a maximum metabolic rate, V rna> (mg/hr), and a 
Michaelis constant, ~, (mg/liter). The first-order constant, Kr, has 
units of hr-I. A description of the mass-balance differential equa· 
tions used in the model is presented in detail e1sewhereJS) 

Physiological values used in the present model are scaled as a 
function of body weight or cardiac output. I12•13 ) It should be noted 
that many pharmacokinetic studies rely on interspecies (i.e., cross
species) scaling ofalveolar ventilation and cardiac output as a func
tion of body surface area (e.g., body weight raised to the two· 
thirds power). However, intraspecies (i.e., within species) scaling 
factors are used in this model and calculated as a direct function of 
body weight:(I4) 

... 

C,l Qp iC"",&C'N 

Qc Gas Qc 

c.. Exchange CAIIT 

Qs Slowly Perfused Qs
4 

c...s CART 

QR I 
Q.Rapidly Perfused 

~ CAllT 

Qf 

I 
Fat I· Qf 

~ CART 

Ql Liver Ql 
G", (METABOLISM) 

CART 

vmax' K"" & Kt, J 
FIGURE 1. Diagram of the physiologically based pharmacokinetk model 
utilized for the six chemical solvents. Body tissues are grouped into four 
compartments: slowly perfused, rapidly perfused, fat, and liver. The sol
vents enter the body through inhalation (C,) with absorption into pul· 
monary blood occurring in the gas-exchange compartment. 
(oncentrations of the chemical in the venous blood (c"l and arterial blood 
(e...) are calculated based on blood flow I~) and solubility information. 
After incorporating metabolk processes, such as Michaelis-Menton metab
olism IV.... and K.J or first-order enzymatic conjugation IK,}, fate and dis
position of the chemical can be calculated for predicting concentrations in 
exhaled air Ie.., and C",} andlor urine. 
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(1 ) traindividual variability, or variability within the same worker from 
day to day, was relatively small in comparison to interindividual or 

where '4 is the alveolar ventilation (L/hr), Qpc is the unscaled ven between worker variability.(7,8) Intraindividual variability was, there
tilation (L/hr kg), and BW is the body weight in kg. Blood flows fore, neglected for simplicity. Unless otherwise indicated, all per
to the liver, richly perfused, slowly perfused, and fat were calcu centages expressed in the Materials and Methods section are coef
lated as a percentage of cardiac output, while tissue volumes were ficients of variation. 
calculated as a percentage of body weight. Metabolic and solubil

Variability in Model Flow Parametersity parameters were used directly as model input and not scaled to 
body weight. summary of estimates for the interindividual variability in physi

Chemical input to the model (Cmh) was set equal to the TLV ological flow parameters is outlined in Table I. Alveolar ventilaA
concentration of the associated chemicaV5,11) As stated previously, tion was measured as a function of age and activity in subjects clin
BEIs represent the concentration of the chemical or metabolite ically free of pulmonary and cardiovascular disease'!!S) While no sig
collected from a worker who has been exposed to an airborne con nificant differences for interindividual variability were observed with 
centration at the TLV. Therefore, the duration of exposure was age, variability during exercise was consistently higher (25 to 29%) 
constructed to simulate an 8-hour workday per day for five days than that found at rest (10 to 19%). This suggests that the individ
per week, and the worker was assumed to perform light-duty exer ual variability normally associated with physical conditioning may 
cise (50 W) during the 8-hr workday, followed by 16 hours of rest not be manifested at basal conditions to the extent found during ex
prior to the next shift. The concentration in mixed expired air ercise. As a result, the variability associated with alveolar ventilation 
(emx ) was calculated by assuming that two-thirds ofthe exhaled air in the physiological model during resting and light work conditions 
was alveolar (C,h).l5) was assigned to be 20 and 30%, respectively. 

The basic model structure was modified for Monte Carlo sim Variability ofcardiac output in resting subjects was similar to that 
ulation by resampling model parameters within assigned distribu reported for alveolar ventilation.(I6--19) Variability ranged from 15% 
tions. Consequently, central tendencies and associated dispersions in 15 males of unreported age(l7) to 22% in 11 females at 24 years 
were assigned to each model parameter. The central tendencies of age.116) Measurements during physical activity were reported by 
were obtained from Leung(S) while the dispersions were acquired Holmgren et aL(19) for subjects riding a bicycle ergometer at 300 
from a variety of published studies. It was assumed that the in- kpm/min, but the interindividual variability in those measurements 

was not significantly different 
from that observed at rest. In 

I.j="iiSummary of Estimates for Interindividual Variability in Physiological Flow contrast, studies by Mitchell et 
Parameters Used in Monte Carlo Simulation aU17) and Chapman and Fraserl16) 

revealed variability changes inMean Coeffident of Variation 
cardiac output among subjectspaPK Age (%) Reference 
during exercise. Specifically,Parameter No. of Subjects Sex (yrs) Resting Exerdse No. 
Mitchell et a1.(17) observed a 24% 

Flows: variability in 15 males walking on 
Alveolar M 25.5 10 25' 15 a treadmill, while subjects at rest 

M 42.7 19 28' 15 possessed a variability of only 
M 59.6 14 29' 15 15%. Chapman and FraserH6 ) re

Cardiac output 23 M 25.2 15 25c 16 ported variabilities for male and 
11 F 24.2 22 42c 16 female subjects during exercise of 
15 M 15 24' 17 25% and 42%, respectively. Con
12 M 30.3 18 18 sequently, variability in cardiac 
18 M,F 21.3 17 17' 19 output was assumed to increase 

liver 10 M 24.8 28 20 with exercise and estimated to be 
14 28 21 equal to that of alveolar ventila

Rapidly perfused 9 M 50.1 22' 22 tion. 
9 M 17" 23 The variability associated 

Slowly perfused 15 M 25.1 56,40,29' 24 with liver blood flow was consid
10 M,F 32.8 20' 25 erably greater than that reported 
10 M,F 32.8 50' 25 for cardiac output during resting 

Fat 18 M 43.5 26 26 conditions. Using the clearance 
14 F 45.3 19 26 of radioactive xenon as an indi·- cator, investigations by Lund•Not stated in article 

.. 

bergh and Strandell(lO) andcExercise consisted of stepping up on platform (20 cm high) and down again at a rate of 30 cycles/minute 

DExercise consisted of walking on treadmill at 3 mph on 5% grade Sherriff et a1.(11) produced vari

•Age range reported from 20-50 yrs ability estimates of nearly 30%. 
,~ercise Consisted of walking on a treadmill at maximum oxygen uptake However, the variability of liver 
.C erClse consisted of riding a bicycle ergometer at 300 kpm/minute 

blood flow is compounded by• erebral blood flow 
I Kidney blood flow individual variability in cardiac 
Quadriceps' blood flow during bicycle ergometer workout at 16-28,40-51, and 62-88% of maximal oxygen output. Therefore, the uncer
~take, respectively tainty reported by Lundbergh
,Cutaneous blood fiow at ambient temperature of 19-22 o( and Strandell,(20) as well as by
'!!bcutaneous blood fiow at ambient temperature of 19-22 o( 

Sherriff et al.,(211 is a composite 
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of liver blood flow and cardiac output variabilities. Consequently, 
an estimate of the independent variability of liver blood flow was 
derived using a standard method in the propagation of uncertainty 
represented by the following equation:(27) 

CV,issuc+cardia, JCV ~ardlac + CV~issue (2) 

where CVrissuc+Cardiac is the coefficient of variation for the tissue and 
cardiac output combined, while CVcardiac and CVtissuc are the coeffi
cients for cardiac output and tissue alone. In the current model, 
the total variability associated with liver blood flow and cardiac 
output was estimated to be 30% based on the xenon clearance 
studies, while the variability associated with cardiac output was es
timated to be 20%. Based on Equation 2, a coefficient of variation 
of 22% was calculated for liver blood flow alone. 

The variability associated with slowly perfused and fat blood flows 
are compounded by the same problems associated with the liver 
blood flow. Estimates of variability associated with fat blood flow in 
men and women (which include cardiac output variability) have been 
reported as 26% and 19%, respectively. (26) Applying the same methods 
of uncertainty propagation and assuming a coefficient of variation of 
25% for the fat blood flow plus cardiac variability, the uncertainty as
sociated with fat blood flow alone was calculated to be 15%. 

For variability in slowly perfused blood flow, studies involving 
cutaneous and muscle blood flow measurements were used. 
Whereas variability in cutaneous and subcutaneous blood flow has 
been reported to be 20 and 50%, respectively,P5) Grimby et al.(24) 
found that variability in blood flow to the muscles that comprise 
the quadriceps decreased as a function of exercise intensity. 
Specifically, variability in blood flow to the quadriceps during bicy
cle ergometer workouts of progressive intensities dropped from 56 
to 29%,(24) but the consistent decrease in individual variability can 
be explained through physiological blood flow autoregulation. As 
the intensity of the exercise increases, skeletal muscles exhibit au
toregulatory characteristics in which blood flow is regulated meta
bolically at the local level and, therefore, removed from changes in 
cardiac output.(28) Although the methods of uncertainty propaga
tion no longer apply during increasing activity, the individual vari
ability associated with cardiac output must be accounted for dur
ing resting conditions. Therefore, assuming a variability of 50% in 
the combined slowly perfused and cardiac output, the uncertainty 
for slowly perfused blood flow alone was calculated to be 45%. 

In contrast to blood flow to the fat and skeletal muscles, blood 
flow to the majority oforgans assigned to the richly perfused com
partment is autoregulated even at basal levels.(2B) Therefore, the 
variability estimates reported for cerebral and kidney blood flows 
of 22 and 17%,(22,23) respectively, were not adjusted for the vari
ability in cardiac output. Variability in richly perfused blood flow 
within the model was estimated to be 20%. 

Variability in Model Volume Parameters 

Asummary of estimates for the interindividual variability in phys
iological volume parameters is summarized in Table II. With the 

exception of body weight and fat volume, the interindividual vari
ability in tissue volumes was generally consistent at 20%. As a re
sult, liver and rapidly perfused tissue volumes were estimated to 
vary 20% in the model. 

The variability in fat tissue was reported in a study by 
Womersley et al.133) of sedentary and "muscular" men and women 
between the ages of 16 and 49 years. The coefficients of variation 
for men and women were approximately 30 and 20%, respectively. 
Therefore, model variability in fat tissue weights was conservatively 
assumed to be 30%. 
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1M:";;;Summary of Estimates for Interindividual 
Variability in Physiological Volume Parameters 
Used in Monte Carlo Simulation 

-----~-

Mean Coefficient 
PBPK No. of Age of Variation Reference 
Parameter Subjects Sex (yrs) (%) No. 

Weights: 

Body 21,752 M,F 39 13 29 
Liver 38 M 25 21 30 

54 M 35 20 30 
58 M 45 19 30 
39 M 55 15 30 

Rapidly 

perfused 3 M,F 52 13' 31 
M 25 21' 32 
F 25 23' 32 

Fat 12 M 23.6 31° 33 
12 M 21.1 32' 33 
12 F 21.9 16D 33 
12 F 27.2 22' 33 

A Not stated in article 
'Variability for lung weights 
'Variability for heart weights 
"Sedentary men or women 
'"Muscular" men or women engaged in competitive athletics 

Variability in Model Metabolic Parameters 

Asummary of the variability in metabolic and excretion parame
ters is presented in Table III. The variability in V max and K,ll was 

determined primarily through in vitro studies by Peter et aL(34) and 
Reitz et aL,(35) but the focus of the information on variability was 
limited to the cytochrome P-4502E1 isozyme due to its role in 
metabolizing the solvents in this study.{39-4ll Variability in V max and 
K.n was reported to be 44% and 18%, respectively, using chlorzox
azone as a probe for cytochrome P-4502EI.i34) In contrast, Reitz 
et alPS) reported considerably larger variations for V max (73%) and 
K.n (41 %) using methylene chloride as a substrate. Reitz et al. i35) at· 
tributed the large variation in metabolic activity to a single liver 
sample with abnormally high activity. When the value for the spu
rious liver sample was removed from the analysis, variability in V mal 

and K.n was 57% and 18%, respectively. As expected, the interindi· 
vidual variability in V max is considerably greater than the variabilit) 
associated with K.n. This is attributed to the individual variability if 
chemical intake, namely ethanol, which is known to induce cy 
tochrome P-4502EU41 

) Induction of this isozyme would greatl~ 
affect the maximum metabolic rate of the enzyme (V rna.) while hav 
ing little effect on enzyme affinity (K.n). The in vitro variability in 
formation was supported by immunohistochemical studies b~ 
Wrighron and Stevens(42) who found a variability of 44% in im 
munodetectable cytochrome P-4502E1 among 14 human live 
samples. As a result, V ma> and K,n were assigned model variabilitie 
of 50% and 20%, respectively. 

The variability in first-order metabolic acti\~ty (~) was estimate
from studies by Hunter et al)37) Datta et al.,(36) and Reitz et al(3 
However, of the solvents studied only methylene chloride has bee 
demonstrated to possess a significant first-order conjugation acti\ 
ity.(43) Datta et al.(36) reported a coefficient ofvariation of 15% in tr 
bromsulphthalein-glutathione conjugation activity in 10 huma 
biopsy specimens, while Reitz et alPS) observed a 67% variability i 
glutathione S-transferase (GST) activity using methylene chloride; 
a substrate. However, the high coefficient of variation in the Rei 



-----------------------------------------------------------------------

), 

ii,:III"I Summary of Estimates for Interindividual 
Variability in Physiological Metabolic and Excretion 
Parameters Used in Monte Carlo SimulationA 

Mean Coefficient 
PBPK Age of Variation Reference 
Parameter No. of Subjects Sex (yrs) (%) No. 

Metabolism: 

Vm" 
14 44 34 
4 73' 35 

Km 14 18 34 
4 41' 35 

K 4 67" 35 
10 15 36 
21 26 37 

Fm 20 25-45 7 

Excretion: 
Creatinine 7 M 49 32 38 

Urine 
volume 9 M 49 16' 38 

'Variability in metabolic parameters determined by in vitro analysis 
•Not stated in article 
'The high coefficient of variation was skewed due to an outlying liver 
sample. When the sample was removed, the coefficients of variation for 
V_, and Km were 57 and 18%, respectively. 
"The high coefficient of variation was skewed due to a liver sample 
reporting no glutathione-S-transferase activity 
'Mean urinary volume measurements over a 24-hr period 

et al.135 ) study was skewed due to a liver sample reporting no GST 
activity. When the value tor that sample was omitted, a coefficient 
of variation of only 8% was calculated. Investigation of another 
phase II enzyme system, UDP-glucuronyltransferase (UDP-GT), 
was performed by Hunter et al. 137) in which the concentration of D

glucaric acid was measured from the inhibitory effect of glucarolac
tone on p-glucuronidase. A variability of 26% was observed in 
UDP-GT activity within a group of 21 control subjectsY7) 
Considering the wide range ofuncertainty estimates, a conservative 
value of 30% was used for Kr model variability. 

Variability in Model Excretion and Solubility Parameters 

Variability estimates for creatinine excretion and urinary volume 
were obtained from a study ofnine male lead workers whose re

nal function and serum creatinine concentrations were considered 
normal(38) (Table III). Between-subject variability in urinary vol

ume excretion over a 24-hour period was calculated to be 16%, 
while creatinine variability was reported at 32%.(38) Although un
certainty in urinary parameters may vary with degree of hydration 
and level of activity, model variability in creatinine excretion and 
urinary volume was estimated to be 30% and 20%, respectively. 
Variability in the first-order excretion of urinary metabolites (K.,) 
was also assumed to be 30%. 

Phenol excretion as an indicator of benzene exposure was ad
justed for background levels ofphenol based on a study of40 urine 
samples by van Haafren and Sie. (44) The variability in urinary phe
nol concentrations was reported to be 64% with a mean of ap
proximately 6.6 mg/L of urine. Solubility parameters were ob
tained from Gargas et al.,(45) and the standard deviations were cal
culated based on the standard errors and the number of samples 
(Table IV) reported by Gargas.(46) 

Parameter Distributions and Constraints 

The statistical distributions for model parameters were assumed 
to be either lognormal or normal(47) and are summarized in 

Tables V and VI. With the exception of body weight and slowly 
perfused blood flow, the distributions of model parameters were 
truncated at ±3 standard deviations to eliminate any outliers that 
would not remain within the bounds of physiological constraints. 
It should be noted that fractional flow, metabolic, and volume 
parameters were truncated at ±3 standard deviations or con
strained between 0 and 1 to maintain mass balance. Body weight 
was not truncated, and the blood flow to slowly perfused tissues 
was truncated at ±2 standard deviations due to its high variabil
ity (45%). Although metabolic parameters, such as Vmax> also pos
sessed relatively high variability, they were truncated at ±3 stan
dard deviations due to the inherent ability of the human popula
tion to induce enzymatic function. Three standard deviations was 
chosen after considering the ranges reported in the literature 
listed above. 

For model stability, as well as for practical reasons, alveolar ven
tilation was set equal to cardiac output during resting conditions, 
and the sum of the individual organ masses was constrained to be 
less than the total body mass. This was achieved by setting the vol
ume ofslowly perfused tissue equal to the difference between body 
mass and remaining tissues. A conservation of blood flow during 
resting conditions was accomplished by setting the flow to rapidly 
perfused tissues equal to the difference between cardiac output and 
flows to remaining compartments. During light work activity, the 
flow to slowly perfused tissues was set to equal the difference be
tween cardiac output and remaining flows. A total of 1000 simula

iii:"". Summary of Estimates for Tissue: Air Solubility Parameters Used in 
PhYSiological Pharmacokinetic Model and Monte Carlo SimulationsA,a,( 
------~----~---------------------------------------------------Richly Slowly 
<IIemical Blood:Air Liver:Air Fat:Air Perfused:Air Perfused :Air 

Benzene 8.19(0.17) 17.0 (2.6) 499 (24) 17.0 (2.6) 10.3 (1.8) 
Carbon 

tetrachloride 2.73 (0.46) 14.2 (2.0) 359 (21) 14.2 (2.0) 4.57 (1.18) 
Chloroform 6.85 (1.02) 21.1 (2.96) 203 (9) 21.1 (2.96) 13.9 (4.7) 
Methylchloroform 2.53 (0.26) 8.60 (2.38) 263 (34) 8.60 (2.38) 3.15 (0.81) 
Methylene 

chloride 9.70 (0.07) 14.2 (2.4) 120 (12) 14.2 (2.4) 7.92 (3.54)
T'hIlc loroethylene 8.11 (0.34) 27.2 (10.2) 554 (42) 27.2 (10.2) 10.1 (6.6) 
~ .
• rtltlon coeffiCients collected from Gargas et al.l45)


(~Ple sizes used to calculate standard deviations obtained from Gargas l46)
..! lies represent mean (5D) 
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tions was performed for each 
solvent using the SimuSolv™ 
(Dow Chemical, Co., Mid
land, Mich.) software pack
age; the distribution algo Irithms were obtained from 
Naylor et al.(48) I 
Data Treatment 

Statistical analysis of the bio
logical concentrations was 

performed using standard I
methods based on normal the
ory via the Minitab sofrware 
program (Minitab, Inc., State f 

~ 

I 
fCollege, Pa.). Normality of 

each data set was statistically 
assessed using Filliben's proce

i 
~ 

I 
I 

http:8.19(0.17
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dure.t49 ) A one-sided normal percentile was calculated according to airborne chemical at the TLV.(l) In turn, TLVs represent the time· 
the following equation: weighted average concentration for a normal 8-hour workday and 

a 40-hour workweek, to which a worker may be repeatedly ex
(3) posed, day after day, without adverse effecr.(lll Unless external fac· • 

tors intervene (e.g., dermal absorption, ingestion, nonoccupational 
where BC is the biological concentration at the lower normal per exposure, or personal habits of the workers), BEIs afford the same . 
centile (i.e., for the lower 5th percentile, 95% of all values would margin ofsafety as TLVs.O) Consequently, TLVs were employed as 
be higher), II is the estimated mean, cr is the estimated standard de the "gold-standard" and used as the input concentration for the" 
viation, and Z is the standard normal value corresponding to the PBPK model (see Materials and Methods). The theoretical basis, : 
cumulative probability and desired percentile (e.g., 1.645 for the therefore, is based on the protection afforded by the TLV. 
lower 5th percentile). In the event that a transformation was 

Summary Statisticsneeded to achieve normality, the BC values were computed using 
the transformed variable, and Equation 3 was followed by the ap he results of the model predictions for expired air concentrations 
propriate back-transformation. are described in Tables VII and VIII. Of the solvents studied, alIT


six had significant concentrations in the expired air at the end-of- . 
shift sampling, which suggests that expired air concentrations can. 
be a suitable biological index if the type of expired air (end orRESULTS 

B
mixed) is specified. 

Theoretical Basis For Deriving "Protected Population" Comparisons with current expired air recommendations were. 
EIs represent the levels of biological determinants likely to be possible for benzene and methyl chloroform at the prior-to-next 
observed in specimens collected from a worker exposed to an shift and prior-to-last shift sampling times. The current BEl for,' 

benzene in end-exhaled air is
listed as 0.12 ppm(!!) and was 
estimated by the model to pro- <'lid:::"4.1 Model Parameters Used in PBPKlMonte Carlo Simulation to Determine teet 95% of the worker popula-; 

Variability in Biological Exposure Indices tion (Table VII). In contrast, i 
At Rest During Light Work the current BEl of methy( 

Parameter Dist.' Form' Mean CV(%) Mean CV(%) chloroform in end-exhaled air,: 
--~-~------------------------------ (40 ppm){ll) was much lower;i 
Weights than the corresponding model" 

Body (kg) L 70.0 13 predictions and protects, in, 
fact, less than 10% of the 

Percentage of Body Weight worker population (Table VII). 
Model variability in urinary 

PBPK Sample 

Liver N B 0.03 20 
metabolite concentrations is

Rapidly perfused N B 0.06 20 
summarized in Table IX. The

Slowly perfused B 
current BEl recommendation' 

Fat N B 0.23 30 
for phenol metabolite concen

Flows 
tration with benzene exposure 

Alveolar (Llhr) L S 4.97 20 18.9 30 
at the end-of-shift sampling.Cardiac output (L/hr) L S 8.61 30 
time was 50 mg/g crearl
nineYll Based on model pre

Percentage of Cardiac OUtput 
dictions, the current BEl rec

Liver N C 0.25 22 0.16 22 ommendation for phenol in 

Rapidly perfused N C 0.27 20 urine protects an estimated 
Slowly perfused N C 0.19 45 68% of the worker population. 
Fat N C 0.05 15 0.06 15 Methyl chloroform and 

Metabolic trichloroethylene determinants 
V~. (mg/hr) L 50 were estimated from the 
K", (mg/L) L 20 trichloroacetic acid (TCAA) 
K, (hr~') L 30 and trichloroethano! (TCOR) 
Fm L 45 concentrations. Model predic

Excretion tions ofTCAA and TCOH for 
K, (hr~!) L 30 methyl chloroform exposure at 
Creatinine (mg/L) N 1.35 30 the lower 5th percentile were 
Urinary vol. (U8 hrs) L 0.52 20 2.9 and 37 mg/g creatinine, 

respectively. As a result, the 
'Sample distributions obtained from Portier and Kaplan'''' (N normal,l lognormal) 
'Computational forms: B =percentage of body weight, S =scaled as a function of body weight (Uhr kg), recommended level for TcM /...• 
C =percentage of cardiac output concentration (10 mg/g) wa! . 
(Slowly perfused tissue weight set to the difference of body weight and remaining tissues (see text) estimated to protect 54% oj 
DCardiac output set to equal alveolar ventilation the worker population while 
'Tissue blood flow set to the difference of cardiac output and remaining tissue flows (see text) the TCOH recommendatiof 
f Mean values vary according to chemical (see Table VI) 

(30 mg/g) protects 97%(11 f

f 
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while TCOH in urine is a betMean Values of Metabolic Model Parameters Used in Physiological 
ter indicator of recent expoPharmacokinetic Model and Monte Carlo SimulationsA 

sure.(50) According to model
Chemical V_(mglhr) KJmg/L) K,(hr') K.(hr') F. ing results, the current BEl------=-

for end-exhaled air is estiBenzene 29.04 0.35 0.2 70 
mated to protect less than 10%Carbon tetrachloride 12.72 0.25 
of the worker population,Chloroform 307.2 0.45 
while metabolite recommenMethylchloroform 8.22 5.75 0.026,0.0069' 75,25' 
dations for urinary TCAA and Methylene chloride 118.8 0.58 0.53C 

TCOH are estimated to proTrichloroethylene 195.7 0.25 0.026,0.0069' 45,32' 
tect 54% and 97%, respec

7Mean parameter values obtained from Leung'" 
tively. Significant disparity,'First-order excretion constants (1<,) and fractional metabolite formation (F~) for trichloroethanol and 

trichloroacetic acid, respectively therefore, exists among the bi
cOf the solvents studied, only methylene chloride has been demonstrated to possess significant first-order 010gical indicators relative to 
conjugation activity (see text) the proportion of population 

protected. Furthermore, re
sults from model estimates of 

(Table IX). Finally, the recommended concentration of TCAA in exhaled breath and TCAA suggest that workt:rs are not being ad

urine as a determinant of trichloroethylene exposure is 100 mg/g equately protected with respect to current indicators of inte

creatinine,(ll) which protects an estimated 84% of the workers grated exposure. 

(Table IX). Biological monitoring of trichloroethylene exposure is also 


performed using the presence of TCAA and TCOH metabo- ' 
lites in urine. However, current ACGIH recommendations in
clude a combined TCAA and TCOH concentration of 300DISCUSSION 

AIthough mathematical models with biologically interpretable pa

I'lrameters are becoming more prevalent in estimating BEIs, the 
 Variability in PBPK Model Predicted 
current practice does not take into consideration the intrapopula Air Concentrations as Compared 

tion variability of these parameters. If some model parameters have with Current Biological Exposure IndicesA 


large intrapopulation variability, then deterministic models may 
 Predicted End-Exhaled 
produce estimates of biological indicators that do not protect the Air Concentrations (ppm)
majority of the worker population despite the protection afforded 
through the TL V. Current BEl Percent of Population Protected 

According to ACGIH, phenol concentrations in the urine are Chemical (ppm) 95% 80% 50% 
only to be applied to a group of workers, rather than to an indi Benzene 
vidual worker, due to the large variability in background urine con End-of-shift 5.7 6.3 7.0
centrations.(SO) As a result, a direct comparison of model-derived 

Prior-to-next-shift 0.12 0.12 0.16 0.22
results and the recommended levels can be deceiving. Instead, the Prior-to-Iast-shift 0.30 0.38 0.49
recommended concentration of 50 mg/g creatinine should, theo Carbon tetrachloride 
retically, compare with the model estimate protecting 50% of the

i End-of-shift 4.0 4.2 4.4 
worker population. According to model estimates the recom Prior-to-next-shift 0.02 0.Q3 0.05 
mended phenol concentration protects an estimated 68% of theI Prior-to-Iast-shift 0.06 0.10 0.14 
population and, when applied to a group of individuals according Chloroformt to ACGIH recommendations, should provide adequate protec End-of-shift 4.9 5.6 6.4tion. 

Prior-to-next-shift 0.11 0.16 0.21 
. As a supplement to urinary phenol, the monitoring of exhaled Prior-to-Iast-shift 0.18 0.24 0.31 

at!' is recommended for workers exposed to benzene.(SO) The cur
Methyl chloroform 

rent BEl recommendations of 0.08 and 0.12 ppm for mixed- and End-of-shift 311 318 326
end-exhaled air collected prior to next shift,(ll) respectively, protect 

Prior-to-next-shift 2.4 3.3 4.7 
an estimated 95% of the worker population. However, the in

Prior-to-Iast-shift 40 7.3 9.4 12.2
terindividual variability in expired air concentrations is com

Methylene chloride 
POunded by differences in physical activity during and after expo End-of-shift 27 31 34 
~~e. Therefore, reducing the potential for variations in physical ac Prior-to-next-shift 0.37 0.76 1.2 
tIvity would result in a decrease in the total uncertainty. Since 

Prior-to-Iast-shift 0.36 0.84 1.3
c?ncentrations of benzene in exhaled air rise sharply at the begin

Trichloroethylene
/ling of the exposure and reach steady state within I to 2 hours/50) 

End-of-sh ift 29 32 35 
a BEl based on the expired air concentrations at the end-of-shift 

Prior-to-next-shift 0.56 0.78 1.1
sampling time may provide a more suitable index. 

Prior-to-Iast-shift 1.5 1.9 2.5
Three biological determinants are recommended to monitor 

methyl chloroform exposure (i.e., methyl chloroform, TCAA, A End-of-shift shortly before end of an 8-hr exposure. Prior-to-next-shift 
= before the second shift of five-day workweek after 8-hr exposure and and ~COH). Specifically, methyl chloroform in exhaled air prior
16-hr rest. Prior-to-Iast-shift before fifth shift of five-day workweek after t~.Shift and TCAA in urine are generally considered as indicators four consecutive 8-hr exposures and 16-hr rests. 

o lIltegrated exposures on the monitoring day and previous days 
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',.S:ilSJ)II, Variability in PBPK Model Predicted 
Mixed-Exhaled Air Concentrations as Compared 
with Current Biological Exposure IndicesA 

Predicted Mixed-Exhaled 
Air Concentrations (ppm) 

Chemical 
Current BEl 

(ppm) 
Percent of Population Protected 
--~... 

95% 80% 50% 

Benzene 
End-of-shift 7.1 7.5 8.0 
Prior-to-next-shift 0.08 0.08 0.11 0.15 
Prior-to-Iast-shift 0.20 0.25 0.33 

Carbon tetrachloride 
End-of-shift 4.4 4.5 4.6 
Prior-to-next-shift 0.02 0.02 0.03 
Prior-to-Iast-shift 0.04 0.07 0.09 

Chloroform 
End-of-shift 6.6 7.1 7.6 
Prior-to-next-shift 0.08 0.10 0.14 
Prior-to-Iast-shift 0.12 0.16 0.21 

Methyl chloroform 
End-of-shift 324 329 334 
Prior-to-next-shift 1.6 2.2 3.2 
Prior-to-Iast-shift 4.9 6.3 8.1 

Methylene chloride 
End-of-shift 35 37 40 
Prior-to-next-shift 0.25 0.51 0.78 
Prior-to-Iast-shift 0.24 0.56 0.89 

Trichloroethylene 
End-of-sh ift 36 38 40 
Prior-to-next-shift 0.37 0.52 0.73 
Prior-to-Iast-shift 1.0 1.3 1.7 

A End-of-shift shortly before end of an B-hr exposure. Prior-to-next-shift 
before the second shift of five-day workweek after B-hr exposure and 

16-hr rest. Prior-to-Iast-shift before fifth shift of five-day workweek after 
four consecutive B-hr exposures and 16-hr rests. 

mg/g creatinine, as well as TCAA concentration alone (100 
mg/g creatinine).(Il) Although the current TCAA recommen
dation is estimated to protect 84% of the worker population, 
the combined TCAA and TCOH recommendation would pro
tect greater than 95% of the worker population, since the 
TCOH concentration alone is greater than 400 mg/g creati
nine at 95% (Table VIII). 

By combining the tools currently afforded the toxicology and 
pharmacokinetic fields (i.e., PEPK modeling and Monte Carlo 
simulation), the establishment of standards designed for worker 
protection can be carried out with less uncertainty. Specifically, the 
addition of realistic variability information to established PBPK 
models may provide a consistent basis for administrative decisions 
concerning BEls. While many existing EEls addressed in this study 
appear to protect a majority of the worker population, an inconsis
tent proportion of the population is protected. Therefore, reevalu
ation of current indicators according to "population-based" BEls 
may be necessary to allow uniform and reliable application ofbio
logical monitoring among different chemicals. 

Of the solvents presented in this study, only carbon tetrachlo
ride is believed to have the potential for significant dermal absorp
tion as indicated by the skin notation in the ACGIH handbook.:I1) 
Although no attempt was made to consider dermal exposure in this 
model, previous efforts by McDougal et al.(51.52) have incorporated 
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dermal absorption into PEPK models for a variety of organic 
chemicals. Future efforts could combine dermal and inhalation ex
posures into a PEPK model (with Monte Carlo simulation) to de
termine the "population-based" BEls for multiroute exposures. 

Reliance on the TLV as the "gold-standard" for establishing in· 
halation BEls is a weakness of the present model that needs to be 
addressed. Recent advances in molecular and biochemical toxicol· 
ogy have permitted an understanding of the toxic mechanisms un· 
derlying many of the common industrial chemicals. From a pre· 
dictive standpoint, mechanistic information can be incorporatec 
into what are presently called pharmacodynamic models. In con· 
trast to pharmacokinetic models that describe what the body doe1 
to the chemical, pharmacodynamic models characterize what th( 
chemical does to the body. The real potential lies in the ability tc 
link the two types of models in order to quantitate the target tis· 
sue dose of the reactive chemical or its metabolite and describe th< 
associated biological effects. Together with Monte Carlo simula 
tion, physiologically based pharmacokinetic and pharmacodynami( 
modeling (PBPK/PD) can provide a mechanistic basis from whid 
to establish not only BEls, but also TLVs. A PBPK/PD model fa; 
the hepatotoxicity ofcarbon tetrachloride, alone and following ke 
pone pretreatment, has been developed and evaluated by El-Masr 
et al.(IOj 

Further research associated with PBPK/PD modeling may als( 
address issues associated with mixed chemical exposures 
According to Fiserova-Bergerova,lll correlation between intensir 
ofexposure and biological levels may be disrupted by interference 
of another chemical or even its own metabolites.(53) These disrup 
tions can occur on the pharmacokinetic(54) or pharmacodynamic(!( 
level and may result in interactions appreciably different than th. 
additive adjustment currently recommended by ACGlH.i ll ) Fo 
example, kepone, an organochlorine pesticide used for fire ant can 
trol, has been found in the environment.(5S) At environmentally re 
alistic levels (e.g., 10 ppm in the diet), kepone can produce as hig! 
as a 67 -fold increase in lethality compared to an otherwise mar 
ginally toxic dose of carbon tetrachloride. I 10.55,56) Therefore, tho 
concept of chemical mixtures must be addressed in exposures bot! 
inside and outside the workplace v.ith PBPK/PD models incorpo 
rating toxicologic interactions on the mechanistic level. 

" Variability in PBPK Model Predicted Urinary 
Metabolite Concentrations as Compared with Current 
Biological Exposure IndicesA 

Predicted Urinary Metabolite 
Concentrations {mgtg (I'eatinin 

Chemical and Metabolite 
Current BEl 

(mg/g (I'eatinine) 

Peramt of Population Protedl 

95% 80% S~ 

Benzene 
Phenol' 50 27 41 

Methyl chloroform 
Trichloroacetic acid 10 2.9 5.7 
Trichloroethanol 30 37 63 11 

Trichloroethylene 
Trichloroacetic acid 100 62 112 2C 
Trichloroethanol 472 771 12S 

ABEl for benzene calculated for end-of-shift sampling time while methyl 
chloroform and trichloroethylene calculated at end-of-shift, end-of
workweek 
·Urinary phenol concentrations adjusted for "background" phenol levels 
(see text) 

http:al.(51.52
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