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Methoxyethanol (ethylene glycol monomethyl ether, EGME),
ethoxyethanol (ethylene glycol monoethyl ether, EGEE), and
ethoxyethyl acetate (ethylene glycol monoethyl ether acetate,
EGEEA) are all developmental toxicants in laboratory animals.
Due to the imprecise nature of the exposure data in epidemiology
studies of these chemicals, we relied on human and animal phar-
macokinetic data, as well as animal toxicity data, to derive 3
occupational exposure limits (OELs). Physiologically based phar-
macokinetic (PBPK) models for EGME, EGEE, and EGEEA in
pregnant rats and humans have been developed (M. L. Gargas et
al., 2000, Toxicol. Appl. Pharmacol. 165, 53-62; M. L. Gargas et
al., 2000, Toxicol. Appl. Pharmacol. 165, 63-73). These models
were used to calculate estimated human-equivalent no adverse
effect levels (NAELSs), based upon internal concentrations in rats
exposed to no observed effect levels (NOELSs) for developmental
toxicity. Estimated NAEL values of 25 ppm for EGEEA and
EGEE and 12 ppm for EGME were derived using average values
for physiological, thermodynamic, and metabolic parameters in
the PBPK model. The uncertainties in the point estimates for the
NOELs and NAELs were estimated from the distribution of inter-
nal dose estimates obtained by varying key parameter values over
expected ranges and probability distributions. Key parameters
were identified through sensitivity analysis. Distributions of the
values of these parameters were sampled using Monte Carlo tech-
niques and appropriate dose metrics calculated for 1600 parame-
ter sets. The 95th percentile values were used to calculate interin-
dividual pharmacokinetic uncertainty factors (UFs) to account for
variability among humans (UF,,). These values of 1.8 for
EGEEA/EGEE and 1.7 for EGME are less than the default value
of 3 for this area of uncertainty. The estimated human equivalent
NAELSs were divided by UF, , and the default UFs for pharma-
codynamic variability among animals and among humans to cal-
culate the proposed OELs. This methodology indicates that OELs
(8-h time-weighted average) that should protect workers from the
most sensitive adverse effects of these chemicals are 2 ppm
EGEEA and EGEE (11 mg/m*® EGEEA, 7 mg/m® EGEE) and 0.9
ppm (3 mg/m’) EGME. These recommendations assume that
dermal exposure will be minimal or nonexistent.

Key Words: occupational exposure limit; ethoxyethyl acetate;
ethoxyethanol; methoxyethanol; EGEEA; EGEE; EGME; PBPK
models; Monte Carlo simulation.

Short-chain alkyl groups attached to ethylene glycol by ether
linkages (ethylene glycol ethers, EGEs) have found multiple
uses as solvents because of their ability to form solutions with
both water and many less polar organic materials. The ethylene
glycol monoethers formed with methyl and ethyl groups
(EGME and EGEE) and the acetate ester of EGEE (EGEEA)
were used extensively in the past for various solvent applica-
tions including coatings applications, cleaning solvents and,
EGME in particular, as a military jet fuel additive for deicing
purposes. In the past 10 to 15 years, markets for these glycol
ethers have greatly diminished, in part based on concerns about
the health hazards. The use of EGME as a jet fuel additive has
been largely replaced with the diethylene glycol analog. Pro-
ducers of these glycol ethers warn against their use in con-
sumer products. In the United States there has been an effort to
replace EGME, EGEE, and EGEEA as components in pho-
toresist formulations used in the microelectronics industry
(D. S. Tornow, Union Carbide Corp., Danbury, CT, personal
communication).

The primary use of EGME is as a process/extraction solvent
in pharmaceutical production units and as a chemical interme-
diate in the production of glymes (dimethyl ethers of ethylene
glycols; mono-, di-, and tri-). In addition, EGME is used as a
process solvent for adhesive use in the manufacturer of circuit
boards in some European and Asian countries. The primary use
of EGEE is as a chemical intermediate in the manufacture of
EGEEA. EGEE is sometimes used as an industrial coatings
solvent primarily for original equipment manufacturer (OEM)
types of applications. EGEEA’s major end use is as an indus-
trial solvent for coatings. It is a slow-evaporating solvent used
primarily in Southeast Asia in automotive coatings. It is not
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maceutical formulations, or photo-resist mixtures used in semi-

124



EGEEA, EGEE, AND EGME OELs 125

conductor fabrication processes (D. S. Tornow, Union Carbideactive metabolites (U.S. EPA, 2000). In addition, the U.S.
Corp., Danbury, CT, personal communication). EPA published in IRIS RfC and RfD values for ethylene glycol
The current Permissible Exposure Limits (PELS), 8-h timenonobutyl ether (EGBE) using a PBPK approach for deter-
weighted average (TW# for occupational exposure, estabmining the human equivalent concentration (HEC) (U.S. EPA,
lished by the Occupational Safety and Health Administratiorp99).
(OSHA) in 1971, are 25 ppm for EGME, 200 ppm for EGEE, We reviewed the glycol ethers literature to identify the
and 100 ppm for EGEEA (each has a skin notation). Thegfiportant and relevant toxicology and epidemiology studies.
standards were established on the basis of blood, kidney, liv@fe then applied PBPK modeling and Monte Carlo simulation
and central nervous system toxicity in experimental animatg perform interspecies extrapolation and assess intraspecies
OSHA has proposed PELs of 0.1 ppm for EGME and 0.5 ppriation. Using this information we then calculated potential
for EGEEA and EGEE based on reproductive and develogecypational exposure limits for EGME, EGEEA and EGEE.
mental toxicity (OSHA, 1993), but these have not been prgne methods used to derive the values presented here represent
mulgated to date. The proposed PELs were based upon defgf-yjternative to methods that in the past relied on default
mination of the NOAEL in animal studies, divided by ar,qqmptions, by necessity, to estimate occupational exposure
uncertainty factor of 100 in an attempt to account for inter- anghyiis 1t js hoped that approaches such as are described here
intraspecies variability. In the setting of PELS for systemig o given careful consideration by regulatory organizations

toxicants, it is not unusual to apply UFs of this magnitude 1, . . : -
. sponsible for setting appropriate limits of exposure.
animal data (Paustenbach, 2000). P g approp P

The Threshold Limit Value (TLV) established for EGME by Selection of critical studies. The starting point for the
the American Conference of Governmental Industrial Hygietinderstanding the published literature was an assessment of
ists (ACG|H) is5 ppm (TWA), which was based on review ofDFEViOUS reviews of the EGME, EGEE, and EGEEA databases
the relevant information in toxicology and epidemiology stucBnd online searches using MEDLINE. EGME and its acetate
ies, with particular emphasis on testicular toxicity in shipyaréister have been the subject of a recent review (Johanson,
workers applying EGME-containing paints (ACGIH, 19912000). Additional studies were identified from citations within
1999). The TLV for EGEE is also 5 ppm, based on “analogydther papers. Studies were evaluated for suitability as the basis
to EGME, and evidence that EGEE is less potent in animdt® occupational exposure limits using criteria such as identi-
than EGME. Likewise, the TLV for EGEEA is 5 ppm, basedication of a NOEL or lowest observed effect level (LOEL) and
on review of the relevant toxicity information in toxicologythe quality of the study. The studies with the lowest identified
and epidemiology studies, with particular emphasis on testidOELs were deemed to be of high quality and were deter-
ular toxicity in rats and analogy to the EGEE TLV (ACGIH,mined to be suitable for use as the critical studies in OEL
1991). These TLVs were all established in 1984, with thgerivation.

docum,entatlon revised in .1.991. S!nce thg publication of Animal data, EGEEA and EGEE.EGEEA is efficiently
OSHA's proposed rule, additional animal toxicology researc[h

on the effects and disposition of EGME, EGEE, and EGEEE kti ?nu?sb%;:]:bl())igg dart]g ;iﬁgj)iy;g;irsl);ﬁg E(I)EEA(\B)EEEAV,X\h:gh
has been conducted (e.g., Dags al., 1997; Gargast al., y )

2000a,b: Ternet al., 1994). considered to be the proximal toxicant derived from EGEEA

With increasing frequency, regulatory agencies are usifi d EGEE (Gargast aI.,ZOOQa).Thus,studles condl_Jcted with
physiologically based pharmacokinetic (PBPK) modelin EEA or EGEE are considered ‘?q!Ja"y appropriate for es-
and/or Monte Carlo analysis in setting permissible exposufP!iShing occupational exposure limits for both compounds
values. These techniques attempt to account for species diffépen the pharmacokinetics of EGEE production from metab-
ences and variation in physiology and metabolism. For exaffiSm of EGEEA are taken into account. Developmental tox-
ple, the OSHA PEL for methylene chloride was establishd&ity (fetotoxmﬂy and fetal defects) was considered the mqst
based on the glutathione-S-transferase metabolites of metffnsitive endpoint for these glycol ethers; a total of 27 studies
ene chloride, as calculated using a PBPK model and MorR@rtaining to the reproductive and developmental toxicity of
Carlo simulation (OSHA, 1997). The U.S. Environmental Prd&=GEEA and EGEE were reviewed, and the study of Doe
tection Agency (U.S. EPA) is also using PBPK modeling t61984) was found to be the critical study. OSHA (1993) also
convert external exposure concentrations to internals doses@lgcted this study as the basis for the proposed PEL. Doe
a step in the derivation of cancer slope factors (CSFs), refét984) identifies 50 ppm EGEE (6 h/day, to pregnant rats on
ence concentrations (RfCs), and reference doses (RfDs). Bestational days [GD] 6—-15) as the NOEL for developmental
cently, the U.S. EPA in its Integrated Risk Information Syster@xicity. A LOEL of 100 ppm was identified by Tyét al.
(IRIS) database published CSFs, RfCs, and RfDs for vin{1988). Other reproductive or developmental toxic effects ob-
chloride that were derived using PBPK models to calculagerved with higher doses of EGEEA or EGEE include testic-
internal doses and assuming that equivalent toxicity betweelar damage (Fostest al., 1983; Samuelst al.,1984). These
species results from equivalent target tissue concentrationsetiects were observed at higher exposure concentrations than
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FIG. 1. Dose response for EGEEA- L T T

and EGEE-exposed animals. Daily sys- ENETT I
temic dose calculated as described in the .. “ram
text.

the fetotoxicity and fetal defects observed in the Doe (1984jions) in rats. OSHA (1993) also identified Hanley al.
study. (1984) as the critical study. Toxic effects observed with higher
The Doe (1984) study in rats was selected as the criticédses of EGME include spermatocyte degenerationdiai.,
study in our assessment because it provides the NOEL for t@95), hematological effects and decreases in testes weight
relevant route of exposure (inhalation) and was conducted witfliller et al., 1983), and immunosuppression in animals
adequate numbers (24/group) of animals. To confirm that t(@mialowicz et al., 1991). Again, these latter effects were
findings are in accord with studies conducted by other routemted at higher exposure concentrations than the developmen-
a dose-response analysis was conducted. The response seleatedfects identified in the Hanlegt al. (1984) rat study.
was percent of litters with malformed animals, consistent with The Hanleyet al. (1984) study in rats was selected as the
the NOEL/LOEL critical endpoint. Dose was expressed assis for this analysis because it provides the NOEL for the
daily systemic dose (mg/kg/day) on exposure days, calculaiegevant route of exposure (inhalation) and was conducted with
as the product of the exposure concentration, inhalation raig¢equate numbers (24—32/group) of animals. To confirm that
(calculated from body weight as in Gargatsal.,2000a,b), the the findings are in accord with studies using other routes of
exposure duration, and the alveolar retention fractiaskposure, a dose-response analysis was conducted. The re-
(Groesenekert al., 1986) divided by body weight. There issponse selected was percent of litters with malformed animals,
good concordance in dose response among the inhalation s@hsistent with the NOEL/LOEL critical endpoint. Dose was
ies of EGEEA and EGEE in rats and rabbits, but mice dosegtpressed in 3 ways: daily systemic dose of EGME, peak blood
orally with EGEE exhibit fewer malformations at the sameoncentration of MAA, and average daily area under the blood
systemic doses (Fig. 1). Given the lack of pharmacokinetic daigncentration-time curve (AUC) of MAA on exposure days
in mice, it is not possible to say whether this difference iffom GD 11-15. The daily systemic dose for inhalation studies
response is due to target tissue concentrations or a differencg/ix calculated as the product of the exposure concentration,
susceptibility. While it would be desirable to evaluate dosghalation rate (calculated from body weight as in Garefaal.,
response based on a measure of internal dose, the only vaiooa,b), the exposure duration, and the alveolar retention
dated pharmacokinetic model for EGEEA or EGEE is that @faction (Groesenekent al., 1989) divided by body weight.
Gargaset al. (2000a), which addresses only one route Qbeak concentration and average daily AUC of MAA were
exposure (inhalation) in one species (rat). calculated using the PBPK model of Gargasal. (2000b) for
Animal data, EGME. EGME is metabolized to methoxy- rat inhalation exposure, calculated using the PBPK model of
acetic acid (MAA), which is considered to be the proximaHayset al. (2000) for rat po and iv exposure, and taken from
toxicant (Gargast al.,2000b). A total of 50 studies pertainingpublished pharmacokinetic data (Clarkeal., 1992) for mice
to the reproductive and developmental effects of EGME weexposed via sc infusion or po dosing.
reviewed, and the critical study was found to be the study of There is good concordance between systemic dose and mal-
Hanley et al. (1984) that identified 10 ppm (6 h/day on GDformation rate among mice and rats exposed to EGME by po,
6-15) as the NOEL for developmental effects (skeletal altew ip, and sc infusion, but the response rate in mice and rats
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FIG. 2. Dose response for EGME-
exposed animals, with dose expressed as
(A) daily systemic dose, (B) peak blood

h ?-'CH_'.l AL I""::"_-: < tHal concentration of MAA, and (C) average
Averuge duily AU 23148 in Bkl daily blood AUC of MAA (determined
Th-prla

as described in the text).

exposed by inhalation is much lower for a given systemic dosggnificant increase in malformations, found in Driscetlal.

(Fig. 2A). However, when blood concentrations of metabolited998). This finding increases our confidence that this is the
are considered (as peak concentration or average daily blondst sensitive toxicologic endpoint for derivation of a human
AUC), the inhalation response data are consistent with the p@cupational exposure limit.

sc infusion, and iv response data (Figs. 2B and 2C). This

stresses the value of using a blood or tissue dose rather than driuman experience with EGME, EGEE, and EGEEAhe
administered or systemic dose as the basis of comparisons Brehan data on developmental and reproductive outcomes for
extrapolations among species and for different routes of exgycol ethers include both epidemiologic studies and case
sure. Based on the peak blood concentration and average degigorts. Most of these data do not have sufficiently precise
blood AUC for MAA, the Hanleyet al. (1984) studies yield a exposure assessments regarding the glycol ethers and/or other
NOEL lower than the lowest LOEL—that is, the lowest peakhemicals to which these persons were exposed to allow for
blood concentration and AUC associated with a statisticallinclusion in the risk assessment process. Gitial. (1997)
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FIG. 3. Two approaches used to [ dldy Trla
identify an occupational exposure limit. urpnhinl

found no differences in menstrual patterns in women wititical studies were selected and the NOEL identified. A total uncertainty
EGEEA exposures (by inhalation only; authors report no ddpetor of 100 (10 for interspecies variability and 10 for intraspecies variability)

. was used for the each of these glycol ethers. This approach has been commonly
mal ContaCt) compared to noneXposed women. Rataliffal. employed in risk assessment (Dourson and Stara, 1983; Doetsdn1996).

(1989), VeU|eman9_t al. (1993), an.d Wel_dEt _al- (1988) all It is assumed, for inhalation exposures, that each of these factors of 10 may be
report a decrease in semen quality, primarily sperm denséssidered the composite of pharmacodynamic and pharmacokinetic variabil-
(count) among males exposed to EGEE. Ceolal. (1982), ity. For intraspecies variability, it is assumed that each component contributes
Shihet al. (2000a), and Veulemaret al. (1993) do not report equally (Anderseret al., 1995; Bartonet al., 1998; Renwick and Lazarus,
such changes in men exposed to EGME, although the num ). That is, a default UF of 20 = 3.2 for intraspecies pharmacokinetic

. ifferences and a UF of 3.2 for intraspecies pharmacodynamic differences
of SUbJeCtS was much smaller. None of the EGEE data atBSether result in a total intraspecies UF of 10. In general, because of the

precise enough for inclusion in calculations for a risk asseSgprecision in toxicity data, fractional uncertainty factors (i.e., 3.2) are
ment. rounded to the nearest integer (i.e., 3) resulting in the use of quantized factors

There are several difficulties in using case reports and M3 or 10 (i.e., 3x 3 = 10). For interspecies variability, a subdivision of a

man studies in the risk assessment process. The lack of infigptor of 4.0 for toxicokinetics and 2.5 for toxicodynamics has been recom-
mended (Renwick, 1993).

mation regardmg the airborne exposure concentrations, as Weeirhe PBPK/Monte Carlo-based approach likewise begins with the identifi-

as the probability Qf der.m_al contact, m?-ke the Qata from almQstion of the critical study and NOEL. Internal dose metrics that are consistent
all of these studies difficult to use in the risk assessmegith the mode of action are selected. Using the PBPK model for the animals
process. The studies mentioned above provide quantitativehe critical toxicity study, the internal dose metrics corresponding to the

exposure information, but no statistically significant reprodu&LOE'- exposure are calculated (using average parameter values for physiol-

tive effect. In the remaining quantitative study Veulemahs ogy, etc.). The PBPK model for a human with average parameter values is used
’ ’ to derive exposure concentrations at which the predicted internal doses are

a_‘ll' (1993) demantrate significant effects (infertility or SUbferé ual to those predicted for the animal NOEL study. Each different internal
tility), but the urinary EAA measurements cannot be convertegiic may correspond to a different external concentration. That is, the
to airborne exposure concentrations without additional infoaverage tissue concentration based on the animal NOEL leads to one estimate
mation on the exposure (e.g., duration, pattern, time sint@ethe human equivalent NAEL. The peak tissue concentration associated with

exposure). Thus, even the quantitative studies cannot curreHill_Slsame animal NOEL may be associated with a different human equivalent
NAEL. The lowest of these concentrations is considered the human-equivalent

b,e _used In_ risk assessment. In addition, these reports ﬁ}&%L estimate, a health-protective practice. The use of PBPK models re-
difficult to interpret due to concurrent exposures to Oth@oves the need to use a default UF for interspecies pharmacokinetic differ-
agents. After careful consideration and review, we concludeskes as this conversion is done with reliable models. This approach has been

that the human data were not acceptable for setting an OEL alecribed in detail by Bartoet al. (1998) and applied to 2-butoxyethanol (U.S.

chose to rely on the animal studies, which provide quantitati#E#A: 1999). vinyl chloride (Reitet al., 1996), and other chemicals.
exposure and effect information As described by Gargas and coworkers (Gargfal., 2000a,b) the peak

concentration (G,) and average daily AUC of the alkoxyacetic acid metab
olite in the blood were the dose metrics selected for EGME, EGEE, and its
METHODS acetate ester. The relationship between dosimetry and toxic effect (develop-
mental toxicity) has been closely evaluated for EGME. Correlations have been
Calculation of an OEL. The approach used by OSHA and the approachbserved between total exposure (AUC) to MAA or peak MAA concentrations
used in this effort to calculate OELs are depicted in Figure 3. OSHA (1998hd developmental toxicity—the better choice of dose metric was dependent
provides a detailed description of the derivation of its proposed PELs using the the specific endpoint being considered (Clagkel., 1992; Terryet al.,
no observed effect level-uncertainty factor (NOEL-UF) approach. Briefly,994). As the mode of action of EGEE and EGEEA is expected to be similar,
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AUC and peak concentration of EAA were considered appropriate dosensitivity coefficient (SC) was defined as the percent change in the dose
metrics for EGEE and EGEEA-induced developmental toxicity. The model fonetric for a 1% change in the parameter.

human exposure was built to simulate an average pregnant woman exposed 8for those parameters that changed over time and were described by “table
per day, 5 days per week for 38 weeks. For EGME, EGEEA, and EGEE, us@ctions” in ACSL (values at certain times are specified, with values at other
of the average daily AUC provided more health-protective human-equivaldithes calculated by linear interpolation), new table functions were written with
NAEL estimates, airborne concentrations of 25 ppm EGEEA or EGEE and ti®e parameters values at all times set 1% higher. Simulations were run with the
ppm EGME for pregnant workers, in the absence of dermal exposure.  new table function, and the results compared to the base case.

To derive uncertainty factors for human pharmacokinetic variability, an The baseline for the sensitivity analyses was the NOEL exposure described
assessment of human variability was integrated into the OEL derivati#hthe critical toxicology study or the human-equivalent NAEL estimate. For
process. Uses of probabilistic methods in derivation of acceptable hunihg rat, the baseline was an exposure at 50 ppm EGEEA or 10 ppm EGME for
exposures have previously been described by Betied. (1996), Clewelletal. 6 h/day (on GD 6-15), and the average daily blood AUC of EAA or MAA
(1999), Slob and Pieters (1998), and Swarteual. (1998). In order to focus during GD 13-15 was computed. The choice of GD 13-15 was based on the
on the critical parameters, sensitivity analyses were conducted to deternfpfeerimental conditions that maximize the occurrence of malformations and
those parameters for which small changes result in the greatest changes iftBber of live embryos/itter (Sleett al., 1996) in rats dosed intravenously
dose metric. with 500 mg EGME/kg body weight. For humans, the baseline simulation was

Monte Carlo simulation was used to replace the default UF for intraspecf8§ @ pregnant woman exposed to 25 ppm airborne EGEEA or EGEE or 12
pharmacokinetic sensitivity with a UF that reflects the known or expecté™ airborne EGME for 8 h/day, 5 days/week for the 38 weeks of pregnancy,
variability of the population. The ratio of the values of the dose metric for th"d the average daily blood AUC of EAA/MAA was computed. As the blood
95th percentile human (who receives a larger internal dose due to pharmd@jicentration profile changes very little during pregnancy (based on compar-
kinetic sensitivity) to that of the “average” human is proposed as an alternatfy@n$s Of blood concentrations at various time points), the choice of a window

to the default UF for intraspecies pharmacokinetic variability. Defical.  Of Susceptibility (e.g., only during organogenesis) did not affect the average

(2000) have also used the 95th percentile human dose metric derived fBipPd AUC (data not shown).

Monte Carlo simulation and PBPK modeling in an assessment of the adequacy
of existing occupational exposure standards for chloroform and carbon tefchcertainty Analysis

chloride in the United Kingdom. Cleweét al. (1999) have demonstrated a L .
Model structure. Based on the results of the sensitivity analysis, the rat

imilar roach f Mon rlo simulation | he intr i
similar approach (use of Monte Carlo simulation to develop the int aSpeCII%%dels of Gargast al. (2000a,b) were modified slightly as follows: The table

harmacokinetic uncertainty factor) for methylmercury, using hair mercu ; ) e )
P y ) Y Y 9 %nctlon for exposure concentration was eliminated by assuming the concen-

concentrations, a surrogate for ingestion rate, rather than blood or target tissug . } -
- - - : tration is the same every day. (Table functions were needed to describe

(fetal tissue) concentrations. In the present study, Monte Carlo simulation was L o )
:tag/-to-day variation in exposure concentration in experiments reported by

also used to evaluate how well the average individual human or animal refle . )
S ; . ) “ s §arga$t al.,but were not necessary for the present analysis.) Rat body weight
the pharmacokinetics found in the population (i.e., does the “average” indi-

. . ; . as split into a constant (body weight on GD 0) and time-sensitive multiplier.
vidual receive an internal dose that is larger or smaller than that of most of S the uncertainly analysis, body weight on GD 0 was allowed to vary, but the
population?). ' '

multiplier was not. These changes allowed sensitive parameter values to be
Physiologically-based pharmacokinetic modelingThe PBPK models of easily varied in the simulations for the uncertainty analysis.

Gargas and coworkers (Gargas et al., 2000a,b) were used either withouysarameter coefficients of variation. Parameter variation is reported as the
modification (for sensitivity analysis and the impact of brief exposures {Qrcent deviation from the mean (standard deviation/mean value)—the coef-
higher concentrations) or with minor modifications (see below, “Uncertainfsient of variation (CV). The coefficients CVs for physiological parameters
Analysis”). Briefly, the disposition of inhaled EGME, EGEEA, and EGEE igyere taken from Allenet al. (1996) and Croninet al. (1995), with the
described for pregnant rats and pregnant and non-pregnant humans. dk@ption of rat body weights, which were taken from the critical studies (Doe,
models contain 5 perfusion-limited tissue compartments—liver, blood, adipoggs4; Hanleyet al., 1984). The CV for the urinary elimination rate, a fitted
tissue (fat, including mammary), slowly perfused tissues (e.g., muscle), angaameter, was taken from Alleet al. (1996). The CVs for metabolism
lumped compartment representing richly perfused tissues including thgrameters were taken from the studies providingrhétro data from which
fetus(es) and placenta(e). Rapid hydrolysis of EGEEA to EGEE is modeledtgs rates were scaled (Greenal.,1996; Tysoret al.,1989). The variation in
taking place in the blood. Metabolism of EGEE and EGME to EAA and MAAthe alveolar retention of EGME and EGEEA/EGEE were taken from human
respectively, is assumed to take place in the liver. These alkoxyacetic agibalation studies conducted by Groesenekeil. (1986 and 1989, respec-
metabolites are modeled as being eliminated unchanged in the urine; the fiaily).

order rate constants for the elimination of MAA and EAA may be considered Selection of parameters for inclusion in uncertainty analysisThe ex-

a composite of direct elimination of the compound or further metabolism. o teq impact of a parameter on dose variability is related to the product of CV

Physiological parameters in the model vary with time throughout the courgg SC, (amount of variation of the inpu) (change in dose when input
of the pregnancy. The pregnant rat and non-pregnant human models W&{gnges). The absolute values of the 8@V product were summed for all
pgramete_rlz-ed fand validated, using exhaled breath, blooq concentratllons'lrﬂBﬂel parameters. To limit the computation time while capturing most of the
urinary elimination of EGME, EGEE, and EGEEA, and their alkoxyacetic acigyriation, only those parameters that contributed>td % of the sum were
metabolites (rat data collected by Gargasal. [2000a,b], human data from j,cjuded in the uncertainty analysis (Monte Carlo simulation).

r nekeret al. [1987 1 1 . Physiological parameters for an . . .
Groesenekemt al. [1987a,b, 1988, 1989)) ystological para ge s for & Parameter distributions. Although correlations are likely to exist between
average pregnant woman were used to calculate human-equivalent NAEL . ; . . )

. . . . . pe}rameters, they were treated independently in the simulations conducted with
estimates, based on internal concentrations in rats exposed at prevmlfﬁé’model in this study. This practice may be viewed as protective since it
determined NOELs for developmental toxicity. All model simulations were )

. ; . ) enerally maximizes variation in the results. Distribution shapes (that is,
performed using the Advanced Continuous Simulation Language (AC y . ; pes (
- . . ognormal or normal) for the baseline analysis were those used by Cletvell
AEgis Technologies Group, Austin, Texas).

al.,, (1999). The sensitivity of the results to the distribution shapes was tested

Sensitivity analysis. Sensitivity analyses on the models were performed by also performing the simulations with all parameters normally distributed or
increasing a single parameter value by 1% and noting the resulting changelifognormally distributed (to be discussed later). Normal parameter distribu-
average daily AUC of EAA or MAA in the blood (“internal dose” or “dosetions were truncated at O as necessary (first order rate constants for EGME
metric”). This test was done for all the parameters in each model. Theetabolism to MAA and ethylene glycol had to be truncated).
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TABLE 1 RESULTS
Parameters Used in EGEEA and EGEE MODEL Uncertainty
Analyses for Rat and Human Sensitivity and Uncertainty Analyses

Model sensitivityx parameter The results of the sensitivity analyses are summarized in
coefficient of variation Tables 1 and 2. Based on these results, the rat models were

modified slightly, as described in the Methods section under

EGEEA EGEE EGEEA  Uncertainty Analysis. Generally, the results of the sensitivity
Parameter (human) (human) (Y analysis were similar among the models, as would be expected

KEX 0.270 _0.270 _o030 9iven the similarities in the partitioning and metabolic charac-
QPC 0.160 0.160 0.15 teristics of these compounds. The average daily blood AUCs
KEAAC 0.120 0.120 0.1  were most sensitive to parameters that describe the amount of

KEGC —0.120 —0.120 0.1  parent compound removed from inhaled air (inhalation rate,

BWO/BWC 0.105 0.105 0.07

ALV1 or ALV2, or ALV 0.070 0.070 0.07 body weight, perc_ent retention of inhaled compound, and ex-
CONCC _ _ 0.05 Posure concentration) and the urinary excretion rate. It should
be noted that the urinary excretion rates are fitted parameters,
Note. Parameters listed contribute99% of the expected variation in the a source of uncertainty, while all other parameters were fixed,

dose estimate. KEX, urinary excretion rate of EAA; QPC, pulmonary ventyt exhibit known variability.

lation rate; KEAAC, rate of conversion of EGEE to EAA; KEGC, rate of o : : :
conversion of EGEE to ethylene glycol; BWO, initial body weight; BWC, body Frequency distributions for those parameters included in the

weight (expressed in a table function); ALV1, alveolar retention of EGEEA;'ncertamty anaIyS|s are summarized in Tables 3-6. Mean
ALV2, alveolar retention of EGEE; ALV, alveolar retention of EGEEA andvalues of the input parameter distributions were those reported
EGEE; CONCC, exposure concentration of EGEEA (expressed in a taffgr the deterministic models (Gargasal.,2000a,b), with the
function). Negatives indicate that an increase in the parameter value produg@@:eption of the rat body Weights. Variation in rat body mass

a decrease in the average daily blood AUC of EAA (“dose”). The dose w $hd exposure concentration were obtained from the study that
insensitive to other model parameters, such as cardiac output, tissue blood flow

distribution, tissue volumes, and partition coefficients. es_tablished the NOEL_(D_Oe* 1984; Hanleyal., 1984). Vari-_
ations in alveolar ventilation rate were not reported for either
critical study, so the degree of variability assumed was taken

Monte Carlo simulation. Parameter values were randomly generated uff0M the literature (Alleret al., 1996; Croniret al., 1995). The

ing Latin Hypercube sampling in Crystal Bal{Decisioneering, Denver, CO)
and sent to ACSL via Visual Basicprogramming in Microsoft Excel for
Windows™. The input values of the parameters (e.g., urinary excretion rate, TABLE 2

body weight) and the output (dose) used in each iteration were saved for Parameters Used in EGME Model Uncertainty Analyses
additional analysis. For the human models, the time period simulated was for Rat and Human

reduced for computational reasons; only the first 8 weeks (rather than the full
38 weeks) were simulated. While the average daily blood AUC of EAA or
MAA is slowly increasing at this point, it exceeds 95 % of the 38-week value
for the EGEEA, EGEE, and EGME models for pregnant women. Sufficient
trials were conducted to reduce the SE of the mean to less than or equal to 1%

Model sensitivity X parameter
coefficient of variation

. Parameter Human Rat
of the mean (1400-1600 trials).

Analysis of Monte Carlo simulation results. The model input and output KEXC, KEX -0.27 —0.27
(parameter values and doses) were sorted by ascending dose to facilitate =~ QPC 0.16 0.15
analysis and identify outliers. Trials with physiologically unrealistic values, BWO, BWC 0.12 0.021
that occurred only in a few instances in simulations with normally distributed CONCC — 0.10
parameter values in spite of our efforts to truncate the distributions at 0 in ALV 0.05 0.05
advance (i.e., negative excretion rates and negative biotransformation rates), ~KMAAC 0.03 0.08
were eliminated from the final analysis. Averages, SDs, percentiles of interest, ~ KEGC -0.03 -0.10
and contributions to variance were calculated based on the restricted data set. ~ PRA — —0.012

Contribution to variance was calculated using rank correlations between the ) ) . o
input parameters and the dose as described in the Cryst&l @s's manual Note.Parameters listed above cor_]tantQQA) qf the expected v.anatlon in
(Decisioneering, 1996). the dose estimate. KEX, KEXC, urinary excretion rate of MAA; QPC, pul-

monary ventilation rate; BWO, initial body weight; BWC, body weight (ex-

Impact of excursions and alternative work scheduleln addition to an  pressed in a table function); CONCC, exposure concentration of EGME
exposure of 8 h/day, 5 days/week, 2 other exposure scenarios were ¢@ipressed in a table function); ALV, alveolar retention of EGME; KMAAC,
sidered. In one scenario, it was assumed that an individual is exposeddfe of conversion of EGME to MAA: KEGC, rate of conversion of EGME to
airborne EGME, EGEEA, or EGEE for only 15 minutes per day. In anothegG; PRA, richly perfused tissue:blood partition coefficient for MAA. Nega-
it assumed that people work 60 h/week, in 5 12-h shifts. Airborne concetives indicate that an increase in the parameter value produced a decrease in the
trations under these alternative scenarios that produce internal doses egaverage daily blood AUC of MAA (“dose”). The dose was insensitive to other
alent to the 8-h TWA PELSs proposed in this paper were determined througtodel parameters, such as cardiac output, tissue blood flow distribution, tissue
PBPK modeling. volumes, and partition coefficients other than PRA.
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TABLE 3
EGEEA/EGEE Parameters Used in PBPK Model for the Human

Parameter Type of distribution Mean value CcVv Source of CV
BWO Lognormal 58 kg 0.15 Alleret al., 1996

QPC Normal 15.3 I/h/ky™* 0.16 Croninet al., 1995

ALV Normal 0.65 0.07 Groesenekest al., 1986
KEX Lognormal 0.4 I/h 0.3 Alleret al., 1996'
KEAAC Lognormal 57 I/hikg liver 0.3 Greeant al, 1996
KEGC Lognormal 30.4 I/h/kg liver 0.3 Greezt al, 1996

Note.CV, coefficient of variation; BWO, initial body weight; QPC, pulmonary ventilation rate; ALV, alveolar retention of EGEEA and EGEE; KEX, urinary
excretion rate of EAA; KEAAC, rate of conversion of EGEE to EAA; KEGC, rate of conversion of EGEE to ethylene glycol.
*Parameter with unknown variability.

variability of the alveolar absorption fractions of EGEE anthe EGEE-exposed rat is less than the mean and approximately
EGME in male human volunteers was reported by Groesesqual to median, and is thus an appropriate target for deter-
ekenet al. (1986 and 1989 for EGEE and EGME, respectivelymining a safe human dose. The point estimate in the human (at
and assumed to be appropriate for pregnant female humans iedpreviously determined human equivalent concentration) is
rats. Because the urinary excretion rates of EAA and MAAIso close to the mean and median, indicating that it is appro-
were derived by model fitting, our incomplete knowledge ddriate for deriving a no-effect level.
the “true” value of these parameters is perhaps better describetikewise, the point estimates used for the estimation of dose
as “uncertainty” rather than variability, although there is likeljn EGME-exposed rats and humans are also similar in value to
to be variability among individuals as well. The CVs of théhe medians and means determined by Monte Carlo simulation.
parameter distribution for urinary excretion rates are takenThe contributions of the different model parameters to the
from a published estimate of uncertainty for metabolic pararoverall variance in the dose are presented in Table 8. As
eter values (Alleret al.,1996). The variability for the biotrans- expected from the sensitivity analysis, uncertainty regarding
formation rates of EGEEA, EGEE, and EGME are derivetthe urinary elimination rate of the alkoxyacetic acids was the
from the amount of variation seen in the experiments witmain source of variability in predicted doses, with secondary
hepatocytes from which the rates were derived by Gaeggak contributions from pulmonary ventilation rate and rates of
(2000a,b). metabolism.

In Table 7, the point estimates generated using mean values
of parameters. are c.ompared to .the d_|str|buyons generatedg?ﬁ’lculation of OEL Recommendations
Monte Carlo simulation. Cumulative distributions of dose mef-
ric are provided in Figures 4—8. The 95th percentile individual Uncertainty factors. Pharmacodynamics is the description
(a pharmacokinetically-sensitive individual) is approximatelgf the qualitative and quantitative differences in the response or
equal to twice the value of the mean or median of the distiirechanism of action associated with the toxic action of a
bution. The point estimate used for the estimation of dose ¢ghemical (in animals or humans). Currently available data do

TABLE 4
EGEEA/EGEE Parameters Used in PBPK Model for the Rat

Parameter Type of distribution Mean value CcVv Source of CV
CONC Normal 50.8 ppm 0.05 Doe, 1984

BWO Uniform 0.2 to 0.28 kg not applicable Doe, 1984

QPC Normal 14 I/h/kg™ 0.15 Allenet al., 1996

ALV Normal 0.65 0.07 Groesenekest al., 1986
KEX Lognormal 0.31/h 0.3 Alleret al., 1996
KEAAC Lognormal 223 I/h/kg liver 0.5 Greeet al., 1996
KEGC Lognormal 66.9 I/h/kg liver 0.5 Greest al., 1996

Note.CV, coefficient of variation; CONC, exposure concentration of EGEEA; BWO, initial body weight; QPC, pulmonary ventilation rate; ALV, alveolar
retention of EGEEA and EGEE; KEX, urinary excretion rate of EAA; KEAAC, rate of conversion of EGEE to EAA; KEGC, rate of conversion of EGEE to
ethylene glycol.

*Parameter with unknown variability.



132 SWEENEY ET AL.

TABLE 5
EGME Parameters Used in PBPK Model for the Human

Parameter Type of distribution Mean values Ccv Source of CV
BWO Lognormal 58 kg 0.15 Alleret al., 1996

QPC Normal 15.3 I/h/ky™* 0.16 Croninet al., 1995

ALV Normal 0.76 0.05 Groesenekest al., 1989
KEX Lognormal 0.3 1/h 0.3 Alleret al., 1996'
KMAAC Lognormal 4.9 I/h/kg liver 0.5 Greeet al., 1996
KEGC Lognormal 0.3 I/h/kg liver 0.5 Tysoet al., 1989

Note.CV, coefficient of variation; BWO, initial body weight; QPC, pulmonary ventilation rate; ALV, alveolar retention of EGEEA and EGEE; KEX, urinary
excretion rate of MAA; KMAAC, rate of conversion of EGME to MAA; KEGC, rate of conversion of EGME to ethylene glycol.
*Parameter with unknown variability.

not provide insight regarding these differences between réte 99.9 percentile of the human EGEE doses, but exceeds all
and humans or among individual humans for this class ©600 trials of the human EGEEA and EGME doses. The values
chemicals. In these situations, use of the default UF (of 2.5 far the 99th percentile doses and the percentile equivalents of
10°° = 3.2) for pharmacodynamic differences is recommendelde default UF should be considered approximations due to
(Renwick and Lazarus, 1998; Renwick, 1993). insufficient iterations to stabilize these values.

Another “unknown” in trying to extrapolate the animal data The model results were somewhat sensitive to the choice of
to humans is that there are pharmacokinetic differences amggnormal or normal distributions. When all parameters were
humans. The results of the uncertainty analyses also indicgi&umed to be normally distributed, the UF for intraspecies PK
that human intraspecies variability/uncertainty due to pharm@gterences increased from 1.8 for EGEEA and EGEE and 1.7
cokinetic differences is limited. We have chosen to use th§; EGME to 2.0 for all 3 compounds. When all parameters

95th percentile dose divided by the point estimate to calculgig, e assumed to be lognormally distributed, the UFs decreased
UFs of 1.8 for both EGEEA and EGEE, and 1.7 for EGME fO{O 1.4 for EGEEA and EGEE and 1.5 for EGME

intraspecies PK differences. The 95th percentile value of the ) o )

simulation is reproducible with the number of iterations Proposed occupational exposure limitsApplying UFs of
(1400-1600) used (data not shown). The 95th percentile vaR& (for interspecies pharmacodynamic differences}; ffor

for a distribution is generally considered to be a reasonatiéraspecies pharmacodynamic differences, i.e., differences
surrogate for a worst-case or “sensitive” population, but @nong humans), and 1.8 (for intraspecies pharmacokinetic
greater degree of conservatism could be incorporated by chodiéferences) results in a total uncertainty factor of about 14
ing the 99th percentile dose (increasing the intraspecies PEing applied to the previously calculated human equivalent
uncertainty factors to 2.2 for EGEEA, 2.4 for EGEE, and 2.¢oncentration of 25 ppm EGEEA or EGEE. This calculation
for EGME). The default intraspecies UF of 3.2 is equivalent tgields a recommended exposure limit of 2 ppm (25/[X5

TABLE 6

EGME Parameters Used in PBPK Model for the Rat
Parameter Type of distribution Mean value CV Source of CV
CONC Normal 10 ppm 0.1 Hanlest al., 1984
BWO Lognormal 0.175 kg 0.03 Hanleyet al., 1984
QPC Normal 14 1/h/kg™ 0.15 Allenet al., 1996
ALV Normal 0.76 0.05 Groesenekest al., 1989
KEX Lognormal 0.004 I/h 0.3 Alleret al., 1996’
KMAAC Lognormal 31 I/h/kg liver 0.4 Greeet al., 1996
KEGC Lognormal 4.03 I/h/kg liver 0.5 Tysoet al., 1989
PRA Lognormal 1.05 0.2 B. Elswick, CIIT, personal communication

Note.CV, coefficient of variation; CONC, exposure concentration of EGME; BWO, initial body weight; QPC, pulmonary ventilation rate; ALV, alveolar
retention of EGME; KEX, urinary excretion rate of MAA; KMAAC, rate of conversion of EGME to MAA; KEGC, rate of conversion of EGME to ethylene
glycol; PRA, richly perfused tissue:blood partition coefficient for MAA.

®Range of 0.159 to 0.2 kg (Hanlest al., 1984).

*Parameter with unknown variability.



Comparison of Distribution to Point Estimates of Blood EAA

TABLE 7

or MAA AUC (h-mg/L per day)

EGEEA, EGEE, AND EGME OELs

Model

Point
estimate

Median of
distribution

Mean of

distribution+ SD

EGEEA (humar)
EGEE (humarf)
EGEE (rat}
EGME (human)
EGME (ratf

183
194
216
164
157

184
194
230
166
160

194+ 71
207+ 80
242+ 88
174+ 60
171+ 62

133

*Human model values based on PBPK modeling of the first 8 weeks of
pregnancy (8 h/day, 5 days/week) at the human equivalent NAEL estimate.

’Rat model values based PBPK modeling of EGEE study of Doe (1984). .

‘Rat model values based PBPK modeling of EGME study of Haatesl.
(1984).
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10°° X 1.8]), or 11 mg/m EGEEA or 7 mg/m EGEE. Simi
larly, for EGME, UFs of 2.5 (for interspecies pharmacody-
namic differences), 18 (for intraspecies pharmacodynamic
differences), and 1.7 (for intraspecies pharmacokinetic differ-
ences) result in a total uncertainty factor of 13. Using a human
equivalent concentration of 12 ppm to calculate the recommended . .
N 5 FIG. 5. Average daily AUC values for EAA in blood, calculated for
exposure limit gives 0.9 _ppm EGME (12 ppm/@6 10°° X pregnant women exposed to 25 ppm EGEE for 8 h/day, 5 days/week for 8
1.7)), or 3 mg/m. Uncertainty factors for interspecies pharmacQyeeks.
kinetic differences are omitted (assumed equal to 1) because this
extrapolation was performed using the PBPK models.
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) _ of EGEEA, EGEE, or EGME were simulated. Once-daily
To assess the need for short-term exposure limits, scenaf®§" EGEEA or EGEE produce the same dose (average daily

involving short excursions (15 min) to elevated concentratiofo0od AUC of acid metabolite) as the 8-h TWA exposure to 0.9
ppm EGME and 2 ppm EGEE (see Figure 9 for predicted EAA
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FIG. 6. Gestation day (GD) 13-15 average daily AUC values for EAA in

pregnant women exposed to 25 ppm EGEEA for 8 h/day, 5 days/week fob®od, calculated for pregnant rats exposed to 50 ppm EGEE for 6 h/day on GD

weeks.

6-15.
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£ o to derive the uncertainty factors is used to account for interin-
£ = dividual variability.
L a The proposed OELs, 2 ppm for EGEEA or EGEE (11 my/m
e oy G EGEEA or 7 mg/m EGEE) and 0.9 ppm for EGME (3 mg/in

(TWAy) are much lower than the current PELSs, slightly lower
than the current TLVs, but higher than OSHA'’s proposed PELs
—- - (Table 9). OSHA's current and proposed PELs for EGEEA and
o EGEE are 4- to 8-fold greater than their current and proposed
- y EGME values. While the proposed OSHA PELs reflect the
d 5-fold difference in the rodent NOELs (10 ppm for EGME, 50
.-'"r ppm for EGEEA and EGEE), incorporation of pharmacokinet-
i lr-"f ics gives human equivalent concentrations that differ by only a
F factor of about 2 (12 ppm EGME, 25 ppm EGEEA and EGEE).
- B The human equivalent concentration for EGME is slightly
i /.’ greater than the rodent NOEL, due to greater efficiency in
. elimination of MAA. EAA, on the other hand, is less efficiently
' ' eliminated by humans, resulting in human equivalent concen-
g Ly Sk n A "' trations for EGEEA and EGEE that are lower than the rodent
Yuamire Thils WA Bl RACE NOEL (Gargaset al., 2000a,b). This pharmacokinetic differ-
el il ence is the reason that the recommended OELs for EGME and
FIG. 7. AUC values for MAA in blood, calculated for pregnant WomenEGEEA/E_GEE differ by a factor of about 2 when the rodent
exposed to 12 ppm EGME for 8 h/day, 5 days/week for 8 weeks. NOELSs differ by a factor of 5.
Our proposed OELs only address the risks posed by inhaled
EGEEA, EGEE, and EGME. It is acknowledged that additional
exposures to 16 ppm EGEEA or EGEE or 7 ppm EGMEermal uptake of EGME vapor may be worthy of special
produce the same average daily blood AUCs of acid metabol@@nsideration; for example, Shiét al. (2000b) report that
as the 8-h TWA exposure to 2 ppm EGEEA or EGEE or 0./guman whole-body dermal uptake of the vapors may be similar
ppm EGME, respectively. to the uptake rate by inhalation. However, since our approach
Allowable time-weighted average concentrations of the¥éas based on animal studies where the whole body of the
chemicals for workers exposed up to 60 h/week (5 12-h shif@)imal was exposed, and rodent skin is nearly always more
were also computed. TWA exposures at 0.6 ppm EGME aR@rmeable to solvent vapor than human skin, the dermal uptake
1.3 ppm EGEEA or EGEEE for 12-h shifts produce the san® vapor is inherent in the NOEL value. The Sletal. (2000b)
dose as the 8-h TWA exposure to 0.9 ppm EGME and 2 ppm
EGEE.
In the traditional work week and both of the scenarios s =
described above, equivalent internal doses (average daily blood SF P
AUC) were achieved for constantXX T (8 h at 2 ppm= 12 h ot 2
at 1.3 ppm= 0.25 h at 64 ppm).

Eomprl ativ e e Pristdlin linn
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DISCUSSION
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EGME and EGEE are known to be reproductive and deve? _
opmental toxicants in laboratory animals. Therefore it is prut = s
dent to establish OELs that are protective against such effe¢ts: ™ i
occurring in humans. Our literature review concluded that the = N
studies selected by OSHA (1993) (Doe, 1984 and Haeley., = :- ra
1984) remain the most relevant for this category of adverse -
effects. Unfortunately, exposure assessments in the various ,, R .
epidemiology and case studies evaluating these effects in hu- . - . . . -
mans have been too imprecise for establishing OELs. Our Averan Tl 1144 and A1 1
approach to establishing these limits based on these studies thaig 1 2y s
differs from the one “Se‘?' by OSHA since OUI’§ relied .u.ponFIG. 8. Average daily gestation day (GD) 13-15 average daily AUC
PBPK models to perform interspecies extrapolation. AdditioRajues for MAA in blood, calculated for pregnant rats exposed to 10 ppm.
ally, PBPK modeling combined with Monte Carlo simulatiorEGME for 6 h/day on GD 6-15.
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TABLE 8
Contributions to Variance

Parameter
Model KEX QPC KEAAC/KMAAC KEGC BW ALV CONC PRA
EGEEA (human) 0.59 0.20 0.060 0.071 0.039 0.039 N/A N/A
EGEE (human) 0.58 0.19 0.060 0.089 0.053 0.027 N/A N/A
EGEE (rat) 0.67 0.22 0.033 0.025 0.036 0.0005 0.016 N/A
EGME (human) 0.47 0.048 0.13 0.17 0.066 0.11 N/A N/A
EGME (rat) 0.63 0.19 0.034 0.034 0.001 0.019 0.094 0.00006

Note.KEX, urinary excretion rate of alkoxyacetic acid; QPC, pulmonary ventilation rate; KEAAC, rate of conversion of EGEE to EAA; KMAAC, rate of
conversion of EGME to MAA; KEGC, rate of conversion of EGME or EGEE to EG; BW, initial body weight, ALV, alveolar retention of parent compound;
CONC, exposure concentration; PRA, richly perfused tissue:blood partition coefficient for MAA.

results should, however, be considered an upper limit on pdsets potentially mediated by exposure to higher concentrations
sible dermal EGME absorption, as EGME “uptake” was cathese ethylene glycol ethers for shorter time periods (e.g.,
culated by difference, and they may not have accounted for 48 min).
losses from the system. In addition, it is biologically implau- Overall, the degree of confidence that may be placed in the
sible that absorption across an epithelial membrane would ®&L calculation stems from: (1) the degree of confidence in
the same for an organ with a large surface area specificalhe selection of NOELSs from the critical studies, (2) confidence
designed for uptake of gaseous materials (lung) and an orgarthe pharmacokinetic models used in interspecies extrapola-
with less surface area designed to protect from uptake tafn, and (3) confidence in the uncertainty factors applied in the
materials with which it comes in contact (skin). OEL calculation. Each of these issues is addressed in turn.

The simulations of 15-min excursions to elevated levels of
EGEEA and EGEE indicate that there is no need for a specfapnfidence in NOEL Selection
short-term exposure limit (STEL) for these glycol ethers on the 1 selected critical studies are summarized in Table 10. For
basis of reproductive hazards. Because adverse effects 4/& compounds the NOELSs were based on the observation of
mediated through slowly eliminated metabolites (alkoxyacetb%velopmental (anatomic) variants. When the 3 primary stud-
acids), a short-term increase in the exposure concentration di%%s(Doe, 1984; Hanlegt al., 1984: Tyl et al., 1988), were
not create a spike in blood and tissue concentrations of &,qycted, the prevailing scientific and regulatory philosophy
toxicant. Thus, we conclude that maintaining airborne TWA ¢ ngjdered these endpoints indicative of perturbed develop-
(for a 40-h work week) of 2 ppm EGEEA and EGEE and 0.Riant n keeping with that philosophy, the authors cautiously
ppm EGME will also provide protection against harmful efjyterpreted these observations of anatomical variants as signif-
icant, adverse effects.

However, the current view of the significance of these end-

= o - points by teratologists has changed. Today, these effects are
R oo pooe thought to lack toxicologic significance, particularly in the
g ) F N he N absence of frank malformation. It is also generally accepted
5 LE ST o that the interpretation of the significant developmental variants
L ol o
E [H] ; ' '.H_ :|I -
AR S TABLE 9
orF Current and Proposed Occupational Exposure Limits
L
=
aoy ! EGEEA EGEE EGME
a = 11 1= RS ftH 2 330 ey
Timm dhipurs! OSHA PEL* 100 ppm 200 ppm 25 ppm
ACGIH TLV"® 5 ppm 5 ppm 5 ppm
FIG. 9. Concentrations of EAA in the blood of women occupationallyThis study 2 ppm 2 ppm 0.9 ppm
exposed to EGEE during a 2-week period (5 days of exposure followed byOBHA PEL 0.5 ppm 0.5 ppm 0.1 ppm

days unexposed each week) predicted by the PBPK model of Gatgals
(2000b). Solid line, exposure to 2 ppm EGEE 8 h/day, 5 days/week for 2°Established 1971, OSHA, 1993.

weeks. Dashed line, exposure to 64 ppm EGEE for 15 min at the beginning ofEstablished 1984, documentation updated in 1991, ACGIH, 1999.
each work day, 5 days/week for 2 weeks. ‘Proposed, OSHA, 1993.



136 SWEENEY ET AL.

TABLE 10
Developmental Effects Relative to Potencies of Selected Glycol Ethers

Endpoints and exposures (ppm) characterizing developmental toxicity in the rat

Maternal
Test toxicity Structural Prenatal
Author compound NOAEL malformations IUGR mortality LOEL NOEL Critical endpoint

Hanleyet al., 1984 EGME 10 None None None 50 10 Variations alone (lumbar spurs, delayed
ossification: centra, ribs)

Driscoll et al., 1998 EGME 25 None None None 25 ND Variations alone (delayed skeletal
ossification, rudimentary ribs)

Doe, 1984 EGEE 250 None 250 250 50 50 (10) Variations alone (unossified sternebrae,
extra ribs)

Tyl et al., 1988 EGEEA 100 300 200 300 100 50 Variations alone (unossified cervical centra,

split centra, delayed ossification of a
process of the atlas)

Note.IUGR, intrauterine growth retardation; NB not determined (not designed as a dose-response study).
?Original author called 10 ppm NOEL but OSHA in 1993 (proposed ruledderal RegisterDSHA, 1993) changed to 50 ppm due to absence of statistically
significant effect in high exposure group.

is confounded in the presence of intrauterine growth retardavely and quantitatively valid signals of potential adverse
tion. For example, based on the experience of one of teffects to human development.
present authors (J. F. H.), these variants are rarely if everor the purpose of the present report, the NOELSs as reported
considered to be of toxicological significance by the Food afmy the authors were used, with the exception of the Doe (1984)
Drug Administration. In general, the use of these endpoints bjudy, for which the original NOEL of 10 ppm was restated as
the U.S. EPA depends on the sector and individual responsiblé ppm by OSHA (1993). It should be recognized that these
for reviewing the data, and no protocol has been established MDEL values are conservative estimates of the adverse effects
classifying these developmental effects. of these compounds due to the nature of the endpoints used in
The minor anatomic variations are viewed with uncertaintyeriving the NOELs and the substantial spacing between ex-
because many occur at high frequencies in control animagi®sure levels (i.e., 10 vs. 50 ppm vs. 100 ppm, etc.). The
their incidences vary over time, their visual determination spacing of exposure levels is based on practical considerations
highly subjective, they are frequently shown to be decreasedibyconducting the studies, but is significant to OEL setting,
treatment, and whether they significantly affect normal growthiven the obviously steep slope of the dose-response curves for
development, and salubrity of progeny is unknown. Additiorthese compounds. The salient adverse developmental effects of
ally, some studies indicate that they may not persist inthese compounds occur in the laboratory animal studies be-
postnatal life (Hayasaket al., 1985; Kast, 1994; Wickramar- tween 100-300 ppm, below frank maternal toxicity; hence the
atne, 1988) or they represent “normal” deviations in morphatonservatism of using the originally reported NOELs. The
ogy (Woo and Hoar, 1972). Further inspection of Table 1€bnsistent findings in several species (mice, rats, and rabbits)
reveals that in the selected critical studies for this group gfve a high level of confidence that OELs (and NOELSs) based
compounds there was no concordance between studies fordhehese studies should be valid.
type of developmental variants reported. However, there was ) i ,
strong agreement among study outcomes that intrauterfi@nfidence in Interspecies Extrapolation Conducted
growth retardation, prenatal mortality, and malformation were USing PBPK Models
produced in the exposure range of 250—-300 ppm. The DriscollThe confidence in the interspecies extrapolation (converting
et al. (1998) study used EGME as a positive control agent;am animal NOEL to an exposure concentration that results in
single exposure level of 25 ppm was studied, limiting intelequivalent internal human doses) derives from the confidence
pretation due to absence of dose-response design. in the predictive ability of the rodent and human PBPK models
Additionally, studies demonstrating concordance betwe¢Bargaset al., 2000a,b). The rodent models for EGME and
laboratory animal studies and adverse human developme®&8EE disposition accurately predict blood concentrations of
outcomes have not established whether developmental varightsalkoxyacetic acid metabolites in rats exposed to EGME and
are valid signals for potential adverse effects to human devBIGEE by inhalation at the NOEL and LOEL exposure con-
opment (Holsoret al.,1981; Kimmelet al.,1984). In the most centrations in the critical studies (Garggsal.,2000a,b). Thus
robust study of human concordance, that reported by Kimmtakre is high confidence in the ability of these rodent models to
et al., malformation, intrauterine growth retardation, and fungredict what the internal doses of alkoxyacetic acid metabolites
tional deficits were the only endpoints established as qualiteere in the critical studies.
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The human models for EGEEA and EGEE are based developmental effects are observed to occur in animals
urinary excretion of EAA in humans exposed to 3 differenfWelschet al., 1995). If thesan vitro results could be linked
concentrations of EGEEA and EGEE. The exposure concen-a mode of action for developmental effects in iatgivo, an
trations in these studies (Groesenekeal.,1987a,b, 1988) are interspecies pharmacodynamic uncertainty factor of 1 could be
only slightly lower (factor of 2) than the calculated humassupported. However, in the absence of sufficient mechanistic
equivalent concentrations, so the model does not have todasa on mode of action in rats, we retained the health-protec-
extrapolated very far outside the range of validation. Theve, default UF for pharmacodynamic differences between rats
confidence in the model of EGEEA/EGEE disposition in htand humans.
mans would thus be assessed as relatively high. The human
model for EGME pharmacokinetics is less well validated, asfummary of Confidence in OEL Calculation
is based on a single exposure concentration (Groesersken Using the PBPK-Monte Carlo Approach
f"‘l" 1989)' As with EGEEA and EGEE, the h“”?a” EGME Our confidence that the NOELs selected from the animal
inhalation study was conducted at a concentration that w,

| han th lculated h valent NAEL by a f t&ﬁdies are health protective is high. We deem the use of
ower than the calcu ated human equivaient yalactatault UFs for pharmacodynamics to be necessarily health
of about 2. The confidence in this model is assessed to

. L tective, as data from which to derive compound-specific
moderate due to the single validation data set, but mod P b

lati . e | th fid in t s for pharmacodynamics are lacking. For interspecies ex-
gxtrapo ation requirement. In general, the confidence in H%polation in pharmacokinetics and development of the in-
interspecies extrapolations is high.

traspecies PK UF, we are confident that pharmacokinetics at
the exposure concentrations of interest are properly described
Confidence in Uncertainty Factor Selection by the models.

he d f oh Kineti iabili h As in traditional approaches, the PBPK-Monte Carlo ap-
The degree of pharmacokinetic variability among huma roach relies on identification of the critical studies. However,

as calculated by Monte Carlo simulation, is somewhat dep stead of relying on default uncertainty factors to derive

dent on the shape chosen for t'he. parameter distribution, 0crceptable human exposure levels from animal data, we used
example, lognormal or normal distribution. We have followe BPK models for rats and humans to conduct interspecies

zhe ‘?t;(af“p'e ?]f Clewe_lrla; al.d(19%9)'|n theh Se|eCtI0n| of tf&e xtrapolation. Monte Carlo simulation of intraspecies physio-
Istribution  shapes. e distribution shapes selecte ical and pharmacokinetic variability further allows us to

Cilg;vge Il et d611!.hare the Isirggesas .IEOEG n Por't|er a;n? Kalpl place uncertainty with knowledge of how variability affects
( ) an omast al. ( ) with the exception of alveo Alinternal dose estimates. We believe that this approach makes

ventilation ratg (normal in Clewedt aI Iognormal n Thomas t?e maximum use of the data available and leads to OELs with

et aI.apd Portier and Kaplan). Justification for the selection o) stronger basis in science than traditional approaches.

a particular shape for model parameters has generally been

lacking in these studies and lends uncertainty to estimates

produced by Monte Carlo simulation. The differences in in-

traspecies pharmacokinetic variability, as calculated using difys project was supported by Union Carbide Corporation.

ferent distribution shapes, are small, so we are confident that

the calculated U, value will lead to a reliable OEL. REFERENCES
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