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There is a huge and changing number of chemicals in commerce for which workplace exposure
criteria have not been assigned. Assigning an exposure criterion by an expert committee is
resource-intensive—not soon available for the large majority of chemicals in current use. In the
absence of assigned criteria, we have provided a regression method to estimate a first-screen
estimate of a ‘TLV/WEEL-equivalent’ inhalation time-weighted average exposure criterion for
a pure chemical (or chemical group) from a measure of a non-stochastic toxic exposure to elicit
a chronic or sub-chronic health effect, known as a lowest observable adverse effect level
(LOAEL) or a (highest) no observable adverse effect level (NOAEL). Results are presented for
six data sets for which both a threshold limit value (TLV) or workplace environmental exposure
level (WEEL) exposure criterion is presently assigned, and a LOAEL or NOAEL measure of
toxic health effect was available from the United States Environmental Protection Agency
Integrated Risk Information System data base. The results can be applied as a first estimate of
exposure to substances for which no TLV or WEEL (TLV/WEEL) exists, and also serve as a
mechanism for identifying substances for potential re-evaluation of their exposure limit, based
on their relative position about the prediction models. © 2000 British Occupational Hygiene

Society. Published by Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

The evaluation and control of chemical hazard to
human health at work relies strongly on inhalation
exposure criteria—both as professional guidelines
and legal standards. Systematic development of ex-
posure criteria began in the late 1800s in Germany
(Henschler, 1984), extending to North America in
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the early 1940s (Weisburger, 1994). Today, there
are published workplace airborne exposure criteria
(sometimes called ‘exposure limits’) for about 2000
chemicals. In comparison, about 100 000 chemicals
are presently handled in commerce worldwide.
Hundreds of new chemicals are added to world
commerce each year and the use of others ceases.
Hence, the list of chemicals in use without pub-
lished exposure criteria is an enormous shifting tar-
get (Roach, 1994). The task of evaluating all
existing chemicals far exceeds the capacity of the
toxicology profession worldwide (US EPA, 1986).
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Two of the sets of professional guideline exposure
criteria widely used in North America are the
Threshold Limit Values (TLVs), published by the
American Conference of Governmental Industrial
Hygienists (ACGIH), and the Workplace
Environmental Exposure Levels (WEELSs) published
by the American Industrial Hygiene Association
(AIHA). These exposure criteria have been used in
the authors’ present analyses.

Of the 2000 chemicals with airborne exposure cri-
teria, only about 250 such criteria are primary
limits, based on human data. The great majority
are secondary criteria, based mostly on tests using
rodents (Roach, 1994). Exposure to a chemical
often results in multiple toxic effects, often appear-
ing at different levels of exposure (US EPA, 1986).
The effect of exposure selected by a toxicologist to
evaluate a chemical’s toxicity quantitatively is called
its toxic endpoint, often a sub-lethal effect, which
can be used subsequently for developing an ex-
posure criterion for workers. The bases for selecting
the endpoint of concern usually include (1) the sen-
sitivity of the endpoint, (2) severity of the response,
and (3) whether the endpoint is reversible or irre-
versible (US EPA, 1986).

A low level of exposure to a chemical may pro-
duce an effect which is not clearly adverse (US
EPA, 1986). To distinguish those effects from ex-
posures which are adverse (cause overt or clinical
damage) from non-adverse effects (sometimes called
‘biomarkers of exposure’), a toxicologist will typi-
cally select an adverse endpoint (US EPA, 1986).
Generally, this endpoint dose is expressed in one of
two ways: as a lowest observable adverse effect level
(LOAEL), or as a highest no observable adverse
effect level (NOAEL). The severity of the endpoint
response is reflected in the value of the LOAEL or
NOAEL—as severity of response increases, the
values of the LOAEL and (highest) NOAEL are
reduced. The generic NOAEL is formally defined as
the ‘highest dose level that does not produce a sig-
nificantly elevated increase in an adverse response’
(Faustmann and Omenn, 1996).

The largest collection of published LOAEL and
NOAEL values known to the authors is to be
found within the toxicity data of the Integrated
Risk Information System (IRIS) published by the
United States Environmental Protection Agency
(US EPA, 1996). IRIS was created to provide a
source of consistent, best available toxicity data for
human health risk assessment under the United
States Superfund law for cleaning-up contaminated
real estate.

Animal tests for chronic toxicity, other than for
cancer or germline mutagenicity, typically consist of
a few dose groups with several animals at each
dose. Generally, oral doses or inhalation concen-
trations are selected over a range of no observable
adverse effect levels, NOAELs, up to a lowest

observable adverse effect level, LOAEL, at which
the selected toxic endpoint is first seen, as the ex-
posure dose (or concentration) is increased stepwise
(US EPA, 1986). The NOAEL reported is typically
the highest NOAEL measured, and identified as
such. A statistical limitation of using LOAEL or
NOAEL values to estimate the selected toxic end-
point threshold is that the measured values for
LOAEL and NOAEL will depend on the size of the
animal test groups (Faustmann and Omenn, 1996).
Another method introduced to estimate toxic
thresholds is the benchmark dose, which would be
preferred because it is based on more dose—response
information than an LOAEL or NOAEL. However,
at present, far more LOAEL and NOAEL data
than benchmark values are available in IRIS for
developing regression equations. Therefore, we used
only LOAEL and NOAEL values for this study.

Owing to the lack of published exposure limits
for most chemicals to which workers may be
exposed, there is clear potential use for a method to
provide a rapid screening estimate for a safe ex-
posure level for human exposure at work from
inhalation. This report presents a regression method
to make such a screening estimate based on
LOAEL and NOAEL data, mainly from animal ex-
periments. This work is not intended to apply to
carcinogens or mutagens, for which the prevailing
model, whether right or wrong, is stochastic. Use of
the equations developed here should be restricted to
dose-graded toxic effects in test animals or humans,
having a toxic LOAEL or NOAEL caused by oral
or inhalation exposure.

These equations were developed by regression of
the overlap between LOAEL and NOAEL data
from the US EPA IRIS data base (October 1996
edition; US EPA, 1996) and the workplace inhala-
tion exposure criteria, mentioned above: (1) the
Threshold Limit Values (TLVs); and (2) the
Workplace  Environmental = Exposure  Levels
(WEELSs). For these regressions, only time-weighted
average TLVs and WEELs were used. For each
type of guideline criterion, TLV or WEEL, the
time-weighted average value for that criterion is
intended for comparison with the time-weighted
average concentration measured in the workplace,
either for an eight-hour working day or a 40h
working week. In practice, time-weighted average
measurements of exposure are usually made over a
representative eight-hour working day, or a repre-
sentative portion of it. The publishers of these
TLVs and WEELs have set the values of these cri-
teria at levels believed to be safe to protect nearly
all workers, day after day, without adverse effects
over a working lifetime. It is important that TLVs,
and presumably WEELs also, are interpreted as
upper control limits for each working day average
exposure—not an upper limit for long-term or
working lifetime average exposures (Hewett, 1997).
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The TLV and WEEL criteria are for exposure to
single, usually pure, chemical agents. They presume
no substantive concurrent exposures to other toxic
agents. When there are, in fact, cumulative or
otherwise interacting toxic effects due to exposures
to multiple chemical agents, industrial hygienists are
expected to adjust recommended safe exposure cri-
teria down to lower concentrations, based on pro-
fessional judgement, to reflect additive or
synergistic effects, where there is reason to expect
such effects.

The method developed here estimates a prelimi-
nary safe workplace exposure limit for inhalation,
most useful for chemicals which lack an officially
assigned exposure criterion, but have a published
LOAEL or NOAEL for a toxic endpoint of con-
cern, which is expressed following a chronic or sub-
chronic latency period. This method can serve as a
first screen in the iterative process of risk assess-
ment. If a chemical turns out to have a sufficiently
low TLV/WEEL-equivalent, this may serve to jus-
tify a more detailed, formal risk assessment, or
expert committee evaluation, for setting an ex-
posure criterion.

Other potential uses of this estimation method
are in use for relative hazard ranking of chemicals
(the reason these equations were developed; see
Whaley et al., 1999), and in identifying outliers
among TLV/WEEL—threshold relationships which
are several orders of magnitude outside the beha-
viour of the prevailing data—alerting responsible
committees that a review of the TLV or WEEL
value previously assigned may be warranted.

METHODS

All chemicals used were individually identified by
chemical name and/or Chemical Abstracts Service
(CAS) identification number, in at least three
sources (Sax and Lewis, 1989; Howard and Neal,
1992; Budavari et al., 1996). Chemical names refer
to those used in the data sources, IRIS and the
TLV/WEEL lists. These are often different from
formal chemical names [International Union of
Pure and Applied Chemistry, IUPAC, or 9th
Collective Index (Howard and Neal, 1992)], accessi-
ble through the CAS numbers.

Animal data

The US EPA Integrated Risk Information
System (IRIS) data base contains over 600 chemi-
cals of environmental concern, intensively reviewed
by the Agency to determine the most credible
LOAEL or NOAEL (or, more recently, the oc-
casional benchmark dose), for purposes of conduct-
ing consistent human health risk assessments for
hazardous waste remediations under the US
Superfund law (US EPA, 1996). These data were

extracted to our data base. For methyl mercury,
measures of LOAEL and NOAEL were obtained
from the Mercury Tox Profile, published by the US
Agency for Toxic Substances and Disease Registry.
A few apparent outliers were rechecked, to verify
LOAEL or NOAEL values, again using the EPA
IRIS compact disk, read-only memory (CD-ROM);
but, for these, only January 1998 IRIS entries were
available (details in the footnotes to Table 1).

For oral exposure, the units reported in IRIS
(and usually in the primary papers for the LOAEL
or NOAEL) reflect an intake rate as milligrams
chemical ingested per kilogram body weight per day
(mg kg~' day™!). For inhalation exposure, the ex-
posure is expressed either as the concentration of
chemical inhaled, as milligram chemical contami-
nant per cubic metre of contaminated air, mg m~>
(primary data), or as an equivalent intake rate. The
equivalent intake rate assumes default conversion
factors, such as average breathing rate, tidal
volume, per cent absorbed (of that inhaled), body
mass, etc., characteristic of the test population and
test sample of that population. Therefore, the
resulting inhalation exposure expressed as an intake
rate, namely milligram chemical absorbed per kilo-
gram body weight per day, is derived, or are sec-
ondary data.

In IRIS, when there were alternative measures by
the same exposure route among which to choose,
for example both an LOAEL and an NOAEL,
usually from different studies, we chose the lower
(more protective) values for the regression data set.
Only chronic or sub-chronic LOAEL or NOAEL
measures were used. When both inhalation and oral
route LOAEL or NOAEL measurements were
available from IRIS, segregated data from both
routes were entered.

We use the meanings recommended by Eaton
and Klaassen for ‘acute’ (one exposure or continual
up to 24 h), ‘sub-acute’ (one day to one month),
‘sub-chronic’ (one to three months) and ‘chronic’
(exceeding three months) for rodent exposure dur-
ations (Eaton and Klaassen, 1996).

Exposure limits

As mentioned, two sets of professional guideline
exposure limits, the Threshold Limit Values
(TLVs), published by the American Conference of
Governmental Industrial Hygienists, or ACGIH
(1995, 1996) and the Workplace Environment
Exposure Levels (WEELs), published by the
American Industrial Hygiene Association or AIHA
(1995) were examined for inclusion in this study.

The values of 1995-1996 TLVs and 1995 WEELSs
used were all time-weighted averages. The time-
weighted average is the form of inhalation exposure
criterion normally used to protect against chronic
toxicity, and all of these time-weighted average cri-
teria were unique values. Exposure criteria that
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have no unique numeric value were deleted. When
the TLV and/or WEEL lists contained one generic
compound, but we could only locate IRIS data on
specific isomers, all isomers were assigned separate
entries in the regression data set. All asbestos values
were deleted, because they were based on counts,
rather than mass per unit volume. For the few
chemicals which have both TLVs and WEELSs, the
more protective (lower) exposure limit was used.
The combined TLV/WEEL ‘pruned’ list of unique
values amounted to 598 TLVs and 68 WEELs, for
a total of 666 chemicals.

Statistical methods

Linear regression lines were fitted to the TLV/
WEEL values, using the LOAEL and NOAEL data
as predictors. Scatter plots indicated that transform-
ation of both TLV/WEEL values and LOAEL and
NOAEL values to natural logarithms (In) linearized
the relationship between them and led to distri-
butions consistent with the requirements for linear
regression.

The motivation for developing these regressions
was to provide a hazard ranking of chemicals for
measuring progress in pollution prevention. We
have wused ‘TLV/WEEL-equivalent estimates’
obtained from these regression equations (Eqs 1-6,
Table 2) for development of this hazard ranking
(Whaley et al., 1999).

Six independent variables (LOAELs, NOAELs,
segregated by primary versus derived units; Table 1)
were correlated with their corresponding TLV or
WEEL values. This created six distinct data sets,

containing some overlap of chemical identities, but
with independent LOAEL or NOAEL values, each
data set generating a linear regression equation, to
predict TLV/WEEL-equivalent estimates for ex-
posure criteria.

RESULTS

The numbers of chemicals in each of the six uni-
variate regression data sets are presented in Table 1.
The total number of chemicals identified was 168,
for which a TLV or a WEEL and at least one of
the six variables of Table 1 were located. The data
sets based upon oral dosing had 120 and 111
points, respectively, while those based upon inhala-
tion were smaller, each containing between 15 and
38 observations.

In linear—linear space, the plots of the six data
sets all showed clustering close to the origin with a
minority of points plotted at large deviations from
the origin—unacceptable for linear univariate re-
gression analysis. However, when the LOAEL or
NOAEL and exposure criteria data were all In-
transformed, the scatter plots suggested reasonably
acceptable linear relationships (for example, Fig. 1—
3). The adjusted R? values ranged between 0.51 and
0.90 (see Table 2 and its footnote).

Linear regression estimates of TLV|WEEL-equiva-
lents

The univariate linear regression equations are
presented so as to estimate the TLV/WEEL-equival-
ent (Table 2), in units of milligram contaminant per

Table 1. Two source data sets and six overlap data sets used to generate regression equations

Name of data set Unit No. of chemicals® Source
TLV mg m~> 598 (unique; chronic, sub-chronic) ACGIH (1995, 1996)
WEEL mgm~> 68 (unique; chronic, sub-chronic) AIHA (1995)
Inhalation:

LOAEL 1 mg m~> 38 IRIS, July 1995°¢¢
LOAEL 2 mg kg™ day™' 23 IRIS, July 1995%
NOAEL 1 mgm > 26 IRIS, July 199552
NOAEL 2 mg kg~! day™! 15 IRIS, July 1995°¢
Oral: )
LOAEL mg kg~ day™! 120 IRIS, July 1995%f
NOEL mg kg~! day~! 111 IRIS, July 1995%sf

“These numbers are not mutually exclusive. A chemical can have more than one threshold measurement reported in

IRIS.

°Chlorodifluoromethane inhalation LOAEL (mg m~>) value was confirmed and inhalation NOAEL (mg m~>) was cor-

rected using IRIS, January 1998.

“Hexachlorocyclopentadiene oral LOAEL corrected for dosing schedule using IRIS, January 1998.

9Insoluble compounds of Cr(VI) oral NOAEL deleted from data set after checking IRIS, January 1998.

°Alkyl mercury values for inhalation LOAEL (mg m~>) and inhalation NOAEL (mg kg’1 day™") deleted and replaced
with oral LOAEL and oral NOAEL from ATSDR Tox Profile for Mercury, August 1997.

fOral LOAEL and NOAEL values for soluble compounds of nickel, as Ni, and for phenylaminediamine confirmed

using IRIS, January 1998.

€Inhalation LOAEL and NOAEL, triethylamine, as mg m™, were verified, and inhalation LOAEL and NOAEL
values (units of mg kg~! day™") were deleted, based on IRIS, January 1998.
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cubic metre of contaminated air. The results in
Table 2 are applied as follows to estimate TLV/
WEEL-equivalents:

TLV/WEEL(mg m ~*)-equivalent = exp{1.30
+0.635In[I-LOAEL (mg m )]}
— ! % LLOAEL*®(mg m~3)

where I-LOAEL refers to an inhalation LOAEL.
As an example of the findings, Table 3 compares
the 38 chemicals for which inhalation exposure
limits could be estimated by univariate regression
from an inhalation LOAEL, in concentration units
of mg m™> (from Eq 1 in Table 2). In Table 3, the
existing assigned TLV or WEEL for each chemical
(‘observed TLV/WEEL’) is compared to the re-
gression estimate, the predicted TLV/WEEL-equiv-
alent. As would be expected, the ratios from the
estimates fall about equally above and below 1.0.

Estimates of TLV|WEEL-equivalents from literature
values of measured LOAELs and NOAELs—25
Superfund chemicals

Table 4 reports the regression-generated estimates
for TLV/WEEL-equivalents of 25 chemicals on the
consolidated list of hazardous chemicals regulated
under the US Comprehensive Environmental
Response Compensation and Liability Act, com-
monly known as ‘Superfund’. These chemicals do
not currently have an assigned TLV or WEEL
time-weighted average exposure criterion.

Table 4 shows chemical identification (CAS num-
ber, common name), information on test species,
administration route, and basis for the experimental
determination (LOAEL or NOAEL), the actual
LOAEL or NOAEL value and units, and the TLV/
WEEL predictions. Each prediction is derived from
an LOAEL or NOAEL. For example, for chemical
1 (chloral) an LOAEL of 15.7 mg kg~' day™' from
90-day ingestion of drinking water in mice has been

established. The predicted TLV/WEEL-equivalent
for this substance was determined from
exp[—0.0686 + 0.641 x In(15.7)] = 5.5.

Goodness of fit

Distributions of the (TLV/WEEL-equivalent)/
observed (assigned) TLV/WEEL were generated for
each of the six data sets, and outliers identified. The
four inhalation LOAEL and NOAEL data sets had
no severe outliers. Among the two oral LOAEL
and NOAEL data sets, three outstanding outliers
were identified.

In the oral LOAEL data set, only data point 86,
soluble compounds of nickel, was an outstanding
outlier, with a predicted/observed ratio of 113. In
the oral NOAEL data set, only data points 11 (ber-
yllium compounds) and 28 (chromium metal and
inorganic Cr(III) compounds) were outstanding
outliers. The predicted/observed ratio for estimated
TLV/WEEL-equivalents was 620 for data point 11
and 281 for data point 28. For these three cases, we
went back to the original data and verified the pub-
lished values. We also noted that the effect of these
outliers on the respective regression equations was
trivial, partly because of the large number of data
points in each of these data sets.

Bivariate equations

Since predictor variables within the inhalation
group or within the oral group would be expected
to be collinear to some extent, we avoided most
multivariate regressions, with one exception. We
selected the eight possible combinations of two pre-
dictor variables representing measured LOAEL or
NOAEL values for the same chemical by different
exposure routes, one oral and the other by inhala-
tion, assuming these would have been measured in
separate experiments. We then ran these eight direct
bivariate regressions, to see if the strength of corre-
lations, expressed as R>-adj, might be improved
over those by univariate regression (see footnote,
Table 2). However, in this data set, the number of

Table 2. Correlations: univariate regressions of In-transformed TLV/WEELs with each of six categories of In-trans-
formed LOAELs and NOAELs

Equation number Constant intercept Slope R? (adjusted)? P-value No. of pairs (1)
Inhalation:

1 LOAEL (mg m™) 1.30 0.635 0.698 < 0.0001 38

2 LOAEL (mg kg~ day™) 0.18 0.722 0.606 < 0.0001 23

3 NOAEL (mg m™?) 1.52 0.730 0.870 < 0.0001 26

4 NOAEL (mg kg~ ' day™) 0.00092 0.771 0.898 < 0.0001 15

Oral:

5 LOAEL (mg kg™' day") —0.0686 0.641 0.555 < 0.0001 120

6 NOAEL (mg kg™' day™") 0.585 0.689 0.513 < 0.0001 111

aThe adjusted R>, is a goodness of fit measure similar to R-squared (R?), but adjusted for degrees of freedom (that is

the number of parameters in the model) (SAS Institute, 1990).
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points to generate each such equation was, in our
judgement, too small to develop meaningful re-
gressions, with » ranging from only 5 to 10.

DISCUSSION

There is a huge number of chemicals in com-
merce for which exposure limits have not been
assigned. Until now, there has been no systematic
way to estimate such an exposure limit. This paper
presents regression equations that allow a first
screen estimate for an inhalation time-weighted
average exposure limit for chemicals with a pub-
lished measure of LOAEL or NOAEL, or for
which an LOAEL or NOAEL may be estimated,
for example, using quantitative structure—activity
relationship software to estimate oral LOAELSs
(Mumtaz et al., 1995).

The input to these prediction models consists of
data derived for different purposes, and measuring
different aspects of toxicity or health effect. The
most frequent toxicity test performed on laboratory
rodents, in order to estimate hazard to human
health, is an acute lethality test, by oral or inhala-
tion exposure. Lethality is the toxic endpoint least
costly to measure and simplest to document
(Roach, 1994). A response to a toxic chemical pre-
sented at high dose over a short time can be quite
different if exposure to that same chemical occurs
at much lower doses over a long time; the resulting
acute and chronic health effects may well be
expressed in entirely different body systems (Roach,
1992).

The concern for workplace health risk is more
often from chronic exposure to low concentrations
of contaminants, especially when such agents can
cause significant non-lethal toxic effects. Chronic
animal testing is slow and costly (Roach, 1994). As
a compromise, sub-chronic testing (for example,
over a 90-day exposure period) is often conducted
as a substitute for chronic (usually lifetime) testing,
and the sub-chronic results extrapolated to estimate
chronic results. This extrapolation introduces
further uncertainty into attempts to estimate the
actual chronic toxic threshold by measuring an
LOAEL or highest NOAEL.

Two laboratories of which we are aware have
attempted to predict TLVs from acute adverse
health effect data in rodents. First, for 40 gas and
vapour respiratory irritants Alarie was able to
determine the inhaled concentration which caused a
50% reduction in respiratory rate in mice, which
was directly proportional to the assigned TLV for
these respiratory irritants—within an order of mag-
nitude (see Roach, 1992). However, there are many
substances for which the TLV is based on health
effects other than respiratory irritation, for which
this method could not be used.

Roach (1992) recognised that measures of acute

lethality in rodents, as oral dose to kill 50% of a
test group (LDsg) and inhalation concentration to
kill 50% of a test group exposed over a specified
duration (commonly four hours) are available for a
large number of chemicals in commerce. Therefore,
he proposed a generic method, applicable to a wide
range of chemicals, by which to extrapolate from
these widely available measures of acute lethality to
a time-weighted average inhalation TLV, which is
designed to protect against chronic health effects
due to much longer duration sub-chronic or chronic
exposures. This method provides different ratios for
calculation of the predicted median TLV, depending
on whether the inhaled toxic material is a gas or
vapour or aerosol, or whether the ingested toxic
material is a liquid or solid.

The method presented in this paper is different
from that of Roach (1992) in at least two respects:

1. We do distinguish between inhalation and oral
exposure, but do not differentiate between the
several possible physical phases of the toxic ma-
terial, because the number of data points in sev-
eral of our data sets was too small for such
resolution.

2. We suggest that an experimental estimate of sub-
chronic or chronic toxicity, that is a measured
LOAEL or highest NOAEL, may be a more rea-
listic and useful starting point than a measure of
acute lethality, in order to predict an exposure
criterion as the average daily (eight hour) upper
limit for workplace exposure, continued over a
working lifetime.

Quality of animal data

Our review of the quality of the data cited in
IRIS suggests some lack of consistency. The con-
sistency of the data in the TLV documentation, on
which the TLVs are based, has also been questioned
(Henschler, 1984; Roach and Rappaport 1990).

As already discussed, neither the LOAEL nor the
NOAEL is a precise measure of the real threshold
dose, for a given set of experimental conditions. In
any test group, biological variability of response
introduces a further component to the overall
uncertainty within the measure of the LOAEL or
NOAEL.

Yet, given such limitations, the regression data
sets in this study are comprised of the best data of
their types available when the equations were gener-
ated (1996). The authors expect to publish a follow-
up set of equations, taking into account new pub-
lished exposure criteria and measures of LOAEL or
NOAEL, to compare with this set of equations.
Presumably, the appearance of sufficient such new
data will not be available until well into the future
(see Validation below).
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Quality of the exposure limit data

The analysis by Roach and Rappaport of the
documentation of the TLVs argues that TLV values
have actually been set, based not on toxic
threshold, as is reported by the American
Conference of Governmental Industrial Hygienists,
which publishes the TLVs, but rather based on the
level of exposure control available in industry at the
time the TLVs were established (Roach and
Rappaport, 1990). This may explain the explicit
warning in the TLV Documentation not to use the
TLVs as a measure of relative toxicity (ACGIH,
1995, 1996). No corresponding analysis of the his-
torical documentation of the WEELs has been
located.

The toxic effect of concern may not be the toxic
effect used to determine an exposure criterion.
Often a significant but less serious effect appearing
at a lower level, has sometimes been used to select
the exposure criterion value (Henschler, 1984);
Roach, 1992). However, it is imperative that some
relative measure of toxic potential to workers be
used which is based on a toxic endpoint far more
protective than acute lethality. Therefore, as a com-
promise for now, until better harm-based data are
available, the authors and others (for example
Horvath ef al., 1995) argue that the use of exposure
limit guidelines is far more useful than measures of
acute lethality in determining relative toxic poten-
tial—for both workplace and environmental ex-
posures.

For all their limitations, the TLVs (and presum-
ably also the WEELSs) appear to be among the best
evaluated and most widely used exposure limit
guidelines we have at present. In fact, the US
Occupational Safety and Health Administration has
used TLV values, in past years, to determine its
legal exposure limits and carcinogenic status of
hazardous chemicals (Permissible Exposure Limits,
or ‘PELs’) (OSHA, 1989; Paxman and Robinson,
1990).

Apparent strong contribution from animal toxicity
data to 1996 TLVs used for these regressions

Roach and Rappaport (1990) examined the corre-
lation between TLV values and incidence of adverse
effects from industrial (human) experience—which
was very poor. Since our toxicity data used for this
analysis are derived primarily from experimental
animal LOAEL and NOAEL values, we looked at
the overlap between the TLV chemicals used by
Roach and Rappaport and ourselves. By our count,
the overlap accounts for 46% of the Roach and
Rappaport data, but only 23% of the data used for
these regressions. That is, the majority of the com-
pounds used for these regressions were different
from the ones examined by Roach and Rappaport,
for which human experience was the basis for
assigning the TLV.

International exposure limit data

This analysis has used exposure criteria from the
United States. It may be useful to repeat this pro-
cess using, for example, European exposure criteria,
to compare with the results presented here.
Examples are the German MAKs (CIHHCCWA,
1997), British OESs (HSE, 1999), and values from
other countries (Henschler, 1984; ILO, 1991;
ACGIH, 1999).

The prediction equations

Despite the different assumptions and methods
used in the development of the mainly animal
LOAEL and NOAEL data and the exposure limit
data used in these equations, it is noteworthy and
reassuring that the correlations between the two
sets are so strong. Certainly, some relationship is to
be expected, owing to the developers of the ex-
posure limits presumably consulting available ani-
mal data when deriving the TLVs or WEELs.
However, other sources of pertinent information,
including animal data other than those employed
here, human data, and economic and feasibility in-
formation were almost certainly brought into the
decision making (Roach and Rappaport, 1990),
affecting the final value of the chosen exposure
limit. This would naturally lead to increased varia-
bility around the regression line, and decrease the
reliability of predictions from the animal data.
However, as can be seen for the log-based scatter
plots, this was not a major problem in our analysis,
since clear and distinct relationships were observed.

In particular, we have shown graded toxicity by
an oral route correlates well with, and therefore can
be used to predict, inhalation exposure criteria.
This could be very useful, since we found far more
oral measures of LOAEL or NOAEL than inhala-
tion measures among the data available in IRIS.

In this study, it is not only the prediction
equations that are of interest (though they are the
main focus of this paper). The residuals around the
regression line potentially supply interesting and
useful information as well. Large positive residuals
indicate chemicals for which the observed exposure
limit is substantially greater than that predicted. It
would be of interest to explore these chemicals
further in order to determine possible reasons for
this disparity, and to explore whether the existing
limits are truly protective. Similarly, large negative
residuals provide prima facie evidence that existing
limits are unduly conservative; further research
might be done to examine if this is really so. Hence,
an interesting potential use of this method is to flag
chemicals for re-assessment by expert committees.
For example, these results may indicate that TLV
values assigned to (1) beryllium and compounds, (2)
chromium metal and compounds of Cr(III), and (3)
soluble compounds of nickel may warrant re-assess-
ment, since the predicted/observed exposure ratios
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for these three groups of materials (by oral ex-
posure) are clearly different from the rest of the
data. It may be noteworthy that all of these appar-
ent outliers are metals.

Although the authors believe there is value in a
first screen estimate for a time-weighted average ex-
posure limit provided by these univariate equations,
there is also potential for misuse of this method.
For example, it would be unwise for a company
starting to market a new chemical to use only this
method to recommend an exposure limit for that
substance. For a chemical which appears to be par-
ticularly hazardous, or which is to be widely used, a
higher level of toxic evaluation should always be
conducted. Our method offers only a first screen,
for example, for provisional or emergency use.

As already mentioned, the stimulus for this work
was design of a chemical hazard scoring system for
measuring progress in pollution prevention (Whaley
et al., 1999). For such hazard scoring, the authors
needed an exposure limit equivalent for chemicals
not assigned such a limit by an expert committee.
For this purpose, we have used LOAEL and
NOAEL values from IRIS, or software estimates of
the rat oral LOAEL (Mumtaz et al., 1995), plus
these linear regression estimates of the TLV/WEEL-
equivalent (Eqs 1-6).

Protection against most chemicals, versus protection
for most workers

The TLV/WEEL-equivalent values obtained from
the models developed in this paper provide objec-
tive estimates (employing minimum variance
unbiased estimators) of relative toxicity given the
overall relationships observed between the animal
study data and published TLV/WEELs. If, how-
ever, the derived estimates were to be used to pro-
tect workers in the absence of other data indicating
risk, the uncertainty in the predicted exposure cri-
terion could unwittingly subject some workers to an
unacceptable level of risk. Each estimate is subject
to the uncertainty caused by the variability in the
data and in the resulting regression coefficients.
Therefore, for protection of workers, for example in
emergencies or provisionally (until the chemical can
receive a careful toxicological evaluation), a user
could employ these estimates conservatively.
Various approaches to this are possible. For
example, a TLV/WEEL prediction could be divided
by a factor representing a margin of safety. This is
analogous to the Superfund risk assessment process
for non-carcinogens (US EPA, 1989). Alternatively,
a probabilistic approach could be adopted, whereby
the lower confidence interval bound of an estimate
could be employed. If a conservative approach were
deemed necessary, we would prefer the latter
approach, as it takes better account of the variabil-
ity inherent in the data used to derive the estimates.
The choice of the lower percentage bound to use, as

with any safety factor, must balance the potential
risks to humans with the feasibility of attaining and
maintaining such levels of exposure control. Even
using the safety factor approach, our TLV/WEEL-
equivalent estimates are protective against most
chemicals, but not necessarily protective of most
workers, since the biological inter-individual varia-
bility in response is not explicitly addressed in these
equations. Since the TLV and WEEL values appar-
ently incorporate safety factors designed to protect
most workers, our TLV/WEEL-equivalent estimates
should also incorporate this protection indirectly.
Therefore, we believe our assumption is reasonable,
that protecting against most chemicals in the com-
bined TLV/WEEL-IRIS data set also serves to pro-
tect most workers.

Assumption of no co-operative toxic effects

All well-accepted current exposure limits, to our
knowledge, assume no co-operative toxic effects. An
industrial hygienist aware of an additive, synergistic
or antagonistic effect should use professional judge-
ment to adjust the advised maximum exposure.
This limitation applies to our results also.

Validation

Validation of any method of prediction is import-
ant. However, neither the TLV nor WEEL lists, nor
the IRIS lists of chemicals are likely to grow rapidly
and substantially over the next few years.
Therefore, validation with new data by major
expansion of these lists is not likely to be possible
for some time.

CONCLUSIONS

We have successfully generated univariate linear
regressions to estimate TLV/WEEL-equivalent
values from measures of the LOAEL or NOAEL
for non-carcinogens to which an exposure limit has
not been assigned by an expert committee. These
estimated exposure limit values are only first screen
estimates, which will often require further toxicity
evaluation. These first screen estimates should not
be misused as final exposure limits. Because of the
uncertainty in these regression estimates, the
authors recommend using them to protect workers
only in special circumstances, for example, in a pro-
visional or emergency way. Such a precautionary
approach may impose exposure controls greater
than necessary for some chemicals. Results from
this modelling may provide leads in re-evaluating
the existing exposure limits for certain substances
which appear to fall distinctly above or below the
fitted regression lines.
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