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1 ABSTRACT

The majority of exposure limits for gases, vapors, and particulates have as their implicit or explicit goal the control of
exposures for each exposed employee. Onemeasure of compliancewith thisgoal - for atypical single shift, TWA exposure
limit (Lrwa) - isthe probability (6,) that arandomly selected worker has a 95" percentile exposure greater than Lyy,. In
principle, the goal of an exposure assessment program should be to determineif 6, issmall, say 0.05 or less. One method
for determining if this goal has been achieved is to directly estimate 6, through the application of expensive, complex
sampling strategies that require repeat sampling of randomly selected workers, followed by a components-of-variance
analysis. Thepurposeof this paper isto present equationsfor calculating site specific exposure management objectivesthat
accomplish thesamegoal, but in principlerequire smpler strategies and fewer resourcesto evaluate. These objectivescan
be calculated for both single-shift, TWA exposure limits and the less common long-term average exposure limits, and
include (a) atarget group exceedance fraction(0), (b) atarget group 95" percentile, () atarget group geometric mean, and
(d) atarget group mean.

The author suggests that each of these exposure management objectives can be evaluated using off-the-shelf sampling
strategies and robust data analysis procedures. |If the site-specific control objective is met, the overall goal of exposure
control for at least 95% of the employeesislikewiseachieved. Examplesareprovided for singleshift exposureslimits, long-
term average exposure limits, and for dual limits, where both a single shift and long-term average limit apply.

One rule-of-thumb that results from this analysis is that the traditional single shift, TWA exposure limits should be
interpreted statistically asthe 99" percentileexposure, rather than the 95t percentil eexposure asis recommended by various
organizations and authorities.

2 INTRODUCTION

Theoverwhe ming majority of exposurelimitsfor gases, vapors, and particul ates- whether they areregul atory, authoritative,
or corporate limits\® - have as their implicit or explicit goal the control of exposures for each exposed employee such that
arefew, if any, overexposures\® (Hewett, 1996, 2001; Mulhausen and Damiano, 1998; CEN, 1995). Theexceptionsarethe
fewlong-term average exposurelimits, wherethe goal isthecontrol of exposures such that thelong-term (e.g., yearly) mean
exposure for each employeeismaintained bel ow thelong-term limit.\° Single shift exposures abovethelong-term limit are

\@ Regulatory limits include the Occupational Safety and Health Administration and Mine Safety and Health Administration
“Permissible Exposure Limits’. Authoritative limits include the American Conference of Governmental Industrial Hygienists
“Threshold Limit Values’, the American Industrial Hygiene Association “Workplace Environmental Exposure Levels’, and The
National Institute for Occupational Safety and Health “Recommended Exposure Limits”.

\> The term “overexposure” is used here to refer to any single-shift, TWA exposure that exceeds the TWA exposure limit. This
usage is consistent with the requirements or policies of numerous exposure limit setting organizations in the U.S.: OSHA, MSHA,
NIOSH, ACGIH, and the AIHA, as well as el sewhere (HSE, 1999; CEN, 1995).

\¢ Until recently, the only official long-term average exposure limit for a gas, vapor, or particulate was the 3 ppm annual mean limit
for vinyl chloride used by several European Union nations. For example, the United Kingdom had adual limit: the 3 ppm annual
mean limit, as well as a conventional single shift limit of 7 ppm. Single shift exposures may exceed the long-term limit, but not the
single shift limit. The annual average should not exceed the long-term limit. This long-term average exposure limit was recently
rescinded and replaced with a single shift, TWA limit of 3 ppm (HSC, 2002).
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in principle permitted, provided the mean exposureis less than the limit.

For this paper, we will use as a measure of compliance for the typical single shift, TWA exposure limit, or Ly, , the
probability (8p) that arandomly selected worker’ s“ 95" percentile exposure” isgreater than L,,. Wewill also assumethat
the exposurelimit goal islargely achieved when 6, iscontrolled to 0.05 or less. Similarly, for along-term average exposure
limit, or L 15 , we will assume that the goal of the limit is achieved when the probability (6,,) that a randomly selected
worker’s “mean exposure” is greater than the L, 1, is controlled to 0.05 or less.

Sampling strategies and data analys s procedures have been recommended for directly estimating 6, relativetoatruel a,
and calculating an approximate 90% upper confidence limit for 6,, (Rappaport et al., 1995; Lyleset a., 1997a). These
proceduresrequiresubstantial commitmentsin termsof anal ytical sophistication and programresources(Lylesetal., 1997b),

but moreimportantly cannot be applied to the far more common TWA exposurelimits. Assuming that most employerswill

not devote the resources necessary to fully implement these or similar schemes - for either TWA single-shift or long-term
limits - the author proposes several alternative exposure management (i.e., exposure control) objectives:

® atarget group exceedance fraction - 6’
® atarget group 95" percentile - X'

® atarget group geometric mean - G’

® atarget group mean - M’.

The purpose of this paper isto present equations for calculating these alternative objectives. Each, objective, in principle,
can be evaluated using a minimum of resources and program sophistication. Which objective is used depends upon the
preferences of the user. If the selected objective(s) is met, then both the employer and employees will be assured that the
goal inherent in the Ly, (or L 14) is aso met for at least 95% of the exposed workers. Once exposure management
objectives are calculated, an exposure sampling strategy can then be designed. The strategy design processis not covered
in thispaper, but isaddressed in arelated technical report (Hewett, 2005b) on predicting thefield performance of exposure
assessment strategies.

3 VARIABLES

Lwa - exposure limit for single-shift, time-weighted average exposures

Lita - exposure limit for long-term average exposures

X - arandom, full-shift exposure for arandomly selected worker in a specific exposure group
G - geometric mean for the group overall exposure profile

D - geometric standard deviation for the group exposure profile

D, - between-worker geometric standard deviation

D, - within-worker geometric standard deviation

) - group heterogeneity coefficient

M - arithmetic mean for the group exposure profile; mean of the “worker mean exposures’

Z, - Z-value corresponding to a percentile of the group exposure profile

Zo - Z-value corresponding to a percentile of the distribution of “worker 95" percentile exposures’
Zy, - Z-value corresponding to a percentile of the distribution of “worker mean exposures’

0 - theta; fraction of the group exposure profile that exceeds an exposure limit L

0p - fraction of the distribution of individual worker upper percentiles that exceed the L ya
O - fraction of the distribution of individual worker mean exposures that exceed the L, 14

4 BACKGROUND
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Consider the situation where an employer has 100 empl oyeesthat areroutingy exposed to a hazardoussubstance. Per year,
there areroughly 25,000 worker-days of exposure. During an ideal exposure assessment survey each and every employee
would be sampled numeroustimes. However, it iscommon for employersto collect just afew exposure measurements out
of the 25,000 possible measurements before reaching a decision that exposures are acceptable or not. For basdlineor initial

surveys, typical sampling strategies focus on characterizing the group exposure profile using as few measurements as
possible, typically one to ten measurements per year (or
longer) (Mulhausen and Damiano, 1998; CEN, 1995;
Damiano, 1995). Theresulting decision is then extrapolated
to all workers in the exposure group, whether measured or

worker 95th not, and often to other similar groups as well, for one or
15 percentiles several yearsinto the future.
L
[a) /
e The common assumption behind such strategies is that
workers can be aggregated into “similar exposure groups’
05 | (commonly referred to as SEGs) (Mulhausen and Damiano,

1998) or “homogeneous exposure groups’ (CEN, 1995) such
B — that the exposure profilesfor all or most of theworkersgroup
0 05 1 15 2 are similar to that of the entire group. Therefore, decisions

Cancentration made regarding the group exposure profile can be
extrapolated to all or most of the workersin the group. As
shown by Hewett (2005a), this can result in a substantial

Figure 1: Digtribution of worker exposures and distribution of worker
“95th percentiles’. The geometric mean, geometric standard deviation, i ) o :
and heterogeneity coefficient for the group exposure profile are 0.3197, fraction of workers having individual 95" percentile

exceeds the TWA exposurelimit of 1 ppm. In contrast, 35% of the

workers have individual 95th percentile exposures that exceed the limit. limit is the issue, a substantial fraction of workers with

individual mean exposuresexceedingthel , 1,). For example,

consider the situation where the 95" percentile of the

exposure profilefor awel | defined group of workersisexactly
equal to a TWA exposure limit. Let us further assume that the geometric standard deviation is 2.0 and the group is
moderately heterogeneous. In this situation, as depicted in Figure 1, 35% of the workers have individual 95" percentile
exposures that exceed the TWA exposure limit. (See Hewett (2005a) for the details of this calculation.)

Recognition that each worker has an individual exposure profile and that these worker exposure profiles may differ
substantially from that of the entire exposure group has led to several common sense approaches to dealing with between-
worker variability. Regarding TWA exposure limits, the National Institute for Occupational Safety and Health (NIOSH)
in 1977 recommended that employersattempt to sel ect “ maximum risk empl oyees’ when coll ecting exposure measurements
(Leidd etal., 1977). Thebasisfor thisrecommendation wasthe expectation that whenever the exposures of the“ maximum
risk employees’ arein compliance, the exposures for the remaining employees in the exposure group are most likely also
incompliance. For similar reasons, the Occupational Safety and Health Administration (OSHA) routinely permitsemployers
to select employees expected to have the “highest exposure” in lieu of sampling each and every employee.

In 1998 the American Industrial Hygiene Association (AIHA) (Mulhausen and Damiano, 1998) advanced the concept of
a“critical SEG” to address between-worker variability issues. A critical SEG isonewherethe sampleestimate of thegroup
95" percentileis between 50% and 100% of the TWA exposurelimit. Inthissituation the AIHA suggeststhat although the
exposure profile for the group appearsto be acceptabl e, there may be workersthat areroutinely exposed at levels above the
exposure limit. Consequently, additional measurements should be collected and the definition of the exposure group
examined more closaly. The AIHA noted that there are situations where between-worker variability islikely not an issue.
For example, if the sample estimate of the group 95" percentileis considerably lessthan the TWA exposurelimit - i.e., less
than half thelimit - then it is highly unlikely for awell defined exposure group that there are individual workers routingly
exposed above the limit.

For true long-term average exposure limits - L, 1, - Rappaport et al. (1995) devised an approach that deals explicitly with
between- and within-worker variability. They recommended that at |east ten randomly sel ected workers be sampled two or
more times each year. The resulting dataset would then be analyzed using several ad hoc procedures and components-of-
variance methods (for example, see Lyles et al. (1997a)) to determineif 6y, is highly likely to be less than their suggested
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critical value of 0.10. In other words, Rappaport et al. recommended that at least 90% of the workers have an individual
exposure profile mean that islessthan thelong-term limit. However, as shown by Lyles et al. (1997b), for awide range of
plausi ble exposure scenarios the number of measurements actually needed to demonstrate compliance, using this scheme,
will often far exceed the recommended 20 basdline measurements\® This begs the question, isthereacheaper, sSmpler way
to ensurethat 6, is appropriately controlled?

In summary, there are no published procedures for explicitly ensuring that, say, 95% of the workersin an exposure group
havean individual 95" percentileexposurethat islessthan aTWA exposurelimit, and the one published procedurefor long-
term average exposure limits is expensive, complex, and cannot be applied to TWA exposure limits. In this paper, the
components-of-variance (COV) modd presented by Hewett (2005a) is used to derive exposure management objectives for
the group exposure profile. 1f these objectives can be routinely achieved both the employer and employees will have
assurance that the exposure profiles are acceptable for nearly al workersin the group.

Readers should note that the focus of this paper is on the calculation of site or process specific exposure management
objectives. The design of a site or process specific exposure assessment strategy and data analysis scheme is l€ft to the
reader. However, the author suggests that strategies and data analysis schemes such as those recommended by the AIHA
(Mulhausen and Damiano, 1998) and the CEN (1995) could be easily adapted for use with these exposure management
objectives. Generic issues that one should consider when designing an exposure assessment strategy are discussed in a
related paper (Hewett, 2005b).

5 THE COMPONENTS OF VARIANCE MODEL
The COV modd presented by Hewett (2005a) is completely described by the following relation:
x ~ L(G,D,p)

which trandates as x, arandom exposure from arandomly selected worker, islognormally distributed with group geometric
mean (G), group geometric standard deviation (D), and agroup heterogeneity coefficient (p). Thismodel isnearlyidentical
to a conceptual model already devel oped for long-term average exposure limits (e.g., see Spear and Sdlvin (1989) or Lyles
et al. (19974), but has been extended so that it can be applied to the single shift, TWA exposure limits that most industrial
hygienistsencounter on adaily basis. Likeall models, this one has deficiencies (Hewett, 2005a), but is close enough for us
to be able to generalize and examine relationships between various measures of exposure profile acceptability.

The following equations will serve as building blocks for the equations presented later.
51 Group variability

Wewill assumethat the exposure profilesfor all theworkersin an exposure group are sufficiently alike that we can usethe
same geometric standard deviation (D,,) as an indicator of variability for each worker. We also assume that each worker
hastheir own unique, lognormal exposure profilewith auniquegeometricmean. Thedistribution of theseindividual worker
geometric meansisalsolognormal with variability indicated by a between-worker geometric standard deviation (D). The
overall variance, on the log scale, is afunction of the between-worker variance and the within-worker variance:

InD = {/(InDy? + (InD,)?

For the sake of convenience, let usdefineavariable p that represents the ratio of the between-worker variability to thetotal
variability:

\d Furthermore, their method fails to accurately estimate the 90% UCL for 0,, for exposure groups where there is moderate to low
between-worker variability (Lyles et a., 1997b).
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(InDy)?  (InD,Y?

P (InDY? + (InD,)?>  (InD)?

This “heterogeneity coefficient” ranges between 0 and 1. Asdiscussed in Hewett (2005a) typical low, medium, and high
values of p can provisionally be set at 0.05, 0.20, and 0.40. These values were derived from the work of Kromhout et al.
(1993).

5.2 Group Mean

The true or population mean of the group exposure profile (M) - i.e., the mean of the “worker means” - can be cal culated
from the group geometric mean and geometric standard deviation using thefol lowing standard equation (Leiddl et al., 1977):

M = exp(InG + %-InZD] = G-exp[ %-InZD] Eg. 1

5.3 Group Percentiles

The 95" percentile (X,g) Of the group exposure profile, the 95" percentile”worker 95" percentile” exposure (P, o), and the
95" percentile “worker mean” exposure (Mgs) can be calculated using the following equations:

Xo05 = exp(InG+Z-InD) Eq. 2
where Z=1.645

Pyss = ep|(ING +1.645-yTp+InD) +Z,yp-InD | v Eq. 3
where Z,=1.645

\f Eq. 4

My - epr InG + %(1—,)) : (InD)2] +Z,-yp-InD
where Z,,=1.645.
Other percentiles can be calculated by substituting the appropriate value for Z, Z,., or Z,.
54 Calculation of Exceedance Fractions 0, 0, , and 0,

The group exceedance fraction 8 can be calculated from the following equation:

InL- InG
InD

where L isthe exposure limit; i.e., Lyya OF Li1a -

0 - 1—@[ Eq.5

Similarly, thefraction (6,) of all group workers having a 95" percentile exposure greater than a Ly, , or thefraction (6,,)
of al group workers having a mean exposure greater than a1, , can be determined from the following equations:

INL - (ING +1.645-InD,,)
InD,

-1-0

p Eq. 6

\® As p approaches zero, P, o approaches X s -

\' As p approaches zero, M, ¢ approaches the group mean M.

Copyright 2005 Exposure Assessment Solutions, Inc. 6
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TWA OEL

p=0.40

p=0.20

p=0.05

0.01 0.02 0.03 0.04 0.05

0
Figure 2: Probability (0) of a random exposure from arandomly selected Figure 3: Probability (05) of a“worker 95th percentile’ exposure
worker exceeding the Ly, Versus group heterogeneity coefficient (p). The exceeding the L, Versus the probability (8) of a measurement from a
curve was calculated using Equation 9 for the situation where the randomly selected worker exceeding theL. Curvesfor low, medium, and
probability of a“worker 95th percentile” exceeding L, isfixed at 0.05. high heterogeneity coefficients are presented and were cal culated using
Equation 10.

INL - ( InG + % InZDW]

0, =1-0

M
InD,
The argument of the @ function, i.e., the quantity in the brackets, has a Z ~ N(0,1) distribution. The fraction of the Z
distribution to the left of the argument can be obtained from any Z table found in statistics texts, or from the inverse Z
function found in nearly all computer spreadsheet programs.

Eq. 7

6 CONTROL OBJECTIVESFOR SINGLE SHIFT, TWA EXPOSURE LIMITS

In the first serious discussion of exposure sampling strategies, NIOSH (Leidd et al., 1997) stated that in principle each
employer should be at least 95% confident that workers experience no than 5% overexposures relative to the OSHA
Permissible Exposure Limit (PEL). Corn and Esmen (1989) suggested that the fraction of overexposures for the entire
exposuregroup (they used theterm “exposurezone’) be0.05 or less. The AIHA Exposure Assessment Strategies Committee
in 1991 and 1998 suggested that for a reasonably homogeneous exposure group it is appropriate to set an objective of
reducing exposures to the point that the true group exceedance fraction is no more than 0.05 (Mulhausen and Damiano,
1998; Hawkins et a., 1991). The European Union in 1995 published similar guidance in a monograph on exposure
assessment (CEN, 1995).

As discussed earlier, such an objective may not result in the exposure limit goal being achieved - even small amounts of
group heterogeneity can result in a substantial fraction of workers having an individual 95" percentile greater than the
exposure limit. The following equations permit the cal culation of control objectives that, when achieved, will help ensure
that 95% of the workers have a 95" percentile exposure less than the single shift exposure limit Ly, |If necessary, the
equations can be modified for other percentiles.

6.1 Calculation of atarget group exceedance fraction (0')
L et ushypothesize agroup exposure profile wherethe true 95" percentile “worker 95" percentile’ exposureis exactly equal
toa Ly, (i.e, 6, = 0.05) and that we are interested in the corresponding group exceedance fraction 6 for any particular

heterogeneity coefficient p. The general equation, which appliesto all percentiles, can be derived by setting Equations 2
and 3 equal to each other and solving for Z:

Z = 1.645/1-p + Zo\lp Eq. 8

Copyright 2005 Exposure Assessment Solutions, Inc. 7
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Figure 4: Ratio of target group 95" percentile exposure (X'qgs) 0 the Lys Figure 5: Ratio of a geometric mean exposure limit (G ) to the Loy, versus
versus the group geometric standard deviation (D). Curveswere calculated the group geometric standard deviation (D). Curveswere calculated for
using Equation 11. low, medium, and high heterogeneity coefficients using Equation 12.

where Z, = 1.645.

Using Z, the group exceedance fraction can be determined for any value of p:

0=1-0/Z]

1-@[1.645/1p + 1.645/p

Theaboverdationshipisgraphedin Figure2. Notethat thisreationshipisindependent of group D. As p approacheseither
Oor 1, thegroup exceedancefraction 8 approaches0.05. Asp approaches0.5 thegroup exceedancefraction 6 must decrease
to approximately 0.01 in order to maintain 6, at 0.05. We concludethat if the true exposure group exceedance fraction 6
can bemaintained bel ow atarget group exceedancefraction (6'; pronounced “thetaprime’) of 0.01, then regardlessof either
D or p, no more than 5% of the workers will have individual 95" percentile exposures that exceed Lyy,. From this
discussion, it followsthat itislogical tothink of the L, asthe 99" percentile exposurerather the more commonly accepted
95" percentile exposure.

Eq. 9

The above equations can be manipulated so that a more general graph can be produced. Figure 3 shows the relationship
between 6 and 6, for p=0.05, 0.20, and 0.40. It can be seen that when 6=0.05, 6, exceeds 0.20 for the values of p selected.
When 6=0.01, 6, rangesfrom <0.001 to 0.048, which isconsistent with Figure2. Figure 3 can be produced by starting with
0 and determining thecorresponding Z-value. Next, cal culatethecorresponding Z-valuefor 6, (using Equation 8 rearranged
to solve for Z;); and then convert this Z-valueto 05 :

Z-0Y1-9]

7 Z-1.645y1-p

i /o

0p = 1-P[Z] Eg. 10

6.2 Calculation of atarget group 95" percentile (X’,gs)

It is possibleto calculate a target group 95 percentile (X',q.) Such that whenever the true group 95" percentile exposure

Copyright 2005 Exposure Assessment Solutions, Inc. 8
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islessthan or equal to X', g, thefraction of “worker 95" percentiles’ exceeding Ly, isconstrained to 0.05 (i.e., 6, = 0.05).
Set Equation 2 equal to X', and Equation 3 equal to L. Solve both equations for InG and then set them equal to each
other. Rearranging results in the following equation:

xl
0% _ exp[1.645-InD - 1.645y/1—p-InD - 1.645//p-InD] Eq. 11
TWA
Figure 4 shows this relationship for various values of D. Compliance with X', 95% of the time virtually guarantees that
0p will be less than or equal to 0.05.

6.3 Calculation of atarget group geometric mean (G') or arithmetic mean (M’)

Suppose we are interested in setting amaximum G or M for the group exposure profile, such that 6, is constrained to 0.05.
Stated another way, how low doesthe group G or | haveto bein order to reduce 6,t00.05 or below? Set Equation 3 equal
tothe Ly, and solvefor G':

G’ = exp|InLyy, - 1.645/Tp-InD - 1.645/p-InD ) Eq. 12

0, will be lessthan or equal to 0.05 whenever the group geometric mean isroutinely controlled to less than or equal to G'.
Equation 12, rearranged to solvefor G'/Ly, isgraphed in Figure 5. The corresponding group mean can be calculated by
subgtituting the above equation into Equation 1:

M = exp(InLy, - 1.645-y1p+InD - 1.645-/p-InD )-exp(;lnzD] Eq. 13
These two equations allow one to estimate the upper end of the target range for G and  for the group exposure profile.
6.4 Example

Say we are interested in controlling exposures relative to the OSHA benzene PEL of 1 ppm. OSHA has stated that there
should be few, if any, overexposures (OSHA, 1987). Say we also know from long experience that for the group in question
agroup geometric standard deviation D greater than 2 isunlikely. We do not have any site specific information regarding
the group heterogeneity coefficient p, so wewill assume afairly heterogeneous exposure group and set p=0.40. Given this
information, we can use Figures 2, 4, and 5, or the corresponding equations, to determine the following control objectives
(rounded downwards from the cal cul ated val ues):

e 0’ '<0.01 \9
® X005 < 63% of Lyyya
® G’ <20% of Lyyu

Using these as objectives for acompany exposure assessment and control program, resource efficient and smpler exposure
sampling strategies and decision logics could be devised, using perhaps the guideines published by the AIHA (Mulhausen
and Damiano, 1998) or the European Union (CEN, 1995). For example, usingthe AIHA model, 6 to 10 measurementscould
be collected from an exposure group. From the data either the group exceedance fraction or group 95™ percentile exposure
would then be estimated and compared to 0’ or X'yq, respectively. (As with all sampling strategies, additional
measurements may be necessary before making a highly confident decision, depending upon how close the group exposure
profile isthe control objective.)

\¢ Thisis equivalent to saying that the exposure group’s true 99" percentile should less than or equal to the Lyya.

Copyright 2005 Exposure Assessment Solutions, Inc. 9
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Figur e 6: Probability (0) of arandom exposure from a randomly selected

worker exceedsthe L 1, versusthe group heterogeneity coefficient (p). Figure 7: Probability (6,,) of a“worker mean” exposure exceeding the
Curveswere calculated for low, medium, and high group geometric L1 Versusthe probability (8) of a measurement from a randomly selected
standard deviations, using Equation 15 for the Situation where 0y, isfixed worker exceeding the L ». A group geometric standard deviation of 2.0

at 0.05. was assumed. Curves for low, medium, and high heterogeneity coefficients

are presented, and were calculated using Equation 16.

If regular monitoring occurs, then a comparison of the point

estimate would be sufficient. The upper confidence limit\" for the point estimate should be used for comparison (see
Mulhausen and Damiano, 1998) whenever monitoring is irregular or a decision must be made with high confidence.
Alternatively, one could compare the estimate of the group geometric mean (or its upper confidence limit) to G’'. Even a
strategy based on a simple contral chart could be used. For example, control limits could be placed at X', and G'. If
exposures are properly controlled, then no morethan 5% of the measurements (collected from randomly selected workers)
should be permitted to exceed X' o5, and 50% or more of the measurements should be below G’. (Also, no morethan 1%
of theexposures should exceed the L 1y4.) If both objectives can consistently be met, then we have reasonabl e assurancethat
the goal of 6, < 0.05 is also consistently met.

OSHA aso stated that the long-term average exposure for each worker should be “well below” the PEL (OSHA, 1987).
Using Equation 13 we can cal culate the upper limit for the true group mean. It should be no more than 23% of the L.

7 CONTROL OBJECTIVESFOR LONG-TERM AVERAGE EXPOSURE LIMITS

Asdiscussed earlier, Lyleset a. (1997a) published asampling strategy and data analysis schemefor true, long-term average
exposure limits. The default version of this scheme is complex, the confidence level is not consistent, and far more than
the default number of measurements may be necessary whenever thetruegroup p islessthan 0.20 (Lyleset al., 1997b). The
following equations permit the cal cul ation of alternative control objectivesthat will helpwill ensurethat 95% of theworkers
have amean exposure lessthan the long-term average exposurelimit L, 1, , yet in principle can be assessed using currently
available sampling strategies.

71 Calculation of atarget group exceedance fraction (0")

Let us hypothesize a group exposure profilewhere 6,, is equal to 0.05. The corresponding 6', or target group exceedance
fraction, can be determined by setting Equations 2 and 4 equal to each other and solving for Z :

\" The upper confidence limit for the sample estimate of either 6 or X, ¢ can be cal cul ated using standard procedures (Mul hausen
and Damiano, 1998).

Copyright 2005 Exposure Assessment Solutions, Inc. 10
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Z-= %(1—p)-|nD+ZM'\/ﬁ Eq. 14 04
I[LTA OEL
where Z,,=1.645. 22 ” p=0.05

] 2
Using Z, the group exceedance fraction (0) corresponding to 095 18 |
the scenario where 6,,=0.05 can be determined for any value |~ 1
of pandD:

D>
I

1-9[Z]

1-0 %(1—p)-InD+1.645'\/S Eq. 15

This equatiop i§ graphed in Figure 6 for group geometric Figur e 8: Ratio of target group 95" percentile exposure (X qs) o the
standard deviations of 1.5, 2, and 3. Given this range of | ., versusthe group geometric standard deviation (D). Curveswere

typical D values, and considering that a p of 0.4 representsthe  calculated using Equation 16.

upper end for group heterogeneity, then ageneral rule can be

proposed: the fraction of individual worker means (6,,) exceeding the L, 1, can be constrained to 0.05 whenever 6, the
fraction of the group exposure profile exceeding the L, 1, , is maintained below a 6’ of 0.10.

The above equations can be manipulated so that a more general graph can be produced. Figure 7 shows the relationship
of 8’ to 8, for p=0.05, 0.20, and 0.40. A group D of 2 was assumed. It can be seen that when 6'=0.10, 6,, ranges from
<0.001 to approximately 0.05, as expected. Figure 6 can be produced by starting with 6 and determining the corresponding
Z-vaue.

Next, calculatethe Z-valuefor 0,, (using Equation 14, but rearranged to solvefor Z,,); and then convert this Z-valueto 0y, :\

Z=-0Y1-90]
z- L 5D
z, - —2
0
Oy = 1-9[2,] Eq. 16

7.2 Calculation of atarget group 95" percentile (X’,gs)

It is possible to calculate a target group 95™ percentile (X',q) such that whenever the true group 95" percentile exposure
islessthan or equal to X', ¢, the fraction of “worker means’ exceeding L, 1, is constrained to 0.05 (i.e., 6, = 0.05). The
appropriate equation can be derived by setting Equation 4 equal to L, and Equation 2 equal to (X', Solve both
equations for InG, and set equal to each other. Rearranging and combining terms results in the following equation:

xl
T 9% - exp[ 1.645-InD - %(1—p)-(InD)2 - 1.645yp-InD Eq. 17
LTA

Figure 8 shows this relationship for various values of D and p. Thisequation would be useful where you arefairly certain
that neither thegroup geometric standard deviation (D) nor thevariability coefficient (p) exceed specific values. Compliance
with X’ ;¢5 95% of the time virtually guarantees that 6,, will be less than or equal to 0.05.

\' The above equations produce a graph equivalent to Figures 3 and 4 in Selvin and Spear (1989).
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1 1
LTA OEL i LTA OEL
08 | p=0.05 08 |
+ p=0.20 T
G 6 . M' o6 | p=0.20

p=0.40

p=0.05

LTA 04 |

Figure 9: Ratio of a geometric mean exposure limit (G ) tothe L, versus Figure 10: Ratio of a mean exposurelimit (M') to theL, 1, versusthe

the group geometric standard deviation (D). Curveswere calculated for group geometric standard deviation (D). Curveswere calculated for low,
low, medium, and high heterogeneity coefficients using Equation 18 for the medium, and high heterogeneity coefficients using Equation 19 for the
Situation where 0,, isfixed at 0.05. Situation where 6, isfixed at 0.05.

7.3 Calculation of atarget group geometric mean (G’) or arithmetic mean (M’)

It ispossibleto calculate control goalsfor G or \ such that the fraction of individual worker means (0,,) is constrained to
sometolerable level. Set Equation 4 equal tothe L, 1, and solvefor G':

G - exp[ InLLTA—%-(l—p)-InZD—1.645-\/5-InD] Eq. 18
The corresponding mean can be cal culated by substituting the above equation into Equation 1:

M = exp( InLLTA—%'(l—p)%nZD—1.645~\/§-InD] -exp(%wnzo] Eq. 19

Equations 18 and 19, rearranged slightly to solve for G'/L, 1, and M"/L, +,, respectively, are graphed in Figures 8 and 9.
Asdiscussed previoudly in the section on single shift exposure limits, thesetwo equationsallow usto estimate the upper end
of the target range for G and M for the group exposure profile. Theroutine contral of the group geometric mean to G (or
the group mean to M”) will virtually guarantee that 6, will be less than or equal to 0.05.

7.4 Example

Say we are interested in controlling exposures relative to a corporate long-term average exposure limit.  As before, let us
assume that a group geometric standard deviation D greater than 2 is unlikely and that p is expected to be 0.40 or less.
Given thisinformation, we can use Figures 6, 8, 9, and 10, or the corresponding equations, to determine various control
objectives (rounded downwards from the calculated val ues):

® (' <0.10 v

® X'105<130% of L 1a

® G' <40%of L 15

® \1' <50% of L s

Asbefore, a sophisticated sampling strategy should not be necessary to assessthese objectives. A simple, efficient sampling
strategy could be designed for estimating the group exceedance fraction or group 95™ percentile.  Alternatively, a strategy
could be devised that focuses solely on the group mean, determined using say 6 to 10 measurements as advocated by the
AIHA (Mulhausen and Damiano, 1998) for long-term mean exposure limits. Either the point estimate of the group mean

V' Thisisequivalent to saying that the exposure group’s true 90" percentile should less than or equal to the L 1a.
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(when monitoring is regular and frequent) or the upper confidence limit (see Damiano and Mulhausen, 1998) would be
compared to pj’. A superior approach may be one that assesses both central tendency and variability: the control chart
approach previously mentioned could be adapted for use with along-term average limit by plotting the sampl e estimates of
the group 95" percentile and the group mean against their respective control objectives.

8 DUAL LIMITS

Up until recently (HSC, 2002), the United Kingdom “maximum exposure limit” for vinyl chloridewas 7 ppm, using the 8-
hour TWA reference period (HSE, 1999) (see Footnote b). This single shift limit was subject to an “overriding annual
exposure limit of 3 ppm”. The question is, can a control objective be devised that, if consistently met, will ensure
compliance with both the L, and L, 1,? For example, consider the following scenario. We assume as beforethat D < 2
and p < 0.4, and use the previous eguations to cal culate the following control objectives for L,,=7 ppm and L, 1,=3 ppm:

TWA X095 = 4.40 ppm
G’ =141 ppm
M’ =1.79 ppm

LTA X095 = 3.95 ppm
G’ =1.26 ppm
M’ = 1.61 ppm

The control objectives calculated for the long-term average limit should be selected as the objectives as they areless than
those calculated for the single-shift limit.

9 DISCUSSION

Because exposure limits are designed for the control of exposures for each worker, thegoal of asingle shift, TWA limit (or
along-term average limit) should be to control the group exposure profile such that the probability of a randomly sel ected
worker’ s 95" percentile exposure (or mean exposure) exceeding the Ly (or L, 1) issmall, say 0.05 or less. Thisbeing the
case, theideal exposure sampling strategy would involve the repeat sampling of each worker each year such that sufficient
measurementsare coll ected to accurately estimate each worker’ sexposureprofile. Clearly, in most instancessuch astrategy
would be expensive and impractical. A less intensive strategy could involve repeat sampling of a limited number of
randomly selected workers. However, the statistical procedures for rigorously analyzing such data relative to a TWA
exposurelimit have yet to be devel oped, and those devel oped for long-term average exposure limits are expensive, complex,
inaccurate, and not applicable to other exposure limits.

The equations presented here can be used to devise alternative exposure management objectives. As suggested in the
examples, it should be possible to eval uate compliance with these objectives using sampling strategies and decision logics
that focus on the estimation of one or more parameters of the group exposure profile, such as the group 95" percentile
exposure, geometric mean exposure, arithmetic mean exposure, or thegroup exceedancefraction. In principle, each of these
parameters can estimated using a sample that consists of a single measurement from each of n workers. For example, the
AIHA and CEN both recommend for an initial or baseline survey that six or more measurements be collected from awell
defined exposuregroup. If the point estimate of the group exposure profile parameter is considerably lessthan the exposure
management control objective, then there is strong evidence that the exposure profilesfor at least 95% of the workers are
in compliance with the exposure limit. The employer will be highly confident that this is the case whenever the upper
confidence limit for the point estimate is also less than the control objective. (Additional measurements may be needed
before arriving at afinal decision, depending upon how close the point estimate is the control objective.)

Because random sampling isinvolved, the resulting data could later be used by researchers should the employer participate
in an epidemiological study. On the negative side, employers may require some convincing that the corporate exposure
management objective should beto control at least 95% of the exposuresto X ', rather than the exposurelimit Ly, . But
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in concept, thisisidentical to setting an upper contral limit for acritical attribute of amanufactured product so asto ensure
that the vast majority of the items comply with the customer’s upper specification limit.

9.1 Rules-of-thumb
9.1.1 AIHA*“Ciritical Exposure Group” Concept

It was mentioned earlier that the AIHA usesthe“critical SEG” concept to indirectly address the between-worker variability
issue. The AIHA suggests that as a general rule the employer should not be overly concerned about between-worker
variability whenever the sample estimate of the group 95" percentileislessthan half theexposurelimit. Thereasoning here
isthat whenever the upper end of the group exposure profileis well below the exposurelimit it is highly likely that all the
employees arein compliance, regardless of the degree of group heterogeneity. But how useful is this rule-of-thumb?

From Figure 4 we see that for group geometric standard deviations less than approximately 3.0 this general ruleresultsin
atarget control objectivethat islessthan that cal culated using Equation 11 (where p < 0.40). The AIHA general rule ceases
to be general whenever the group geometric standard deviation exceeds 3.0 and/or the group heterogeneity coefficient
exceeds 0.4. Consequently, one could conclude that for a broad range of plausible group exposure profiles the AIHA
common sense, rule-of-thumb guidance was well conceived. However, if an employer has reasonably reliable information
regarding the upper end of the geometric standard deviation and group heterogeneity for a specific exposure group or
process, a site specific control limit can be calculated. Thiswould be particularly advisable whenever the group geometric
standard deviation or group heterogeneity coefficient are expected to exceed 3.0 and 0.4, respectively.

9.1.2 Sngle shift, TWA Exposure Limits

Along the samelines, the following rules-of-thumb, applicable to exposure scenarios where the group geometric standard
deviation and heterogeneity coefficient are likely to be lessthan 3.0 and 0.4, respectively, are recommended:

« the group exceedance fraction should not exceed 0.01

» the group 95" percentile should not exceed 50% of the L, (as recommended by the AIHA; Section 9.1.1)

« the group geometric mean should not exceed 10% of the Lya

« the group mean should not exceed 15% of the L rya.

9.1.3 Long-term Average Limits

For instances where a long-term average limit applies, and the group geometric standard deviation and heterogeneity
coefficient are likely to be lessthan 3.0 and 0.4, respectively, the following rules-of-thumb are recommended:

« the group exceedance fraction should not exceed 0.10

« the group 95" percentile should not exceed 135% of the Ly,

« the group geometric mean should not exceed 20% of the Ly

« the group mean should not exceed 40% of the L1y ,.

9.2 Selection of Group D and p

To use the equations presented here the employer must have in mind upper values for group D and p. These values should
be reasonable upper estimates. In the previous examples, we assumed that a group D greater than 2 was unlikely. In
practice, this could be determined in one of several ways. Perhaps in the employer’s long experience with a particular
operation or processagroup D greater than 2 hasrarely or never been observed. Alternatively, astatistical upper confidence
limit could be calculated for a sample estimate of group D. Or a reasonable upper value could be taken from similar
operations at other locations. Key to this processis that the value selected or cal culated be a reasonable upper limit.

Regarding thegroup heterogeneity coefficient (p), an estimate could bedirectly determined or taken from theliterature, such
as Kromhout et al. (1993). For an operation or process that is frequently repeated throughout an industry, a trade
organization should be able to develop information on group heterogeneity given different types of standard controls and
work practices. A site specific, direct estimate would require the employer to collect multiple measurements from n
employees. Theresultinglog-transformed dataset woul d then beanal yzed using components-of-varianceanal ysi stechniques
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and a sample estimate of p calculated. The upper confidence limit of this sample estimate could be used as a reasonable
upper estimate of p for purposes of cal culating control objectives. In both cases, using approximate valuesfor group D and
p will result in provisional control objectives. Their suitability should be later reeval uated.

9.3 Design of Exposure Assessment Strategies

The calculation of one or more control objectivesis an initia step in the design of an exposure assessment strategy. It
followsfrom the earlier discussion on target group exceedancefractionsthat the TWA exposure limit should beinterpreted
to be at least the 99™ percentile of the group exposure profile. Thetarget group 95™ percentile (X’ 45) should be afraction
of the exposure limit (see Figure 4). Equation 12 can be used to calculate an upper limit for the group geometric mean.
General guidance on designing a strategy wherethe goal isto estimatethe group 95" or 99" percentil e can be obtained from
numerous sources, such asthe AIHA (Mulhausen and Damiano, 1998) or CEN (1995). Readers should also consider a
strategy that includesthe group geometric mean. A sampleestimate of the group geometric mean isinherently lessvariable
than any other exposure profile parameter (provided the data are reasonably lognormal). For example, a strategy that
estimates both the group 95" percentile and geometric mean (and compares the estimates to their respective control
objectives) is likely to be more sensitive to adverse changes in the group exposure profile - both variability and central
tendency will be evaluated (see the later discussion on control charts).

9.3.1 General Procedure

The flowchart in Figure 11 shows the general process for designing an exposure assessment strategy using the exposure
control objectives developed here.

9.3.2 Basdline Surveys

The general procedure for designing initial or baseline surveys has been discussed (Hewett, 2005b). For a basdline survey
the usual presumption isthat little or nothing isknown about the group exposure profile. In brief, such a survey should be
designed to reiably detect a poorly controlled exposure profile, if it exists. For example, we could define a “clearly
unacceptable’ exposure profile asonewhere 6, is, for example, 0.25. Consequently, the baseline survey strategy should be
designedtordiably detect a0, of 0.25. Verifying that a particular strategy will indeed reliably detect a clearly unacceptable
0, requires computer simulation. Readers are referred to Hewett (2005a, 2005b) for details.

9.3.3 Infrequent or Termination/Reduction Surveys

In instanceswhere there-sampling interval islikely to belong, then adecision - correct or not - will be extrapolated to all
employees in the group and well into the future. Consequently, the employer should be in a position to make a highly
confident decision. There aretimes when an employer knows (e.g., when sufficient past data are available) that exposures
are well-controlled or highly-controlled, and would like to reduce or terminate regular exposure monitoring. In these and
similar instances the employer should calculate and compare an upper confidence limit to the control objective. In this
fashion, the employer would be able to conclude with at least X% confidence that the group exposure profile is acceptable.

9.4 Control Objectivesand Control Charting

In 1967, the American Conference of Governmental Industrial Hygienists (ACGIH) committee on Environmental Factors
in the Pneumoconi oses recommended the use of control chartsfor assessing exposures (Roach et al., 1967). A basdline set
of 20 or more measurementsshould be collected. A “Warning Ling’ and an “Action Line” aredrawn two and threestandard
deviations, respectively, above the mean of the baseline measurements. TheWarning Line must be at or below the exposure
limit. All subsequent measurements should be less than the Warning Line. Any measurement above the Warning Line
should resultina“repeat visit”. A second measurement abovetheWarning Line, or asingle measurement abovethe Action
Lineindicates“...that thereis good cause for immediate action to be taken to reduce the [exposures]”.
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For example, the corporate
Start goal for substance X is to
control exposures such that

95% of the workers have 95"
percentile exposures that are
less than the exposure limit.

Set the corporate goal for
a substance.

For a TWA exposure limit
calculate a target for the
exposure group; €.9., a
h 4 target group exceedance
/ fraction, group 95t
fffffffffffffffffffffffffffffffffffff » Calculate control goal(s). percentile, group geometric
mean, and/or group
arithmetic mean.

Devise / modify an

»  Exposure Assessment
Strategy
(See Technical Report 04-03
(Hewett, 2004b) for guidance
on evaluating strategy
Test strategy performance.)
No performance. B

Is the performance
acceptable?

Develop a corporate or
company exposure

Yes
v assessment manual.

Develop SOP

‘ v

QC: Develop site-
specific estimates of &------------------—-
group D and p.

Implement and
develop field experience.

Figure 11: Generic process using control objectivesto design a performance-based exposure assessment strategy.
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The Action and Warning Lines correspond to the 99.9th and 97.7th percentilesfor the group exposure profile. According
to Roach et al., the employer should set a goal of continual improvement so that the Action and Warning Lines may
eventually be moved downwards until the Action line equals the TWA exposure limit. Although at that time the ACGIH
committeeapparently assumed that exposurestended to be normally distributed, this approach to evaluating and controlling
exposures constituted sound advice and can be applied to lognormally distributed exposures. The European Union (CEN,
1995) offered similar advicein Appendix G of their monograph on exposure assessment. Many companiesuseatimeseries
plot to visualize exposure measurements collected over the past observation interval (e.g., quarter or year). Typicaly, two
control lines are drawn: one at the TWA

exposurelimit and oneat the Action Leve (i.e.,

50% of the exposure limit). In addition to the 10
individual measurements, acompany will often
calculate the quarterly 95™ percentile (from the

'Running' 95th

percentile
sampl e geometric mean and geometric standard 1
deviation) so that one can visually assess the A
degree of compliance for the group exposure 1 = L‘,WA
profile. 1 * T Koss

In the author’s view, the control objectives
recommended in this paper are suitable for
calculating control linesfor control charts. For

Concentration

0.1 M\w\&/\

'Running' geometric

example, consider thehypothetical control chart . mean

depictedin Figure12. The TWA exposurelimit

islppm. The X', and G’ control lines were 001 ‘

calculated using Equations11 and 12, assuming 0 5 10 15 20

that the upper limits for the group geometric
standard deviation and heterogeneity coefficient
are 2 and 0.4, respectively (as was assumed in

Measurement Number

- . . Figure 12: Example of acontrol chart where the control lineswere fixed at the TWA
previous examples). According to Figure2, N0 exposurelimit, the upper limit for the group 95th percentile (Equation 11), and the upper
more than 1% of the group exposures should  limit for the group geometric mean (Equation 12). Individual data points are indicated by

Since the TWA & “X". A running group geometric mean of five measurementsisindicated by the lower

exceed the exposure limit. curve. The upper curveindicates the running group 95th percentile.

exposure limit should be considered the 99"
percentile exposure for the group exposure
profile, any measurement above Ly, should resultin aninvestigation. Thisisconsi stent with guidance published by severa
organizations. \* The X', and G’ lines are the upper limitsfor the group 95" percentile and geometric mean, respectively.
A moving (group) geometric mean isindicated by the lower curve, while the upper curve indicates a moving (group) 95"
percentile. Both were calculated using the most recent five measurements.

From measurements#1 to #10, both the moving geometric mean and 95" percentile were less than their respective control
lines. Therefore, over thisinterval theemployer had continual assurance that at least 95% of the empl oyees had individual
95" percentiles that were less than the exposure limit. Between measurements #10 and #11 a process change occurred,
resulting in an increase in both the true, but unknown, group geometric mean and geometric standard deviation. By
measurement #12 both the moving geometric mean and 95™ percentilehad exceeded their respectivecontrol lines. Although
all measurements were less than the exposure limit, the employer should have concluded at measurement #12 that it was
possible that less than 95% of the employees had acceptable exposure profiles, and launched an investigation into the
determinants of exposure. Other types of control charts can be envisioned, but the above should suggest how contral
objectives could be used in a practical sense.

\* The AIHA (Mulhausen and Damiano, 1998) suggested that each over-exposure be investigated. In the ASTM standard on
crystaline silicait is recommended that all unexplained over-exposures result in a"root cause" investigation (ASTM, 1999). OSHA
requires an investigation and appropriate action if any single measurement exceeds the Permissible Exposure Limit. In the United
Kingdom, the Health and Safety Executive requires "measures to reduce exposure" whenever any single measurement exceeds the
limit (HSE, 1999).
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10 CONCLUSIONS

Equations were presented that permit the calculation of exposure management objectives for single shift, TWA exposure
limits, long-term average exposure limits, and dual limits (where both a single shift and long-term limit apply). If these
objectives are met, then it can be inferred that the fraction of workers with 95" percentile exposures exceeding the single
shift limit (or mean exposures exceeding the long-term limit) is also controlled to atarget value. One rule-of-thumb that
resultsfrom thisanalysisisthat the traditional single shift, TWA exposure limits should be interpreted statistically asthe
99" percentileexposure, rather than the 95" percentil e exposure asisrecommended by variousorgani zationsand authorities.

In principle, these control objectives can be evaluated using the simple, common sense exposure sampling strategies and
data analysis schemes advocated by the AIHA (Mulhausen and Damiano, 1995) and the European Union (CEN, 1995).

Although the focus has been on exposure limits for gases, vapors, and particulates, it is expected that these concepts apply
toexposureslimitsfor physical hazardsaswell. The author wel comesany commentsor observationsregarding the concepts
and recommendations presented in this report.
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