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Interoffice Communication

To D. A. Kuhn

From W. D. Broddle

Date August 9, 1979

Subiect Literature Search for Reproductive Effects of Benzene

I have reviewed all available experimental data on reproductive studies
involving benzene and have found no additional information not contained

in your memo to R. E. Lehmkuhl on July 13, 1979. 1 have also communicated
with Dr. Cliff Conaway (Texaco) whe is chairman of API's Toxicity Committee
dealing with reproductive effects of benzene. Dr. Conaway stated that API's
studies would not be completed until 1980, but that all previously reported
reproductive effects on benzene, belew 80 ppm, are equivocal.

Thus, I agree that 1 ppm TLV (3 pp= ceiling) should prevent unreasonable
worker risk, but the potential toxicityv of benzene merits close adherence

to these atmospheric limits, especizally when one desires a reasonable
factor of safety below toxic experizmentali doses.

W. D. Broddle
jlk
CcC:

R. C. Allred
T. R. Samsell
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Interoffice Communication:=:
Yo . _R. E, Letmkuhl_ o ) o .
- J3 IPA. SZ21ze ol RasmLTOn end Lwiowatta T e rlm Trea"l ZIlwUE
From < - &P AZTRUhAS “iRsson, J.C.. it ?:—-:‘.‘ =
Dete :""Uuly 13::1979--, C;;'.;,—‘:-:i:-_-'. .‘:i.:'--__:'—_..---". '.—'-;;'_j.'t_..'u"“"e-_:':'."—:t

JGLCTRAIIORZL IXTORUTE To LemIiTe. res. L. -, JlIlm, iMEY . o--l 4 .
_Subject EFFECTS OF BENZENE HARMFUL TO FEMALES

i. | TwpEriment o Lapor OsowTeziicTsl Zalfscv oans '.‘.'_'_'._‘..'_ LrmEmiermeIi .
Toccopaliionss IIPURKIE IO Iendene, ITel. Rtg. -2, SEed, (TemwweTT i,
ACTO\W

As yoﬁ %Equested I have reviewed several recent surveysl'3 and the

information in our files on benzene toxicity. There are no reports

implicating‘benzene-as*especialiy -toxic- to vomen-in human'stadies--

although*there areaseVerai caﬁe-reports describlng the~sudden  Baset =7

There‘ar!“Jﬁowever*:sevetar-reports of ‘reproductive  effects from-- - - -=°
benzene- inhalation in~female expérimental’ animalsS-8" -Anaiyzing-these
collectively, benzene is observed to have weak toxic effects on o
pregnant“femaies and- on: fetuses at -about? 50 ppm in the experimental- —
animals. - In* one stuay-at‘SOO ppm;-ueak teratolog1c effeéts were also™ "
observed:S- . ¥iE).

These findings—shoulﬂ “be puti-in perspectiVe—* Hany toxicological effects-=-
in both-humans and: experimentai animals,“males-and-females, are’ found
after .exposure to benzene in the range 20 ppm and higher. Among them

are acute affects such as- vertigo, drow51ness, headache and _nausea, as
well a&"éhtomdsomal’ “breakage; leukopenia} pernicious‘and- aplastic

anemia and leukemia. There are also three articles dealing with effects
en males 9-11 "While-the-informatisdn on'males is sparse’and-inconéiusive,
limited-data suggest a gonadal effect in male animals at 80 ppm.l0

iT. conclude-that theré is- only as “smailfamdunt- of informatiOn anut ‘the-: &%°
effecti of benzene on-a: woman or “her developing ‘fetas: “None ifdicate a
special” sensitivity. “What ‘we have'télls us that the harmful effects
occur within the same concentration range found for_many of the toxic
—effects die to benzene exposure:- for both men and- women. -Consequently; -
our decisiotho set a-Conocé” ‘maximamn” permissible exposure:level-at 1 ppm
benzene;—far below-the levels where these effects have been noted, is
the proper course to adequately protect men, women, and their potential
offspring. Because these effects have been found at relatively low
concentrations we should redouble our efforts to assure that the 1 ppm
maximum permissible exposure level is being scrupulously maintained.

D. A. Ruhn
DAK:ajo

cc R A Darling, R T Ferrell, D L Norwood
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NOV o 9 1882
All Plant Managers
MEuioat OV,
R» Eu Lehmkuh‘

January 28, 1377

Standard for Employee Exposure to Benzene

Effective Inmediately, Conoco Chemicals standard for maximum permissible
exposure to benzene will be an 8-hour time weighted average concentratlion

of l-ppm in alr.

fFeasible englineering controls will be Implemented to reach this level In

the plants. |If engineering controls are not sufficient to reach the per-
missible exposure level they will be supplemented by work practice controls
and respliratory protection. While engineering controls are being designed
and constructed, work practice controls and resplratory protection sufficlent
to meet permissibie level should be employed.

. Lehmkuhl

L. Lembke, M.D.

L. Whetstone, M.D.
Doyle, Legal

o Kuhn

-
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' HASKELL LABORATORY

Common Name: Benzene

Chemical Name: Benzene ~

CAS Registry No.: 71-43-2

Chemical Structure:

O

Physical and Chemical Properties:

Form: Liguid

Molecular Weight: 78.12

Boiling Point: 80.1°C @ 760 mm Hg

Melting Point: 5.5°C

Density: 0.87865 (20/4°C) -

Vapor Pressure: 10C mm Hg @ 26.1°C T
40 mm Hg @ 7.6°C R

Conversion Factors: 1l mg/l = 312.5 ppm )

1 ppm = 3.2 mg/m3 -

Recommended AEL:

10 ppm {(8-hour TWA) J{f -

Chronic exposure to high concentrations of benzene is
capable of causing an effect on the blood producing organs.
Exposure to concentrations greater than 30 ppm has been reported
to produce leukemia. Changes in the bloocd of exposed animals
confirm this finding (1). These changes are the basis of the
current 10 ppm TLV® (1) and OSHA PEL (2). OSHA has proposed a
lowering of the PEL to 1 ppm. This proposed standard has been
challenged in the courts as unreasonable (3). Recently, Exxon
has reported to EPA that benzene may have an adverse effect on
reproduction of laboratory animals (4). Exxon's conclusions
were based primarily on a study performed by Litton-Bionetics and
sponsored by the American Petroleum Institute. In this study
pregnant rats were exposed to 0, 8.7 or 43.4 ppm of benzene on
days 6-15 of gestation. Litton reported a significant effect on

SAL 000001374
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resorptions, resorptions/site and live fetuses/site at both levels
(5). A review of this data by Du Pont biostatisticians indicates
it to be egquivocal.

Benzene is listed by Du Pont, ACGIH and OSHA as a carcino-
gen Lkased in part on reports suggesting long-term exposure as a -
possible cause of leukemia in rubber industry workers (6). When
the Du Pont classification was proposed it was recommended that
benzene levels be maintained below the OSHA-recommended limit of

10 ppm. Efforts taken to comply with this recommendation should
not be relaxed.

The Committee's recommendation was to maintain benzene
levels as low as. possible. However, we are of no unequivocal

data which shows that an 8-hour TWA of 10 ppm is not adeguate to
protect worker health.

References
1. Documentation of TLV®s, 355-356 (1974-75).
2. Code of Federal Regulations, Title 29, Section 1910.1028.
3. Chemical Regqulation Reporter, 1(53), 1955-1956 (1978); Ibid.,
2(3), 73-74. -
4. Section B8e (TSCA) Report, Exxon Corporation to EPA dated 9/28/78.
3. Unpublished Data, Litton-Bicnetics Inc., Project No. 20698-3 (1977).
6.

McMichael, A. J. et al., J. Occup. Med., 17, 234-239 (1975).

Richard C. Graham:md
December 12, 1979
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UNIVERSITY OF CALIFORNIA, BERKELEY

BERKELEY = DAVIS » IRVINE « LOS ANCELES = RIVERSIDE ¢« §AN DIEGO * SAN FRANCISCO SANTA BARBARA * SANTA CRUZ

SCHOOL OF PUBLIC HEALTH EARL WARREN HALL
DEPARTMENT OF BIOMEDICAL AND BERKELEY, CALIFORNIA 84720
ENVIRONMENTAL HEALTH SCIENCES

October 22, 1986

Dr. James Vail

American Petroleum Institute
1220 L Street, N.W.
Washington D.C. 20005

Dear Jim:

Enclosed is a manuscript just submitted to Applied Industrial Hygiene,
the new ACGIH journal. It is a rewrite and condensation of the descrip-
tive parts of the report and I don't believe it contains anything con-
troversial. 1'd appreciate any comments you might have in 6-8 weeks so
I can incorporate them in whatever further rewrite we have to do.

The intent is to write a second paper dealing with compliance versus
risk and I will send you a draft of that at an earlier stage in the pro-
cess.

Hope all is well with you.

Sincerely,

—=)

A4
R o S
Robert C. Spear, Ph.D.
Professor
RCS/p
Encl
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Benzene exposure in the petroleum refining industry

ROBERT CLINTON SPEAR, STEVE SELVIN, JANE SCHULMAN and MARCIE
FRANCIS

Northern California Occupational Health Center: School of Public
Health: University of California: Berkeley CA 94720
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Benzene exposure in the petroleum refining industry

SAL 000001378



Benzene exposure data, submitted by nine petroleum refining

companies, were studied with the general objective of
characterizing the distribution of exposures within work
operations and job categories. The data were collected by

company hygienists over the period of years between 1978 and
1984. 2ll measurements were of personal exposures determined
using charcoal tubes or organic vapor monitors. 0Of the 123
location and unit specific job groups studied most eight-hour TWA
exposures were below 1 ppm. For some groups, however, the
variability in exposure was such that 10% or more of exposures
exceeded 1 ppm. For nineteen of the most highly exposed groups
sufficient data was available to study the variability in
exposure associated with individual workers versus the common
work environment. Results indicate that there were some cases in
which variability in exposure was mostly associated with the
environment and others in which it was mostly associated with
differences between workers, but it was most often approximately
evenly split between the two sources. This analysis provides
guidance in determining whether control strategies should be
targetted at the work environment or at work requirements or
practices of individual workers within the group. Some short-
term exposure data were included for study. It was found that
most fifteen-minute TWA exposures were less than 1 ppm , but
again, there were groups with highly variable exposure with some
measurements in excess of 5 ppm. These were often in jobs

inveolving loading and unlcading operations of barges or tanker
trucks.
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Introduction

In the latter part of 1984 we were asked by the American
Petroleum Institute to conduct a study of benzene exposure data
available from some of their member companies. These data had
been collected by company hygienists over the years 1978 to 1984.
The goals of the study were to:

1. Characterize the distribution of exposures within work
operations and job categories.

2. Estimate the proportions of individuals exposed to
benzene at or above levels ranging from 0.5 to 2.0 ppm.

3. Investigate the usefulness and suitability of specific
statistical distributions as summary descriptors of
exposure, e.g. normal, log-normal, etc.

4. Investigate intra-personal variation as a proportion of
total variation in exposure levels within job categories.

5. Assess the implications of the results as they relate to
air sampling strategies and the definition of compliance
with OSHA standards.

These goals can be broadly classified into descriptive,
analytic and policy-related aspects of the study. In this paper
we deal first with a description of the benzene exposure levels
in various ﬁarts of the industry during the time peried in
question. We then present an analytical framework which we found
to be necessary to characterize exposures adequately and to deal
with issues of exposure variability within and between workers.
The policy implications of these analyses, in the context of item

5 above, will be treated in a subsequent paper.
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The Data Base

The data base of personal exposure measurements which was
available for analysis was comprised principally of eight-hour
time weighted average (TWA) values, although some short-term
exposures measurements were submitted. An early decision was
made to focus on the eight-hour data to avoid the additional
variability that would be introduced by different sampling
durations. (1) All measurements were collected with either

charcoal tubes or passive organic vapor monitors.

Data were submitted by nine petroleum refining companies.
The measurements were originally collected for many different
reasons by the company hygienists and, for the majority of the
data, it was impractical to consider separately samples collected
under routine conditions versus those collected to characterize
exposures during unusual circumstances. In that regard,
respiratory protection was used in some of these exposure
situations although we did not collect data on the fregquency of
respirator use. In general, each measurement was classified by
worker identifier, location, unit and job. The fact that more
than one observation was collected on most workers presented the
possibility of estimating the variability in exposure due to the

common work environment versus that associated with a particular

individual.

Early in the study considerable effort was given to working
with the company hygienists in an attempt to define job
categories that would at least approximate egual exposure groups.

In some companies the specificity of job titles made it necessary
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to pool several job categories into a single exposure group for
analysis. In the end, all job groups were specific to a
particular refinery, a unit within the refinery and an operation
within the unit. For example, one particular job group was
comprised of all benzene production operators (24 persons and 58

measurements) on the benzene and cyclohexane unit at location B.

Descriptive Results: Eight-hour TWA Measurements

Once we had come to an understanding of how to specify job
groups, we asked the companies to submit eight-hour exposure data
for all such groups for which there were 30 or more measurements
cocllected from roughly 10 or more workers. There were 123 such
groups. We have chosen to describe these data by giving the
proportion of the measurements below the limits of detection and
the propeortions of measurements observed above 0.5,1.0 and 2.0
ppm, values of potential regulatory significance. Table 1
contains the descriptive exposure data for groups where at least
10% of measurements exceeded 0.5 ppm. That is, data are reported
for the most highly exposed groups. The limits of detection vary
by sampling medium and by analytical method. Since these factors
differed from company to company and over time within companies,

detection limits were reported separately for each data

submission.

For 30 of the 123 groups all of the measurements were below
0.5 ppm. For many of these 123 groups the fraction below the
limit of detection was also quite high. On the other end of the

scale, roughly fifteen percent of these groups have significant
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fractions of the measurements in excess of 1 ppm. The groups with
relatively high exposures and with adeguate numbers of
measurements will be considered below in some detail. The high
exposure groups are comprised of operators of production units
within the refineries, bulk transfer or loading operations and

laboratory gquality control activities.

There was some interest in the exposure of maintenance
workers and a special effort was made to obtain data on this
employee group. The data submitted were eight-~hour TWA values
and are summarized in Table 2. However, the nature of
maintenance work is such that these groups are not unit specific.
Most, in fact, are only company specific so that there can be no
pretence of uniformity of exposure. Nevertheless, it should be
noted that only about 5% of the measurements exceed 1 ppm and a

large percentage of the measurements are below detection limits.

Descriptive Results: Short-term Exposures

An effort was made, late in the study, to obtain data on
short-term benzene exposures. In general, short-term refers to
exposures measured over intervals of 5 to 30 minutes when a
particular task or work condition 1lead the hygienist to expect
high transient exposures. The format for data collection and
analysis was, as with the eight-hour data, focussed on unit and
site specific job groups. In this case we sought at least ten
measurements per group, but no further constraints were imposed.
The majority of data was submitted by one company, but thereare

some data from a total of four companies.
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Table 3 contains a summary of the data in the same format as
used for the eight-hour TWA data. The exceedance fractions are
based only on a count of the number of measurements above each of
the limits where each measurement is treated as an independent
value. In all cases the sampling medium was charcoal tubes.
Because the sampling time was not uniform the values were
normalized to a 15 minute standard. If the measurement duration
was less than 15 minutes it was assumed that the task was
complete and no further exposure would have occurred. Hence the
TWA value was adjusted downward by the ratio of the sampling
duration to the 15 minute standard. If the duration exceeded 15

minutes the TWA value was left unaltered under the assumption

that exposure was uniform over time.

As can be seen from Table 3, most of the short-term
exposures are very low. However, as with the eight hour data
there are some groups that show relatively high exceedance
fractions even at 5 ppmn. Those groups showing exceedance

fractions of 0.10 or above at 5 ppm are involved in tank gauging,

loading and unloading operations, barge transfer operations and

tanker truck loading.

For some groups in Table 3, groups 29 to 31 for example, the
limits of detection were relatively high. This leads to high
proportions below the detection limit, but also high proportions
of the measurements in excess of 0.5 ppm. These entries are not
in error and simply indicate short sample duration and

correspondingly high detection limit situations.
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Analytical Framework

The descriptive data leaves one with the impression that, to
the extent that these data are representative of the industry,
most operations are associated with exposures below 1 ppm most of
the time. Some operations, however, have significant fractions
of their exposures above 1 ppm. To reach any more specific
conclusion, on the basis of these descriptive data alone, is
difficult. Indeed, we cannot even respond to the second gcal of

the study which was to estimate the proportions of individuals

that were exposed to various benzene levels since these data
relate to the proportion of measurements rather than of
individuals. What is needed is a framework to disentangle the
individual worker's contribution to overall variability from
those environmental factors that contribute to the variability in

exposure common to the group.

Oldham and Roach were apparently the first to apply analysis
of variance technigques to exposure data to investigate worker to
worker versus day to day variability in exposureﬁz) The concept
is shown schematically in Figure 1. The idea is that each
worker's exposure differs from day to day, and that, over time,
the exposure is best described by a distribution of eight-hour
TW2A measurements which will generally be different for each
worker. These are the distributions shown in the middle of the
Figure. If these distributiocns are not the same for each worker,
then one's view of the exposure of the group, based on a sample
of exposure data of the sort presented above, obviously depends

upon which workers were selected for measurement and how many
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times each was measured, hence, the difficulty in interpreting

the benzene data without directly addressing this issue.

We adopted an analysis of variance model based on the
proposition that the distribution of individual exposures was
log-normal and that the variance of each of these individual
distributions is the same for each worker, but with differing
mean levels of exposure. Because the individual variances are
assumed identical, the only remaining element of the model to be
specified concerns the distribution of mean values among workers.
It is not unreasonable to postulate that this distribution is
also log-normal. This is the distribution shown at the bottom of
the Figure. That is, if one were to determine the mean value of
each worker's exposure distribution and there were a large number
of workers, the distribution of means would also be log-normal.
(The means referred to here are the statistical expectations,
estimated by the arithmetic means, or the first moments of the
log-normal distributions, not the geometric means or the means of
the logarithms.) Consequently, the exposure distribution
obtained by randomly selecting workers, and randomly selecting
days on which measurements were to be taken, is also log-
normal.(3) This latter distribution is that shown at the top of
the Figure and includes both the day to day and worker to worker
components of variability in exposure. There is empirical
evidence that these distributional assumptions are valid in many
exposure situations, but we shall subseguently address the

gocdness of fit issue in the context of the benzene data.
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In order to apply this model te the analysis of the benzene
data it is necessary to give its analytical formulation and
specify the parameters that will be estimated from the data. To
this end let h(x) be the overall distribution of exposure levels
(the distribution at the top of the Figure), f(x|u) be the
distribution of the exposure of an individual worker whose mean
exposure 1is uy (the distributions in the middle of the figure
illustrating several values of p and g(u) the distribution of
means across the worker population (the distribution at the

bottom of the figure). These three distributions are related by

the expression:

h{x) = J[f(XIu)g(u)du (1)
)

To explore the properties of h(x) it is necessary to specify
the parameters associated with two basic log-normal

distributions. Specifically,

g(u) is log-normal: geometric mean = GMB
geometric standard deviation = GSDB

f(x{u) 1s log-normal: geometric mean = GMW
geometric standard deviation = GSDW

Further, represent the means and variances of the normal

distributions of log(u) as by = log (GMB), oB=log(GSDB), and

log(x) as W, = log(GMW) and oy = log(GSDW). Note that B refers to
the distribution between individuals which is the distribution at
the bottom of Figure 1. Similarly, W refers to within individual
distributions and T to the total distribution i.e. the

distributions in the middle and at the top of Figure 1,

respectively.
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Under these conditions (g and f both log-normal) h(x) is
also a log-normal distribution with geometric mean egual to

. . ( 2 2
expﬁm-%-ﬁf)and geometric standard deviation exp(f, * 9 L(3)

The expected value of the exposure of a randoem individual

selected from the distribution h(x) is exp(uB*-%tJZ}which is

B
identical to the mean of the distribution g(u). Table 4 gives an
illustration of these three distributions for specific values of
the log-normal parameters. It is the estimation and manipulation
of these parameters that allows separate assessment of exposure

due to individual differences (GSDB) versus those due to common

environmental factors (GSDW).

Highly Sampled Groups

In order to estimate the parameters of the model it is clear
that the exposure data have to include multiple measurements on
each worker and multiple workers per group. In the benzene data
we required, somewhat arbitrarily, that each group analyzed
should have at least 45 eight-hour measurements on at least 15
individuals with an average of at least two measurements per
individual and not more than 30% of the measurements below the
limit of detection. These criteria provide sufficient numbers of
observations to produce stable estimates of the log-normal
parameters. The first nineteen groups in Tabkble 1 met these

criteria and are the subjects of the subsequent analysis.

Standard statistical procedures were used to estimate the
model parameters.(3) These procedures provide consistent
estimates while taking account of the fraction of the

measurements below the limits of detection. Before presenting
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these results, let us deal with the goodness of fit issue, that
is, the degree to which the model adequately summarizes the data.
We chose to focus on the right tail of the top, h(x), and bottom,
g(u), distributions of Figure 1, clearly the most critical part
of any exposure distribution. In particular, we chose to
contrast the proportion of measurements above 1 ppm predicted by
the model with that observed and to contrast the predicted
proportion of individual means above 1 ppm with those observed in
the data set. That is, the means and variances of the model were
estimated from the data and these estimates were used to predict
the fraction of measurements or the fraction of individual means
above 1 ppm. These estimates were then contrasted with the
observed exceedances. These contrasts are presented in Tables 5
and 6. These values are calculated using the relationships in
the previous section. For example, the values in Table 5 come
from h{(x) where:
P =P{(Z > [1log(1.0) - log(GMT)]}/1og(GSDT) }

where Z has a standard normal distribution.

As can be seen from Tables 5 and 6 the observed and
estimated exceedances are generally in close agreement. Where
there are differences it is not clear whether they are due to
inadequacies of the model or problems inherent in the data. That
some data-related differences should exist is not surprising
since, as noted earlier, these data were collected for many
reasons and it is wunlikely that considerations of

representativeness and independence were high priority criteria.

SAL 000001389
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We know that the benzene data are right-skewed and bounded
below by zero, both characteristics o©f the log-normal
distribution. These facts, together with the data presented in
these tables are the principal evidence that can be offered on
the distributional questions in any rigorous sense. The gquantity
of independent data was not sufficient to allow a more thorough
evaluation of the distributional properties of the observed data.
Nevertheless, we felt comfortable in adopting the log-normal

model as a basis for subsequent analyses.

Table 7 contains the results of an analysis of variance for
the nineteen groups. The mean value reported in Table 7 is the
estimated arithmetic mean of both the total distribution and of
the distribution of individual means. This value and the
appropriate GSD allow one to calculate the geometric mean for

either the total distribution, h(x), or the distribution of

means, g{(u).

The PERCENT column of Table 7 gives the percent of the total
variability that is attributable to differences between workers
as opposed to that associated with the common environment. [This
value is based on the variance of the logs of the measurements
rather than the GSDs or the second moments of the log-normal
distributions.] If this number is near 100% it indicates that
the group was heterogeneously exposed and that there were
differences in the exposure of individual workers due to
different work practices or to different tasks. A PERCENT value
of 100 corresponds to a GSDW of 1.00 which, in turn, corresponds
to zero variability associated with the environment. As can be

0
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seen from the Table, there are groups where the variability is
principally environmental, e.g. group 1, and others where
variability is totally between workers. In general, however, a
somewhat greater proportion of the total variability seems to be

associated with differences between workers than with the common

environment.

Three out of four cases in which the variability (GSDT) is
almost totally associated with differences between workers are
associated with groups from a single company. We suspected that
this might be due, at least in part, to the sampling strategy
used by this company. For example, workers might have been
preferentially selected for monitoring because their exposure was
highly variable. To explore this issue we calculated the
correlation between the number of measurements per individual and
the variance of those values for each group. Correlation
coefficients are given in Table 7 under the column labelled r.
As can be seen, there is a clear tendency for high values of r to
be associated with high values of GSDT indicating that the total
variability was inflated in some of these groups by repeated

sampling of workers with the most variable exposures.

For some of these groups we were able to pursue this issue
further and explore the possibility that these high variances
were associated with non-routine exposure conditions. For groups
5, 6, 7, and 8, all associated with one company, it was possible
to determine that measurements taken during turn-around and

inspection conditions were over-represented in the sample and
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contributed disproportionately to the variance estimates.
Similarly, the most extreme value of GSDT, 9.62, comes from group
18 and results from the dominance of the data from only three
individuals who have highly variable levels of exposure and were
sampled repeatedly (r = .402). These results underscore the
caution that must be exercised when attempting to form useful
conclusions based on statistical analysis of data that were not

originally collected with such analyses in mind.

Conclusions

From a descriptive point of view, we found that average
eight-hour TWA exposures in most job groups that we analysed were
below 1 ppm. However, in a number of cases, the variability was
sufficiently high to result in 1 ppm exceedance fractions of 0.1
or above. This finding is true for both the distribution of
means, g(u), and the distribution of measurements, h(x), in those
cases where adequate data were available to partition the
variability. In a subseguent paper we will explore the

implications of this finding to health risk assessment and to

compliance monitoring.

Although the data were not adequate to allow a conclusive
investigation of the goodness-of-fit of the log-normal model, our
limited exploration of the issue gave no indication that the
assumption was misleading in this application. 1In fact, the
conceptual clarification arising out of the analysis of variance
model is a principal result of the benzene study. If the data
have been collected so as to be representative of the exposure of

the group, the log-normal model offers the hygienist an

SAL 000001397



opportunity to identify the most promising strategy for exposure
reduction. If, for example, it is found that there is little
difference in the exposure of the workers in the group, then
environmental controls are indicated. Conversely, large
differences in the exposures of the individual workers suggests

that an analysis of job tasks or of work practices may be more

useful.

SAL 000601393
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FIGURE CAPTION

Figure 1: Lognormal exposure model
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1ABLE |}
Empiric estimates of exceeding certain limits (ppm) for groups of refinery workers exposed to benzene

GROUP DESCRIPTION MED I'UM SAMPLES PERSONS  P(X>0.5) P(%>1.0) P(X>2.0) X BLD
1 Location A, Catslytic Cracker ov 202 39 0.01 0.00 0.00 2r.7
Refining Operstors
2 Location B, Ethylene Unit ov 170 44 .09 0.01 0.01 8.2
Benzene Production Operators
3 Location 8, Weste Water Treatment OV 83 22 0.37 0.13 0.06 15.7
Refining Operators
4 Location 8, Benz. & Cyclohex, Unit OV 58 24 0.41 0.1 0.03 0.0
Benzene Production Operators
5 Location E, CRU Pistformer cY 55 16 0.13 0.09 ¢.05 3.6
Head Operator, Controlmen
[ Location E, CRU Platformer cr 66 22 0.20 0.17 0.1% 7.6
Misc. Operators
7 Locatton E, Petrochemicel Plant cr 80 20 0.28 0.20 0.10 2.5
Head Operator, Controtmsn
8 Ltocation E, Petrochemical Plant cr 161 38 0.35 0.25 0.17 3.1
Misc. Operastors
9 tocation F, Benzene Extrection ov 124 3 0.26 0.12 0.03 10.5
Unit, Dperstor
10 Ltocation F, Aromatics-East ACU ov 97 25 0.20 0.1 0.07 18.6
Operator
1" Location F, Arommatics ov 13 33 0.16 0.04 0.00 15.¢
Gauger/Operator
12 Locstion F, Aromatics ov 98" 5 0.24 0.07 0.01 4.3
Coluw Operator
13 Location F, Arometice-West ACU o ™ 19 0.1t 0.06 0.01 25.3
Operator
14 Location F, Aromatics, Foreman ov a9 17 0.24 0.11 0.03 14.6
15 Ltocation F, Cumene-Phenol/ ov 177 25 0.264 0.12 0.08 26.3
Acetone, Operator
16 tocation A, Cracking Department ov 90 18 0.10 0.02 0.00 2.2
stitl-Platformer, Refining Oper.
& Ppetrochemical Dept., OV 59 0.49 0.19 0.05 0.0

“~nz, Prod. Oper.
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23
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26

27

28

29

30

3

32

33
34
35

37

38

39

40

41

Location §, Benzene
Transfer/Movement Operators

tocation T, Lab Unit, Technical

Location G, Main Deck,
Transportetion-Marine

Location 8, Bulk 01l Puwphouse
Refining Operators

Location B, Bulk Oil Puwp Station
Refining Operators

Location 8, Laboratory Staff
Location E, Petrochemical Unit

Location M, Lab QC Unit
AlL Staff

Location F, Dispetching Dock
Dockman

Location F, Phencl/Acetone
Foreman

Location F, OIl Recovery-
Envirommentsl, Operator

Location Q, Platformer, Hydro-
desul furfzer, Stilimen, Refining

Location @, nit D
Stitlman, Reflning

Location @, Control Room
Laborer, v-rdnn, Roustabout

Location R, Compound Piant
Yardwan

Locetion U, Maintenance
Location U, Lsb, Ouality Control

Location W,
Receipt, Storsge, and Movement

Locatlon X, Leb Unit, Technicsl

Locetion ¥, Catalytic Cracking
Unit, Outside Journeyman

Location Y, Aromatics Recovery
Unit, Outside Journeyman

Location AA, Benz. Unit Operstors

Location AA, Ethylene Unit
Feedstock Operators

Location BB, Lab Tech
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cT

ov

cr
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cr

cr
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0.14
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0.00
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0.03
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0.00
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0.03
0.08
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TABLE 11

tmpiric estimates of exceeding certain limits (ppm) for groups of maintenance workers

[ b
GROUP DESCRIPTION MED UM SAMPLES  PERSONS P(X>1.0) P(X>2.0) X BLD
(] ALl Locetions cF 133 3 0.00 0.00 1.3
Pipefitter/uelder,
Pipefitter/Plumber Welder
c
M2 Location O ov 138 n/a 0.16 .06 22.5
Contrect Workers,
Mostly Maintenance
3] tocetion O ov 56 3% 0.05 0.00 58.9
Maintenance, Misc.
¢
.3 Location P ov 70 n/a 0.04 0.01 78.6
Contract Workers,
Misc. Maintenance
ns Location F ov 104 &7 0.03 0.02 56.7
Pipefitter-Phenol/Acetone-
Maintensnce
Mé Atl Locations ct 58 49 0.09 0.a7 51.7
Maintenance unit
n7 Location @ ov 53 16 0.00 0.00 5.3
instrument Shop,
Machine Shop, Paint Shop
M3 Atl Locations ov 56 40 0.09 0.09 41.1
Maintenance Operat{ons
M9 All Locations cT 118 36 0.02 0.00 29.7
Mechanic-General Plant
M1G All Locetiom cr S2 20 0.04 0.04 59.6

Maintenance-Leadwen

& Medium, OV = Passive Drganic Vapor Monitor, CT = Charcoal Tube
b BLD = Below the Limit of Detection

c n/a = not appliceble since there are no unique ID #'s in these groups

P
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N ] Company 1, Location 25, RSEM
Loading-Routine

19 Compeny 1, Location 26,
Petrochemical Plant Ares
Visual Inspection of Automatic
Goauges -Routine

20 Company 1, Location 27
Laborstory, Quality Control
Testing-Routine

21 Company 1, Location 2B, RSEM
Merually Gsuging Tanks-Routine

22 Compery 3, Location 1
Barge Transfer Operstions

23 Companyy 6, Location 1
Tonker Truck Losding-Bottom
Without Recovery

2% Compeny 6, Location 2
Yanker Truck Loading-Bottom
With Recovery

25 Compeny 6, Locetion &
Tenker Truck Loading-Top
Without Recovery

26 Company 2, Location 6
Crude Processing Unit
Outside Journeyman-Routine

27 Company 2, Location 7
ARO Recovery Unit
Outside Journeyman-Routine

28 Company 2, Locetion 7
Leb Unit
Technician-Routine

29 Company 2
Marketing Ops-RSEM
Admin/Sup-Routine

30 Company 2
Marketing Ops-RS2M
VTerminal Operators-Routine

3" Compenty 2
Marketing Ops-RSEM
Transport Driver-Routine

ci

cr

ct

cT

CT

cr

[

CcT

(41

cr

cr

cr

cT

cr

117

27

15

10

18

18

12

10

14

26

16

18

98

1

10

22

46

30

0.26

0.33

0.30

0.94

0.22

0.25

0.40

0.14

0.65

0.19

0.44

0.62

0.78

0.07

0.00

0.10

0.94

0.17

0.08

0.20

0.07

0.54

0.06

0.33

0.26

0.42

0.05

0.00

0.00

0.00

0.89

0.00

0.20

0.07

0.35

0.17

0.04

o.Nn

0.00

0.00

0.00

0.00

0.72

o.n

0.00

0.07

0.04

0.00

0.00

0.01

D.02

0.00

0.00

0.00

0.00

0.56

0.00

0.00

0.00

0.07

0.04

0.00

0.00

0.01

0.00

25

L

33

67

67

40

37

61

58

a2 MEDIUM, CT = Chercosl Tubes, OV = Passive Organic Vapor Monitors

b BLD = Below the Limit of Detection
¢ RSEM = Receipt, Storage and Movement
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TAELE IV

Example of the relationship between distributional parameters in the
lognormal analysis of variance model

GEQMETRIC NORMAL

DISTRIBUTION MEAN VARIANCE MEAN VARIANCE EXPECTATION
EETWEEN=g (1) 2.000  3.000 0.693  1.099 3.657
WITHIN=Ff (x|u) 2.500  2.000 0.916  0.693 3.178
TOTAL=h (X) 1.573  3.666 0.453  1.299 3.657
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TARIE V

Empiric ard parametric estimates for the proportion of samples exceeding 1 ppm

GROUP P(%>1.0) P(X>1.0)
(EMPIRIC) (PARAMETRIC)
1 0.005 0.007
2 0.012 0.042
3 0.133 0.192
4 0.138 0.154
5 0.091 0.046
6 0.167 0.122
7 0.200 0.184
8 0.255 0.260
9 0.121 0.102
10 0.113 0.108
11 0.035 0.023
12 0.071 0.066
13 0.063 0.045
14 0.112 0.090
15 0.124 0.123
16 0.022 0.012
17 0.186 0.193
18 0.250 0.274
19 0.145 0.112

SAL 000001404



TABLE VI

Empiric and parametric estimates for the proportion of means exceeding 1 prm

GROUP P(p>1.0) P(u>1.0)
(EMPIRIC) (PARAMETRIC)
1 0.000 0.000
2 0.023 0.023
3 0.182 0.263
4 0.125 0.172
5 0.000 0.039
6 0.136 0.127
7 0.200 0.192
8 0.342 0.315
9 0.087 0.099
10 0.120 0.106
11 0.000 0.015
12 0.000 0.012
13 0.053 0.059
14 0.059 0.095
15 0.160 0.144
16 0.000 0.001
17 0.200 0.198
18 0.333 0.380
19 0.056 0.098

SAL 000091405



TABLE VII

Parameters of the lognormal model for benzene exposure and results
from the cne-way analysis applied to 19 specific job groups

GROUP GSDB GSDW GSDT PERCENT ua b o
g(u) £(x|lu) h(x) B
1 1.87 2.83 3.36 26.6 0.09 0.041
2 2.26 2.52 3.43 43.7 0.28 0.106
3 3.36 3.42 5.62 45,2 0.96 0.065
4 1.91 1.54 2.18 68.9 0.67 0.101
L) 3.62 1.98 4.30 77.9 0.24 0.275
6 6.52 1.00 6.52 100.0 0.68 0.327
7 5.52 1.00 5.52 100.0 0.23 0.316
B 6.31 1.26 6.41 88.5 2.24 0.311
9 2.28 2,01 2.94 58.0 0.49 0.030
10 2.67 2.44 3.76 54.7 0.48 0.182
11 2.11 1.69 2.49 67.0 0.26 0.051
12 2.02 1.97 2.66 51.5 0.26 0.088
13 3.11 1.66 3.46 83.5 0.32 0.145
14 2.41 2.08 3.15 59.0 70.46 0.103
15 4,15 2.22 5.12 76.0 0.61 0.130
16 1.56 1.73 2.02 40.1 0.26 0.031
17 1.75 1.54 2.03 62.3 0.73 0.016
18 9.29 1.49 9.62 96.9 6.07 0.402
19 3.01 2.72 4.43 54.9 0.44 0.281

a This colum is included so the entire parametric model
may be recanstructed fram the given data.
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Benzene Risk Assessment: An Overview

C. J. DiPerna
Mobil 0il Corporation
Chairman API Benzene Issues Group

Benzene has become the representative chemical for initiating or

increasing controls for a wide variety of health and environmental
regulatory issues, being:

¢ The subject of federal air and occupational regulations for over
ten years, often providing the state-of-the-art for setting

important judicial and regulatory precedents on acceptable risks or
margins of safety.

e The pollutant of choice to set groundwater contamination allowances
which in turn drive clean up standards in CERCLA and RCRA.

e The primary pollutant for examining further air toxic control needs
and as a model for Title III CERCLA emissions reporting in 1988.

® The subject of a major new rulemaking under Section 112 of the
Clean Air Act in 1988.

¢ The primary subject for debate about the need to remove aromatics
from gasoline in California where regulations are expected in the
third quarter of 1988. California Proposition 65 also requires
establishment of a safe level of exposure by the fall of 1988.

Industry now is being regulated by the ultraconservative risk assess-
ments that result, for example, in a one in a million risk for benzene
in ambient air ranging from 0.006 ppb (California) to 0.04 ppb (EPA).

In order to influence these regulations and provide credible risk
assessment alternatives, API has undertaken major efforts to gain a
fundamental understanding of the health effects of benzene and to

provide information into the regulatory and legislative process. These
programs include:

¢ Risk Assessment - The 1985 EPA linear-based risk assessment has
been reworked to incorporate updated human exposure information
and refinements in risk assessment methodology. Meanwhile,
efforts are underway to develop and gain acceptance of non-
linear, biologically based risk assessment that makes maximum
use of the available animal and human mechanism of action and
leukemia data on benzene. This work also will show the un-
certainties of the ultra-conservative risk assessments being
used today in EPA and California rulemaking.

SAL 000001407
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e Risk Perspective - Projects are underway to quantify the con-
tribution and relative importance of various sources of benzene
to humans. Sources of benzene include ambient air, indoor air,
smoking, water and food. A specific objective is to assess the
relative impact that small reductions in ambient air levels have
on the total body burden of benzene.

¢ Threshold Level - Longer term studies are being supported on
benzene mechanism of action, pharmacokinetics and other toxicol-

ogical research to help define a carcinogenic threshold level
for benzene exposure.

API and WOGA are working closely together to provide the results of
these research activities into EPA, California and other state agencies

as they consider various regulations on benzene in air, water and
wastes.

2538P
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CHAPTER I
Introduction

The permanent finsl federal standard for benzene 1 requires that
worker exposures be limited so as not to exceed one part per million
(ppm) averaged over the duration of the work shift. In light of the
benzene content of gasoline, environmental surveys were conducted to
evaluate the occupational benzene exposures of service station atten-
dants. Personal and general area environmental air samples were
collected under a wide range of climatic conditioms and at a variety
of types and sizes of service stations. Certain variables with
potential influence on exposure variations were mesgsured to facilitate
overall evaluations while controlling for these effects. Service
stations equipped with vacuum assist-type vapor recovery systems were

also surveyed to determine the relative reduction in exposures.
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CHAPTER 11
Background

As wvith numerous chemical and physical léen:a once considered
relatively innocous, gasoline vapor is now regarded as potentially
hazardous, primarily due to its benzene content. Benzene has received
notoriety as a hazardous substance since the early part of this
century, but only recently have the federal regulatory agencies con-
cluded that the cumulative medical and epidemiological evidence is
sufficient to cite benzene as @ carcinogen. This, from an enforcement
standpoint, incriminates even minute exposures as potentially detri-
mental to health, :

On May 3, 1977, the U.S. Departument of Labor, specifically the
Occupational Safety and Health Administration (OSHA) issued an Emergency
Temporary Standard (ETS) ) for occupational exposure to benzene. The
ETS provided for a permissible employee exposure limit of one ppm
benzene on an 8-hr. time-weighted basis, and a 5 ppm ceiling limic.
Although a judicial restraining order was immediately issued, the ETS
set the framework for a permanent final standard iﬁvolving the same
exposure limits plus, among other aspects, requirements for measure-
ment of employee exposure, personal protective equipment, employee
training, work practices, medical surveillance, signs, labeling, and
recordkeeping. As indicated in the Proposed Permanent Standard, OSHA
exempted automotive service stations and certain other aspects of
transportation, storage, distribution and sale of gasoline and other
motor fuels from the permanent final standard. OSHA explained its
intention to assess the regulatory action to be taken to protect
vorkers involved in these activities after conclusion of the deliber-
ations of a joint EPA-NIOSH-OSHA Task Force and to deal with this area
separately, subsequent to the promulgation of the permanent final
standard. Included in the issues which the Task Force was attempting
to resolve, were occupational exposure levels related to the sale of

gasoline.

Prior to 1976, the general time when the 10 ppm benzene TLV was

initially challenged, 3:4,5 little literature was available concerning

SAL 00000147
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benzene in gasoline and related exposures, and that which was available
vas mostly related to exposures at various types of bulk loading
facilities. The only pertinent study was reported by Parkinson in
1971,6 and dealt with an investigation of working conditions at
"typical" filling stations and at selected oil cowmpany bulk loading
installations in England. Of nine filling stations visited, the
benzene content of the gasoline ranged from 2.8 to 5.8% v/v. Results
of breathing zone environmental air samples indicated benzene exposures
ranging from 0.3 to 3.2 ppm. The average of the mean responses was 1.2
pru. The samples were collected under a wide range of climatic condi-
tions and during a period when sales were expected to be above average
(throughput during tests ranged from 28 to 850 gallons of fuel;
average = 390 gals.). The author concluded that only "trivial" exposure
to benzene occurred when gasoline with normal benzene content of up to
5% v/v was dispensed, with respect to the then current TLV and ceiling
standards of 10 and 25 ppm, respectively. . _

Subsequent to 1976, additional studies were undertaken to document
employee exposures to benzene as a2 result of distribution and sale of
gasoline. In 1979, McDermott et al. 7 reported an environmental survey
involving 84 charcoal tube personal samples collected at seven Shell
service stations on six or more days of sampling at each station. The
authors concluded that the time-weighted exposure determinations were
well below one ppm, except for one exposure of 2.08 ppm, and that eight
15 minute peak determinations resulted in exposures of 1.21 ppm or less.
They also concluded that no correlations could be established based on
the following variables; benzene content, Reid Vapor Pressure, storage
tank temperature, and location of auto fill opening. Additionally, the
authors stated that octher variables which were not measured, such as
work practices and micro-climatic conditions, may.be implicated in
exposure variations. In an evaluation of the effectiveness of vapor
recovery, the authors concluded that exposures may not be dramatically
veduced.

In a brief study reported by Runion,8 20 charcoal tube samples
involving nine emplovees collected hydrocarbons over two-hour sampling

periods. Total two-hour integrated benzene levels showed concentrations
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ranging from 0 to 1.7 ppm. Omly two of these 20 samples produced

results above 0.6 ppm, and the average concentration for all samples

¢

taken was 0.32 ppm.

Berlin et 11.9 reported a European study of chromosome aberrations
among workers exposed to benzene via gasoline. Tank truck drivers,
tanker ship crews, and service station attendants were involved in the
survey. Of ten service station attendants monitored for benzene
exposure, results indicated concentrations ranging from 0.19 to 1.47
ppm; averaging 0.545 ppm.

Io a brief preliminary study conducted by Battelle Laboratories
for the Environmental Protection Agency, 10 three short term environ-
mental samples (less than three minutes) were collected while indivi-
dusls filled their tanks with gasoline. Exposures ranged from 0.043
to 0.647 ppm, averaging 0.254 ppw.

In light of the small amount of available data, and the exposure
levels indicated by the data vhich does exist (with reference to the
permanent final standard), a scientific endeavor was undertaken invol-
ving numerous environmental surveys at automotive service stations.

The purpose of this document is to present a composite, overall eval-
uation based on the data collected during these surveys, with major
interest in documenting occupational exposure levels and as a secondary
objective, to determine those factors which contribute to the extent of

exposure. Also presented is a limited evaluation of the effectiveness
of vapor recovery.
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CHAPTER 111
Methods

To surmount potential bias of a particular geographical region
the esvironmental survey proceeded from Chio to Florida, again to Ohio,
to Nevada, and finally to California. 1In all, the survey encompassed
35 days of environmental sampling.

Enviroomental air samples were collected in the breathing zone of
the service station attendants (personal samples) and in the general
work area (area samples). The majority of the personal samples were
collected for approximately 150 minutes, or three per 8-hr. shift.

Area samples were collected for approximately 240 minutes, or two per
shift. MSA low-flow sampling pumps calibrated at 600 cc/min. were
connected to SKC 150 mg activated cocoanut shell charcoal tubes con-
tained in MSA tube holders. The tube holders were clipped to the
attendant's lapel in a vertical position for personal sample collection
and to the top of the fuel puwp in a vertical position for area
samples. Sampie times and flow rates were determined by the NIOSH
analytical laboratories to account for the low benzene concentrations
Telative to the other constituents of gasoline.

Sample analysis was performed via the NIOSH P&CAM Method #127
by the NIOSH Analytical Laboratories in Cincinmati and by the Utah

11

Biomedical Test Laboratories in Salt Lake City. Variations of the
wethod (ie., column type, operational temperature, use of an internal
standard) were used depending on the analyst and data requirements,

A number of variables with potential influence on the extent of
benzene exposure received by the attendants were momitored during
sample collection. These were percent nozzle time, dispensed gallons
of gasoline per hour, liquid volume percent benzene, temperature, wind-
speed, and relative humidity (barometric pressure was also monitored,
for use in microgram to ppm conversions, but was not considered as
bhaving any effect on exposure variations). Each of these parameters

vas noted and recorded for each environmental sample.

Most variables were selected essentially from an intuitive process
based on experience and a knowledge of the interactions between.ex—

posures and environmental facrors. However, percent nozzle time was
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selected subsequent to a brief pilot study which indicated that work
practices varied considerably between workers and between statioms,
and that a measure of this variability seemed appropriate. Percent
nozzle time represents the portion of the environmental sampling
period that the attendant remained in the vicinity of the nozzle while
gasoline was being dispensed. "Vicinity" was defined as within reach
of the nozzle.

Tewperature, barometric pressure, and relative humidity values
were obtained by averaging a number of readings taken periodically
(15~20 wmin. intervals) throughout the sampling period. Windspeed
values were obtained using a Weather—-Measures Corporation anemometer
equipped with a Qtrip-chart recorder. The number of gallons and type
of fuel dispensed (regular, premium, or unleaded) was recorded after
each sale. Bulk samples were obtained and analyzed for liquid volume
percent (LV 7) benzene. Weighted averages of benzene content were

calculacted for subsequent use in data analysis.
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CHAPTER 1V

Results and Discussion

The basic objective of this research was to estimate service
station attendant's exposure to benzene. Accordingly, initial data
analysis involved descriptive statistics which summarize benzene
exposure concentrations cbtained at the variocus sampling locatioms.
Included are mean responses, ranges, and standard deviations plus
information on the distributions of the reported values. Secondly,
regression analysis was utilized to examine the relationships between
exposure values and those factors contributing to variations in
exposures. Finally, data collected at service stations equipped with
vapor recovery systems were evaluated as to the effectiveness in
controlling exposures. The Statistical Package for the Social Sciences

(SPSS) was used as the primary means of data analysis.

Descriptive Statistics

A total of 141 breathing zone samples were collected at 28 service
stations at various geographical locations. During the initial survey,
samples were collected for the duration of the attendant's shifec,

During subsequent surveys, personal samples were collected for no more
thap 150 minutes (or usually three per shift) to account for 1) the
possibility of "break-through' and/or 2) in the event of equipment
malfunction or subsequent loss of a particular sample, dgta would still
be available for a portion of the affected shift. Appropriate consecu-
tive ssmples were combined and labeled as "TWA" (Time-weighted Average).

Table 1 illustrates the catagorizations or subgroups of samples
according to site and time of year of sample collection. Also presented
is the number of samples collected at each sgite.

Descriptive statistics by location and time of year are presented
in Table 2. Table 3 presents composite descriptive statistics for
selected variables.

Included in Table 2 and 3 is a calculated variable, Estimate of
Source Exposure (ESE), which is an estimate of the exposure concentra-

tions received while the attendant was actually pumping fuel (disre~
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garding the cumulative effect of ares exposures). As depicted in
Figure 1, this variable was mathematically derived (derivation of
weighted average calculation) by multiplying the total sample time by
the exposure concentration, subtracting the product of total sample
time and the area concentrations, and dividing by the product of
percent nozzle time and total sample time. Simply stated, if persomal
exposure concentration, general area exposure concentration, total
personal sample time, and time near source (X Nozzle Time) are all
known, an estimate of source exposure can be obtained through the above
calculation.

This value is at best a conservative estimate, due to an unrecorded
parameter, involving that portion of the sample period in which there
was zero exposure (making change, restroom visits, etc.) and the
effect of surging area concentrations while fuel was being dispensed.
Another closely related calculated variable is ESEA, which is ESE plus
the general area concentration. This value roughly indicated results
which would have been obtained had samples been collected wﬁile the
attendant actualiy pumped fuel.

Also presented in the tables are personalized area concentrations
(P-Area). GCeneral area benzene concentrations were obtained at all
locations except the Nevada site. At all other locations, samples
vere collected at one to four stationary positions in the general area,
usually on top of the fuel pumps. Sample periods usually ranged from
three to four hours, Since perscnal sample collection periods and area
sample collection periods did not coincide, "personalized" area benzene
concentration values were calculated for the periods during which
personal samples wvere collected.

Izmprovements in analytical methods were made during the course of
the surveys which decreased (improved) the analytical limit of
detection. However, the Ohio-January data was collected prior to any
substantial improvements, resulting in 34 of 36 area sample results
being reported as below the 10 microgram limit of detection (the two
detectable results were reported at 0.020 and 0.022 ppm). Therefore,

this precluded evaluation of the ESE or ESEA variables for this data
set.

S
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Data analysis was complicated due to a "suspect" analytical reporc,
involving the Florida=February and Ohio-February, March data sets,
wvhich were submitted to the UBTL analytical laboratories. Reporting
errors vere initially suspected due to a dramstic and sustained
increase in the microgram benzene/tube values appearing approxizately
mid-wvay through the 183 analytical results. UBTL records were incom—
plete and gave no indication as to the cause of the problem. Attempts
to explain the sustained increase revealed that, on the average, those
wvalues following the increase are 4.0l times greater than the values
prior to the increase. This suggests an error involving the gas
chromatograph attenuation control, which moderates the amplitude of
the electrical signal in a series of 2X, 4X, 8X, 16X, etc., so that
the displayed graphics remain within the confines of the ocutput paper
or, conversely, to enhance the output thus producing a readable and
measurable graph. .

Although it is questionable that any of the suspect data should
be used in an overall evaluation, attempts were made at appropriate
modification through the use of regression models, since the suspect

data comprises such a large percentage of the entire data set.

Regression Analvsis

The focus of the initial regression analysis was the evaluation
of the overall dependence of exposure concentrations on the independent
variables. Subsequently, attention was given to individual independent
variables while controlling for the other variables.

A nonstructured (standard) program was developed for the multiple
regression of time-weighted personal exposure values upon the indepen-
dent variables.lz Suspect and vapor recovery data were excluded from
the initial run. As mentioned earlier, individual consecutive samples
were combined (usually three per shift) on a time-weighted basis.
However, a number of time—weighted samples were not composed of three
individual samples as a result of lost or mis-labeled charcoal tubes or

malfunctioning equipment, yielding total time-weighted sample times
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ranging from 75 to 490 minutes. SPSS provides a method of weighting

vhen cases involved in the analysis exhibit characteristics which

require them to be considered more or less heavily. For the purposes

of multiple regression, it was desirable to assign greater importance -
to sample results obtained over a period of, for instance, 490 minutes
than to those obtained for only 75 minutes. Therefore, to comply with
SPSS methodology, each case's total sample time was divided by the

mean of all total sample times, and the resultant figure, or "weight

factor", was used to assign relative weights.

Personal Environmental Samples

The SPSS subprogram Regression, in the non-structured mode,
initially selects the variable with the highest zero—-order correlation,
and subsequently selects single variables for inclusion in the model
which have the highest zero-order correlating in a stepwise fashion.

A summary of the program output of the -initial analysis involving
gonsuspect, nonvapor recovery data is depicted in Figure 2. The first
variable to enter the equation was percent nozzle time. It was
reported as highly significant, with an R-square value of 0.58, Tem
perature, relative humidity, windspeed, liquid volume percent benzene,
and gallons per hour were then sequentially entered, with a total
R-square value of 0.91. While the overall equation was shown to be
significant at each step, percent nozzle time and gallons per hour
were shown not to be significant im the final equation (p= .05). However,
significance of a particular variable in the final equation is deter-
wined not only by its correlation with the dependent variable, but also
with the degree of correlation and incer-relationships with the other
independent variables. 1In this instance (although there is no
theoretical support for the occurrence) percent nozzle time is highly
correlated with relative humidity, and to a lesser extent, with
temperature. Also, in reference to an overall evaluation, less concern
is given to a particular variable's contribution, but rather the
cumulative effect of all variables; which in this case accounts feor

approximately 912 of the variation in expocsure concentrations of the
sample data.
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flgure 2, cont.

VYerisble Entered on Step Number ) RH

Multipls R, 0.913 Ansiyeie of Varlance pr 8
R. Square 0.81) Regressnion 3,
Adjusted %. Bquare 0.812 Res|dual 26,
Standerd Egvor 0.0))

Verisbles in the Equation

Varioble ] Seke 8td. Error B r
INozzle Tiem 0.00343 0.274 0.002 3.006
Temp. 0.0011% 0.3%502 0.000 271.199
1 0.00238 0.631 n.00l 25.287
(Conetant) -0.15220

Variable Enteced on Step Number & s

Multiple R. 0.934 Analyeis of Variance
. Square 0.0873 Regression

Adjusted N. Square 0.031 Regidual

Standard Error 0.030

Varisblies in the Equation

Variable Beta 8¢d. Error B r

INozzle Time 0.002%2 0.23? 0.00) 4. 441
Tenwo . 0.00136 0.521 0.000 37.609
[ 1} 0.00266 0.651 0.000 33. 468
WS -0.00110 -0.201 0.004 7.314

(Constent) -0.13354

un of Bquares
0.13)
0.02?

Mean Square

0,044
0.001

Variables Not in the Equetiom

VYarieble Seta In

L.v.X
ws
cry

oy
s
23.

Variable
L.v.X
GCPH

0.10)
~0.20)3
0.12%

Partial

0.184
-0.491

0.207

Sum of Squares

0.140
0.020

4
3%.874
Tolerance r
0.52¢ 0.902
0.976 71.314
0.8R¢ 2.066

Mean Bquare
0.035
0.001

Varisbles Not in the Equetion

Beta In
0.274
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Partial
0.%0)
0.107
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Varisble Entered on Step Number 3

Multiple R.
R. Square

0.952
0,905

Adjusted R. Square 0.88)

Standerd Error

0.26)

Yigure 2, cont.

L.v.X

Anelyeis of Verlence
Regreseion
Residual

Varisblee in the Equation

Variable
THozzle Time
Temp.

kR

NS

L.v.X
(Conatsent)

Variable Entered on Step Number 6

Multiple R
k. Square

]
0.00193
0.0009%
0.00262

-0.01566
0.06850
-0.15325

0,956
0.911

Adjusted R. Squere 0.808

Standard Error

0.257

Bets
0.155%
0.358
D.641
-0.290
0.27%

3td. Error B | 4

0.001 .37
0.000 14.056
0.000 4).068
0.004 15.311
0.023 T.469
GPH

Anelysis of Varience

Regresaion

Regidual

Veriables in the Equation

Variable
INoerle Time
Temp

M

WS

L.v.2

GPH -

(Constant)

0.00192
0.00082
0.00245
-0.01402
c.01785
0.00025
-0.16049

Sets
0.152
0.314
0.599
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0.312
0.108

ded. Ervor B r

0.001 2.3%1
6.000 10.048
0.000 34.849
D.004 11.874
0.025 9.3¢%1
0.000 1.912

22.

Verlable

o

br
6.
1.

Verfiable

Sum of Bquares
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0.013

Hesn Bquare
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a.001
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Sum of Squares
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Determination of Relative Reporting Errors of the "Suspect' Data

Reflecting back to the suspect data sets and the question concern=
ing the distributions of the ppm exposure values relative to actual, it-
' is now possible to predict ppm exposure values, given the model shown
in Figure 2 and a set of independent variables. The mean responses of
the initial (lower) portion of the suspect data set were fit to the
equation, resulting in a predicted ppm value of 0.148. The average
"reported" value was only 0.032 ppm. The same procedure was conducted
for the second (higher) portion of the suspect data, resulting in an
expected ppm value of 0.103, vhich approximated the average reported
value of 0.107 ppm. When compared to the average ppm value of the
nonsuspect nonvapor recovery data, it appears that the initial portion
of the suspect data is .25X actual (assuming that G.C. attenuation was
the cause of the error) and that the second portion, appearing after the
sustained increase, is not in error. Exposure values appearing in
Table 2 for the Florida~February data were calculated using "modified"

data; ie., lower portion of suspect data Xi4.

Regression Analvsis Including the "Modified'" Suspect Data Set

Following appropriate modifications of the suspect data (lower
portion X4) a new regression model was developed which included all
non~vapor recovery data (n=51) . Again, the nonstructured (standard)
mode was used, and again percent nozzle time was the first variable
entered. However, this run produced a comparatively lower R-square
value for this variable (.24) as was the case for the overall regression
(.68). Also, variables were entered in a different order; liquid
volume percent second, then sequentially windspeed, relative humidity,
temperature, and finally gallons per hour. All variables except gallons
per hour were shown to be signficant in the final equation (Figure 3).

While a "structured" regression model could have been developed
vhich would have facilitated inclusion of independent variables in a
step—wise fashion based on a precenceived notion of each variable's
relative importance to the overall relationship, the nonstructured mode,
vhich enters a variable at each step depending on its relative absolute
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Dependent Verlable

Varlsble Entered on Step Number |

Mulciple R 0.402
R. Square 0.2%7
Adjueted R. Square 0,221
Standsrd Ecvor 0.062

Varisbles in the Equation

Variable ]
XNogzle Time 0.00620
(Constant) 0.06264 -

Varfable Entered on Step Number 2

Nultiple R 0.608
R. Square 0.367
Adjusted R, Square 0,34}
Standard Error 0.05?2

Vaciablee in the Equation

Variable r

XNozzle Tine 0.0070
L.v.X 0.05433%

{Conscant) -0.02118

0.487

Bete

0.574
0.371

riGURE 3

Printout Swmary = Regression Analylefs
Inctuding “"Modifled"” fuvepect Nats

Exposure Concentration

X Nozzle Time

Anglyals of Varisnce DF Sum of fquares Masn Squers
Regression L. 0,058 0.058
Reeidual 49, 0.188 0.004
Varisbles Not n the Zgustiom
Sed, Ervor B r VYariable Bets In Partial Tolersace
0.002 15.250 L.v.X o.M 0.413 .94
Temp 0.307 0.350 0.99)
v -0. 341 -0.388 0.987
RH 0.25%6 0.2%2 0.656
CPH 0.034 0.034 0. 79
L.v.X
Anastysle of Varfance or Sua of Squares Mesn Bquars
Regreasion 2, 0.090 0.043
Residusl ELE 0.15%6 0.00)
Variablea Not in the Equation
8td. Ecror B » r Variable Bets In Partisal Tolereane
0.002 2).666 Temp 0.228 0.2 0,973
0.017 9.867 3 -0.480 -0.576 0.909
RH 0.254 0.259 0.636
[H 4]} 0.188 0.198 0,709

r
13.2%0

.32
§.707
0.42%
2.86¢8
0.057

13.938

e r

3,850

23.37
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Vaciable Entered on Step Number )

Multiple R 0.760
R. Square 0.577
Adjueted R. Square 0.530
Standard Error 0,047

Variablee in the Equation

Variable | Bets
INoezle Time 0.00702 0.552
L.v.2 0.0743%3% 0.50%
ws -0.02551L -0.480
(Constant) 0.00664

Variable Entered on Step Number &

Multiple B 0.784
R. Squesre 0.619%
Adjusted R. Square 0.561
Stendard Brror - 0.043

Variasbles in the Kqustion

Variable ] Beta
INozzle Time 0.00524 0.412
L.v.X 0.07421 0.507
us -0.02%23 -0.47%
]} 0.00108 0.240
(Constaent) -0.034136

Pigure 3}, cont.

Anslysis of Varience

Regression
Reefdusnl

Std. Exvor R
0.001

0.013
0.00%

.97
15.046
2317

’
Anslysis of Variance

Regrevsion
Reoldual

Std, frror B

0.001
0.014
0.005%
0.001

12.7170
26,666
24 .480
4.495

Bum of Bquares MHean Square r
0.142 0.047 21.384
0.104 0.002

Verisbles Not in the Equation

Verisble Bets In Partial Tolerance r
Temp a.13) 0.270 0.916¢ 3.609
*H 0.240 0.298 0.855 4.493
CPH 0.087 0.110 0.568) 0.562
- Sum of Bquares Mean Square
0.151 0.038 18,335
0.09% 0.002
Variables Not in the Equetion
Yeriadble Dets in Partial Tolerance 1 4
Temp 0.271 0.398 0.830 8.AN
CPRH 0.068 0.09%0 0.678 0.3710
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partial correlation value, entered variables in descending importance
in & manner similar to that expected. For example, percent nozzle time,
the first variable to enter the equation, is a measure of the time the
_ actendant remained in the vicinity of the nozzle, or near the source of
exposure. It seems reasonable to assume that this value should account
for the majority of variatiou in exposures. The second variable entered,
liquid volume percent, is a measure of the amount of benzene present in
the gasoline; and again it is reasonable that this should account for a
large portion of exposure variation. Next to enter were the three
c¢limatic variables. Temperature and windspeed are related to the
volatility of gasoline and "ventilation effects'”. The relationship
between humidity and exposures is somewhat more difficult to understand
or define, but it is interesting to note that Parkinson, in his study of
benzene exposures to service station attendants in England, also found
a positive correlation between relative huwidity and exposures. The
last variable to enter the model, gallons per hour, was found to have a
non-significant coefficient in the final equation. This is partially due
to its correlation with percent nozzle time (more fuel pumped per hour
leads to higher percent nozzle time). Thus, while on an individual basis
GPH is positively correlated with exposures, in the overall regression
model this correlation was included within that of percent nozzle time
in the initial entry. It is important to note that this may occur for
all isdependent variables entered into a particular regression model, and
a particular variable's contribution to the overall regression can only
be interpreted in light of the other variables in the equation.

In light of the small R-square increase with the addition of GPH
to the regression model; an F-Test was conducted to determine if the
increase, and thus GPH, significantly added to the overall R-square
value. Results showed that a test of the hypothesis H,: GPH adds no
significant increase, could not be rejected. Through this method, the
regression equation was siwplified by deleting the GPH variable with no
significant decrease in the overall R-square wvalue, An identical pro-

cedure was applied to the regression equation involving the nonsuspect
data sets, and the same result was obtained.
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The role of individual variables wvas analyzed with particular
interest in those factors which can be regulated and potentially con-
trolled (versus climatic variables); namely percent nozzle time and
liquid volume percent. The method utilized in analyzing and depicting
" the effects of individual independent variables on variations in
exposure concentrations is identical to the method used in counstruction
of regression lines and confidence intervals for regression models con~
taining only one independent variable. However, through use of the
multiple regression model, predictions for a selected independent
variable's effect on exposures can be made while controlling for the
remaining variables and thus account for independent variable inter—
actions. Tigures 4 through 7 present graphic illustrations of this
wethod, individually depicting the effect of percent nozzle time and
liquid volume percent on exposure concentrations: initially utilizing
the regression model derived from the nonsuspect data, and subsequently
including the "modified" suspect data. Coustants used in the regression
equations are mean variable responses of the géipec:ive data sets.
Regression lines depicted in the figures are for éhe actual range of
data. Variance values used in the confidence interval formula for both
dependent and independent variables were derived from unweighted data.
While the use of unweighted variance results in confidence intervals
_ which are not actual, only indicative, any deviation from actual is

conservative (ie., further removed from the mean).

Regression Analysis of Estimated Source Exposures

To examine possible interactions between the set of independent
variables and estimated source exposures, a regression analysis similar
to the one just described was conducted utilizing Estimate of Source
Exposure (ESE) as the dependent variable. Due to the large varinbility
of source exposure times (time in vicinity of nozzle) responses were
weighted in a similar manner as previously described. Percent nozzle
time was, of course, excluded from the independent variable list due to
its prior use in the ESE calculations. Because area values wvere also

essential in the calculations, analysis was restricted to those data

SAL 000001437



Exposure Conc. (ppm) ——»

030"

.20+

15+

10+

8-

23

Figure &

EXPOSURE CONCENTRATION

VS,

PERCENT NOZZLE TIME
(nonsuspect data)

5 10 15

¥ Nozzie Time —m—nm

20 25

SAL 000001438

30



Exposure Conc. (ppm)———————ub-

304

25

204

JA18-

10

24
Figure 5

EXPOSURE CONCENTRATION
VS. '

L.V.X BENZENE
(monsuspect data)

25 .50 Is 1.0 125

L.V.X Benzene -

SAL 000001439



030-'

254

o (7] (-]
1 1 1

Exposure Conc. (ppm) ———o

-

[ -4
wm
1

25

Figure 6

EXPOSURE CONCENTRATION
Vs,

PERCENT NOZZLE TIME
(all data)

1 U

5 10 15

e % Nozzle Time o

20 25

SAL 000001440

30



eero—e Exposure Conc. (ppm) ~——p

301

-20-

157

-
.

26

Pigure 7

EXPOSURE CONCENTRATION
VS.

L.V.X BENZENE
(all data)

0.5 1.0 1.5 2.0 2.5

LV.% Benzene ————

SAL 000001441

3.0



27

sets with available area data. The field of independent variables
included liquid volume percent, temperature, windspeed, and relative
humidity. The "modified" suspect data sets were included in the
analysis, resulting in a total sample size of 32 cases. Windspeed,
. temperature, and liquid volume percent were all shown to add signifi-
cantly to the regression equation (Figure 8). With regard to possible
control measures, major interest was given to liquid volume percent.
Figure 9 presents a graphic illustration of the effect of liquid volume
percent on source exposures wvhile controlling for temperature and

windspeed. Again, variances used in the confidence interval formula
are from unweighted data.

Vapor Recovery

A total of four days of environmental sampling was conducted at
two service stations equipped with vacuum assist-type vapor recovery
systems. A service station in the sawe vicinity without vapor recovery
wvas alsc surveyed to aid in the initial evaluation. Sawpling methodology
at the vapor recovery stations was essentially the same as that for
all other service stations, except flow rates were increased to
1000 cc/min. and sample periods were increased to approximately 240
minutes to account for the expected decrease in concentrations.

Configuration of the vapor recovery systems was essentially the
same at both stations: the fuel nozzle was enshrouded with a contract-
able hose which created a partial seal upon insertion of the nozzle into
an auto fuel tank. The contractable hose was connected to an in-line
air puwp, and with operation of the fuel pump, the air pump was acti-
vated and vapors were exhausted to the roof of the. service station and
burned.

Slight mechanical difficulties were encountered with one of the

Vapor recovery systems and, as described by the system's rechaician,
a reduction of approximately 70Z of the system's potential was realized
during sampling. At both stations, however, a "hissing'' noise was

created as surrounding air was drawn through gaps around the retrractable

SAL 000001442
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bose, indicating a high level of performance. Also, no odor of gasoline
could be detected when very near (one inch) the nozzle at either station.

A preconceived aspect of the survey at this location was to estimate
the 'worst case' exposures at service stations equipped with vapor
recovery. To facilitate this, automatic flow clips (devices which allow
automatic flow and shut-off) were removed for one of the two days of
sampling at each location, increasing percent nozzle time and thus
theoretically increasing exposures.

While manipulating the percent nozzle time variable attempted to
address the question of worst—case exposures, a comparative evaluation
of vapor recovery would appear limited to only those stations involved
in the mapipulation. This rough comparison indicates an approximate
four fold reduction in exposures. However, through use of the regress-
ion models previously developed, a more comprehensive comparison can
be made involving all data sets previously discussed, while controlling
for percent nozzle time. Toward this end, all vapor recovery data
were combined and the mean variable responses were inserted first into
the regression equation involving the nonsuspect data, and secondly
into the model representing all the data.

The first procedure resulted in an expected ppm exposure value of
0.205 as compared to the actual average value of 0.046 ppm. The
second fit, utilizing the regression equation obtained from the non-
suspect plus modified data sets resulted in an expected value of
0.213 ppm. As a general evaluation based on this data, it appears that
vapor recovery reduces time=-weighted exposures four to five fold.

A reduction of vapor recovery source exposures was also investi-
gated via the regression model developed for the created ESE variable.
The average liguid volume percent, temperature, and windspeed values
of the vapor recovery data were fit to the equation (presented in
Figure 8) resulting in an expected source exposure of 1.412 ppm, as

compared to the actual average response of 0.116 ppm; a 12 fold

reduction.

SAL 000001448



General Area Exposures

Area environmental air samples were collected at all survey loca-
tions except Nevada. Table 4 presents average area bemzene concentra-
tions for each of these sites which had available area data (Ohio-
January area results reported below the analytical limit of detection).
Although a number of variables suspected to affect personal exposures
wvere monitored and averaged for each personal sample, only temperature
and barometric pressure values were recorded and averaged for each area
sample, for use in subsequent microgram to ppm.conversions. However,
as previously described, "personalized" (P-Area) values were calculated
for each personal sample with available area data (Table 2). wWhile
the primary purpose of this adjustment was to facilitate ESE and ESEA
variable generation, it also resulted in area values being roughly
matched with all of the variables quantified for the personal samples,
thus allowing a regression analysis. All data sets with available
area data were used, including the modified suspect data. The non-
structured regression mode was ulitized and liquid volume percent,
temperature, windspeed, and gallons per hour were submitted as inde-
pendant variables. Results of the analysis indicate that only temper-
ature and windspeed significantly effect variations in P-Area values

and surprisingly, temperature is negatively correlated.

SAL 000001449



CHAPTER V

Summary and Conclusions

As stated earlier, the primary goal of this research effort was
to document and evaluate the occupational benzene exposures of service
station attendants. As indicated in the attached tables, time-
weighted benzene exposures range below one ppm, and average approxi-~
mately 0.1 ppm.

Although these average exposure levels are below the final perman-
ent benzene standard for non-gasoline work-place environments, regu-
latory decisions for controlling benzene exposures involving the
distribution and sale of gasoline are forthcoming. Also to be consid-
ered are the peak exposures indicated by the ESE and ESEA values. If
standards to reduce the average and/or peak exposures below the
current levels are promulgated or if the oil companies initiate self-
imposed guidelines for limiting exposures, control measures must be
adopted.

This leads to the secondary objective of this research: those
factors which contribute to variations in exposures. Through regression
analysis techniques, it was shown that relative time near the source
of exposure, benzene content of the gasoline, windspeed, temperature,
and relative humidity all contribute to variations in time-weighted
exposures, and that source exposures vary with benzene content, tem—
perature, and windspeed. As evidenced in Figures 4 through 7 and
Figure 9, emphasis was placed on those variables subject to modification.
In a generazlized fashion, inspection of these figures conveys the
potential for reduced exposures resulting from modification of work
practices or lowering the benzene content of gasoline.

The final consideration of this research was toward evaluating
the effectiveness of vapor recovery. The data indicate a four to
five fold reduction of time~weighted personal exposures and an approx-
imate twelve-fold reduction of estimated source exposures from Samples
collected at stations equipped with vapor recovery svstems. Although

based on a limited number of samples, general area benzene concentra-
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36

tions were not reduced at the two stations equipped with vapor recovery
as compared to the area concentrations measured at the station in the
same vicinity without vapor recovery (Table 4). This may be related

to an unrecorded parameter; occurrences and extent of spills. This
parameter would slso account for the personal exposure levels found

at the vapor recovery stations. Although these levels were substan-
tially reduced, exposures still occurred even in the presence of
apparently highly efficient vapor recovery systems.

If warranted, attempts at reducing occupational exposure to
benzene at service stations should firat be directed toward modifi-
cation of work practices, including a reduction of the time in the
vieinity of the nozzle, and concerm with the occurrence of spills.
Even in the presence of vapor recovery, work practices appear to
offset exposures. In comparison to the estimated costs of alternate
forms of exposure reduction (ie., initial cost of benzene removal from
gasoline @ 5.3 billion) modifications of work practices appear quite

sttractive.

SAL 000001451
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TABLE 1 .

Catagories By Site and Time of Collection

# Visited # Saumples # TWA'S
Chio-July 3 5% 5
Ohio-January 5 22 12
Florida-February 11 47 19
Ohio-February, March 6 20
Nevada-June 1 17 7
California-August 1 14
(no vapor recovery)
Califormia-August . 2 ) 16 8
(vapor recovery)
TOTALS 28 141 64

*6 to B Hr. samples

SAL 000001452



TWA
EXP.
(ppm)

LIQUID
YOL. Z
BENZENE

PERCENT
NOZZLE
TIME

GALLONS
PER
HOUR

SAMPLE
TIME
(MIN)

TEMP
(°F)

WIND
SPEED
(MPH)

REL.
HMDTY

P-AREA
(pom)

ESE
(ppr)

ESEA
(ppm)

0.206

1.02

15.1

90.0

431.8

80.4

69.6

0.044

1.185

1,229

a8

TABLE 2

DESCRIPTIVE STATISTICS

s.D‘

0.28

.13

5.08

29.1

25.9

2.2

1.67

.013

.567

574

Ohio-July
(N=5)

MIN.

0.161

0.93

8.3

64.4

408.0

78.0

0.3

68.0

0.030

0.885

0.924

0.237

1.24

20.5

137.7

470.0

82.0

72.0

0.055

2.194

2.249

SKEW,

-1.15

2.11

1.42

-.56

-.61

2.24

.51

-.59

2.19

2.18

gsAL O

RURT.

2.56

4.59

-1.56

1.83

.85

-3.33

5.00

-.61
-3.30
4.82

4,78

0001453



VWA
EXP

(pp;)
LIQUID

VOL.Z
BENZENE

PERCENT
NOZZLE
TIME

GALLONS
PER
HOUR

SAMPLE
TIME
(M1N)

TEMP
(°F)

WIND
SPEED
(MPH)

ELO
EMDITY

P=AREA
(ppm)

ESE
(ppm)

ESEA
(ppm)

MEAN

0.064

0.68

9.5

63.7

261.8

22.4

2.0

61.2

39

TABLE 2
(cont)

DESCRIPTIVE STATISTICS

.19

4.6

47.0

143.2

9.0

1.63

11.9

(N=5)

MIN.

c.028

0.49

6.2

25.7

75.0

11.0

0.0

45.0

Ohio- January

MAX.

0.124

1.03

21.7

180.3

440.0

33.0

5.3

76.0

.81

.69

1.84

1.56

.13

-.06

.83

-.13

KURT.

-.29

-.87

4.42

2.40

-1.87

-1.87

.03

-1.79



TWA
EXP 0.131

(pp;)
LIQUID

VOL.Z 1.80
BENZENE :

PERCENT
NOZZLE 5.0
TIME

GALLONS
PER 20.8
HOUR

" SAMPLE
TIME 349 .4
{(min)

TEMP

WIND
SPEED 2.2
(mph)

REL. o 1T

HMDITY

P-AREA

(ppm) 0.052

ESE

(ppm) 2.101

ESEA

{ppm) 2.153

40

TABLE 2
(cont)

PDESCRIPTIVE STATISTICS
Florida-February*

S.D.

064

.30

2.8

9.3

92.2

6.6

1.3

12.6

.025

1.513

1.517

(N=19)

MIN,

0.058

1.32

0.4

3.2

147.0

53

0.3

26.8

0.018

0.427

0.523

*Lower portion of suspect data X4

MAX.

0.321

2.29

9.5

46.2

463.0

73

4.3

76.1

0.096

6.533

6.593

SKEW. KURT.
1.36 3.08
-.05 -.95

-.13 -1.06
.74 2.3
-.51  -.80
-.13 -1.35
.18 -1.23
.16 :.08
.26 -.81
1.47 2.79
1.47 2.78
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TABLE 2
(cont)

DESCRIPTIVE STATISTICS
Chio-February, March

(N=9)
MEAN S.D. MIN. MAX. SKEW. KURT.

TWA
XP. 0.097  .030 0.067 0.163  1.51 2.30
(ppm)
11QUID

VOL.Z  1.64 .18 1.43 1.93 .53 -.99
BENZENE
PERCENT

NOZZIE 7.6 2.7 4.3 12.3 .56 -.31
TIME

GALLONS

PER 49.5 35.2 18.0 129.0  1.63 2.80
HOUR

SAMPLE , :
CTIME 323.0 149.0 S4.0 508.0 ~-.70 -.30

(min)
{Egﬁ 50.9 8.7 38.0 60.0 -.45 -1.67
WIND

SPEED 1.9 1.2 0.4 3.5 .31 -1.52
(mph)

REL. '
ooy 43:0 8.8 34.0 6.6 .60 -1.38
P-AREA

Copm) 0.050  .008 0.040 0.063 .39 -1.05
ESE 0.700  0.499 0.123 1.516  0.89 -0.14
( pn) - - - - -
ESEA

Copm) 0.751  0.494 0.177 1.560  0.89 -0.16



TWA
EXP

(pp;:)
LIQUID

VOL.Z
BENZENE

PERCENT
NOZZLE
TIME

CALLONS
PER
HOUR

SAHPLE
TIME
(min)

TEMP

(°F)

WIND
SPEED
{mph)
REL.
HMDITY
P=AREA
ESE

ESEA

42

TABLE 2
(cont)

DESCRIPTIVE STATISTICS
Nevada-June

(N=7)
MEAN S.D. MIR. MAX. SKEW.
0.042 .04 0.027 0.068 1.30
1.07 .05 1.03 1.17 .2.02
5.3 2.8 2.5 9.0 .32
42.8 29.9 13.4 99.3 1.14
307.0 153.5 120.0 490.0 .09
92.4 4.1 88.0 99.0 A
2.2 1.5 0.8 4.1 .41
26.2 5.9 18.0 33.2 -.10

KURT.

2.14

4.30

-2.30

1.39

-2.08

-.91

-2.52

-2.00
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TWA
EXP.

(ppm)

LIQUID
voL. %
BENZENE

PERCENT
NOZZLE
TIME

GALLONS
PER
HOTUR

. SAMPLE
TIME
(min)

TEMP
&)

WIND
SPEED
(arph)

REL.
HMDITY

P-AREA
(ppm)

ESE
(ppm)

ESEA
(ppm)

MEAN

0.193

1.47

19.1

31.0

442.3

75.6

2.9

72.0

0.020

0.928

0.948

43

TABLE 2 °

{cont)

PESCRIPTIVE STATISTICS
California-August (No Vapor Recovery)

s.n.

. 024

.005

4.1

9.9

15.0

0.9

2.2

0.001

0.183

0.183

(N=4)

MIN.

0.161

1.46

14.2

21.7

426.0

75.0

2.7

70.1

0.019

0.746

0.766

MAX.

0.220

1.47

23.3

41.4

456.0

76.0

3.1

74.1

0.021

1.151

1.170

SKEW.

-.54

-.03

.10
-.17
.00

.00

.02

.00

.43

L0431

SAL

KURI.

1.66

-.548

-5.19

-4.86

-5.99

~5.99

~5.85

-6.00

02.41

-2.385

000001458
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TABLE 2
(cont)

-

DESCRIPTIVE STATISTICS
California~August (Vapor Recovery)

(N=8)
MEAN s.D. MIN. MAX.  SKEW. KURT.

VA

Exp. 0.066  .014 0.028  0.071 .37 -.08
(ppm)
LIQUID

VOL. T 1.56 .09 1.46 1.70 1.01 -.46
BENZENE
PERCENT
NOZZLE  21.8 7.6 12.2 3.1 .31 -.81

TIME

GALLONS

PER 47.0 8.2 33.0 56.0 -.47 ~.87
. HOUR

SAMPLE :

TIME 449.9  22.7 403.0  474.0  ~1.27 2.00
(min)
TEMP 77.6 2.2 75.0 81.0 .18 -1.56
'F)
WIND

SPEED 2.1 .6 1.4 2.6 -.32 -1.61
(mph)

REL.
ooy 545 3.2 59.4 67.5 -1.10 -.31
tosh 0020 .o003 0.018  0.026  1.33 -.17

ppa)
ESE

Copm) 0.116  .053 0.061  0.199 .22 -.89
ESEA

(ppm) 0.136 .51 0.065 0.218 .28 -.89
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TABLE 3
COMPOSITE DESCRIPTIVE STATISTICS
MEAN S.D. MIN. MAX. SKEW. KURT.

TWAY
EXP. 0.111 0.066 0.027 0.321 .83 .32
(ppm)

LIQUID*
voL. 2 1.31 0.50 0.49 2.29 .05 -.90
BENZENE

PERCENT®

NOZZLE 8.3 5.4 0.4 23.4 1.17 - 1.04
TIME :

GALLONS™*

PER 44.3 36.0 3.17 180.3 1.76 3.26
BOUR

SAMPLE*
TIME 335.1 125.7 54.0 508.0 -.68 -.81
{min) ’

. |
fﬁgﬁ 58.5 23.6 11.0 99.0 A -.58

wIND*
SPEED 2.0 1.4 0.0 5.3 .40 -.94
{mph)

. .
uggﬁiv $1.3 16.5 18.0 76.1 -.15 -1.08

P=AREA™*

(ppm) 0.047 0.021 0.018 0.096 47 0.06

ESE**

(ppm) 1.510 1.280 0.123 6.533 2.08 5.59

ESEA™

(ppm) 1.557 1.285 0.177 6.593 2.08 5.56

® guspect data X4 (N=56)
** from non-vapor recovery data vith available area data (N=37)
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TABLE 4

AVERAGE AREA BENZENE CONCENTRATIONS

Site and Time of Collection

Ohio-July

Ohio-January
Florida-February
Ohio-February, March
Nevada-June
California-August (no V.R.)

California~August (vapor-recovery)

Weighted Average of Area Concentrations:

Ave.

#Samples Concentration

12 0.049
36 —
64 0.060
33 0.053
0
0.020
8 0.020
0.052 ppm

(ppm)
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11.
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PREFACE

This document represents the first of a two phased effort to re-
evaluate the carcincgenic potency of benzene. Since the last unit risk
estimate of cancer potency completed by CAG in 1985, thers have been
significant advances made in the development of risk assessment
methodology, and important new information has become available
concerning the effects of benzene on humans and experimental animals.

This phase I report adopts the same theoretical structure used in
the EPA (1985) risk models to obtain an upper bound cancer risk
estimate but refines the new model by the use of new data and
methodological developments. Included in the new estimates are an
update of the original epidemiclogical study by Infante et al. on
pliofilm workers, new epidemiological studies conducted in China, and
the use of more precise statistical estimation procedures m de possible
by the availability of exposure and vital status information on
individual cohort members. It i{s important to note that the model
developed in this study does not depart substantially from the basic
structure of the original CAG model. It incorporates the same one-hi:
one stage model that was the basis for EPA's (1985) risk assessments.
The new estimates reflect the agency’'s preference for using human data
when available, and are based upon parameter estimsation techniques
which pake the most efficient use of the available information.

An observation that demonstrates the consistency of one of the
more important underlying assumptions of the model, is that for both

the atomic bomb survivers in Japan and workers exposed to benzene in

China, the peak leukemia risk for benzene occurs at 5 to 10 years after
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iniciating the final biological transformation. Thus, in the worst
case, the risk of devaloping leukemia decreases steadily for those
people who have had no benzene axposure for more than 10 years. This
observation is being confirmed in the pliofilm workers cohort where we
see no nev cases of leukemia in the additional years of follow-up
(1979-1981) included in this report.

The changes made in the model have a pronounced effect upon the
uni{t risk estimate. The upper bound unit risk estimate obtained in
this report is 2.7 X 10-3 vhiéh is almost an order of magnitude lower
than the value of 2.6 X 10°2 that was adopted by EPA in 1985. Another
advantage of the nev model is that it provides logical way of testing
the linear dose-response hypothesis. It was demonstrated that the
dose-response relationship exhibited more curvature than could be
explained by a simple linear relationship. This demonstration of a
curvature, and the probable underestimation of exposure both strongly
suggest that the upper bound unit risk estimate is very conservative.

The difference in the cancer potency estimates obtained with the
current model compared with the previous approach is primarily due to
the tvpe of information used to estimate the model parameters. The
present approach uses the vital status and exposure estimates at each
point in time for each individual in the cohort as well as information
on latcnhy period from other studies. The previous approach grouped
individuals {nto exposure ranges and used the average exposure,
observed and expected number of leukemias, and person years in the
exposure group in the analysis. The data used in the current study

provides much more precise information for the estimation of the

ii
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parameters in the dose-response model.

Phase 11 of this program will invelve the use of additional
biological and exposure data and a more refined biologically motivated
model that takes {nto consideration benzene’s potential mechanisms of
action. Since most of benzene’s hypothesized mechanisas of action
suggest non-linear dose effects, we feel confident the predictions of
leukemia risk will be lower than the present upper bound risk

estimates.

iti
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I. INTRODUCTION

A complete analysis of the carcinogenic potency of benzene was performed
by the U.S. Environmental Protaction Agency almost ten years ago. Since this
analysis, considerable new and relevant information on benzene has become
available and major advances in risk assessment methodology have been achieved.
Hovever, a comprehensive reassessment of the carcinogenic potency of benzene
has not as yet been undertaken.

In 1985, EPA performed an interim quantitative cancer risk assessment of
benzene (EPA 1985). This interinm assessment wvas done in response to a petition
and, thus, had severe time constraints that forced the use of a secondary
source (Crump and Allen 1984) for deriving the cancer potency estimates which
did not permit optimal use of all the available information.

The purpese of this report, which shall be denoted as Phase I or first
submitzal. is to supply EPA with a new state-of-the-art upper bound estimate cf
benzene’'s cancer potency and to inform EPA of the more biologically relevan:
risk model that is under development which will be referred to as Phase 1l or
second submittal which is scheduled for completion in mid June. The advice zn:
suggestions of agency personnel are sought herefor how best to incorporate
scientific and regulatory considerations into the new biologically relevan:
risk model to be developed {n Phase II. In the Phase I report, the approaches
that vere takan to modify and complete EPA‘'s interim cancer potency estimates
are described and the approach to be taken in the development of a new more

biologically relevant model {n Phase II outlined.
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The upper bound cancer dose-response model for benzene that is developed

in the Phase I report includes the following extensions and improvements of

that used in EPA’'s 1985 reporrt:

(L

(2

(&)

(%)

(62

Inclusion of additional years of follow-up (1979-1981) from the
Rinsky ec al. (198l) cohort;

Restricting the analysis to the most relevant data set and functional
form of the potential models;

Use of updated U.S. vital statistics to estimate rate of benzene-
induced leukexia in the presence of competing mortality;

Correczions and additions of job classification codes that were found
on the Rinskv et al. (1981) computer tape to reconcile them with
original work records;

Use of actual data from several leukemogens in addition to benzene te¢
define a probability distribution for the time from malignant
transforzation of the first cancer cell to death due to leukemia: anc
Use of more efficient techniques for cancer potency parameter
estimpation, which is made possible by the availabilicy of information
or. exposure and vital status for every individual in the Rinsky e:

a.. (l981l) cohorec.

The new bes: estimate biologically relevant model that is under

development in Phase II will incorporate diverse biomedical information int: :

biologicnll} based quantitative dose-response model. For example, information

from observations of the leukemogenic effects of radiation (atomic bombs,

therapeutic), chemotherapeutic agents, and experimental benzene studies will be

used to estimate the biological latency periocd. In addition, the shape of <he

age-incidence curve for granulocytic leukemia for the general U.S. populatic:
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will be used to estimate other model parameters. The approach taken i{s ro
derive risk estimates for benzene that are based upon various forms of a two-
stage model with clonal expansion of preneoplastic or lst stage cells
(Thorslund et al. 1987).

The two-stage biologically based model can be used to estimate risk from
either human or animal data, which {s an improvement over the present
inconsisctent EPA approach of using different models for the two types of data.
The new approach has the further advantage of proving a means to incorporate
theories of biological mechanisms into the dose response model. For exaxmple,
we can incorporate benzene’'s clastogenic effects as well as its effect on cell
proliferation into the model.

The fpllowing sections of this report provide a more detailed discussion
of the approaches that are used here as well as those that are under

deve,opment.

1.3
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11. ANALYSIS OF EPA'S 1985 MATHEMATICAL MODELING APPROACHES USED FOR BENZENE

A. General Mathematical Fragpework

The models that wers used in the EPA‘'s cancer risk assessments for benzene
(EPA 1985) are based on the ioplicit assumption that one molecule of benzene
can cause the single necessary event that transforms a normal stem or
progenitor cell in the bone marrow into a neoplastic cell (i.e., one-stage,
one-hit models). The latency period or time between this cellular
transformation and death due to leukemia is a variable that is affected by a
nunber of factors such as immunoclogical competence and the stage of
hematopoietic maturation of the transformed cell. Thus the time-dependent
dose-responise model for benzene and leukemia is dependent upon two factors:

1. the dose-response relationship between benzene exposure and the
cellular transformation. and

2. the probability distribution of the length of survival (i.e., time
between the cellular transformation and death due to leukemia).

This joint biological process is mathematically modeled in a general forz
in the next section. The manner in which CAG's previous cancer risk models for

berzene-induced leukemia fit into this general framework {s then described

1. Development of General Model

In this section, the general EFA cancer dose-response model for benzene ic
derived na:ﬁonatically and biologically-based rationales for the model
components are proposed.

The relative i{nstantaneous probability that exposure to benzene at time v
resulted in death due to leukemia at time t can be expressed as

h(v,t) = G{x(v)]w(t-v) {

(2]
(]
]

]

II-1
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where G[x(Vv)] is the instantaneous dose-dependent probability that exposure o
a specified level of benzene at ctime v, x(v), will induce the cellular
transformation (e.g., chromosomal abnormality) that will lead to leukemia some
time in the future; t-v is the length of time between the cellular
transformation and death due to leukemia, which is considered to be a random
variable with a definable probabilicy distribution w(t-v); and w(t-v) is the
probability density or weighting function thar defines the relative
probabilities of death due tc leukemia at time t given that the cellular
transformatior occurred at time v (i.e., the probabilicy density function of
t-v,.

The relative probabilitv that a series of exposures to benzene prior to
time t will result in death due to leukemia at time t is simply the sum of the
effecz of the exposures at all individual points in time. Thus, if an
individual were subiecte. to a series of r + 1 exposures (Xp,, X;.,...,Xy)
occurring at times (v,, V;,....,Vy), the instantaneous probability of deach due

to leukezia at time t is the hazard function or age-specific cancer race:

. T T
hoto o= 7 hivy,t) = 7 G(xj)w(t-vy) STT
i=0 ” j=0

The hazard function is {llustrated in Figure I1-1 for the simple case
where the exposure level was x, at time v, and x, at time v, the weighting
funccion has the simple unimedal form w(t-v) = Kz(t-v)exp-x(:-v), and the
ce.ivlar transformation function is assumed to be G(x) = ex:, which would “¢
the case if the transformation requires two simultaneous one-hit events. An

example of a transformation that requires two simultanecus events is reciprocsal

I1-2
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FIGURE 1I-1

Illustration of Hazard Function for Leukemia at Time t
Following Two Exposures to Benzene
at Points In Time v, and v,

Benzune

&f:iz':w Relative Weight
x w(l-v)
X0 Lo
[
¢
X1 : C
| [ [
l |
1 !
' i
] !
! !
1 R t
0 v Vi

h(t) = Bxiw(t-vo) + Bx\'W(t-v;)
Gx(v)] = Bx(v)?

w(t-v) = K2(t-v)exp-K(t-v)

hit) = RK2[xa(t-vo)exp-K(t-vo) + Xi(t-vi)exp—K(t-vy)]

I1I-3
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translocation of chromosomes, which requires the breakage of two different
chromosomes during a single phase of the cell cycle. For example, 95% of
adults with chronic myelogenous leukemia exhibit the presence of a reciprocal
translocation invelving chremosomes 9 and 22 or a variant tranalocation of
chromosome 22 (the Philadelphia chromosome) (Sandberg 1980, Mitelman and Levan
1981).

When exposure is continuous over time, the hazard function has cthe same
functicnal form as eguation (11-2) except that the summation sign i{s replacec

by integrals, yielding the relationship:

T t
hit) = [ hix(v).v] = [ Glx(v)]w(t-v)dv, (11-3
0 0

which mav be viewed as weighting the functional effect of G{x(v)] by w(t-v) anc
adding ;he weighted effects from all exposures prior to t to obtain the tota.
effect. The age-specific leukemia death rates due to continuous lifetime or
continuous ten-year exposures, assuming the previously specified forms of G
and w(e), are derived from equation (II-3) and shown in Figure II-2, where a
modal time (:-v) is assumed to be 5 years. Under this model. the age-specifi:
leukemia death rate reaches a plateau under conditions of continuous expcsure
but rapidiy declines upon cessation of exposure. Using a weighting function
for lltencg to obtain a composite hazard function is discussed {n more generz.
terms by Whittemore and Keller (1978). Selecting functional forms for G(e®) ar:
w(e) should be guided to the greatest extent possible by what is known abou:
the biological processes involved in benzene-induced leukemogenesis. In the
next section. the choices that were made in EPA's benzene risk assessment (EP:

1985) are reviewed.

11-4
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FIGURE I1-2

Relationship between
Age-Specific Leukemia Rate and
Duration of Benzene Exposure?

h(x.t) ® [Bx2] -1 Continuous Exposure
h(x,t) = Bx2 {1 - [(1 + 0.2t) exp ~ 0.2t]}

1.0
0.8
0.8
0.7
0.6
0.5
0.4
0.3

0.2 Exposure Discontinued After 10 Yea's
h{x,t) = @x2{[1 + 0.2(t- 10)) exp -0.2(t - *C -

0.1 (1 + 0.2t} exp - 0.2t}

0.0

o 10 20 30 40 S0 60 70 -

Years of Exposure (t)

aAssurniﬂg K = 0.2 (i.e., modal latency is 5 years)

11-5



2. Functional Forms for G(e) and w(e) Used by EPA
A total of six risk model forms were used by EPA to estimate benzene-
induced leukemia risk basad on all combinations of two forms of G(e) and three
forms of w(e) (EPA 1985). The models were derived by transforming the basic
models for an occupational exposure scenario developed by Cruap and Allen
(1984) for OSHA and subsequently reported in Cruap et al. (1987) into models
appropriate for environmental exposure. The dose-effect relationship for the
cellular event used bv EPA may be represented by either of the following (EF:
1985 -
‘ Bx(v) one-hit absclute risk model
G % v, | -
Bx(via(t) one-hit relative risk model
where a(t) is assumed to be the background age-dapendent leukemia rate at age
t. The three functions specified for w(t-v) by EPA (EPA 1985) may be expressec

as step funcrions of the forms:

0 t-v < §
cumclative dose
1 5gct-v
( 0 t-v < 2.5
1 2.5 ¢ tv<?7.5 weighted
WiC -V - < cunulative dose

1/3 7.5 < e-v < 12.5

B L 1/6 12.5 ¢ t-v
f 0 t-v < 2.5
< 1 2.5 € t-v £12.5 window dose
L 0 12.5 < t-v
11-6
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The cumulative dose hypothesis is equivalent to a two-stage model (i.e..
k=2 in multistage) in vhich the first stage is assumed to be exposure-depender:
with a five year lag-time. The weighted cumulative dose is consistent in some
vague unspecified sense with the latency pattern of leukemia in Japanese aromic
bomb survivors and the window dose has no theoretical or intuitive rationale.
Combining these three weighting functions with the two dose-response models for
the final cellular transformation yields a total of six potential models. The
biological assumptions supporting these models are evaluated in the next

section.

B.  Analysis of Underlying Assugptions
1. Linearity

A critical assumption made by all the dose-response models for benzene is
that the probabilicty of the cellular transformation is linearly related to
dose. The simple one-hit (linearity) assumption for benzene is based on the
compound assumption that the reactive benzene metabolite level at the site of
action (i.e., bone marrow) is proportional to the level of benzene exposure ir
the air and that only one molecule of the benzene metabolite is required for
the critical reaction that elicits the cellular transformation. No direc:
evidence for these assumptions has been presented for benzene so that their use
in risk assessment models is strongly based on the rationale of health-
conservatism. For the upper bound model developed in Phase I the assumption of
linearity is retained; however, in the Phase 1I report, the linearity

assuoption will be critically evaluated by:

II.7



. obtaining estimates of the relationship between the level of benzene
in the air and the dose of benzene's principle reactive metabolites
predicted to be delivered to the bone marrow using pharmacokinetic
models assuming that a parallel funded project i{s available by mid
June;

. defining the dose-response relationships bectwesn benzene and events
that are likely to be responsible for the cellular transformatiorn
such as chromosomal aberrations; and

° making a comparison of the log-likelihoods (i.e., goodness of fit) of
linear and non-linear models using the epidemiological data on
benzene and leukemia.

i1f these factors suggest non-linearity, more bjiologically relevant models tha:
are under development may give more plausible estimates of leukemia risk at low

dosec .

2. Relative or Absoiute Risk

The assumption of relative risk (i.e., a unit of benzene exposure changes
the background leukemia rate by a constant function at all ages) is often made
without crirical analysis. however. for benzene and other agent-induced
ieukemias. the evidence is inconsistent with the relative risk assumption. The
U.S5. background death rate for granulocytic leukemia, the type most closelx
associated with radiation and benzene exposure, increases as an exponentiz.
funzction of age This relationship is shown in Figure I1-2 using the leukezi:
death rates in the SEER data base (excluding Puerto Rico) from 1972 zo 1977
It i{s well reccgnized that the shape i1f not the magnitude of such curves ave
consistent betweaen human populations. In contrast, leukemia death rates ha':
been shown to reach a peak and then decline over time upon cessation of
exposure to:

) benzene in animals and humans (Rinsky et al. 1981, Yi{n et a.
1987, Cronkite et al. 1985)

II1-8
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. atomic bomb radiation (Radford 1983)

. therapeutic radiation (Cadman et al. 1977, Foucar et al. 1979,
Boice et al. 1987) .

¢ cancer chemotherapy (Cadman et al. 1977, Foucar et al. 1979)
This trend was shown previously in Figure I1-2 in a schematic manner.

The ratio of the background and agent-induced leukemia death rates (i .e..
rates in Figure TI-2 divided bv razes In Figure II1-3 for the same vear) are
obviously not consistent over time. This time dependent relative risk adiustec
to make the maximuz value equal to ten is shown in Figure IIl.3a for both a :zer-
year and a lifetime exposure. As a result, a relative risk model in which che
constant relative risk assumprtion is made should not be used for benzene or
other leukemogers fcr the purpose of quantitative cancer risk estimation. Irn
all subsequent upper bound model developments in the Phase I report, the
absolute risk form will be employed., which is the standard form used by EP: ir

risk models based on animal bicassay data.

3. Torn of the Weighting Funcrtions
In this section, the weighting functions used by EPA to assess benzene
risk are evaluated for their biological consistency with the observed late-c:

period for leukemia.

Vindow Dose

As is suggested by Crump et al. (1987), the window dose assumption has
utilicy for testing hwvpotheses about the duration of the exposure effect:
however, since the window dose assumption appears to have little biological
Televance and gives the lowest risk estimates of the three weighting funczio-ns

(i.e., is least conservative), {t will not be explored further here.
I1-10
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Cumilative Dose
Within the context of weighting functions, cumulative dose is the measure
of exposure that results from the assumption that all future age-specific
cancer rates are affected equally by past exposures of the same magnitude,
regardless of when they occurred. Cumulative dose is an attractive concept as
a measure of exposure because of jts simplicity and intuitive appeal. The
concept of cumuliative dose and the total effect of that dose over the
observation period is {llustrz-ed in Figure 11-4. Cumulative dose s alsc
consistent with the assumption that the underlying dose-response model is
zultisctage rTestricted to two stages, and that only the first stage is affeczec
by the agent. To derive this two-stage form, the result of Crump and Howe
(i5Bu, glving the age-specific cancer rate for exposure t¢ a constant level x
of an agent from age s to f in which only the first stage is affected is used.
In this case, the age-specific leukemia death rate may be expressed:
hiz) = azk 'l & gx (s-s)k-1 o (e-f)k-l) (IIew
where k is the number of stages. Taking k=2 gives the result:
hi(t) = at + Bx(f-s) ) (Tl

where x(f-s) is the cumuiative exposure. For continuous exposure. f =

it
1)
1
[ %

S = L so that = I} = at » Bxt

Severa. observatiors are inconsistent with the relationships postulzted ::
equations (IIl-4) and (11-5). First, background leukemia death rates are
increasing over time much faster than the predicted level based on the .i:inecr-
equation (see Figure 11-3). Second, h(t) does not remain proportional to the
tota. past exposure .i.e., x(f-5)] as predicted, but declines over time
following cessation of leukemogen exposure. This pattern is true for both

radiatien- and benzene-induced leukemia. Enterline (1987) has pointed ou: &

II-12
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FIGURE II-4

Typical Step Function for Exposure, Cumulative
Exposure, and Area Under Cumulative
Exposure Curve for Observation Period
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number of additicnal factors indicating that cumulative exposure is net a
biologically plausible exposure variable for carcinogens in general. as a

result, lictctle weight will be given to this approach.

Veighted Gawulative Dose

The weighted relative exposure assumption is reasonably consistent with
observactions of time-dependent changes in risk exhibited by the pattern of
latency observed after exposure to the atomic bombs in Japan; however the
manner in which this observation has been represented by a weighting function
is cruce in nature since it employs a step function form that {s incons.ster:
with biciogical processes. In the next section, an alternative weighting
function is derived that is consistent with observations and theoretical

biological considerations.
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I11. NEW METHODOLOGICAL DEVELOPMENT

A. Form of Veighting Function

The accumulated data on the time from leukemogen exposure to leukemia
death and the preleukemia syndromes associatad with the etiology of the disease
are very consistent with the hypothesis that agents such as radiation,
chemotherapeutic drugs, and benzene induce leukemogenesis by similar mechanisms
(Rinsky et al. 1981, Yin et al. 1987, Radford 1983, Cadman et al. 1977, Foucar
et al. 1979). 1It is reasonable to assume on this basis that ence a cell has
been transformed to malignancy, its behavior is leukemogen-independent and the
probability distribution of the time from the cellular transformation to death
due to leukemia, w(t-v), that is obtained from different leukemogens are
equivalent and can be used interchangeably.

Radford (1983) notes "hat post-radiation leukemia is the earliest observed
radiogenic cancer, reaching a peak at five years following expésure. In cor:
trast to the solid tumors induced by radiation, the leukemia effect virtually
disappears after 25 or 30 years. A simple estimate of the average time betweer
cell transformation and leukemia death can also be made on the basis of a
recent study by Yin et al. (1987). These investigators described 30 cases cf
leukenia in a cohort of benzene exposed workers in China f;r whon exposure was
continuous from the start of employment until death due to leukemia. Under z=he
assumption that over time, each exposure had an equally likely chance of
inducing the critical cellular transformation, an estizate of the modal time
from that transformation unctil death is simply one-half of the observed latenc
period ({.e., time of first exposure until death). This value i{s 11.4/2 = 5.~

-

vears, which is in very good agreement with the atomic bomb radiation data.
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A weighting function that is consistent with thess observations is a
simple function of the form:

W(t-v) = Kz(t-v)cxp-[K(:-v)] (I11-1)
vhere (£-v)>0 and K = 0.2. This relationship results in a function that
predicts a maximum leukemia death rate five years after transformation and only
about 48 of the maximum response at 30 years. The latter would be non-
detectable using available data basas due to their lack of power to detect such
a spall increase. This functional form is illustrated {n Figure II1I-]1 and is
contrasted to Crump’'s "weighted cumulative dose”™. 1In all subsequent analyses.
equation (III-1), with K=0.2, shall be used as the weighting function in the
risk models that are developed.

In the Phase II report, actual time-to-tumor data may be used to estimate
the parameters of the time-to-tumor distribuction from studies in which benzene.
radiation. and chemotherapy have been shown to induce leukemia. Techniques car
be developed to make efficient use of these data to estimate K or the
parame:ters in such models as the Weibull, log-normal, or log-logistic.
Efficient mathematical methods of using the time-to-tumor information from
several epicdexioclogical studies to estimate the parameters in the risk mode.:
will be developed in the future if resources permit.

Based upon the previous analysis, a linear absolute risk model wili be
assumed for benzene with a continuous weighting function that simulates the
observed latency period for leukeaia among Japanese post-atomic bomb radiacion.
benzene-exposed Chinese workers, and benzene-exposed Pliofilm workers in Ohic
The main improvement afforded by the new model is its ability to utilize

exposure data from individuals {n the benzene-exposed cohort. The availabil.:~

a7
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of individual exposure and survival data allows the development of an
estimation procedure that is 100% efficient in its use of the observed data
(i.e., maximum likelihood estimation of the time to benzene-induced leukem:ia

death). The development of this approach is discussed in Section III1.B.

The method of estimation employed by EPA for benzene and leukemia usec
approximations and grouped data to obtain estimstes of the unknown dose-
response model parameters (EPA 1985). The basic data was person years observec
and expected number of cases within exposure intervals. The type of
information that was used is shown in Table 1II-1. The use of such summarizez
data resulted in the incorporation of potential blases into the method of
estimation and precluded a logical method for introducing non-linear
relationships into the dose-response effect submodel G{x!v)]. The extenz of
bias that is introduced by using summary data is discussed by Thomas er a.l
(1982), who concluded that it is a major factor in the distortion cf the chars
of dose-response relationships and results in risk escimates that are
unreliable. In contrast, using the exact exposure pattern and vital staszu:
determination for each individual in the cohort eliminates the defects
associated with EPA’s approach. To use individuasl data and the methods
developed in this section, the following information is needed:

Sex

Race

Date of birth

Age follow-up begins

Age follow-up ends

Status at end of follow-up (alive or dead)

Cause of death i{f dead
Exposure history

@~ w -
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TABLE 111-1

OBSERVED AND EXPECTED LEUKEMIAS
IN RINSKY ET AL. COHORT BY WEIGHTED
CUMULATIVE DOSE; 1940-1978 FOLLOWUP

X
Ueigg:ed
Cumulative Exposure
in ppm-vears OJ Ej Wj
(average) ObseTrved Expected SMR (person-years)
0-3 2 1.55 129 264633
(0.54)
3-10 0 0.46 0 5843
(5.9)
10-30 0 0.36 0 4544
(17.7)
30-100 1 0.33 305 3947
(56.6)
100-300 3 0.204 1470 228¢
(163.5)
300+ 2 0.047 4250 633
(554.8)
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1. General Approach

In this section, the maximum likelihood method for estimating the unknown
parameters in the age-specific cancer rate function for benzene-induced
leukemia is derived.

The benzene-exposed cohort i{s assumed to contain a total of N individuals
For the kth individual in the cchort, the vector ty is defined as

tkx = (Tok. Tik. ©2k)

where toyx = 8ge at which an individual was first exposed to benzene;

tik ~ age at which an individual first entered the cohort for
observation. and

tox = age at which an individual was last observed.
The exposure functien feor the kth individual {s denoted as
Xk (V) 0 g vty
The genera. forx of the age-specific leukemia death rate for the kth
individual at age t > t: was developed in the previous section and is definec
for the kth individual as

C
he(s) = a(t) + [ Gixp(v)]w(t-v)dv (
C

-4
+4
ra
.
]

which is also krncwn as the individual hazard rate. In the absence of compesin:
mortality the probsbility of survival until age t for the kth individual is *

definition

Sg(t) = exp-lA(t)], where (I27-2
T2k

Ag(t) = [ hy(v)dv (I111--
Cilk

wh.ich is referred to as the accumulated hazard.
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Two types of observations for an individual within the study cohort are
possible:

1. death at age tyy from a form of leukemia that is suspectad to be
benzene-induced; and

2. no death due to leukemia by age tog.
By definition, the probability density function for those who died of

leukemia given that they survived until age clk.is

fre () = h(t)S(e). (111-5;
where h(e) and S(e) are the hazard and probability of survival functions.
The M individuals that died of leukemia in the cohort of size N are given
the first M subscripts. so that the likelihood of the observed leukemia cases

occurring in the cohort can be expressed as

M N M N
L= O f(tk) T Splty) - I hylty) 0 Sk(ty)
k=1 kmM+1 km] kel

—
-
Ll
+4
(e )

Alternatively, using the log-likelihood function, the sxpression can be wrict:er

as
M N
Inl = § loghy(tyg) - I Ag(ty) (112-7
k=1 k=1

where A(e) is the cumulative hazard function defined in equation (I11I1-4).

Estimates for the unknown parameters in the hazard function h(e) can be
obtained from the likelihood equation by solving the set of n non-linear
equations of the form

glnl = O s= 1.2,...,n (I
88

[ X
(2]
m
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where n is the total number of unknown parameters for which estimactes are
desired. The development of these estimation procedures in a slightly less

general way is described in Gart et al. (1986, sec. 6.3, ii).

2. Parameter Eszimation for Absolute Risk Model

The general form for the absolute riak model may be expressed as

hyl{t) = alt) + 8 thka(v)]w(t-v)dv. (111-9
which may alsc be written

he(t) = a(t) + BXp(t) (I11-1
where Xp(t) = gzc[xk(v)}u(t-V)dv. (II1-11;

which represents the effective benzene exposure level. In this case, the log-

likelihood function has the form

™ Ntk t2k
Inl = ¥ log (a(ty) + BXp(ty)] - B% J Xe(viydv - [ a(v)av. (11z-12
k=2 kel £y 0

if the weighting function is assumed to be completely specified arnd z.:°
is known from life tables, the only unknown parameter in the likelihood

function is the term # (i.e., the cancer potency). To estimate 8, the

......

results in the relationship

M N T
dinl - ¥ Xt - T xmev - 0 (I11-17
dB k=1 a(ty)+8X(ty) kel t1k
I11-8
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This expression may be solved for ’ using iterative non.linear techniques.

Such a solution requires that the values are known for Xi(v) and its integral.

T2k
Yy = [ Xp(v)av, (111-13a;
tik

over the observation period. These values (i.e., Xg(v) and Yi) are derived in

the next section for a general exposure scenaric and two welghting functions.

3. Exposure Pattern

The time-dependent exposure function x(v) is usually based upon a series
of analytical measurements taken over time. On occasion, an underlying
structural form for x(v) may be assumed, such as %x(v) = x(O)exp-it (i.e., firsc:
order decay). However, in most situations, the measured value will define a
step function for which it is assumed that exposure is constant over some
defined interval such as a working year.

A step function may be viewed in the following manner. Consider the
exposure pattern for the kth individual who has ry exposure intervals

Tepresented below:

Exposure
Level X1x X2k Xgk XrK Kk
Time Vor T Vig Tt v2k . vsk ------ vs+1,k N vr-l.k ----- vrk.k
ok 1k 2k
time of firsc time of first time of last
exposure observation observation

where the vyy are the times at vhich the exposure level changed for the kth

individual except for the cases v v

ok’ Vsk° and Vg ke wvhich are defined in the

111-9
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representation. The schematic representation may alsoc be expressed by the
mathematical funetion
Xp(V) = X4k vy.1,k < Vv < vk J=-1,2,....r (111-1a:
A typical depiction of this type of sxposure pattern was displayed in
Figure I1I-4.
In the next subsections, the effective exposure levels for the benzene-
exposed cohort are derived assuming a step function for exposure and two

different tvpes of weighting functions.

Equal Veights

For the case in which all times {n the future are given equal weight
({.e., w(t-v) = dv, 0 £ v £ t), the weighted cumulative exposure (effective
exposure) for a sctep function until times vy < v € vg,| may be expressed as:

s
X (v = L x5c(Vik-Vvi-1,k) * Xgel,k(V-Vsik) (177-%2
-1

At the peint of change in exposure level, it may also be expressed as:

- - -

S
Ke Vs = L *3k(VikTVi-1,k) REER

The tozal effective exposure at the end of the observation period is descrize:
as
. rx
Xy (t2%) 'lexjk(”jk‘vj-l.k) | (

4
LB}
[}

1

which is time-dependent total exposure in ppm-years. These expressions (i.e. .
111-15. 11I-16, and III-17) are derived by substituting equation (III-14) int::

equatien (III-11) and integrating. The likelihood equation sclution also

111-10
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requires that the area under the ppm-yesars curve during the observation period,

tik to t2k, be obtained. For the step function, this area may be expressed as:

rk-1 -]

. 2 . -

Y = z (vm+l,k'vmk) I xjk(vjk'vj-l,k)+ Xorl k (vn+1.k vnk) /2 (I111-18) _ °.
sy -1

which is obtained by substituting the definition for Xk(v) given in equation
(I11-15) into equation (III-13a) and integrating. The step function exposure
pattern, the cumulative exposure (ppm-years) function, and the area under the
cumulative exposure function during the observation period were all shown in
Figure 11-4.

The numerical values for Xy (ty), a(ty) and Y can be calculated from the
derived equations and substituted into the derivative of the log-likelihood
equation to obtain a numerical solution for 5.

It is informative to see how the estimator behaves in a simple case.
Consider the case where exposure is constant over an individual’'s entire
lifetime. 1In this case, the hazard may be expressed as

h(t) = a(t) + fxt (II1I-.%°

and the cumulative hazard as

t
Ae) = [ a(v)yav + gxt? (117-2¢
0 2
c -
where f a(v)dv {s the expected spontaneocus (background) number of
0

leukemia cases by age t.
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