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TRENDS IN CANCER MORTALITY AMONG WORKERS IN THE SYNTHETIC
POLYMERS INDUSTRY

William J. Nicholson, Paul K. Henneberger and
Diane Tarr

Environmental Sciences Laboratory, Mount Sinai
Schoel of Medicine of City University of New York
New York, New Yorkx 10029, U.S.A.

INTRODUCTION

The reactive double bonded structure of ethyleme-like
molecules allows a wide variery of chemicals to undergo
polymerization. Unfortupately, this same structure has beer
found capable of transformation to an epoxide by the mammal-
ian mixed function oxidase system (Bonse and Eenschler,
1976). These epoxides or their reactive metabolites can
bind to cellular macromolecules and may be responsibie for
the carcinogenicity of the parent molecule. Epoxide forma-
tion has been suggested as an intermediate in the carcino-
genic action of vinyl chloride (Van Duurez, 1975) and vinyl-
idene chloride (Maltoni, 1877), and in the mutagenic action
of styrene (Milvy and Garro, 1976). The epoxides of ethyl-
ene, styrepe and vipyl chloride have been shown to be carci-
nogenic, as well as directly mutagenic in bacterial test
systems without the need for activation. The potential for
conversion of ethylene-like molecules to the epoxides is
greater for unsymmetrical structures such as vinyl chloride
snod vinylidene chloride than for symmetrical structures,
such as ethylene, 1,2-dichloroethylene or tetrachloroethy-
lene. It is beyond the scope of this review to discuss the
structure-activity relationships of the monomers used in the
Plastics industry. |Nevertheless, available data suggest
that carcinogenicity depends on the metabolism of these
monomers to reactive intermediates and that these reactions
may be non-linear. However, when the metabolism of a com-
pound is understood, a coherent picture of the dose and time
dependence of cancer should emerge.
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At this time, data are available on both experimental
and human carcinogenesis from exposure to vinvl chloride
(VC) and on its metabolism that provide information import-
apt for the understanding of observed dose-response rela-
tionships. This paper will consider these data om VC in
detail as they provide estimates of the trends in future
disease potential from past exposures and information on the
efficacy of current occupational standards. As human and
animal data accumulate on the effects of exposure to other
monomers, the approach suggested by VC can be applied to
their evaluation.

DOSE-RESPONSE RELATIONSHIPS

VC is one of the best studied chemicals in apimal
systems. The magnificent research by Maltoni and associates
(1981) on nearly 7,000 animals over a tem year period is
virtuslly ummatched in experimental carcinogenesis. A
principal feature of their results is summarized in Figure 1
which shows the dose-response relationship for the percent-
age of animals that developed hemangiosarcoms (HSA) of the
liver from 4 hr/day, 5 day/wk, 52 wk exposures to different
concentrations of VC. As can be seen, the relationship is &
non~linear one with evidence of saturation at high con-
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Figure 1. The percentage of rats develeping liver hemangio-
sarcoma from 52 wk exposures to VC for & hr/day, 5 day/wk.




centrations. Hovever, at concentrations of VC less than 500
ppm, a reasonably linear dose-response relationship obtains.

Gehring et al (1978) have explaiced the non-lipearity
in terms of Michaelis-Mepten kinetics, ip which the trans-
formation of VC to a reactive intermediate follows the
equation,

V= va/(xm + 8) (1)

V and V_ are the rate and maximum rate, respectively, for
the bioegansformation of VC, S is the concentration of VC in
inspired air, and K , the Michaelis constant., K was deter-
mined experimentally to be 860 pg/i and V_ to be 5,706 pg/é
hr. Figure 2A displays the dose-respgnse relationship
between the percentage of amimals with liver HSA and the
quapntity of VC metabolized according to Eq. 1. As can be
seen, a direct liner relationship exists with po evidence of
a threshold or altered slope at low doses. The possibility
of a non-linear dose-response relationship from detoxifica-
tion kinetic steps has been postulated (Getring and Blau,
1977); and discussed in deta2il (Hoel et al, 1983), but no
evideace exists for such non-linearity in the data vye:
available. The unweighted least squares regression equatioa
for the dose-response relatioaship is

% HSA = =0.066 + 0.0039 V (2»
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Figure 2. Linear apd probit dose-respoanse relationships for

the quantity of VC metabolized/4 hr exposure (5 day/wk,52 wk).
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Gehring et al (1978) fitted the early data of Maltoni
and Lefemine (1975) to a log-probit model. TFigure 2B shows
the log-probit plot using all available data from the stud-
ies from Maltooi et al (1981). The unweighted least squares
regression line is

Probit = 0.24 + 1.01 leg V (3)

While such a plot fits the observable data (r2 = 0.68), the
linear dase-responsa relationship fits the data somewhat
better (r® = 0.77). Further, there is very limited biologi-
cal rationale for the use of a log-probit relationship in
carcinogenesis and its use as a means of extrapolation to
predict effects at very low exposures would appear to be
more an act of faith than of science. On the other hand, a
linear dose-response relationship between the incidence oI
HSA and the quantity of VC wmetabolized is bioclogically
plausible and fits all available data. Its use is strongly
suggested.

TIME COURSE OF CANCER

Much of human cancer has been found te follow a power
law relationship with age (Armitage and Doll, 1961; Cook et
sl, 1969),

R = beX 4)

where R is the incidence rate of cancer at a specific site,
t is age, and b and k are coanstants specific to site. In
general, k is between 4 and 6 for most epithelial malignarn-
cies. While data for exposures to specific carcinogens are
limited, broncthogenic carcinoma from cigarette smoking and
mesothelioma from asbestos exposure also follow a power law
of time from onset of exposure with an exponent between 3
and 5 (Doll and Peto, 1978; Newhouse and Berry, 1976; Peto
et al, 1982). These findings have been interpreted in terms
of a multistage model of carcinogenesis, the implicatioms of
which have been discussed by Peto (1977), Whittemore and
Keller (1978), and Day and Brown (1980), among others.
Deviations from the above time course occur with exposures
1o carcinogens that interact synergistically, such as asbes-
tos and cigarette smoking in the production of lumg cancer.
This interaction can be incorporated in the multistage mo-
del, but a more complicated relationship obtains. However,




for a rare tumor, such as HSA, imteractive effects may not
be imporrant anéd a power law relationship shbould adequately
describe the time course of risk following exposure.

Some data are available from the use of Thorotrast in
Japan and Denmark tbat indicate the incidence rate of HSA
does follow Eq. 4 (Mori et al, 197%a; Mori et al, 1979b;
Faber, 1978). The material was used in these countries over
a limited period of time, so the incidence per calendar year
and estimates of the population at risk can be used to
estimate incidence rates by time from onset of exposure.
While the data are very limited, they are consistent with a
power law dependence of risk and suggest a2n exponent of ap-
proximately 3. Three is also compatible with the incidence
of liver HSA in the mortality study of polvmerization wozk-
ers described elsewhere in this volume (Nicholson et al,
1983). However, only nine cases are available for anmalvsis.

PROJECTIONS OF FUTURE MORTALITY FTROM PAST VC EXPCSURE

Sufficient data have accumulated or the pattern of
mortality from past V( exposures to allow an estimate future
mortality from these exposures of using a lipear dose-re-
sponse relationsbip and a time course for risk of death from
liver HSA given by Eq. 4. Figure 3 shows the number of
cases of HSA accordipgz to various measures of time that have
been identified in the United States, Western Europe and the
world (NICSH, 1982). The distributions shown in Figure 3
are the result of the exposure to VC of various groups of
individuals in different periods of time since 1935. Equa-
tion & indicates that the incidences (pmot incidence rates)
according to calendar year, vear of exposure, and vear from
onset of exposure, respectively, are:

_ k
Ij = izj ¢ tiai Fj(nort) (5a)
- k
,=¢ j§1 Tied Fj(Mort) (5b)
= K T
joi T Yyeq zc .j(Hort) (5¢)

where i represents the quinquenium of exposure and j, tke
quinquenium of observation. i runs from 1 to §, represent-
ing the years 1935-1974 and j from 1 te 9, extending the
observations through 1979. The T, (Mort) are the appropriate
age and calendar vear adjustments to the population in
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Figure 3. The number of cases of hemangiosarcoma of the liver
in the U.S., Western Europe and the world according to seve-
ral time criteria.

quinqueniun j from normal mortality. The C.'s are propor-
tiomal to the total population exposure, i.é., the averags
aumber of workers exposed ic a given time period times the
average VC copcentration. Since the dose-response relation-
ship for both inspired and metabolized VC is linear in the
range of most worker exposures, the risk of HSA is propor-
tiopal to the total population exposure; one need not know
the onumber of workers exposed and their vinyl chloride
exposure separately.
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Relative values for the C.'s can be determined from two
sets of data. The first is the incidence of HSA according
to calendar period of first exposure (I.). Here the C 's are
directly proportional to the incideace™ in a given calendar
period and avajlable data are sufficient to establish rea-
sonable values of C. for the time period 1935-1955. Addi-
tional data on C, an be developed from published data on
the production of VC monomer. Figure 4 displays the avail-
able information on production in the United States (S.P.I.,
1975-1978; U.S. Tariff Commission, 1948-1968) and Western
Europe (0.E.C.D., 1971). A first approximation to the
population exposure in different years would be to consider
the Ci's to be proportional to VC production. However,
average VC coocentrations changed over the vears of concern
(Table 1) apd an adjustment for the different relative
exposures in different times must be made. This adjustment
is indicated in Table 1 and on Figure 4, TFurther, an ad-
justment must be made to take into account the different
number of workers required to produce a metric tom of VC in
different time periods. As it would be expected that more
workers were employed per toane of VC produced during eacz-
lier years, an adjustment is required to account for produc-
tivity. JIpitial estimates of this factor are also indicated
in Figure 4. The relative population exposure, taken to be
the product of production, the workforce productivity ad-
justment, and the exposure adjustment is shown by the solid
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Figure 4. The production of VC in the U.S. and Western Europe
along with estimates of the population exposures to VC poly-
merization workers in different calendar periods.
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Table 1

Measured and estimatad exposures to vinvl chloride

o polvaerization WOTrkers 1% various tine deriods

Approxizate

Calendar Viovl chloride exposures (opm) telative

Period Barnes (1976) Orr et al (1975) Suciu et al (1875) exposure
Before 1950 1000 5
1950=54 1000 100 = 400 5
195%-59 400 = 500 100 - 400 3
196064 300 - 400 20 -~ 80 200 - 900 2

196565 300 = 400 20 - 80 40 - 50 1.3
1970-74 150 - 300 W - 60 1

lines across each quinquenium. The dashed lines across each
quinquenium during earlier years are those determined by
fitring the observed HSA incidence to Eq. 5a and matched to
the value estimated from production data in the guinquenium
1955-1959. As can be seen, the comparison of the two sets
of data suggested that the population exposure prior to 1960
was slightly less in some quinquemia than that estimated by
the use of the adjustment factors indicated in Figure 4.

The procedure of estimating the relative values for C_,
particularly in the years after 1960, is clearly an approxi-
mate one. To consider how sensitive any projections of
future mortality are to the choices of C,'s, alternmate
choices are shown by the light solid lipes “in Figure 4a.
Any realistic estimates of the C.'s must lie between the two
liges. -

Relative values of I ., and I _. were calculated using
the relative values of € shown 1n1rigure 4, values of k
between 2 and 4, and absolute values determined by matching
to the incidence dats of HSA found in Figure 3, In this
calculation, the age distribution used for time of first
exposure was: 15-19, 8.5%; 20-24, 26%; 25-29, 26%; 30-34,
15%; 35-39, 11%; 40-44, 7%; 45-49, 4%; 50-54, 2.5%. This
distribution was that of 740 VC workers examined by Mount
Sinai School of Medicine personnsl during 1974. The pattern
of duration of employment was assumed to be a decreasing
exponential with an average esplovment time of 12 years.
This corresponds to typical patterns of emplovment for
long-term workers in the chemical iadustry (Nicholsor et al,
1982; Wong, 1982). Separate calculations were made for the




United ©States and Western ZEurope. The results of this
procedure, combinirg the data for the United States and
Western Europe, are shown in Figure 5. As can be seen I. .,
the incidence according to vears from onset of exposuré Is
best fit by a value of k = 2. A value of 3 is compatible
with the data, but values greater than &4 can be ruled ou:.
I. is relatively insensitive to the choice of k, but a value
of & fits the data best.

An interesting feature of this calculation is that the
separate determination of the C.'s for Western Europe and the
United States indicates that €ae population exposures per
tonne of VC produced were approximately four times greater
in Western Europe than the United States. This would sug-
gest that more intepnse exposures occurred in some Europeazn
plants or that more workers were exposed per toane of VC
produced.
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Figure 5. A comparison of the calculated incidence of he-
mangiosarcoma of the liver with that observed in the U.S.
and Western Europe according to several time criteria and
models for calculation.
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One set of data that differs significantly from that
calculated is the distributicn of cases according to years
of VC exposure. As mentioned previously, we assumed the
distribution of employwent times in the VC industry would be
a decreasing exponential with a mean employment time of 12
years. The significant deficit of cases with employment
times less than 10 years suggests that the available informa-
tion on duration of VC exposure may not be correct, that our
assumed empleyment distribution may be in error, that there
may be an underascertainment of cases with shorter exposures
or that there may be proportionately less risk for shorter
exposures than would be predicted on a linear dose-response
relationship. It should be mentioned that duration of em-
ployment is not an important variable in assessment of popu-
lation risk. Shorter employment times would bave required
more men te be exposed, but their average exposure would be
proportionately lower.

Using the values of C. 's determined by the preceding
analysis and values of k f%om 2 to 4, the mortality from
liver HSA 1is calculated to the year 2040, using Eq. Za.
These data are listed in Table 2, separately for Western
Europe and the United States. Also shown in the da:a for
the United States are projections using values of C 's indi-
cated by the solid curves of Figure 4 and pro;ections assum-
ing that the risk of HSA will increase quadratically with
age of exposure. This age dependeace was suggested by expe-
rimental results of Groth et al (1981). _We also considered
a time course for HSA that increased as t™ for only 45 years
and remained constant thereafter. As can be seen, the pro-

Table 2
Projections of movtality iz the Ucited Stazes

and Wescer= Europe to the vear 2040 from

cmsuru to_vinyl chleride prier to 1975
Jotal Projected Mortality

Model United States® WVestern E.urcneb
e 190 540
¢! 340 1190
et 630 2780
t3, to 48 years froo oaser cf axposure 310 1120
¢}, upper exposure curve, Tig. & 260
t?, lower exposure curve, FTig, 4 450
3 + Aged 260

L 26 deazhs have occurred through 1979
39 deaths have occurred chrough 1979




jected numbers of HSA for the United States rapge from
200 to 600 and, for Western Europe, from 550 to 2,800. (The
greater range for Europe is the result of the more recent
usage of pattern.) The most probable projection for future
disease is felt to be that represented by a power of 3, a
choice suggested by Thoratrast data apd the very limited
mortality data on HSA in the study by Nicholson et al (1983).
Lower values are also reasonable, but the fit to the data
would suggest that the use of a power of 4 may be imappro-
priste.

Obviously, mapny caveats exist in the consideration of
these projections. The estimates strongly depend upon 2
reasonable ascertainment of cases through 1979. The concerns
for VC-induced HSA in recent years would suggest that ascer-
tainment was fairly good, at least for long term employees
and pensioners. However, some cases ip short term workers
may have been missed. The projections also depend on the
choices of the C, and the k. We have projected mortalirty
based on reasonable choices for these parameters. However,
other choices cannot be absolutely excluded. While these
uncertainties exist, the data indicate that, within a factor
of 2 or 3, future HSA mortality from exposures prier to 1975
will be about 350 deaths in the United States aod 1,200 in
Western Europe. Further, these deaths will occur in 3
relatively small population. In the United States, the
group at highest risk would be comprised of fewer thap 3,000
individuals. Among this beavily exposed group, HSA may
account for 10% of all deaths (Nicholson et al, 1983).
(learly, any intervention techniques that might be developed
to reduce this projected risk could be efficiently applied.

OCCUPATIONAL STANDARDS FOR VC

Nicholson et al (1983) have shown that liver HSA accounts
for at least 50% of all VC-induced malignancies. Thus, it
would appear that average exposures of 200-3500 ppm in pre-
vious years will lead to 1,000-4,000 excess cancer deaths in
all workers exposed to VC in Western Europe and the United
States prior to 1975. If a standard of 1 ppm is met, the
average exposure of all the workers would be between 0.2-0.3
ppm, 1,000 times less than that which existed previously.
One would expect the VC-induced maligpnant risk to be reduced
by a corresponding amount. This implies that, if the VC
industrv complies with a 1 pom standard, cancer from emplov-
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ment therein would be virtually eliminated. However, there
will still remain a risk of developing HSA of the order of
10 per individual for a working lifetime, based on a
United States or European workforce of about 10,000 workers.

SUMMARY

A high risk of death from liver HSA has been documented from
past exposures to VC. Similar to other carcinogens, the
risk of VC-induced liver HSA appears to increase as the
second or third power of time from onset of exposure. It is
possible to project future mortality using this power rela-

-tionship, estimates of VC exposure, and observed mortality

to 1980. These projections suggest that 200-600 deaths may
occur in the United States apd 550-2,800 in Western Europe
from liver HSA. These projections also suggest that a 1 ppm
stapdard in the VC industry will go far to protecting workers
from future malignant disease,.
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OCCUPATIONAL HAZARDS IN THE VC-PVC INDUSTRY
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INTRODUCTION

On Japuary 24, 1974, The Wall Street Journmal publish-
ed an article describing the occurrence of three deaths
from hemangiosarcoma of the liver among polyvinyl chloride
(PVC) production workers at the B.F. Goodrich Tire and
Rubber Company plant in Louisville, Kentucky. This announ-
cement shattered the relatively complacent view toward
health effects associated with plastic production in
fleoeral and PVC production isn particular. At the time,
U.S. and Western E%ropean production of vinyl chloride
{VC) exceeded 6 x 10 metric tons. Numerous mortality and
clinical studies were undertaken in the major producing
countries in an attempt to establish the exteat of the
carcinogenic risk and to identify clinical parameters
useful for surveillance of exposed groups. Because of the
immediate concern in 1974, most of these studies were com-
pleted between 1974 and 1977. Several reviews and sympo-
sia on human health effects from VC exposure have been
published recently. A superb one is by Lelbach and Mar-
steller (1981).

The exposures were high that led to the disease
observed in these various studies. Typical cosocentrations
in the industry were estimated to be about 1,000 ppm prior
to 1955, from 300-500 during 1955-1970, and from 100-200
during 1970-1974 (Barnes, 1976). However, variations from
such exposures would have occurred in specific plants
(Rowe, 1975). While historical average exposures were
penerally less than 1,000 ppm, peak exposures often ex-

LSS200 S%Y




855200 S?H

ceeded 5-10,000 ppm (where workers lost comsciousness)
and, on occasion, 40,000 ppm (where plants exploded).
During 1974, exposures were reduced to about 10-20 ppm in
the U.S. industry (Jomes, 1981) and even further, follow-
ing the promulgation of a 1 ppm standard by the Occupa-
tional Safety and Health Administration in 1974.

MORTALITY STUDIES OF VC-EXPOSED WORKERS

Table 1 shows the populations observed and the follow-
up characteristics of twelve cohort studies of vinyl chlo-
ride exposed workers. The studies were independent with
the exception that the portions of the population reported
in thp Equitable Environmental Health Study (1978) were
included in some other U.S. studies. The proportionate
mortality study of Monson et al (1974) is not included as
the VC-exposed individuals studied therein were included
in the cohort mortality study of Waxweiler et al (1976).
The size of the cohorts varied greatly, from 255 in the
study of Nicholson et al (1975) te 9,677 in the Equitable
Environmental Health study. A notable feature of all of
the studies is that the populations followed were rela-
tively young or recently employed, even though many plants
in the studies started production in the 1940s. Most
workers were hired after 1950, vhen U.S. and Western
European production increased sixfold in ten years
(Nicholson and Henneberger, 1983). Thus, few deaths
occurred among most of the groups observed and data on
effects 25 or more years from onset of exposure are li-
mited. The total mortality exceeded 10% of the observa-
tion cohort in only three studies. Further, the inclusion
of recently employed individuals or those with short
employment diluted the effects from VC exposure. Only
five studies limited consideration to individuals with
more than one year of exposure. In all cases, however,
some individuals with more than 20 years from onset of
employment were available for observation. The follow-up
terminated in the mid~1970s for all studies.

Table 2 compares the results for cancer of all sites
and chronic liver disease in all 12 studies. Cancer is
alevated in most of the studies, although it does not
achieve a 0.05 level of significance except in the studies
by Waxweiler et al (1976) and Nicholson et al (1975). 1Im
the study by Ott et al (1975), a highly exposed subgroup
with 15 years latency had 8 cancer deaths compared to 3.2




Table 1

Populstlon and follow-up characteristice of twelve

studies of vinyl chloride expused workers

Analysis Percent Humber Percent Hintwum Hiniewm Earllest Haxlmunm Laat
cohort additlonal of deaths of exposure latency possible follow-up year of
Scudy Country size unteaced  snalyzed total  (yeurs) (ycars) exposure (years) follow-up

Bertazz! et al, ITAL &1 11.8 62 1.3 a.s 0.5 1952 22 197}
1979
Buffler et ol. USA 464 0.0 20 6.0 0.2 0.2+ 1948 27 1975
1979
Byren et al. SUED 150 low 50 1.7 pIH 20h 1945 28 1974
1976
Duck et al. (1.4 2113 0.3 176 6.4 >0 YO 1948 20 1975
1915
Equitsble Env. UsA 36717 4.9 Ty 1.3 1 = (t935) 25+ 19712
Heatth, 1978
Fox snd Colller w 1409 1.1 193 5.% 11 pLIL 1940 15 £974
1976, 1977
Hasuda JApP 304 n.] 26 B.6 1 1 1949 20 1975
1979 -
NHicholwon. et s). USA 255 0.8 24 9.4 5 1o* 1947 25 1974
1975 .
Ote et nl. USA 522 0.0 19 15.1 >0 >0 1942 1t 19173
1975
Heinl et al. GER 6544 1.3 414 6.3 >0 >0 HA RA 1974
1979 '
Therisult and CAN 451 2.8 59 13.1 5 5 1941 30 1917
Atlard, 1981
Haxweiler et sl. USA 1287 0.5 L 1) 10.6 5 10% 1940 22 1913

1976

* Longer latenclicu consldered for some caunses of death.
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Table 2
Obsarvad and expected deaths among vinvl

chloride exposed workers im twelve studies
Cancer of all gites Chronic liver disease
Daaths Deaths
Stydy Obser. Expee. SMR Obser. Expac. MR
Bartazzi et al 30 30.9 97 -

Bufflar et al ] 5.19 154 -
5 yr. lacency 6 4.36 138

Byren et al - - -
Duck et al 33 36.44 96
Equitable 139 141.

Fox & Collier 115 126. 91
Masuda

Nicholson 9

otz et al 13 T 16. 81
15 yr. latsncy 9 9. 98

Reinl ar al 94 90. 112+
Thertaulc & Allard 20 16. 122

Vaxveliler et al as 23. 149+
15 yr, latency 13l 16.9 1844+

* Adjusted for unknown.causes of death

() = EZstizatad as a percencags of U.5. rates
+ pc 0.05

=+ p« 0.01

a SMR of control population equally high

expected (p < 0.05). The absence of significant findings
in other studies may be attributed to their low power.
The study of Bertazzi et al (1979) may be biased because
of low follow-up in the group. Fourteen percent of the
population were untraced and person-years at risk were
calculated for these individuals as if they were alive.
The low SMR of 44 for all causes of death suggests that
proportionately more deaths occurred in untraced groups
than in the traced. The studies by Buffler et al (1979),
Byren et al (1976), Masuda (1979), and Theriault and
Allard (1981) had very few deaths available for analysis.
That of Ott et al (1975) also was limited by the number of
deaths and further by virtue of a study group with rela-
tively lower exposure (through better industrial hygiene
control). While having more deaths available for analysis
(136), the study by Duck et al (1975) was significantly




diluted by the inclusion of many individuals with very
short and recent periods of exposure.

Turning to chronic liver disease, one remarkable
finding is the absence of significantly elevated mortality
from this casuse in most of the populations under observa-
tion. The only study with a significant elevation is that
of Masuda (1979) in which five deaths from chromic liver
disease occurred where only one was expected. However,
this must be considered in the light of an equally high
mortality from liver disease (6 observed vs. 1.4 expected)
in a comparison population followed for contrel purposes.
Five of 62 deaths from chronic liver disease seen in the
study by Bertazzi et al (1979) are unusual, but the limi-
tations of this study and lack of details make evaluation
difficult. The generally benign results in other studies
contrast sharply with the severe liver disease from VC
exposure documented in c¢linical studies (Marsteller et al,
1975). Hepatomegaly, hepatic fibrosis, portal hyper-
tension, and bleeding esophageal varices have commonly
been found in individuals heavily exposed to VC, even
without concomitant exposure to alcohol.

Table 3 lists the mortality data for primary cancer
of the liver and biliary passages and for cancer of the
lung, trachea and bronchus. In the case of liver cancer,
the overall data are consistent and dramatic. Heman-
giosarcomas of the liver were found in eight of the twelve
studies. In each of the eight, a very large and highly
significant SMR for liver cancer was seen. Methodological
limitations can account for negative data in the other
four studies. The large SMR's observed, however, are
largely the result of low values for the expected number
of cases rather than a high incidence of observed cases.
Only 29 separate liver hemangiosarcomas were identified in
all twelve studies. As the overall excess number of
deaths from liver and biliary cancer in all studies was
47, some hemangiosarcomas mway not have been identified.
The low numbers must also be considered in light of the
limited follow-up times in most studies.

The evidence for lung cancer is less clear. There is
an elevation in some studies, but at a level that does not
achieve statistical significance, except in the 15 year
latency population of Waxweiler et al (1976). This, in
part, may be the result of the low power of many of the
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Table 3

Observed and expectad deaths from salected causas
among vinvl chiotide-axposed workars

Cancer of the Cancer of the lung,
liver and biliarv passages traches snd bronchus

Bemangio~-

. Exb. MR sarcomas  Obs. Exp. SMR

Obs.

Bartazzi 1.0% (o)™t ad (1.1 (o)

?
Bulfler (0.17) - [+] 3 1.73 289
S yr. latency 4 1.49 268
3

Byren a3l 21,78 168
10 yr. lactency . 589

Duek — 16 15.53 103
19 yr. latency 14 10.69 131

Equatable (224) * 45 ba, 29 107%
15 yr. lacency 6l 37.0 i1l

Fox and Collier . s63 “* 46 51,23 . %0
13 yr. lscency 28 26.0 108

Masuda 1 0.6 167 1 0.8 (2%
Nicholson 3 (0.12) (23000t 0 Q.1 -

ote o (0.5 — 5.2 77(967)
Reinl 12 0.9 1523 ™ 2 6.6 9sf

Theriault 8 0.8 (16000 ™ 2 5.78 s
15 ve. latency 2 4. 2% 47

Waxwe{ler 7 0.6 1ss 7 12 7.7 156
15 yr. latency 7 0.4 1606 5.7 194"

Tozal of nonduplicated hemsagiosarcozas
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< 0.05

< 0.01

< 0.001

All varified liver cancer deachs, including those establishad by
reviav of all available information.

( ) » Expacted deaths estimatad on the basis of 1930-1969 U.S.
adjusted rates, ICD 153/1CD 140-205.

{ ) » Expected deachs estimated on the basis of national age adjustad
tates, ICD 162-163/1CD 140-205.

One hasangiosarcoma occurred in & PVC fabricacer.
Includes cancer of the pancreas.
Adjusted for unknowvn causas of death.




studies. Only two have an 80% power to detect an overall
risk of 1.5 (Beaumont and Breslow, 1981). Of signifi-
cance, however, are the very low SMR's in the groups
studied by Theriault and Allard (1981), Reinl, et al
(1979), and Nicholson et al (1975), cohorts that would be
expected to manifest a high risk on the basis of the many
hemangiosarcomas that were found. The four largest stu-
dies, although in some cases limited by inclusion of
short-term and recently employed workers, also are note-
worthy for the SMR's close to 100. Where available, data
on subcohorts with longer latency (> 15 yr) suggest some
increased risk. )

Waxweiler et al (1981) undertook a detailed analysis
of the exposure of those with lung cancer in their previ-
ously published study (Waxweiler et al, 1976) in an at-
tempt to identify particular etiological agents. The
analysis used a serially additive expected dose model
(Smith et al, 1980) in which a dose measure during each
year of exposure was accumulated for each study individual
for a variety of potentially carcinogenic¢ agents. The
cumulative doses for those with lung cancer were compared
with those of other individuals in the plant under study.
The results showed that the greatest correlation of lung
cancer was with exposure to PVC dust., Secondarily, expo-
sure to vinylidene chloride appeared to be important, but
orly for large cell and adenocarcinoma. The serially
additive dose for VC monomer differed little in those with
lung cancer compared to others in the plant, except,
possibly, for large cell cancers.

Thus, evidence to date does not establish that VC
monomer is an important lung carcinogen in exposed worker
populations, although it is recognized that limited long-
term observation has so far been available. 1In all stu-
dies considered here, a slight deficit of cases was sgeen
compared to the number expected. In the subcoborts with
more than 15 years from onset of exposure, an overall
excess of 10% was observed. If, in addition, one consi-
ders a "healthy worker effect,” any excess lung cancer
would still be considerably less than the excess of liver
cancer. A qualification to this conclusion is that no
study specifically considered cigarette usage. If cigar-
ette smoking was much less c¢ommonr among VC workers than
the general population, higher SMR's would have been seen
if smoking specific data were available. However, this
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possibility is unlikely, considering the many different
populations studied. The uncertainty in human data is
also reflected in animal studies. Increased lung cancers
have been seen in mice but not in rats or hamsters (Maltoni
et al, 1981). '

Table 4 shows the results for brain and ceatral
nervous system cancers and for cancers of the lymphatic
and hematopoietic systems. Cancers of the brain and
central nervous system were significantly elevated in a
number of studies, although the results differed consider-
ably acroas studies. Again, negative data may be simply
the resuylt of limited long-term follow-up or the low power
of the study. 1In such cases the information is only
sufficient to set an upper limit on relative risk of braim
cancer. In contrast to lung cancer, however, the largest
study group has a significantly elevated risk of brain and
central pervous system maligrancy. As with lung cancer,
the data on brain and CNS cancer in animals are equivocal.
Neuroblastomas and brain malignancies are observed in rats
exposed to VC, but not among mice or hamsters (Maltoni et
al, 1981). The human data are also mitigated by the
recent finding of brain and central nervouys system tumors
in a wvariety of chemical plant exposure circumstances
(Alexander et al, 1980; Selikoff et al, 1982). Excess
brain malignancies, but not. the etiological agents, have
been identified in several Texas and Louisiana chemical/
petrochemical plants. VC exposure was documented for some
cases, but it could not explain the overall findings. As
individuals in many of the VC studies considered here were
exposed to other chemicals and petrochemicals, the pos-
sible role of these agents cannot be excluded. Further,
it has been suggested that some working groups, with
employer-paid medical plans, may have better case ascer-
tainment than is generally awvsilable (Greenwald et al,
1981) and, thus, more brain malignancies identified. 1In
aay case, the number of excess malignancies of the brain
and central anervous system (approximately 10) in all
studies is considerably less thap the number of hemangio-
sarcomas identified in the same populations.

Similar results are obtained for malignancies of the
lymphatic and hematopoietic system. Here again, the
analysizs is limited by the few deaths and disparate re-
sults which occurred in different studies. Overall, there
would appear to be an elevated risk, but the influence of




Table 4

Observed and expected deaths from selected causes

among vinyl chloride expoged workers

Cancer of the brain &

Cancer of the lymphatic

central nervous system

and hematopoietic svares

Obseyr. Expece. SMR Obser. Expeet. SMR
Bertazzd 1 .8% 123 o .0 @
Buffler 0 (0.1) - o (0.9 -
Byren 2 0.3 12t 0 - -
Dusk - - - - - -
Equitable 12 s.90 zo3' 20 17.010 126
Fox & Collier 2 .66 55 9 9.01 100
Masuda 0 0.15) = (0.3%) -
Nicholson 1 (0.1) (1000) 0.4) (500)
ote 1 0.4 (250) 1 (1.8)  (63)
Reinl 2 1.3 162 15 7.7 214t
Therisult 0 0.6 - 1 1.67 60
Vaxveiler 3 0.9 329, 4 2.5 159
15 yr. latemcy 3 0.6 498
+ < 0.05
1+ < 0.01

L (). Zxpacted estimsted from the ratio of age standardized

U.S. ratss ICD 193/ICD 140-205.

() = Expected estimated from the vatio of 1950-1969 U.S.
rates ICD 200-205/ICD 140-250.

)

confounding exposures precludes definitive statements.
The overall excess of such malignancies (about 10) is also
much less than those from primary hemangiosarcomas of the
liver,

EFFECT OF REDUCTION OF EXPOSURE TO VC

As mentioned previously, most mortality studies
followed populations only to the 1972-1975 period. No
dats exist on the risk to previously exposed populations
after cessation of exposure in 1974, although hemangiosar-
comas have been noted among retirees. We have recently
completed a follow-up through 1981 of the population
reported in 1975 (Nicholsom et al, 1975) to determine
whether a high risk of liver cancer continues, following
significant reduction in exposure. The original group
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employed at a VC polymerization plant in Niagara Falls,
New York, has been expanded by 40 additional workers, all
exposed for five years, who achieved ten years from onset
of exposure subsequent to April 1974. Additionmslly, 195
individuals employed at a VC polymerization plant in South
Charleston, West Virginia, with five years of exposure and
ten years from onset in December, 1966, were identified
and traced through 1980.

Table 5 lists the observed and expected deaths by
cause for both groups with the deaths occurring after 1974
separately identified. (These are preliminary data; full

Table §

observed and axpected deaths among
wvinyl chloride polymerizacien workers

Niagara Palls NY (N « 296)
(Jatuary 1, 1956 - Dacember 31, 1981)

Obsarvad
Causa of death 86=73  74=81 Total Iyvected SMR

All causas 24 20 (A 60.87 108
All ecxncer ] 16 9.01 1778
Lung 4 3.2% 62
Colon/rectua 1.3 216
1 0.33 0l
6 0.19  31%8°
3 0.55 5454
1
2
1

0.50 200
1.41 142
19.88 106

Cirrhonis of liver
Cardiovascular disesase 13

South Charleston, WV (N = 193)
cambar 1, 1966 = Dacembar 31, 1980)
Observed
Causs of death 66=73 74=80 Toral [Exvected SMR,

All causes 14 36 b, 74 [.[+]
All cancer 1 12 10.65 113
Lung b 2 4.07 49
Colon/rectun 0 1.3 -_—
Brain 0 0 0.43 -y
Liver 0 4 0.23 1739
Lymphona 0 0 0.59 —_
[} 1
/] 1
0 0

O WONNG

2

Pancreas 0.67 150
Cirrhoais of liver 1.8 35

Fl 27.24 73

Cardiovascular disease




pathological review of all available specimens has not
been completed.) Among the 44 deaths that occurred im the
Niagara Falls cohort, 6 were from primary cancer of the
liver, including 5 hemangiosarcomas. Three of the heman-
giosarcomas occurred in the period prior to 1974 and 2
subsequently. Similar findings occurred among the smaller
group in West Virginia. Here, of 36 deaths, 4 were from
bemangiosarcoma, all of which occurred subsequent to 1974.
Thus, the risk of neoplastic VC disease continues undimi-
nished, even though exposures to the monomer have been
significantly reduced. The combined data from both groups
are shown in Table 6 and demonstrate an excess risk of
cancer, which is totally accounted for by the enormously
increased risk of liver malignancy observed in each time
from omset of exposure category. The excess lymphomas
which achieved significance at the p < 0.05 level in the
Niagara Falls group lose significance when combined with
the data from South Charleston. A deficit of lung cancer
was observed in both study groups and braip malignancies
were about equal to the number expected.

It is not certain whether the results of these two
plants will be reflected in the results of other plants in
future years. The South Charleston plant was the first
facility to commercially produce VC. The New York plant
opened immediately following the cessation of World War
II. Thus, we are observing effects in populatioms that
include many individuals with long times from onset of
axposure. There is no information on whether the expo-
sures in these two plants were significantly different
Erom those of the majority of other VC polymerization
facilities. It is known that pre-1974 exposures in the
New York plant were sufficiently high to cause loss of
consciousness to some individuals (4.5% of those examined
in the clinical survey of 1974) (Lilis et al, 1975).

MORBIDITY AND CLINICAL FINDINGS AMONG VC-EXPOSED WORKERS

Clinical abnormalities from VC exposure predated by
25 years the documentation of its carcinogenicity. Vari-
ous VC-related abnormalities were reported in Eastern
European literature, including hepatomegaly (Tribukh et
al, 1949), angiopeurosis (Filatova and Gromsberg, 1957),
osteolytic lesions of distal phalanges (Smirmova, 1961),
Raynaud's phenomenon and sclerodermalike skin lesions
(Suciu et al, 1963). However, VC disease was not seri-
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Table 6

Observad and expectad deaths among vinyl chloride

&xposed workers in twvo polvmerization facilities
by time from onset of exposure

Years since onset of axposure
Cause of death 10 - 19 20 - 29 30+ Total

Obs. Exp. Obs. Exp. Obs.  Exp. Obs. Exp. SR

All causas 24 19.13 30 34.83 26 31.64 80 85.61 93
All canesr 7 Aan 9 7.98 12 8.03 28 19.66 142
Lung 1 1.26 1 2.96 2 3,08 7.11 55
Liver . 2 .08 » 0,18 b 0.17 10  0.42 2381
Irain 1 0 Q 0.76 132
Lyaphoma 2 0.27 1 0.46 0 0.4 1.14 263
Cirrhosis of liver 0 0.76 3 1.24 0 0.§7 2.85 105
Cardiovascular 16 8.74 15 17.58 12 156.40 62.73 96
dissass

Person years 2924 2734 1404

4. hemangiosarcoma
b, &4 hemangiosatcomas and 1 hepatema

ously considered in the West until the published descrip-
tion of Raynaud's syndrome, acroosteolysis, and pseudo-
scleroderma in two Belgium VC reactor cleaners (Cordier et

al, 1966). Additional cases were soon noted (Wilson et
al, 1967) and a comprehensive epidemiological study of
5,011 U.S. workers employed in production and polymeriza~
tion was undertaken. It showed that 11.9% had possible
X-ray signs of acroosteolysis, compared with 3.2% in a
Michigan general population control group, with 2% defi-
nitely having Raynaud's phenomenon or X-ray evidence of
acroosteolysis (Dinman et al, 1971). The conditions were
clearly associated with the cleaning of reactors, in which
a heavy exposure to VC occurred. Only one case of Ray-
naud's phenomenon occurred among 557 workers employed in
PVC fabrication.

During the early 1970's, VC liver disease was de-
scribed in detail by Marsteller et al (1973, 1975).
Observationz on selected workers showed hepato- and sple-
nomegaly to be common. Peritoneoscopy and guided liver
biopsy identified severe portal hypertension in some,
generally without cirrhotic fibrosis, although perisinu-
soidal and focal or diffuse capsular fibrosis were common-
ly seen. The portal hypertension could lead to bleeding
esophageal varices, with possible fatal consequences. In




beavily exposed individuals, the portal hypertension and
bepatic fibrosis often progressed after cessation of
exposure (Martin et al, 1974). The histology of malignant
and nonmalignant liver disease has been well described by
Popper and Thomas (1975; Thomas et al, 1975), who suggest-
ed the possibility of an interrelationship between heman-
giosarcoma and the proliferation of sinusoidal lining
cells and hepatocytes seen in VC fibrosis. Lelbach and
Harsteller (1981) have also noted that the vast majority
of hemangiosarcoms cases have appeared on a background of
some degree of hepatic fibrosis. The implications of
these suggestions for a hemangiosarcoma dose-response
relation are uncertain.

During 1974, extensive studies were undertaken by the
Environmental Sciences Laboratory of the total workforces
of three polymerization plants in the states of New York,
Michigan and West Virginia. The results from the New York
plant (Lilis et al, 1975) indicated the presence of acroo-
steolysis in heavily exposed individuals. Hepate- and
splepomegaly or hepatic tenderness was commonly observed
and associated with duration of exposure and elevated
alkaline phosphatase levels. Sixty-four of 354 had an
enlarged or tender liver or spleen and of these, 41% had
elevated alkaline phosphatase. Liver function tests were
pot particularly revealing, except for a correlation of
elevated alkaline phosphatase levels with duration of
exposure. Additionally, carcinogenic embryonic antigen
titers were slightly higher among vinyl chloride exposed
groups than in a smoking matched control population
(Anderson et al, 1978).

Tamburro and Greesberg (1981) have evaluated the
effectiveness of federally mandated screening tests for
vinyl chloride exposed workers. Figure 1 shows the re-
sults on specificity and sensitivity for 78 individuals
with hepatic status determined by biopsy. ICG clearance
bad the highest combined sensitivity and specificity, with
SGPT the second most useful test. Elevated alkaline
phosphatase had the greatest specificity of all tests,
particularly for chemically-induced liver injury, but was
lacking in sensitivity. SGOT and GGPT were of limited use

because of their low specificity for chronic liver disease.

They recoomended the ugse of ICG clearance for screening,
to be followed with alkaline phosphatase determinations
for those with altered clearance,
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Figure 1: Sensitivity and specificity of various
biochemical screening tests and their sensitiviry
and specificity sum values (S & S) based on 78

vith biopsy documentation of their hepatic status.

Three of the seven individuals who died after 1974
with hemangiosarcoma in the previously described mortality
followup were examined in 1974. One, who died 22 months
after examination, had no noteworthy abnormalities on
examination (alkaline phosphatase was 88, slightly high).
A second, who died three years after examination, had a
slightly enlarged, palpable liver (11 x 6 cm) with normal
blood counts and chemistry. Only one of the above drank
alcobol at all and be only drank 2+3 beers/month. The
third, wvho died 22 mooths after examination, had a slight-
ly enlarged liver (11 x 8 ecm) and spleen (13 x 8 cm), and
slightly elevated alkaline phosphatase (93), SGOT (52) and
CEA (4.7). Thrombocytopenia was also present (75,000).
No data are available on later clinical parameters, but
the above results are clearly not sufficiently specific
for identification of a special risk.

Pulmonary abnormalities also have been associated
with VC/PVC exposure. Smwall opacities, predominantly
irregular, of profusion 1/0 or greater were found in 20 of
1,216 workers employed at PVC production im an Jtalian
plant (Mastrangelo et al, 1981). 3511 had been exposed to
bhigh levels of PVC dust (>10 mg/m™). Lilis et al (1976)




reported that approximately 20% of VC/PVC workers with
high exposures to PVC dust had abnormal X-rays, which
correlated with duratiomn of exposure and, also, with
cigarette smoking. In contrast, only 4.7% of individuals
in a PVC plant with low dust levels had abnormal X-rays.
In addition to "typical pneumoconiosis,'" a granulatomous
reaction to PVC dust has been reported (Arpaud et al,
1978). Miller et al (1975) bave observed pulmonary fumc-
tion abnormalities (a reduction in the ratios FEV,/FVC and
MMF/predicted MMF) in both smokers and non-smokers heavily
exposed to PVC dust (and also to VC monomer). Maltoni and
Lodi (1981), observed greater percentage of abnormal spu-
tum cytological results among VC exposed workers compared

to several other groups of manufacturing workers or miners.

Only workers in the chromium industry demonstrated =
greater proportion of abrormal cells.

Ducatman et al (1975) have observed an increased
frequency of chromosome abnormalities inm the lymphocyte
cultures of VC workers. Most of the abnormalities were
"unstable" changes, such as fragments, dicentrics, and
rings. This was confirmed by Purchase et al (1978), among
others. Some of the group studied by Purchase were resam-
pled 18 and 42 months later (Anderson et al, 1980). 1In
thoke studied during January 1976, the frequency of abnor-
malities was increased in those who continued VC/PVC
employment, but decreased in those who left the industry.
In Japuary 1978, no increased frequency was found in any
worker. The authors attributed the decrease to the reduc-
tion in VC exposure.

HEALTH HAZARDS IN THE PVC PROCESSING INDUSTRY

Prior to identification of hemangiosarcoma in VC
polymerization workers, little effort was made to control
either the concentration of residual monomer in PVC dust
or exposures to dust and VC that occurred in the various
forming operations of the PVC fabricating industry. VC
concentrations in excess of 10 ppm occurred frequently.
While these concentrations were sgignificantly lower than
those of the polymerization industry, the much greater
employment in the processing industry (hundreds of thou-
sands vs. tens of thousands in the polymerization work)
raised concern for population health effects, particularly
for malignant disease for which no threshold was known.
However, only two hemangiosarcomas have been documented in
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the PVC processing industry, one in an accountant in a
plant making PVC fabric and ome in an Italian plant making
PVC sacks. A third case may have occurred in an electri-
cal wire inmsulator, but' the pathological diagnosis is
uncertain (Lloyd, 1975). This iz in contrast to BS cases
known to have occurred among polymerization workers (NIOSH,
1982). This is somewhat comforting and indicates a signi-
ficantly lower total VC-related neoplastic risk among
fabrication workers. However, it should be noted that
case finding is likely te be poorer in this group tham in
polymerization workers.

A proportionate mortality study has been conducted of
4,341 deaths of former employees of 17 PVC fabricators
(Chiazze Jr., et al, 1977). The direct PMR's suggested an
excess in total capcer mortality among both white men and
white women with the major excesses concentrated in can-
cers of the digestive organs. An excess of breast cancer
was also seen in women, but not confirmed in a case-con-
trol study (which was of very low power and could only
detect a threefold increased risk) (Chiazze, Jr. et al,
1980). The results of the proportionate mortality study
must be considered cautiously. In such studies, elevated
cancer risks and are typically seen because of a "healthy
vorker effect,” which leads to a reduction in cardiovascu-
lar deaths relative to those of cancer. If PCMR's (pro-
portionate cancer mortality ratios) had been calculated,
rather than PMR's, digestive cancer would still be elevat-
ed but not at an 0.05 level of significance. Interest-
ingly, apn excess of stomach cancer was seen in the propor-
tional mortality study of Baxter and Fox (1976).

SUMMARY

Overall, the results of the analysis of 12 studies of
VC production and polymerization workers demonstrate an
enormously elevated risk of liver malignancies, the possi-
bility of a twofold ioncreased risk of brain and central
nervous system tumors and perhaps, also, of malignancies
of the lymphatic and hematopoietic system. However, the
role of other agents cannot be excluded in the etiology of
nonhepatic malignancies. Bronchogenic carcinoma does not
appear to be increased from exposures to VC monomer,
although a relatioaship to PVC dust was suggested in one
study. These conclusions must be considered in light of
limited data on vorkers followed more than 25 years from




onset of exposure. Considering the numbers of observed
and expected deaths in all studies, it would appear that
the excess of malignancies at nonhepatic sites is less
than the excess of liver tumors. Data presented elsewhere
in this volume (Nicholsen and Henneberger, 1983) suggest
that exposure reductions in 1974 may have virtually elimi~-
nated the VC-associated risk of liver cancer if the
current U.S. stapdard is met. To the extent that VC
exposure is associated with other cancers, a similar risk
reduction would be expected.

Raynaud's phenomenon, acroosteolysis, sclerodermalike
skin lesions, hepato~ and splenomegaly with poncirrhotic
hepatic fibrosis, and severe portal hypertension have been
associated with past heavy exposures to VC. Evidence
exists that the liver disease and portal hypertension may
progress following cessation of exposure. However, all of
the above syndromes were found largely in heavily exposed
individuals. Their occurrence would be much less likely
in workers exposed only to concentrations currently allow-
ed. Pulmonary deficits, X-ray abnormalities, and, per-
haps, lung cancer have been associated with VC/PVC expo-
sure. Because of the possible contribution of PVC dust to
these findings, engineering controls during polywmer dry-
ing, bagging and usage are warranted.
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OCCUPATIONAL HAZARDS IN PRODUCTION AND PROCESSING
OF STYRENE POLYMERS - EPIDEMIOLOGIC FINDINGS

William J. Nicholson and Diane Tarr

Environmental Sciepces Laboratory, Mouat Sinai
School of Medicine of CUNY, New York 10029

INTRODUCTION

Of the major plastic monomers, styrene is exceeded only
by ethylene, propylene and vinyl chlorid% in terms of produc-
tion. In 1977, approximately 3 x 10, metric tons were
produced in the United States and 7 x 10 metric toms world-
wide (IARC, 1979). Approximately 60% of the monomer pro-
duced was used in homopolymers, largely for the packaging
industry. Other important uses of styrene are in the pro-
duction of copolymers with acrylonitrile (SAN) and acryloni-
trile and butadiene (ABS). Styrene also finds widespread
use as a copolymer with bdutadiene in the production of the
synthetic elastomer, styrene-butadiene rubber (SBR), which
forms the basis of approximately 80% of U.S. rubber products.
Finally, it is extensively used as a solvent and cross-link-
ing agent for polyester resins in the fiber reinforced
plastic (FRP) industry. Estimates of the number of workers
employed in the wvarious industries using styrene-based
polymers are given in Table 1 along with typical exposure
levels (Tossavainen, 1978). In addition to occupational
exposure, low~level environmental contamination cam occur
from combustion of styrene-based products, as the thermal
decomposition of polystyrene leads to evolution of the
uwicnomer, in contrast to other polymer materials.

MORTALITY STUDIES OF STYRENE-EXPOSED WORKERS

Studies on the mortality of populations exposed to
styrene are fraught with difficulty because of confound-
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Table 1
Qecupational axposurss tTo scyreoe
Parcent of Number of Typileal

atyTene vorkers sxposurs

Process *_production  imvelved {ppm)
Monomer producticn 100 10,000 1«2
Polymer producticn 60 ~ 70 50,000 1 -20

(P5,ARS5,53R)
Rainforced plascics 20 - 30 200,000 20 - 300
production (FRP)
Polymer processing 5 - 10 1,000,000 0.01 =1
(P5,AD5,53R)

From Tossavainen, 1978

ing exposures to other kmown carcinogenic materials.
Benzene exposures can occur in the production of styrene
monomer, as the principal production process utilizes
benzene to produce ethylbenzene, which, in tura, is
dehydrogenated to form styrene. Copolymerization invol-
ves exposures to acrylonitrile and/or butadiene, which are
carcinogenic in animals (Huff, 1983). Finally, some of
the additives used in styrene products may be carcino-
genic, as well as other chemicals used in facilities
producing styrene or polystyrene.

Only three studies provide data oa possible human
carcinogenicity of styrene, each bhaving some of the

- confounding exposures mentioned above. All were of

groups of individuals employed in wmonomer production,
polymerization or polymer fabrication, where exposures
were relatively limited. No data exist on the mortality
of individuals employed in the FRP industry, where sty-
rene concentrations were (and are) commonly ten times
higher., Table 2 1lists the cohorts observed and some of
the characteristics of the three studies.

As can be seen from Table 2, the large number of indivi-
dusls lost to follow-up in the study by Frentzel-Beyme et
al (1978) severely limits its wusefulness. Of those
exposed, 7% of the German workers and 71% of foreign
“guest workers" were untraced. Of those traced, 74 had
died, 12 from cancer. Only 37 deaths occurred in those
vith five or more years of exposure. The overall result
did not demonstrate excess mortality for any cause of

. death. However, the limitations of the study are clear.




Table 2

Population and follow=up chavacceristics of
three studias of styrene exposed workers

Analysis Nu=ber of PFarcent
cohort Parcecc dasths of
Srudy Country size craced analvzed ctocal
Ot atr al. 1980 OSA 2904 7.4 302 10.4
¥icholson et al. 1978 054 560 100.0 83 14.8
Frentzel=Bevome er al. GER 1960 93.0Ger 73 3.7
1978 29.0For

Mipimm Mizoigam
sexXposyTa latancy Years
(vears) (vears) follow=-up Txvosures

Ote et al. 1980 1 1 1940-1975 <10 ppm '
Xicholson et al. 1978 5 10 19601975 «20 ppm (3)
Frentzel-Bevae at al. 1 =o. 1 mo. 1956=1976 < 1 ppmP
1978

; () » Escizazed average axposurs
CutrTent peasuresent after installatios of concrols

The study of Nicholson et al (1978) successfully
traced all of 563 men employed in styrene production,
polymerization and polymer processing who had 5 years of
enployment oo May 1, 1960 and were 10 years from onset of
work in a ‘large U.S. production facility. The basic
mortality data are shown in Table 3 and demonstrate no
excess mortality from any cause of death. Analyses
according to years from onset of exposure and calendar
years of observation did not reveal any pattern of excess
mortality. However, because of the 1limited number of
desths, the data can be used only to establish upper
limits of risk. For example, the data are only suffici-
ent to indicate that the SMR for lymphoma or leukemia is
less than 280 at the 0.05 level of significance and that
of lung cancer, less than 220. While no excess mortality
was identified in the cohort observed, the above publica~
tion mentioned the existence of 7 deaths from leukemia
and 5 of malignancy of the lymphatic system among 444
deaths known to have occurred in the plant workforce.
While the ages of death were not available for exact
proportionate mortality calculations, the npumber of
lymphomas is in line with expectations, while leukemia
appears to be in excess by as much as a factor of two.
However, the possibility of high exposures to benzene in
the facility during earlier years weakens the likelihood
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Tabla 3

Ixpactad and observed sorrality expariencas of
%60 individuals soployed in styrenme production
and polvmerizaction prior to 1 May 1955, followed
tan years after omset of exposure
(1 My 1960 — 31 Dacamber 1973}

Causa of Daach Expacted Obsearvad SO
All causes 106.41 83 7%
Cancer 21.01 17 81
Canger of the lung 6.99 6 117
Leukemia Q.79 1 126
Ly=phomas 1.25 i 80
Othar cancar 11.98 9 13
Keart and circulatory dis. 56.35 2 92
Respiratory diseaaas 6.64 1 15
Other causes of death 22.61 13 58

Frem Richolsep et al. 1978

of association of apy possible excess of leukemia with
styrene exposure.

The fipal study of styrene mortality is that of Ott et
al (1980) who described the experience of 2,904 individuals
with potential exposure to styrene prior to Januvary 1, 1976.
Three hundred three deaths occurred, 292 among production
and nonprofessional research ' employees. - The mortality
experience for this latter group is shown in Table & and is
compared to the expected deaths calculated from U.S. white
male rates and rates from observations on other company
employees. As can be seen, the mortality of styrene-exposed
individuals compares favorably with each group; the only
excess of note being six leukemias compared to 2.9 expected
using U.S. rates and 1.6 from company rates. Lymphomas were
also elevated, but not at an 0.05 level of significance.
The excess leukemia was further investigated in amn analyis
of capcer incidence in the styrene-exposed population com-
pared to that expected from rates of the Third National
Cancer Survey. In this analysis, it was found that a signi-
ficant number of lymphatic leukemias (5 observed vs. 0.26
expected) occurred in individuals who were exposed to sty-
rese (< 5 ppm), ethylbenzene (< 5 ppm), polystyrene extru-
sion fumes, and colorants. Indeed, four of the five cases
worked in the same general area during the period of time,
1947-1948, although their dates of death and other exposures
varied widely. Interestingly, there were no deaths of
lywphocytic leukemia among 442 individuals exposed to higher




Table ¢

Obsarved and sxpesctad deaths by cause for toral productics
and mou-professional research suployees (2310 wmas), 19401976

Expeciad EIxpectad

deaths deaths,

Observad US white Ceompazy
Causes deachs mnales SMR  eomparisem SMR
All causas 82 357.8 7e 287.6 98
Malignant pecplasas 3% 64.2 87 65.0 L}
Ragpiratery system 14 20.8 67 23.9 39
Digascive system 16 18.0 a9 .2 &7
Lymphatic and hemactopoisric 6 4.5 133 2.5 130

system excapt leukesia

Leukeria 6 2.9 07 1.6 375
Othar sices 13 12.0 72 15.7 a3
Cardiovascular disease 162 172.4 23 141.3 101
Nonmalignant respiratory dis. 12 14.3 84 10.0 120
All other causes 72 106.9 67 71.1 01

Trom Oct «c al. 1980

concentrations of styrene (5-9 ppm). Because of a lack of a
definitive exposure-response-relationship and the presence
of possible confounding exposures, the authors refrained
from drawing any conclusions on an etiological relatiomship.

In 1976, nine cases of various types of leukemia were
identified in two SBR plants and reported to the U.S5. National
Institute for Occupational Safety and Health (Meinhardt et
sl, 1978). All occurred after 1571 im a population of 5,600
workers. No data were presented on the expected numbers of
deaths from leukemia in the group. Concern generated by the
findings in the two plants led to reports on the leukemias
present in two large ongoing studies of rubber workers.
McMichael et al (1976) reported a relative risk of 6.2 for
lymphatic and hematopoietic malignancies among employees
producing elastomers, including SBR. However, this was
based upon only 6 cases, 3 leukemias and 3 lymphomas. In a
subsequent casze control study of the same plant, a relative
risk of 2.4 was found for the same exposure group (Spirtas
et al, 1976). The difference in the two values reflect the
uncertainties associated with small numbers of cases. A
similar investigation by Monsoo et al (1978) showed an
excess of leukemia to be present in calendering, extrusion,
tire building and rubberized fabrics. However, the excess
was associated with exposure to solvents and not to styrene.
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Since 1976, considerable interest has existed in poten-
tial carcinogenicity of styrene. This has been heightened
by the data on mutagenicity and possible carcinogenicity of
styrene and styrene oxide (Huff, 1983). Sowme suggestive
human data are available from studies of polymerization
workers and SBR production facilities. The irony of the
situation is that no studies have been conducted of groups
exposed to the enmormously higher concentrations found in the
FRP industry. The data available on styrene carcinogenicity
are such that they can provide no assurance of safety at
these higher exposures.

CARCINOGENIC RISK FROM COMONOMERS USED WITH STYRENE

The two principal comonomers used io—- styrene-based
copolymers have each been shown to be carcinogenic in ani-
mals. Of these, acrylonitrile has also been associated with
lung cancer in humans. In a group of 1,345 male employees,
with potential exposure to acrylonitrile and followed from
1956 through 1976, 8 cases of lung cancer occurred compared
with 4.4 expected from company rates (0'Berg, 1980). Fur-
ther, there was a correlation of increased risk with inten-
sity and duration of exposure. Among production workers
employed between 1950 apd 1952, é lung cancer deaths were
observed vs. 1.5 expected (p < 0.01). A second study of 327
employees of a rubber chemicals plant with potemtial expo-
sure to acrylonitrile identified 9 deaths of lung cancer
compared to 5.9 expected, based on mortality rates for U.S.
white males (4.7 based on mortality rates for other rubber
workers from the same city) (Delzell and Monson, 1982). The
excess wag greatest among those who had worked for more than
5 years in the facility. These data, while limited by the
small pumbers, strongly suggest that acrylonitrile is carci-
nogenic for humans.

While butadiene has been demonstrably carcinogenic in
snimals (Huff, 1983), no data are available from human
exposures.

CLINICAL FINDINGS AMONG STYRENE-EXPOSED WORKERS

A variety of symptoms have been reported from styrene
exposure, dating from the rapid incresse in production
during World War II. Eye, nose and throat irritatiom,




various respiratory symptoms, and gastrointestinal dis-
turbances, such as nausea, vomiting and loss of appetite,
are commonly reported by styrene-exposed workers. Other
abnormalities reported include headaches, tiredness and
sleep disturbance. Aftéer a period of exposure, adaptation
may occur and there can be a decrease in the various symp-
toms. Nevertheless, significant alterations stil]l exist
among currently employed workers.

Several systematic studies of the various clinical ef-
fects from styrene exposure have been conducted in recent
years. Many of these focused on possible neurolegical
alterations and clearly demonstrated adverse findings at
moderate styreme exposures (less than most national stand-
ards). The most extensive of these is that by investigators
from the JInstitute of Occupatiopal Health of Finland
(Seppaliinen and Hirkénen, 1976; Lindstrom et al, 1976;
Hirkdnen, 1977; Hirkénen et al, 1978). They examined 98
workers employed at 24 plants manufacturing FRP products.
Air concentrations were sampled and ranged from 5 to 300
ppm. The means of five post-workday urine mandalic acid
(MA) concentrations ranged from 7 to 4,700 mg/l with a lin~
ear relationship existing between the log of the MA concen-
tration and the log of the styrene concentration. The mean
value of MA in the population was 808 mg/l and corresponded
to an exposure of about 40 ppm of styrene. Abnormal EEG's
were found in 30% of those with MA in excess of 700 mg/l,
compared to about 10% for those with lower MA wvalues and
normal controls (Seppilidinen and Harkdnen, 1976). Lindstrom
et al (1976) noted increased visuomotor inaccuracy (symmetry
drawing and Bourdon -Wiersma tests) and lowered psychomotor
performance (Mira test) for various MA concentrations rang-
ing from 800-2,000 mg/l (See also: Hirkdnen et al, 1978).
Fatigue, irritation, difficulty in concentration, nausea,
dizziness, and lightheadedness were more frequently reported
by the styrene-exposed workers than by unexposed controls
(Hirkdnen, 1977).

A deteriorating EEG among styrene workers has also been
described by Klimkova-Deutschova et al (1973). Alterations
of nerve conduction have been documented by Rosén et al
(1978) who observed an increased duration and decreased
amplitude of sensory action potentials. Lilis et al (1978)
suggested the possibility of a decrease in peroneal nperve
conduction velocity., The decrease, however, was only asso-
ciated with length of employment and not intensity of expo-
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sure. Subjective symptoms of physical and mental tiredness
after styrene ex sure have been reported by Klimkova-Deut-
schova et al (1! 3) and Cherry et al (1980), among others.
The reported neurological findings among styrene-exposed
workers are less gerious than those reported in some other
groups occupationally exposed to solvents, such as as paint-
ers (Lindstrom, 1980; Hane et al, 1977). Howeve:, the
continued exposure to conceptrations causing the observed
abnormalities may lead to more serious central nervous
system impairment.

In addition to neurological disturbances, alterations
of pulmopnary function have been noted among styrene-exposed
vorkers. Lorimer et al (1977), in an examination of 494
polymerization workers, found a reduction im FEV, to be
associated with intensity of exposure and with urine MA
concentration. Further, the workers in the higher exposed
group reported a greater percentage of acute and recurrent
lover respiratory symptoms. Hirkdonen (1977) reported an
increase in incidence of chronic bronchitis which correlated
with intensity of exposure. On the other hand, Axelson et
al (1978) did not find any abnormalities of pulmonary func-
tion among 27 FRP boat manufacturing workers.

Laboratory test results have been rather unremarkable,
lorimer et al (1977) suggested the possibility of increased
lymphocytosis among polymerization workers and Checkoway
(1982) found a correlation between decreased red blood cell
count and increased basophil count with styrene/ butadiene
exposure. Increased blood enzyme concentrations, charac-
teristic of abnormal liver function, occasionally have been
reported., Lorimer et al (1977) found a significant increase
in concentrations of GGTP (gamma glutamyl transpeptidase)
and Hotz (1980), noted increased concentrations of OCT
(orinthine carbamoyl transferase) and ALAT (alanine amino
transferase) among polymerization workers.

SIMMARY OF HUMAN MORTALITY AND MORBIDITY

The limited epidemiological studies of mortality asso-
ciated with styrene exposure do not demonstrate any excess
cancer risk that can be attributed to styrene, although
elevated risks for leukemia have Dbeen noted in exposed
groups. However, these excesses may be related to exposures




to other chemicals, such as benzene. The studies are se-
verely limited because of the relatively low styrene expo-
sure of the groups studied. They provide no guidapce on
carcinogenic risk in populations much more heavily exposed
as in the FRP industry. The significant clinical findings
among styrene-exposed workers are largely limited to abnor-
mslities of the central nervous system, where a variety of
objective and subjective symptoms have been reported in the
FRP industry. Concern for long-term degnerative neurologi-
cal disease exists for continued long-term exposure in this
industry. The possibility of pulmonary effects from styrene
exposure has also been noted.

REFERENCES

Axelson 0O, Gustavson J (1978). Some hygienic and clini-
cal observations on styreme exposure. Scand J Work
Environ Health 4:215-219 (suppl 2).

Checkoway H, Williams TM (1982). A hematology survey of
workers at a styrene-butadiene synthetic rubber manu-
facturing plant. Am Ind Hyg Assoc 43:164~169.

Cherry N, Waldron HA, Wells GG, Wilkinson RT, Wilson HK,
Jones S (1980). An investigation of the acute behavioral
effects of styreae on factory workers. Brit J Ind Med
37:234-240.

Delzell E, Monson RR (1982). Mortality among rubber workers:

Vi. Men with potential exposure to acrylomitrile. J Occ
Med 24:767-769.

Frentzel-Beyme R, Thiess AM, Wieland R (1978). Survey
of mortality among employees engaged in the manufacture of
styrene and polystyrene at the BASF Ludwigshafen works.
Scand J Work Environ Health 4:231-239 (suppl 2).

Hane M, Axelson O, Blume J, Hogstedt C, Sundell L, Ydreborg
B (1977). Psychological function changes among house
painters. Scand J Work Eaviron Health 3:91-99.

Hirkdnen H (1977). Relationship of symptoms to occupa-
tional styrene exposure and to the findings of electro-~
encephalographic and psychological examinatioms. Int Arch
Occ Environ Health 40:231-239.

Hirkonen H, Lindstrdm K, Seppildinen AM, Asp S, Hernberg
§ (1978). Exposure-response relationship between styrene
exposure and central nervous functions. Scand J Weork
Environ Health 4:53-59.

Hotz P, Guillemin MP, Lob M (1980). Study of some hepa-
tic effects (induction and toxicity) caused by occupa-
tional exposure to styrene in the polyester industry.
Scand J Work Environ Health 6:206-215.

985200 S®YH




185200 S3Yy

Huff JE (1983). National toxicology program and carci-
nogen bioassays of the United States. This volume,

IARC (1979). Evaluation of the carcimogenic risk of chemi-
cals to bhumans; some monomers, plastics and synthetic
elastomers, and acrolein. Vol 19.

Klimkova-Deutschova E, Jandova D, Salamanova Z, Schwartzova
K, Titman O (1973). Recent advances concerning the clini-
cal picture of professional styrene exposure. (s Neurol
36:20-25.

Lilis R, Lorimer WV, Diamond §, Selikoff IJ (1978). Neuro-
toxicity of styrene in production and polymerization
workers. Environ Resh 15:133-138,

lindstrom K, Harkénen H, Hermberg S (1976). Disturbances
in psychological functions of workers occupationally
exposed to styrene. Scand J Work Environ Health 3:129-139.

Lindstrom K (1980). Changes in psychological performances
of solvent-poisoned and solvent-exposed workers. Am J Ind
Med 1:69-84,

Lorimer WV, Lilis R, Nichelson WJ, Anderson H, Fischbein
A, Daum S, Rom W, Rice C, Selikoff IJ (1976). Clinical
studies of styrene workers: Initial findings. Environ
Health Persp 17:171-181.

McMichael AJ, Spirtas R, Gamble JF, Tousey PM (1976). Mor-
tality among rubber workers: Relationship to specific
jobs. J Occ Med 18:178-185.

Meinhardt TJ, Young RJ, Hartle RW (1978). Epidemiologic
investigations of styrene-butadiene rubber production and
reinforced plastics production. Scand J Work Eaviron
Health 4:240-246 (suppl 2).

Monson RR, Fine LJ (1978). Cancer mortality and morbidity
among rubber workers. J Natl Capcer Inst 61:1047-1053,

Nicholson WJ, Selikoff 1J, Seidman H (1978). Mortality
experience of styrene-polystyrene polymerization workers.
Scand J Work Eanviron Health 4:247-252 (suppl 2).

0'Berg MT (1980). Epidemiologic study of workers exposed
to acrylonitrile. J Occ Med 22:245-252.

Ott MG, Kolesar RC, Scharnweber HC, Schneider EJ, Venable
JR (1980). A mortality survey of employees engaged in the
development or manufacture of styrene-based products. J
Occ Med 22:445-460.

Rosen I, Haeger-Aronsen B, Rehnstrdm S, Welinder H (1978).
Neurophysiological observations after chronic styrene
cgposure. Scand J Work Environ Health 4:184-194 (suppl
2).

_Seppalidinen AM, Hirkénen H (1976). Neurophysiological

findings among workers occupationally exposed to styrene,
Scand J Work Environ Health 3:140-146.




Spirtas R, Van Ert M, Gamble J, Wolf P, McMichael AJ (1976).
Toxicologic, industrial hygiene and epidemioloegic conside-
rations in the possible association between SBR manufac-
turing and neoplasms of lymphatic and hematopoietic tissues.

In: Proceedings of NIOSH Styrene~Butadiepe Briefing. US
Department of Health, Education and Welfare Publication

(NIOSH) 77-129.
Tossavainen A (1978).
in the plastics industry.

4:7-13 (suppl 2).

Styrene use and occupational exposure
Scand J Work Environ Health

885200 S®Yy




