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INTRODUCTION

Vinyl chloride, a chemical extensively used in the plastics industry, has been
shown to be carcinogenic In both humans and experimental animals.
Ocecupatioral exposure to vinyl chloride has been linked with the development
of liver angiosarcoma (LAS), normally a very rare human tumor. Several other
tumor types, including lung and brain cancer, have been associated wich
occupational vinyl chloride exposure. Evidence for carcinogenicity has been
observed in multiple species of experimental animals, including rats. mice and
hamsters, and by various routes of exposure, including oral. inhalation,
intraperitoneal, and transplacental administracion., Tumor types in animals
significantly increased above control levels include LAS, hepatocellular
carcinoma, lung adenoma and angiosarcoma, mammary gland carcinoma and zymbal
gland carcinoma, among others. Vinyl chloride has been classified as a known
human carcinogen by the International Agency for the Research on Cancer
(IARC)(1), the U.S5. Environmental Protection Agency (EPA)(2), and the State of
California Dept. of Health Services (CDHS)(3). Vinyl chloride has a
relatively low toxicity from acute exposure. However. chronic axposure of
humans has been linked with the development of occupactional acro-osteolysis
and vasospastlc disorders of cthe hands, hepatotoxicity, and impaired pulmonary

and cenctral nervous system functioning, in addition te {ts carcinogenic
effects.

Vinyl chloride 1is genotoxic in both prokaryotic and eukaryotic cells.
Enzymatic metabolism of wvinyl chloride, leading to the formacion of the
reactive metabolites chloroethylene oxide and chloroacecaldehyde, is thought
to be required for both the genotoxicity and oncogenicity associated with
vinyl chloride. Metabolism of vinyl chloride, mediated by cytochrome P-450
and alecohol dehydrogenase, is saturable, and saturation has been estimated to
otcur at exposure concentrations of approximately 250 ppm. A relatively

smaller percentage of vinyl chloride {s metabolized ac higher exposure
concentrations.

Although vinyl c¢hloride has not been detected in the ambient air of
California. monitoring in and around certain hazardous waste sites and
landfills in California has detected the presence of airborne vinyl chloride.
The California Air Resources Board (CARB) has estimacted thac peak exposure
concentrations to vinyl chloride for maximally exposed receptors range from 2
to 10 ppb at the BKK hazardous waste site in West Covina. CA and from 0.6 to 9
ppb at the OII landfill in Monterey Park, CA.

Based on the identification of vinyl chloride in landfill emissions, the known
health effects associated with chronic exposure, and at the request of CARB,
CDHS has prepared a quantitative risk assessment for vinyl chloride based on
both animal carcinogenicity bioassays and an analysis of cancer incidence data
for occupationally exposed workers, to determine if wvinyl chloride should be
considered a toxic air contaminant in the State of Californmia.

METHODS

A number of carcinogenesis bioassays were evaluated in conducting our risk
assessment of vinyl chloride. Although all of these studies demonstracted a
significant carcinogenic response in the test species. some studies were
deemed Inadequate for risk assessment purposes due to a variety of reasons.
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such as lack of appropriate control groups, insufficient exposure time, or
incomplete histopathology of the animals., There were a suffiecienc number of
inhalation studies available so that studies wutilizing other rouctes of
administration were used for reference only. The wmost thoroughly documenced
inhalation studies with vinyl chloride were the BT series of experiments
conducted by Maltonl and assoclates (4), who, over the course of a decade,
examined the carcinogenie potential of vinyl chloride as a function of
species, strain, sex, age, and exposure concentration. Sprague-Dawley rats
were the best characterized species and strain, with exposure concentrations
ranging from 1 to 30,000 ppm. Animals in the Maltoni et al. experiments were
exposed &4 hr/day, 5 days/week for 1 year, and then observed for the rest of
their natural lifetime.

Several other inhalation biocassays using vinyl chloride were also evaluated,
including those of Drew et al. (5) and BiL et al. (6). Drew et al. (5) exposed
female Golden Syrian hamscters, F-344 rats, CD-1 Swiss mice, and B6C3Fl mice to
200, 100, 50, and 50 ppm vinyl chloride, respectively (levels previously
demonsctrated to be carcinogenic in each species), for six hrs/day, five
days/week for six, twelve, or eighteen months. Bi et al. (6) exposed male
rats to 10, 100, or 3000 ppm vinyl chloride for six hrs/day, six days/week for
eighteen months.

1t has been suggested that tumor formation may not be strictly a function of
administered dose, but may instead be related to metabolized dose (7,8).
Because of the potential for metabolic saturation to limit the formation of
reactive mecabolites thought to be necessary for tumor expression, and because
there is a sufficiencly large data base at exposure concentrations below the
proposed limit of saturation, the staff of CDHS chose to use only bloassay
data with exposures of 2350 ppm or less to calculate human risks associated
with airborne vinyl chloride. This choice preempts the need to adjusc for
metabolism in the cancer potency calculations. However, for comparison
purposes, risk estimates have been calculated for the entire exposure scenario
for each biocassay (up to 10,000 ppm), and have been included in Table 1.

There are many inherent difficulties in using animal data to estimate human

risk. In an attempt to reduce this uncertainty, risk estimates for vinyl
chloride have been calculated using data from different species, sexes,
experiments, and tumor tvpes. Several adjustments need to be made to the

experimental exposure data to calculate the lifetime average daily exposure
levels. Thus, for inhalacion exposures, the reported dose must be multiplied
by: H/24 x D/7 x Le/L, where H is the hours of exposure per day, D is the
number of days exposed per week, Le is the length of the experiment, and L is
the lifespan of the animal (the longer of Le or 24 months). This will converc
the experimental protocol to a continuous lifetime exposure, Lifetime daily
exposures were found to range from 0.0595 ppm (for the 1 ppm group of Maltoni
et al.: 1 ppm x 4/24 x 5/7 x 1/2 =~ 0.0595 ppm) to 595 ppm (from che 10,000 ppm
group of Malroni et al.).

The linearized multistage computer program GLOBAL86 was used to calculate the
carcinogenic potency and potential risks associated with wvinyl chloride
exposure, This model uses bloassay tumor incidence data to compute maximum
likelihood esctimates and upper 95% confidence limits on risk assoclated with a
particular dose. The 95% upper bound is regarded as the upper limit of the
true risk. The true risk is not likely to be higher than the upper limit and
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may be lower. The linearized multistage model yields upper bound estimates of
risk vhich are generally regarded as protective of public health.

The linearized multistage model is based on several assumptions about cthe
process of carcinogenesis. It is assumed that cancer is an irreversible
process which originates in a single cell, and involves a number of biological
events or sctages. .The rate of occurrence of each stage varies linearly wicth
dose, In addition, it is assumed that the incidences of background and
chemically-induced cancer are additive. -

The multistage model may be expressed as:
P(d) - 1 - exp -(qg + 91d + qpd2 + ... + qd)

where P(d) is the lifetime probability of cancer for a given dose d of
carcinogen, qy is a constant that accounts for the background incidence of
cancer occurring in the absence of carcinogen, and 4. 42. and ... q; are
coefficients that allow the data to be expressed to various powers of the dose
of carcinogen to obtain the best fit of the model to the data. Risks are
presented as the 95% upper confidence inzerval of the cancer potency slope as
calculited by GLOBAL86. Cancer potency values (ql*) are expressed in units of
(ppb) *. and can be converted to risk estimates by che equation: dose x
potency — risk. This yields an upper bound lifetime individual cancer risk
associated with exposure at that dose. Table 1 shows rthe range of cancer
potency values for vinyl chloride as calculated from the different sets of
animal carcinogenicity bioassays.

Human risk was estimated from the animal data as follows:

Estimated Human Risk - Rodent Risk (Igp/Iy x (WH)2/3/(WR)2"3]'1.

where Ip and Iy are the inhalation rates of rodents and humans. and Wp and Wy
are the body weights of rodents and humans. respectively. Rodent body weights
were derived from data provided by Maltoni et al. (4) and Bi et al. (6); Drew
et al.(5) did not provide bodyweight data, and were estimacted herein to be 300
g for rats, 30 g for mice, and 92 g for hamsters. Daily inhalation races were
also estimated for each species, following the convention of the U.5. EPA (9).
Table II shows the range of human risks associated with vinyl chloride
exposure, along with estimated animal body weights and inhalation rates.

A number of epidemiological studies were reviewed to identify the occupational
cohort at the greatest risk of developing cancer as a result of vinyl chloride
exposure (10). The study conducted by Waxweiler et al. (ll) contains the mosc
thoroughly documented information for risk assessment purposes. Eleven cases
of LAS were {dentified among the 1,294 exposed workers, and significanc
excesses in liver, lung, and brain cancer were also seen. The employment
dates for this cohort span 1942-1973, with deaths due to LAS occurring between
1964 and 1973, Scafford (12) has calculaced the latency period for LAS among
vinyl chloride workers worldwide to be 22,1 years. Individual exposure data
for the Waxweiler et al. (11) cohort do not exist, but exposure estimates for
the workers based on job classification. existing standards, and literature
estimates were made for the purposes of this risk assessmenct (10). Work
histories were analyzed to identify the person-time in each calendar year for
the subset who had at least five years employment and who began work (and thus
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vinyl chloride exposure) prior to 1964, to correspond to the same rescriccions
used by Waxweiler et al. (ll). It was estimated that the average worktime
cohort exposure for the period 1942 to 1964 was a time-weighted average of 647
ppm vinyl chloride. Assuming an 8 hour workday, for 5 days/week and 46
weeks/year, it was determined that the annual overall exposure rate above
background for vinyl chloride workers was 1/3 x 5/7 x 46/52 x 647 ppm - 136
ppm vinyl chloride. The adjustment used to extrapolate to lifetime exposure
is (in years): duration of employment/(age at first exposure + duration of
employment), or, ‘in this study, 11.6/(29.7 + 11.6) = 0.281. Therefore, the
average lifetime exposure estimate for the cohort in the Waxweiler et al. (1l1)
cohort was determined to be 136 ppm x 0.281 - 38.3 ppm. "~

RESULTS

Three separate groups of animal biocassays and one epidemiology study were
evaluared to determine the carcinogenic risk from vinyl chloride exposure.
Maltoni et al. (&) provided extensive histopathology data for a number of
tumor types; Drew et al. (5) reported tumor incidence for cumor types showing
a sctatistically increased incidence; and Bif et al. (6) only reporred the
incidence of liver and lung angiosarcomas. Risks and cancer potency values
wvere estimaced for different tumor cypes, specles, and sex in which a
significant increase in ctumor formarion was observed following exposure to
vinyl chloride.

In the Maltoni et al. (4) studies, the most sensitive site, sex, and species
observed was the mammary gland in female Sprague-Dawley rats from the BT1S
experiment. A human risk of 6.3 x 107" /ppb was calculated for cthis tumor
type. Risk escimates for mammary gland carcinomas from ocher Maltoni et al.
experiments which demonscrated a significant increase in tumor formation are
lower than that derived from BT15 (Tables I and II). Significant increases in
LAS induction were also observed by Maltoni et al. Human risk escigates for
LAS range from 1.9 x 10'4/ppb for female rats in BT15 to 2.4 x 10°°/ppb for
male rats in BTl. Female rats were more sensitive to the oncogenic effects of
vinyl chloride than males in all Maltoni et al. experiments. Although risk
estimates are provided for the encire dose range of the Malconi et al,
experiments, the tumor incidence and risk estimates derived from the groups
exposed to concentrations higher chan 250 ppm may not accurately reflect the
oncogenic potential of vinyl chloride due to metabolic sacturacion.

Drew et al. (5) observed increases in tumor incidences at multiple sites in
their differenc test species. Except for female F-344 rats, the auchors made
no distinetion between liver angiosarcoma and angiosarcoma at other sites.
The most sensitive tumor sites and associated human risks for different
species of female rodents were: angiosarcoma, B6C3Fl mice , 1.2 x 107 "/ppb;
mammaty gland carcinoma, CD-1 Swiss mice, 1.8 x 10™°/ppb; LAS, F-344 rats, 9L7
x 10'3/ppb; and mammary gland carcinoma, Syrian golden hamster, 1.5 x 1077/
ppb. 0f all studles considered, the most sensitive site, sex and species
observed was the mammary gland in the female CD-1 Swiss mouse. Risk estimares
for all tumor types from this study are found in Table II.

3i et al. (6) measured onlv liver and lung angiosarcomas in male Wistar racs.
The human risk estimaces for the ctwo tupor types based on the 0-100_ exposure
range were calculated to be 9.5 x 10-3/ppb for LAS and 4.2 x lO'D/ppb for
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lung angiosarcoma., Risk estimates calculated for the encire ewr<:zure range
used by BL et al. (0 - 3,000 ppm) are listed in Table IT.

The occupational epidemiology study of Waxweiler ec al. (ll) was znalyzed cto
determine the risks assoclated with actual human exposure to vinvl chloride.
A number of epldemiological studies have suggested a causal rs:zlationship
between vinyl chloride and several different types of human cancer. including
liver, lung, and brain cancer. The standardized mortality ratios :MR) in the

Waxweiler et al. study were 1155 for billary and liver cancer. II7 for brain
cancer, and 156 for lung cancer. Historical industrial hygiene <z<a has been
used to reconstruct a range of likely exposure scenarios from which risk
estimates can be derived. Based on these exposure estimates. -hz estimated
risk for liver cancer was calculated to be 1.0 x 10 7/ppb., anc Ior liver.

lung, and brain cancer combined was 2.1 x 10 "~ /ppb.
DISCUSSION

Although vinyl chloride has not been detected in the ambie-x air of
California, the presence of vinyl chloride in the air in and aroumz landfills
and hazardous waste sites has led CDHS to evaluate the potential healcth
effects associated with exposure to vinyl chloride. For vinyl chloride, the
primary health effect of concern is cancer. Quanctitative risk ass2ssments of
the relevant animal inhalation studies of vinyl chloride using the linearized
mulfistage model have suggested a range of possible human risks Zrom 1.8 x
10°7/ppb to 3.9 x 10°°/ppb (Table III). The human rigk from c:cupational
vinyl chloride exposure has been estimated at 2.1 x 10" °/ppb, &slchough the
time-weighted average exposure was 647 ppm, which is above =iz expected
concentration at which vinyl chloride metabolism saturates, the huzin exposure
estimate was not adjusted for metabolism. Thus, the risk estimatez from this
exposure is likely to be an underestimate for the workers develogping tumors.
Although the human risk estimate is based on a hisctorical recomszruction of
occupational exposures. it 1is close to the range estimated I-zm animal
studies. The epidemiologiec studies were conducted in macture =zla workers.
measuring a tumor (LAS) with a latency period of greater than 2 years.
Animal data has suggested that young female animals are at the grzartest risk
(5); in addition, the mammary gland carcinoma appears to be a mors sensitive
surrogate Indicator of vinyl chloride exposure chan LAS. “hus, the
occupational cohort does not represent the more sensitive memcers of the
population. The risks estimated herejin bound that calculated bv zz2 U.S. EPA
(2), who derived a risk of 1.8 x 10"“/ppb. In conclusion, the s<iff of CDHS
believes that the carcinogenic effects associated with vinyl :-loride may
cause or contribute to an increase in mortality or morbidity, cr present a
potential hazard to human health, and that animal data need to be :sed to set
levels that will protect the more sensitive members of the populazi:n.
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Table [. Range of animal cancer potency values for vinyl chloride.
Experimental 4 * b
Exposures LDE 4y anima}1
Experiment Species and Sex Tumoy_ Type {ppm} {ppm) {ppb]
Maltoni et al. . 7
BT1 rat, male tas® 0-10,000 0-595 9.0 x 107,
rat, female LAS 0-10,000 0-595 2.7 x 10_6
rat, female JAS 0-250 0-14.9 1.5 x ll]_5
B2 rat, female 1AS 0-200 0-11.9 1.5 % IC!_‘5
rat, female mammary gland 0-200 0-11.9 1.3 x 10_5
RT9 rat, male LAS 0-50 0-3 2.6 x l[]_5
rat, female [AS 0-5C 0-3 §.0 x ]0_1‘
rat, female mammary gland 0-50 0-3 1.6 x 10.5
BT1S rat, male 1AS G-25 0-1.5 2.9 x IU_5
rat, female 1AS 0-25 0-1.5 7.4 x l(l.z'
rat, female mammary pland 0-25 u-1.5 2.4 x 10
= Bi et al. rat, male 1AS 0-3000 0-482.1 8.1 x lojg
o rat, male [AS 0-100 0-16.1 3.6 x 10_6
rat, male lung angiosarcoma 0-3000 -482.1 2.3 x 1[1_5
rat, male lung angiosarcoma -100 0-16.1 1.6 x 10
brew ec al. rat, temale IAS 9-100 0-17.9 30 x107]
rat, temale mamnary g land U-1060 0-8.9 3.1 % 10
rat, temale hepatocellular 5
careinoma - 100 (VI A .4 x 1o 5
BO6CIF] mouse, loemale huemanglosareoma 0-50 U-4.4% 4.2 x 10 5
B6CIF] wmouse, temale wammary pland 0-50 n-2.2 2.5 x 10,
€D-1 Swiss mouse, female hemangiosarcoma 0-50 0-4.% 1.5 ¥ lU'ﬁ
th-1 Swiss mouse, female wammary gland 0-50 0-2.2 6.1 x H}.‘,'
CD-1 Swiss wouse, female lung carcinomu 0-50 4.5 1.2 x 10_,J
hamster, temale Lemangiosarcoma 0-200 0-2.2 2.5 x ‘”.5
hamster, temale skin carcinoma 0-200 u-17.9 2.0 x lU_5
hamgter, temale wammary pland 1-200 n-17.9 5.3 x |0 o
1
YIDE - ditetime darly cxposuie (in ppm) I’*J'}% uppivr contidence interval “1AS - liver angiosarcoma ;ﬁ
(e N




Table 11 Range ot baman cancer potency values for viuyl chloride
R vsljmaled Yvom animal]l biocassays.
Estimated
Estimated Inhalatijon y* Humpan
Expueriment Specjes aud Sex Baody Weight 311(;:,)‘l Rate {(m [day)) (Qob).
Maltoni ot al. 6
Bl raL, mile Al 254 2.4 0% }“46
rat, femalce L2275 . 190 7.1 x 10_6
rat, female L2715 .190 3.9 x 10_5
1512 rat, female L2175 190 3.9 x 1()_5
rat, female L2175 .190 3.4 x 1045
Wiy ract, male L8600 . 320 6.8 x l“-ﬁ
rat, femalce LA00 L2444 1.6 x 10-5
rat, female L4400 244 4.2 x 10.5
BTLY rat, male _600 .320 7.6 x l()_cI
rat, female 400 L 244 1.9 x lﬂ-h
rat, female A0 244 6.7 x 10
Bi ec al. rat, male 300 .201 2.1 x 1077
rat, maile 100 .201 9.5 x 10_6
rat, male L300 .201 6.0 x 30.5
rat, male 100 .201 4.2 x 10
Drew et al. rac, temale L300 201 9.7 x 10:2
rat, female L300 .201 8.1 x 1(}.5
rat, temale L300 201 4.5 x 10
BHCIFL mouse, temale LU0 .133G 1.2 x 10:2
B6CIFl mouse, female .030 .039 7.3 x 10-&
CD-1 Swiss mouse, Female .030 .039 4.4 x 10_3
:D-1 Swiss wouse, female L0130 .039 1.8 x 10-&
D-1 Swiss wwouse, female .030 .039 3.5 % 10_5
hamster, female .0y2 .086 7.0 x 10_5
hamster, female .092 .086 5.6 % 10_4
tumster, fumale 09?2 _0B6 1.5 % 10
“Body weights were estimated lrom data provided or in unavailable, stundard reference values.

Iy

See text tor discussion ot cstimating the inhalation rate and human risk.
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III.
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Selected human risk estimates for lifetime

exposure to 1l ppb vinyl chloride

Mosc Sensicive

Experimenc Spacies and Sex Tumor Site Risk/pph
Smith and human, male liver 1.0 x 10:6
Cummings human, male liver, lung and brain 2.1 x 10
Maltoni et al, b - 6
BT1 ract, female LAS 3.9 x 10°
Maltoni et al. .5
BT2 rat, female LAS 3.9 x 10_5
Bi et al. rac, male lung angiosarcoma 4.2 x 10
Yaltoni et al. .5
BT9 rat, male LAS 6.8 x lOv5
Bi ec al. rac, male LAS 9.5 x 10 5
Drew ec al, rat, female LAS 9.7 x 10
Drew et al, .
B6C3F1l mouse, female hemangiosarcoma 1.2 x IO_A
hamster, female mammary gland 1.5 x 10
Maltoni et al. A
BT9 rat, female LAS 1.6 x lO_A
BT15 rat, female LAS 1.9 x 10 .
BT1S rat, female mammary gland 6.3 x 10
Drew ec aley | suiss mouse, female mammary gland 1.8 x 10°°

d.. :
Estimates

tumor
risks are presenced
parcicular dose.

b

LAS « liver angiosarcoma

upper confidence

were selected on the basis of the most sensitive species, sex. and
site for experimental exposure scenarios of less than 250 ppm.
as the 95%

Cincer

limits of risk rfor a
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