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from EPA Administrator, Carol Browner, dated March 21, 1995, Subject: Guidance on Risk
Characterization (U.S. EPA, 1995c).

Literature search strategies employed for this compound were based on the CASRN and
at least one common name. At a minimum, the following databases were searched: RTECS,
HSDB, TSCATS, CCRIS, GENETOX, EMIC, EMICBACK, DART, ETICBACK, TOXLINE,
CANCERLINE, MEDLINE, and MEDLINE backfiles. Any pertinent scientific information
submitted by the public to the IRIS Submission Desk was also considered in the development of
this document.

2. CHEMICAL AND PHYSICAL INFORMATION RELEVANT TO ASSESSMENTS

Common synonyms of vinyl chloride (VC) include chloroethene, chloroethylene,
ethylene monochloride, and monochloroethene. Some relevant physical and chemical properties
of VC are listed below (Sax and Lewis, 1989):

CASRN: 75-01-4

Empirical formula: C,H,CI

Structural formula: CH, = CHCI

Molecular weight: 62.5

Vapor pressure: 2,660 mm Hg at 25°C

Water solubility: 2,763 mg/L (U.S. EPA, 1985); 1,100 mg/L (Cowfer and Magistro,
1983)

Log Kqy: 1.36 (NIOSH, 1986)

Conversion factor: 1 ppm = 2.60 mg/m?, 1.0 mg/m?® = 0.39 ppm

VC is a synthetic chemical used as a chemical intermediate in the polymerization of
polyvinyl chloride. At room temperature and pressure, it is a colorless gas with a mild, sweet
odor. As the data shown above indicate, VC is poorly soluble in water. Structurally, VC is a
haloalkene and is related to vinylidene chloride and trichloroethylene. In the following pages
V/C refers to the monomer and PVC to polyvinylchloride, the polymerized form.

3. TOXICOKINETICS/TOXICODYNAMICS RELEVANT TO ASSESSMENTS

Human and animal data indicate that \VVC is rapidly and efficiently absorbed via the
inhalation and oral routes, is rapidly converted to water-soluble metabolites, and is rapidly
excreted. At low concentrations, VC metabolites are excreted primarily in urine, while at high
exposure concentrations, unchanged VC is also eliminated in exhaled air. Overall, the data
indicate that neither VC nor its metabolites are likely to accumulate in the body.

Absorption of VC in humans after inhalation exposure is rapid. A study conducted in
five young adult male volunteers inhaling VVC at concentrations of 7.5 to 60 mg/m?* showed that
42% was retained, maximum retention was reached within 15 minutes, and the percent retention
was independent of inspired VC concentration. Individual variation, however, was high, with
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mean retention values after 6 hours exposure to 30 mg VC/m?® ranging from 30% to 71%. After
cessation of exposure, the VC concentration in expired air decreased rapidly within 30 minutes to
4% of the inhaled concentration (Krajewski et al., 1980). Animal inhalation studies also show
that VC israpidly absorbed. Exposure of male Wistar rats (number/group unspecified) to 1,000,
3,000, or 7,000 ppm VC (99.9% pure) for 5 hours using a head-only apparatus resulted in rapid
uptake into the blood, as measured by gas-liquid chromatography (GLC) (Withey, 1976).
Equilibrium blood levels were achieved within 30 minutes for all exposures. Upon cessation of
exposure, blood levels declined to a barely detectable level after 2 hours. Rat studies show that
the distribution of VC israpid and widespread, but the storage of VC in the body is limited by its
rapid metabolism and excretion (Bolt et al., 1977).

No human studies of absorption of ingested VC were located. Animal studies show that
V C absorption following oral exposure is rapid and complete. Peak blood levels were reached
within 10 minutes when V C was administered to male rats by gavage in an aqueous solution at
doses up to 92 mg/kg (Withey, 1976). In the same study, more complex and slightly delayed
absorption was observed following VC gavage in ail, although peak blood levels were reached
within 40 minutes (Withey, 1976). At 72 hours after a single gavage dose of 100 mg/kg VCin
oil, unmetabolized VC was detected in exhaled air, indicating that metabolism was saturated
(Watanabe and Gehring, 1976; Watanabe et al., 1976d). Saturation of VC metabolism has also
been observed following inhalation exposure (Watanabe and Gehring, 1976; Watanabe et dl .,
1976b). Inratsfed VC monomer in a PV C powder, the average amount of V C detected in feces
was 8%, 10%, and 17% for oral intake of 2.3, 7.0, and 21.2 mg/kg-day (Feron et a., 1981).
Because the remaining material was reported as still enclosed in PV C granules, free VC
monomer is considered nearly, if not completely, absorbed in the Gl tract. In using this study for
guantitating risk, asis done in this assessment, dose was considered to be the amount ingested
minus that recovered in the feces. Complete absorption is assumed for humansingesting VC
monomer.

Numerous studies on the pharmacokinetics and metabolism of VC have been conducted,
with the majority of these studies conducted in rats (Withey, 1976; Hefner et al., 1975;
Guengerich and Watanabe, 1979; Bolt et a., 1976, 1977; Watanabe et a., 1976a,b, 1978;
Jedrychowski et al., 1984, 1985; Tarkowski et al., 1980). Asdiscussed in Sections5.1.2, 5.2.2,
and 5.3.3, both the cancer and noncancer assessments were conducted using a physiologically
based pharmacokinetic (PBPK) model (Clewell et al., 1995a,b) in which VC metabolism was
hypothesized to occur viatwo saturable pathways. Therefore, VC metabolism is discussed in
some detail here as part of the background for the development of the model. A simplified
diagram of the metabolism of VC isshownin Figure 1. The primary route of metabolism of VC
is by the action of cytochrome P450 or CY P on VC to form chloroethylene oxide (Bolt et al.,
1977; Plugge and Safe, 1977). Chloroethylene oxide (CEO) is ahighly reactive, short-lived
epoxide, some of which rapidly rearranges to form chloroacetaldehyde (CAA), areactive *'-
halocarbonyl compound; CEO is also a substrate for epoxide hydrolase (Pessayre et ., 1979).

These two metabolites are detoxified mainly via glutathione (GSH) conjugation
(Jedrychowski et al., 1985; Leibman, 1977; Tarkowski et al., 1980). This hypothesisis
supported by the observation of decreased nonprotein sulfhydryl concentrations at high VC
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Figure 1. Metabolism of vinyl chloride.

exposure concentrations (Jedrychowski et al., 1985; Tarkowski et al., 1980), as well as by the
excretion of GSH-conjugated metabolites in the urine, observed in rats following exposure to VC
(Watanabe et al., 1976c; Hefner et al., 1975). CAA may also combine directly or enzymatically
with GSH via glutathione transferase (GST) to form S-formylmethylglutathione. S-
formylmethylglutathione, through direct interaction with GSH-derived cysteine, can be excreted
as N-acetyl-S-(2-hydroxyethyl)cysteine, another major urinary metabolite of VC (Green and
Hathway, 1975). The GSH conjugates are then subject to hydrolysis, resulting in excretion of
cysteine conjugates in the urine (Hefner et al., 1975). Two of the three major urinary
metabolites of VC in rats have been identified as N-acetyl-S-(2-hydroxyethyl)cysteine and
thiodiglycolic acid (Watanabe et al., 1976b).

The specific isozymes of the P450 system involved in the metabolism of VVC have not yet
been unequivocally established. However, it is clear from both in vitro and in vivo studies that
several isozymes can play a role. High-affinity, low-capacity oxidation by CYP2EL1 is probably
responsible for essentially all of the metabolism of VC at low concentrations in uninduced
animals and humans (Guengerich et al., 1991). There is also evidence for a significant increase
in metabolism in animals pretreated with phenobarbital (Ivanetich et al., 1977), suggesting that
CYP2BL1 also metabolizes VC. At high concentrations in vivo, the metabolism of VVC in rats
leads to a destruction of P450 enzyme (Reynolds et al., 1975), which is greatly enhanced in
phenobarbital- or Aroclor-induced animals (Aroclor induces CYP1A2). The loss of P450 has
been suggested to result from the production of reactive intermediates during the metabolism of
VC (Guengerich and Strickland, 1977) and is inhibited by GSH in vitro (Ivanetich et al., 1977).



Induction of P450 by phenobarbital or Aroclor was also necessary to produce acute
hepatotoxicity from VC in rats (Jaeger et al., 1977), indicating that \VC toxicity is increased by
increased P450 activity.

The contribution of several P450 isozymes to the metabolism of the related compound
trichloroethylene (TCE) has been studied in the male Wistar rat and male B6C3F1 mouse
(Nakajima et al., 1993). Using monoclonal antibodies specific to each isozyme, the investigators
were able to determine that CYP2E1 contributes more to the metabolism of TCE in mice than in
rats, whereas CYP2C11/6, a constitutive, noninducible isozyme present only in male rodents,
contributes more to the metabolism of TCE in rats than in mice. The investigators also found
that CYP1AL/2 contributes to the uninduced metabolism of TCE in mice but not in rats and that
CYP2BL1 does not contribute to the metabolism of TCE in naive animals of either species. Thus,
assuming that the same isozymes are responsible for metabolism of TCE and VC, it appears that
at low concentrations the initial metabolism of VVC is primarily due to CYP2E1, but that at
higher concentrations, where CYP2EL1 becomes capacity limited, other CYP isozymes may
contribute to its metabolism. The extent of this higher capacity metabolism is likely to vary
across animal species, strain, and sex. To the extent that such higher capacity, lower affinity
metabolism (referred to henceforth as “non-2E1” metabolism) may be important in conducting a
risk assessment for VVC, it will have to be characterized separately for each species, strain, and
sex of interest. From a pharmacokinetic modeling perspective, non-2E1 metabolism would be
handled as a second saturable metabolic pathway with a larger concentration for the Michaelis-
Menten constant (KM). For example, it has been demonstrated that the metabolism of another
related compound, vinyl bromide, is best described with two distinct saturable pathways having
different affinities (Gargas and Andersen, 1982). Of major importance for human risk
assessment, some of the low-affinity, high-capacity constitutive (2C11/6) and inducible (2B1/2)
P450 isozymes in the rodent may have no human correspondents (Guengerich, 1987).

Reflecting the dose-dependent, saturable nature of VC metabolism, the route and nature
of VC elimination is also dose related (Green and Hathway, 1975; Bolt, 1978; Hefner et al.,
1975; Gehring et al., 1978). Following exposure via oral or inhalation routes to low doses of
VC, metabolites are excreted primarily in the urine. However, once the saturation point for
metabolism is reached, VC is eliminated via other routes, primarily exhalation of the parent
compound (Watanabe et al., 1976b; Watanabe and Gehring, 1976). The route of elimination of
VC also depends on the route of administration. Urinary excretion is favored more following
oral or intraperitoneal administration, while 99% of the same dose administered intravenously
was exhaled (Bolt, 1978). This may be the result of a high peak concentration with intravenous
administration, combined with a relatively low blood-to-air partition coefficient, resulting in
elimination from the blood via the lungs before a significant amount of urinary clearance can
occur.

4. HAZARD IDENTIFICATION

4.1. STUDIES IN HUMANS—EPIDEMIOLOGY, CASE REPORTS, CLINICAL
CONTROLS

4.1.1. Cancer Effects



Several independent retrospective and prospective cohort studies demonstrate a
statistically significant elevated risk of liver cancer, primarily angiosarcomas, a neoplasm arising
from vascular endothelial cells in the liver, but in many cases hepatocellular carcinoma (a
neoplasm arising from epithelial cells in the liver) as well, from exposure to VC (Byren et al.,
1976; CMA et al., 1998a; Du and Wang, 1998; Fox and Collier, 1977; Jones et al., 1988;
Monson et al., 1975; Pirastu et al., 1990, 1998; Simonato et al., 1991; Tabershaw and Gaffey,
1974; Waxweiler et al., 1976; Weber et al., 1981; Wong et al., 1991; Wu et al., 1989). Although
Duck et al. (1975) failed to find a significant increase in liver cancer, they did report one case of
liver angiosarcoma. The possible association of brain soft tissue and nervous system cancer with
VC exposure was also reported in some studies (Byren et al., 1976; CMA et al., 1998a; Cooper,
1981; Tabershaw and Gaffey, 1974; Waxweiler et al., 1976; Weber et al., 1981; Wong et al.,
1991; Wu et al., 1989), although it should be noted that four of these studies are based upon the
same cohort, which has been updated periodically. Several studies have found an association
between VVC exposure and cancer of the hematopoietic and lymphatic systems (Simonato et al.,
1991; Weber et al., 1981). Observed increases in other studies fell below statistical significance
because of the small numbers of these types of cancers (Tabershaw and Gaffey, 1974). VC
exposure has also been associated with lung cancer (Buffler et al., 1979; Monson et al., 1975;
Waxweiler et al., 1976); however, the evidence is weaker than for liver cancer and may be due to
inhalation of PVC. Ott et al. (1975) reported an increase in deaths due to all malignancies,
although none of them were due to angiosarcoma. An excess of melanoma was reported in one
study (Heldaas et al., 1984), but other studies have not substantiated this report.

The first report of an association between exposure to VC and cancer in humans was
published by Creech and Johnson (1974): three cases of liver angiosarcoma were reported in
men employed in a PVC plant. Angiosarcoma of the liver is considered to be a very rare type of
cancer, with only 20-30 cases per year reported in the United States (Gehring et al., 1978;
ATSDR, 1995). As described in the following paragraphs, greater than expected incidences of
angiosarcoma of the liver have since been reported in a number of other cohorts of workers
occupationally exposed to VC.

In a proportionate mortality study analyzing the causes of death of 142 workers exposed
to VC or VC/PVC, Monson et al. (1975) found an excess incidence of liver cancer (8 observed
vs. 0.7 expected). Five of these were angiosarcomas. The study also found an excess of brain
cancer (5 observed vs. 1.2 expected) and lung cancer (13 observed vs. 7.9 expected); all three of
the brain tumors for which the type was identified were glioblastoma multiformae. No statistical
analysis was conducted by tumor target.

Byren et al. (1976) reported a significantly elevated risk of pancreas/liver cancer (4
observed vs. 0.97 expected) in a cohort of 750 Swedish workers exposed to VC. Two of the four
were identified as angiosarcomas of the liver only after reevaluation. The excess risk increases
when latency is considered. The expected number of deaths was 0.68 for a latency period of >10
years, whereas all 4 observed deaths were exposed earlier than 10 years before death. This study
also found a small excess of brain cancer (2 observed vs. 0.33 expected).

Waxweiler et al. (1976) found a significantly elevated risk (7 observed vs. 0.6 expected)
of liver cancer in a cohort of 1,294 workers exposed to VC for a minimum of 5 years and
followed for 10 or more years. In a separate phase of the study, the authors identified 14 cases
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of liver and biliary cancer, 11 of which were angiosarcomas. Several of the identified subjects
were not included in the main study because they were still alive, or because they did not meet
the minimum criteria for inclusion in the cohort. Brain cancer incidence was significantly
increased in workers observed for 15 years or more after initial exposure (3 observed vs. 0.6
expected); a nonsignificant increase was observed for a 10-year latency. An additional seven
cases of brain cancer were identified in subjects who did not qualify for inclusion in the cohort
study. Nine of the 10 brain cancers were glioblastoma multiforme; a histological analysis was
not available for the tenth. By contrast, the study authors stated that this distribution of cell type
typically occurs in only 33% of brain cancer deaths. The cohort study also found a slight excess
risk of lymphatic and hematopoietic system cancer (4 observed vs. 2.5 expected). Of the 14
cases of primary lung cancer identified, 5 were large cell undifferentiated, 3 were
adenocarcinomas, and there were no squamous cell or small cell bronchiogenic carcinomas,
suggesting that these cancers were not associated with smoking. In a later study of 4,806
workers at the same plants, for workers exposed to polyvinyl PVC dust and several other
chemicals, but not VC, an elevated risk of lung cancer was found (Waxweiler et al., 1981). The
study authors considered PVC to be the likely etiologic agent inducing lung cancer. While the
association with PVC dust could have been due to VC trapped in the dust, this did not explain
the fact that exposure to VC alone was not associated with lung cancer in their study.

While a large number of occupational studies reported an association between VC and
liver angiosarcoma, quantitative exposure information is available for only a few studies. Fox
and Collier (1977) reported four cases of liver cancer, two of which were angiosarcomas, in a
cohort of 7,717 British VC workers. The study authors grouped the subjects by estimated
exposure levels and exposure duration. From these data, average exposure levels have been
estimated as 12.5, 70, and 300 ppm (Clement Associates, 1987) or 11, 71, and 316 ppm (Chen
and Blancato, 1989). Because workers were classified based on the maximum exposure for each
worker, cumulative exposure is overestimated, leading to a probable underestimation of risk
using these data. Both angiosarcoma cases were considered to have had high exposure to VC at
the level of 200 ppm and above time-weighted average. There was no effect on other cancers in
comparison with cancer rates in England and Wales. In a follow-up study, Jones et al. (1988)
analyzed mortality in 5,498 male VC workers. This study found a significant excess of primary
liver tumors, with 11 deaths, 7 of which were angiosarcomas. The median latency for
angiosarcomas was 25 years.

Weber et al. (1981) examined mortality patterns in 7,021 German and Austrian VC/PVC
workers and 4,007 German PVC processing workers. Comparisons were with West German
population death rates. A significantly elevated risk of liver cancer (12 observed vs. 0.79
expected) was observed in the VC/PVC cohort, but a significant increase (4 observed vs. 1
expected) was also observed in an unexposed reference group. However, the risk in the VC
cohort increased with exposure duration. The study authors implied that four cases of
angiosarcoma were identified in the study cohort, although it was not clear if all of the cases
belonged to this cohort. A significant excess risk of brain cancer (Obs =5, SMR = 535,

p < 0.05) was also observed in the PVC processing workers, but not in VC/PVC workers. Risk
of lymphatic and hematopoietic cancer (Obs = 15, SMR = 214) was significantly increased in
VC/PVC production workers, and there was a tendency for increased risk at longer exposure
durations.



In a preliminary mortality follow-up study of 464 workers at an Italian VC production
facility, asignificant excess of respiratory cancers was observed (Obs =5, SMR = 289, p <
0.03). The excessremained after correction for smoking and was associated with longer
exposure durations and higher exposure levels (Belli et al., 1987). A significant excess of lung
cancer was aso noted in a cohort of 437 VC/PVC workers.

Smulevich et al. (1988) investigated a cohort of 3,232 workers (2,195 men, 1,037
women) in a Soviet VC/PV C chemical plant. No cases of angiosarcoma or other liver tumors
were reported. Workers who were highly exposed to VC (> 300 mg/m®) had a significantly
elevated risk of lymphomas and leukemias (apparently 7 observed vs. about 1.1 expected for
combined men and women, but there are inconsistencies in the reported numbers). The risk of
brain cancer was elevated in women (Obs = 2, SMR = 500), but the effect was not statistically
significant and the incidence in men was unaffected. Thisisthe only study to date that included
asignificant number of femalesin the cohort. It isof interest that, of the 19 malignancies
reported in this cohort, none were mammary tumors, although mammary cancer increases were
found in some of the animal bioassays of VC.

Simonato et al. (1991) reported on the results of alarge multicentric cohort study of
12,706 VC/PV C workers in European plants. A significant increasein liver cancer deaths was
observed (Obs = 24, SMR = 286). Workers were classified based on maximum exposure level
into ranges of < 50 ppm, 50-499 ppm, and $ 500 ppm. Estimating an average exposure duration
of 9 years, average exposure levels for these groups can be estimated at 25, 158, and 600 ppm.
Histopathology was available for 17 of the liver cancers; 16 were confirmed as angiosarcoma
and 1 was aprimary liver cancer. The excessrisk from liver cancer was related to the time since
first exposure, duration of exposure, and estimated total exposure. A nonsignificant increase of
lymphosarcoma was observed (SMR = 170, 95% CI = 69-351). While there appeared to be a
small positive trend with increasing rank of exposure, there was no relationship to duration of
employment. Brain cancer had an elevated risk in certain analyses, but there was no clear
relationship to exposure duration; there was no excess risk of lung cancer.

Lelbach (1996) reported on the course of V C-induced disease in 21 PV C production
workers. Death was due to liver cancer in 19 of these cases. While the predominant tumor type
was angiosarcoma, hepatocellular and colangiocellular carcinoma were aso found. Latency
periods ranged from 12 to 34 years, with amean of 22 years. Y ounger age at first exposure,
younger than 27 years, seemed to have been accompanied by shorter latency periods.

Leeet a. (1996) described the time course and pathology of 20 patients who died from
angiosarcoma of the liver after occupational exposureto VC in Great Britain. Exposure periods
ranged from 3 to 29 years, with tumors developing after 9 to 35 years from beginning of
exposure.

The annual incidence of angiosarcoma of the liver in Great Britain from all sources was
estimated to be about 1.4 cases per 10 million population (Elliot and Kleinschmidt, 1997). Of 10
cases that were confirmed as angiosarcomas by histological analysis, 9 were VC workers. The
other individual was employed at aV C factory, although not asaVVC worker. Since even this
individual could be presumed to have some exposure to VC, it was concluded that there were no



confirmed nonoccupationally exposed cases of angiosarcoma among residents living near a VC
site in Great Britain.

Pirastu et al. (1990) evaluated clinical, pathological, and death certificate data for 63
deaths in three VC/PVC manufacturing or PVC extruding plants in Italy. Fourteen deaths from
primary liver cancer were found, seven of which were identified as angiosarcoma and two of
which were hepatocellular carcinoma. No comparison to a control population was conducted.
However, the authors stated that this study indicated a relationship between VC exposure and
primary liver cancer, as well as with angiosarcoma.

In an update of this cohort, Pirastu et al. (1998) evaluated cause-specific mortality rates
among male workers employed in VC manufacture and polymerization in the three Italian
plants: Ferrara, Rosignano, and Ravenna. The cohorts included all workers hired between start
of operation and 1985, 1978, and 1985, respectively, amounting to 418, 206, and 635 subjects
followed up for mortality until 1996 (Ferrara and Rosignano) and 1997 (Ravenna). The study
detected an increased mortality for primary liver cancer in all three plants; SMR values were 444
in Ferrara (4 Obs. 90% CI = 160-1069), 200 in Rosignano (1 Obs. 90% CI = 10-869), and 375 in
Ravenna (3 Obs. 90% CI = 108-390). In one plant, Ferrara, observed mortality was also above
expected for lung cancer, SMR = 146 (14 Obs. 90% CI = 89-229) and for larynx cancer, SMR =
500 (4 Obs. 90% CI = 174-1167). The possibility that lung cancer induction was caused by
PVC, however, could not be ruled out.

Du and Wang (1998) reported morbitiy odds ratio (MOR) for 2,224 workers with
occupational exposure to VC in Taiwan. A significantly increased risk of hospital admission
among VC workers due to primary liver cancer (MOR 4.5-6.5), cirrhosis of the liver (MOR 1.7-
2.1), and other chronic diseases (MOR 1.5-2.0) was found. There were eight cases of primary
liver cancer, all with heavy previous exposure to VC. Another four cases of liver cancer in PVC
workers were found in the death registry. Ten of 11 cases of liver cancer with detailed medical
information were carriers of hepatitis B virus. Of the 11 cases of liver cancer, four were
confirmed to be hepatocellular carcinoma by histology. Two others had extremely high
concentrations of a-fetoprotein, an indicator of hepatocellular carcinoma. The diagnosis of the
remaining six cases was uncertain.

In a preliminary report with only 85% follow-up completed, Tabershaw and Gaffey
(1974) compared mortality in a cohort of 8,384 men occupationally exposed to VC with death
rates among U.S. males. Each VC plant classified workers as exposed to high, medium, or low
levels of VC, but no quantitative estimate of exposure was provided, and no attempt was made to
establish consistent gradations of exposure between plants or exposure periods. No significant
increases in any general cancer classification were found. However, six cases of angiosarcoma
identified by other investigators occurred in the study population; only two of these were
identified as angiosarcomas on the death certificate. The study authors also noted that 6 of 17
(40%) deaths in the category “other malignancies” were due to brain cancer. The authors stated
that only 22% of the deaths in this category would be expected to be due to this cause, but they
did not provide any supporting documentation. This preliminary report also noted a slight
excess risk of lymphomas (5 observed vs. 2.54 expected) in the group with the higher exposure
index.



Cooper (1981) enlarged the Tabershaw and Gaffey (1974) study to include 10,173 VC
workers; vital status was ascertained for 9,677 men. Cooper noted that, of the nine
angiosarcomas identified in the United States during the study period, eight were included in the
study cohort. Statistical analyses were conducted for broad categories of tumors; a significant
increase (Obs =12, SMR = 203, p < 0.05) was observed for brain and central nervous system
malignancies.

Wu et al. (1989) investigated a cohort of 2,767 VC workersin asingle plant that was a
part of the industry wide cohort studied by Cooper (1981). Most of these workers had been
employed for fewer than 5 years. There was a significant excessrisk of liver cancer (14
observed vs. 4.2 expected). The incidence of angiosarcomas was not reported, but 12/18 liver
cancers were angiosarcomas in alarger cohort of 3,620 workers that included workers exposed
to PVC, aswell asthe VC workers. In a case-control study with the controls taken from a
National Institute for Occupational Safety and Health (NIOSH) database, angiosarcomas were
related to higher cumulative exposure to VC, but other liver cancers were not. Brain and lung
cancer were elevated for the combined cohort, which was exposed to at least 19 other potentially
carcinogenic compounds in the plant, but were not elevated for the subcohort of VC workers.

In an update of the Cooper et al. (1981) cohort Wong et a. (1991) also found an
association between VC exposure and liver angiosarcoma. Fifteen deaths from angiosarcoma
were identified, a clear excess over the incidence in the general population, although no
statistical analysis was conducted for this malignancy. This study also attempted to determine
whether other cancers were associated with VC exposure. Excluding the 15 angiosarcomas
identified from death certificates, a significant increase was observed in liver and biliary tract
cancers alone (Obs = 22, SMR = 386, p < 0.02). However, the study authors suggested that
these 22 cancers probably included some cases of angiosarcoma that were misdiagnosed. Based
on acomparison of death certificates and pathology recordsin 14 cases, the authors estimated
that the correct number of primary liver/biliary tract cancers (excluding angiosarcomas) was 14,
which was still significantly increased over background (SMR = 243, p < 0.01). Although thisis
an estimate, liver cells were the primary target site in 8 of the 14 pathology records. It can thus
be assumed that V C is capable of inducing both liver angiosarcoma and hepatocel lular
carcinoma. This study also found a significantly increased risk of cancer of the brain and central
nervous system (Obs = 23, SMR = 180, p < 0.05). There was no excessin cancer of the
respiratory system or the lymphatic and hematopoietic systems. Expected deaths were based
upon U.S. mortality rates, standardized for age, race, and calendar time.

CMA (19984a) updated the Wong et al. (1991) study through 1995. This study was aso
designed to evaluate possible induction of cancer at sites other than the liver. In this study all
liver and biliary cancers were included in asingle category. Mortality rate for these cancers,
based upon 80 deaths, was again significantly increased (SMR = 359; 95% CI = 284-446). The
SMRs increased with duration of exposure from 83 (95% CI = 33-171) to 215 (95% CI = 103-
396) to 679 (95% CI = 483-929) and to 688 (95% CI = 440-1023) for those exposed from 1-4
years, 5-9 years, 10-19 years and 20 years or more, respectively. Mortality from brain and CNS
cancer showed an excess based on 36 deaths (SMR = 142; 95% CI = 100-197). The elevation
was statistically significant for those exposed 5-9 years (SMR = 193; 95% CI = 96-346) and for
those exposed 20 years or more (SMR = 290; 95% CI = 132-551). Finally, mortality from
connective and other soft tissue cancers, based upon 12 deaths, was a so increased significantly
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(SMR = 270; 95% CI = 129-472). The increases were significant for those exposed 10-19 years
(SMR = 477; 95% CI = 155-1113) and 20 or more years (SMR = 725; 95% Cl = 197-1856). The
latter cause of death category had not been evaluated in the Wong et a. (1991) study. While
SMRsfor brain cancer were elevated among men exposed 20 or more years, the SMR was
highest for those hired during the period 1960-1972 and lowest for those hired before 1950.

Also, no trend was seen for higher SMRs based on time since first exposure occurred. The
authors suggested that some of the earlier cohort may have been exposed to another carcinogen
prior to employment.

In conclusion, there exists strong evidence of a causal relationship between exposure to
VC in humans and a significant excessrisk of liver angiosarcoma. Thereisalso highly
suggestive evidence of a causal relationship with hepatocellular carcinoma, despite some
uncertainty regarding incidence of hepatocellular tumors, because of some angiosarcomas
possibly being misdiagnosed as hepatocel lular carcinoma. Because of the likelihood that both
types of tumors are induced by VC, and because misdiagnosisislikely in some of the studies, it
is reasonable to include both tumor typesin any risk analysis. Lung cancer has also been
associated with VC exposure in some studies, but based on the data of Waxweiler et al. (1981),
the increased risk of lung cancer observed in some cohorts may be due to exposure to PV C dust
rather than VC. A relationship among brain cancer and soft-tissue lymphopoietic and
hematopoietic cancers has been noted in some studies, although it is weaker than for liver
cancer. Inthereview article by Blair and Kazerouni (1997) it is stated that because of the large
size of the cohorts examined, demonstrating a strong exposure-response relationship for
angiosarcoma of the liver and at the same time showing no evidence of an exposure-response
gradient for other nonliver tumors (e.g., leukemia, brain, lung, pancreas, mammary), vinyl
chlorideis not likely to be associated strongly with cancers other than liver in humans.
Nevertheless, on the basis of small but statistically significant increases in brain and soft tissue
sarcomas in the large updated cohort reported on by CMA (1998a), the evidence for induction of
cancer at these sites may be considered suggestive.

As discussed in Section 5.3, the dose-response assessment for cancer is based on liver
angiosarcomas, angiomas, hepatomas, and neoplastic nodules because liver tumors lead to the
strongest causal association with VC exposure and because angiosarcomas in particular are rare
in unexposed humans and laboratory animals. Blair and Kazerouni (1997) indicated that the data
in humans suggested VC is not likely to be associated with cancers other than the liver. Further
attempts to estimate cancer risk based upon tumor induction in animal bioassays at other sites,
such as mammary glands, resulted in much greater uncertainty because responses were quite
variable and not always statistically significant, and because the magnitude of the cancer risk
estimated was, with few exceptions, considerably less than the risk of liver tumors. Finally,
although cancer incidence was reported to be significantly increased at two other sitesin arecent
epidemiology study (CMA, 1998a), the association is weak and any estimated increase in
mortality from cancer at these sitesislikely to be less than for liver cancer. Upon the basis of
the available evidence it was therefore concluded that the liver is the most sensitive site and, as a
result, protection against liver cancer should be protective against other cancers as well.
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4.1.2. Noncancer Effects

Several epidemiology and case studies have associated chronic occupational exposure to
VC with impaired liver function and/or biochemical or histological evidence of liver damage,
notably subcapsular, portal, and perisinusoidal fibrosis; hyperplasia of hepatocytes and
sinusoidal cells; and portal hypertension (Buchancova et al., 1985; Doss et al., 1984; Gedigk et
al., 1975; Lilis et al., 1975; Marsteller et al., 1975; Popper and Thomas, 1975; Tamburro et al.,
1984). Focal hepatocellular hyperplasia and focal mixed (hepatocytes and sinusoidal cells)
hyperplasia are early histological alterations indicative of VC exposure (Popper and Thomas,
1975) and are the principal anatomic lesions in VVC-associated liver disease (Berk et al., 1976).
Doss et al. (1984) reported coproporphyrinuria in 46 males occupationally exposed to VC for 18
months to 21 years. Gedigk et al. (1975) correlated liver damage manifested as parenchymal
damage, fibrosis, and proliferation of the sinusoidal cells with duration of exposure to VC in 51
patients. The severity of degenerative lesions increased with increasing duration of exposure
and appeared to be reversible upon exposure cessation. Another study reported the progressive
nature of the liver changes that resulted in “chronic hepatitis” (Lilis et al., 1975). Thresholds for
hepatotoxicity cannot be identified because data regarding exposure concentrations and duration
were not available. The symptoms and signs of liver disease associated with occupational
exposure to VC include pain or discomfort in the right upper quadrant of the abdomen,
hepatomegaly, splenomegaly, and thrombocytopenia, in addition to fibrosis, cirrhosis, and portal
hypertension; however, these observations are not pathognomonic for VC-induced liver disease
(Lilis et al., 1975; Marsteller et al., 1975; Popper and Thomas, 1975). Fibrosis frequently occurs
in the elderly and in patients with diabetes mellitus (Popper and Thomas, 1975).

Ho et al. (1991) reported liver dysfunction in 12 of 271 workers (4.8%) who were
reportedly exposed to environmental levels of 1 to 20 ppm VC, with a geometric mean of 6 ppm
(15 mg/m®). The affected workers, ranging from 19 to 55 years of age, were identified as a
result of a medical surveillance program of various nonspecific biochemical liver function tests.
In addition to repeated abnormalities in these tests, four workers had hepatomegaly, four had
hepatosplenomegaly, two others had splenomegaly, and the remaining two were normal. An
improvement in liver function testing was claimed to be noted in some (number unclear from the
text) of these affected workers within 6 months to 2 years after removal from exposure; liver
function tests for 2 of these workers who returned to work were reported to have became
abnormal again. Although this study suggests effects in humans at very low levels of VC
monomer exposure, the lack of specificity of liver tests, the small number of workers involved,
the fact that 8 of the 12 affected workers were current or ex-drinkers, and aspects of the exposure
assessment make the results problematic to interpret. For example, although exposures of 1-20
ppm are claimed in the report, all affected workers were reported to experience nausea, and 4 of
the 12 reported dizziness, effects that would be expected to occur at or above the odor threshold,
which is around 3,000 ppm (Amoore and Hautala, 1983). The affected subjects are
acknowledged in the study as having been involved in washing tanks where VVC concentrations
as high as several thousand ppm were possible. Also, the significance of nonspecific clinical
chemistry effects and their relationship to hepatic toxicity caused by vinyl chloride have been
considered problematic by Feron et al. (1979), who state that there are few if any suitable
parameters for early diagnosis of VC monomer disease in humans. On the other hand, Du et al.
(1995) found that serum levels of gamma-glutamyl transferase (GGT), but not other indicators of
liver function, were associated with exposure in a group of 224 VC workers with time-weighted
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average exposure ranging from 0.36 to 74 ppm (0.92 to 189 mg/m®). Hepatomegaly, altered
liver function as shown by biochemical tests, and Raynaud’s phenomenon (RP, cold sensitivity
and numbness of fingers) were reported in chemical plant workers exposed to 25 to 250 ppm VC
(64 to 639 mg/m?) (Occidental Chemical Corporation, 1975, levels much higher than those
claimed by Ho and associates. The major obvious problems in the Ho study may thus include
grossly underreported exposure estimation, lack of a plausible association between VVC exposure
and minor nonspecific liver dysfunction, confounding from alcohol and other unknown factors
that could affect liver function, and even lack of information or rates on liver dysfunction in the
general population in this part of the world (southern Asia). However, this study does engender
some uncertainty about the possibility that the effects seen could be due to human variability in
response to the effects of VC monomer and should be considered in characterizing the human
response, at least to the noncancer effects, from exposure to VC monomer.

An occupational study attempted to correlate the effects of VC with the liver function of
exposed workers (77 total), as measured by the plasma clearance of the *™Tc-N-(2,4-
dimethylacetanilido)iminodiacetate (HEPIDA) complex (Studniarek et al., 1989). The duration
of exposure varied from 3 to 17 years. Personal air samplers were used to determine the mean
VC concentrations in 1982 at various regions of the plant. Polymerization operators (n = 13) had
the highest mean exposure to VC, 30 mg/m?, with a mean duration of employment of 10 years.
Autoclave cleaners (n = 9) and auxiliary personnel (n = 12) in polymerization rooms were
exposed to mean concentrations of 9 mg/m?® for a mean duration of 8 and 12 years, respectively,
while technical supervisors (n = 6) had the lowest mean VVC exposure of 6 mg/m? for a mean
duration of 13 years. The investigators found a significant correlation between degree of
exposure to VC and the frequency of low clearance values; however, no concentration-response
relationship was detected among the groups with respect to plasma clearance of *™Tc-HEPIDA.
This study is of limited value because personal air sampling was conducted for only 1 year. The
yearly geometric means of VC atmospheric concentrations in various departments of the plant
were provided, but these concentrations fluctuated dramatically between 0.1 and 600 mg/m?
from 1974 to 1982.

There was no evidence of decrements in pulmonary function over the course of a work
shift in a group of 53 chemical, plastics, and rubber workers exposed to higher VC levels (up to
250 ppm, 639 mg/m?) (Occidental Chemical Corporation, 1975). In an analysis of causes of
death in a cohort of 10,173 VVC workers for up to 30 years after the onset of exposure, the only
noncancer cause for which the SMR was significantly elevated was emphysema (Dow Chemical
Company, 1986). There was no correlation with exposure duration or latency. There was also
no control for smoking, although there was no excess of lung cancer.

Insufficient data exist to evaluate the teratogenicity of VC in humans. Several
epidemiology studies have investigated the effects of inhalation exposure to VC on the incidence
of fetal loss and birth defects (Hatch et al., 1981; Infante et al., 1976; Waxweiler et al., 1977);
however, no solid association has been found. Studies of communities near VC plants (Edmonds
et al., 1978; Theriault et al., 1983) have found no clear association between parental residence in
a region with a VC plant and the incidence of birth defects in the exposed community.

Fontana et al. (1995) reported a 9% occurrence of clinical symptoms of RP in 128 retired
patients who were exposed occupationally to VC. Although RP secondary to VC exposure can
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still persist after the end of exposure, capillary lesions did not appear as the main physiological
factor in the persistence of the RP.

4.2. PRECHRONIC AND CHRONIC STUDIES AND CANCER BIOASSAYS IN
ANIMALS—ORAL AND INHALATION

Feron et al. (1981) administered diets containing 10% PVC with varying proportions of
VC to Wistar rats. Diets were available to experimental animals for 4 hours per day, and food
consumption and VC concentrations were measured at several times during the feeding period in
order to account for loss of VC from the diet due to volatilization. This information was used to
calculate the ingested dose. Evaporative loss averaged 20% over 4 hours. The ingested dose
was adjusted downward by the amount of VC measured in the feces to arrive at the bioavailable
doses of 0, 1.7, 5.0, or 14.1 mg/kg-day that were fed to Wistar rats (n = 80, 60, 60, and 80,
respectively) for a lifetime. An additional group of 80/sex were administered 300 mg/kg-day by
gavage in oil for 5 days/week for 83 weeks. The rats were 5 weeks old at the start of the study.
They were weighed at 4-week intervals throughout the study. Hematological values were
obtained at 13, 26, 52, 78, and 94 weeks, and blood chemistry was performed at 13, 26, 52, and
106 weeks (n = 10). Urinalysis was performed on 10 animals per group at 13, 25, 52, 78, and 94
weeks. All surviving animals were necropsied at week 135 (males) or week 144 (females).
Interim sacrifices of 10 animals at 26 and 52 weeks included animals from the control and high-
dose groups.

Feron et al. (1981) reported that there was no difference in body weights in the VC-
treated animals, although all groups (including the control) weighed significantly less than the
controls fed ad lib (treated animals had access to food for only 4 hours/day). Significant clinical
signs of toxicity in the 5.0 and 14.1 mg/kg-day groups included lethargy, humpbacked posture,
and emaciation. Significantly increased mortality was seen consistently in males at 14.1 mg/kg-
day and in females at 5.0 and 14.1 mg/kg-day. No treatment-related effects on hematology,
blood chemistry, or urinalysis parameters were observed. Relative liver weight was significantly
increased at 14.1 mg/kg-day but was not reported for the other dose groups.

In the Feron et al. (1981) study, a variety of liver lesions were observed histologically to
be dose related and statistically significant in male and female rats. These included clear cell
foci, basophilic foci, eosinophilic foci, neoplastic nodules, hepatocellular carcinoma,
angiosarcoma, necrosis, cysts, and liver cell polymorphism. Several of these endpoints were
significantly increased in the group exposed to 1.7 mg/kg-day. Furthermore, basophilic foci
were significantly (p < 0.05) increased at doses as low as 0.014 mg/kg-day and liver cell
polymorphisms at doses as low as 0.13 mg/kg-day in a related study conducted at lower doses
(Til et al., 1983, 1991); the Til et al. (1983) study is described in more detail below. The above
lesions, with the exception of the angiosarcoma and bile duct cysts, derive from hepatocytes;
angiosarcoma is derived from sinusoidal cells and cysts from bile duct epithelium. Because the
neoplastic nodules and altered hepatocellular foci are proliferative lesions indicative of changes
in the cells from which hepatocellular carcinomas may be derived, and because these lesions
occur at lower doses and higher incidences than the hepatocellular carcinomas, these lesions are
likely to be preneoplastic. In addition, the fact that they occur at doses one to two orders of
magnitude lower than other liver lesions, such as necrosis, indicates that these lesions probably
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occur via a genotoxic mechanism, consistent with the known mechanism of VC carcinogenicity.
By contrast, there are no indications that VC causes cancer via a cytotoxic mechanism, so the
necrosis is not considered a preneoplastic effect. The incidence of necrosis was increased in a
dose-related manner in both males (4/55 in controls, 4/58, 8/56, and 23/59 low to high dose) and
females (5/57 in controls, 6/58, 19/59, and 27/57, low to high dose). The incidence was
statistically significant in males receiving 14.1 mg/kg-day and in females receiving 5.0 mg/kg-
day. Liver cell polymorphism, another endpoint not considered preneoplastic (Schoental and
Magee, 1957, 1959), was also significantly increased in males only (4/55 in controls, 16/58,
28/56, and 42/59 low to high dose). Hepatic cysts were increased in females in a dose-related
manner (9/57 in controls, 30/58, 41/59, and 49/57 low to high dose), whereas in males they were
significantly increased only at the highest dose (16/59). Proliferation of sinusoidal cells, the
source of angiosarcomas, showed a dose-related increase in males but did not achieve statistical
significance. Increased tumor incidence was noted in all treated groups. Almost exclusively
angiosarcomas were observed in males and females administered 300 mg/kg-day by gavage,
while a mixture of angiosarcomas and hepatocellular carcinomas was observed at the mid and
high dietary doses. Only hepatocellular carcinomas were reported at the low dose. Several other
rare tumors were identified as possibly being associated with VC exposure. At least some of the
observed pulmonary angiosarcomas (significant at p < 0.05) and extrahepatic abdominal
angiosarcomas appeared to be primary tumors, since they were observed in animals with no liver
angiosarcomas. The incidence of Zymbal gland tumors, a rare tumor type, also increased. These
neoplasms occurred at and above doses of 5 mg/kg-day. Abdominal mesotheliomas were
elevated over controls in all dosed groups, but with no clear dose response. Incidence and
analysis of tumors and noncancerous lesions in this study are presented below.

The lifetime dietary study of Til et al. (1983, 1991) was performed in order to study a
range of oral doses below that delivered in the Feron et al. (1981) study, since tumors were
observed at all doses in the previous study. The oral doses were delivered in the same way
except that the diets contained a final concentration of 1% PVC, rather than 10%. Wistar rats,
beginning at 5 weeks of age (100/sex/dose) were administered doses (corrected for evaporative
loss and the nonabsorbed portion in the feces) of 0, 0.014, 0.13, or 1.3 mg VVC/kg/day for 149
weeks. Mortality differences were not remarkable for males but were slightly increased for
females receiving 1.3 mg/kg-day. Relative organ weights were not evaluated. Angiosarcomas
were observed in one high-dose male and two high-dose females. Other significant increases in
tumors were limited to neoplastic nodules in females and hepatocellular carcinomas in males.
No Zymbal gland tumors or abdominal mesotheliomas were observed. Testicular effects were
not evaluated. An increased incidence of basophilic foci in liver cells was observed in both
sexes at 1.3 mg/kg-day and only in females in the two lower dosage groups. Significant
increases in females having “many” hepatic cysts (3/98 in controls, 4/100, 9/96, and 24/29 low
to high dose) as well as liver cell polymorphism in males (incidence of moderate + severe of
5/99 in controls, 5/99, 8/99, and 13/49 low to high dose) and females (incidence of moderate +
severe of 16/98 in controls, 16/100, 12/96, and 24/49 low to high dose) were reported. Since
these latter two endpoints were not considered to be neoplastic or preneoplastic, they were
considered suitable for development of RfDs and RfCs.

As described in Section 5.1.2, the PBPK model of Clewell et al. (1995b) was used to

derive dose metrics that were then used to convert the exposure levels for the endpoints of
interest in the animal studies to equivalent human exposure levels. In addition, because there are
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no direct effects at the portal of entry, the PBPK model was also used to derive dose metrics that
were then used to convert the oral exposure levels used by Til et al. (1983, 1991) to a continuous
human inhalation exposure concentration that would result in the same internal dose as occurred
in the animal study. The study of Til et al. (1983, 1991) defines a no-observed-adverse-effect
level (NOAEL) of 0.13 mg/kg-day and a lowest-observed-adverse-effect level (LOAEL) of 1.3
mg/kg-day for liver effects that are not considered to be preneoplastic. Using the PBPK model
of Clewell et al. (1995b), a NOAEL(HEC [human equivalent concentration]) and LOAEL(HEC)
of 2.5 and 25 mg/m?, respectively, were calculated. Benchmark dose (BMD) modeling was then
conducted on the internal dose metrics calculated using the PBPK model, and the BMD at a
benchmark response of 10% extra risk (BMD,,) was calculated and evaluated. Due to
limitations in the data and variable outputs from the BMD models, the NOAEL was chosen for
use in further quantitative analysis.

Bi et al. (1985) exposed Wistar rats (apparently 75 per group) to 0, 10, 100, or 3,000 ppm
VC (99.99% pure) for 6 hours/day, 6 days/week (duration adjusted to 0, 5.5, 55, 1,643 mg/m?,
respectively) for up to 12 months. Animals were weighed monthly and observed daily for
clinical signs. Interim sacrifices were reported at 3 (n = 8), 6 (n =30), 9 (n =6), and 12 (n = 10)
months, with surviving animals examined after 18 months (6 months after the end of exposure).
Organ weights and histopathology were reported to have been assessed on lung, liver, heart,
Kidney, testes, spleen, and brain, but only partial organ weight information was presented, and
only testicular histopathology results are discussed in the report. Body weight was significantly
decreased in the mid- and high-exposure groups (320, 310, 280, and 240 g in 0, 10, 100, and
3,000 ppm groups, respectively). Liver-to-body weight ratios were increased in a concentration-
dependent manner after 6 months at all dose levels. At 12 months, increased relative liver
weight was observed only in the 3,000 ppm group, although the power to detect this effect was
limited by the small number of animals examined. No effect on liver weight persisted at 18
months after the start of the exposure. Relative kidney weight in the 3,000 ppm group was
increased at 3 and 12 months but not at 6 or 18 months, and in the 100 ppm group only at 18
months. Relative testes weight was decreased in the 100 and 3,000 ppm groups at 6 months, but
the effect was not concentration related in that the relative testes weight was less at 100 than at
3,000 ppm and no other time points showed significant effects. There were several groups with
significant differences in relative heart or spleen weights, but these were not consistent across
exposure concentrations or durations and thus do not appear to be exposure related. The study
did not report absolute organ weights, relative weights for groups with no significant differences,
standard deviations, or histopathology results (except in the testes), making the organ weight
differences in tissues other than the liver and testes difficult to interpret, although spleen size has
been reported in other animal and human studies. The incidence of damage to the testicular
seminiferous tubules in rats (n = 74) exposed to 0, 10, 100, or 3,000 ppm was 18.9%, 29.7%,
36.5%, and 56%, respectively. The incidence was statistically elevated at 100 and 3,000 ppm
(duration adjusted to 55 and 1,643 mg/m?, respectively) (p < 0.05 and p < 0.001, respectively)
compared with controls and was concentration related. This damage consisted of cellular
alterations, degeneration and necrosis. Thus, 10 ppm (duration adjusted to 5.5 mg/md) is
considered a LOAEL for liver weight changes and the NOAEL for biologically significant
testicular degeneration.

As described for the Til et al. (1983, 1991) study, this concentration was converted to an
HEC using the PBPK model of Clewell et al. (1995b), and benchmark modeling was then
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conducted on the dose metric when possible. Thus, the LOAEL(HEC) for increased relative
liver weight is 28 mg/m?, and the NOAEL(HEC) for increased testicular degeneration is 42
mg/m?. The testicular degeneration was the only effect in this study that was suitable for
benchmark modeling because no measure of variability (e.g., standard deviation) was provided
for the liver weight endpoint. The HEC based on the benchmark analysis benchmark
concentration (BMC)(HEC) and the PBPK model is 182 mg/m?. The liver is more sensitive, and
the LOAEL(HEC) is the most appropriate dose-response value in this study.

Du et al. (1979) exposed male Sprague-Dawley rats for 2-8 hours/day over periods of 1-5
weeks to 15,000 ppm VC. The total accumulated exposure period varied from 14 to 137 hours.
Activity of glucose-6-phosphatase in the microsomal fraction decreased 25% with respect to
controls after 70 hours of exposure. Glucose-6-phosphate dehydrogenase activity increased
twofold after more than 100 hours of exposure. Nonprotein sulfhydryl levels (glutathione and/or
cysteine) showed a slight but progressive elevation, whereas glutathione reductase increased
50%-60% during exposure. Ultrastructural alterations including dilatation of rough endoplastic
reticulum and patchy lesions near the plasmalemma were also noted. The pathology and early
enzymatic changes were considered a reflection of mild early injury to liver cells.

In a study by Sokal et al. (1980), male Wistar rats (7-34/sex/group) were exposed to 0,
50, 500, or 20,000 ppm VC for 5 hours/day, 5 days/week (duration adjusted to 0, 19, 190, or
7,607 mg/m?®, respectively) for 10 months. Hematological indices, blood chemistry, and
urinalysis were evaluated after 1, 3, 6, and 10 months of exposure (n = 7-10). Histopathology
was conducted on all major organs, including the lungs, with groups sacrificed at 1.5, 3, 6, and
10 months of exposure. The number of animals in each group is not clear from the report.
Ultrastructural examination of the liver was carried out at 3, 6, and 10 months. No statistically
significant differences were observed for urinalysis, hematological, or biochemical indices. No
adverse effects on the lung were reported. There was a statistically significant (p < 0.05)
decrease in body weight at 10 months in all treatment groups relative to the controls that was
biologically significant (i.e., > 10%) in the high-exposure group only. Organ weights were
reported for groups of seven animals exposed for 10 months. Relative spleen, kidney, and heart
weights were significantly elevated in some groups, but there was no change in absolute weight
and no histological changes or effects on kidney function to corroborate an adverse effect in
these organs. Relative liver weight was increased at 500 and 20,000 ppm, and absolute liver and
testes weights were increased at 50,000 ppm. Treatment-related histological changes developed
in the liver and testes. After 10 months, there was a significant increase in polymorphism of
hepatocytes (2/28, 5/21, 18/34, and 10/17 in 0, 50, 500, and 20,000 ppm groups, respectively)
and proliferation of reticuloendothelial cells lining the sinusoids (3/28, 3/21, 13/34, and 8/17 in
0, 50, 500, and 20,000 ppm groups, respectively). These effects were also seen at 6 months in
the 500 and 20,000 ppm groups (incidences not reported). Fatty degeneration was also observed,
and ultrastructural changes, including proliferation of smooth endoplasmic reticulum and lipid
droplets, were reported, but no data were given. The report indicated that more detailed
description of the histopathology and ultrastructure would be published separately, but no such
record was found. Damage to the spermatogenic epithelium was significantly higher than in
controls following exposure to 500 ppm (3/28, 3/21, 13/34, and 5/17 in the 0, 50, 500, and
20,000 ppm groups, respectively). A NOAEL of 50 ppm was identified for hepatocellular and
testicular histopathology. Using the PBPK model of Clewell et al. (1995b), the NOAEL of 50
ppm corresponds to a duration-adjusted NOAEL(HEC) of 93 mg/m? for liver effects and a

17



NOAEL(HEC) of 145 mg/m? for testicular effects. Applying benchmark modeling using the
dosimetry provided by the PBPK model in the same manner as described for Til et al. (1983,
1991), the BMC(HEC) values are 59-168 mg/m? for liver effects (59 mg/m?® for polymorphism of
hepatocytes, 92 mg/m? for proliferation of reticuloendothelial cells, 122 mg/m?® for testicular
effects, and 168 mg/m? for the continuous endpoint of increased relative liver weight).

In a related study (Wisniewska-Knypl et al., 1980), male Wistar rats (7-10/group) were
exposed under conditions to nominal concentrations of 50, 500, or 20,000 ppm VC or to air only
for 5 hours/day, 5 days/week (duration adjusted to 19, 190, or 7,607 mg/m?, respectively) for 10
months with interim sacrifices at 1, 3, and 6 months. This study appears to be a different
experiment from that reported by Sokal et al. (1980) based on different initial animal weights
and chemical purity, although this is not entirely clear. Body weight was significantly affected
only in the 20,000 ppm group exposed for 10 months. Tissue examinations were limited to the
liver. Relative liver weight was increased at all sacrifice times at 500 and 20,000 ppm.
Ultrastructural examination of liver tissue from animals exposed to 50 ppm showed
hepatocellular changes characterized by proliferation of smooth endoplasmic reticulum at 3
months and accumulation of lipid droplets at 10 months. Rats exposed to 500 ppm for 3 months
exhibited hypertrophy of the smooth endoplasmic reticulum, distension of canals of rough-
surfaced membranes, swelling of mitochondria, and an increased number of lipid droplets in
cytoplasm; these changes were more intensive at 20,000 ppm. No quantitative information is
provided on the liver ultrastructural effects. This study identifies a minimal LOAEL of 50 ppm
(duration adjusted to 19 mg/m?®) for minor liver histopathology and a NOAEL of 50 ppm for
liver weight effects. Based on the PBPK model of Clewell et al. (1995b), this corresponds to a
duration-adjusted LOAEL(HEC) of 79 mg/m®. Applying benchmark modeling to the liver
weight data in the same manner as described for Feron et al. (1981), the BMC(HEC) values are
168 mg/m? for increased relative liver weight. The liver ultrastructural data are not amenable to
benchmark analysis because only descriptive information was presented.

In a study by Torkelson et al. (1961), several species of animals were exposed to 0, 50,
100, 200, or 500 ppm VC via inhalation for up to 6 months. Hematologic determinations,
urinalysis, clinical biochemistry, organ weight measurement, and histopathology examination
were conducted. Rats (24/sex/group), guinea pigs (12/sex/group), rabbits (3/sex/group) and dogs
(1/sex/group) exposed to 50 ppm (127.8 mg/m?®) for 7 hours/day for 130 days in 189 days did not
exhibit toxicity as judged by appearance, mortality, growth, hematology, liver weight, and
pathology. At an exposure concentration of 100 ppm administered 138-144 times in 204 days, a
statistically significant increase in the relative liver weight of male and female rats was noted.
Exposure to 200 ppm (138-144 times in 204 days) for 6 months resulted in increased relative
liver weight in male and female rats, but there was no biochemical or microscopic evidence of
liver damage. Rabbits exposed under the same conditions exhibited histological changes
(characterized as granular degeneration and necrosis with some vacuolization and cellular
infiltration) in the centrilobular area of the liver. There was no effect at this level in guinea pigs
or dogs. Histopathological lesions of the liver (centrilobular granular degeneration) and
increased organ weight occurred in rats exposed to 500 ppm. Although relative liver weights
were slightly elevated in male rats (n = 5) exposed to 100 or 200 ppm for 2-4 hours/day
(duration adjusted to 15-30 and 30-60 mg/m?, respectively), the increases were not statistically
significant. A NOAEL for liver effects of 50 ppm (duration adjusted to 25.6 mg/m?®) is identified
in this study. Based on the PBPK model of Clewell et al. (1995b), this corresponds to a
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duration-adjusted NOAEL (HEC) of 162 mg/m®. These data were not amenable to benchmark
analysis because standard deviations on the weight measurements were not reported.

Maltoni et al. (1980, 1981, 1984) exposed Sprague-Dawley or Wistar rats to 1 to 30,000
ppm VC for 4 hours/day, 5 days/week for 52 weeks, and mice and hamsters to 50 to 30,000 ppm
V C for 30 weeks, beginning at about 12 weeks of age. Animals were observed throughout their
lifetime (135 weeks). Tumor incidence and shortening of latency for liver angiosarcomas were
concentration dependent. Additional tumor types seen in rats included liver hepatoma,
nephroblastoma, neuroblastoma of the brain, Zymbal gland tumors, and mammary carcinomas.
The study authors particularly noted the rarity of angiosarcoma, hepatoma, nephroblastoma, and
neuroblastomain their animal colony. The following types of tumors were observed in exposed
mice: mammary, liver (including angiosarcomas), forestomach, lung, and epithelial. Tumor
types in hamsters were liver (including angiosarcomas), forestomach, and epithelial. The
incidence and analysis of the tumors reported in this study are presented in Section 5.3.2.

The incidence of neoplastic or potentially preneoplastic lesions, including “hepatomas,
neoplastic liver nodules, nodular hyperplasia of the liver, and diffuse hyperplasia of the liver,”
was also presented (Maltoni et al., 1980, 1981, 1984). Because morphological descriptions were
not provided, it is not clear why different terms were used. The largest incidences were reported
for diffuse hyperplasia, generally ranging from 1% to 10% for males and females combined, but
occurring at 20%-28% in asingle experiment at 100-200 ppm. The incidence of nodular
hyperplasia was about 1% in the combined controls and at # 5 ppm and about 10%-17% at
higher levels. However, although lesions as well as hepatomas and neoplastic nodules were
increased in the exposed groups, there was no clear concentration-response relationship for these
lesions.

Other inhalation experiments support the carcinogenicity of VC. Rats and mice exposed
to 0, 50, 250, or 1,000 ppm for 6 hours/day, 5 days/week for up to 6 months (mice), 10 months
(rats) (Hong et a., 1981), or 12 months (mice and rats) (Lee et a., 1978) had a significantly
increased incidence of angiosarcoma of the liver at $ 250 ppm. Animals were sacrificed 12
months after the end of exposure. Micein this study exposed to $ 250 ppm also had an increase
in bronchioloalveolar adenoma of the lung and mammary gland tumorsin females
(adenocarcinomas, squamous and anaplastic cell carcinomas). Male rats exposed to
concentrations as low as 100 ppm for 6 hours/day, 6 days/week for 12 months and sacrificed at
18 months (6 months after the end of exposure) had significantly increased incidences of
angiosarcoma of the liver (Bi et al., 1985). Rats exposed to 3% V C (30,000 ppm) for 4
hours/day, 6 days/week for 12 months had significantly increased incidences of epidermoid
carcinoma of the skin, adenocarcinoma of the lungs, and osteochondroma in the bones (Viola et
al., 1971), and rats exposed to 0 to 5,000 ppm for 52 weeks had primary tumorsin the brain,
lung, Zymbal gland, and nasal cavity (Feron and Kroes, 1979). Keplinger et al. (1975) provided
apreliminary report of a concentration-dependent increase in tumor formation (alveol ogenic
adenomas of the lung, angiosarcomas of the liver, and adenosguamous carcinoma of the
mammary gland) in mice exposed to 0, 50, 200, or 2,500 ppm VC.

Suzuki (1978, 1983) investigated the effect of VC on lung tumor formation. Ina

preliminary study conducted with alimited number of animals, alveologenic lung tumors
developed in 26 of 27 mice exposed to 2,500 or 6,000 ppm for 5-6 months (Suzuki, 1978). A
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concentration-related increase in the incidence of alveogenic tumors was observed in a study in
which 30-40 mice/group were exposed to 1-660 ppm VC or filtered air for 4 weeks and then
observed for up to 41 weeks postexposure (Suzuki, 1983). An increase in bronchioloalveolar
adenoma was observed in a lifetime study of mice exposed to 50 ppm VC for 100 1-hour
exposures and 5,000 or 50,000 ppm for a single 1-hour exposure (Hehir et al., 1981). The
statistical significance of these observations was not presented.

Overall, the available evidence from inhalation studies in animals supports the findings in
humans that VVC is a carcinogen by this route of exposure. Although human carcinogenicity data
are lacking via the oral route, definitive responses in animal studies by both the oral and
inhalation route, and evidence that VVC is well absorbed by the oral route, support a conclusion
that ingested VVC is carcinogenic in humans.

4.3. REPRODUCTIVE/DEVELOPMENTAL STUDIES—ORAL AND INHALATION

Inhalation experiments in animals have associated developmental toxicity only with
concentrations at or above those associated with maternal toxicity. In a two-generation
reproduction study done in accordance with GLP (CMA, 1998b), rats (CD, 30/sex/group) were
exposed by whole-body inhalation for 6 hours /day to concentration levels of 0, 10, 100, and
1,100 ppm. The groups of P1 females were exposed 5 days/week beginning at 6 weeks of age
for 10 weeks (premating exposure period), and then daily through mating and gestation.
Treatment was discontinued at gestation day (GD) 20 for delivery of the F1 generation and
resumed on a daily basis on lactation day 4 until sacrifice, which occurred as a group after the
last litter was weaned. At weaning, two F1 pups were selected randomly from each litter and
exposed as the P1 parents through this postweaning period until all litters were weaned, about 3
weeks total. Animals were then randomly chosen from this pool of F1 animals, designated the
P2 generation, and the 10-week premating exposure period initiated. At this period, the P2
animals were presumably near to 6 weeks in age, as were the P1 generation at the beginning of
their premating exposures. Daily exposures were continued through mating and gestation.
Treatment was discontinued at GD20 for delivery of the F2 generation and resumed on a daily
basis on lactation day 4 until sacrifice, which occurred as a group after the last litters were
weaned. Both generations of males were exposed in a manner parallel to the females.

Evaluation for the parental animals included body weights and food consumption.
Estrous cycling was evaluated during the last 3 weeks of the premating period. Fertility and
reproductive performance (pregnancy rates and male fertility indices) were recorded. Sperm
assessments (motility, caudal epididymal sperm count, and morphology) were performed for 15
P1 and P2 males/group. At necropsy, reproductive and other tissues (including brain, lungs,
nasal turbinates [four sections] and mammary glands) were taken from the control and 1,100
ppm groups for gross and microscopic examination. The livers of all parental animals from all
dose groups were examined microscopically. Pups were examined and weighed at birth and
days 4, 7, 14, 21, and 25 (F1 only) during lactation. At weaning one pup/sex/litter was randomly
selected, sacrificed, and given a macroscopic exam with selected tissues (including liver,
ovaries, and testes) weighed and preserved. The remaining pups were examined, sacrificed, and
discarded.
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No adverse effect of treatment was seen in the parental generations, including mortality,
clinical findings, body weight, food consumption, or effects on fertility or reproductive
performance. No adverse effect of treatment was indicated in the F1 and F2 pups from survival
or growth in either generation. The NOAEL for reproductive effects is > 1,100 ppm.

Liver effects, including hepatocellular foci, centrolobular hypertrophy, and increased
liver weights, were noted in parental (P1 and P2) animals. Liver weights were significantly
increased in males only (13% to 20% increase over controls) in the P1 animals at 10, 100, and
1,100 ppm and in P2 animals at 100 and 1,100 ppm. Centrilobular hypertrophy (not hepatocyte
polymorphism) was noted in a dose-related manner in P1 and P2 males at the two highest
concentrations and in P1 and P2 females at all three levels of exposure. Both these effects are
considered as nonadverse adaptive responses to VC exposure (Sipes and Gandolfi, 1991).

Altered hepatocellular foci (basophilic, acidophilic, and clear cell) were observed in the
livers of P1 and P2 males and in P2 females. Cellular atypia was generally absent from these
lesions which were also noted as usually occurring one per animal. All foci were noted as being
graded at the minimum level of severity. Among P1 males exposed to 1,100 ppm, only a single
basophilic and a single acidophilic foci were noted among the 30 livers. Among P2 males
exposed to 1100 ppm, this incidence was increased with 8 basophilic foci, 5 clear cell foci, and 5
acidophilic foci noted among the 30 livers. In addition, 5 acidophilic foci were observed from
among the 30 P2 livers observed at the next highest concentration of 100 ppm and 1 was
observed from among the 30 P2 male control livers. No foci were observed among the livers of
any P1 female, exposed or control. Among livers from P2 females exposed to 1,100 ppm,
however, 11 basophilic and 8 acidophilic foci were noted. A single basophilic foci was observed
among the 30 livers from P2 females exposed at the next highest concentration of 100 ppm. No
foci of any type was observed in either sex of either parental generation at the lowest exposure
level of 10 ppm, the NOAEL for parental effects.

A possible explanation for the increased incidence of altered hepatocellular foci seen in
the P2 versus the P1 generation is that the P2 generation was exposed throughout those periods
of the life cycle (in utero and throughout most of the postnatal period) that are generally
accepted as being of increased susceptibility to tissue injury, whereas the P1 generation was not.
In establishing the exposure scenario in this reproductive study, however, the P2 generation was
necessarily exposed for a longer period of time, approximately 6 weeks longer if in utero time is
considered, than was the P1 generation. Indeed, the increased incidence of liver effects in the P2
generation is more consistent with an increased dose, rather than with a period of susceptibility
to VC toxicity during which other types of effects would have the opportunity to become
manifest. The increase in liver effects seen in the P2 generation relative to the P1 generation
could be due to reasons other than in utero or juvenile susceptibility, as the P2 animals were
exposed not only younger than the P1 animals, but also longer and on a daily basis during the
postnatal period when body weights and metabolic and respiratory functions are increasing
dramatically. This confounding makes speculative any claim of neonatal or childhood
susceptibility to VC exposure for this study. However, tumor incidence has been documented to
increase at maturity among laboratory animals treated with vinyl chloride during the first 6
months of life when compared to those exposed during the second or third 6-month period of life
(Maltoni et al., 1981; Drew et al., 1983; Section 4.7.1).
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PBPK analysis of this reproductive study (Appendix D) indicates that the dose to the
liver at 10 ppm (the NOAEL for hepatocellular foci was markedly higher than the corresponding
metric derived from the NOAEL in the chronic study of Til et al. (1983). Itis likely that the
metric associated with the no-effect 10 ppm dose level may well have been even higher if
consideration of the physiological and biochemical exposure parameters during the earlier
phases of development and growth were able to be considered by the PBPK model used in this
assessment. This conservative estimate of the dose metric in the liver where no effects were
observed in this reproductive study is near to the metric in the chronic study of Til et al. (1983)
where liver effects were observed. Thus, the chronic study of Til et al. (1983) demonstrates
adverse liver effects at tissue concentrations considerably lower than this reproductive study.

John et al. (1977) examined the effects of inhaled VVC on the fetuses of mice, rats, and
rabbits. Pregnant CF1 mice (30-40/group) were exposed to 0, 50, or 500 ppm VC on gestational
days 6-15. Sprague-Dawley rats (20-35/group) and New Zealand white rabbits (15-20/group)
were administered 0, 500, or 2,500 ppm VC for 7 hours/day on gestational days 6-15 for rats and
6-18 for rabbits. Parameters of maternal and developmental toxicity were evaluated; both the
fetuses and litter were evaluated. Mice were more sensitive to the toxic effects of VC than either
rats or rabbits. In mice, concentrations of 500 ppm induced maternal effects that included
increased mortality, reduced body weight, and reduced absolute but not relative liver weight.
Fetotoxicity also occurred in mice at 500 ppm and was manifested as significantly increased
fetal resorption, decreased fetal body weight, reduced litter size, and retarded cranial and
sternebral ossification. However, there was no evidence of a teratogenic effect in mice at either
concentration. In rats exposed to 500 ppm, but not to 2,500 ppm, maternal effects were
restricted to reduced body weight. Maternal effects in rats at 2,500 ppm were death of one rat,
elevated absolute and relative liver weights, and reduced food consumption. A significant
reduction in fetal body weight and an increase in the incidence of lumbar spurs were observed
among rats exposed to 500 ppm but not 2,500 ppm and are not considered signs of VC-induced
fetotoxicity. At 2,500 ppm, an increased incidence of dilated ureters was observed, which may
represent a chemical-induced effect. No signs of maternal or developmental toxicity were
observed in rabbits at either dose. This study identifies a NOAEL of 50 ppm for maternal
toxicity and fetotoxicity in mice and a NOAEL of 2,500 ppm for rabbits.

Ungvary et al. (1978) exposed groups of pregnant CFY rats continuously to 1,500 ppm
(4,000 mg/m?®) on gestational days 1-9, 8-14, or 14-21 and demonstrated that VVC is not
teratogenic and has no embryotoxic effects when administered during the second or last third of
pregnancy. During the first third of pregnancy, maternal toxicity was manifested by increased
relative liver weight; increased fetal mortality and embryo toxic effects were evident. Slightly
reduced body weight gain was noted in dams exposed on days 14-21.

VC does not appear to produce germinal mutations as manifested by a dominant lethal
effect in male rats. In a dominant lethal study, Short et al. (1977) exposed male CD rats to 0, 50,
250, or 1,000 ppm VC for 6 hours/day, 5 days/week for 11 weeks. At the end of the exposure
period, the exposed males were mated with untreated females, and there was no evidence of
either preimplantation or postimplantation loss in pregnant females. However, reduced fertility
was observed in male rats exposed to 250 and 1,000 ppm VC.
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44. OTHER STUDIES
4.4.1. Neurological

Occupational studies of exposure to VC have reported a variety of central nervous system
effects of VC, including headaches, drowsiness, dizziness, ataxia, and 10ss of consciousness
(Liliset a., 1975; Langauer-Lewowickaet al., 1983; Waxweller et al., 1977). Exposure
information was not available, but the reports of loss of consciousness indicate that at least
periodic high exposures were involved. Central nervous system symptoms associated with VC
(nausea, dizziness) were also reported in volunteers exposed to $12,000 ppm for 5 minutes
(Lester et al., 1963). Tingling of the extremities (paresthesia), and sometimes finger numbness
and pain, has also been reported. At least some of the symptoms in the extremities appear to be
associated with anoxia due to vascular insufficiency; numbness of fingers and cold sensitivity
are symptoms of Raynaud’ s phenomenon, which is associated with VC exposure (Liliset al.,
1975; Occidental Chemical Corporation, 1975). However, VC may also act directly on the
peripheral nerves. Decreased nerve conduction velocities and atered electromyographic
findings were aso reported in VC workers, but the decreased velocities did not achieve
statistical significance, and control data were not reported for the electromyographic findings
(Perticoni et al., 1986). Exposure data were not reported for this study.

These occupational reports are supported by animal data. Decreased responses to
external stimuli and disturbed equilibrium were observed in male Wistar rats exposed for 4
hours/day, 5 days/week for 10 months to 30,000 ppm VC (Viola, 1970). Histopathological
examination at 12 months revealed diffuse degeneration of gray and white matter of the brain,
including numerous atrophied nerves and pronounced cerebellar degeneration of the Purkinje
cell layer. Peripheral nerve endings were surrounded and infiltrated with fibrous tissue.

4.4.2. Genotoxicity

Several lines of evidence indicate that VVC metabolites are genotoxic, interacting directly
with DNA. In vitro genotoxicity assays indicate that VC is mutagenic in the presence of
exogenous metabolic activation but not in the absence of activation. Similar assays show that
the major VC metabolite, chlorethylene oxide (CEO), is positive in genotoxicity tests. Invivo
genotoxicity tests with VVC also provide evidence of genotoxicity. Finally, DNA adducts formed
from VC metabolites have been identified; certain persistent adducts are believed to be
associated with the development of carcinogenicity.

Several occupational studies reported genotoxic effectsof VC. Sinueset al. (1991)
examined the incidence of micronuclel and sister chromatid exchanges (SCES) in agroup of 52
nonsmokers exposed to VC and 41 nonsmoking controls. The exposure level was estimated at
1.3-16.7 ppm (high-exposure group) and 0.3-7.3 ppm (low-exposure group), with an average
duration of 17 years. Increasesin both SCEs and micronuclei were observed, and the increase
correlated with exposure levels. An increase in chromosome aberrations in peripheral
lymphocytes that correlated with exposure duration was observed in a cohort of 57 VC workers,
compared with 19 on-site controls and 5 off-site controls. Current average exposure was 5 ppm,
but excursions up to 1,000 ppm were reported (Purchase et a., 1978). Hansteen et al. (1978)
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investigated chromosome aberrations in a group of VC workers exposed to 25 ppm and then
again after the workers had not been exposed for 2-2.5 years. Chromosome aberrationsin
lymphocytes were elevated relative to controls at the initial sampling but not after exposure
ceased.

V C-induced mutations were noted in the Salmonella typhimurium reverse mutation
assay, both using vapor exposure (Bartsch et al., 1975) and incorporation into the medium
(Rannug et a., 1974). The mutagenic activity was decreased or eliminated in the absence of
exogenous metabolic activation. By contrast, the VC metabolites CEO and CAA increased the
reversion rate even in the absence of exogenous activation (Bartsch et al., 1975; Rannug et al .,
1976). The highly reactive metabolite CEO was much more potent than the CAA, inducing
mutations at exposures aslow as 0.1 mM for 1 hour.

Single-strand breaks (SSBs) have been detected in liver DNA following inhalation
exposure of miceto VC (Walleset al., 1988). (It isgenerally assumed that SSBs represent an
intermediate stage in the excision repair of DNA adducts.) The occurrence of SSBs reached a
maximum at exposures of 500 ppm, consistent with saturation of metabolism. It was found that
20% of the SSBs remained after 20 hours.

The p53 tumor suppressor gene is often mutated in awide variety of cancers. VC has
been associated with specific A — T transversions at codons 179, 249, and 255 of the p53 gene.
The mutations result in transversions of His—> Leu at residue 179, Arg —> Trp at residue 249,
and He — Phe at residue 255 in highly conserved regions of the DNA-binding core domain of
the P53 protein. The latter two mutants were shown to contain certain common regions that
differ substantially in conformation from the wild-type structure (Chen et al., 1999). By the use
of anti-p53 antibodies, increased incidences of mutations in this gene were detected in workers
occupationally exposed to VC. Even higher incidences were noted in occupationally exposed
workers with angiosarcoma of the liver (Hollstein et al., 1994; Triverset al., 1995), while similar
mutations have not been identified in liver angiosarcomas not induced by VC (Soini et al.,
1995). More recently Smith et al. (1998) were able to demonstrate a dose-response relationship
between V C exposure and increases in mutant p53 in French workers occupationally exposed to
VC. Adjusted odds ratios for estimated ppm years of exposure equaled 4.16 (95% CI = 1.63-
10.64 for #500 ppm); 5.76 (95% CI = 2.39-13.85 for 501-2,500 ppm); 10.24 (95% CI = 4.20-
24.95 for 2,501-5,000 ppm); 13.26 (95%CI = 5.52-31.88 for >5,000 ppm). Similar increases
were also reported in Taiwanese VC workers (Luo et al., 1999). Thirty-three of 251 (13.2%) VC
workers tested positive for p53 overexpression (10% with positive mutant p53 protein and 3.6%
with positive anti-p53). The resultsindicate that this serum biomarker for p53 protein isrelated
to vinyl chloride exposure and may be an early indicator of carcinogenic risk in exposed
populations.

The genotoxic potential of VC and its metabolites has also been investigated by assaying
the formation of DNA adducts. Although 7-(2-oxoethyl)guanine (OEG) has been identified as
accounting for approximately 98% of all VC adducts formed in vivo (Swenberg et al., 1992), this
adduct isvery rapidly repaired and does not appear to lead to miscoding during DNA replication.
Therefore, it is not considered important for carcinogenesis (Laib, 1986; Swenberg et al., 1992).
Instead, VC carcinogenicity is attributed to four etheno-DNA adducts that are formed at much
lower concentrations than OEG but that are more persistent (Swenberg et a., 1992) and can lead
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to defective transcription (Singer et al., 1987) and presumably also defective replication. For
example, ethenoguanine (EG) produces a base pair mismatch (G6A transition) in bacterial
assays (Cheng et a., 1991). These adductsare: 1,N*-EG; N?,3-EG; 1,N°-etheno-2’-
deoxyadenosine (EDA), and 3,N*-etheno-2’ -deoxycytidine (EDC) (Laib, 1986; Fedtke et al.,
1990; Dosanjh et al., 1994).

It isstill not possible to determine which, if any, of the DNA-adducts identified from VC
exposure may be responsible for the observed carcinogenicity of VC. Thelikelihood that a
given DNA-adduct will lead to a neoplastic transformation depends on many factors, including
its persistence and the consequences of its repair or failure to be repaired. The persistence of a
given adduct depends on both the rate of formation and the rate of repair (Singer, 1985); in
humans, all of the etheno adducts appear to be repaired by the same DNA glycosylase but not at
the same rate (Dosanjh et al., 1994). In particular, the repair of the ethenoguanines appearsto be
much slower than that of the other etheno-adducts in humans (Dosanjh et al., 1994).

Thiswasin contrast to the results of asimilar study in rats, where N?,3-EG was repaired
with ahalf-life of about 30 days, while there was no evidence that EDA and EDC were repaired
at all (Swenberg et al., 1992). Swenberg et a. (1999), however, using a more sensitive method
of analysis, found that the apparent persistence of etheno adducts is actually due to endogenous
production. The amounts of endogenous N?, 3-EG was measured in liver DNA of rats and
humans, with amean 0.21 + 0 .07 per 10° unmodified guanine reported for humans, compared
with 0.09 + 0.04 for rats. Theratio of OEG to N?,3-EG was similar across all tissues measured,
suggesting that DNA repair was not tissue specific. By use of **C,-VC, endogenous and
exogenous N?,3-EG could be monitored in the same animal. Lack of change for endogenous
NZ2,3-EG in rats exposed to 1,100 ppm suggests that repair is not saturated at this concentration.
In the same series of studies it was shown that increases in N?,3-EG in rats exposed 4 weeks to
V C are consistent with long-term cancer bioassays in rats, with a steep slope between 0 and 100
ppm and relatively little increase at 1,100 ppm (Morinello et al., 1999). Controls averaged 0.08
+0.04 and 0.11 + 0.05 per 10° unmodified dGuain 1 and 4 weeks controls, respectively.
Exposure to 10, 100, and 1,100 ppm VC for 1 wk increased the N%,3-EG adducts to 0.20 + 0.05,
0.68 + 0.09, and 1.25 + 0.20 per 10° dGua, respectively. After 4 weeks exposure, the
corresponding amounts were 0.53 + 0.11, 2.28 + 0.18, and 3.78 + 0.55 N?,3-EG per 10° dGuo.
These data provide support for the use of linearized model for low-dose extrapolation of cancer
risk.

Swenberg et a. (1999) also measured the amount of N2,3-EG in both hepatocytes and
sinusoidal cells, the latter being the most common site for liver cancer induction by VC.
Although exposuresin this case were to vinyl fluoride (VF), the mechansims of cancer induction
by the two chemicals are considered to be the same. Despite the fact that the sinusoidal cells had
little of the enzyme CY P 2E1, indicating that epoxidation occurs primarily in the hepatocytes,
the amount of N?, 3-EG sinusoidal cells was three times that of the hepatocytes. Moreover, N-
methylpurine-DNA glycosylase mMRNA, a DNA repair enzyme capable of removing etheno
DNA adducts (Dosanjh et al., 1994), was expressed in sinusoidal cells at only 20% that of
hepatocytes. Thus even though the sinusoidal cells are exposed to lower concentrations of the
epoxide, because it must diffuse from the hepatocytes, limited repair capability apparently
renders these cells more susceptible to carcinogenic effects of vinyl halides.
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The overall evidence indicates that VC must be metabolized to cause carcinogenicity. A
reactive, short-lived metabolite that achieves only low steady-state concentrations is thought to
be responsible for the toxic effects of VC (Bolt, 1978). CEO isbelieved to be the ultimate
carcinogenic metabolite of VC. Both CEO and CAA have been evaluated as possible
carcinogenic metabolites of VC, and the overall evidence indicates that CEO isthe reactive
metabolite responsible for VC carcinogenicity. CEO is carcinogenic in skin and acts as an
initiator in the initiation/promotion protocol, while CAA is negative in these assays (Zgdela et
al., 1980). Moreover, CEO has been found to display 400-fold greater mutagenic potency than
CAA in bacterial mutagenicity assays (Perrard, 1985). In acomparison of VC and 2,2’ -
dichlorodiethylether, a precursor of CAA but not of CEO (Bolt, 1986), preneoplastic
hepatocellular ATP-deficient foci were reported in rats following exposure to VC but not 2,2’ -
dichlorodiethylether (Gwinner et a., 1983). Similarly, DNA adduct formation was observed in
rats dosed with VC but not with 2,2’ -dichloroethylether. Finaly, inadequate DNA repair is
likely responsible for the sengitivity of liver sinusoidal cells to carcinogenic effects of vinyl
halides.

In summary, recent studies have provided increasing evidence linking etheno-DNA
adducts with the observed carcinogenicity of VC. The recent study by Swenberg et al. (1999)
showed a good correlation between tissue concentrations of a specific adduct and the risk of
cancer in that tissue. Smith et al. (1998) also showed a positive dose-response relationship
between V C exposure in workers and mutant serum p53. However, until carinogenesis can be
guantitatively related to specific DNA adduct(s), or to specific mutations, the amount of
metabolism remains the best dose metric for comparison with tumor incidence. Additionaly,
use of DNA adduct data for extrapolation of risk from animals to humans would require
comparative data on DNA repair efficiency in humans.

4.4.3. Noncancer M echanism

A reactive, short-lived metabolite that achieves only low steady-state concentrationsis
thought to be responsible for the toxic effects of VC (Bolt, 1978); the rapid elimination of VC
and its major metabolites is consistent with this hypothesis (Bolt et ., 1977). Both CEO and
CAA can react with tissue nucleophiles, but CAA appears to be the most important source of
protein adducts. The metabolism of VC to produce irreversibly bound adducts to DNA and
protein was examined in vitro with rat liver microsomes (Guengerich et a., 1981). Inhibition
studies were performed with alcohol dehydrogenase, which is the enzyme that catalyzes the
breakdown of CAA to the corresponding alcohol, and epoxide hydrolase, which istheinitial
enzyme involved in the breakdown of CEO to oxalic acid. Alcohol dehydrogenase was effective
in inhibiting the binding of VC metabolites to protein, while epoxide hydrolase was effectivein
inhibiting the binding of VC metabolitesto DNA. These results support the conclusion that the
epoxide is the carcinogenic moiety, but that CAA may aso produce toxic manifestation.
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4.5. SYNTHESISAND EVALUATION OF MAJOR NONCANCER EFFECTSAND
MODE OF ACTION

That VCisrapidly absorbed and distributed throughout the body via oral and inhalation
routes and leads to similar effects (i.e., liver) viathe same modes of action (activation of parent
compound within liver tissues) provides an empirical mechanistic rationale for performing route-
to-route extrapolation.

Theliver is clearly the primary target organ for cancer, as evidenced by the rare tumor
type (liver angiosarcomas) occurring in both human and animal toxicity studies. The long-term
repeated dose animal studies of oral (Feron et al., 1981; Til et al., 1983, 1991) and inhalation VC
exposure (Sokal et al., 1980) report awide spectrum of liver histopathology that is considered to
be neoplastic or preneoplastic in character. Thereis, however, liver histopathology, such as
cysts and liver cell polymorphisms, reported in these studies that is considered nonneoplastic.

V C-induced liver-cell polymorphisms are very similar to the changes observed in liver
parenchymal cells after administration of several pyrrolizidene alkaloids in which some cells
have diameters at least 4x normal (Schoental and Magee, 1957, 1959). There has been no clear
indication whether these affected cells could develop into hyperplastic nodules or hepatomas
(Afzelius and Schoental, 1968). Other studies have reported increased liver weight in laboratory
animals with repeated dosing (Bi et al., 1985; Sokal et al., 1980; Torkelson et al., 1961,
Wisniewska-Knypl et al., 1980) and in parental animals in inhalation reproductive studies
(CMA, 19984). Occupational studies have also associated VC exposure with impaired liver
function and/or biochemical or histological evidence of liver damage (Buchancovaet al., 1985;
Dosset al., 1984; Gedigk et a., 1975; Liliset al., 1975; Marsteller et al., 1975; Popper and
Thomas, 1975; Tamburro et al., 1984). Thus, theliver is clearly the primary target of the
noncancer V C effects al so.

Both cancer and noncancer liver effects are associated with metabolism of VC. The
putatative epoxide metabolite of VC, CEO, would most likely be reactive enough to manifest
genotoxic damage, whereas the rearrangement product, chloracetaldehyde (CAA), would not.
On the other hand, CEO and CAA both could be involved in the noncancer hepatic effects.
Therefore the mode of action of VC for noncancer hepatic effectsis not clear as that for liver
cancer.

Noncancer effects of VC have aso been reported in the testes, with lesions observed in
two inhalation studies (Bi et al., 1985; Sokal et a., 1980). Since thereis evidence of P450
activity in the testes, it is reasonable to expect that testicular effects result from alocally
generated reactive metabolite. Short et al. (1986) reports male reproductive complications
subsequent to inhalation exposure of VC athough a more complete reproductive study showed
liver but no reproductive effectsin either sex (CMA, 1998b). Thus, the critical effect (i.e., the
one that occurs first as dose increases) requires resolution, ideally through a comparison among
liver, testicular, and reproductive effects.

A PBPK model as used in this assessment could allow direct comparison of various
effects with common measures of dosimetry associated with those effects. The manner in which
the PBPK model converts external exposures, both inhalation and oral, to common measures of
dosimetry is explained in detail in Section 5.1.2 and in Appendices B and D. A concept central
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4.7. SUSCEPTIBLE POPULATIONS
4.7.1. Possible Childhood Susceptibility

In addition to the lifetime cancer studies summarized in Section 4.2, several studies of
partial lifetime exposure suggest that the lifetime cancer risk depends on age at exposure, with
higher lifetime risks attributable to exposures at younger ages. Drew et a. (1983) studied the
effect of age and duration of VC exposure on cancer incidence. Groups of female Fischer-344
rats, Syrian golden hamsters, B6C3F1 mice, and CD-1 Swiss mice inhaled VC at 100 ppm for
durations of 6, 12, 18, or 24 months beginning after 0, 6, 12, or 18 months. (Prior to exposure,
animals were 5-6 weeks old when they were received at the testing laboratory; then they were
weighed and observed for 3 weeks.) VC induced angiosarcomas and mammary gland
carcinomas in al four species/strains; in addition, there were hepatocellular carcinomasin rats,
stomach adenomas and skin carcinomas in hamsters, and lung carcinomas in CD-1 Swiss mice.
In general, cancer incidence increased with duration of exposure and decreased with age at first
exposure. While early exposure appeared to increase susceptibility, it should be noted that the
animals were near adulthood at the beginning of exposure. Tumor incidences are summarized in
Tables 1 through 4.

Maltoni et al. (1981) investigated the effect of age at exposure as part of acomprehensive
VC study. Groups of male and female Sprague-Dawley rats inhaled 6,000 or 10,000 ppm VC
for 100 hours under different exposure schedules, three groups beginning at 13 weeks of age and
one group beginning at 1 day of age (4 hours/day, 5 days/week for 5 weeks). The angiosarcoma
incidence for rats exposed for 5 weeks as newborns was higher than that for rats exposed for
52 weeks beginning at 13 weeks of age. Moreover, hepatoma incidence, virtually nonexistent in
rats exposed for 52 weeks when mature, approached 50% in rats exposed for 5 weeks as
newborns. While 2-year exposures are likely to induce greater responses, nevertheless it appears
that early-life exposureis at |least as effective in liver tumor induction as lifetime exposure
during adulthood. Tumor incidences are summarized in Tables 5 and 6.
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Table 1. Effects of VC on Fischer-344 rats exposed at different ages

Angio- Mammary Hepato- Mean Mean

sarcoma® carcinoma carcinoma® induction survival
Months exposed incidence incidence incidence time® time?®
None 2/112 5/112 5/112 NR® 703
0-6 4/76 6/76 18/75 716 682
6-12 2/53 2/53 16/52 613 703
12-18 0/53 3/53 2/51 -- 688
18-24 0/53 2/53 5/53 -- 708
0-12 12/56 11/56 24/56 671 634
6-18 5/55 4/55 5/54 537 659
12-24 2/50 0/50 4/49 390 717
0-18 15/55 9/55 15/55 643 575
0-24 24/55 5/55 15/55 666 622

*All sites.

®Includes neoplastic nodules.
“Average time required to induce death from angiosarcomas, in days from the day each animal was first exposed.

dAverage lifetime in days from the day the first animals were exposed.

*Not reported.

Source: Drew et al., 1983.
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Table 2. Effects of VC on golden Syrian hamsters exposed at different ages

Angio- Mammary Stomach Skin Mean Mean
Months sarcoma? carinoma adenoma carinoma induction survival
exposed incidence incidence incidence incidence time® time®
None 0/143 0/143 5/138 0/133 -- 463
0-6 13/88 28/87 23/88 2/80 NR 390
6-12 3/53 2/52 15/53 0/49 NR? 468
12-18 0/50 0/50 6/49 0/46 -- 456
18-24 0/52 1/52 0/52 0/50 -- 499
0-12 4/52 31/52 3/50 2/80 NR? 355
6-18 1/44 6/44 10/44 0/38 NR 455
12-24 0/43 0/42 3/41 0/50 - 424
0-18 2/103 47/102 20/101 3/90 NR? 342
0-24 NR? NR® NR? NR? NR* 347

2All sites.

®Average time required to induce death from angiosarcomas, in days from the day each animal was first exposed.
“Average lifetime in days from the day the first animals were exposed.

Not reported.

Source: Drew et al., 1983.



Table 3. Effects of VC on B6C3F1 mice exposed at different ages

Angio- Mammary Mean Mean
Months sarcoma? carcinoma induction survival
exposed incidence incidence time® time®
None 4/69 3/69 NR? 780
0-6 46/67 29/67 343 316
6-12 27/42 13/42 344 480
12-18 30/51 4/51 343 695
0-12 69/90 37/90 313 301
6-18 30/48 9/48 319 479
12-24 29/48 4/48 304 632
0-18 37/46 NR® 313 304

Al sites.

®Average time required to induce death from angiosarcomas, in days from the day each animal was first exposed.
“Average lifetime in days from the day the first animals were exposed.

Not reported.

Source: Drew et al., 1983.
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Table 4. Effects of VC on CD-1 Swiss mice exposed at different ages

Angio- Mammary Lung Mean Mean
Months sarcoma? carcinoma carcinoma induction survival
exposed incidence incidence incidence time® time®
None 1/71 2/71 5/112 NR? 474
0-6 29/67 33/67 18/75 369 340
6-12 11/49 13/49 16/52 340 472
12-18 5/53 2/53 2/51 226 521
0-12 30/47 22/47 24/56 350 347
6-18 17/46 8/45 5/54 323 443
12-24 3/50 0/50 4/49 124 472
0-18 20/45 9/55 22/45 350 321

Al sites.

®Average time required to induce death from angiosarcomas, in days from the day each animal
was first exposed.

“Average lifetime in days from the day the first animals were exposed.

Not reported.

Source: Drew et al., 1983.
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Table 5. Comparison of newborn and later short-term exposure to VC

Administered
concentration

(ppm) Angiosarcomas® Hepatomas
4 hours/day, 5 days/week for 5 weeks starting at age 13 weeks:
6,000 3/120 0/120
10,000 2/118 1/118

1 hour/day, 4 days/week for 25 weeks starting at age 13 weeks:
6,000 5/118 0/118
10,000 4/119 0/119

4 hours/day, 1 day/week for 25 weeks starting at age 13 weeks:
6,000 4/120 2/120
10,000 4/120 0/120

4 hours/day, 5 days/week for 5 weeks starting at age 1 day:
6,000 20/42 20/42

10,000 18/44 20/44

3All sites, including angiomas.

Source: Maltoni et al., 1981 (experiments BT14 and BT1).

Table 6. Comparison of newborn exposure and later chronic exposure to VC

Administered Angio- Angio-

concentration sarcomas® in sarcomas® in Hepatomasin  Hepatomas in
(ppm) newborn rats®  mature rats® newborn rats®  mature rats®
10,000 18/44 13/46 20/44 1/24

6,000 20/42 22/42 20/42 1/27

2All sites, including angiomas.
*Exposed 4 hours/day, 5 days/week for 5 weeks beginning at 1 day of age.
‘Exposed 4 hours/day, 5 days/week for 52 weeks beginning at 13 weeks of age.

Source: Maltoni et al., 1981 (experiments BT14 and BT1).

34



Mechanistic studies are consistent with these tumor findings and suggest factors
associated with early-life sengitivity. Laib et al. (1979) found that VVC induces preneoplastic foci
in newborn, but not mature, rats. 1n a subsequent study, Laib et al. (1985) studied the effect of
age on induction by VC of hepatic adenosine-5' -triphosphatase (A TPase) deficient enzyme-
atered foci, a putative precursor of hepatocellular carcinoma. Groups of newborn male and
female Wistar rats inhaled 2,000 ppm VC for different periods of time; their livers were
evaluated at 4 months. The investigators concluded that “the induction of pre-neoplastic
hepatocellular lesionsin rats by vinyl chloride isrestricted to awell defined period
(approximately day 7 to 21) in the early lifetime of the animals.” The lack of response in the first
5 daysto the lack of hepatocellular proliferation and the low rate of VC metabolism at this stage
of development.

Laib et a. (1989) found that inhaled radiolabeled VVC was incorporated into physiological
purines of 11-day-old Wistar rats at eightfold higher levels than in similarly treated adult rats
(presumably reflecting DNA replication activity), and roughly fivefold higher levels of the DNA
adduct OEG were found in the livers of young animals (reflecting an increased alkylation rate).
Although OEG is not believed to be a precarcinogenic lesion, it is reasonable to expect that its
levels are correlated with levels of other precarcinogenic adducts. Inasimilar study, Fedtke
et al. (1990) observed roughly fourfold greater concentrations of both OEG and N?,3-EG in
preweanling rats exposed to VC.

An increased incidence of atered hepatocellular foci was noted among mature animals
that were exposed in utero and neonatally as compared to those that were not (CMA, 1998b).
This increased incidence could have been due to exposure during these susceptible periods of the
life cycle but could also have been due merely to longer overall exposure. Also, basophilic foci
were observed in femalerat liver in the study of Til et al. (1983, 1991) among animals that were
exposed beginning at 5 weeks of age.

As discussed above and in Section 5.3.5.1, several studies provide evidence for increased
sensitivity to VC-induced carcinogenesisin early-life and prenatal exposuresin experimental
animals. Early-life data on humans, however, are lacking because most exposures have been
limited to occupational groups. Nevertheless, many of the factors likely to be responsible for
early-life sengitivity in animals are present in humans. Recommended adjustments to
quantitative risk estimates to account for early-life sensitivity are given in Section 5.3.5.1.

4.7.2. Possible Gender Differences

Human evidence is unavailable regarding possible sex differences in sensitivity to heath
effects from exposure to VC. Cohorts evaluated in epidemiology studies have been primarily
male workers. Evidence from case reportsis also lacking. Maltoni et al. (1981, 1984) reported
only small differencesin liver cancer susceptibility in either rats or mice exposed viainhalation
to VC, although female rats did show the greatest response In feeding studies with rats,
neoplastic nodules and preneoplastic aterations such as basophilic foci were induced at lower
concentrationsin females (Til et al., 1983, 1991). There was also some indication of increased
susceptibility to induction of nonneoplastic pathological changes such as liver cysts. Inthis
study, females had higher incidences of liver tumors than males. While no definite conclusions
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can be made regarding possible human sex differences in susceptibility to liver tumor induction
by VC, a conservative approach of basing both oral and inhalation risk estimates on the female
rat data was nevertheless considered to be prudent.

There is some evidence for an increase in mammary tumorsin female rats, However,
these tumors in rats occurred sporadically, without a positive dose-response relationship, and
appear to occur in strains with a high background rate of mammary tumors. Moreover, there
have been no reports of breast cancer induction in humans associated with VC exposure.

5. DOSE-RESPONSE ASSESSMENTS

5.1. ORAL REFERENCE DOSE (RfD)
5.1.1. Choiceof Principal Study and Critical Effect

Two related chronic dietary studies of VC inratsexist (Feron et al., 1981; Til et a., 1983,
1991). Til et al. (1983, 1991) are the unpublished and published versions of the same study,
conducted under the same conditions as the Feron et al. (1981) study, but at lower doses. As
discussed in Section 4.2, altered hepatocellular foci observed in the Til et a. study (1983, 1991)
are likely to be preneoplastic lesions produced via a genotoxic mechanism, consistent with the
known mechanism of VC carcinogenicity. The Agency for Toxic Substances and Disease
Registry (ATSDR, 1995) derived a chronic oral minimal risk level (MRL) based on the
basophilic foci observed in the Til et al. (1983, 1991) study at the lowest administered dose
tested (0.018 mg/kg-day). However, that document does not address the preneoplastic nature of
thislesion, and the authors do not appear to have considered whether a preneoplastic endpoint is
appropriate for the derivation of an MRL.

Based on these considerations of protocol and results, the Til et a. (1983, 1991) study
was used in the derivation of the RfD. Thiswas awell-conducted chronic dietary study with
adequate numbers of rats that found an increased incidence of two nonneoplastic endpoints, liver
cell polymorphism and cysts, at a LOAEL of 1.3 mg/kg-day and aNOAEL at 0.13 mg/kg-day.
Cysts, described as proliferating bile duct epithelium, are not considered to be precursors of
hepatocellular tumors because tumors did not develop from thislocation. Liver cell
polymorphism was described as affecting both the nucleus and cytoplasm of the liver cellsand is
considered to be atoxic rather than a carcinogenic effect (Schoental and Magee, 1957, 1959;
Afzelius and Schoental, 1967). All other significant findingsin this study were either neoplastic
or preneoplastic (see Section 4.2).
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5.1.2. Methods of Analysis—Including Models (PBPK, BMD, etc.)
5.1.2.1. PBPK Model

The oral RfD, inhalation RfC, oral cancer slope factor, and inhalation unit risk were all
derived using a PBPK model to extrapolate animal exposure datato humans. Therefore, general
aspects of the model are described here, and aspects specific to inhal ation noncancer toxicity and
to carcinogenesis are described in Sections 5.2.2 and 5.3.2, respectively.

The PBPK model for VC developed by Clewell et al. (1995a) isshown in Figure 2. The
model is basically an adaptation of a previously developed PBPK model for vinylidene chloride
(D’ Souza and Andersen, 1988). This model was also used to devel op independent cancer risk
estimates for VC (Clewell et a., 1995¢). For apoorly soluble, volatile chemical like VC, only
four tissue compartments are required: arichly perfused tissue compartment that includes all of
the organs except the liver, aslowly perfused tissue compartment that includes all of the muscle
and skin tissue, afat compartment that includes al of the fatty tissues, and aliver compartment.
The model also assumes flow-limited kinetics, or venous equilibration, that is, that the transport
of VC between blood and tissuesis fast enough for steady state to be reached within thetimeit is
transported through the tissues in the blood.

Metabolism of VC was modeled by two saturable pathways, one high affinity, low
capacity (with parameters VMAX1C and KM1) and one low affinity, high capacity (with
parameters VMAX2C and KM2). Subsequent metabolism is based on the metabolic scheme
shown in Figure 1: the reactive metabolites (whether CEO, CAA, or other intermediates) may
then either be metabolized further, leading to CO,, react with GSH, or react with other cellular
materials, including DNA. Because exposure to VC has been shown to deplete circulating levels
of GSH, asimple description of GSH kinetics was aso included in the model.

The modél is capable of route-to-route extrapolation, as either oral and inhalation
exposures may be entered and common dose metrics calculated either at the liver or in the whole
body. The model is also capable of interspecies extrapolation because it is parameterized for
humans and several different rodent species such that common dose metrics can be calculated
for any of these species. Conversion of various oral, intermittent animal, and intermittent human
exposures to a continuous human exposure concentration (i.e., an HEC) is accomplished by
comparing the common dose metrics to those obtained from running the model with human
parameters under continuous exposure conditions. For example, a specific mg/kg-day dose from
an animal feeding study can be converted by the animal-parameterized model to a dose metric at
the liver in terms of mg metabolites/'volume of liver. This dose metric can be compared with
those calculated from the human-parameterized model (also in terms of mg metabolites/volume
of liver) run under conditions of a continuous inhalation exposure to obtain a human dose that
would correspond to the specific dose of an animal feeding study.
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Figure 2. The PBPK model for vinyl chloride developed by Clewell et al. (1995a).
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A complete description of the model, including the rationale for parameter choicesin
animals and humans, choice of dose metric, and experimental information used to calibrate and
optimize the model, isin Appendix B. It isnoted here and elsewhere in this document (Section
6 and Appendices A, B and D) that the inhalation portion of this model iswell documented, with
experimental inhalation data sufficient to impart arelatively high degree of confidence in dose
metrics derived from inhalation scenarios. Dose metrics derived from oral scenarios do not have
nearly the amount of data necessary to impart an equivaent level of confidence. To compensate
for this uncertainty, procedures have been instituted in the oral exposure input to ensure that
estimates of oral dose metrics would be “worst case” and conservative of public health.

Based on the analysisin Section 4.5, the liver toxicity endpointsin the Feron et al. (1981)
and Til et al. (1983, 1991) studies were considered appropriate for the derivation of the RfD. As
discussed in Section 4.4, the noncancer effects are believed to be due to reactive metabolites,
possibly CAA. The most appropriate pharmacokinetic dose metric for a reactive metaboliteis
the total amount of the metabolite generated divided by the volume of the tissue into whichitis
produced (Andersen et a., 1987) and isthe designated “RISK” in the output of the PBPK model.
For liver toxicity/carcinogenicity, all metabolism was assumed to occur in the liver, while
testicular toxicity was assumed to be due to metabolism that occurred in the testes. The dose
metric chosen for the testes is the total amount of the metabolite generated (scaled across species
based on body weight) divided by body weight and is designated “AMET” in the output of the
model.

Reitz et a. (1996) developed a similar PBPK model, with a description of parent
chemical kinetics and total metabolism based on the styrene model of Ramsey and Andersen
(1984). Metabolism of VC was modeled with a single saturable pathway, and the kinetic
constants were estimated from fitting of closed chamber gas uptake data with rats. The structure
of the parent chemical portion of the Reitz et al. (1996) and Clewell et al. (1995a) modelsis
essentially identical; only the descriptions of metabolism in the two models differ substantially.
As discussed above, the model of Clewell et al. (1995a) includes a more complex description of
metabolism, with two saturable oxidative pathways rather than one, and with a description of
GSH conjugation of the oxidative metabolites. Nevertheless, dose metrics calculated on a
common set of data using the two models are in close agreement, as demonstrated in
Appendix A.

For the noncancer oral and inhalation assessments for VC, dose metrics were cal culated
for liver cell polymorphisms reported in the chronic rat dietary study of Til et al. (1983, 1991)
(Appendix D). In order to convert these dose metrics to the human equivalent dose, a human
dose metric was generated from a sample continuous human exposure scenario where
stimulation of ingestion of 1 ppm in water (0.0286 mg/kg-day assuming 2 L/day/70 kg person)
yielded a human dose metric of 1.01 mg/L liver. Because VC metabolismislinear in this dose
range, the ratio of the intake and dose metric provides afactor (1.01/.0286 = 35.31) for
converting from male and female rats at the NOAEL ([3.03 + 2.96] + [2 x 35.31]) to obtain the
NOAEL (HEC) = 0.09 mg/kg-day. The corresponding LOAEL(HEC) is0.85 mg/kg-day ([30.2 +
29.5] + [2 x 35.31]).

5.1.2.2. BMD Calculation
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The same dose metric (mg metabolite/L liver) was calculated for the dose groups (males
and females combined) and the benchmark analysis performed on this metric and the incidence
of liver cell polymorphism (males and females combined) reported in the Til et al. (1983, 1991)
study. The (Appendix D, Table D-6) analysis shows data limitations (only one nonzero
datapoint in the dataset and wide dose-spacings) and wide variability in the responses from
various models. As aconsequence, the benchmark analysis was not used for quantitation in this
assessment.

5.1.3. RfD Derivation

The NOAEL for liver cell polymorphismin the Til et al. (1983, 1991) study is0.13
mg/kg-day, and the LOAEL is 1.3 mg/kg-day. Using the PBPK model of Clewell et .
(19953,b), the corresponding human NOAEL and LOAEL are 0.09 and 0.9 mg/kg-day,
respectively.

An uncertainty factor of 10 was used for protection of sensitive human subpopulations
and 3 for animal-to-human extrapolation. The uncertainty factor for intraspecies variability
includes the variability in risk estimates that would be predicted by the model for different
individuals because of variability in physiology, level of activity, and metabolic capability. A
factor of 3 was used for interspecies extrapolation because, although PBPK modeling refines the
animal-to-human comparison of delivered dose, it does not address the uncertainty regarding the
toxicodynamic portion of interspecies extrapolation (relating to tissue sensitivity). Asthe mode
of action for the noncancer hepatic effects is perhaps more unclear than that of cancer (see
Section 4.5), and as there exists some limited and problematic evidence of human susceptibility
to certain hepatic effects from VC (Ho et a., 1991) the toxicodyanamic component of the
interspecies uncertainty isretained. For cancer effects this situation is somewhat reversed such
that there is less uncertainty about the toxicodynamics for carcinogenic effects. Although there
isrelative uncertainty in this assessment with regards to the derivation of the dose metrics from
oral settings, it is offset by the conservative manner in which these metrics were derived, and no
extra uncertainty factors are considered necessary.

No modifying factor is proposed for this assessment. Although testicular effects were
reported in astudy by Bi et al. (1985), the effects occurred at exposure levels that would result in
a higher value RfD (Appendix D). Developmental and other effects were noted only at high
concentrations (Appendix D, Table D-2). Based on these considerations, the following RfD was
derived:

RfD = 0.09 mg/kg-day + 30 = 0.003 mg/kg-day = 3E-3 mg/kg-day.
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5.2. INHALATION REFERENCE CONCENTRATION (RfC)
5.2.1. Choiceof Principal Study and Critical Effect

The RfC is based on liver cell polymorphism and cysts observed in the chronic dietary rat
study of Til et al. (1983, 1991). Several lines of reasoning justify this choice. The
NOAEL (HEC) from the Til et a. (1983, 1991) study was calculated (see discussion of PBPK
model below) and in Appendix D) at 2.5 mg/m®. This concentration is far lower than the
LOAEL (HEC) of thetransient increase in liver weight observed in the study of Bi et al. (1985) at
28 mg/m?, indicating liver cell polymorphism to be the more sensitive endpoint. More detailed
anaysis of datain the Bi et al. (1985) study is not possible, because the study authors reported
only the data for those changes that were considered significant, and body weight data were not
reported. In addition, the power to detect an effect at 12 months was limited by the small
number of animals sacrificed (n = 6), compared with the 30 animals sacrificed at 6 months. The
NOAEL (HEC) for liver effectsin the 10-month inhalation study of Sokal et al. (1980) was
calculated at 93 mg/m® and a NOAEL (HEC) for testicular effects considerably higher at 145
mg/m*. A NOAEL (HEC) of 93 mg/m? based on liver effects was also estimated for the 6-month
inhalation study of Torkelson et al. (1961). An RfC possibly could be derived from among these
inhalation studies which, with the application of sufficient uncertainty factors, could be made
guantitatively comparable to that derived with the Til study. However, the experimental
strengths of the Til study relative to the inhalation studies, including, in addition to the lifetime
exposure, large group sizes and extensive reporting of results, clearly give aqualitative
advantage to the the Til study that would be reflected not only in lower uncertainty but
concomitantly in higher confidence. Although the attributes of the Til study are offset somewhat
by the uncertainty associated with derivation of the oral dose metrics, it isstill judged to be the
most valid choice for the principal study.

The numerous occupational studies reporting incidence of liver angiosarcomas (e.g.,
Creech and Johnson, 1974; Waxweller et a., 1976; Byren et al., 1976) and other liver effectsin
humans (Ho et al., 1991) are of limited usefulness for purposes of quantitative assessment owing
principaly to deficienciesin exposure information. These studies, however, do provide a clear
link of relevancy to the animal data of Til et al. (1983, 1991) in that liver tumors and liver effects
remain as the basis of the assessment.

ATSDR (1995) based an intermediate-duration inhalation MRL on increased relative
liver, heart, and spleen weightsin the Bi et al. (1985) study. Because a pharmacokinetic model
was not used, the oral studies of Feron et al. (1981) and Til et al. (1983, 1991) were not an option
for ATSDR. Interpretation of the organ weight datain the Bi et a. (1985) study is complicated
by the fact that the study did not report absolute organ weights, relative weights for groups with
no significant differences, standard deviations, or histopathology results (except in the testes).

Other endpoints in these and other studies occurred at higher exposure levels and thus
were not considered as appropriate for the critical effect asin the liver. These endpoints
included increased incidence of damage to the testicular seminiferous tubulesin rats (Bi et al.,
1985), increased liver weight and liver lesions (Sokal et a., 1980), increased damage of
spermatogenic epithelium (Sokal et al., 1980), increased liver weight (Torkelson et al., 1961;
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For the noncancer oral and inhalation assessments for VC, dose metrics were cal culated
from the PBPK model for liver cell polymorphism and cysts reported in the chronic rat dietary
study of Til et al. (1983, 1991). The same dose metric (mg metabolite/L liver) was calculated
for the dose groups (males and females combined) and benchmark analysis was performed on
this metric and the incidence of liver cell polymorphism (males and females combined) reported
by Til et al. (1983, 1991). The analysis (Appendix D) shows data limitations (only one nonzero
datapoint in the dataset and wide dose-spacings) and wide variability in the responses from the
various models. As aconsequence, the benchmark analysis was not used for quantitation in this
assessment.

Even though benchmark dose/concentration was not appropriate for the analysis of the
critical effectsin Til et al. (1983, 1991), BMCs calculated for the other inhalation studies were
shown to be considerably higher than for the liver polymorphism endpoint. BMC(HEC) values
corresponding to a benchmark response (BMR) of 10% extrarisk were 182 mg/m? for damage to
the testicular seminiferous tubulesin rats (Bi et al., 1985); 59 mg/m? for polymorphism of
hepatocytes in the 10-month inhalation study of Sokal et al. (1980); 92 mg/m? for proliferation of
reticuloendothelial cells, although these may be preneoplastic (Sokal et al., 1980); and 122
mg/m? for damage to the spermatogenic epithelium (Sokal et al., 1980). Proliferation of
reticuloendothelial cells, however, may be preneoplastic. The only continuous endpoint that
could be modeled was increased liver weight in the studies by Sokal et al. (1980) and
Wisniewska-Knypl et al. (1980), which reported the same data. The most sensitive BMC(HEC)
for this endpoint (168 mg/m?) was obtained with the BMR defined as a change in the mean of
sdy/2, using the polynomial model. Theincreased relative liver weight observed by Torkelson et
al. (1961) could not be modeled, but the NOAEL (HEC) based on the tissue dose was 93 mg/m?.
Similarly, the LOAEL (HEC) for lipid accumulation (Wisniewska-Knypl et al., 1980) was 79
mg/m2.

5.2.2.4. Application of Uncertainty Factors (UF) and Modifying Factors (MF)

The rationale for choice of the critical effect and principal study for the RfC is the same
used for the oral RfD, i.e., the analysisin Section 4.5. The NOAEL (HEC) derived using the
internal dose metric for liver cell polymorphism and cysts from the oral feeding study of Til et
al., 1983, 1991) was 2.5 mg/m®. Section 4.5 and Appendix D, Table D-2, demonstrated that
NOAEL/LOAELSs of other noncancer effectsin both oral and inhalation studies were higher then
those noted for the incidence of liver cell polymorphisms and hepatic cysts.

Asfor the RfD, an uncertainty factor of 10 was used for protection of sensitive human
subpopulations and 3 for animal-to-human extrapolation. The uncertainty factor for intraspecies
variability includes the variability in risk estimates that would be predicted by the model for
different individuals because of variability in physiology, level of activity, and metabolic
capability. A factor of 3 was used for interspecies extrapolation because, although PBPK
modeling refines the animal-to-human comparison of toxicokinetics, it does not address the
uncertainty regarding the toxicodynamic portion of interspecies extrapolation (relating to tissue
sensitivity). Asthe mode of action for the noncancer hepatic effects is perhaps more unclear
than that of cancer (see Section 4.5), and as there exists some limited and problematic evidence
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of human susceptibility to certain hepatic effects from VC (Ho et a., 1991), the toxicodynamic
component of the interspecies uncertainty factor isretained. For cancer effects, this situation is
reversed such that there is less uncertainty about the interspecies toxicodynamics for
carcinogenic effects. Although there isrelative uncertainty in this assessment with regards to the
derivation of the dose metrics from oral settings, it is offset by the conservative manner in which
these metrics were derived, and no extra uncertainty factors are considered necessary.

No modifying factor is proposed for this assessment because the quality of the critical
study was high, and because effects measured at organs other than the liver occurred only at
considerably greater exposure levels. Based on these considerations, the following RfC was
derived:

RfC = 2.5 mg/m® + 30 = 1E-1 mg/m?°.

5.3. CANCER ASSESSMENT

Asdiscussed in Section 4.6, VC is considered to be a known human carcinogen by the
oral and inhalation route, and highly likely to be carcinogenic by the dermal route of exposure.
The weight of evidence is based upon (1) consistent epidemiologic evidence of a causal
association between occupationa exposure to VC viainhalation and development of liver
angiosarcoma; (2) consistent evidence of carcinogenicity in rats, mice, and hamsters viathe oral
and inhalation routes; (3) mutagenicity and DNA adduct formation by VC and its metabolitesin
numerous in vivo and in vitro test systems; and (4) efficient VC absorption via all routes of
exposure tested, followed by rapid distribution throughout the body.

5.3.1. Choice of Study/Data With Rationale and Justification
5.3.1.1. Human Data

Asdiscussed in Section 4.1, numerous human studies have documented the association
between occupational exposure to VC and the development of angiosarcomas and other cancers.
Three of these studies were used to develop dose-response assessments (Fox and Collier, 1977,
Jones et a., 1988; and Simonato et al., 1991). Because exposure was not adequately
characterized in these studies, recommended potency estimates were based on animal bioassay
data. The cancer potency estimates derived from these studies do, however, provide support for
the recommended values. The most detailed exposure information was provided by Fox and
Collier (1977). Inthis study, since only four deaths from liver cancer (two of which were
angiosarcoma) were recorded, a high degree of uncertainty in relative risk adds to the exposure
uncertainty. Inthe Jones et al. study, an update of Fox and Collier, adequate exposure data were
available only for autoclave workers, for which seven liver angiosarcoma deaths were recorded.
The Simonato et al. (1991) study has the largest cohort and the most liver deaths (24) but less
accurate exposure information because data were collected from several different workplaces,
and because of possible misclassification of workers. The PBPK model of Clewell et al. (1995a)
was used to calculate a cumulative internal dose metric for these studies. Because VC
metabolism begins to be nonlinear at the high exposure levelsin these studies, cumulative
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Chemically induced human liver carcinogenicity is associated with mutational ateration
of multiple genes, consistent with a mutagenic mode of action. Mutationsin the p53 tumor
suppressor gene are the most common gene alteration identified in human cancers and have been
associated with aflatoxin-induced human hepatocellular carcinoma (Greenblatt et a., 1994). Ras
oncogene mutations have aso been found in human liver cancers (Bos, 1989), and V C-induced
human angiosarcoma is associated with frequent mutation of ras oncogenes (DeVivo et d.,
1994). In fact, the presence of both mutant ras and p53 tumor suppressor genes has a predictive
value of 0.67 for liver tumorsin humans (Marion et al., 1996). On the basis of these studies, it
has been suggested that chemicals that act through a p53-dependent process are more likely to be
trans-species carcinogens than those that act through a p53-independent process such asras
activation (Tennant et a., 1995; Goldsworthy et al., 1994). As noted above, however, both p53
and ras mechanisms appear to be implicated in human liver cancers.

According to EPA’s Guidelines for Carcinogen Risk Assessment (U.S. EPA, 1986a),
when significant increases in tumor induction occur at more than one site, animals with tumors
at al such sites are included in the total, unless mechanistic data are sufficient to discount them.
Animals with either liver angiosarcoma or hepatocellular tumors were included for quantitating
risk because both tumor types were significantly increased in the Feron et al. (1981) oral
exposure study. Neoplastic nodulesin the liver were also included because they are considered
equivalent to adenomas and also because it is considered likely that they will progress to
carcinomas if survival duration is sufficient. Although the increase in hepatocellular tumors was
smaller and nonsignificant in the Maltoni et al. (1981, 1984) inhalation studies, they were
counted for quantitation because liver tumors were associated with VC exposure in the Feron et
al. (1981) study. Thisdecision is supported by evidence that, even though the mgjority of liver
tumors reported in V C-exposed workers were angiosarcomas, some hepatocellular tumors, also a
rare tumor type in humans, were usually noted (Wong et a., 1991; CMA 1998a). Lack of
individual animal data could result in counting some animals twice. However, because of the
small number of hepatocellular tumors any errors are likely to be minimal.

Several animal studies investigated the carcinogenicity of VC viathe inhalation route.
Maltoni et al. (1984) conducted the most thorough analysis, in which male and female mice and
rats were exposed to a wide range of VC concentrations for 30 weeks (mice) or 1 year (rats) and
then followed through 135 weeks after the initiation of exposure. Other studies did not
characterize the concentration-response curve as well (Bi et al., 1985; Hong et al., 1981;
Keplinger et a., 1975; Leeet al., 1978) or did not observe angiosarcomas (Feron and Kroes,
1979; Violaet d., 1971). For areview of recent results of human and animal exposuresto VC,
mechanistic data, DNA reactivity, and attempts at cross-species extrapolation of cancer risk see
Whysner et al. (1996).

In accordance with the Proposed Guidelines for Carcinogen Risk Assessment (U.S. EPA,
19964), the potential for using preneoplastic endpoints as a basis for the cancer assessment was
evaluated. Two potential preneoplastic changes were considered: altered hepatocellular foci,
i.e., clear cell foci, basophilic foci, and eosinophilic foci (Feron et al., 1981; Til et al., 1983,
1991) and DNA adducts (Swenberg et a., 1992; Morinello et a., 1999). The altered
hepatocellular foci might be used to extend the tumor dose-response curve to lower doses,
reducing the amount of extrapolation necessary to reach the exposure levels of interest. In order
to conduct such an extrapolation, it would be necessary to determine a correspondence factor
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between the incidence of foci and the tumor incidence in the portion of the dose-response curve
where both foci and tumors are observed. No attempt was made to conduct such a calculation,
however, because the observed foci are precursors to hepatocellular carcinoma, while
angiosarcomas, the tumor type of greatest relevance to human risk assessment, are derived from
sinusoidal cells. Proliferation of sinusoidal cells was also observed in these studies, but the
incidence did not achieve statistical significance, and any increased response did not extend to
doses below those at which angiosarcomas were observed.

Asdiscussed in Section 4.4, VC exposure results in the formation of DNA adducts, and
four highly persistent ethenoguanine-DNA adducts have been associated with VC
carcinogenicity (Swenberg et al., 1992). More recently Morinello et al. (1999) reported a steep
dose-response for N?,3-ethenoguanine adducts at low V C exposure concentrations, with a
leveling off at higher concentrations, a response consistent with both metabolic activation rates
and tumor induction. Adduct levels normally cannot be used directly to extend tumor dose-
response data to lower doses, since tumor formation from adducts depends on many factors,
including the consequences of adduct repair or failure to be repaired. Thus, although a
guantitative analysis of the relationship between V C metabolism, adduct formation, and tumor
formation islikely to be afruitful areafor additional research, it is premature to attempt to
establish a quantitative link between the tissue concentrations of a specific adduct and the risk of
cancer in that tissue.

5.3.2. Dose-Response Data

Oral cancer risk was calculated based on the incidence of combined liver angiosarcomas,
hepatocellular carcinomas, and neoplastic nodules in female Wistar ratsin the dietary study of
Feron et a. (1981). Data on females was utilized because their greater sensitivity. The
administered doses and tumor incidences are shown in Table 7.

Inhal ation cancer risk was calculated based on the incidence of liver angiosarcoma,
angioma, hepatoma, or neoplastic nodules in the inhalation study of Maltoni et al. (1981, 1984),
conducted with female Sprague-Dawley rats. Theincidence is shown in Table 8.

5.3.3. Dose Conversion

Doses were not converted to human equivalents prior to the calculation of risk. Instead,
the risk modeling (linearized multistage [LMS] or the dose associated with a lifetime cancer risk
of 10% [LED10]) was conducted based on the animal dose metric to the liver “RISK.” Then,
consistent with the statement that “. . . tissues experiencing equal average concentrations of the
carcinogenic moiety over afull lifetime should be presumed to have equal lifetime cancer risk”
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Table 7. Dose and tumor incidence from oral administration of vinyl chloride to
female Wistar rats (from Feron et al., 1981).

Administered dose = Human equivalent dose® Tumor incidence
(mg/kg-day) (mg/kg-day) female rats
0 0 2/57
1.7 1.07 28/58
5.0 3.13 49/59
14.1 8.77 56/57

# Continuous human exposure over a lifetime required to produce an equivalent mg metabolite/L liver.

Table 8. Dose and tumor incidence from inhalation of vinyl chloride by female
Sprague-Dawley rats (from Maltoni et al., 1981, 1984).

Exposure concentration Human equivalent Tumor incidence*
(ppm)* concentration
(ppm)”

0 0 0/141

1 0.20 0/55

5 0.98 0/47

10 1.95 1/46

25 4.60 5/40

50 10.1 1/29

100 19 1/43

150 26 5/46

200 31 10/44

250 35 3/26

500 40 11/28

2,500 48 10/24

6,000 51 13/25

*Animals exposed 4 hours/day 5 days/week for 52 weeks.
®Continuous human exposure concentration over a lifetime required to produce an equivalent mg metabolite/liter of

liver.
‘Animal numbers were adjusted to include those surviving until detection of the first liver tumor.
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the levels of the precarcinogenic VC adducts. In asimilar study, roughly fourfold greater
concentrations of both OEG and EG were aso seen in preweanling rats exposed to VC than
adults (Fedtke et al., 1990).

Drew et al. (1983) studied the effects of age and exposure duration on cancer induction
by VCin rats, mice, and hamsters. Female golden Syrian hamsters, F344 rats, Swiss CD-1 mice,
and B6C3F1 mice were exposed for 6 hours/day, 5 days/week to VC (50, 100, or 200 ppm for
mice, rats, and hamsters, respectively) for 6, 12, 18, or 24 months, with the exception of mice,
which were exposed only up to 18 months. All animals were sacrificed at month 24 or 18
(mice), and about 50 animal s/species/group were tested. Other groups of rodents were held 6-12
months, and then exposed for 6 or 12 months, and aso sacrificed at month 24. Unfortunately,
time-to-tumor data were not reported in this study, making it impossible to deconvolute the
impact of survival on the observation of tumors from later exposure periods. Because both mice
and hamsters showed significant survival effects (life-shortening) from the VC exposures, only
the data on exposures of rats during the first 12 months of life are appropriate for analysis. In
the rats, exposure from 0 to 6 months showed an overall similar potency to exposure from 6 to
12 months of life. In particular, the incidence of hepatocellular carcinoma combined with
neoplastic nodules and hemangiosarcoma was 24% and 5%, respectively, in rats exposed from O
to 6 months, whereas for exposure from 6 to 12 months, the incidence was 31% and 4%,
respectively. In this study, however, even the 0- to 6-month animals were 89 weeks old at the
start of exposure and thus approaching maturity.

Although the reactive nature of the carcinogenic metabolites and the lack of P450 activity
in rodent fetuses would suggest that VC is not a transplacental carcinogen (Bolt et al., 1980),
datafrom Maltoni et al. (1981) suggest that it may be. Pregnant rats were exposed from
gestation day 12-18 to 6,000 or 10,000 ppm VC for 4 hours/day, and tumors were ascertained at
143 weeks postexposure. Nephroblastomas, forestomach tumors, epithelial tumors, and
mammary gland carcinomas were observed only in the offspring, and the incidence of Zymbal
gland carcinomas was higher in transplacentally exposed animals than in maternal animals.
Since the dams and offspring were followed for the same period, latency is not an issue for this
experiment. However, it isimportant to note that the offspring were exposed during
organogenesis, a period of rapid cell division, and any genotoxic carcinogen would be expected
to have a higher potency during this period. This apparent increased sensitivity of newborn
animals occursin spite of amuch lower metabolic capability at birth: during the first week of
life, the PA50 activity in the liver of rats increases from about 4% to about 80% of adult levels
(Filser and Bolt, 1979). Asthe fetuses did not possess the capability to metabolize VC, these
data suggest that CEO was produced by the dam and then transported to the fetuses.

The preceding studies provide evidence for increased sensitivity to V C-induced
carcinogenesisin early-life and prenatal exposures in experimental animals. Early-life data on
humans, however, are lacking because most exposures have been limited to occupational groups.
Nevertheless, many of the factorslikely to be responsible for early-life sensitivity in animals are
present in humans. Because of more rapid cell division and dosimetric considerations (increased
respiration or liquid intake per unit body weight, more rapid blood flow to liver), an additional
correction to account for early-life exposure is recommended. Guidance has previously been
given to the Regiona Officesto double the lifetime risk estimate for VC to account for the
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therefore expected to provide protection against cancer at other sites. It should be noted that
these risk estimates are based primarily upon health male workers.

The use of a PBPK model to determine target site concentration of the active metabolite
allows a more accurate estimate of dose-response than default methods. Uncertainty in the PBPK
model was determined by conducting a Monte Carlo analysis, in which risk is calculated by
sampling the distributions of the parameters used in the model, resulting in a distribution of
calculated risks. Thisanalysisfor the VC model found that the 95th percentile of the distribution
of upper confidence limit (UCL) risks was within 50% of the mean UCL risk. Furthermore, ina
sengitivity/uncertainty analysis of the parameters used in the model, none of the parameters
displayed sensitivities markedly greater than 1.0, indicating that there is no amplification of error
from the inputs to the outputs. Thisis, of course, adesirable trait in amodel to be used for risk
assessment. The parameters that did have a significant impact on the calculated dose metric (and
thus the risk) were body weight , alveolar ventilation, cardiac output, liver blood flow and
volume, blood/air partition coefficient, the capacity and affinity for metabolism and, in the case
of oral gavage, the oral uptakerate. All of these parameters could be reasonably well
characterized from experimental data. The sensitivity of the risk predictions to the human values
of these key determinative parametersimplies that the risk from exposure to VC could vary
considerably from individual to individual, depending on the various combinations and
permutations of specific physiology, level of activity, and metabolic capability.

Pharmacodynamics were not addressed by the PBPK model. Since the dose metric isthe
amount of reactive metabolite (CEO) produced, and the putative reactive metabolite (CEO) is
believed to interact directly with DNA, pharmacodynamics in animals and humans would be
expected to be similar. Moreover, evidence from bioassays and epidemiologic data suggests that
humans are no more sensitive to VC than are laboratory animals and indeed may be less
sensitive.

6. MAJOR CONCLUSIONSIN THE CHARACTERIZATION OF HAZARD AND DOSE
RESPONSE

6.1. HUMAN HAZARD POTENTIAL
6.1.1. Hazard Identification for Cancer Effects

The association between occupational exposure to VC and the development of liver
angiosarcomas is one of the best characterized cases of chemical-induced carcinogenicity in
humans. Liver angiosarcomas are an extremely rare tumor, with only 20-30 cases per year
reported in the United States. Since the introduction of VC manufacturing, nearly al of the
reported cases have been associated with VC exposure. V C exposure, including polyvinyl
chloride, has also been associated with increased death due to primary liver cancer, aswell as
cancer of the brain, lung, and lymphopoietic system. The association of VC with angiosarcoma
in numerous epidemiologic studies has been supported by findings in rats, mice, and hamsters
administered VC viathe oral and inhalation routes. The mode of action is also well understood
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and documented; VC is metabolized to a reactive metabolite, probably CEO, which interacts
with DNA, forming DNA adducts and ultimately leading to tumor formation.

On the basis of sufficient evidence for carcinogenicity in human epidemiology studies,
VC istherefore considered to best fit the weight-of-evidence Category “A,” according to current
EPA Risk Assessment Guidelines (U.S. EPA, 1986). Agents classified into this category are
considered to be known human carcinogens. Under the Proposed Guidelines for Carcinogen
Risk Assessment (U.S. EPA, 1996), it is concluded that VC is a known human carcinogen by the
inhalation route of exposure based upon human evidence, and by the oral route on the basis of
extensive positive datain oral animal studies and the knowledge that VC iswell absorbed by the
ora route. VC isalso considered highly likely to be carcinogenic by the dermal exposure route
becauseit iswell absorbed by this route and is a systemic carcinogen.

6.1.2. Hazard Identification for Noncancer Effects

Theliver isthe primary target for the noncancer effects of VC in animals (Bi et al., 1985;
Feron et al., 1981; Sokal et al., 1980; Til et al., 1983, 1991) and humans (Buchancovaet a.,
1985; Doss et al., 1984; Gedigk et a., 1975; Liliset al., 1975; Marsteller et al., 1975; Popper and
Thomas, 1975; Tamburro et a., 1984). Pathological effects such asliver necrosis, liver cell
polymorphism, and cysts as well as alterationsin liver function have been reported.

Other effects reported in some occupational studies are associated with exposure levels
much higher than those that cause liver injury. Acroosteolysis, or resorption of the terminal
phalanges of the fingers, was observed in workers occupationally exposed to VC (Lilliset al.,
1975; Marsteller et al., 1975), often preceded by clinical signs of RP (Fontanaet al., 1995). This
was most often seen in tank cleaners and is apparently associated with dermal exposure.
Occupational exposures at high concentrations may induce headaches, drowsiness, dizziness,
ataxia, and loss of consciousness (Liliset al., 1975; Langauer-Lewowickaet al., 1983;
Waxweller et a., 1977).

Reproductive effects and testes damage occurred in rats exposed to VC (Short et al.,
1977; CMA, 1988z; Bi et a., 1985). These endpoints, however, were generally noted at
concentrations greater than those necessary to cause liver damage.

Although most of the animal and human data result from inhalation studies, these data
are directly applicable to oral exposure, because VC is rapidly absorbed and distributed
throughout the body following oral or inhalation exposure. First-pass metabolism is not a major
issue because the initial function of the liver is activation rather than inactivation. However,
initial liver concentration may be greater via oral dosing because essentially all absorbed VC
passes through the liver before possibly entering the systemic circulation.

6.2. DOSE RESPONSE
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extrapolation to address uncertainty relating to potential interspecies differencesin tissue
sensitivity.

Since VC toxicity results from a reactive metabolite generated by P450 enzymes,
individuals who generate increased amounts of the toxic metabolite through the induction of
these enzymes may comprise a sensitive population. The P450 inducers phenobarbital and
Aroclor 1254 induce V C metabolism and have been shown to increase V C toxicity (Jaeger et d.,
1977; Jedrychowski et al., 1985; Reynolds et al., 1975). Increased sensitivity to the effects of
V C would also be expected in people with preexisting liver disease.

Although V C has often been cited as a chemical for which saturable metabolism should
be considered in the risk assessment, saturation appears to become important only at very high
exposure levels (greater than 250 ppm by inhalation or 25 mg/kg-day orally) compared with
levels associated with the most sensitive noncancer effects or tumorigenic levels, and thus has
little impact on the risk estimates made in the relevant range. The important contribution of
pharmacokinetic modeling is to provide amore biologically plausible estimate of the effective
dose and to compensate for the nonuniform ratio of thisbiologically effective dose to exposure
concentration or administered dose across routes and species. Therefore, any estimate of
administered dose other than that generated in consideration of pharmacokineticsis less
adequate for performing route-to-route and interspecies extrapolation of risk.

The major area of scientific uncertainty in this assessment is a quantitative
characterization of the variability in the human population and the increased sensitivity of
sensitive populations. This areais compensated for with a default uncertainty factor. As noted
in Section 5.1.1, the LOAEL used by ATSDR (1995) in its calculation of achronic oral MRL is
considerably lower than the NOAEL identified for the RfD (without consideration of
pharmacokinetics). This discrepancy resulted because ATSDR did not take into consideration
the preneoplastic nature of its critical effect, the proliferative basophilic foci in the Til et al.
(1983, 1991) study. Asalso noted in Section 5.2.1, ATSDR (1995) considered increased relative
heart and spleen weights (Bi et al., 1985) to be co-critical effectsin its calculation of an
intermediate-duration inhalation MRL. These effects were not considered for the derivation of
the RfC because of the absence of a concentration- or duration-related response, and because
they occurred at higher concentrations than liver cell polymorphisms used to derive both the RfC
and RfD.

It should be noted, however, that the most significant effect of VC observed in human
epidemiologic studiesisliver cancer. The observation that the cancer effects of VC dominate at
high human exposure concentrations, coupled with the fact that VC is a genotoxic carcinogen for
which linear low-dose extrapolation is appropriate, suggests that the noncancer effects of VC are
not likely to be asimportant a concern for chronic human exposure.
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