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Introduction
by Edward P. Radford*

As epidemiologic studies have developed in the 
past twenty years, it has become apparent that 
results from such studies quickly become signifi­
cant elements in public perceptions of health ef­
fects from environmental agents. Most epide­
miology is concerned with establishing in human 
populations risk factors contributing to morbidity 
or other effects on health. Because they avoid 
many problems associated with interpi*etation of 
animal experiments, their importance in the pub­
lic domain is obvious. It follows, therefore, that 
where epidemiologic evidence exists relating an 
agent to human disease, there is a strong impetus 
to make use of that evidence in regulating condi­
tions leading to exposure to the agent.

In this meeting, the Second Annual Symposium 
on Environmental Epidemiology, we have ex­

*Center for Environmental Epidemiology, Graduate School 
of Public Health, University of Pittsburgh, Pittsburgh, PA 
15216.

plored some of the limitations as well as the 
advantages in use of epidemiologic results for 
establishing standards for environmental expo­
sure limits. Most of the program consists of case 
studies of particular pollutants whose effects on 
various human populations have been investi­
gated recently, and which offer examples of the 
application of studies to standard-setting. In some 
instances these pollutants are of considerable 
public interest and involve highly controversial 
regulatory actions. Thus many parts of our soci­
ety need to understand the degree to which epide­
miologic methods are able to help define effects on 
human health, especially from exposure to low 
doses of environmental agents over long periods 
of time, the principal concerns of the public at 
large.
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Relevance of Experimental Studies to 
Human Risk
by F. K. Dietz,*f J. C. Ramsey* and P. G. Watanabe*

Confidence in the extrapolation of animal toxicity data to humans can be enhanced by 
the application of pharmacokinetic concepts integrated with chronic toxicity data and 
knowledge of a chemical’s mechanism(s) of toxicity. Basic pharmacokinetic concepts 
(including dose-dependent or Michaelis-Menten kinetics) and their relationship to the 
risk estimation process are discussed using vinyl chloride and styrene as specific exam­
ples. Species differences in metabolic rates must be considered in order to arrive at 
realistic estimates of human risk to vinyl chloride-induced liver angiosarcomas utilizing 
vinyl chloride toxicity data observed in rats. Because small animal species generally 
metabolize chemicals more rapidly than larger species on a body surface area basis, small 
animals should be more sensitive to chemicals (such as vinyl chloride) that exert their 
toxicities via the metabolic formation of toxic products. Inhaled styrene is a chemical 
whose clearance from the blood at low exposure levels in both rats and humans follows 
first-order kinetics. However, at higher exposure levels, the pharmacokinetic fate of 
styrene in rats is dose-dependent, suggesting a saturation of styrene metabolism. These 
data indicate that any extrapolation of observable toxicity at elevated exposure levels in 
rats to anticipated responses at lower levels in either rats or humans may be invalid. An 
integration of the foregoing concepts provides a sound scientific basis for the use of 
experimental animal data to predict the risk to humans from chemical exposure.
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Introduction
Chemically induced carcinogenicity is one type 

of toxic response that has received primary atten­
tion in recent years. The potential lethality of 
cancer, combined with its generally irreversible 
nature and long latent period are all characteris­
tics that have placed carcinogenesis in the fore­
front of public concern. Many chemicals shown to 
be mutagenic in short-term in vitro studies and/or 
carcinogenic in long-term animal studies have 
consequently been considered as potential human 
carcinogens. This conclusion is typically based on 
studies of animal models performed under tightly 
controlled experimental conditions in which po­
tentially interfering variables are kept to a mini­
mum. Although a basic toxicological goal is to 
evaluate the risk to man associated with exposure

"Toxicology Research Laboratory, Health and Environmen­
tal Sciences, USA 1803 Bldg., Dow Chemical USA, Midland, 
MI 48640.

tAuthor to whom inquiries should be addressed. Present 
address: Health and Environmental Sciences—Texas, Lake 
Jackson Research Center, Dow Chemical USA, Freeport, TX 
77541.

to potentially harmful substances, interspecies 
variation in response may often preclude a simple 
extrapolation of animal toxicity to that antici­
pated in man. The purpose of this presentation is 
to review and emphasize the importance of ani­
mal pharmacokinetic studies in properly imple­
menting animal toxicity data to predict human 
risk from chemical exposure.

Pharmacokinetic Concepts and 
Dynamics of Toxicity

Pharmacokinetics is a study of the dynamics of 
absorption, distribution, metabolism and excre­
tion of a chemical within the body. Pharmaco­
kinetic studies of a chemical as a function of 
administered dose often provide valuable infor­
mation on how a chemical’s overall biological fate 
may change in response to different amounts 
within the body. Since many toxic responses to 
chemical exposure are not only dependent on the 
amount of a chemical that reaches a target site 
but also on how long a sensitive site might be 
exposed, a comparison of the pharmacokinetic 
fate of a chemical between different species of
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animals can provide data about differential sus­
ceptibility relating to interspecies extrapolation 
of toxicity data.

A classical approach to pharmacokinetic analy­
sis depicts the body as consisting of a system of 
compartments. An individual compartment gen­
erally refers to all tissues, organs, cells and/or 
fluids within the body for which the rate of uptake 
and loss of a chemical is sufficiently similar as to 
preclude further kinetic resolution. Gehring et al. 
(I) have provided a detailed description of phar­
macokinetic compartments and their use in eval­
uating toxicity data, and consequently no de­
tailed discussion will be included here. While 
compartments do not always have direct physio­
logical or anatomical counterparts when ana­
lyzed kinetically, they constitute a basic tool by 
which quantitative expressions describing the 
fate of a chemical within the body can be derived.

Dose-Independent Pharmacokinetics
Over a range of selected dose levels, many 

chemicals exhibit first-order kinetics which can 
be referred to as being “linear.” For these chemi­
cals, the rates of absorption, distribution, metabo­
lism and elimination from the-body are propor­
tional to the concentration or amount of the 
chemical within the body. As a consequence of 
this proportionality, the rate constants of all 
these processes are thus independent of the ad­
ministered dose. In a simplified fashion, first- 
order kinetics may be expressed by the equation:

rate = -dC/dt = kC
in which C is the concentration of the chemical in 
the body at time t and k is the rate constant for 
the given process. As long as first-order kinetics 
apply and thus the rate constants for all processes 
responsible for a chemical’s pharmacokinetic fate 
are independent of administered dose, tissue con­
centration and consequent toxicity should also be 
proportional to administered dose.

Dose-Dependent Pharmacokinetics
In actuality, many reactions that influence a 

chemical’s pharmacokinetic fate are not indepen­
dent of administered dose, but are instead dose- 
dependent. In this situation, saturable active 
transport systems or metabolic reactions that of­
ten play key roles in the prevention or enhance­
ment of chemical toxicity are not adequately de­
scribed by first-order kinetics. As a consequence, 
the administration of high dose levels, as fre­
quently done in long-term animal bioassays, may 
overwhelm these processes and result in a dispro­

portionate increase in blood and/or tissue concen­
tration and possibly elicit a toxic response.

The rates of saturable processes are often de­
scribed by Michaelis-Menten or dose-dependent 
kinetics according to the equation:

rate = -dC/dt = VmaxC/Km + C
In this equation, - dC/dt is the rate of change in 
the concentration of the chemical’s concentration 
at time t, Vmax is the maximum velocity of the 
process and Km is the Michaelis constant or that 
concentration at which the rate of the process is 
at a value of one-half Vmax. There are two limiting 
situations to this equation. When the concentra­
tion (C) is much greater than Km, the Michaelis- 
Menten equation approaches a limit of:

rate = - dC/dt ~ Vmilx C»Km
In this situation, the rate of the process is limited 
by the value Vm;ix, and, as C increases, the rate of 
the reaction remains constant. It is in this concen­
tration range (C»Km) that the biological proc­
esses governed by this type of kinetic behavior 
have become overwhelmed and can be considered 
to be saturated.

Conversely, if the concentration C is much les^ 
than Km, the rate of the processes described by the^ 
Michaelis-Menten equation can be approximated 
by:

rate = - dC/dt ~ kC C«Km
where k = Vm.jKm. Under these conditions, the 
rate of the process remains proportional to the 
chemical’s concentration and all of the previously 
described concepts for first-order kinetics regard­
ing proportionality between blood and tissue con­
centration and toxicity apply.

Use of Animal Studies for 
Predicting Human Toxicity

Recent authors have suggested that there are 
at least five potential factors responsible for spe­
cies variations in response to chemical exposure 
(2). Collectively, these factors include absorption, 
distribution, metabolism, site and mechanism of 
action and excretion of the chemical from the 
body. It is of interest to note that an analysts of 
the dynamics of many, if not all, of these factors 
as a function of administered dose level consti­
tutes what has been previously described as m 
pharmacokinetic study. ^

In utilizing animal studies to predict possible 
human toxicity, it is important to determine if 
the toxicity resulting from chemical exposure is 
due to the parent chemical itself or rather to an



EXPERIMENTAL STUDIES AND HUMAN RISK 11

active metabolite generated via metabolic proc­
esses occurring within the animal. It is commonly 
accepted that metabolism can either lead to de­
toxification or activation, depending on the toxi­
cological potential of the parent compound and/or 
its possible metabolites. Consideration of this in­
formation is important for the extrapolation of 
results from animal toxicity studies to man, since 
there may be relative species differences in the 
activity of enzymes responsible for chemical me­
tabolism. As pointed out by Rail (3), it is often 
possible to estimate the relative sensitivity of 
different species to a chemical by using an ap­
proximation that the basal metabolic rate is 
roughly proportional to the body surface area. 
This suggests that if factors other than metabo­
lism are ignored, a large animal species is more 
sensitive to a directly toxic agent than a small 
animal species (Table 1). In contrast, a large ani­
mal species should then be less sensitive to toxic­
ity mediated by a metabolic activation than a 
smaller species (4). It should be emphasized, how­
ever, that for some types of metabolic activation 
the relative rates may not only be a simple func­
tion of body size. For example, the metabolic 
activation of 2-acetaminofluorene involves the 
formation of an active sulfate, and the species and 
organ sensitivity of the tumorigenicity of this 
agent correlates well with the level of sulfotrans- 
ferase enzyme activity (5). Since the rat has a 
higher level of sulfotransferase than the mouse, it 
develops more tumors when exposed to an equiva­
lent amount of 2-acetaminofluorene. In this in­
stance, the larger animal species is more sensi­
tive to the effects of the metabolically activated 
agent than the smaller species. Thus, the reliabil­
ity of interspecies extrapolation depends to a 
large degree upon how much is known of the 
details of metabolism and how metabolism affects 
toxicity in the species of interest.

Pharmacokinetic Concepts and 
Risk Estimation

Many mathematical models are commonly used 
in extrapolating an observed carcinogenic re­
sponse in animal bioassays at relatively high dose 
levels (6). While these models differ from each 
other by the rapidity in which a zero response is 
approached as the dose level approaches zero, 
they are similar in that they usually assume that 
a zero response occurs only when the dose level 
equals zero. Another feature common to these 
models is their assumption that the concentration 
of the carcinogenic entity is directly proportional 
to the dose level of the administered chemical.

Table 1. Predicted relative cancer risk from equivalent 
doses (mg/kg) calculated on the basis of (body 

weight).a

Species

Predicted relative cancer risk
Directly toxic 

agents
Metabolically activated 

agents
Man (70 kg) 1.00 1.00
Dog (20 kg) 0.66 1.52
Rabbit (3 kg) 0.35 2.85
Rat (0.5 kg) 0.18 5.58
Mouse (0.03 kg) 0.08 13.20

aAfter Rail (3).

This assumption applies whether the carcino­
genic entity is produced via a metabolic activa­
tion of the parent chemical or whether the parent 
chemical itself is the primary toxicant. An impor­
tant consequence of this assumption is that toxic­
ity or carcinogenicity is also expected to be pro­
portional to administered dose level. Recent 
studies of several chemicals, including vinyl chlo­
ride and styrene, illustrate how an understanding 
of the pharmacokinetic fate of these compounds 
as influenced by the magnitude of administered 
dose can be used to evaluate animal toxicity data 
in order to predict the hazard to man from expo­
sure to these agents.

Vinyl Chloride
An example of dose-dependent pharmaco­

kinetics that directly relates to carcinogenic risk 
estimation in man is that of inhaled vinyl chlo­
ride (7, 8). Vinyl chloride has been demonstrated 
to induce hepatic angiosarcomas in rats at expo­
sure levels ranging from 10 to 10,000 ppm, with 
an essentially flat dose-response curve at expo­
sure levels from 1,000 to 10,000 ppm (9). Numer­
ous studies have indicated that a reactive metab­
olite of vinyl chloride is likely to be the 
carcinogenic entity for this halogenated ethylene 
rather than the parent compound itself (10-15). 
Other studies have shown that the bioactivation 
of vinyl chloride in rats is a saturable process that 
follows Michaelis-Menten kinetics becoming 
overwhelmed at high exposure levels, thereby 
limiting the in vivo production of the toxic metab­
olite (7, 16-19). As a consequence of this satura­
ble metabolic activation, Gehring et al. (7) have 
shown that the toxicity or carcinogenicity in rats 
resulting from vinyl chloride exposure is not di­
rectly proportional to all exposure concentra­
tions. Alternatively, these authors found it was 
possible to relate the observed carcinogenicity in 
rats to the amount of vinyl chloride metabolized 
after pharmacokinetic parameters describing the
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saturable bioactivation of vinyl chloride were de­
termined.

In accordance with these observations of the 
kinetic behavior of vinyl chloride in rats, Gehring 
et al. (7, 8) utilized similar pharmacokinetic con­
cepts to estimate the amount of vinyl chloride 
metabolized in man. Their prediction incorporat­
ed the concepts that vinyl chloride bioactivation 
in man was a saturable process as observed in 
laboratory animals and that the metabolic proc­
ess responsible for vinyl chloride metabolism in 
mammals was related to differences in body sur­
face area. Using this methodology, these authors 
predicted that man’s rate of vinyl chloride bioac­
tivation would be much less than that observed in 
rats, resulting in a decreased sensitivity of man to 
the tumorigenic effects of vinyl chloride (7, 8). 
Recent data from other laboratories on the rate of 
vinyl chloride metabolism have provided addi­
tional support for this conclusion. In studies of 
the pharmacokinetics of vinyl chloride in differ­
ent species (including man), Buchter et al. (20, 
21) and Filser and Bolt (22) have confirmed that a 
marked species variation in vinyl chloride metab­
olism does indeed exist (Table 2). These investiga­
tors found that mice and rats metabolized vinyl 
chloride at a rate approximately 5-12 times that 
for man. In contrast to the results observed in 
these rodent species, rhesus monkeys were found 
to metabolize vinyl chloride at a rate that closely 
paralleled that seen in man. Collectively, these 
results are significant in that they confirm the 
predictions reached by Gehring et al. (7, 8), who 
used pharmacokinetic concepts to predict differ­
ences in the relative rates of vinyl chloride me­
tabolism in rats versus man.

Styrene
Styrene is another example of a chemical whose 

metabolic elimination in experimental animals is 
dose-dependent. In an analysis of the pharmaco­
kinetic fate of styrene in rats following a 6-hr 
inhalation exposure to 80, 200, 600 or 1200 ppm, 
Ramsey and Young (23) observed that there was a 
marked dose dependency in the elimination of 
styrene from the blood. Figure 1 depicts a plot of 
the blood styrene concentration versus time data 
in animals exposed to 80 or 1200 ppm for 6 hr. 
Other animals were left in the exposure chambers 
for periods of up to 24 hr in order to establish 
whether plateau blood levels were achieved. Note 
that a disproportionality exists between maxi­
mum blood concentration and exposure level. At 
an exposure level of 80 ppm, the maximum 
styrene concentration was 0.8 p.g/mL, while at

12

1200 ppm the maximum blood concentration 
reached a value of 64 (xg/mL. Thus, as exposure 
concentration increased by 15-fold, the maximum 
blood concentration increased over 80-fold, indi­
cating a dose dependency in the pharmacokinetic 
profile of styrene. As reviewed by the original 
authors (23), these and other data indicated that 
the capability of laboratory animals to metabolize 
styrene becomes overwhelmed at exposure con­
centrations somewhere between 200 and 600 
ppm. These results indicate that any extrapola­
tion of animal toxicity data observed at exposure 
levels of 600 ppm and above to anticipated re­
sponses in animals at lower levels may be invalid.

How do these results relate to the extrapolation 
of styrene toxicity data in laboratory animals to 
that in man? Such an extrapolation can be 
greatly facilitated by a direct pharmacokinetic 
comparison of the chemical in question between 
both species. Accordingly, Ramsey and Young

Table 2. First-order metabolic clearance rates for vinyl 
chloride in man versus other species.*

Species
Clearances,

L/hr/kg body weight
Man 2.02
Monkey 3.55
Rat 11.00
Mouse 25.60

“Data from Buchter et al. (20,21) and Filser and Bolt (22).

pg Styrene/ 
ml Blood

Figure 1. Blood styrene concentration in rats exposed to 80 or 
1,200 ppm. Data from Ramsey and Young (23).
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HQ Styrene/ 
ml Blood

FIGURE 2. Blood styrene concentration in humans exposed to 
80 ppm for 6 hr. Data from Ramsey and Young (23).

(23) conducted a pharmacokinetic study of in­
haled styrene in human volunteers exposed to 80 
ppm for 6 hr. Figure 2 depicts the blood styrene 
concentration during and after exposure in the 
four volunteers. Note that the blood styrene con­
centration rose to a maximum of 0.9 ug/mL at 6 
hr and declined in a linear fashion. A comparison 
of these results with those of Figure 1 indicates a 
marked similarity between the pharmacokinetic 
fate of styrene in man and rats following exposure 
to 80 ppm. These authors concluded that this type 
of similarity lends confidence to the extrapolation 
of toxicity data observed in laboratory animals at 
levels below 80 ppm to that anticipated in man. In 
contrast, the demonstration of a saturable elimi­
nation of styrene from laboratory animals at 
higher exposure levels precludes the use of toxic­

ity data obtained at high levels to predict possible 
risks to humans at lower exposure levels.

Conclusions
In summary, it should be noted that animal 

studies of pharmacokinetic behavior only repre­
sent one segment of the total data base of interre­
lated information required to make a rational 
extrapolation of toxicity data observed in labora­
tory animals to anticipated responses in man. 
Other authors have demonstrated that the risk 
estimation process is greatly enhanced when ani­
mal studies of pharmacokinetic behavior are inte­
grated with observations of chronic toxicity and a 
knowledge of mechanisms of toxicity such as the 
production of active metabolites that interact 
with critical macromolecular sites. Collectively, 
an evaluation of the relationships between these 
parameters and toxicity in experimental animals 
will improve the estimation of relative degrees of 
risk to man associated with chemical exposure.
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Toxicity of Vinyl Chloride and Poly(vinyl ®
Chloride): A Critical Review ?

<

by Joseph K. Wagoner*

In 1974, vinyl chloride (VC) was first reported in the open scientific literature to induce 
angiosarcoma of the liver both in humans and in animals. Additional research has now 
demonstrated the carcinogenicity of VC to other organs and at lower concentrations. The 
target organs for VC now clearly include the liver, brain and the lung, and probably the 
lymphohematopoietic system.

The evidence for a carcinogenic risk has been extended to jobs associated with 
poly(vinyl chloride) exposure. Cases of liver angiosarcoma have been reported among 
individuals employed in PVC fabrication facilities and an epidemiological study has 
demonstrated a significant association between exposure to PVC dust and the risk of lung 
cancer mortality. Cases of angiosarcoma of the liver also have been reported among 
individuals living in near proximity to vinyl chloride-poly(vinyl chloride) plants.

An association between PVC dust and pneumoconiosis also has been demonstrated. On 
the basis of findings, prudent control of PVC dust in the industrial setting is indicated.

aboratory Bioassay
In 1971, 44 years after vinyl chloride was intro­

duced into American commerce (1), 24 years after 
vinyl chloride was shown to cause cardiac 
arrhythmia in experimental animals (2), 22 years 
after vinyl chloride was reported to be associated 
with hepatic abnormalities in workers in a Rus­
sian plastic factory (3), 14 years after toxic an- 
gioneuropathy was noted among workers exposed 
to vinyl chloride below the then Russian maxi­
mum allowable concentration of 390 ppm (4), 11 
years after the vinyl chloride production process 
was associated with a severe neurologic disorder 
in Minamata, Japan (5), 10 years after vinyl 
:hloride at concentrations down to 200 ppm were 
reported to cause centrilobular granular de­
generation of the liver (6) and 5 years after vinyl 
chloride was shown to induce acro-osteolysis in 
workers cleaning reactor vessels (7), Viola et al. 
(8) reported the induction of tumors of the skin, 
lung and bone in rats exposed by inhalation to 
30,000 ppm of vinyl chloride.

These oncogenic findings have been interpreted 
by some to have elicited little response because

*ConsuIting Epidemiologist, 8310 Carrleigh Parkway, 
Springfield. VA 22152.

the testing was conducted only at unrealistically 
high dosages bordering on the lower explosive 
limit of vinyl chloride (9). In reality, however, 
such was not the case. In May of 1971, Viola had 
presented to several U.S. companies unpublished 
findings of an increased incidence of tumors in 
rats exposed to vinyl chloride concentrations 
down to and including 500 ppm (10). Additional 
ongoing studies involving vinyl chloride expo­
sures of 20,000, 10,000, 5,000, 2,000, 500 and less 
than 500 ppm were also described to those same 
companies. In like manner, Maltoni, in 1972, 
upon noting angiosarcoma of the liver and cancer 
of other sites in rats exposed by inhalation to 
vinyl chloride at lower concentrations, also had 
transmitted his findings to the Manufacturing 
Chemists Association in the United States and to 
several chemical companies in Europe (11). Gov­
ernment, labor and the independent research 
community were first informed of the expanding 
carcinogenic properties of vinyl chloride in Janu­
ary of 1974, when representatives of industry 
announced having found liver angiosarcoma in 
three workers who had cleaned reactor vessels as 
part of their employment at a single vinyl chlo­
ride polymerization facility in the United States. 
Almost simultaneously, findings of the induction 
of liver angiosarcoma in rats exposed to vinyl 
chloride were made public.
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The carcinogenic properties of vinyl chloride 
were further clarified in 1974, when Caputo et al. 
(12) reported an increasing incidence of liver an­
giosarcoma with an increasing dosage of vinyl 
chloride. Among rats exposed to vinyl chloride by 
inhalation, the incidence of liver angiosarcoma 
was 3% at 500, 5% at 1,000, 6% at 5,000, 8% at 
10,000 and 12% at 20,000 ppm. Among controls 
not exposed to vinyl chloride, liver angiosarcoma 
was not found. In that same year Maltoni and 
Lefemine (13) also reported the induction of tu­
mors in mice, hamsters and rats exposed to vinyl 
chloride by inhalation. The spectrum of induced 
tumors included angiosarcomas of the liver, ade­
nomas and adenocarcinomas of the lung, neuro­
blastomas of the brain, lymphomas and carcino­
mas of other sites. Vinyl chloride in that study 
was shown to induce liver angiosarcoma in rats at 
50 ppm of exposure. Keplinger et al. (14) in that 
same year also reported the induction of liver 
angiosarcoma in mice exposed to 50 ppm of vinyl 
chloride by inhalation. Subsequently, Holmberg 
et al. (15) reported the induction of hepatic and 
extrahepatic angiosarcoma in mice following in­
halation exposure to vinyl chloride at 50 ppm. 
Shortly thereafter Maltoni (16) extended the car­
cinogenicity of vinyl'chloride to lower levels of 
exposure. Vinyl chloride administered by inhala­
tion was shown to induce tumors at a variety of 
sites, including liver angiosarcoma at 25 ppm and 
mammary carcinomas at 25, 10, 5 and 1 ppm. 
Recently Maltoni (17) reported the induction of 
hepatic and extrahepatic angiosarcoma at 10 ppm 
of vinyl chloride.

Epidemiology
Occupational Exposure: Vinyl 
Chloride Production or 
Polymerization

In 1974, the same year that the public was first 
informed that vinyl chloride induced liver an­
giosarcoma and cancers of other sites by way of 
experimental bioassay, epidemiological studies 
also were reported demonstrating an excess of 
cancer of multiple organs among workers occupa­
tionally exposed to vinyl chloride. Tabershaw and 
Gafiey (IS) reported that cancers of the buccal 
cavity and pharynx, digestive tract (primarily 
liver angiosarcoma), respiratory tract, central 
nervous system (primarily brain) and the lym­
phatic system were excessive among workers in 
the United States having been employed for at 
least one year in plants producing and/or polym­
erizing vinyl chloride. Monson et al. (19) in that 
same year reported the results of a proportionate

mortality analysis of 161 deceased workers ha\ 
ing been employed at one of two plants in the 
United States producing and polymerizing vinyl 
chloride. The specific sites of cancer with the 
greatest excess were the liver and biliary tract, 
with an 11-fold excess; the brain, with a 4-fold 
excess; the digestive tract and the lung.

In 1975, Nicholson et al. (20) published a study 
of cancer mortality among 257 individuals occu­
pationally exposed to vinyl chloride for at least 5 
years, with the initial exposure having occurred 
more than 10 years in the past during employ­
ment in a U.S. plant polymerizing vinyl chloride. 
A 2.3-fold excess in deaths from cancer of all sites 
combined was demonstrated with three deaths 
due to hemangiosarcoma of the liver. In that same 
year, Ott et al. (21) reported the mortality experi­
ence of 549 individuals occupationally exposed to 
vinyl chloride-poly(vinyl chloride). Whereas no 
angiosarcomas of the liver were found, an excess 
of all malignancies combined was reported among 
those workers classified as having been highly 
exposed when contrasted with workers of all 
other exposure intensities. Among the nine can­
cer deaths in the highly exposed group of workers^ 
four were due to lung cancer. In a discussion ofl 
the limitations of the study, the investigator? 
noted that the majority of workers in the category 
“other than highly exposed” had less than one 
year of work experience in departments with ex­
posure to vinyl chloride-polyvinyl chloride.

Duck et al. (22) in 1975 reported that a study of 
2100 employees of a vinyl chloride polymerization 
plant in the United Kingdom revealed no excess 
of total or cause-specific mortality. In addition to 
reporting no excess of cancer mortality. The in­
vestigators reported an inverse relation between 
vinyl chloride exposure and cancer mortality, i.e., 
as the duration of exposure to vinyl chloride- 
poly* vinyl chloride) increased, the risk of cancel- 
decreased. The results and conclusions of that 
study were adjudged by Wagoner et al. (23) to be 
spurious and due to the use of faculty analytical 
methodology. Upon reanalysis of the data in that 
study, Duck and Carter (241 reported an in­
creased risk of cancer of the digestive system 
among workers observed 15 years or more after 
onset of exposure to vinyl chloride-polv(vinyl 
chloride).

Subsequently, Waxweiler et al. (25) reported 
the results of a retrospective study of mortalitjT 
among a cohort of 1294 workers occupationally 
exposed to vinyl chloride in the United States. 
Since occupationally induced cancers often take 
years to become clinically manifest following ex­
posure to carcinogens, the studv was restricted to
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those individuals with 5 years or more of employ­
ment in departments and jobs directly involving 
vinyl chloride exposure and with 10 years or more 
elapsed time since onset of initial exposure. Spe­
cific jobs and departments with vinyl chloride 
exposure were determined following a walk­
through survey and review of the manufacturing 
process, engineering controls and air-sampling 
data for the plants studied. When analyses were 
based on the total study cohort, only two major 
causes of death were in excess: nonneoplastic 
respiratory disease (6 observed vs. 3.4 expected) 
and all malignant neoplasms combined (35 ob­
served vs. 23.4 expected). The latter excess was 
statistically significant at p - 0.05. When analy­
ses were made according to site of malignancy 
and latency (interval since onset of exposure), an 
excess cancer mortality was found for four organ 
systems, i.e., central nervous system, respiratory 
system, hepatic system and lymphatic and hema­
topoietic system. The excessive mortality was sta­
tistically significant for three of the four organ 
systems, i.e., cancer of the central nervous, the 
respiratory and the hepatic systems, among 
workers who had been observed 15 years or more 
since onset of exposure. During the course of the 
study by Waxweiler et al., an evaluation was 
made of the pathologic data underlying each neo­
plasm identified. Of the 14 cases of liver cancer 
identified, 11 were diagnosed as angiosarcoma. Of 
ten cases of brain cancer identified, nine were 
shown to be glioblastoma multiforme in type. 
Furthermore, of eight lung cancer cases histologi­
cally confirmed, all were large cell undifferenti­
ated or adenocarcinoma in type.

Byren et al. (26) in 1976 also reported a statisti­
cally significant excess of liver-pancreatic and 
brain cancer deaths among 771 workers employed 
in a Swedish vinyl chloride/poly(vinyl chloride) 
production plant. These investigators reported 
that this excess appeared within the first 5 years 
after onset of exposure to vinyl chloride.

In 1977, von Reinl et al. (27) reported the 
results of a study of cancer mortality among 7021 
males employed in the production and polymeri­
zation of vinyl chloride. When compared to the 
mortality experience of the West German male 
population, vinyl chloride-polyfvinyl chloride) 
exposed workers experienced an excess of cancer 
of multiple organs, i.e., liver, lung, brain and the 
lympatic and hematopoietic system. Fox and Col­
lier (28) in 1977 also reported the results of the 
study of cancer mortality patterns among 7561 
males who, at some time between 1940 and 1974, 
were employed at one of four plants producing 
poly(vinyl chloride). An excess mortality from

liver cancer was shown for each group of workers 
whether exposure to vinyl chloride was judged to 
have been high, medium or low. The authors 
commented that, although there were no data 
from the study to support an excess mortality 
from cancers other than of the liver, the period of 
follow-up of the workers was too short to permit a 
clear evaluation of those carcinogenic effects at 
that time.

Epidemiological investigations have now 
clearly demonstrated that laboratory bioassay 
findings were predictive not only for the carcino­
genicity of vinyl chloride, but also for several of the 
target organs. On the basis of these results, the 
IARC (29) in 1979 concluded “Vinyl chloride is a 
human carcinogen. Its target organs are the liver, 
brain, lung and haemo-lymphopoietic system.”

Occupational Exposure: Poly(vinyl 
Chloride) Packing and Fabricating

Christine et al. in 1974 reported (30) two histo- 
pathologically confirmed cases of hepatic an­
giosarcoma in Connecticut among individuals 
who had been employed in industrial facilities 
that used poly( vinyl chloride). One of these indi­
viduals, a 47-year-old man, had worked for the 
previous 10 years as an accountant in a factory 
producing vinyl sheets and processing poly(vinyl 
chloride) resins. This individual had frequently 
visited the plant’s production area. The second 
individual, a 61-year-old man, had spent 25 years 
in an electrical plant operating a machine that 
applied poly(vinyl chloride)-containing plastic to 
wires. In 1977, Baxter et al. (31), in a review of 14 
cases of hepatic angiosarcoma diagnosed in Great 
Britain during 1963-73, noted one case who had 
worked on a process which used polyfvinyl chlo­
ride) as a raw material.

In 1975, Selikoff wrote to NIOSH suggesting 
that appropriate precautions be taken to avoid 
the inhalation of poly(vinyl chloride) dust, both in 
the packaging and transport and in its handling 
during the manufacture of poly(vinyl chloride) 
products. Selikoff based his suggestion on the 
results of studies by Lilis et al. (32) and Miller et 
al. (33) showing radiographic and pulmonary 
function changes among vinyl chlorides-poly(vi­
nyl chloride) workers and on the findings of a 
poly(vinyl chloride) inhalation toxicologic study 
by Frongia et al. (34). This latter investigation 
showed that rats and guinea pigs, exposed in the 
same occupational setting as workers who were 
employed in filling sacks with poly( vinyl chloride) 
powder, subsequently developed alveolar reac­
tions and septal thickening. This investigation
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also showed that 7 months after their initial 
exposure, both species exhibited granulomatous 
changes, with fine granules observed intracellu- 
larly. Agarwal et al. (35) in 1978 demonstrated 
that intratracheal administration of polyfvinyl 
chloride) dust in rats resulted in an increase in 
the activity of lysomal enzymes, interstitial fibro­
sis and granulomatous lesions surrounded by fi­
broblasts, reticulin and collagen fibers. Pulmo­
nary disorders possibly associated with exposure 
to poly (vinyl chloride) resins produced by the 
emission process might by expected, as dust sam­
ples taken by NIOSH during the bagging of poly­
fvinyl chloride) resin have shown concentrations 
ranging from less than 1 up to 19 mg/m3, with 
about 90# of the particles being smaller than 2.5 
pm and 100# smaller than 7 pm in diameter.

In 1978, Arnaud et al. (36) reported a case of 
pneumoconiosis in a 53-year-old man who had 
been exposed to poly(vinyl chloride) in the bag­
ging area of a VC polymerization plant. This 
patient presented with exertional dyspnea, pul­
monary function changes, and chest radiographic 
abnormalities. Electron microscopy of lung tissue 
obtained by drill biopsy showed foreign particles 
in the macrophages that were identical to poIy( vi­
nyl chloride) powder viewed under the electron 
microscope. In vitro incubation of poly(vinyl chlo­
ride) powder with human lung macrophages 
showed that the macrophages engulfed the pow­
der to give an appearance similar to that seen in 
vivo. The authors noted that the histological le­
sions in this patient were identical to those re­
corded by Szende et al. (37), who diagnosed ad­
vanced pneumoconiosis in a 31-year-old man 
secondary to the inhalation of polyfvinyl chloride) 
dust. Szende et al. also reported that microscopic 
examination of poly(vinyl chloride) dust particles 
showed them to be morphologically similar to 
particles found in the patient’s lungs.

Results of epidemiologic studies by Vertkin and 
Hamontov (38) and by Mastrangelo et al. (39) 
further support the role of polyfvinyl chloride) in 
the etiology of pneumoconiosis. A total of 1216 
employees of a polyfvinyl chloride) production 
factory in Italy underwent chest X-ray examina­
tions. Of 731 examined individuals with exposure 
to polyfvinyl chloride) dust, 20 were diagnosed as 
having pneumoconiosis. All of these individuals 
had worked 5 years or more in departments clas­
sified as having polyfvinyl chloride) dust pollu­
tion. No cases of pneumoconiosis were observed 
among the 485 examined individuals who worked 
in areas free of polyfvinyl chloride) dust.

The effects of vinyl chloride-polyfvinyl chlo­
ride) exposure on the respiratory system of ex­

posed workers seem to indicate a pattern of 
neoplastic effects, a granulomatous reaction to 
polyfvinyl chloride) dust, with inclusion of poly­
fvinyl chloride) particles in macrophages and his- 
tocytes, and associated interstitial fibrosis.

The long-term carcinogenic effect, with a sig­
nificant increase in lung cancer also is of concern. 
In 1978, Waxweiler et al. (40) reported the results 
of a study of lung cancer at a single vinyl chlo­
ride-polyfvinyl chloride) facility. One objective of 
this study was to determine whether there was an 
excess risk of lung cancer of a particular histolog­
ical type at the plant. A case control study showed 
a clear excess of type 3 (adenocarcinoma) and type 
4 (large-cell undifferentiated) lung cancers in 
cases occurring among plant employees as com­
pared to other lung cancer cases from the same 
hospital of diagnosis, matched for age and calen­
dar period of diagnosis. The authors noted that 
adenocarcinomas of the lung, accounting for a 
minor proportion of this excess risk, have been 
shown to be at most only weakly related to ciga­
rette smoking; some studies have shown no asso­
ciation at all. The authors also noted that large­
cell differentiated carcinoma of the luj^^ 
accounting for the vast majority of the exc^f 
lung cancer risk, is the only major histological 
type that has never been related to cigarette 
smoking by epidemiologic study. Thus, they con­
cluded that cigarette smoking was not a major 
confounding variable in the study.

A further study was made by Waxweiler et al. 
to test whether one or more chemicals used at the 
plant were responsible for the excess of lung can­
cer of types 3 and 4 or for the excess of only type 4. 
A model was specifically developed for this pur­
pose. The sensitivity and specificity of the model 
was demonstrated by its confirmation of the rela­
tionship between angiosarcoma of the liver and 
direct vinyl chloride exposure. The authors re­
ported that of all 19 chemicals used at the plant, 
polyfvinyl chloride) dust was the only chemical 
for which they found a statistically significant 
association with lung cancer mortality and specifi­
cally with large-cell undifferentiated lung cancer.

The studies mentioned above suggest that the 
excess lung cancer risk in the vinyl chloride- 
polyfvinyl chloride) industry is related to expo­
sure to polyfvinyl chloride) dust. That the dust 
itself or as a carrier of residual vinyl chlor 
monomer is a factor in the etiology of lung can 
seems biologically plausible. Poly<vinyl chlori 
dust particles are known to be often in the respi­
rable range—that is, less than 10 pm in diame­
ter. Almost all polyfvinyl chloride) particles pro­
duced by the emulsion system, one of the systems
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at the facility studied by Waxweiler et al., are in 
the respirable range. These particles could easily 
settle in the lung and conceivably by themselves 
cause lung cancer. However, it is known that 
vinyl chloride monomer becomes entrapped in 
polyCvinyl chloride) dust and can be released 
slowly over time. Thus it is also possible that 
poly(vinyl chloride) dust particles in the lung 
could slowly release vinyl chloride monomer to 
small adjacent areas of the tissue, prolonging the 
contact time of that chemical with tissue.

On the basis of these findings, one must seri­
ously question the safety of the current OSHA 
standard for poly(vinyl chloride) dust, i.e., a stan­
dard which treats poly(vinyl chloride) as a nui­
sance dust.

Community Exposure to Vinyl 
Chloride

Christine et al. (30) reported two cases of he­
patic angiosarcoma in Connecticut having a prob­
able residential exposure to vinyl chloride. One 
individual with hepatic angiosarcoma lived 
within 2 miles of the plant producing poly( vinyl 
chloride)-coated wire, while the second individual 
lived within 0.5 miles of a plant producing vinyl 
sheets. Each of these two plants also had a case of 
hepatic angiosarcoma among its labor force. Nei­
ther of these residential cases was known to have 
had occupational exposure to vinyl chloride or 
arsenic or diagnostic exposure to thorium dioside, 
the only three agents known to cause hepatic 
angiosarcoma in humans. Baxter et al. (31), in 
1977 reported another case of liver angiosarcoma 
in Great Britain who had lived for 6 years within 
half a mile of a plant manufacturing polylvinyl 
chloride). On the basis of these observations, 
Brady et al. (41) in 1977 undertook a study in 
New York State of 26 confirmed cases of hepatic 
angiosarcoma. Controls comprised of individuals 
who had an internal malignant tumor other than 
primary liver cancer were matched with index 
cases on the basis of age at diagnosis, race, sex, 
place of residence and vital status. This study 
showed a statistically significant association be­
tween angiosarcoma of the liver and direct occu­
pational or therapeutic exposure to arsenic (two 
cases), vinyl chloride (three cases) and thorium 
dioxide (two cases). In addition, this study demon­
strated that of ten female cases of liver angiosar­
coma (no direct occupational or therapeutic expo­
sure to vinyl chloride, arsenic or thorium dioxide) 
one lived within 1700 ft of a vinyl chloride poly- 
merizarion plant and four lived from 500 to 4500 
ft of a polyfvinyl chloride) fabrication plant. In 
contrast, none of their matched controls lived

within 1 mile of any facility polymerizing vinyl 
chloride or fabricating polyfvinyl chloride). These 
study findings are supportive of the role of in­
direct modes of vinyl chloride exposure in the 
etiology of liver angiosarcoma.

Summary
Adenomas and adenocarcinomas of the lung, 

angiosarcomas of the liver and of other sites, 
lymphomas, mammary carcinomas, neuroblasto­
mas of the brain, in addition to various other 
tumors have been induced in mice, rats and ham­
sters exposed by inhalation to vinyl chloride. In 
addition vinyl chloride when administered by in­
halation has been found to induce hepatic and 
extrahepatic angiosarcomas at concentrations as 
low as 10 ppm and mammary carcinomas at even 
lower concentrations, i.e., 5 and 1 ppm.

Several mutually confirmatory studies, using 
the retrospective cohort method, have shown an 
increased risk of liver angiosarcoma and cancer of 
other sites among employees of vinyl chloride 
polymerization facilities. The full magnitude of 
this site-specific cancer risk among employees of 
vinyl chloride polymerization plants will only be 
determined following full lifetime observation. 
Nevertheless, studies already have shown that 
for liver angiosarcoma the excess risk is approxi­
mately 11 to 16 times that of the general popula­
tion. For brain cancer the excess risk is 4-fold.

The role of indirect modes of exposure to vinyl 
chloride has now been shown to be associated 
with an excess risk of cancer. Several cases of 
liver angiosarcoma have been reported among 
individuals living in close proximity (less than 2 
miles) to facilities polymerizing vinyl chloride or 
fabricating poly(vinyl chloride). A recent epide­
miological study has demonstrated that 50% of 
females with liver angiosarcoma (5/10) lived 
within 1 mile of such industrial facilities, 
whereas none of their matched control did so.

Experimental bioassay and epidemiological 
studies have shown a high concordance for the 
carcinogenicity of vinyl chloride, specifically for 
liver angiosarcoma. This excess of liver angiosar­
coma has been shown to persist from the polymer­
ization of vinyl chloride to the residence in near 
proximity to such facilities.

Both experimental and epidemiological data 
indicate that PVC dust is probably associated 
with respiratory effects, both neoplastic and non­
neoplastic in nature.
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