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Introduction

Vinyl chloride monomer (VCM), more properly 
named monochlorethane, is acolourless gas normally 
handled under pressure as a liquid which boils at 
— 14®C at normal pressure. Discovered around 1835, 
VCM's commercialization did not begin until the 
1930s and did not reach high volume until after 1945. 
Present manufacture is around 12 x 10* tonnes per 
annum, nearly all of which is used to make the 
polymer polyvinyl chloride (PVC).

Until the 1960s. VCM was regarded as a material 
of low human toxicity and the main concerns were 
related to the compound's narcotic effect. Indeed 
there are many reports of employees exposed to VCM 
monomer in polymer plants becoming dizzy and 
unconscious. Because VCM was considered to be 
relatively innocuous, it had a threshold limit value 
(TLV) of 500 ppm. 8-hr time-weighted average 
(TWA) for many years (ACGIH, 1974; Lester tt at. 
1963; Torkeison tt at. 1961). Measurements of em­
ployee exposure were infrequent, since most mea­
surement and warning systems were designed to 
ensure that plant atmospheres were beyond the ex­
plosive limits, fire and explosion being the main 
hazards of VCM. Retrospective estimates (Bames. 
1976) of typical TWA personal exposures (in ppm) 
for polymerization workers have been cited as: 1000 
in 1945-1955, 400-500 in 1955-1960, 300-400 in 
1960-1970, 150 in mid-1973 and 5 in 1975. However 
in some jobs, particularly in the cleaning Of the 
autoclaves in which VCM is polymerized to PVC. 
very-much higher exposures, in thousands of ppm, 
were undoubtedly experienced for short/medium pc*

*A longer version of this paper has been published in 
Toxicological Risk Assessment, edited by D. B. Clayson, 
D. Krewski and 1. Munro and published by CRC Press, 
Inc.. Boca Raton. FL (1985).

Abbreviations'. AOL ■ acro-osteolysis; ASL — angio­
sarcoma of the liver; PVC — polyvinyl chloride; TLV » 
threshold limit value; TWA • time-weighted average; 
VCM — vinyl chloride monomer.

nods, since in some plants operators became faint 
and unconscious from time to time.
' The first clear indication of chronic health prob­
lems associated with VCM arose in the 1960s in men 
who entered VCM polymerization autoclaves to re­
move build-up of polymer from the walls. Some of 
these men developed acro-osteolysis (AOL; Cook tt 
al. 1971; Harris Sc Adams, 1967; Suciu et al. 1963). 
Modification of working practices led to a reduction 
in the incidence of AOL cases in autoclave cleaners. 
Although AOL is occasionally seen in people not 
exposed to VCM (Meyerson Sc Meier, 1972; Wilson 
et al. 1967) it is a rare disease. In the late 1960s, 
studies in rats involving exposure to high concen­
trations of VCM for long periods (Viola, 1969) failed 
to produce AOL but showed an increase in the 
incidence of tumours at various sites.

Further studies (Maltoni etal. 1980 1981; Maitoni 
Sc Rondinclla, 1980) showed the rare tumour angio­
sarcoma of the liver (ASL) in exposed rats, and 
confirmed VCM as an animal carcinogen. Three ASL 
cases in employees at a PVC polymerization plant 
(Creech Sc Johnson, 1974) confirmed VCM as a 
human carcinogen. Other known aetiological agents 
for ASL in man were thorium dioxide, arsenic and, 
possibly, anabolic steroids (Maltoni et al. 1980).

Since 1974, the health hazards of VCM have been 
the subject of many investigations, scientific papers, 
seminars and other presentations (Conference to 
Reevaluate the Toxicity or Vinyl Chloride Monomer, 
Polyfvinyl Chloride) and Structural Analogs, 1981; 
Gauvain, 1976; IARC Working Group, 1979; 
Selikoff, 1975; Szadkowski Sc Lehnert, 1982; US 
DHEW, 1980). The plethora of information (and 
misinformation) now available suggests that an ob­
jective historical case study of VCM would be of 
value.

Experimental and human data 

Experimental studies
The principal effect seen in the acute and subacute 

studies is anaesthesia, which occurs at relatively high
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Table I. Lowtal eooeun tritium or doaa at *W*b a tifniAcaal exctai of various 
tumour type* »u observed in rut cattinosenicity studies

Tumour
Concn
(ppm)

Dote
(mlAl)

Foreatomach papilloma 30.000
2ymbal-|iand carcinoma 10.000 m
Ncuroblattoma 10,000
Nephroblastoma 250 (female)

100 (male)
Liver angiosarcoma 200 50 (male)

50 16.63 (female)
Mammary-gland adenocarcinoma 5 (female)

Data from Maltoni et a/. (1911).

doses (7-10%) in both animals and man. The doses 
responsible for acute toxicity are about 1000-fold 
higher than the minimum dose for carcinogenicity 
and there is frequently no sign of overt organ toxicity 
prior to the development of the carcinogenic re­
sponse.

VCM is mutagenic in a variety of test systems 
including Salmonella typhimurium (Rannug et al. 
1976), Saccharomyces (Loprieno et al. 1977) and 
Drosophila (Verburgt & Vogel, 1977), usually with 
some form of mammalian microsomal metabolizing 
system to convert VCM into its active metabolites, 
chloroethylene oxide and chloroacetaldehyde. The 
data on the mutagenicity of VCM provide useful 
qualitative information on its mode of action and 
metabolism, but are not suitable for the quantitative 
estimation of risk to man.

The most useful experimental data are derived 
from long-term animal carcinogenicity studies. An 
extensive series of 17 studies (Maltoni et al. 1981) 
gives a useful database for risk assessment. Other 
studies (Feron et al. 1981; Lee et al. 1978) tend to 
confirm the findings of Maltoni.

Carcinogenic effects were observed in mice, rats, 
and hamsters. A complication in the selection of these 
data for risk assessment is the variety of tumour types 
observed (Table 1). Some of these occurred at very 
high exposure levels, but mammary adenocarcinoma 
in females and ASL in both sexes of both rats and 
mice occurred at 50 ppm or less, exposures similar to 
those believed to have occurred on manufacturing 
plants (Barnes, 1976).

Epidemiological studies
Several major epidemiological studies on workers 

exposed to VCM have been reported (Table 2). The 
main organs that have been associated with higher 
incidences of cancer in workers exposed to VCM are 
the liver, lung and brain. Increases in the standard­
ized mortality ratios of cancers in, the buccal cavity 
and pharynx, of lymphomas and of cancers of the 
lymphatic and cardiovascular systems have been re­
ported in one or two studies. The analysis of cancer 
of the respiratory system is often confounded by 
smoking, making quantitative analysis of the con­
tribution of VCM difficult. The excess of liver cancers 
is due to an excess of ASL in many of the studies.

An analysis of the statistical power of various 
studies for association between VCM exposure and 
cancer of the lung, liver and brain (Beaumont & 
Breslow, 1981) concluded that the results for liver 
were consistent with an aetiological role for VCM. 
For brain cancer, where three out of five studies had

statistically significant findings, the results were more 
variable, positive findings occurring in the studies 
with the greatest statistical power. The most reason­
able interpretation was that the data were consistent 
with a causal association between VCM exposure and 
an excess of brain cancer. Infante (1981), in reaching 
the same conclusion, points out that the relative risk 
for brain cancer is much lower than that for liver 
cancer. Only two out of eight studies on lung cancer 
(Beaumont tt Breslow, 1981) yielded statistically 
significant results and, because studies with a high 
power were negative, a causal association was consid­
ered unlikely.

ASL is the most suitable endpoint for analysis of 
the risk of exposure to VCM for a number of reasons. 
It is a rare cancer in unexposed populations, making 
attribution to VCM exposure on the basis of work 
history a reasonable approach. ASL occurs in both 
animals and humans exposed to VCM and it is 
unlikely that any other carcinogenic effect of VCM 
will be found to occur at lower exposures than the 
lowest exposures that induce ASL. For these reasons, 
most work on the quantitative risk assessment of 
chronic exposure to VCM has used ASL as the 
endpoint to study.

Case register
The availability of data from a comprehensive case 

register of ASL cases with a history of occupational 
exposure to VCM provides an opportunity to identify 
risk factors for the induction of ASL.

Persons potentially exposed to vinyl chloride
Current manufacture and use of VCM and PVC 

results in the potential exposure of four groups of the 
population. The highest exposure category covers the 
workers involved in the manufacture of VCM, its 
polymerization to PVC and certain other industrial 
uses of VCM. Within this group, certain occupations, 
particularly autoclave cleaning, involve higher poten­
tial exposure than others, although all groups would 
now be expected to have exposures complying with 
hygiene standards of 1-5 ppm.

The next category covers those exposed as a result 
of using the PVC. Workers in the compounding and 
fabrication of PVC products are exposed to residual 
VCM released from PVC on heating (but PVC does 
not decompose to VCM when heated). In general the 
exposure levels for these workers are very low in 
comparison to those for PVC polymerization workers 
(from 10 to 100 times lower).

Consumers who eat food and drink beverages that 
have been packed in PVC may ingest unreacted VCM
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which has migrated into the food or beverage. Since 
1974, the amount of VCM in PVC has been reduced 
to less than 1 mg/kg with the result that the maximum 
human daily intake of VCM in food and drink is 
o.l/ig/day (Ministry of Agriculture, Fisheries A 
Food. 1978).

The fourth group with potential exposure to VCM 
are those who live in the vicinity of VCM or PVC 
manufacturing or fabricating factories. The levels in 
ambient air around a factory are very low (in the 
parts per 10* range) but much larger population 
groups, which include all age groups, are involved.

For the workers in VCM manufacture and PVC 
polymerization and fabrication, the route of exposure 
is by inhalation. Much of the animal carcinogenicity 
data are based on inhalation exposure and the human 
epidemiology is predominantly of populations ex­
posed occupationally by inhalation. Thus an assess­
ment of the risk factors and the quantitative risk of 
inhalation exposure is the main objective. For the 
consumer exposed to VCM via food and beverages 
the route is by ingestion. Relatively few experimental 
studies have used oral administration and only one 
study used a comparable exposure pattern (Feron et 
al. 1981). Similarly there are no specific epi­
demiological data on oral ingestion. Risk assessment 
for exposure via the oral route must rely on the 
existing animal data and on extrapolation from epi­
demiological and experimental studies of inhalation 
exposure.

Risk assewnent from experimental animal data

Assumptions
In carrying out a risk assessment on the basis of 

animal data, a number of assumptions have to be 
made. The first of these relates to the overall dosi­
metry. Experimental animals are exposed to concen­
trations or vinyl chloride or dosed with amounts of 
vinyl chloride that allow an estimate of the amount 
to which they have been exposed. It is possible to 
calculate a correction factor for these quantities so 
that they are applicable to man. However, rats and 
mice live for relatively short periods of time (up to 2 
years) during which they develop cancers of a type 
similar to those seen in man. The latent period for the 
same tumours in man may be between 20 and 40 
years. It is therefore assumed that the lifetime of man 
is equivalent to the lifetime of an experimental animal 
species even though the chronological time is sub­
stantially different.

Strictly speaking, mathematical extrapolation, of 
risk on the basis of experimental animal data pro­
vides an estimate of the risk at low doses to the 
experimental animal under consideration. A variety 
of factors, particularly inherent biological sus­
ceptibility and differences in metabolism, render the 
extrapolation of the data from animals directly to 
man subject to numerous errors. It is at this point 
that scientific judgement is required to decide whether 
these data are applicable to the human situation.
Metabolism

In rats, VCM has been shown to be metabolized 
extensively, producing a range of excretion products.

After administration by gavage or inhalation, part of 
the dose is exhaled unchanged and the remainder is 
excreted or retained in the carcass. A general scheme
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Fig. 1. Scheme showing the metabolism of vinyl chloride 
monomer (VCM) in rats to S-containing metabolites. VCM 
(a) is convened to chloroethylene oxide (b) which is trans­
formed spontaneously to chloroacetalccbyde (c). These two 
metabolites are mutagenic and hence are considered to be 
the proximate carcinogens. The urinary excretion products 
Af-acetyl-5-(2-hydroxyethyt)cysteine (e) S-fcaiboxymethyl)- 
cysteine (f) and thiodiglycolUc acid (g) are derived from 
these mutagenic metabolites via (d). Gly and Glu are the 
glycine and glutamate residues of glutathione. [After Green 

& Hathway (I977)J.
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Reference

Table 2. Epidemiological studies of cancer associated with exposure lo vinyl chloride monomer

Sites (or tumours} with changes in SMR
No. in study* — ■ —■ — —1 —
(% follow up} Increase No increase Comments

Mon*™ n at. (1974) 7 Brain
Lung
Liver, including ASL

Tabcrchiw k Gilley (1974) 1314(15%) Buccal cavity and pharyru Significant
Respiratory system SMR not
Unknown site significant
Lymphoma hut increases
Angiosarcoma

Genital
Digestive organs
Urinary tract
Leukaemia

with exposure 
and time

Duck el at. (1975) 1120 None Some criticism of
conduct of study

Nicholtoa el at. (1975) 257(99%) ASL
Ou el of. (1975) 594(99%) All tumours? Anenicals involved
Bjrren el at, (1974) 771 (97%) Livcr/pa ncreu Significant increase

(2 ASL)
Cerebral? Increase not
Cardiovascular significant

ORC (1974) 10,173(95%) Digestive tract PMR study
Rdnl k Weber, 1974; 11.021 (90%) Malignant liver Related to duration of

Rcinl el at. 1971; Lymphatic system exposure
Weber el at. 1911 Cl tract Brain

Wuwriler ef at. (1974) 1151 Brain
Respiratory tract Mixed exposure, not
Lymphatic system
ASL

VCM related

Fox * Collier (1977) 7409 (99%) Primary liver Not significant
ASL

Stomach
Brain
Lymphatic tad

Significant

hacmopoktic system
Frtuel-Bejnne el at. (1971) 1411(95%) Colon/stomach

Prostate hyperplasia
Beruni el at. (1979) 5441(14%) All tumours
Buffler el at. (1979) 444(100%) Respiratory system
Chime k FeiTTKe (1911) 3147 Digestive system PMR study of female and male

fabricators
Cbluze el at. (1910) Breast Increase m PMR not confirmed

by case-controlled study
Beeumonl A Bredow (1911) Liver Respiratory tract Review of nine studies

Brain

I. F. H
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u
r

c
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ase el at.
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of VCM metabolism in raw is given in Fig. 1. On the 
basis of this scheme, the highly reactive intermediates 
in the metabolic process (particularly chloroethylene 
oxide) react with cellular macromolecules, including 
DNA to produce the critical lesions leading to mu­
tation or the induction of cancer.

Studies on the quantitative aspect of VCM metab­
olism have shown that there is a dose dependency in 
the rate of metabolism. After administration of 
MC-labelled VCM by gavage at doses between 0.5 and 
100 mg/kg to Wistar rats, the amount of “C excreted 
in the urine and faeces and retained in the carcass was 
estimated over 72 hours (Watanabe & Gehring, 
1976). As the dose of VCM was increased, the 
proportion exhaled increased and that excreted in the 
urine and faeces decreased (Fig. 2). The proportion 
retained in the carcass also decreased. The same 
general trend occurred after administration by in­
halation. although the magnitude of the differences 
in retention and excretion was less (Watanabe & 
Gehring, 1976).

Studies of the amount of non-volatile material 
retained in the carcasses of rats exposed to various 
levels of ,4C-labelled VCM for 6 hours demonstrated 
that the metabolism of VCM appeared to be in 
accordance with Michaelis-Mentcn kinetics (Gehring 
et at, 1978). The constants for maximum velocity of 
metabolism (V„ in pg metabolized/6 hr) and the 
Michaelis constant (K_ in pg VCM/litre air) accord­
ing to the formula;

(where V« velocity of metabolism in pg/6 hr and 
S«concentration of VCM being inhaled) were 
Vn - 8558 pg metabolized/6 hr and K_ * 860 pg 
VCM/litre air. Thus there was a considerable change 
in the ratio of administered dose to metabolized dose 
as the exposure concentration increased (Table 3). At 
the higher doses a smaller proportion of VCM was 
metabolized than at low doses.

Review of earlier calculations of risk
There have been a number of attempts to calculate 

the risk of ASL development on the basis of extrap­
olation from experimental data. These have been 
reviewed by Barr (1982) and an adaptation of his 
data is presented in Table 4.

The introduction of biotransformation data into 
the estimation of risk increased the level of exposure 
calculated to cause a 10'* lifetime risk, from parts per 
billion to in excess of one part per million. A further 
refinement of the technique using DNA binding as 
the measure of dosimetry (Anderson et al. 1980) 
provided a similar estimate of the exposure.

A variety of mathematical models can be used for 
extrapolating below the experimental dose range, and 
it is not possible to select from amongst these math­
ematical models on the basis of goodness of fit to 
experimental data. Attempts to do so have shown 
that most of the models fit the data equally well 
(Gehring et at. 1979). It is equally difficult to select 
amongst the models on the basis of the assumed 
mechanism of action of VCM. Thus a comparison of 
the lifetime risks calculated using the Armitage-Doll

BOR 001737



192 1. F. H. PunCHAffi it ai.

Tabic 3. Vinyl chloride doa* end incidence of hepniic angiosarcoma in Spragua-Dawley Ml exposed 
__________________ ______ on S dayi/wk for 33 wit* _____ ,

Amount metabolised Angiosarcoma inddenot (%)
Concn
(ppm) Pt/4 hr tig (total) Male Female Mean

Expmt
no.

10.000 5647 1.47 x 10* 16.6 43.3 30.0 BT6t
10.000 5521 1.44* 10* 10.0 13.3 11.7 Btl

6000 3403 1.41 x 10* 10.3 33.3 22.0 BT 1
2300 3030 1.3 x 10* 20.0 23.3 21.7 BT 1

300 3413 8.8 x 10* 0 20.0 10.0 BT 1
230 2435 6.3 x 10* 3.4 6.7 5.1 BT 1
200 2129 3.3 x 10’ 11.7 8.3 10.0 BT2
130 1761 4.6 x 10’ 1.7 8.3 5.0 BT2
IOO 1309 3.4 x 10* 0 1.7 0.8 BT2
30 739 1.9 x 10* l.l 7.2 4.2 BR 1.9
23 395 1.0 x 10* 1.7 6.7 4.2 BT 15
to 169 44 x 10* 0 1.7 0.8 BT 13
3 84 2.2 x 10* 0 0 0 BT 15
1 17 4.4 x 10* 0 0 0 BT 15
0 0 0 0 0 0 BTI.2.

9, IS

'After Miltoni n at. (1981).
t Ex penmen! BT 6 ended after only 68 wk. while the real were ell approximately I40wk; therefore 

the percentage of lumoun in BT 6 ii probably low relative to the rest because of the abort latency 
period available.

multistage model by the Food Safety Council (1980) 
and by Gaylor & Kodell (1980) showed that for the 
same I0~* lifetime risk, the Food Safety Council 
estimated the dose as 2 x 10"1 ppm whereas Gaylor 
& Kodell estimated the dose as 5 x 10~4 ppm. The 
difference between these two estimates was due to 
alternative assumptions on the value of the expansion 
of the exponential term used.

In general, calculations based on the amount of 
material metabolized or on human data have pro­
duced exposure values of about I ppm for a I0*‘ 
lifetime risk. All the other studies have produced

exposure values in the ppb range. A large variable 
appears to be the selection of the mathematical model 
applied to the experimental data.

In the following section two models are used to 
calculate the exposure for a I0"‘ risk from a variety 
of experimental animal data applying the. correction 
for metabolism used by Gehring tt ai. (1979).

Calculation of exposure for 10~* risk
A summary of the crude ASL incidence rates for 

inhalation studies in Sprague-Dawlcy rats is given in 
Table 3. Similar data for Wistar rats exposed by

Tiblc 4. Suinnury of quantitative ritk men menu for vinyl chloride monomer*

Reference Species

Exposure for 
10'* lifetime 
risk (ppbt)

By Inhalation
Schncidernun it at. (1975) Rat 71

119
2

Kiumack A McOaughy (1975) Rat, man 14
140-1400

Gehring tt ai. (1979) Rat, mao >1000

Rat <I0->I000
Food Safety Council Rat 20

(1980) 20
2.1 * 10'*
3.9 x 10'*

Anderson tt ai. (1980) Rat. mia >1000
Gaylor A Kodell (I960) Rat 0.7m 0.5
Carlborg (1981) Rat 2.5 x 10'*
Barr (19827 Man >100
This paper (Table 9) Rat 0.025-9.16\

Moum 2 x 10*'* /
Man 0.63-90
Rat 2 x l0'*-2* I0*‘

Mouse 6 x 10-**
Man 0.067-8.14

EPA (1980) Rat
By lagestion

4 rigidly
NAS (1980) Rat 3 x I0*,mg/k|/day
Crump A Guess (1980) Man 0.7|ig/diy

Rat 0.5iig/day
•After Birr (1982). 
tExccpi when stated otherwiie.

Comment!

Probit (dope a. I. Mulct) '
Logit (tlope - 3.43)
Logit (elope - 2.3, one-hit)
Linear through.scro 
Log-probit
Biotraniformation dels included
Linear or log-probit
Depend! on mathematical model tued
One-hit
Aimilage-Doll
Weibull
Multi-hit
DNA binding tued for dosimetry
Upper 97.3V. confidence (unit of linear modal
Armitage-Doll
Weibull
Derived from Barr's negative epidemiology 
Log-probit

Log-probit including biotransfonnilion data for man 
Weibull

Weibull including bioiransformition for man

Food or water 
Water
Applying worker data to water 
Upper 93% confidence limits
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inhalation (Table 5) Tor rats exposed orally (Table 6) 
and for mice exposed by inhalation (Table 7) are also 
presented. Data from experiments with various ex­
posure periods of short duration are given in Table 
8. For calculating the amounts of the dose metabo­
lized in rats in the inhalation experiments, the con­
stants calculated (Gehring ei al. 1978) have been 
applied. For Wistar rats, the K* and V„ values 
derived for Sprague-Dawley rats have been used. 
These estimates of metabolized dose have been in­
cluded in the tables.

For the experiment in which VCM was given by 
gavage, the data from Fig. 2 were used to estimate the 
amount of VCM exhaled unchanged. As the tw for 
exhalation of VCM was 14 minutes, these data based 
on a 72-hour period give a good estimate or the 
fraction of VCM exhaled in the 24 hours between 
doses. It has been assumed that the VCM not exhaled 
was metabolized, an assumption similar to the one 
used for estimating metabolized dose in the in­
halation experiments. Green & Hathway (1975 & 
1977) showed that VCM administered by gavage to 
Wistar rats was exhaled and metabolized in a similar 
manner to that in the Sprague-Dawley rats, and the 
V_ and values derived for Sprague-Dawley rats 
have been used. In the experiments by Feron tt al. 
(1981), who used Wistar rats, the same assumptions 
about Va and IC_ have been made. The quantity of 
VCM administered has been dealt with as if it had 
been administered by gavage.

Fig. 2. Summary of dose-dependent urinary and pulmonary 
excretion of vinyl chloride monomer (VCM). Urinary excre­
tion (•) represents metabolites of VCM, while pulmonary 
elimination (A) is unchanged VCM. [After Watanabe it 

Gehring (1976)].

For mice, the data have been combined in Table 7. 
The estimation of the dose metabolized in mice has 
been calculated using values for V. that have been 
adjusted on the basis that, for a chemical requiring 
metabolism to its active form, the quantity metabo­
lized will be proportional to the body surface area 
and must be expressed in terms of metabolized 
dose/kg body mass. This technique has also been used 
by Gehring et al. (1978) for estimating the dose 
metabolized by man.

Table J. Vinyl chloride date and incidence of hepatic ingioiarcoma in male Wjatar 
nit expoted on 3 dayi/wlt for S2 wk________________________________ ________

Concn
(ppm)

Amount metabofind
1 Angiosarcoma 

incidence (%)
EUpmt

no.pg/4 hr HI (foul)
10.000 3521 1.4 x 10* 29.6 BT7

6000 5403 1.4 * 10* 11.5 BT7
2300 5030 1.3 * 10* 12.0 BT7

500 3413 S.I a 10’ 10.7 BT7
250 24)3 6.3 * 10* 3.7 BT7

30 739 1.9 u 10* 0 BT7
1 17 4.4 x 10' 0 BT 17
0 0 0 0 BT7. 17

Table i. Vinyl ehlondc (VCM) dote and incidence of hepatic angiosarcoma in rail |iven VCM by gavage or ingetlion

Dote
(ntg/kg)

Amount
exhaled*

(V, o( dote)

Amount mcuboliicd Angiosarcoma incidence (V.)
Eipmt

no.H g/doict PI (total) Male Female Mean
50J 30 6230 1.6 x 10* 20 22.5 21.2 BT II

16.63 35 2705 7.0 x I0‘ 10 15.1 12.5 BT II
3.33 10 730 2.0 x 10' 0 0 0 BT II
1.0 2 3245 7.26 x 10* 1.3 2.7 2.0 BT27J
0.3 1.7 74 2.16 x 10* 0 1.4 0.7 BT 27

• 0.03 1.4 7.4 2,16 x 10* 0 0 0 BT 27
0 — 0 0 0 0 0 BTII, 27

300| so 15,000 6.2 * 10* 49 3) jn
14.11 12 2390 1.63 x 10* 49 16 32 Feron
5.0 16.5 1040 7.23 x 10* 10 4 7 a el el.
1.7 2 420 2.9 x 10* 0 0 0 (1911)
0 69 0 0 0 0 oj

'Calculated from data derived from Wtlanabe A Gehring (1976) prevented in Fig. 2. 
tAiaurning a 2J0-f tat.
JSpngue-OiwIey rata doted by gavage with VCM in com oil 3 timet/wk for 32 wk. 
(BT27 doted far 39 wk.
I Witter tau used al coouola by Fcroe n at. (I9g|) and doted for S3wk.
1 WUtar rau receiving a diet containing VCM dissolved in PVC.
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Table 7. Vinyl chloride dme end incidence of hepatic uigioiereoroe in mice

Concn
(ppm)

Amount mxlebolixed Anpoiarcoma incidence (%)

jtg/4 hr PI (total) Male Female Mean no.

10.000 11.243 l.7x 10* 3.1 30 17.1 BT 4*
6000 11,007 1,7 k 10* 6.7 36.7 21.7 BT4
2300 10,246 1.3* 10* 20.7 33.3 27.1 BT 4
1000 8699 3.4 * 10* 39.4 50.0 44.7 hm tl ai.1
300 6932 1.0 x 10* 20.0 26.7 23.3 BT 4
230 4959 7.4 * 10* 30.0 30.0 30.0 BT 4
230 4959 7.4 x 10* 24.0 47.0 36.3 Lae tl n/.t

30 1306 2.2 x 10’ 3.3 0 1.7 BT 4
1 1306 3.9 x 10’ 10.3 0 5.2 Lee fi al, t
0 0 0 0 0 0 BT4* Uatitl.

*Sw»i m«e. Sl-wk experiment. doted for JOwk.
tCD, mice. 52-wk eaperimem, 6hr/day cxpoiute (Lee tl at. 1978). The*: ittulii have noi been 

included in the calculation! for Table 9 became the eaperimenial dcaifn incorporated interim 
killt.

Thus:
„ , 0.011 mJV, (mouse) — V„ (rat) x

-5706„g/4hrx^

- 1395 ti g/4 hr

The values or 0.045 m] and 0.011 mJ are the body 
surface area of a rat and a mouse, respectively. Since 
toxicity is a function of the concentration of the toxic 
metabolite in the tissue, the amount transformed 
must be normalized for mass to estimate an equiv­
alent response. Thus V„ must be adjusted on the basis 
of the body weights of a rat (0.25 kg) and a mouse 
(0.03 kg) by dividing by 0.03/0.25 - 0.12.

The V„ for the mouse on a mass-equivalent basis 
is therefore:

1395
— - 11625 F8/4hr

This value of V„ has been used in calculating the total 
amount of VCM metabolized (Table 7).

From the variety of models (or mathematical ex­
trapolation techniques) used for low-dose risk extra­
polation (Table 4), an arbitrary choice of models has 
been made to test the robustness of the extrapolation 
from the different animal studies.

A log-probit analysis of the dose that would be 
expected to produce a lifetime risk of ASL of 10"* is

presented in Table 9. This calculation can be earned 
out on the basis of the concentration inhaled, the 
daily dose metabolized or the total quantity metabo­
lized during the whole experiment. There is a wide 
variation in the estimated dose depending on the 
database used for the calculation. The largest vari­
ation between doses derived from the rat experiments 
is 360-fold (0.025 ppb p. 9.1 ppb) when exposure in 
ppb is considered, but this decreases to 100-fold for 
other estimates of dose. The results from mice are 
substantially lower when expressed in ppb 
(2 x 10“15 ppb) but the difference is less for other 
expressions of dose.

Similar calculations of the dose expected to give a 
10'* lifetime risk of ASL have been based on a 
Weibull analysis (Table 9). This is a more ‘conserv­
ative’ mathematical model and the estimates of dose 
are accordingly lower. The variation in estimates of 
dose is, if anything, larger than that observed with the 
log-probit analysis (for example, a 10'1 difference 
between the. S values derived from Wistar and 
Sprague-Dawley rats). The doses for mice are so 
much lower than those calculated for rats or man that 
the assumptions used in their calculation must be 
suspect.

A further calculation to derive the human dose 
likely to produce a risk of 10~* is given in Table 9 (S 
calculated for man). These calculations are based on 
a V„ for man of 1675 /rg/8 hr based on corrections for 
body surface area and mass. The values are substan-

T«bl« I. Vinyl chloride (VCM) doie end hepciic antiotareome incidence in Sprafue-Dewley nu expend lo VCM by
inheleiion

Concn
(ppm) Schedulet

Amount metabolized! Anfioiarcoma incidence (•/-)
- Ex pnt 

no.dote* p 1/4 hr Pt (total) Male Female Mean
10,000 I 260 5521 1.4 x 10* 10 13.3 11.7 BT 1
10.000 II S3 3521 4.7 x 10’ 0 0 0 BT 3
10.000 III 25 5521 1.4 x 10’ 1.7 0 0.8 BT 10
10.000 IV 100 1379 1.4 x 10* 1.7 0 0.1 BT 10
10.000 . V 25 5521 1.4 x 10* 0 1.7 0.1 BT 10

6000 1 260 5403 1.4 x 10* 10.3 33.3 22.0 BT 1
6000 It 85 5403 4.6 x 10* 0 3.3 1.7 BT3
6000 III 23 5403 1.4 x 10’ 0 0 0 BT 10
6000 IV too 1350 1.4 x 10’ 3.4 1.7 2.3 BT 10
6000 V 25 5403 1.4 x 10* 0 1.7 0.1 BT 10

•After Meltoni tl al. (1911).
tSeheduin: (—4 hr/dxy, J dxyi/wk for 32 wk; II—4 hr/day, 3 d»yi/wk for 17 wk; III—4 hr/d»y, 3 diyi/wk for 3 wk;

IV—I hr/dey, 4 deyi/wk for 23 wk; V—4 hr/dey, I dey/wk for 23 wk. 
tAmount mciebotized (v) in 4 hour derived from the formula: V (p (/hr) - V. x S/K_ + S where V_ ii 4/6 of the * hr 

value.
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Table 9. Quantitative risk estimations derived from available animal carcinogenicity dais and expressed as the amount or concentration of vinyl chloride 
calculated to five a lifetime risk of ASL of 10'* either on the basis of log-probil analysis or a WcibuJI distribution

Table
no. Experimental data

Exposure 
for rodents 

<$ ppb*)

Amount metabolized 
in 6 hr by rodents 

{V ii(/6hf)

Total amount metabolized 
by rodents 
(TM mg)

Exposure {ppb} 
calculated from V 

(S calculated for man)t

4 S-D rati, inhalation 001J
Leg-proMl analysis}

1.23 0.301 0.6]
1 Wular rats, male only, 

inhalation 9. It i» 39.3 90
6 Rjti, infation—WitUr lx 10-' m*/k* 0.69 mg/dose 2.27

—S-D 9 x 2.19 mg/dose 0.2 —

J|
—both*

'Mice, inhalation
6 x 10"* mg/kg

2 x 10-'*
1.70 m|/doK

0.60
ots
0.006] 001

4. s Wistar and S-D rats 
combined, inhalation 0 038 1.41 0.11 0.72

t S-D rats, short-term inhalation — 0.004 2.16 —

4 S-D rats, inhalation 2 x 10-'
Wdfattl 4htrlb>llMt

0011 0 0012 0.067

j
Wistar rats, mate only, 

inhalation 2 x 10-’ li.T 161 1.14
t Rati, intcation—Wittar 9 x I0‘“in*/k| Jx 10‘mt/doK 0.0002

T|

-S-D 
—bolhf

Mice, inhalation

4 x I0 ‘m(/Vf
2 x IQ~*tit|/kg

6 x 10“

0.11 m|/d«e
0.001 mg/doac 
,lx 10*

0 001
00011

2x 10 ’ 1 x 10 ’
4,1 Wistar and S-D rats 

combined, inhalation 6x10'* , 0.0172 00042 0009
1 S-D rats, short-term inhalation “ lx »-* 0.19

. ASL “ Angiosarcoma of the liver S-D ■ Sprague-Dawtey
*Excepl where stated otherwise.
fEiposurc calculated from V (in column 3) using the formula: S - V x 860/1675 — V, where Va for man is 1675 pg/t hr. 
lEstimaled using maximum likelihood. 
fWistar and S-D rats combined.
IStudy BT 4 only.

■o\j*
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daily higher than those calculated for the rat and 
mouse and there is still a range of over 100-fold in the 
estimates derived from the different rodent experi­
ments. When this amount of variability occurs in the 
extrapolation of the risk of low-dose exposure to 
VCM based solely on different experiments in the 
same species, the reliability and hence the utility of 
these procedures is open to question.

The general relationship between the dose adminis­
tered and the incidence of angiosarcomas derived 
from 52-week exposure does not apply to exposures 
of shorter duration (Table 8). In all experiments a 
total metabolized dose in excess of 5 x 10’ pg was 
required to produce an incidence of angiosarcoma in 
excess of 1-2%. This relationship was seen in both 
rats and mice and in experiments in which VCM was 
administered by gavage or by inhalation. In long­
term inhalation studies, a total metabolized dose of 
5 x 10’ pg is equivalent to about 200 ppm adminis­
tered over 52 weeks and represents a practical thresh­
old for this series of experiments.

In conclusion there is a wide variation in the 
estimates of dose for a 10"* lifetime risk. This vari­
ation is due to the type of mathematical model that 
is applied, to the assumptions that are made and to 
the particular experiment that is used to provide data 
for the extrapolation. A high level of confidence 
cannot be placed on low-dose extrapolations when 
variables that would not be expected to alter the 
expression of risk have a profound effect on the 
estimated risk. In addition, the interspecies extrapo­
lation from experimental animals to man is largely 
intuitive. It is dear that estimates of risk should take 
into account all available data, including epi­
demiology, to provide a degree of reliability.

Risk assessment from human studies

Register of ASL cases
Since 1974, lists of reported ASL cases attributable 

to VCM exposure in the VCM/PVC industry have 
been kept by NIOSH (Spirtas & Kaminski, 1978), 
by IARC and by the VCM Committee of the 
Association of Plastics Manufacturers in Europe 
(APME). Details of 99 cases in the APME register at

Table It. guttering of ASL am in Individual PVC plante

near No. of
OO, Country ASL cute

i
WrtttfiliMfa
Watt Germany to

2 Wot Germany 4
) Wctt Germany 2
4 Wctt Germany 2
1 France 3
2 F ranee 3
3 France •2
I UK 3
2 UK 2
i Sweden 3

Toul... 42

1
Norik Aoirkt 
Canada 10

i USA 11
2 USA »
3 USA 4

Total.. 34

1
Rot ef Wold
Japan 2

1 Yu (Oil* via 4
t Cnchotlovekia 2

Total... t

'For the purpowi of this cue study, it is (tot naeceSary to idnuify 
the prucue ownership end location of these pUnu.

the end of 1982 have been analysed by country and 
by manufacturing company and plant.. The cases 
have been recorded from all major VCM/PVC manu­
facturing countries (Table 10), but the incidence has 
not necessarily been in proportion to the PVC pro­
duction capacity now or prior to 1962. In the absence 
of data on the number of workers employed, pro­
duction capacity is the only available indication of 
the numbers of people potentially exposed.

The majority of the ASL cases are PVC autoclave 
cleaners or men who have worked in or around 
autoclaves. There are ASL cases among men who 
manufactured VCM and a few cases were involved 
both with monomer and with polymer production. 
Only one case suffered from both acro-osteolysis and 
ASL. The ASL cases tended to occur in larger 
numbers in some plants than in others (Table 11). Of 
the total of 39 ASL cases recorded in North America, 
34 have occurred at four PVC plants, while over 40

Tible 10. Dittribution of ASL cum by country

PVC production nameplate capacity 
(kiloionncs/yr)

Country ASL cases 1932 1962 1972
USA 29 193 704 2090
Wen Germany. 21 22 260 1133
France 14 11 176 627
Canada 10 3 22 SS
UK 7 27 177 302
Sweden 3 3 20 103
Yugotlavia 4 3 S 60
Italy 3 9 212 77S
Ctachoelovakia 2 1 23 41
Japan 2 12 3S4 1699
Bel|ium 1 3 23 193
Norway

Total...
1

99
2 20 63

Weetem Europe 32 12 931 3930
North America 39 I9S 726 217S
Rett of World 1 31 709 3334

Tout,.. 99 331 23S6 9462
ASL — Anfiotartoina of the liver
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Tibi* II. A5L cm* number* by y*«f of d**th ind nwgraphial location (radudini tTOI*)

Year
of

death

ASL curat in:

Western Europe North America Rrat of (Arid publication*

1935 Cl .
7
I

C2

9
I960

1 uss
2
i

C3

4
5

USS Ci2

6
7 FI
s C4. C3. US4, US7. USIO
9 Gl US 12. USI6

1970 S«l US II Viola
1 G2 C6. US2
2 NI,Sw2. UKI. U2 C7
3 03J CS. USI. US3. US23 Yl. Y2. C*l Maltoni
4 04. G5, UK] C9. USI3 Creech A
5 F2, F3. G6. G7. GS. H3 USi. US9. USlt, US26 Japl Johnson
6 Bl. F4. FJ. F6. F7, Sw3 USI9, US20, US22 Jip2. Y3
7 FS. F9, GIO, Gil. GI2. Sw4 CIO. US2I. U$24{
S FIO. Fll, G9. GI3. GU.

GIO. GI7 US27, US2S Y«
9 FI2. FI3. UK4. UK5, CIS

1910 UK6. UK7. GI9. SwJ, G20,
G21 US 17. US29, US30. US32

t U4. F14. UKI. G22

Total.. 32 381 8
ASL - Angiosarcoma of the liver

'Italian cue 01 wu noi a typical ASL; hit primary tumour wa* probably of the pericardium. Thia man was 
cniaped in tatniaion of PVC aacka.

18 * Belgium. G *■ W. Germany; Sw <. Sweden; C ■ Canada; It ■ Italy; UK - United Kimdom; Cl — 
Cachoalovakia; Jap “ Japan; Y - Yuioalaria; F m France; N ■ Norway; US m USA. Thua G9 - caae 
do. 9 in Weal Germany. Cases UK2, GI4, USI4, USI5 and US25 were shown not to be aaaociaied with 
VCM exposure and hence withdrawn from the lilt.

{Aerosol can filler.
{Cholanpiotarcoma.
iDoci not include US31 (still alive).

North American PVC plants have not recorded an 
ASL case so far.

The average latent period between starting work in 
an occupation involving VCM exposure and death 
from ASL for the 99 cases is 21.9 years (in France, 
Sweden and the USA between 24 and 25 years, in 
Germany about 18 years). It is still too early to 
predict whether the annual number of ASL cases 
amongst VCM workers has reached a peak. ASL 
cases appeared earlier in North America than in 
Western Europe and while the occurrence is tending 
to decrease in North America (Table 12), it is still 
high in Western Europe.

On the basis of the data in this case register, it is 
possible to draw certain conclusions about risk fac­
tors associated with ASL. The large number of ASL 
cases in some factories and the absence of ASL cases 
in others of similar age indicates that variations in 
manufacturing practices between factories may be the 
cause. These variations may reflect both differences in 
the types of job carried out by individual workers and 
differences in engineering practices. The bulk of the 
cases have occurred, however, in highly exposed 
autoclave cleaners, with relatively few in other PVC 
or VCM production jobs. So far no well- 
authenticated cases have occurred in PVC com­

pounding or fabrication where many more people 
have been exposed but to a much lotyer dose.

Prediction of future ASL cases as a consequence of 
pre-1974 exposure

The causal relationship between VCM and ASL is 
proved beyond doubt by the specificity of the tu­
mour, the high relative incidence of that tumour in 
highly exposed workers, the consistency of the excess 
in different pans of the world, the time relationship 
between exposure and diagnosis and the dose- 
response relationship. An intensive analysis of the 
pre-1974 cohorts should establish the dose-response 
curve for ASL after VCM exposure and predict the 
likely outcome for the future.

It will be impossible to collect a complete data set 
on which to calculate risks of ASL for the whole 
world, but within a single company there may be 
closer definition of the cohort, the number of cases 
and the pattern of exposure. Using these data and 
averaging across the worldwide population exposed 
to VCM, it is possible to calculate the future inci­
dence of ASL using relatively crude assumptions 
which can only be tested in time when the prediction 
can be judged against the final outcome.
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Tabic 13. ASL cm* number! by y*xr of Ant cxpoiun »nd gcognphicml location (excluding IT0!*)

Ycxr of ASL caMit in:
Keyfint

esposure Wcitcrn Europe North America Rat of world rvenu

1939 US24|
40

1 Frll C3. US27 -
2 US 13. US29
1 FrH C2, USI9
4 UKI Cl. CJ. US5. US7, U52I
s Sw2 C4, US3, US9
i Frl, Fr3, Sw4 C7. C9.USS.USII. US2I,

US3I|
7 Sw] C«. US22, US26
t F(9 USI
9 Frll. Fr4 USI2

1950 Ff7, Nl. UKI USIt Y2.Q2
1 Swl, UK5 USI0, US32
2 G3 US4
3 GI5, H3 CIO Jipl, YI
4 G7. GS. UK4, G19 USIS Y3
5 Gil. Git, GIS US2, USI7. US20
t FrIO, Gl
7 FrS, G«, IQ. G2 Cxi
s Frt. Bl US23 JtpZ. Y4
9 Fr2, Il4

I960
1

G5. 013
G9. GI0, GI2. GI7.

G20, G22 Cl
2 Gt. UKt. G2I USt
3 Frl3. UK7
4 Swl US 30
j Fr5
6 UK3
7
S
9

1970
1

Viol*

2
3 Mxltoni

Totxl... 32 39 t

ASL — Angiourcomx of the liter
•ItOI it not comment with other ASL cuee; the pnmery tumour may have been of the pericardium. The 

man extruded PVC ucki. 
tFor explanatory key, aee Table 12. 
jCholan|iourtoma.
(US21 it uill alive. 
lAeroiol can tiller.

The data required are:

(1) Annual populations of employees classified 
by age;
(2) Annual exposure estimates for each person 
in (I);
(3) An exposure-response latency model for ASL 
induced by VCM.

The data under item (1) are available in the UK as 
a result of the data extracted from the relevant 
occupational records (Fox & Collier, 1977). Exposure 
data for item (2) are more difficult'to obtain, but can 
be gleaned from the records that are used to define 
the occupational population. The problem of oc­
cupation changing, which occurred frequently, has 
been dealt with by using the principal employment 
category or the highest exposed employment cate­
gory. The estimation of time-weighted average ex­
posures for the least exposed employees is straight­
forward, as the exposures were essentially continuous 
and constant, but for autoclave cleaners, mainte­
nance workers and laboratory workers, exposures 
could vary, from xero to near narcotic levels. In the 
calculations described below, it has been possible to

avoid using the exposure data directly by relying on 
the similarity in exposure levels in differing locations. 
The exposure/response/latency data indicated under 
item (3) can be derived from established cases.

The key data for these procedures are the set of 
cases worldwide, together with the descriptive data 
Gables 12-14). It has been possible to calculate an 
incidence rate for each latency period for each ex­
posure level for each age group (on the basis of the 
UK data nnd assuming that it is representative of the 
worldwide population) and to use these rates to 
derive a simple model of dose-response latency that 
can be applied to the population data. The broad 
conclusions are that most cases have a latency of 
about 20 years and cases will continue to occur for 
the next 10 years.

In the calculation used to estimate the future 
number of ASL cases (Table 13) an assumption has 
been made that when exposures were reduced to low 
levels, the future risk of ASL became negligible. Two 
dates at which the negligible risk levels were attained 
have been selected: 1964, when levels were reduced 
to hundreds of ppm and 1974 when the levels were 
reduced to below 10 ppm following the discovery of
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Table 14. Annual incidence of A$L aw (data of death) by seographical ana

Year

No. of ASL am dying in:

Waters
Europe

North
America

Rat of 
world

Annual
total

Cumulative
total

Key 
• events

1955 1 1 1
7 1 1 2

1961 i 1 3
i 1 1 4
4 1 1 2 6
7 1 1 7
I 5 5 12
9 1 2 3 15

1970 1 1 2 17 Viola
1 1 2 3 20
2 4 1 s 25
} i 4 3 8 33 Milloni
4 3 2 5 38 Goodrich
5 6 4 1 II 49
6 6 3 2 II 60
7 6 3 9 69
I 7 2 ] 10 79
9 5 5 84

I9S0 6 4 10 94
1 4 • 4 98
2t 0 0 0 0

Total... 52J 38* • 8 98* 98*

ASL • Angiosarcoma of the liver 
*Doca not include US3I (still alive in 1912). 
tAi time of tonpibiioD.
tInclude! GO) (aeroiol can filler) but omit! ItOI (bag extruder).

the association between ASL and VCM exposure. A 
hypothetical exposed population of 100,000 has been 
used, but this is unimportant (see (a) below). An 
estimate of the age distribution within the hypothet­
ical ‘total' exposed population of 100,000 has been 
based on UK data (Fox & Collier, 1977). For persons 
already exposed during the whole of the various 
latent periods, the numbers with a latency of 30 years 
or more form only a small proportion of the total. 
The numbers of persons at risk in the future are 
calculated by advancing time in 3-year periods taking 
account of the age-dependent death rates in the 
population at large. Death rates for an intermediate 
year for the male population of England and Wales 
have been used in this calculation and the future cases 
(column 10) have been obtained by multiplication. 
The incidence figures for long latent periods (>25 
years) are unreliable or non-existent but those for 
latencies of 13-23 years arc fairly constant and values 
of 0.3 and 0.8 cases/1000 persons have been used for

all latency periods over 13 years to calculate the 
expected number of cases for the 1964 and 1974 
assumptions.

The calculation is unrealistic in many respects but 
the simplifications are unlikely to affect the estimate 
of future cases by more than a small factor. For 
example:

(a) The population size used for the calculation 
* is probably larger than the exposed population,

but the calculation depends on the ratio of 
“person-years to come" and “person-years ex­
perienced" and this ratio is the same for any 
population size.
(b) Exposure level has been ignored. The calcu­
lations are based on the overall risk to the 
cohort and although the incidence figures for 
sub-cohorts could be higher, the estimate of 
future cases will change very little. Similarly 
duration of exposure has been ignored.

Table IS. Hypothetic!) calculation of future ASL caaet u»in| two different auumptioni about tnc data at which the leveli became free of 
'____________________________________________________ rnk____________

Calculation! assuming no rilk after 1964 Calculation! auumint no risk after 1974

Future Future
Latency

<yr)
Caici

to date
Person! at 

_ risk to due
J-yr

incidence
persons 
at risk

Future
case*

Person! at 
risk to date

5-yr
incidence

persona 
at risk

Future
cases

1-5 0 100.000 0.00 0 0 100.000 0.00 0 0
6-10 1 98.250 0.01 0 0 94,500 0.01 3750 0

IMS II 95,500. 0.12 0 0 78.000 0.14 17.500 2
16-20 28 84,750 0.33 6750 2 46,500 0.60 45.000 27
21-25 28 61.400 0.46 24.550 11 28.750 0.97 57.200 57
26-30 18 36.750 0.49 41.750 20 18.750 0.96 59.750 57
31-35 6 21.250 0.28 48,100 13 10.850 0.55 58.500 32
36-40 6 6750 0.89 51,750 46 3500 1.71 55.000 94
4M5 0 600 7 45,750 7 310 * 46.350 *
46-50 0 0 ? 34,500 7 0 * 34.500 *
51- 0 0 * 47.600 7 0 •» 47.600 7
16- * 0.50 300.750 150 0.80 403.900 323

For detail! of the auumptioni and method! « teat (pp. 197 A I9S).
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(q) The UK is nol typical of the worldwide 
growth in the exposed population.
(d) No account has been taken of plant im­
provements occurring prior to 1964 and hence 
fewer cases may occur in, for example, the 
1980-2000 period than are estimated from the 
1940-1980 experience.

An assumption that the risk of ASL ceased in 1964 
rather than in 1974 results in a considerable reduction 
in the estimate of future cases. For either assumption, 
the number of new cases observed annually should 
soon begin to decline and the rate of decline will 
indicate which assumption is nearer to the truth.

There have been two other predictions of the 
number of cases of ASL likely to result from previous 
exposure to VCM. Nicholson et al. (1984) suggest 
that there will be a further 1500 cases of ASL, while 
Forman et al. (1986) conclude that a further 150-200 
deaths might be expected over the next 30 years. Our 
estimates rely on a more sophisticated model than the 
latter estimate and on a larger data set than the 
former. Nevertheless, the conclusions of Forman et 
at. (1986) are similar to ours. Only the experience of 
the next few years will show which is the best 
estimate.

Summary and conclusions

There is little doubt that exposure to high levels of 
VCM as a consequence of occupation can result in an 
increased incidence of ASL. A review of 20 epi­
demiological studies involving about 45,000 workers 
occupationally exposed to VCM showed that neo­
plasms of the liver showed an increase in incidence in 
the majority of studies. For brain cancer the associ­
ation between exposure to VCM and an increased* 
incidence was less clear because of the lower relative 
risk. Neoplasms of the respiratory tract, digestive 
system, lymphatic tnd haemopoietic system, buccal 
cavity and pharynx, cardiovascular system and 
colon/stomach were reported to show an increased 
incidence in one or more studies, but to show no 
increase, or in some cases a decrease, in incidence in 
other studies. In view of the increased incidence of 
breast neoplasms in rodents exposed to VCM. the 
studies of Chaizze et al. (1980), who did not confirm 
these findings in humans, are of importance.

The register of ASL cases now contains records of 
99 persons with confirmed ASL and occupational 
exposure to VCM. The average latent period between 
first exposure to VCM and death from ASL is 21.9 
years. The majority of cases occurred' in autoclave 
workers, who'are recognized as having been exposed 
to extremely high levels. Although precise estimates 
of exposure are not available for the periods of most 
interest, the pattern of cases roughly suggests that 
extremely high exposures were necessary for the 
induction of ASL. For example, ASL cases tended to 
occur in larger numbers in some plants than in others, 
a finding that can be explained most easily by 
differences in exposure patterns.

There is an extensive series of animal studies on the 
carcinogenicity.of VCM. Some of these precede the 
epidemiological studies confirming the association

between VCM exposure and ASL in man. ASL and 
neoplasms of a number of other organs have been 
induced in laboratory rodents by VCM. Estimation 
of the exposure levels likely to cause a lifetime risk of 
ASL of 10** on the basis of these data give extremely 
low levels (down to 3.9 x 10"’ppb) which appear to 
be unrealistic estimates for man. Part of the reason 
for this is that laboratory studies have shown that 
VCM is metabolized in the liver (and elsewhere in the 
body) to the reactive metabolites chloroethylene ox­
ide and chloroacetaldehyde. The rate of conversion, is 
limited at high levels of exposure giving inaccurate 
estimates of the slope of the dose-response re­
lationship. U has not been possible to estimate the 
rate of conversion in man, and hence extrapolation of 
these low-risk dose estimates is conjectural. The 
second part of the problem of extrapolation at low 
risk is the selection of the most suitable mathematical 
model for extrapolation. Using Maltoni's data from 
rats (Maitoni et al. 1981), there is a substantial range 
(up to I01) of low-risk dose estimates, depending on 
the mathematical model and the assumptions used in 
applying the models. Using the same (probit and 
log-dose) model and different sub-sets of experi­
mental data, a large range of estimates is again 
obtained, even after correction for the non-linear 
kinetics of metabolism at high dose (which reduces 
this range to about 1(F). Larger differences are 
obtained with calculations using the Weibull analysis 
as a basis of low-dose estimation, suggesting that this 
is a problem with the use of mathematical models 
rather than one associated with the log-probit anal­
ysis. Although there was considerable variability in 
the dose-response relationship in the different experi­
ments reported, in all cases a total metabolized dose 
of 5 x lO’pg (equivalent to inhalation of 200 ppm) 
was required to produce an elevation in ASL inci­
dence. This dose represents a practical threshold in 
rodents. At this stage in their development, mathe­
matical models for low-risk dose estimates are not 
sufficiently reliable or reproducible to engender 
confidence in their use. ,

Using negative epidemiological studies of popu­
lations living in the vicinity of VCM production 
facilities, an estimate of the dose for a 10'* lifetime 
risk in man may be made (Barr, 1982). The value 
(100 ppb) is similar to the highest estimates derived 
from animal data and taking biotransformation 
data into account, is substantially larger than the 
lowest estimates, which are up to 10'° lower 
(3.9 x I0~’ppb using a multi-hit model). The higher 
estimates are compatible with occupational experi­
ence and suggest that the current hygiene standard of 
around 1 ppm is sufficiently low to protect the health 
of VCM/PVC workers. The estimates also give a 
considerable safety factor for the general public 
consuming PVC-packed food and drink or living 
near VCM/PVC facilities.

It has been possible to provide a crude estimate of 
the number of cases of ASL that may occur in the 
future from exposure to VCM prior to 1974. Using 
the age structure of employees in one company, the 
total number of cases of ASL reported to date and 
the mortality pattern expected from a normal popu­
lation, the possible future number of ASL cases has 
been estimated as in the region of 150-300.
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