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ABSTRACT
Objective To evaluate mortality risks of angiosarcoma 
of the liver (ASL), primary hepatocellular carcinoma 
(HCC) and other cancers among 9951 men employed 
between 1942 and 1972 at 35 US vinyl chloride (VC) or 
polyvinyl chloride plants followed for mortality through 
31 December 2013.
Methods SMR and time-dependent Cox proportional 
hazards analyses were used to evaluate mortality risks by 
cumulative VC exposure.
Results Liver cancer mortality was elevated (SMR=2.87, 
95% CI 2.40 to 3.40), and ASL and HCC were strongly 
associated with cumulative VC exposure ≥865 parts per 
million-years (ppm-years) (ASL: HR=36.3, 95% CI 13.1 
to 100.5; and HCC: HR=5.3, 95% CI 1.6 to 17.7 for 
≥2271 ppm-years). Excess deaths due to connective and 
soft tissue cancers (SMR=2.43, 95% CI 1.48 to 3.75), 
mesothelioma (SMR=2.29, 95% CI 1.18 to 4.00) and 
explosions (SMR=3.43, 95% CI 1.25 to 7.47) were seen. 
Mortalities due to melanoma, brain cancer, lung cancer 
and non-Hodgkin’s lymphoma were not increased or 
associated with VC exposure.
Conclusion The association between VC and ASL 
first reported in this cohort 44 years ago persisted and 
was strongest among workers most highly exposed. 
VC exposure also was associated with HCC mortality, 
although it remains possible that misdiagnosis of early 
ASLs influenced findings.

INTRODUCTION
Three cases of angiosarcoma of the liver (ASL) 
diagnosed in 1974 among polyvinyl chloride (PVC) 
reactor cleaners at the BF Goodrich facility in Louis-
ville, Kentucky1 2 prompted an epidemiological 
investigation of more than 10 000 men employed 
before 1972 in the US vinyl chloride (VC) industry 
(plus one Canadian facility).3 4 Mortality for this 
cohort was updated through 19885 and 1995,6 
each update indicating elevated mortality from 
ASL. Associations between VC exposure and brain 
cancer,6–9 malignant melanoma,10–12 lymphatic and 
haematopoietic malignancies (LHM)7–9 and soft 
tissue sarcoma6 have also been reported.

The early reports in the US cohort estimated 
maximum level exposed for >12 months (classified 
as high, medium or low) and an exposure index4; 
later evaluations used length of exposure, latency, 
age at first exposure, calendar year of first exposure 

and type of products as exposure surrogates.5 6 
Other early studies of workers exposed to VC used 
history of reactor cleaning and duration of employ-
ment as surrogates for intensity of exposure and 
cumulative exposure, respectively.4 13 14 However, 
none quantitatively estimated VC exposure for each 
cohort member.

A European multicentre study estimated indi-
vidual quantitative exposures to VC among 12 700 
male workers at 19 factories in four countries,15 16 
and specifically examined the exposure–response 
curve for VC and ASL. This study also reported an 
association with hepatocellular carcinoma (HCC). 
Cumulative exposure estimates were used to eval-
uate mortality risks of HCC17 and cirrhosis of the 
liver18 in a subcohort of the European multicentre 
study. Whether and at what levels VC exposure 
might cause HCC were debated.9 16–18 Because most 
studies lacked histopathological evidence,19 associa-
tions seen with non-ASL liver cancer and soft tissue 
sarcoma may reflect underdiagnosed and/or misclas-
sified ASLs.20 In 2007 and 2009, the International 
Agency on Research in Cancer (IARC) evaluated the 
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What this paper adds

 ► Although exposure to high concentrations of 
vinyl chloride (VC) is an established cause of 
angiosarcoma of the liver (ASL), few studies 
have explored the shape of the exposure–
response curve.

 ► Updating mortality through 2013 of the US 
industry-wide vinyl chloride cohort identified 
excess mortality due to hepatocellular 
carcinoma (HCC), and the relative risk 
increased with increasing exposure to VC, 
showing similar patterns to ASL.

 ► No clear exposure–response relationships 
were observed for mortality from other 
cancers, including lung cancer, brain cancer, 
non-Hodgkin’s lymphoma or melanoma.

 ► Risks of ASL and HCC were only elevated 
among workers with very high estimated 
cumulative exposures, that is, over 1000 
parts per million-years, and after long latencies 
(median latency was 36 and 48 years, 
respectively, for ASL and HCC).
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carcinogenicity of VC and determined that VC causes HCC as well 
as ASL.19 21

This paper reports mortality updated through 31 December 
2013 for men engaged in the manufacture of VC or PVC resin 
at any of 35 factories in the USA. The objectives were to eval-
uate exposure–response relationships for mortality from ASL 
and HCC, based on quantitative VC exposure estimates for each 
cohort member.

METHODS
Cohort definition
Details on the enumeration of this cohort have been published.3 

4 The original cohort included 10 109 men employed for at least 
1 year before 1972 at any of the 37 factories in the USA, plus 
one factory in Canada.3–6 We restored more than 1300 cohort 
members previously lost to follow-up.6 In addition, we identi-
fied the earliest dates employees separated from each facility as 
an indicator of complete record-keeping (facility enumeration 
date, which ranged from 1942 to 1968 for the 37 facilities). For 
the current update, we excluded 158 workers: 45 from a single 
facility located in Canada and for whom vital status could not be 
searched; 85 from a single small monomer factory, nearly half 
of whom lacked personal identifiers necessary for follow-up; 
and 28 determined to have left employment before the facility 
enumeration date. This left 9951 workers from 35 facilities, 
hereafter called the ‘full’ cohort. In addition, we analysed an 
‘inception’ subcohort of 7273 workers, excluding 2678 workers 
actively working on the facility enumeration date. We further 
analysed an inception subcohort of 6701 cohort members by 
restricting follow-up to workers alive as of 1973 (excluding 
443 deaths and 129 lost to follow-up). Comparing results 
across subcohorts allows examination of potential selection and 
survival bias as compared with the full cohort, which included 
many workers hired 10 or more years earlier and surviving to the 
facility enumeration date.

Exposure assessment
Individual VC exposure estimates were derived for each cohort 
member for this update. The exposure assessment and recon-
struction are described in detail in the online supplementary 
text. Briefly, job and department assignments were used to assign 
each cohort member to similar exposure groups (SEGs) for PVC 
or VC operations. The SEGs for PVC operations were close 
contact polymer operations, polymer finishing operations, labo-
ratory, maintenance and support, and administration and super-
vision. The SEGs for VC operations were monomer rail or tank 
car operations, monomer production, maintenance and support, 
laboratory, and administration and supervision. Cumulative 
exposure was calculated by multiplying summary VC concen-
trations from facility-specific and calendar-specific job exposure 
matrices by duration of time in the SEG and summing these over 
the work history for each cohort member.

Vital status ascertainment
Vital status was updated through 31 December 2013 by searching 
databases of the US Social Security Administration (SSA) and for 
deaths occurring since 1979, the National Death Index (NDI) of 
the US National Center for Health Statistics (NCHS). For deaths 
prior to 1979, and for uncertain NDI matches, we requested 
death certificates from state vital statistics offices. We addition-
ally performed online genealogical research and confirmed iden-
tity and date of death via death certificates, as needed. For deaths 
occurring since 1979, we used the NDI-coded underlying cause 

of death. We also obtained death certificates where the NDI 
cause of death code was consistent with liver cancer, connective 
and soft tissue cancer, or unknown cancer to identify the most 
specific underlying cause of death. Prior to the 10th revision of 
the International Classification of Diseases (ICD) (before 2000), 
ASL was reported on death certificates as ‘liver cancer’ (eg, 
ICD-9 155.0 or ICD-9 155.2). When not coded on the death 
certificate, underlying cause of death was coded by a nosologist 
according to ICD-9. We also reviewed cases reported to a world-
wide ASL register maintained by the European Council of Vinyl 
Manufacturers.22 As of 2011, the register included 234 ASLs, 60 
of which occurred in the USA; however, the extent of coverage 
and validity of the diagnosis are not known.

Person-time at risk and reference rates
Person-time at risk accrued starting 1 year after first employment 
or the cohort enumeration date for any study facility, which-
ever was later, starting 1 January 1942. Person-years accrued 
until date of death, attaining age 85, or 31 December 2013. 
We censored cohort members at age 85 as (1) causes of death 
reported on death certificates for the very old are generally less 
reliable23 24; (2) causes of death at very old ages may less likely 
reflect occupational exposures (with the exception of mesothe-
liomas, with latencies commonly between 30 and 60 years); and 
(3) reference rate age categories over 85 are open-ended. For 
individuals whose vital status could not be determined, person-
time was censored as of the date of last employment.

We obtained mortality rates by age and calendar interval for 
119 cause-specific categories of cause of death from the National 
Institute for Occupational Safety and Health (NIOSH) for the 
USA and for each state where a study facility was located.25 
Because NIOSH mortality rates combine liver cancer with 
gall bladder and biliary tract cancers, we also obtained state and 
national rates for liver cancer (ICD-9 155.0, 155.2; ICD-10 
C22.0, C22.2-C22.4, C22.7, C22.9). These were extracted 
from the NCHS mortality files obtained using the Surveillance, 
Epidemiology and End Results Cancer Query System.26 Rates 
for white men were used in all analyses, because 96.8% of the 
3939 men with known race were white.

Statistical analysis
SMRs and exact 95% CIs27 were calculated for all cause-specific 
categories of death using SAS V.9.3 software. Exposure indica-
tors included duration of employment, time since first exposure, 
age at first exposure, year of hire, year of birth and cumulative 
exposure quintiles. Manufactured product (monomer vs PVC 
resins) and geographic region were also evaluated.

We evaluated the time-dependent relationship between esti-
mated cumulative VC exposure and mortality from selected 
causes of death using Cox proportional hazards models. Cox 
analyses were performed using Stata V.12.1. Attained age 
was used as the time scale variable in all Cox models. Year of 
birth, age at hire, year of hire, years since hire, duration of 
employment and plant type (VC vs PVC) were evaluated as 
independent risk factors for liver cancer: of these, an associa-
tion was found only for duration of employment. Categorical 
cumulative exposure for the entire cohort was modelled based 
on quintiles (<63, 63 to <287, 287 to <865, 865 to <2271 
and  ≥2271 parts  per  million-years  (ppm-years)).  Cumula-
tive exposure was lagged by 10, 20, 30 and 40 years to eval-
uate latency for ASL and HCC. Duration of employment 
was also categorised based on quintiles for the entire cohort 
(<5, 5 to <12, 12 to <18, 18 to <28 and 28 or more years) 
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and unadjusted models fit for non-liver cancer outcomes. 
Using these quintile cut-points, we ran unadjusted models of 
mortality from ASL, HCC and all other liver cancers combined 
(figure 1), as well as brain cancer, lung cancer, non-Hodgkin’s 
lymphoma (NHL), melanoma, and cancers of connective and 
soft tissues (defined by NIOSH and including angiosarcoma 
not otherwise specified), selected because they had been 
identified as potentially related to VC.6–12 16 21 28 Specific 
ICD codes by category can be found in the documentation 
for NIOSH life table analysis system mortality programme.29 
We also evaluated non-malignant causes of death previously 
reported to be increased in the cohort, including cirrhosis of 
the liver.

Because most liver cancer deaths were observed in the highest 
cumulative exposure categories, we redefined cut-points based 
on quintiles for the liver cancer decedents: <1021 (reference), 
1021 to <3301, 3301 to <5686, 5686 to <10 551 and ≥10 551 

ppm-years. We similarly created new categories of duration of 
employment: <14, 14 to <21, 21 to <26, 26 to <31 and ≥31 
years.

RESULTS
The full cohort of 9951 workers accrued 401 524 person-years 
at risk with 40.4 mean (median=43.8) years of follow-up. 
The average year of birth was 1927 (median=1928), average 
duration of employment was 16.4 years (median=14.9), 
average year of hire was 1956 (median=1955) and average 
age at hire was 28 years (median=26). A total of 5636 (56.6%) 
cohort members died before their 85th birthday, and cause of 
death was determined for 99.4%. Another 1196 (12% of the 
cohort) were censored at age 85. Only 216 (2.2%) were lost 
to follow-up.

Based on state referent rates, mortality from all causes 
combined (SMR=0.87, 95% CI 0.85 to 0.89) and all heart 

Figure 1 Liver cancer deaths included in each analysis. ASL, angiosarcoma of the liver; DC, death certificate; HCC, hepatocellular carcinoma; NCHS, 
National Center for Health Statistics; NIOSH, National Institute for Occupational Safety and Health.   on M
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disease (SMR=0.86, 95% 0.82 to 0.90) showed clear deficits 
(table 1), consistent with earlier evaluations of this cohort. 
Mortality from lung cancer and laryngeal cancer also were 
lower than expected (table 1). For most of the other non-liver 
cancers of a priori interest (brain cancer, melanoma and NHL), 
mortality was not significantly elevated. Mortality was signifi-
cantly increased for cancers of the connective and soft tissues 
(SMR=2.43, 95% CI 1.48 to 3.75) and cancers of the liver, 
biliary passages and gall bladder (combined) (SMR=2.87, 
95% CI 2.40 to 3.40, based on 135 deaths) (table 1). Mortality 
from liver cancer only was clearly elevated (SMR=3.68, 95% CI 
3.04 to 4.41), based on 117 deaths (table 1). Mortality was also 
increased for mesothelioma (SMR=2.29, 95% CI 1.18 to 4.00) 
and explosions (SMR=3.43, 95% CI 1.25 to 7.47, 6 deaths). 
Mortality patterns were similar for the inception subcohort 
and the inception subcohort with follow-up beginning in 1973 
(see online supplementary table 1).

Mortality risks by cumulative exposure and duration of 
employment
Cumulative exposure was not associated with mortality due 
to melanoma, brain cancer, lung cancer or NHL (table 2). For 
cancers of connective and soft tissues, a pattern of increased risk 
with cumulative exposure was observed, although HRs were 
imprecise due to only one death in the referent category. Never-
theless, risk was highest in the highest cumulative exposure 
category (HR=8.9, 95% CI 1.1 to 69.8 for ≥2271 ppm-years) 
(table 2). Closer inspection, however, revealed that 8 of the 
20 connective tissue cancer deaths were due to ‘angiosarcoma 
(site not specified)’ and were included in the subsequent anal-
yses of ASLs. Increased risk estimates were seen for lung cancer, 
cirrhosis of the liver, all non-malignant respiratory disease and 
COPD; however, these increases were not statistically significant 
or related to increasing cumulative exposure (table 2), and did 
not differ between the inception cohort (see online supplemen-
tary table 2) and the inception cohort with follow-up starting in 
1973 (see online supplementary table 3).

Duration of employment also was not associated with 
mortality from any of the causes of death of a priori interest 
(see online supplementary tables 4–6). Most higher duration of 
employment categories showed decreased risks compared with 
the <5 years’ category.

Liver cancers
SMR results for liver cancers, stratified by quintiles of year of 
birth, year of hire, age at hire, duration of employment, time 
since hire, as well as region and facility type demonstrated 
increased mortality (see online supplementary table 7). For Cox 
proportional hazard analyses of ASL, we included 41 of the 
117 liver cancer deaths (table 1) for which the death certificate 
specifically identified ASL (figure 1). In addition, 8 of the 76 

Table 1 Observed and expected deaths, SMRs and 95% CIs for 
selected causes* for 9951 vinyl chloride workers†

Cause of death Observed Expected SMR 95% CI

All causes 5636 6493.2 0.87 0.85 to 0.89

All malignant neoplasms 1713 1741.0 0.98 0.94 to 1.03

    Oral cavity and pharynx 35 35.3 0.99 0.69 to 1.38

    Oesophagus 55 48.6 1.13 0.85 to 1.47

    Stomach 34 45.2 0.75 0.52 to 1.05

    Intestine except rectum 115 140.2 0.82 0.68 to 0.98

    Rectum 30 30.1 1.00 0.67 to 1.42

    Liver, biliary passages 
and gall bladder

135 47.0 2.87 2.40 to 3.40

    Liver only‡ 117 31.8 3.68 3.04 to 4.41

    Pancreas 75 83.4 0.90 0.71 to 1.13

    Larynx 12 21.5 0.56 0.29 to 0.97

    Trachea, bronchus, lung 591 672.5 0.88 0.81 to 0.95

    Pleura 4 1.2 3.37 0.92 to 8.63

    Breast 3 2.0 1.46 0.30 to 4.28

    Prostate 112 126.3 0.89 0.73 to 1.07

    Kidney 52 44.6 1.16 0.87 to 1.53

    Bladder and other 
urinary organs

55 45.7 1.20 0.91 to 1.57

    Bone 4 4.7 0.85 0.23 to 2.17

    Melanoma 29 26.7 1.09 0.73 to 1.56

    Skin 7 8.9 0.79 0.32 to 1.63

    Mesothelioma 12 5.2 2.29 1.18 to 4.00

    Connective tissue 20 8.2 2.43 1.48 to 3.75

    Brain and central 
nervous system

52 41.1 1.27 0.95 to 1.66

    Eye 2 0.9 2.14 0.26 to 7.72

    Thyroid 3 3.2 0.94 0.19 to 2.74

    Other and unspecified 
malignancy

102 124.4 0.82 0.67 to 1.00

    Hodgkin’s disease 3 8.1 0.37 0.08 to 1.08

    Non-Hodgkin’s 
lymphoma

64 62.7 1.02 0.79 to 1.30

    Multiple myeloma 25 27.9 0.90 0.58 to 1.32

    Leukaemia and 
aleukaemia

71 63.3 1.12 0.88 to 1.41

Benign and unspecified 
neoplasms

13 21.1 0.62 0.33 to 1.06

Diseases of blood and 
blood-forming organs 17 24.7 0.69 0.40 to 1.10

Diabetes 130 150.8 0.86 0.72 to 1.02

Nervous system and sense 
organs 141 130.4 1.08 0.91 to 1.27

Diseases of the heart 1910 2225.6 0.86 0.82 to 0.90

Cerebrovascular disease 259 311.4 0.83 0.73 to 0.94

Diseases of the respiratory 
system

430 591.2 0.73 0.66 to 0.80

    Chronic obstructive 
pulmonary disease

248 337.3 0.74 0.65 to 0.83

    Asbestosis 6 2.4 2.53 0.92 to 5.51

Diseases of the digestive 
system

185 248.9 0.74 0.64 to 0.86

    Cirrhosis and other 
chronic liver disease 97 113.5 0.85 0.69 to 1.04

Diseases of genitourinary 80 111.5 0.72 0.57 to 0.89

Diseases of skin and 
subcutaneous tissue

4 5.8 0.69 0.19 to 1.75

continued

Cause of death Observed Expected SMR 95% CI

Symptoms and ill-defined 
conditions

50 62.4 0.80 0.59 to 1.06

External causes 335 451.7 0.74 0.66 to 0.83

 *NIOSH state-specific referent rates used unless otherwise noted.
†401,524 person-years for full cohort of 9951 workers.
‡NCHS/CanQues state referent rates uses. 
NCHS, National Center for Health Statistics; NIOSH, National Institute for 
Occupational Safety and Health.

Table 1 continued 
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remaining liver cancer deaths had been reported to the World-
wide ASL Register and confirmed based on histopathology. We 
also identified six histologically confirmed ASL deaths in the 
registry for which the underlying cause of death on the death 
certificate was lung cancer, pancreatic cancer, sepsis or cirrhosis 
of the liver (figure 1). Finally, we included as ASL eight deaths 
coded as angiosarcoma of unspecified site for a total of 63 ASL 
deaths. From death certificates, we also identified 32 deaths with 
underlying cause coded as HCC.

Angiosarcoma of the liver
The median latency for ASL deaths was 36 (range: 13.5–55.9) 
years. Because no ASL deaths occurred among those in the 
referent category of cumulative exposure (<63 ppm-years), 
and only one in the next category, we collapsed the first three 
quintiles of exposure to create a new referent category. Fifty 
(79%) of the ASLs were in the highest exposure quintile (≥2271 

ppm-years), generating an HR of 36.3 (95% CI 13.1 to 100.5) 
(table 3). When categories were based on quintiles of expo-
sure among all liver cancer deaths (high cut-points), ASL risk 
increased with cumulative exposure (table 3). Compared with 
workers with <1021 ppm-years, workers exposed to ≥10 551 
ppm-years had an HR of 73.6 (95% CI 28.8 to 188.4, based on 
16 deaths). When exposure was lagged 10, 20, 30 or 40 years, 
risk of ASL was significantly increased only for workers in the 
two highest quintiles of exposure based on low cut-points when 
compared with the referent group (see online supplementary 
table 8). Risk estimates for cumulative exposure quintiles based 
on high cut-points and lagged by 10, 20, 30 and 40 years showed 
similar patterns to unlagged risk estimates (see online supple-
mentary table 9). Risk of ASL increased with increasing duration 
of employment (see online supplementary table 10).

Table 2 Mortality from selected causes of death by categories of cumulative exposure* to vinyl chloride from Cox regression models†

Melanoma, n=29 Brain cancer, n=52 Lung cancer, n=591 NHL, n=64

n HR 95% CI n HR 95% CI n HR 95% CI N HR 95% CI

Cumulative exposure*

<63 ppm-years 5 Ref – 13 Ref – 96 Ref – 14 Ref –

63 to <287 ppm-years 8 1.7 0.5 to 5.1 13 1.1 0.5 to 2.3 123 1.3 1.0 to 1.7 8 0.6 0.3 to 1.4

287 to <865 ppm-years 5 1.0 0.3 to 3.3 12 0.9 0.4 to 2.0 128 1.3 1.0 to 1.7 9 0.6 0.3 to 1.4

865 to <2271 ppm-years 4 0.7 0.2 to 2.6 6 0.4 0.2 to 1.2 118 1.1 0.9 to 1.5 14 0.9 0.4 to 1.9

≥2271 ppm-years 7 1.1 0.4 to 3.6 8 0.6 0.3 to 1.4 126 1.1 0.9 to 1.5 19 1.2 0.6 to 2.3

Connective and soft tissue 
cancers, n=20 Cirrhosis of the liver, n=97 NMRD, n=430 COPD, n=248

n HR 95% CI n HR 95% CI n HR 95% CI n HR 95% CI

Cumulative exposure*

<63 ppm-years 1 Ref – 11 Ref – 62 Ref – 35 Ref –

63 to <287 ppm-years 1 1.0 0.1 to 16.7 19 1.8 0.9 to 3.8 85 1.4 1.0 to 2.0 56 1.7 1.1 to 2.5

287 to <865 ppm-years 3 2.9 0.3 to 28.0 22 2.0 1.0 to 4.1 93 1.4 1.0 to 1.9 59 1.6 1.0 to 2.4

865 to <2271 ppm-years 5 4.6 0.5 to 39.5 24 2.1 1.0 to 4.3 100 1.4 1.0 to 1.9 52 1.3 0.8 to 1.9

≥2271 ppm-years 10 8.9 1.1 to 69.8 21 1.7 0.9 to 3.7 90 1.1 0.8 to 1.5 46 1.0 0.6 to 1.5

*Quintiles of cumulative exposure based on distributions among the full cohort, n=9951.
†All models unadjusted.
COPD, chronic obstructive pulmonary disease; NHL, non-Hodgkin’s lymphoma; NMRD, non-malignant respiratory disease; ppm, parts per million; Ref, referent. 

Table 3 Risk estimates for ASL, HCC and unspecified liver cancer by cumulative exposure from Cox regression models

ASL, n=63 HCC, n=32 Unspecified liver cancer, n=36

n HR 95% CI n HR 95% CI n HR 95% CI

Cumulative exposure (low cut-points)*

<63 ppm-years 3 Ref 4 Ref

63 to <287 ppm-years 3 1.0 0.2 to 5.1 3 0.8 0.2 to 3.5

287 to <865 ppm-years 4† Ref 1 0.3 0.03 to 3.0 5 1.2 0.3 to 4.4

865 to <2271 ppm-years 9 6.5 2.0 to 21.0 4 1.1 0.3 to 5.1 6 1.3 0.4 to 4.6

≥2271 ppm-years 50 36.3 13.1 to 100.5 21 5.3 1.6 to 17.7 18 3.6 1.2 to 10.6

Cumulative exposure (high cut-points)‡

<1021 ppm-years 6 Ref 8 Ref 13 Ref

1021 to <3301 ppm-years 12 5.4 2.0 to 14.3 4 1.2 0.4 to 3.8 7 1.3 0.5 to 3.2

3301 to <5686 ppm-years 11 18.3 6.8 to 49.4 7 7.2 2.6 to 20.0 9 6.0 2.5 to 13.9

5686 to <10 551 ppm-years 18 38.1 15.1 to 96.0 6 7.3 2.5 to 21.1 4 3.2 1.0 to 9.7

≥10 551 ppm-years 16 73.6 28.8 to 188.4 7 18.8 6.8 to 51.9 3 5.2 1.5 to 18.2

*Low cut-points are based on quintiles of cumulative exposure for the entire cohort.
†Due to zero cases in the referent group, one case in the second quintile and three in the third quintile, the first three quintiles have been collapsed to form a single referent 
category.
‡High cut-points are based on quintiles of cumulative exposure for all liver cancers in the entire cohort.
ASL, angiosarcoma of the liver; HCC, hepatocellular carcinoma; Ref, referent.
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Hepatocellular carcinoma
The median latency for HCC deaths was 48 (range: 31.5–66.6) 
years. Three HCC deaths occurred in each of the two lowest 
quintiles of exposure. When compared with the referent (<63 
ppm-years), HCC did not show increased mortality risk except for 
the highest quintile (≥2271 ppm-years) of exposure (HR=5.3, 
95% CI 1.6 to 17.7) (table 3). When exposure cut-points were 
based on quintiles of cumulative exposure for all liver cancer 
deaths,  the  HRs  for  cumulative  exposure  ≥3301  ppm-years 
were statistically significantly increased compared with workers 
with <1021 ppm-years, and rose to 18.8 (95% CI 6.8 to 51.9) 
among  those with ≥10 551 ppm-years  (table 3). When cumu-
lative exposures using quintiles based on low cut-points were 
lagged by 10, 20, 30 and 40 years (see online supplementary 
table 8), HCC risks were similar to risks for unlagged cumula-
tive exposure. HCC risk was significantly increased (HR=3.8, 
95% CI 1.4 to 10.4) for 1021 to <3301 ppm-years lagged 30 
years (high cut-points, see online supplementary table 9): other 

patterns of HCC risks by lagged cumulative exposure were 
similar to unlagged results. Similar to ASL risks, HCC risks 
increased with increasing duration of employment (see online 
supplementary table 10).

Liver cancers of unknown histology
A total of 36 liver cancers of unknown cell type were analysed 
separately. An increased HR of 3.6 (95% CI 1.2 to 10.6) was seen 
for the highest quintile (≥2271 ppm-years) when compared with 
the referent (<63 ppm-years). When exposure categories were 
based on quintiles of cumulative exposure for all liver cancer 
deaths, HRs were increased for all categories compared with 
workers with <1021 ppm-years; however, statistically signifi-
cant increased mortality risk was seen for categories of exposure 
3301 to <5686 ppm-years and >10 551 ppm-years (table 3). No 
association was seen between liver cancers of unknown histology 
and duration of employment (see online supplementary table 
10).

The results of ASL, HCC and unspecified liver cancer models 
for the inception subcohort and the inception cohort with 
follow-up beginning in 1973 were similar to the results for the 
full cohort for cumulative exposure (see online supplementary 
tables 11 and 12) and for duration of employment (see online 
supplementary tables 13 and 14).

To more fully evaluate the shape of the exposure–response 
curve, we plotted the HRs for ASLs and HCCs by deciles of 
cumulative exposure among all liver cancer cases (figure 2). 
Patterns of increased risk with cumulative exposure were clear 
and the shape of the exposure–response curve was similar for 
ASL and HCC.

DISCUSSION
This study followed 9951 men employed for 1 year or more in 
the North American VC industry cohort for mortality through 
2013. A total of 63 ASLs and 36 HCCs were observed after an 
average follow-up of 40 years. Among the strengths of this study 
are the large cohort size, large proportion of cohort members 
exposed to very high VC concentrations and long follow-up — 
all critical to the identification of VC-related cancers, especially 
ASL and HCC, which are both rare and appear to have long 
latencies. New to this update, however, is the quantitative expo-
sure assessment, providing time-dependent quantitative estimates 
of cumulative exposure for each cohort member, similar to the 
approach used in the European multicentre study.15 16 In both 
studies, exposure estimates were based on limited workplace air 
measurements. Industrial hygienists used professional judgement 
to create facility-specific job exposure matrices based on jobs 
assigned to similar exposure groups and calendar periods. In the 
US cohort, exposure measurements were numerous in 1973 and 
1974, but sparser in earlier years. Exposure records, however, 
often lacked critical information on collection methods and 
sometimes even whether they were area or personal breathing 
zone samples. Despite imprecise cumulative exposure estimates, 
strong associations between cumulative exposure to VC and risk 
of ASL and HCC were observed, with clear evidence of expo-
sure thresholds. No ASL was reported among workers exposed 
to <63 ppm-years and only one ASL was reported among 
workers with cumulative exposure 63 to <287 ppm-years (likely 
underestimated due to limited work history data). Therefore, 
ASL tended not to occur in workers with cumulative exposure 
below approximately 250 ppm-years. Risk of HCC was not 
increased among workers accumulating less than approximately 
1000 ppm-years of VC exposure.

Figure 2 HR for ASL and HCC by deciles of cumulative exposure, based 
on the exposure distribution of all liver cancer cases. ASL, angiosarcoma of 
the liver; HCC, hepatocellular carcinoma; ppm, parts per million-years.
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Mortality due to cancers other than liver and biliary tract 
was not elevated, with the exception of malignant mesothe-
lioma (likely due to exposure to amphibole asbestos).30–32 
Other investigators have reported increased risks of malignant 
melanoma10–12 and LHM7–9 among workers exposed to VC. 
However, the numbers of deaths reported in these studies were 
very small (ie, <5 observed). We found no evidence of increased 
mortality from these or any other cancers (table 1).

Excess mortality from brain cancer has been reported in smaller 
cohort studies conducted in Germany,8 Russia7 and Taiwan,9 as 
well as in previous updates of this cohort: followed through 
1982 (SMR=1.80, 95% CI 1.14 to 2.71, based on 23 deaths)5 
and followed through 1995 (SMR=1.42, 95% CI 1.00 to 1.97, 
based on 36 deaths).6 In this latest update, the small excess of 
mortality from brain cancer was further attenuated (SMR=1.27, 
95% CI 0.95 to 1.66, based on 52 deaths) as 16 new brain cancer 
deaths were observed and 16 were expected. Brain cancer risk 
was not associated with cumulative exposure in the full cohort 
(n=52), the inception cohort (n=38) or the inception cohort 
with follow-up beginning in 1973 (n=31). These results suggest 
that even if a small excess of brain cancer mortality had occurred 
among members of this cohort, it was limited to early years and 
unlikely related to VC exposure (see online supplementary tables 
2 and 3). Furthermore, the European study found no excess of 
brain cancer mortality (SMR=0.93, 95% CI 0.60 to 1.39) or 
incidence (SIR=0.91, 95% CI 0.55 to 1.42)16 and no exposure–
response with any of the exposure indicators. Taken as a whole, 
the epidemiological evidence does not support the hypothesis 
that VC causes brain cancer.

Our results for the risks of cumulative exposure to VC and 
ASL mortality are consistent with those reported in the Euro-
pean study.16 Prior to the 10th revision of the ICD, ASL did 
not have its own ICD code, limiting valid ascertainment of 
ASL. Since ultrasound and CT scanning were introduced in the 
1970s, diagnostic sensitivity improved considerably, and HCC 
is commonly diagnosed based on imaging, without histolog-
ical confirmation.33 Nevertheless, a definitive diagnosis of ASL 
or HCC requires histopathological confirmation from a liver 
biopsy, and considerable potential for misclassification remains. 
Although we report a clear association between VC exposure 
and HCC mortality, the median latency for HCC deaths was 48 
years, ranging from 31.5 to 66.6 years, and was considerably 
longer than the median latency for ASL deaths (36 years, range: 
13.5–55.9 years). Also, the HRs for HCC increased with longer 
lagging periods up to 30 years, whereas lagging of exposure had 
little impact on ASL risk. While this may reflect a true difference 
in the risk for different liver cancer cell types, it also — at least 
in part — reflects the greater probability of misclassifying ASL as 
HCC in earlier decades.

Other investigators have reported increased risk of HCC with 
increasing cumulative exposure to VC9 16 17 34 35; however, most 
relied on small numbers. Ward and colleagues16 reported 10 
cases of HCC in the European cohort followed for mortality 
and cancer incidence through 1997. Since then, Pirastu et al17 
reported 12 cases of HCC in the Italian subcohort of the Euro-
pean study. Du and Wang34 reported 6 HCCs among 12 primary 
liver cancers at five PVC plants in Taiwan. Wong et al9 reported 18 
HCCs, but no deaths from ASL, among 3923 male PVC workers 
employed between 1950 and 1992 in Taiwan and followed for 
mortality from 1985 to 1997.35 When follow-up was expanded 
from 1980 to 2007, 56 liver cancers were reported, but no 
ASLs.36 On the basis of these reports, the IARC stated there was 
strong evidence that VC exposure causes HCC, especially when 
coupled with observations that VC exposure is associated with 

cirrhosis of the liver, a known risk factor for HCC. In our study, 
we observed a deficit in mortality from cirrhosis of the liver and 
no clear association with cumulative exposure to VC. On the 
other hand, three of the deaths coded cirrhosis of the liver based 
on death certificates were reported as ASL by the Worldwide 
ASL Register. Our findings are consistent with the finding of the 
European study that also observed a deficit of cirrhosis, with 
no pattern of increasing risks with increasing cumulative expo-
sure,16 and a meta-analysis of VC workers (which included 67 
deaths from the 1995 update of this cohort).37 Thus, it appears 
unlikely that occupational exposure to VC causes liver cirrhosis.

Strong risk factors for HCC include chronic hepatitis B virus 
(HBV) and chronic hepatitis C virus (HCV) infection, as well as 
heavy alcohol consumption and obesity.38 Information on HBV, 
HCV, alcohol use and obesity was not available in our study and 
therefore could not be evaluated.

Other weaknesses of this study are similar to those of other 
historical cohort mortality studies, including reliance on incom-
plete or erroneous archival records, and especially cause of death 
information from death certificates from decades ago. We were 
unable to ascertain the specific liver cancer type for all cohort 
members identified as having a liver cancer, and the possibility 
remains that some classified as HCCs were actually ASLs.

CONCLUSIONS
This cohort of nearly 10 000 US workers occupationally 
exposed to VC — some at very high levels — found a strong 
healthy worker effect (HWE), with 857 fewer deaths observed 
in the full cohort than expected. As expected, the HWE reflects 
reduced cardiovascular disease mortality, with cancer mortality 
showing no such effect. Apart from a small excess of mesothe-
lioma deaths, increased mortality was limited to liver cancers. 
Very high cumulative VC exposure was strongly associated with 
both increased ASL and HCC; however, risks were not increased 
among workers with cumulative exposure estimates below 1000 
ppm-years. This threshold is approximately 25 times greater 
than would be accrued over a working lifetime at today’s expo-
sure limit of 1.0 ppm, in place since 1975. In fact, no ASL death 
has been identified in this cohort among workers first employed 
since 1969. On the other hand, risks of ASL and HCC were 
highly elevated among workers with cumulative VC exposure 
exceeding 5000 ppm-years, roughly 125 times a working life-
time at today’s exposure limit. No other patterns of increased 
mortality risk were seen for other causes of death in the total 
cohort, an inception subcohort of 7273 workers hired on or 
after the facility enumeration date, or the inception subcohort of 
6701 workers who were alive at the time the cohort was enumer-
ated. After a follow-up of at least 40 years, and with 57% of 
the cohort now deceased, confidence is high that any additional 
follow-up of the cohort would show declining ASL and possibly 
HCC risks associated with historically very high VC exposures 
found in some jobs and workplaces prior to 1974.
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