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Manfred Neuberger,15 Neil Pearce,16 and Rodolfo Saracci1'17

The authors examined cancer mortality in a historical cohort study of 21,863 male and female workers in 36
cohorts exposed to phenoxy herbicides, chlorophenols, and dioxins in 12 countries. Subjects in this updated and
expanded multinational study coordinated by the International Agency for Research on Cancer were followed from
1939 to 1992. Exposure was reconstructed using job records, company exposure questionnaires, and serum and
adipose tissue dbxin levels. Among workers exposed to phenoxy herbicides contaminated with 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD) or higher chlorinated dioxins, mortality from soft-tissue sarcoma (6 deaths; standard-
ized mortality ratio (SMR) = 2.03, 95% confidence interval (CO 0.75-4.43) was higher than expected from national
mortality rates. Mortality from all malignant neoplasms (710 deaths; SMR = 1.12, 95% Cl 1.04-1.21), non-
Hodgkin's lymphoma (24 deaths; SMR = 1.39,95% Cl 0.89-2.06), and lung cancer (225 deaths; SMR = 1.12,95%
Cl 0.98-1.28) was slightly elevated. Risks for all neoplasms, for sarcomas, and for lymphomas increased with time
since first exposure. In workers exposed to phenoxy herbicides with minimal or no contamination by TCDD and
higher chlorinated dioxins, mortality from all neoplasms (398 deaths; SMR = 0.96, 95% Cl 0.87-1.06), non-
Hodgkin's lymphoma (9 deaths; SMR = 1.00), and lung cancer (148 deaths; SMR = 1.03) was similar to that
expected, and mortality from soft-tissue sarcoma was slightly elevated (2 deaths; SMR = 1.35). In a Poisson
regression analysis, workers exposed to TCDD or higher chlorinated dioxins had an increased risk for all neoplasms
(rate ratio = 1.29,95% Cl 0.94-1.76) compared with workers from the same cohort exposed to phenoxy herbicides
and chlorophenols but with minimal or no exposure to TCDD and higher chlorinated dioxins. These findings indicate
that exposure to herbicides contaminated with TCDD and higher chlorinated dioxins may be associated with a
small increase in overall cancer risk and in risk for specific cancers. Am J Epidemiol 1997;145:1061-75.
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chlorodibenzodioxin

Phenoxy herbicides are used extensively worldwide.
Some of these herbicides (2,4,5-trichlorophenoxyace-
tic acid and its derivatives) have been banned in some
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countries because of contamination with polychlori-
nated dioxins, including the most toxic dioxin conge-
ner, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (1).
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Dioxins and related compounds such as furans and
polychlorinated biphenyls are acutely toxic in all spe-
cies examined, and are among the most potent carcin-
ogens in experimental animals (2). In humans, expo-
sure to phenoxy herbicides, chlorophenols, and
dioxins has been linked with excess overall cancer risk
and excess risks of soft-tissue sarcoma, non-
Hodgkin's lymphoma, and other cancers (3, 4). How-
ever, the evidence, particularly from case-control stud-
ies, is inconsistent (5). Frequent use of phenoxy
herbicides has been associated with increased risk of
non-Hodgkin's lymphoma in case-control studies con-
ducted in Sweden (6, 7), the US state of Kansas (8),
the US state of Nebraska (9), and Saskatchewan, Can-
ada (10). No excess risk was found, however, in case-
control studies carried out in New Zealand (11), the
US state of Washington (12), and the US states of
Iowa and Minnesota (13). Excess risk of soft-tissue
sarcoma has been identified in case-control studies in
Italy (14), Washington State (12), and a series of
studies conducted in Sweden (15, 16), while results of
other studies carried out in New Zealand (17) and the
United States (8) were negative. Recent cohort studies
of herbicide production workers with high exposure to
dioxins, including studies of cohorts that form part of
the international multicenter cohort described in this
paper, have found excess risks for overall cancer (18-
22), respiratory cancers (18, 22), soft-tissue sarcomas
(22-26), non-Hodgkin's lymphoma (18, 27), and other
fairly rare tumors (18, 25). In the population of
Seveso, Italy, which was accidentally exposed to
TCDD in 1976, excess risk was observed for hepato-
biliary cancer, soft-tissue sarcoma, and hematologic
neoplasms (28).

In 1980, the International Agency for Research on
Cancer (IARC) established an international cohort
study of people whose jobs involved producing or

Southampton, England, United Kingdom.
8 Medical Center for Chemical Workers' Health, Hamburg, Ger-

many.
8 Industrywide Studies Branch, National Institute of Occupational

Safety and Health, Cincinnati, Ohio, United States.
10 Health Services Department, Ontario Hydro, Toronto, Ontario,

Canada.
11 Department of Epidemiology and Biostatistics, Finnish Insti-

tute of Occupational Health, Helsinki, Finland.
12 Department of Occupational and Environmental Medicine,

Lund University, Lund, Sweden.
13 Danish Cancer Society, Copenhagen, Denmark.
14 Menzies School of Health Research, Casuarina NT, Australia.
15 Department of Preventive Medicine, University of Vienna, Vi-

enna, Austria.
16 Department of Medicine, Wellington School of Medicine, Well-

ington, New Zealand.
17 National Research Council, Pisa, Italy.
Reprint requests to Dr. Manolis Kogevinas, Respiratory and En-

vironmental Health Research Unit, Institut Municipal d'lnvestigacio
Medica (IMIM), c/Doctor Aiguader 80, E-08003 Barcelona, Spain.

spraying phenoxy herbicides (25). The study initially
included workers from 10 countries. Results from the
first follow-up of the IARC cohort (25), from a nested
case-control study of soft-tissue sarcoma and non-
Hodgkin's lymphoma (26), and from studies of five
national subcohorts (23, 24, 29-31) were published
previously. The IARC study has since been enlarged,
incorporating additional cohorts of herbicide produc-
tion workers from 12 plants in the United States (22)
and four plants in Germany (18, 20, 21), and it now
includes practically all of the phenoxy herbicide pro-
duction workers who have ever been studied. In addi-
tion, mortality follow-up has been updated for most of
the cohorts. In parallel, dioxin levels have been deter-
mined in serum samples obtained from some workers
in seven of the 12 countries included in the study.
Results on cancer mortality for the updated and en-
larged IARC cohort are reported here.

MATERIALS AND METHODS

The centers participating in the study were selected
following a worldwide search for appropriate study
populations of workers producing or spraying phenoxy
herbicides or chlorophenols (32). All national studies
followed the same core protocol developed jointly by
the participating countries. The study was coordinated
by IARC, and the international study group met on
several occasions to secure a common implementation
of the protocol at all centers and a common interpre-
tation of results.

Subjects

The 26,976 workers enrolled in the IARC cohort
were employed in specific departments of plants pro-
ducing phenoxy herbicides or chlorophenols, or in
companies spraying phenoxy herbicides. In eight
countries, workers employed in the same companies
but not directly involved in production or spraying of
herbicides were also enrolled. We excluded 361 work-
ers from the analysis because of a lack of information
on date of birth (n = 228) or date of first employment
(n - 84) or for other reasons (n = 49), leaving 26,615
workers for the analysis. Of those, 21,863 workers
were classified as being exposed to phenoxy herbi-
cides or chlorophenols on the basis of information
abstracted from individual job records and company
exposure questionnaires; 4,160 workers were classi-
fied as nonexposed; and 592 were classified as having
unknown exposure to phenoxy herbicides or chloro-
phenols. Because the nonexposed workers were
mainly from Denmark and the Netherlands (3,259
workers, or 78 percent of all nonexposed workers),
information on the nonexposed workers is not pre-
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sented in this paper and has been used only in national
analyses (24, 27). Analyses of the international cohort
reported here were limited to the 21,863 workers
(20,851 men and 1,012 women) exposed to phenoxy
herbicides or chlorophenols. The cohort included
workers ever employed in production or spraying,
except cohorts from New Zealand, in which a mini-
mum employment period of 1 month was specified,
Australia (minimum period of 1 year), Canada (6
months), and Germany (1 month in three cohorts and
3 months in one cohort (cohort 22)). The follow-up
period varied in each cohort; overall, it extended from
1939 to 1992, accumulating a total of 488,482 person-
years of follow-up (table 1). Production of herbicides/
chlorophenols had started in some cohorts before the
beginning of follow-up. During the study period, 970
subjects (4.4 percent) were lost to follow-up (they
emigrated or vital status was unknown at the end of
follow-up); in only three of the 36 cohorts were more
than 10 percent of the subjects lost to follow-up (table
1). The procedures for follow-up varied by country. In
Italy, active follow-up was conducted for all subjects
by contacting municipal death registries. In Germany,
information was retrieved from the records of the
participating plants, from insurance companies, and
from contacts with physicians, workers, and their fam-
ilies. In the remaining 10 countries, national death
registration and emigration schemes were used (com-
bined, in the case of New Zealand, with active follow-
up).

Exposure assessment

Exposure was reconstructed using individual job
records, company exposure questionnaires developed
specifically for the study, and, in some cohorts, mea-
surements of TCDD and other dioxin and furan con-
geners in serum and adipose tissue and in the work-
place. Information was retrieved for all jobs held by
the workers during the study period, using 21 job
codes for production workers and 10 codes for spray-
ers. Workers were classified by longest-held exposed
job, and the job codes of exposed workers were ag-
gregated into five groups: 1) "main production" (n =
8,608), including workers in synthesis, formulation,
packaging, and chemical effluent/waste; 2) "mainte-
nance" (n = 3,297), including workers involved in
maintenance, cleaning, and cleaning up during or after
an accident; 3) "other exposed jobs" (n = 3,186),
including workers in storage, laboratory work, and
transporting; 4) "unspecified tasks" (n = 1,018), in-
cluding workers with rotating jobs, those for whom
only the initial job title was available, and those in
various other exposed jobs; and 5) "sprayers" (n =
5,754), including all spraying-related exposed job po-

sitions such as sprayer, applicator, sprayer's field as-
sistant, and sprayer's field supervisor. Exposure infor-
mation was retrieved from each plant using a
questionnaire which was completed by factory person-
nel in the presence of an industrial hygienist or of the
principal investigator in each study (33, 34). Informa-
tion was collected on procedures; types of products,
including period of production and volumes produced;
numbers of workers; accidents; and contamination of
products and of the working environment with dioxins
and other related substances. An extended industrial
hygiene review was carried out for the US National
Institute of Occupational Safety and Health (NIOSH)
cohorts (34).

Each of the 21,863 workers exposed to phenoxy
herbicides or chlorophenols was classified into one of
three categories: 1) those exposed to TCDD or higher
(penta-, hexa-, etc.) chlorinated dioxins (n = 13,831);
2) those not exposed to TCDD or higher chlorinated
dioxins (n = 7,553); and 3) those with unknown
exposure to TCDD or higher chlorinated dioxins (n =
479). The latter category included all workers in one
British cohort (cohort 19) for which production his-
tory, particularly for 2,4,5-trichlorophenoxyacetic
acid, was incomplete. The grouping of TCDD with
other higher chlorinated dioxins was done because
these compounds have similar mechanisms of action
and relatively similar toxicities, and also because these
exposures sometimes occur concomitantly.

Three criteria were used to classify workers as ex-
posed to TCDD or higher chlorinated dioxins: 1) em-
ployment during the period of production, formula-
tion, or spraying of 2,4,5-trichlorophenoxyacetic acid,
2,4,5-trichlorophenoxypropionic acid, 2,4,5-trichloro-
phenol, hexachlorophene, Erbon [2-(2,4,5-trichloro-
phenoxy)-ethyl 2,2-dichloropropionate], Ronnel [o,o-
dimethyl-o-(2,4,5-trichlorophenyl)-phosphorothioate],
pentachlorophenol, or 2,3,4,6-tetrachlorophenol;
2) employment in plants with documented (through
serum, adipose tissue, or environmental measure-
ments) exposure to TCDD or higher chlorinated diox-
ins at levels above background levels; and 3) in the
absence of dioxin measurements, employment in
plants or companies with documented large-scale pro-
duction, formulation, or spraying of the above phe-
noxy herbicides and chlorophenols. An average level
of production of these chemicals of 10 tons per year
was chosen a priori, below which the probability of
contamination and significant exposure to TCDD and
higher chlorinated dioxins was considered to be min-
imal for most workers in a given cohort (25). Contam-
ination with TCDD or higher dioxins does not occur in
production of other major phenoxy herbicides such
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as 2,4-dichlorophenoxyacetic acid and 4-chloro-2-
methyl-phenoxyacetic acid. Estimation of duration of
exposure to chemicals took into account the depart-
ment in which production occurred and the dates of
production or spraying of each chemical.

TCDD serum levels were measured in 573 workers
from 10 companies in seven countries (table 2) (21,
22, 30, 35-40; Mariette Hooiveld, Wageningen Agri-
cultural University (Wageningen, The Netherlands),
personal communication, 1996). Sampling policy for
the selection of workers providing blood samples dif-
fered by cohort. There was variation among cohorts in
terms of the time elapsed between the last day of

occupational TCDD exposure and the drawing of
blood for serum analysis. Mean TCDD levels at the
time of measurement ranged from 3.2 pg/g in a Ger-
man cohort to 402 pg/g in another German cohort
(table 2). Because TCDD has a long half-life, esti-
mated at 7-12 years (41, 42), the wide variation in
mean TCDD levels measured at the time of blood
drawing may not accurately reflect the differences that
existed on the last day of occupational exposure to
TCDD. The levels do indicate, however, that produc-
tion workers have higher serum TCDD levels than
sprayers, and substantially higher levels than the gen-
eral population (table 2).

TABLE 2. Exposure to TCDD* among 573 workers in 10 cohorts Included In the IARC* International cohort study, 1939-1992

Cohort no.
and country
(reference)

Exposed workers

No. of samples
and sampling

scheme

Work
history

Year of Measured mean
blood TCDD levels

drawing (pg/g)t.t

Comments

I.Australia (35)

2, Austria (36)

37, random stratified

9, nonrandom

9, The Netherlands^ 31, nonrandom

12, New Zealand (37) 9, nonrandom

13, Sweden (30)

21, Germany (40)

5, nonrandom

Sprayers, minimum spraying
of 12 months, first
employed from before
1965 until 1990

Production workers wtth
chloracne, exposed about
17 years eartler

Production workers, first
employed before 1975 for
more than 1 year; workers
present at Industrial
accident In 1963

Sprayers, first employed
before 1960, mean
duration of 2,4,5-T*
spraying of 16 years

Production workers,
employed 16-21 years
earlier

19, random stratified Production workers

22, Germany (20, 21) 190, nonrandom

24, Germany (38, 39) 20, nonrandom

25 and 26, United
States (22, 34)

253, all surviving
members
participating In
medical study

Production workers

Production workers with
chloracne or other
ctinteal symptoms,
exposed between 1953
and 1976

Production workers, exposed
15-37 years eartler

1990 NA* (2-34)§

1990 389 (98-659)

1993 53(1.9-194)

1988 53.3(3.0-131)

1992 17(9-37)

1996 3.2# (1.3-6.49)

1985-1994 141 #(3-2,252)

Highest mean exposure rate was
estimated at 2.7 ppt* per month
for subjects spraying before 1965

Median TCDD level In four white-
collar workers at the same plant
was -18 pg/g; In 17 workers not
at the same plant, It was -14 pg/g

Mean In 16 nonexposed workers at
the same plant was 8 pg/g; mean
for 14 accident workers (a subset
of the 31 exposed workers) was
96 pg/g (15.8-194)§

Mean TCDD level in nine exposed
subjects was 5.6 ppt

Mean TCDD level tn five unexposed
workers not working In the
plant was 2 pg/g

Elevated values for some higher
chlorinated dioxins and furors.
Synthesis workers had highest
levels (median TCDD = 3.8
ppt; median I-TEQ* = 35.4)

Estimated mean level for total cohort
of about 1,500 workers at end of
employment (adipose tissue, 48
subjects; blood, 142 subjects)

1989-1992 401.7# (23-1,935)

1987-1988 233(2-3,400) Estimated mean on last day of
occupational exposure was 2,000
ppt (range, up to 36,000). Mean In
79 unexposed neighbors tn medical

study from the same plants was 7 pg/g

* TCDD, 2,3,7,8-tetracnlofodlbenzo-p-dtoxfn; IARC, International Agency for Research on Cancer; NA, not available; ppt, parts per trillion; 2,4,5-T, 2,4,5-
trichlorophenoxyacetic acid; I-TEQ, International Toxic Equivalents.

t AD values are pg/g lipid (equivalent to ppt).
t Measured level (not back-calculated). Levels are not strictly comparable between cohorts because of differences tn time elapsed between last occupational

exposure and drawing of blood.
§ Numbers In parentheses, range.
U Personal communication (Mariatte Hooiveld, Wageningen Agricultural University, Wageningen, The Netherlands, 19S6).
# Estimate.
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1066 Kogevinas et al.

Statistical analysis

For external comparisons, standardized mortality
ratios were calculated, with 95 percent confidence in-
tervals based on the Poisson distribution, using the
Person-Years computer program (43). The World
Health Organization mortality data bank was used to
compute national mortality rates by sex, age (in 5-year
groups), and calendar period (in 5-year intervals, ex-
cept when periods coincided with a revision of the
International Classification of Diseases), from which
expected numbers of deaths were derived. Underlying
cause of death for deceased cohort members was re-
trieved from death certificate records in each country.
Most soft-tissue sarcomas are coded on death certifi-
cates under the rubric "malignant neoplasms of con-
nective and other soft tissue" (International Classifica-
tion of Diseases, Ninth Revision (ICD-9) (44), code 171).

Within-cohort comparisons examining mortality
from all neoplasms according to exposure to TCDD or
higher chlorinated dioxins used Poisson multiple re-
gression models. Rate ratios and 95 percent confi-
dence intervals derived from this analysis were ad-
justed for country, age, sex, calendar period, time
since first exposure, duration of exposure, and em-
ployment status. The GLIM statistical package (45)
was used for this analysis.

RESULTS

Workers exposed to any phenoxy herbicide or
chlorophenol

In the total cohort of workers exposed to phenoxy
herbicides or chlorophenols (n = 21,863), all-cause
mortality (table 3) was slightly lower than expected
from national mortality rates in both men (4,026
deaths; standardized mortality ratio (SMR) = 0.97)
and women (133 deaths; SMR = 0.98). This was
mainly due to low mortality from circulatory and
respiratory diseases.

A small, statistically significant excess mortality
from all neoplasms was observed in men (1,083
deaths; SMR = 1.07) but not in women (44 deaths;
SMR = 0.93). Greater than 10 percent excess mortal-
ity from all neoplasms was observed in 15 cohorts
from eight countries. The influence that the cohorts
from each single country had on the joint risk esti-
mates for all neoplasms was examined by consecu-
tively omitting each country from the pooled results
(figure 1). (Thus, each risk estimate shown on figure 1
was computed using data from 11 countries.) The joint
risk estimate changed little from country to country
when the cohorts of any particular country were omit-
ted. The widest increases in the joint estimate were

TABLE 3. Standardized mortality ratios among 21,863 International workers exposed to phenoxy herbicides or chlorophenols,
by cause of death and sex, 1939-1992

Cause of death
(ICD-9* codes)

All causes

All malignant neoplasms (140-208)

Diseases of the endocrine system and
the blood (240-289)

Mental disorders (290-319)

Diseases of the nervous system (320-389)

Diseases of the circulatory system
(390-^*59)

Diseases of the respiratory system
(460-519)

Diseases of the digestive system (520-579)

Diseases of the genitourinary system
(580-629)

Symptoms and ill-defined conditions
(780-799)

Accidents, poisoning, and violence
(E800-E999)

Unknown cause

Observed
no. of
deaths

4,026

1,083

64

30

40

1,738

252

139

40

82

429

109

Mates

SMR*

0.97

1.07

0.79

0.97

0.77

0.91

0.82

0.80

0.75

1.60

1.09

95% Cl*

0.94-1.00

1.01-1.13

0.61-1.01

0.66-1.39

0.55-1.05

0.87-O.95

0.72-0.92

0.67-0.95

0.54-1.02

1.27-1.98

0.98-1.19

Observed
no. of
deaths

133

44

1

0

1

48

7

8

2

5

15

2

Females

SMR

0.98

0.93

0.27

0

0.44

1.00

1.06

1.28

0.81

1.36

1.50

95% Cl

0.82-1.17

0.68-1.25

0.01-1.48

0-3.88

0.01-2.47

0.73-1.32

0.43-2.19

0.55-2.53

0.10-2.94

0.44-3.16

0.84-2.48

ICD-9, International Qassldcatlon of Diseases, Ninth Revision; SMR, standardized mortality ratio; Cl, confidence interval.
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Standardized Mortality Ratio

1.2

1.0 -

0.8-

<

FIGURE 1. Standardized mortality ratio (—) and 95% confidence interval ( ) from pooled analysis of 36 cohorts of workers exposed to
phenoxy herbicides, chlorophenols, and dioxins in 12 countries, 1939-1992. The vertical bars show the standardized mortality ratio (-) and
95% confidence interval (I) computed by consecutively omitting from the pooled results each country in tum.

seen with omission of the Danish and (particularly)
British cohorts, and the widest decreases were seen
with omission of the Dutch, German, and US cohorts.
This pattern suggests that there are differences be-
tween those cohorts with a high percentage of workers
exposed to TCDD or higher chlorinated dioxins and
those without.

Twofold excess mortality (9 deaths; SMR = 2.00)
was observed for soft-tissue sarcoma (table 4). The
deaths occurred in Australia (one death), Denmark
(one death in cohort 4), New Zealand (one death in
cohort 12), the United Kingdom (two deaths in cohorts
19 and 20), and the United States (four deaths (two
each in cohorts 32 and 33)). Lower excess risk was
seen for non-Hodgkin's lymphoma (34 deaths;
SMR = 1.27), with deaths occurring in Australia (two
deaths), Canada (one death), Denmark (four deaths in
cohort 4), the Netherlands (three deaths in cohort 9
and one death in cohort 10), New Zealand (one death
in cohort 12), Sweden (one death), the United King-
dom (two deaths in cohort 14 and one death each in
cohorts 17, 19, and 20), Germany (four deaths in
cohort 22 and 2 deaths in cohort 24), and the United
States (one death each in cohorts 25, 28, and 30, and
seven deaths in cohort 33). Statistically significant
excess mortality was observed from neoplasms of the
respiratory system (SMR = 1.13), particularly from
cancer of the larynx and from neoplasms in the cate-

gory "other respiratory organs" (ICD-9 codes 163—
165), comprising the mediastinum, pleura, and unde-
fined respiratory organs. Mortality from lung cancer
was slightly increased (SMR = 1.09). Mortality from
smoking-related cancers (cancers of the oral cavity,
esophagus, pancreas, larynx, lung, urinary bladder,
and kidney) was only slightly higher (565 deaths;
SMR = 1.08, 95 percent confidence interval (CI)
0.99-1.17) than mortality from cancer at all other sites
(562 deaths; SMR = 1.05, 95 percent CI 0.96-1.14).
Finally, statistically significant excess mortality was
observed from neoplasms of "other endocrine organs"
(ICD-9 code 194) (SMR = 3.60), all five deaths being
tumors of the suprarenal gland.

Workers exposed to TCDD or higher chlorinated
dioxins

In the subgroup of 13,831 workers exposed to phe-
noxy herbicides contaminated with TCDD or higher
chlorinated dioxins, statistically significant excess
mortality was observed from all malignant neoplasms
(710 deaths; SMR = 1.12). Mortality from all neo-
plasms increased slightly with time since first expo-
sure to dioxins, while there was no consistent pattern
of risk by calendar period or duration of exposure
(table 5).

A twofold excess risk was seen for soft-tissue sar-
coma (table 5). All deaths from soft-tissue sarcoma
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1068 Kogevinas et al.

TABLE 4. Standardized mortality ratios for specific tumors In 21,863 International workers exposed to phenoxy herbicides or
chlorophenols, by exposure to TCDD* or higher chlorinated dioxins, 1939-1992

UaUSti 01 QBHUl
(ICD-9* code(s))

All causes

All malignant neoplasms

Oral cavity and pharynx
(140-149)

Esophagus (150)
Stomach (151)
Colon (152-153)
Rectum (154)
Uver and biliary tract

(155-156)
Pancreas (157)
Peritoneum and unspedfic

digestive organs (158-159)
Nose and nasal sinuses (160)
Larynx (161)
Lung (162)
Other respiratory organs

(163-165)
Bone (170)
Connective tissue and other

soft tissue (171)
Malignant melanoma (172)
Skin, other (173)
Breast, female (174)
Breast, male (175)
Cervix uteri (180)
Endometrlum and uterus

(179, 181-182)
Ovary (183)
Prostate (185)
Testis (186)
Other male genital organs

(187)
Bladder (188)
Kidney (189)
Brain (191-192)
Thyroid (193)
Other endocrine organs (194)
Ill-defined and unspecified

neoplasms (195-199)
Non-Hodgkin's lymphoma

(200, 202)
HodgWn's lymphoma (201)
Multiple myeloma (203)
Leukemia (204-208)

No. of
deaths

2,728

710

22
20
42
52
29

12
30

5
0

15
225

9
3

6
5
4
9
2
0

3
0

43
4

1
24
26
12
2
2

41

24
8
9

16

Workers exposed to
TCDD or higher

chlorinated dloxlns

SMR*

1.00

1.12

1.30
1.25
0.90
1.00
1.32

0.87
0.98

1.23
0
1.72
1.12

3.20
1.08

2.03
0.48
1.25
2.16
2.56
0

3.41
0
1.11
1.31

1.27
1.42
1.60
0.63
1.36
2.25

1.34

1.39
1.29
1.21
0.73

95% Cl*

0.97-1.04

1.04-1.21

0.82-1.97
0.76-1.93
0.65-1.22
0.75-1.31
0.88-1.89

0.45-1.52
0.66-1.39

0.40-2.88
0.00-3.48
0.96-2.84
0.98-1.28

1.46-6.08
0.22-3.14

0.75-4.43
0.16-3.21
0.34-3.21
0.99-4.10
0.31-9.26
0.00-3.84

0.70-9.96
0.00-2.62
0.81-1.50
0.36-3.35

0.03-7.05
0.91-2.11
1.05-2.35
0.33-1.10
0.16-4.91
0.27-8.12

0.96-1.82

0.89-2.06
0.56-2.53
0.55-2.29
0.42-1.19

Workers not exposed to

No. of
deaths

1,367

398

3
6

30
33
14

3
16

4
3
5

148

3
2

2
4
0
3
0
3

1
1

25
3

1
10
3

10
2
3

19

9
1
8

17

TCDD or higher
chlorinated cfioxlns

SMR

0.91

0.96

0.45
0.49
0.88
1.16
0.74

0.42
0.86

1.83
3.80
1.22
1.03

1.24
1.43

1.35
0.95
0
0.53
0
1.79

1.16
0.45
1.10
1.33

1.69
0.65
0.31
0.81
2.17
6.38

1.04

1.00
0.27
1.59
1.44

95% Cl

0.86-0.96

0.87-1.06

0.09-1.31
0.18-1.07
0.59-1.26
0.80-1.63
0.41-1.24

0.09-1.22
0.49-1.39

0.50-^.68
0.78-11.10
0.40-2.85
0.87-1.21

0.26-3.62
0.17-5.16

0.16-4.88
0.26-2.42
0.00-3.35
0.11-1.56
0.00-7.69
0.37-5.22

0.03-6.48
0.01-2.51
0.71-1.62
0.28-3.90

0.04-9.44
0.31-1.20
0.06-O.91
0.39-1.48
0.26-7.85
1.32-18.65

0.63-1.63

0.46-1.90
0.01-1.51
0.69-3.13
0.84-2.30

All workers exposed to
any phenoxy herbicide

i

No. oJ
deaths

4,159

1,127

26
28
72
86
44

15
47

10
3

21
380

12
5

9
9
4

12
2
3

4
1

68
7

2
34
29
22
4
5

60

34
10
17
34

3r chtorophenoff

SMR

0.97

1.06

1.09
0.97
0.88
1.06
1.06

0.71
0.94

1.58
1.60
1.62
1.09

2.25
1.18

2.00
0.61
0.92
1.23
1.55
1.14

2.30
0.28
1.10
1.30

1.42
1.04
1.10
0.69
1.65
3.60

1.21

1.27
0.99
1.34
1.00

95% Cl

0.94-1.00

1.00-1.13

0.71-1.60
0.65-1.41
0.69-1.11
0.85-1.31
0.77-1.42

0.40-1.17
0.69-1.25

0.76-2.91
0.33-4.66
1.00-2.48
0.98-1.20

1.16-3.93
0.38-2.76

0.91-3.79
0.28-1.16
0.25-2.35
0.63-2.14
0.19-5.60
0.23-3.32

0.63-5.89
0.01-1.53
0.85-1.39
0.52-2.68

0.17-5.12
0.72-1.45
0.74-1.59
0.43-1.04
0.45-4.23
1.17-8.39

0.92-1.56

0.88-1.78
0.48-1.82
0.78-2.14
0.69-1.39

* TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; ICD-9, International Classification of Diseases, Ninth Revision; SMR, standardized mortality
ratio; Cl, confidence interval.

t Exposure to TCDD or higher chlorinated dtoxins could not be evaluated for 479 workers In one plant producing phenoxy herbicides, who
are included In this column together with those shown in the two middle columns. In this plant, there were 64 deaths, including one death
from soft tissue sarcoma and one from non-HodgWn's lymphoma.

occurred 10 or more years after first exposure, and the
risk appeared to be higher among subjects with a long
duration of exposure and among persons first em-
ployed before 1965. Four additional soft-tissue sarco-

mas (three deaths in the United States (46) and one
case in New Zealand) were registered among workers
who either were alive at the end of follow-up or had a
different cause of death given on the death certificate.
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1070 Kogevinas et al.

Mortality from non-Hodgkin's lymphoma (24 deaths;
SMR = 1.39) was slightly elevated, and it increased with
time since first exposure (table 5). The highest risks were
observed among workers with less than 1 year's dura-
tion of exposure, among workers first employed before
1965, and among workers in "other exposed jobs."

Mortality from lung cancer was only slightly elevat-
ed (SMR = 1.12). It was not associated with any of
the time-related exposure variables, and was highest
among maintenance workers and cleaners (table 5).
Statistically significant excess mortality was observed
from all respiratory neoplasms, a category which, exclud-
ing lung cancer, includes cancers of the nose and larynx
and "other respiratory neoplasms" (table 4). All nine
deaths in this latter category were coded as neoplasms
of the pleura (five deaths in Germany, two deaths in
the Netherlands, and one death each in Australia and
New Zealand). Mortality from "other respiratory neo-
plasms" increased with time since first exposure and was
highest in maintenance workers (4 deaths; SMR = 9.52).

A statistically significant excess risk was observed
for kidney cancer (table 4). However, there was no
trend by latency (at 0-9 years since first exposure,
SMR = 1.61; at 10-19 years, SMR = 1.55; and at
2:20 years, SMR = 1.64) or by duration of exposure.
The highest risk was observed among workers in "oth-
er exposed jobs" (8 deaths; SMR = 3.74). Elevated
risks were observed for breast cancer in both women
and men and for endometrial cancer. The increased
mortality from breast cancer was confined to female
workers in cohort 22 in Germany (9 deaths; SMR =
2.84, 95 percent CI 1.30-5.39). Similarly, two of three
deaths from endometrial cancer occurred in this plant.
Finally, an excess risk was seen for cancer of "other
endocrine organs," both deaths being due to tumors of
the suprarenal glands.

We could distinguish three cohorts with exposure to
higher chlorinated dioxins but not to TCDD (cohorts
6, 15, and 21), including a total of 842 exposed work-
ers. Mortality from all neoplasms was slightly lower in
these three cohorts (41 deaths; SMR = 1.02, 95 per-
cent CI 0.74-1.39) compared with mortality in the
entire group of workers exposed to TCDD or higher
chlorinated dioxins (table 5). No deaths from soft-
tissue sarcoma (0.17 expected) or non-Hodgkin's lym-
phoma (0.70 expected) were registered in these three
cohorts, while mortality from lung cancer was higher
(19 deaths; SMR = 1.48, 95 percent CI 0.89-2.31)
than that in TCDD-exposed workers.

Workers not exposed to TCDD or higher
chlorinated dioxins

In the subgroup of 7,553 workers with exposure to
phenoxy herbicides and chlorophenols but with mini-

mal or no exposure to TCDD or higher chlorinated
dioxins, mortality from all neoplasms (398 deaths;
SMR = 0.96), non-Hodgkin's lymphoma (SMR =
1.00), and lung cancer (SMR = 1.03) was close to that
expected, while there was a slight elevation for soft-
tissue sarcoma (SMR = 1.35, based on two deaths)
(table 4). For none of these neoplasms was there a
consistent trend in risk observed by time since first
exposure, duration of exposure, or calendar period of
first exposure (table 6). Three additional cases of soft-
tissue sarcoma (among persons alive at the end of
follow-up) were registered in Denmark based on the
combination of topography and morphology codes in
the national cancer registry. Statistically significant
excess risk was seen only for the category "other
endocrine tumors," all three deaths being due to tu-
mors of the suprarenal glands. High risks, although not
statistically significant, were seen for sinonasal and
thyroid cancers.

Internal comparisons using Poisson regression
modeling

In the Poisson regression analysis, workers exposed
to TCDD or higher chlorinated dioxins had an in-
creased risk of mortality from all neoplasms (rate
ratio = 1.29, 95 percent confidence interval 0.94-1.76)
compared with workers in the same cohort with no
exposure to TCDD or higher chlorinated dioxins (table
7). An important problem encountered when fitting
this model was the existing collinearity between
"country" and "exposure to TCDD or higher chlori-
nated dioxins." This occurred because, in some coun-
tries, the majority of workers were characterized either
as exposed or as nonexposed to TCDD or higher
chlorinated dioxins. Therefore, although the effect es-
timate (rate ratio) was likely to be more valid than the
standardized mortality ratios, it became less precise.
The effect of the collinearity on the confidence inter-
vals of the rate ratios can be seen when the results
shown in table 7 are compared with those of a regres-
sion model not including country (rate ratio = 1.16,95
percent CI 1.02-1.32). The latter result is similar to the
ratio of the standardized mortality ratios shown in
table 4 (1.12/0.96 = 1.17).

DISCUSSION

Chronic bioassays and mechanistic data have shown
that dioxins and furans, particularly TCDD, are ex-
tremely potent carcinogens, but the epidemiologic ev-
idence is not consistent. The findings of this interna-
tional study of 36 cohorts from 12 countries indicate
that exposure to herbicides contaminated with dioxins
is associated with a small increase in overall cancer
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TABLE 7. Mortality from all neoplasms (1,091 deaths) among
workers in the IARC* International cohort study, by exposure
to TCDD* or higher chlorinated dioxins, 1939-1992f4

Variables In the model

Exposure to TCDD or higher
chlorinated dioxins

NoH
Yes

Years since first exposures
0-9H
10-19
£20

Duration of exposure (years)*

<m1-4
5-9
10-19
£20

Year of first exposure*
<1960H
1960-1969
1970-1979
£1980

RR*,§

1.0
1.29

1.0
1.04
1.26

1.0
1.01
0.96
1.06
0.99

1.0
1.23
1.28
1.14

95% Cl*

0.94-1.76

0.84-1.30
0.99-1.60

0.86-1.18
0.79-1.17
0.87-1.30
0.75-1.29

0.83-1.49
0.87-1.90
0.76-1.70

• IARC, International Agency for Research on Cancer; TCDD,
2,3,7,8-tetrachlorodibenzo-p-dioxin; RR, rate ratio; Cl, confidence
interval.

t Analysis was limited to workers exposed to phenoxy
herbicides or chlorophenols in the 35 cohorts characterized with
regard to exposure to TCDD or higher chlorinated dioxfns, and to
those workers with known durations of exposure and known
employment status.

t Internal comparisons using Poisson regression analysis.
§ Adjusted for the variables in the table and for age, sex, country,

and employment status.
H Reference category.
# Exposure to TCDD or higher chlorinated dioxins or (for the

comparison group) to phenoxy herbicides or chlorophenols not
contaminated wtth TCDD.

risk and in risk for specific cancers. Several observa-
tions support this statement. First, the group of work-
ers exposed to TCDD or higher chlorinated dioxins
had, on average, clearly higher exposure to these
chemicals than the general population. Second, in the
subgroup of workers exposed to phenoxy herbicides
and chlorophenols contaminated with TCDD or higher
chlorinated dioxins, the mortality increases were more
pronounced and more consistently associated with ex-
posure than were those in workers exposed to uncon-
taminated phenoxy herbicides and chlorophenols. Fi-
nally, the increases in overall and specific cancer
mortality were observed in several cohorts from dif-
ferent countries.

The validity of epidemiologic studies addressing the
carcinogenicity of phenoxy herbicides and their con-
taminants has been questioned. Doubts have been ex-
pressed about the evaluation of exposure to herbicides
and dioxins, particularly the evaluation of exposure to
dioxins in case-control studies (5, 37), the potentially

confounding effects of other occupational exposures
(5, 47) and of lifestyle factors such as smoking (48),
and outcome misclassification resulting from use of
death certificate information (46). The most important
consideration when interpreting the findings of this in-
ternational study is exposure misclassification, which,
if anything, has probably led to an underestimation of
the true risk. The validity of our results may also have
been influenced, to a lesser extent, by inaccuracy of
diagnoses from death certificates and by confounding
by other workplace chemical exposures or lifestyle
factors.

The dichotomous classification of exposure used in
this analysis distinguished two groups of workers:
those with and those without substantial exposure to
TCDD or higher chlorinated dioxins. However, this
categorization has undoubtedly led to some misclassi-
fication of exposure between the two groups and to
considerable variability of exposure within groups,
particularly in the TCDD-exposed group. TCDD lev-
els were determined in 574 workers from 10 plants,
but the available information did not allow for quan-
titative evaluation of levels of exposure to TCDD for
the entire international cohort. Average estimated
TCDD levels in production workers at the time of
blood drawing ranged from a low of 3.2 pg per gram
of extracted fat in a German cohort (a cohort in which
elevated levels of higher chlorinated dioxins were
found, however (40)) to a mean of 233 pg/g from two
NIOSH cohorts (34) (estimated as 2,000 parts per
trillion at the end of employment, ranging to 36,000
parts per trillion) and 402 pg/g among workers with
chloracne in another German cohort (36). These val-
ues should be compared with the average levels below
5 pg/g seen in the general population of most indus-
trialized countries. Furthermore, TCDD and other
polychlorinated dioxins and furans have been detected
in the end products, reactor products, and waste
streams of many plants producing contaminated her-
bicides (33, 34). The group of workers classified as not
exposed or minimally exposed to TCDD undoubtedly
included some workers who had been professionally
exposed to dioxins, but it is unlikely that, on average,
their level of exposure was as high as that in the
exposed group. The cutoff point of average production
of 10 tons per year of herbicides or chlorophenols
known to be contaminated with TCDD or higher di-
oxins is low relative to the normal yearly production
volumes in these plants of hundreds or thousands of
tons of herbicides and chlorophenols (33). This defi-
nition of substantial exposure to TCDD was set a pri-
ori in the first follow-up of the IARC cohort (25),
and classifies as nonexposed to TCDD and higher
chlorinated dioxins those workers who produced
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or sprayed predominantly 2,4-dichlorophenoxyacetic
acid or 4-chloro-2-methyl-phenoxyacetic acid, herbi-
cides known not to contain TCDD. The few measure-
ments of TCDD in workers classified in this analysis
as nonexposed to this compound show that they had
lower levels than those measured in workers classified
as exposed (table 2).

The identification of soft-tissue sarcoma in epide-
miologic studies using death certificates has been
shown to be inaccurate (46). Most sarcomas are likely
to be coded under the rubric "malignant neoplasms of
connective and other soft tissue" (ICD-9 code 171),
but errors may be as high as 50 percent (46). Given the
small number of deaths from soft-tissue sarcoma in
this study, these errors may have had a considerable
impact on the magnitude of the risk estimates, and
results should be interpreted with caution. However,
the pattern of higher mortality from soft-tissue sar-
coma in the cohort overall and of a higher risk in the
TCDD-exposed subgroup seems to hold true irrespec-
tive of errors in diagnosis. In this cohort, a pathology
review was available for eight out of nine deaths from
soft-tissue sarcoma. The death certificate diagnosis of
two soft-tissue sarcomas occurring in workers exposed
to TCDD was not confirmed when slides of the tumors
were reviewed independently by two pathologists
(22). It is unlikely that such false-positive diagnoses
occurred at a higher rate in the cohort than in the
general population, especially since seven out of nine
deaths from soft-tissue sarcoma occurred before 1980,
the time period when an association between this
malignancy and exposure to phenoxy herbicides and
chlorophenols was first suggested in an epidemiologic
study (49). Apart from the nine soft-tissue sarcomas
identified from death certificates among workers ex-
posed to phenoxy herbicides and contaminants, an-
other three deaths (two confirmed pathologically and
one through medical records) were identified through
a review of selected diagnoses in death certification in
the NIOSH cohorts (46); three further cases were
identified in Denmark on the basis of the combination
of topography and morphology codes in the cancer
registry, and one was identified in New Zealand from
cancer registration records. Of those seven additional
deaths/cases, four occurred among workers exposed to
phenoxy herbicides contaminated with TCDD and
higher chlorinated dioxins and three in workers ex-
posed to uncontaminated phenoxy herbicides.

Confounding by other occupational carcinogenic
exposures such as 4-aminobiphenyl, 2-napthylamine
(47), and other pesticides (5) has been proposed as one
explanation for the increased risk of soft-tissue sar-
coma among production workers or sprayers. In a
nested case-control study carried out in part of this

cohort (excluding the NIOSH cohorts and the latest
years of follow-up in the remaining cohorts), it was
shown that other exposures occurring in the workplace
were not important determinants of the risk of soft-
tissue sarcoma or of non-Hodgkin's lymphoma (26).
Furthermore, excess cancer mortality was found in
many workforces making up the international cohort,
each exposed to a different range of chemicals. This
makes confounding by an unidentified chemical expo-
sure unlikely. It is probable that exposure to asbestos
occurred in some plants, given the excess mortality
from "other respiratory" neoplasms. This disease
group may include pleural mesothelioma but also un-
recognized soft-tissue sarcoma or secondary tumors.
However, any effect of exposure to asbestos in this
cohort could be expected to be minimal given the
small number of deaths in this category and in the
category "neoplasms of the peritoneum and other di-
gestive organs"—even if it is assumed that all of these
deaths were due to mesothelioma.

The generalized increases in cancer risk in the
TCDD-exposed group are unusual in occupational co-
horts because of the healthy worker effect and because
most carcinogens precipitate specific cancers. How-
ever, this pattern of excess mortality is consistent with
evidence from animal experiments in which TCDD
has been demonstrated to cause cancer at multiple sites
(2). While the possible confounding effects of lifestyle
factors cannot be ruled out, there is some evidence
here to suggest that they have not played a major role
in the excesses that were observed. There was no
evidence in this cohort of excess risk from nonmalig-
nant respiratory disease or liver cirrhosis; and where
information on smoking was available, the data sug-
gested that smoking had a minimal effect on the over-
all risk pattern (18, 22). Finally, a potentially con-
founding effect by general lifestyle factors should, in
part, be controlled in the internal comparisons of
workers producing phenoxy herbicides with or without
contamination by dioxins.

Mortality from all neoplasms, soft-tissue sarcoma,
and non-Hodgkin's lymphoma increased with time
since first exposure to herbicides contaminated with
dioxins. Mortality from soft-tissue sarcoma and non-
Hodgkin's lymphoma tended to be highest in workers
first employed before 1970, when exposures were
probably highest. Kidney cancer was among the can-
cers showing an overall statistically significant in-
crease in mortality, but there was no clear association
with any of the time-related exposure variables. The
increase in breast cancer among women was solely
due to the observed increase in a German cohort (20,
21) which included most of the TCDD-exposed female
production workers in the international study, and
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which was not included in the previous follow-up of
the IARC study (25). This finding is in contrast with
results from the Seveso population (28), which was
accidentally exposed to high levels of dioxin but
which has been followed for a shorter period than the
German cohort. It is also in contrast with results of the
previous follow-up of the IARC cohort, which in-
cluded fewer female production workers (50). Expo-
sure to organochlorine compounds with estrogenic
activity, such as dichlorodiphenyltrichloroethane, has
been associated with excess breast cancer risk (51),
but the epidemiologic evidence is contradictory (52).
It has been postulated, however, that dioxin-like com-
pounds have an antiestrogenic effect (53), and in some
of the chronic bioassays TCDD inhibited the develop-
ment of spontaneous mammary and uterine tumors in
female rats (54).

In conclusion, the latest findings from this interna-
tional study of 36 cohorts from 12 participating coun-
tries indicate that exposure to herbicides contaminated
with dioxins may be associated with a small increase
in overall cancer risk and in the risk for specific
cancers. Any evaluation of these findings must be
balanced by the knowledge that these risks were as-
sociated with considerably higher levels of exposure to
TCDD and higher chlorinated dioxins than those typ-
ically experienced by the general population.
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