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Background: In 1997, the International
Agency for Research on Cancer classi-
fied 2,3,7,8-tetrachlorodibenzop-
dioxin (TCDD) as a group 1 human
carcinogen, based largely on four
highly exposed industrial cohorts that

showed an excess of all cancers com-

bined. In this study, we extended the
follow-up period for the largest of these
cohorts by 6 years and developed a job-
exposure matrix. Methods: We did co-
hort mortality analyses involving 5132
chemical workers at 12 U.S. plants by
use of life table techniques (U.S. popu-
lation referent) and Cox regression
(internal referent). We conducted
exposure-response analyses for 69%
of the cohort with adequate work his-
tory data and adequate plant data on
TCDD contamination. All P values are
two-sided. Results: The standardized
mortality ratio (SMR) for all cancers
combined was 1.13 (95% confidence
interval 1.02-1.25). We found
statistically significant positive linear
trends in SMRs with increasing expo-
sure for all cancers combined and for
lung cancer. The SMR for all cancers
combined for the highest exposure
group was 1.60 (95% confidence inter-
val = 1.15-1.82). SMRs for heart dis-
ease showed a weak increasing trend
with higher exposure P = .14). Diabe-
tes (any mention on the death certifi-

cate) showed a negative exposure—cohort of 5172 workers (5132 after exclu-

response trend. Internal analyses with
Cox regression found statistically sig-
nificant trends for cancer (15-year lag
time) and heart disease (no lag)Con-
clusions: Our analyses suggest that
high TCDD exposure results in an ex-
cess of all cancers combined, without
any marked specificity. However, ex-
cess cancer was limited to the highest
exposed workers, with exposures that
were likely to have been 100-1000
times higher than those experienced by
the general population and similar to

Journal of the National Cancer Institute, Vol.

the TCDD levels used in animal studies. 1.15; 95% confidence interval [ClE
[J Natl Cancer Inst 1999;91:779-86] 1.02-1.30) compared with the general
population, increasing to a 46% excess of
In 1997, the International Agency for mortality in the subcohort of these work-
Research on Cancer (IARC) classifie"™s Who had an exposure of more than 1
2,3,7,8-tetrachlorodibenzp-dioxin year and a first exposure that occurred at
(TCDD) as a human carcinogen (group 1 ea;st 20 years previously (SMR- 1.46;
based on limited human epidemiolog _5/0 CI_ = 1.21-1.76)(2). No quantita-
data, sufficient animal data, and supplellVé €stimate of exposure over time was
mentary information on biologic mecha-available for the cohort at the time of the
original analysis. This cohort is the sub-

nism (1). The human epidemiologic evi- . . I
sm (1). The human epidemiologic ect of this report; existing data have now

dence was not consistent for all studie%)een assembled enabling quantitative ex-
but did point to a generalized excess of al 94

Josure estimates.
Beside cancer, in recent years, TCDD 3
has been implicated as a possible cause ofj:?

giSg;ilre((:gﬂg)rtlszuﬁgzrr‘:]vslléd?ncﬁrwsgtgfheart disease. Elevated rate ratios for mor- 2
P : ’ tality from ischemic heart disease were

e cors moraly o o et n a ge mucouny cont
9 atio = 1.67; 95% Cl= 1.23-2.26)8),

serum TCDD levels in a statistically sig-. .
y in a heavily exposed Dutch cohort (rate
nificant manner(3-5). In the fourth co- ratio = 1.9: 95% Cl = 0.9-3.6)(5), in

hort, the cancer excess was confined tRuen in the high-exposure zone at Seveso

those individuals with the longest dura—(rate ratio= 1.6; 95% Cl= 1.1-2.5))

tion of exposure(Z)._ : . . in those with the highest estimated TCDD s
TCDD is a multisite carcinogen in ani-

o . levels in a German industrial cohort (rate
mals. However, it is not directly geno-

toxic and is thought to induce tumors inratio = 1.4;95% Cl = 0.71-2.76)(3),
) - 9 . and in U.S. Air Force Ranch Hand per-
animals indirectly. TCDD operates via an

._sonnel (nonflying personnel) with the
Ah (aryl hydrocarbon) receptor that IShighest (estimgteg '?CDD exp)osure (rate
present in many tissues in both animal§

and humans. In animals, the affinity of atio = 1.5, 95% Cl= 1.0-2.2)(10).0n
TCDD for the Ah receptor is correlatedthe other hand, two cross-sectional medi-

with carcinogenic potentia[1). Animal cal studies of U.S. industrial workers (a
9 P ' subset of this cohort) and U.S. Air Force

carcinogenesis is thought to arise from Athanch Hand personnel have been largely
receptor-mediated alteration of gene ex-

pression, although other possible mech negative for cardiovascular morbidity

) > o 11,12).
nisms, such as increased oxidative DNA g, e mechanisms exist for an ef-
gggnnagg %rse'rglrgl;r}%;gﬁgﬁ:'ﬁgév\?ﬁv%ct of TCDD on cardiovascular disease,
prop A . rimarily by an alteration of lipid metabo-
to act as a promoter of other carcmogenﬁsm’ although other mechanisms such as
(@). BO(_jy burdens of TCDD among thean effect on inflammation affecting ath-
more highly exposed workers in the in-

dustrial cohorts were similar in ma nitudeerothrombOSis have also been suggeste
9 -(13). Two cross-sectional studi€$2,14)

trg dt;%?ystz lf;g;?f that produced cancer i ave shown an inverse relationship be-
' tween serum TCDD level and high den-

The largest of the four industrial co-_.. . . .
- : sity lipoprotein, and one of these studies
horts considered by the IARC is the U'S'also showed a positive relationship with

04} papeojumoq

cancer mortality (without any pronounce
site specificity) in four highly exposed in-
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. total cholestero(12).
sions) at 12 plants that produced chemi- A recent cross-sectional medical study

cals contaminated with TC.:DD' These 15) of the Operation Ranch Hand cohort
workers were exposed to high levels o

TCDD. Blood drawn from a sample of ound a 50% higher prevalence of diabe-
these workers (n= 253) indicated an es-

timated mean serum level of 2000 parts

per trillion in lipids at the time of last
exposure compared with six to eight parts Affi!iation of authors: National _Ins_titute_ for Oc-
per tillon for the general populatoff). EUpalonl Safey an Healt Crmat ot
From the earlier fOIIOW-up data throth ational Agency for Research on Ca’ncer, 1;50 Cours
1987, this cohort had a 15% excess Q Ibert Thomas, 69372 Lyon, France (e-mail:
mortality from all cancers combined steenland@iarc.fr).

(standardized mortality ratio [SMR} See*Notes” following “References.”
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tes (prevalence rati= 1.5; 95% Cl =  contamination of their work processes or lacked demarily dermal and in part because the scores repre-

1_2_2_0) among those individuals with thdailed work history required to estimate the level ofsent a quantitative exposure ranking of workers

highest levels of TCDD in serum Com_TCDD exposure by job. Another 38 workers at theacross different jobs and plants rather than an as-
. remaining eight plants were eliminated because thesignment of a specific dose of TCDD. Nonetheless,

pared with noneXposed r_eferents. On orked in a process in which TCDD contaminationthe scores should reflect the relative exposure level

other cross-sectional medical survey 0fyyd not be estimated. Finally, another 727 workerso TCDD among workers.

U.S. industrial workers provided somewith exposure to both pentachlorophenol and TCDD .

supporting evidence for these findingsvere eliminated to avoid possible confounding ofFollow-up and Data Analysis

[(16); Calvert G, Sweeney M, Deddens Jany TCDD effects by pentachlorophenol. Pentachlo- ) ]

Wall D: manuscript submitted for publi- rophenol is contaminated with the higher chlorinated Follow-up through 1993 was conducted via Social

dioxins. These dioxins and TCDD are thought to acBecurity death files, the National Death Index, and

cation], but another cross-sectional med Similarly with regard to the Ah receptor and genethe Internal Revenue Service. Cause-of-death data S

cal study _Of German indUSU‘iaJ Workersexpression, although they are considered less toxiéere obtained for 98% of the decedents. Life table
was negative(17). Animal studies have (1) These restrictions led to an exposure-level sup@nalyses, stratified for race, age, and calendar time
shown that TCDD reduces glucose transcohort of 3538 workers (69% of the overall cohort).2nd, using the U.S. population as a comparison,
port in adipose and other tiSsugs). All restrictions were made priori without knowl- ~ Were conducted for the entire cohort for 92 under-
Thus, there have been reasonably corgdge of their effect on disease outcome. |t)(/)1rngo géillj;:tsio?];ﬁé;zsyaﬁngez Ii\rl]aﬁfoeﬂ?;grestg;ge

; i We also analyzed another subcohort of 608 work -
sistent findings of an excess of all Cancergrs (taken fromyall 12 plants) who had chloracne (&@m(20).Person-years at risk (1 person-year at risk

combined among those individuals Wlthskin disorder that can result from TCDD exposure)= 1 person followed for 1 year) began at the time of

the highest TCDD exposure in four indus-ng who also had not had any exposure to pentdl'st exposure to TCDD and continued until date of
trial cohorts, although site-specific find- chiorophenol [which is also a chioracnegetg). ~ death, date last observed, or date of the study’s end,
ings have not always been consistentworkers in this subcohort were classified as having/hichever came first. Only 0.6% of the cohort could
Cancer excesses have not been consimsd chloracne based on historic plant medical renot‘be followed until death or the end of the study. o
tently observed in TCDD-exposed co-cords. The motivation for this analysis was in part Life table analyses were also run on the exposure- 5

horts with lower exposures. There are %ecause these workers were likely to have halfVel subcohort of 3538 workers. Categorical analy-

- : igher TCDD exposures and in part for comparisorf€S used seven cumulative exposure cut points, the=,
number of findings of increased amount i oner studies of TCDD-exposed workers withMaximum permitted by the life table program. Cut

of heart disease and diabetes associatg@loracne. points were chosen before analysis based on the sep-
with TCDD exposure, but the data are in- tiles of cumulative exposure of all observed deaths,
consistent. To further investigate the isJob-Exposure Matrix with the aim of creating categories so that the re-

sues raised above, we have extended theThe job-exposure matrix is described in a se ara;;:'tile:]r?cecsij1 l:cer;igecslgctilig RI?\ \;Vgéljilt(ijo: a\ll: sgglll?fre
follow-up of the U.S. cohort through 1993 X P P pries. 499

: o i : publication (19). Briefly, the matrix assigns each table analyses were also run, in which it is assumed
(6 more years), with a 37% increase '!"_th@vorker a quantitative exposure score for each day hilat cancer cannot result from exposure until after a
number of deaths observed. In additionworked. The score is based on the following thredag or latency period. In the analyses with a 15-year
we have conducted exposure—respongactors: 1) the concentration of TCDIn§/g) pres- lag period, for example, person-years at risk due to
analyses after estimating past TCDD exent in process materials, 2) the fraction of the dayxposure began 15 years after exposure. A person is
posures for 69% of the cohort by usindhe :/_\t/o;ker Worl:e(i cIJn tr:e(g%elcific;;rct))cesz, and 3)t‘a?ewe(;_asf_ ntonexposed |untri1|' 1?6:/hears hafst pa;_ssted
: : L qualitative contact level (0.01-1. ased on estisince his first exposure. In his year after firs
historic data on TCDD contamination Ofmates of the amount of TCDD contamination reachexposure, his cumulative exposure equals that re-

process materials and detailed work h'Smg exposed skin areas or the potential for inhalatiorceived in his first year of exposure, and in his 30th
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tories. of TCDD-contaminated dust. Data on TCDD con-year after exposure, his cumulative exposure equals
centration in process materials were available for althat received in his first 15 years of exposure. The

SUBJECTS AND METHODS plants from the 1960s through 1983 (productionag discounts any exposure received during the prior
contaminated by TCDD had stopped in all plants byl5 years. Deaths and person-years occurring during

Cohort Definition 1984). Supplemental data on the chloracnegenic pohe lag period (e.g., during the first 15 years of fol-
tential of contaminated processes were also availew-up) were considered nonexposed and were in-
The cohort has been described previougy. able for earlier periods at the largest plant in thecluded in the lowest exposure category. Tests for
Briefly, 5172 male workers from all 12 U.S. plants cohort. Data on any changes in process across timieend in SMRs with cumulative dose and logarithm
that produced TCDD-contaminated products (inwere also known, allowing adjustment of the con-of cumulative dose were calculated by the method
cluding Agent Orange) from 1942 through 1984centration factor over time. Contact level was resuggested by Breslow et §21). The mid-points of
were included in the study. Documentation of evelated to the job category; for example, in generalexposure categories were used in this test; for the
having worked in a TCDD-exposed job was requiredoroduction workers were assigned higher contaatppermost exposure category (which has no mid-
for inclusion. TCDD was generated primarily as alevels than chemists or engineers. The three factopmint), we used the median cumulative exposure of
contaminant in the production of 2,4,5- (concentration, fraction of day exposed, and contachose workers who were in that category.
trichlorophenol. The National Institute for Occupa-level) were multiplied together to form a daily ex- Cox regression analyses were also conducted with
tional Safety and Health conducted a review of inposure score. For example, a full-time productiorthe exposure-level subcohort for death (underlying
dustrial hygiene records and production processes atorker producing 2,4,5-trichlorophenoxyacetic acidcause) from ischemic heart disease (International
all plants. on a specific day in 1966 at a specific plant might beClassification of Diseases [ICD] 410-414, 9th Re-
For the present study, we rereviewed all of theassigned the estimated 1966 concentration of TCDBision), all cancers, and some subsets of cancers. In 3
data and eliminated 40 workers who were found tan the 2,4,5-trichlorophenoxyacetic acid (e.g., 0.6€ddition, a Cox regression analysis was conducted ©
be female or to have never worked in TCDD-pg/g), a fraction of the day equal to 1.0 (full-time for diabetes, based on any mention on the death
exposed departments or whose record was missingveorker), and a contact level of 1.0 (assigned to mostertificate (multiple cause). Unlike SMR analyses
date of birth. Of the remaining 5132 workers, 238production workers), resulting in an exposure scor@sing the U.S. population as the nonexposed referent
lacked adequate data to characterize duration of exer that day of 0.66. For each worker, these scores igroup, Cox regression analyses are internal analyses
posure and could not be used in the “exposure-levelurn were accumulated over time to give a cumulathat use the low-exposure group as the referent
subcohort for exposure—response analyses. tive exposure score. group for higher exposure groups. Compared with
The exposure-level subcohort was further re- The exposure scores cannot be interpreted in uniSMR analyses, Cox regression analyses permitted
stricted to eight plants because four plants (with 59Dbf external exposure, such as parts per million omore flexible modeling of the exposure-response
workers) lacked records on the degree of TCDDmg/nT in the air, in part because exposure was prieurve, exploration of various lag times, and explo-
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ration of possible interactions. Because internal
analyses compare workers with other workers likely 10000 ¢
to share some lifestyle characteristics, such analyses E
may also help avoid potential confounding by un-

measured variables, such as smoking or other

chemical exposures. They may also help avoid a

possible healthy worker effect that can occur (espe-

cially for heart disease) when workers are compared

with the general population. The time variable for

Cox regression was age, which had the effect of

matching on age; risk sets were also matched ohig. 1. Median cu-
race, and year of birth was included in all modelsmulative exposure
The SAS program package (PHREG program) wascore by plant.
used (22). Cumulative exposure was a time-

dependent variable. We considered several exposure

metrics, including cumulative exposure score, loga-

rithm of cumulative exposure score (with 0.001

added to each subject’'s exposure scores to avoid

taking the logarithm of 0 in lagged analyses), aver-

age exposure score (cumulative exposure score di- 1
vided by duration), and categorized exposure scores
divided into septiles. Lag times of 5, 10, 15, and 20
years were used, with the change in likelihood as the
criteria for a better fit. Individuals who only had
exposure during the lag period (e.g., during their last
15 years of follow-up) were considered nonexposethe duration and level of exposure intcable for all cancers combined, ischemic
and were combined with the lowest exposure cataccount. There exists no gold standard tbeart disease, and diabetes, the causes of
egory. Tests for trend in the categorized data (sefvalidate the job-exposure matrix and itsa priori interest. Heart disease might have
tiles of cumulative exposure) from a Cox regressionastimated exposure scores. However, ibeen expected to be in deficit due to the
analysis were done with an e ngeneral, those workers with chloracnénealthy-worker effect. The slight excess

?;fg;?g;ﬁ?;f: Sr;?ozn;r:yts,:seOr;itgiggg'gﬁnghg g;_would be expected to have had higher exebserved could be related to TCDD tox-
posure categorie@3). For the uppermost category, POsures to TCDD, although chloracne iscity or to the fact that most of this cohort
which has no mid-point, the median exposure wa@n imperfect marker of high exposure. Irhas been followed past retirement age, di-
used. The regression line was forced through zer@ur cohort, those workers with chloracneminishing the healthy-worker effect. Lar-
so that the nonexposed were assumed to have argig = 393) had a markedly higher medianynx cancer and myeloma were statisti-
ratio of 1.0. | | ducteq SUMulative exposure score (11546) thasally significantly elevated based on
sm%i?nrg‘a-?:f;tzlgnci?]igrssesar\?:jerr?oi-Ssomccaok?ng-crt;ate ose workers without chloracne (s  small numbers of cases. Bladder cancer
cancers. Smoking-related cancers were defined as-49), Whose median score was 77. Thiwas also statistically significantly el-
those most strongly related to smoking (i.e., lungmarked difference persisted when the avevated, but this elevation was largely due
larynx, esophagus, oral, pharyngeal, and bladde@rage exposure scores rather than cumte an excess at one plant that was cause
cancers), whereas non-smoking-related cancetative exposure scores were considereby exposure to 4-aminobiphenyl (this
were the remainder. These analyses were motivaiqnedian 10.3 versus 0.3). Both serunplant accounted for 10 cases of bladde
by analyses of other investigatod), suggesting Tcpp |evels and exposure scores wereancer). When the data were restricted to &
that TCDD increased the risk of cancer only in - . N
smokers. Our data did not include information onavaulab_le for 193 workers at one of thethose workers with more than 1 year of ©
the smoking history of our subjects. However, if thisPlants in the exposure-level cohort (FigTCDD exposure and analyzed for the pe-
hypothesis were true, then by inference one mighl, plant 1). However, this plant unfortu-riod of 20 years or more of potential la-
expect to detect a TCDD effect reflected in in-nately had relatively poor-quality work tency, the SMR for all cancers was 1.29
creased numbers of smoking-related cancers.  hjstory information compared with other(95% CI = 1.10-1.51), a decrease from

All reported P values are two-sided. No adjust- plants, making estimation of exposurehe SMR of 1.46, which was observed for
ment of P values was made for multiple compari-|oq| there particularly difficult. Many this group in the earlier follow-up.

sons; instead, we sought to interpret positive find- ;i - . :
ings in light of biol%gic and zpidzmiologic workers in this plant had the same job title Table 1 presents the data for 608 men >

1000 &

100 ¢

Median cumulative score (log scale)

1(430) 3(665) 4(355) 7(54) 8(202) 9(1408) 10(262) 11(153)
Plant {No. workers}
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consistency. and worked during the same period, sevho had chloracne, as noted in plant @
that estimated intensity of exposure wasnedical records. This group had an excessg

REsSuULTS similar for many workers. The Spearmarrisk of 25% for all cancers (SMR= 1.25; g
correlation coefficient between cumula-95% CI = 0.98-1.57) and an excess risk &

Fig. 1 shows that plants in the expo-ive exposure score and serum level baclef 17% for heart disease (SMR 1.17; é

sure matrix differed considerably by me-extrapolated to the last exposure for thi®5% Cl = 0.94-1.44), whereas this group 2
dian cumulative exposure of the workerssample of workers was .70. The correlahad no excess risk for diabetes. They had
The principal reason for the large differ-tion coefficient between the duration ofan excess risk of 45% for lung cancer that
ences between plants was the degree &xposure and the serum level of dioxirhad borderline statistical significance and
which dioxin contaminated the productswas .74 and between the cumulative exa risk for soft tissue sarcoma that was sta-
produced, which would have led to work-posure score and the duration was .91. tistically significantly elevated, based on
ers at different plants having different in- Table 1 presents the life table result®nly three cases. A number of men in this
tensities of exposure. The cumulative exfor the entire cohort (n= 5132) for a chloracne subcohort (215 of 608 men)
posure scores permit analyses that takeariety of causes. Results were unremarkwere identified in prior studies of men
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Table 1.Cohort mortality results: selective causes*

by estimated cumulative exposure level in

Death category No. of
(ICD-9 code) deathst

the exposure-level subcohort. Statisti-
SMR R oo
(95% Cly cally significant positive linear trends of

Total cohort (n =5132)

All cancers (140-208) 377
Esophagus (150) 13
Stomach (151) 13
Small intestine, colon (152-153) 34
Rectum (154) 6
Liver and biliary (155-156) 7
Pancreas (157) 16
Peritoneum and unspecified (158-159) 3
Larynx (161) 10
Lung (162) 125
Prostate (185) 28
Kidney (189.0-189.2) 13
Bladder (188, 189.3-189.9) 16
Lymphatic and hematopoietic (200—-208) 35
Hodgkin's disease (201) 3
Non-Hodgkin’s lymphoma (200, 202) 12
Multiple myeloma (203)+ 10
Leukemia and aleukemia (204—208) 10
Brain and nervous system (191-192) 8
Connective tissue and soft tissue (171) 4

Nonmalignant respiratory disease (460-519) 86

Ischemic heart disease (410-414) 456

Cerebrovascular disease (430-438) 69

Diabetes (250) (underlying cause) 26

Diabetes, multiple causes,§ 1960 and beyond 89

Accidents (800-930) 117

All causes (total) 1444

Mortality results for chloracne subcohort (n = 608); selective caulses

All cancers (140-208) 73
All digestive organs (150-159) 11
Larynx (161) 2
Lung (162) 30
Bladder (188, 189.3-189.9) 6
Lymphatic and hematopoietic (200—208) 6
Connective tissue and soft tissue (171) 3

Ischemic heart disease (410-414) 92

Diabetes (250) 4

All causes (total) 271

increasing disease with increasing expo-
sure occur for all cancer®(= .02) and

1.13 (1.02-1.25 lung cancer P = .05). The SMR trend

1.46 (0.77-2.49) for heart disease fell short of statistical
1.04(0.55-1.78) sjgnificance P = .14). These trends are
0.1551?0(%?9;_%2)1) not monotonic (they do not show a steady
0.88 (0.44-1.57) increase in rate ratio with each increasing

0.96 (0.55-1.56) category of increasing exposure), but the
2'222-%flé%f5568-)‘11higher SMRs generally do occur in the
1.06 (0.88-1.26) highest exposure categories. All cancers
1.17(0.78-1.69) with a 15-year lag time also showed a
1i5§9(?i81252é6§%) statistically significant positive trendP(

1.11 (0.78-1.54)= -02) with cumulative exposure and an

1.09 (0.22-3.19) even stronger trend with the logarithm of
21(-)%0(609-3651{3%)1) cumulative exposureP( = .002).

0.81 (0.3_8—'1.48 Excess cancer risk was confined

0.81 (0.35-1.60jargely to those with the highest estimated ¢

2.32(0.63-5.93pumulative exposure (top two septiles, cu-
0.91 (0.73-1.12nulative exposure score >5740) and was
1.09 (1.00-1.20n0t specific to particular sites. The SMR =
0.96 (0.74-1.21f0r all cancers in this group was 1.46

1.18 (0.77-1.73(95% CI = 1.15-1.82), based on 78 can-
1.08 (0.87-1.3 ers. The .two largest categories of can- °
1.25 (1.03-1.50) ers, respiratory cancers (ICD 161-165)

' ) ~“/and digestive cancers (ICD 150-159),
1.03(0.97-1.08) showed similar elevations (SMR 1.67
[95% Cl = 1.16-2.34] and SMR= 1.41

1.25 (0.98-1.57)7195% ClI = 0.85-2.20]), based on 19 and

0.74 (0.36-1.33) 34 cancers, respectively. Hematopoietic
2.52(0.30-9.10) cancers did not show an elevation, but
1'3‘,‘509(?%2_'3?2) there were few deaths in this category

1.13 (0.41-2.46)(three observed and 4.8 expected).

11.32 (2.33-33.10) SMRs for all cancers in this exposure-

1.17 (0.94-1.44}evel subcohort also showed increasing

1.06 (0.29-2.71) trends with simple duration of exposure,
1.11 (0.98-1.25) although these trends were somewhat lessg
monotonic than those with increasing 9

olWepede//:sdyy Woi) papeojumoq

a[o1e/oul/woo dno

4 s1eyua) Aq 8/6€152/6../6/16/30e4sq

*ICD-9 = International Classification of Disease&! Revision; SMR= standardized mortality ratio; and CuUmulative exposure. The SMRs for all

Cl = confidence interval.

TNumbers do not necessarily add up to the expected totals because data on some diseases are not igflugggposure were 1.10, 0.86, 1.01 1.11,

fComparison rates were available only since 1960.

§Multiple causes based on any mention on the death certificate, not just underlying cause.

||[Person-years at risk (one person-year at #iskne person followed for 1 year) began at time of diagnosiﬁm
of chloracne. Of the 608 men with chloracne, 393 were also in the exposure-level subcohort.

The 393 men with chloracne also in the exposure-level subcohort had an overall cancer SMR ofXfPsSure were 1.09, 0.86, 1.14, 1.14,
(95% CI = 0.98-1.84), increasing to 1.68 (95% €l 1.19-2.30) in the two highest septiles of cumulative2.03, 1.27, and 1.39P(for linear trend

exposure (exposure score >5740).

cancers by increasing septile of duration

1.48, 1.15, and 1.56P(for linear trend
= .01). For duration with a 15-year lag
e, the SMRs by septile of duration of

= .16).
Table 3 presents results for a Cox re-
gression analysis using an internal refer-

aquia)dag £( UO Jasn |0Jju0)) 8sess

with chloracne but lacked detailed workcumulative exposure septiles (cumulativent group. These analyses again indicatedé
history and, hence, were not in the expoexposure score >5740). A test for trend ihigher rate ratios for cancer (no lag) and 3
sure-level subcohort. These men magMR for all cancers combined with in- heart disease in the higher exposure cat-
have been exposed only briefly duringcreasing exposure for these men was negories, with tests for trend based on the
cleanup of accidents. For those who hadtatistically significant® = .12) with un- categorical data giving values Bf = .10
detailed work history and were in the ex-transformed cumulative exposure but waandP = .05, respectively. The trend for
posure subcohort (& 393), the SMR for statistically significant when the loga-heart disease was strengthened with the
all cancers combined was 1.36 (95% Ctithm of cumulative exposure was usé®l ( use of the logarithm of cumulative expo-

= 0.98-1.84), increasing to 1.68 (95% Cl= .02).

sure. There was a statistically significant

= 1.19-2.30) for those in the two highest Table 2 presents the life table result:egative trend between diabetes risk (any
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Table 2.Life table results for the exposure-level subcohort: standardized mortality ratios (SMRs) (No. of observed deaths in parentheses)
by cumulative exposure scores (in brackets) for selected causes, with the U.S. population in general as referent*

SMR (No. of observed deaths)

Two-sidedP for trend
Septile 1 Septile 2 Septile 3 Septile 4 Septile 5 Septile 6 Septile 7

Death category [0Dto<19] [19t0<139] [139t0<581] [581t0<1650] [1650t0 <5740] [5740t0<20200] [=20200] CE LCE

Cumulative exposure score, analyses with no lag

All cancers 1.14 (34) 1.15 (39) 0.85 (29) 1.10 (36) 1.15 (40) 1.34 (38) 1.60t (40) .02 .10
Lung cancer 1.06 (11) 1.07 (13) 0.82 (10) 0.78 (9) 1.12 (14) 1.47 (15) 1.65 (15) .05 14
Ischemic heart disease 0.93 (29) 1.00 (39) 1.05 (45) 0.97 (42) 1.10 (48) 1.20 (44) 1.28 (43) .14 A2
Diabetes (underlying cause) 1.87 (4) 2.17 (5) 1.36 (3) 0.92(2) 1.33(3) 1.10(2) 0(0) .10 .09

SMR (No. of observed deaths)

Two-sidedP for trend
Septile 1 Septile 2 Septile 3 Septile 4 Septile 5 Septile 6 Septile 7

Death category [0to <39] [39t0 <224] [224t0<791] [791t0<2120] [2120to<6140] [6140to<15800] [=15800] CE LCE

Cumulative exposure score, analysis with 15-y lag timef
All cancers 0.98 (67) 0.90 (27) 1.14 (31) 1.18 (30) 1.33(34) 1.698 (33) 11333 .02 .002
Lung cancer 1.02 (23) 0.62 (7) 0.99 (10) 1.30(12) 0.95 (9) 2.081 (15) 1.33(11) .20

o
®©

*CE = cumulative exposure, and LCE logarithm of cumulative exposure; trend tests based on categorical data.

ftTwo-sidedP = .003.

fFor the analyses after a 15-year lag time, a number of subjects were assigned 0 exposure due to the lag; these subjects were included in tharlewettgorgosor all cancers,
their SMR was 0.82 (33 observed), and for lung cancer, their SMR was 1.06 (13 observed). Cut points for the analyses after a lag time were baseof auiseydlve exposure after
a 15-year lag time for all decedents with a dose above 0.

§Two-sidedP = .003.

|[Two-sidedP = .01.

Two-sidedP = .007.

Table 3.Cox regression results for the exposure—level subcohort: rate ratios (95% confidence interval [CI]) by cumulative exposure score
category (in brackets), with an internal referent*,

Rate ratio (95% CI)

Two-sidedP for trend
Septile 1 Septile 2 Septile 3 Septile 4 Septile 5 Septile 6 Septile 7 -

Death category [0to <19] [19 to 139] [139 to <581] [581 to <1650] [1650 to <5740] [5740 to <20 200] [=20200] CE LCE

Unlagged cumulative exposure score

1BueD Aq 826€152/6..L/6/16/408NSqE-0IHE/IDUl/W00 dNO"DIWSpEoE//:SA]Y WO} pOPEOjUMOQ

All cancers 1.00% 0.99 (0.62-1.58) 0.71(0.43-1.19) 0.93(0.57-1.51) 0.96 (0.60-1.53) 1.12(0.69-1.81) 1.33(0.82-2.13) .10 7

2]

Ischemic heart disease 1.00% 1.23(0.75-2.00) 1.34(0.83-2.18) 1.30(0.79-2.13) 1.39(0.86-2.24) 1.57 (0.96-2.56) 1.75(1.07-2.87) .05 <.001
Diabetes (multiple causes) 1.00% 1.27 (0.49-3.33) 0.92(0.33-2.53) 0.81(0.28-2.30) 0.98(0.36-2.65) 0.72(0.23-2.21) 0.54 (0.15-1.89) .02 1290
(n = 55) §
2]
@
Rate ratio (95% CI) g)
Two-sidedP for trend =4
Septile 1 Septile 2 Septile 3 Septile 4 Septile 5 Septile 6 Septile 7 - S
Death category [0 to <39] [39 to <224] [224 to <791] [791t0 <2120] [2120to <6140] [6140 to <15800] [=15800] CE LCE S
o]
Cumulative exposure score, after a 15-y lag time S
All cancers 1.00% 1.00(0.62-1.59) 1.29(0.83-2.00) 1.38(0.89-2.14) 1.43(0.92-2.20) 1.88(1.22-2.91) 1.76(1.14-2.72) .05 <.0dB
7))
Lung cancer 1.00% 0.75(0.31-1.81) 1.20(0.56-2.57) 1.56(0.75-3.22) 1.12(0.51-2.46) 2.55(1.29-5.03) 1.62(0.76-3.44) .15 0B
Smoking-related cancer 1.00% 0.87(0.41-1.81) 1.16(0.58-2.32) 1.58(0.82-3.01) 1.19(0.59-2.40) 2.43(1.31-4.49) 1.65(0.85-3.22) 12 @
o
All other cancers 1.00% 1.09 (0.60-1.97) 1.39(0.78-2.46) 1.24(0.67-2.26) 1.61(0.92-2.81) 1.49(0.80-2.76) 1.85(1.04-3.27) .04 <.0@L
S
*All models were controlled for year of birth (quartiles) and age (the time variable). Cut points for categorical analyses were based on selptiigedbutagged cumulative exposure  ©

of decedents (decedents with >0 dose for lagged analyses). For lagged analyses, the referent includes those with 0 exposure due to lag. Ttees thessedest wategorical data.
TCE = cumulative exposure, and LCE logarithm of cumulative exposure.
FReferent.

mention on the death certificate) and cutically significant positive trends in the not related to smoking. Trends were more
mulative exposure. categorical data between both cumulativeronounced with the logarithm of cumu-

When the cancer data were analyzedxposure and the logarithm of cumulativdative exposure compared with untrans-
after a 15-year lag time, there were statisexposure for all cancers and all cancerformed cumulative exposure.
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The best fitting model for all cancerssubjects with the very highest doses werthe largest and most highly exposed co-
used a lag time of 15 years, whereas thgenerally those who worked with highly hort of workers exposed to TCDD. The
best fitting model for heart disease usedontaminated waste products, and thesgevelopment of a job-exposure matrix
no lag time. The best fit for both canceruntypical exposures may have been morgermitted us to quantitatively estimate cu-
and heart disease that used a continuogsibject to exposure misclassification.  mulative exposure. Our results show that
exposure variable was provided by the Findings for smoking-related cancersyorkers with the highest estimated levels
logarithm of cumulative exposure com-were unchanged when subjects with bladsf TCDD exposure had a higher rate of all
pared with cumulative exposure itself, avder cancers (known to be at excess at ongncers combined, due to a generalized
erage cumulative exposure (cumulativélant due to 4-aminobiphenyl exposure)ncrease rather than an excess at one or
exposure divided by duration), or a quawere omitted. Models using duration oftwo specific sites. Our results also support 9
dratic model with cumulative exposure.exposure fit the data about as well agther recent results in the literature for 3
The coefficients for logarithm cumulative logarithm of cumulative exposure for canthree other cohorts of industrial workers
exposure were statistically significant forcer but considerably less well for heartyith high exposures to TCDD.
heart disease, all cancers (15-year lagisease. B Lung cancer has been associated with 5
time), smoking-related cancers (15-year 10 Investigate plant-specific exposuretcpp exposure in other highly exposed =
lag time), and non-smoking-related canf€Sponse trends, we fit a model with ggnhorts, as well as this or@). Smoking
cers (15-year lag time) = .01, <.001, term for the exposure-response relationg |jixely to partly confound an overall
.004, and .005, respectively), whereas thghip at ea.ch' plant_' qu' all cancers, th'?Ung cancer association comparing our
coefficients for cumulative exposure itself'0d€! statistically significantly improved .p 64 \yith the U.S. population; limited
were not P = .33, .60, .56, and .24, re- the fit (P . .05) over a model with a smoking data on a sample of 223 workers o
spectively). single estimated exposure—response re'f’r’om two plants suggested that expected S

The lack of apparent linear trend int'onSh'p' |nd|cat|ng that there was evly ng cancers should be increased about3
dence for interaction between plant and, 3

papeo|u

o'olwapeoe//:sdy

cancer with untransformed cumulative : . % based on increased smoking by the
. . exposure—response relationship (some Of .
exposure, as a continuous variable, wag workers versus the U.S. comparison

largely a product of the extreme skewnes Is interaction was due to plant 11, which opulation(7). However, such confound-
gelyap i id not show a positive dose—response réoP ) '
of the data. The cumulative exposurg

score ranged from 0.002 to more thanationShip but in which virually all sub- Isnugrés—rlggsohrll(se;yatgatl)esgpi?f/?rrllitclr?v(\a/)c()?l?(;rs
1558 400'gthe median'was 125, the me jects had very low exposure). We there§Nith a hiph ex osur)(/e are compared with
was 10 0i9 and the coeﬁicien'E of varia- ore calculated a random-effects measur\?vorkers \gllvith ff low exposure pAsbestos
tion was 6 1. Without a logarithmic (24), a weighted average of plant-specific resent in most industﬁial seitin S Iike-,
- gartt exposure—response coefficients that i . 9s,
transformation, those workers with the wise might be expected to have some con-

. cluded a variance component for hetero; . o
very highest exposures would have tq founding effect on an overall association

have a very high cancer risk so that eneity across plants. The point estimat articularly for maintenance workers)
. y hig . or the random-effects measure (0.0422§p arly for
linear trend with cumulative exposure

0 - 2 )
would not be flattened. A stronger trenngA) Cl = 0.0181-0.0661) was virtually analysis. We found no deaths from asbes- o

) : . the same as the overall estimated expq- .7~ .
with the logarithm of cumulative expo- - i osis in the cohort. Inspection of death
S . ; sure—response coefficient (0.0453; 95% . )
sure indicates a sublinear trend with CUS| — 00198 to 0 0708) certificates coded as cancer did reveal
mulative exposure at high levels of expo- : ’ ) . hree subjects with mesotheliomas; two
- ; : We also ran some models stratified o : C .
sure. To examine the cancer risk at higher S subjects were pipefitters with long-term
- lant, considering plant as a confounder’ .
exposures, we subdivided the upper sep- émployment (with presumed asbestos ex- 9

tile into two parts by the median exposure hese models led to virtually no change osure) and one subject was a chemical 8
. P y P in the effect of logarithm of cumulative P ) o
in an analysis of all cancers (15-year la

) . acker/dispatcher who worked 13 years in @
time). Both halves of the upper Septilgexposure (15-year lag time) on all cancergur cohort (and who may have had asbes-

showed an elevated cancer risk (rate rati§P<'OOl)' For heart disease (no lag tim'?os exposure elsewhere) §,
e . 5
= 1.65 [95% Cl = 0.93-2.94] for the nd logarithmic-transformed exposure), Itis possible that other chemicals acted ¢

; stratification on plant led to a 35% de- .
lower half and rate ratic= 1.86 [95% CI . . s confounders and were responsible for &
— 1.09-3.15] for the upper half), indicat-crease in the exposure—response coefft .

. . o
. . ; . cient and a corresponding highervalue Increases In cancer rates in this cohort, 2
ing no drop in risk for those with the high- P — .15). However, the plant is a surro-given that workers in chemical plants can <
est exposure (the top 7%). To explore th ;o ' P

; be exposed to a wide range of toxic
influence of those workers with the very, ate for exposure level (Fig. 1 shows
highest exposures on the statistical si%

/
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arge differences in exposure levels acrosssuasitagci‘:’)'r:'eol\gfi\ger:’ g]éstv\\,/vgglr? f{(;)lqeuslree
I : lants), and it might be expected thaf 'Y

nificance of cumulative exposure as

continuous variable, we also analyzed th

6102 Jequisides ¢0

tratification on plant might decrease esggrsnpuelgtfil\?g gzgg]slzarle (atépql_sggaé 22?;32‘9

data after deleting those with highest 19 Imated eXposure-response trgnds for thlr%any different plants, a rather stringent
feason. Therefore, we believe it is prefer: < > ) ! i

of exposure values (exposure scorglble to not stratify on plant requirement that is unlikely to be fulfilled.
>185000). With these subjects delete ' In the entire cohort, the correlation be-
from the analysis, for example, the coefDscussion tween the duration of employment (a pos-
ficient for cumulative exposure was sta- sible marker of cumulative exposure to
tistically significant for all cancers and for ~ This study is, to our knowledge, theother chemicals) and the cumulative
all cancers analyzed after 15 yeaPs € first time that quantitative exposure-TCDD exposure score was only .42,
.006 andP = .02, respectively). Theseresponse trends have been estimated farhich is not extremely high (some corre-
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lation is expected because the duration dinding conflicts with some recent studies
TCDD exposure is a component of theof morbidity from diabetes, particularly
cumulative exposure score). the positive findings for diabetes in the
Cox regression, using an internal comOperation Ranch Hand cohdfit5), which 2
parison group with low exposure, found awas less heavily exposed than the cohor{
statistically significant positive trend be-in our study. Death certificate data, even
tween all cancers (after a 15-year lagncluding contributory causes, may be in-
time) and cumulative exposure. Similaradequate to study diabet€a7), and we (5)
trends were present both for smokinghad less power to detect exposure—
related cancers and non-smoking-relatetgsponse trends for this outcome than for
cancers, suggesting that the cancer findur othe( outcomes. Alternatively, diabe-
ings were not limited to an interaction be-tes may in fact be unrelated to TCDD ex-
tween TCDD and smoking. The findingPOSure. (
of stronger trends with the logarithm of N summary, we have extended follow-
cumulative exposure rather than cumuladP Of this TCDD-exposed cohort for 6
tive exposure itself indicates that the exY€ars. NO new soft tissue sarcomas were

posure—response trend is sublinear at vePServed. Mortality from non-Hodgkin's
high doses, which in our data was prob' mphoma, another cancer thought to be

(7
ably a reflection of the extreme skewnes&€!ated to TCDD exposure, was unre @
of the exposure data. markable. SMR analyses using an exter-

The finding that the best lag time wasnal referent showed a statistically signifi-

: ) ant positive trend for cancer mortality
15 years (marginally better than a 10 yea\g/;vith increasing exposure, with a 60% ex-

lag time) is consistent with current views - :
that TCDD acts as both an initiator and-€SS of mortality for all cancers combined

in the highest exposure group. The excess
_pr_o_moter(25). Were TCDD to act as an of all cancers in those subjects with high- (8)
initiator only, one might expect a longer

est exposure was not specific for any type
lag of 20 years or more before the devel- . )
opment of most tumors. Were TCDD tOOf cancer, paralleling other recent studies.
act as a promoter only, one might expe

Internal exposure—response analyses con-
little or no lag. Because 1) there is still

irmed the positive exposure-response
uncertainty about the basic biolo oftrend for cancer and also showed a statis-
y gy tically significant positive trend in risk of (9)

LC:gZ;ﬁ;g?eosgg;lgi'sészgrgl;rreeg;ﬂig]'ao'qeath from ischemic heart disease with
gic : XPOSL Ffncreasing exposure, in conformity with
proximations of biologically relevant I(he recent literature. We did not find a

dose, and 3) statistical evidence is Weapositive exposure-response trend wit

for favoring one lag time over another, V.Vediabetes, which has been associated wit
suggest that not too much interpretativ

weiaht be given to a finding that one afI'CDD in some studies. With regard to the
velg give 9 Paray cess of all cancers combined observed

Tn the workers with the highest exposure,

~

a slightly better model.

For ischemic heart disease, there Wagerum TCDD levels that were likely to

only a modest trend of increasing SI\/lRShave been two to three orders of magni-
with increasing exposure; the SMR for

the highest category was 1.28 (95% €| tude higher than serum levels of the gen-
0'92_1'72)' Howe\_/er, internal a_na_lyse§hat caused cancer in animals.

using Cox regression found statistically

significant exposure—response trends. NRBEFERENCES
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