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Mortality among 5,413 white males who were employed for at least two years
at a plutonium weapons facility was investigated to measure risks from exposures
{ to low ievels of plutonium and external radiation. When compared with US death
rates, fewer deaths than expected were found for all causes of death, alf cancers,
and lung cancer. No bone cancer was observed. An excess of brain tumors was
found for the cohort in general. Elevated rate ratios for ali causes of death and

all lymphopoietic neoplasms were found when employees with plutonium body
burdens >2 nCi nCi were compared with those with body burdens <2 nCn, while

accounting for age, calendar period, and induction time. Increased rate ratios
were also found for esophageal, stomach, colon, and prostate cancers, and for
lymphosarcomas and reticulum cell sarcomas. No elevated rate ratios were noted
for bone and liver cancers. When empioyees with cumulative expeosures 21 ram
were compared with those with exposures <1 rem, elevated rate ratios were
found for myeloid leukemia, lymphosarcoma and reticulum cell sarcoma, liver vy
neoplasms, and unspecified brain tumors. No overall dose-response reiationships
were found for plutonium or external radiation exposures. Standardized rate
ratios increased, however, as plutonium body burden levels increased for all
causes, al all cancers, and digestive cancers at five years induction time. Standard-
“ized rate ratios also increased as external radiation exposure categories in- /
creased for all lymphopoietic cancers and unspecified brain tumors for a two-
year induction period. With the exception of analyses of combined categories of g
death, and perhaps of lung cancer, confidence limits were wide, indicating limited .
precision. Nevertheless, these findings suggest that increased risks for several
types of cancers cannot be ruled out at this time for individuals with plutonium =
body burdens of =2 nCi. Plutonium-burdened individuals should continue to be

studied in future years.

environmental exposure; mortality; neoplasms; occupational diseases; pluto-
nium; radiation

Untoward health effects-in humans have emitters at high-levels of exposure. These N
been discovered for a variety of internal include lung cancer among uranium miners

e B ocenved lor publication September 24, 1984, and * Centers for Disease Control, Azlama GA _"
e aal torm Septembor V) TOR6, Reprint requests to Dr. Gregg S Wnlkmson Los v
Los ALkunos Nanonal Laboratory, Los Alamos,  Alimos National Laboratory, Fpndemnolog) Group, ptoh

Mook HSE-14, MS K404, P.O. Box 1663, Los Alamos, NM e

Favon Carporation, East Millstone, NJ. B7H40. %

ks o
231 3




737

S st pes

B L LT

L e

expos<ed to radon-222 and its daughters (1),
liver neoplusms and leukemia experienced
by patients who underwent diagnostic pro-
cedures that employed thorium-232 (2),
leukemia in polycyvthemia patients treated
with phosphorus-32 (3), thyroid tumors
among Marshall Islanders who were ex-
posed to iodine-131 fallout from an atmos-
pheric nuclear test (4), osteogenic sarcoma
and sinus carcinoma in radium dial
painters as a result of exposure to radium-
226 (5), and bone sarcomas, leukemia, and
liver tumors among ankylosing spondylitis
patients who were treated with radium-224
(6).

Investigations of nuclear workers who
were exposed to low levels of external forms
of ionizing radiation have not produced

,F clear-cut evidence of radiation effects. For
instance, Mancuso et al. (7) reported excess
mortality for cancers of the lung and pan-
creas and for multiple myeloma among
Hanford workers, but subsequent investi-
gations did not replicate the excess for lung
cancer, and the excess for pancreatic cancer
was smaller with longer follow-up (8, 9).
An excess of leukemia that was reported
for Portsmouth Naval Shipyard workers
(10) was not replicated in a more thorough
study (11). A third investigator has argued,
however, that an excess of lung cancer ex-
ists for a subgroup of workers exposed to
more than 1 rem (12). Finally, excess brain
cancers have been reported among workers
at a nuclear fuels fabricatipn plant (13) and
at the Oak Ridge Y-12 Pl
these excesses could not be attributed
radiation exposures. :

Little is known regarding health effects.

*m humans exposed to plutonium. After 37,
years of follow-up, no untoward health ef-
fects have been found among 26 former‘
Manbhattan Project workers who have the
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t (14), althoughg,-;'
to*“ deficit for lung cancer.

- lationship between exposure to plutonium |

" highest known plutonium exposures (151
A follow-up mortality study of 241 Los
Alamos National Laboratory workers who
had plutonium body burdens of 10 or more
nCi in 1974 reported standardized mortal-
ity ratios of 200 (95 per cent confidence
limits (CL) 3, 1,110) for buccal and 233 (95
per cent CL 3, 1,294) for bladder cancers
based on one observed case in each instance
(16). Recent studies of melanoma at Los
Alamos found no excess incidence among
Anglo males. A standardized incidence ra-
tio of 433 (90U per cent CL 22, 1,780, one
case observed) was observed for Hispanic
males, although no association with radia-
tion exposures was found (17, 18). An in-
vestigation of cancer incidence among Los
Alamos workers employed from 1969
through 1978 reported standardized inci-
dence ratios of 2.04 (90 per cent CL 0.11,
9.68, one case observed) for bone cancer
and 2.49 (90 per cent CL 0.98, 5.23) for
lymphosarcoma and reticulum cell sarcoma
among males (19). No radiation doses were

_~, ‘analyzed in that study. There have been

~allegations regarding excess mortality from
melanoma and from lung and brain cancer

" among workers at the Rocky Flats Nuclear

Weapons Plant, Jefferson County, Colo-
%Wong the
populace residing in the vicimty of that
facility (21), although the Tatfer findings
have been guestioned (22).Ina preliminary,

study, Voelz et al. (23) reported an excess
of benign and unspecified brain tumors for
workers at the Rocky Flats Plant, but a'

The purpose of this report is to present

mortality among workers at the Rocky

results from an in-depth investigation of ‘

Flats Plant. To our knowledge, these are

the first detailed results for a large cohort ;

of plutonium workers that describe the re-
(and external radiation) and disease by in-
duction time (23, 24).

CHARACTERISTICS OF PLUTONIUM

Several important characteristics regard-
ing the physical and biologic properties of
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| lecting  plutonium-exposed

tonium-239 is characrerized bv a radinac-
tive half-life estimated 10 be 24,390 years
and an estimated biologic half-life of 100
years for bone depositions in humans (25).
The alpha particles emitted by plutonium
possess high energies but travel short dis-
tances (approximately 50 um in tissue). As
a result, the greatest concern regarding
health effects is the damage that may occur
once plutomum has sosited within
internal organs. If this occurs, tissues of

these organs may be subjected to_high-

energy alpha particles. Since the skin
serves as an_effective barrier, inhalation
and wounds are the major pathways of ex:
Rosure.

According to recent autopsy studies of
selected tissues from nuclear workers, the
greatest concentrations of plutonium are
measured in the tracheobronchial lymph
nodes, followed, in declining order, by the
lungs, liver, and bone where it remains for
extended periods of time (26). These stud-
ies also show large variations in organ dis-
tribution from person to person. Organ
dose calculations for an individual using
average organ distribution values can result
in large errors. In this study, we used an
estimate of systemic body burden for se-
individuals.
This estimate is derived from the amount
of plutonium excreted in urine and reflects
the concentration of plutonium in the body.
Because only those cells that are adjacent
to or that migrate near plutonium deposits
are irradiated by alpha particles, it makes
sense to consider first these organs or cells
when attempting to estimate risk.

Much of the concern regarding pluto-
nium is based on knowledge of effects due
to radium exposure, especially radium-226
(27). Radium dial painters who were ex-
posed to high levels of radium-226 have
experienced excessive rates of osteogenic
sarcoma and sinus carcinoma (5). Several
interesting differences exist between ra-
dium and plutonium, however. Although
both are hone-seeking internal alpha emit-
ters, radium is more uniformly distributed
throughout the total volume of bone, while

plutonium is initially deposited on the peri-
osteal and endostea] surfaces, on surtaces
of the trabeculae, and on surfaces of the
haversian and Volkmann’s canals, with lit-
tle being tound in the cortical bone (28).
Over a period of vears, plutenium is grad-
ually redistributed to the bone volume. Ini-
tially, this may result in higher doses to
periosteal or endosteal cells from pluto-
nium than occurs with radium (29). Ra-
dium-226 is also readily absorbed through
the gastrointestinal tract, whereas pluto-
nium is poorly absorbed.

Another important difference between
plutonium and radium is the_greater fre-
quency with which_significant exposures
may occur because of the inhalation of air-
borne plutonium particles. The internal ab-
sorption and redistribution of plutonium is
dependent upon particle size and chemical
form. Upon inhalation, insoluble pluto-
nium particles are deposited in the lung,

where thev slowly migrate via the lvm-
phatic system to_the tracheobronchial
Jymph nodes (30). Redistribution from the

lung and lvmph nodes to other organs, prin-
cipally the liver and bone, occurs over many
months. Radium salts involved in human
exposures have usually been more soluble
than plutonium, and radium exposures
have more often been by ingestion or injec-
tion. \

Extensive research has been completed
on animals exposed to plutonium (31-34).
These studies have found excess lung can-
cers (with inhalation), osteogenic sarco-
mas, primary liver carcinomas. bile duct
tumors, and lvmphomas. Although leuke-
mia was not found to be elevated, the bone
marrow has been postulated te be a target
organ of interest (33).

METHGDS .

white maE}mployed at the Rocky
Flats Nuctear Weapons Plant from the be-
ginning of operations in 1952 through 1979
were identified from personnel records. Vi-
tal status was determined by the Social
Security Administration. In addition. a sur-
vey of pension and retirement records was
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conducted. Death certificates were ob-
tained from state health departments, ver-
ified, and coded to the Eighth Revision of
the International Classification of Diseases,
following the same procedures used by the
National Center for Health Statistics.

Information concerning individual ex-
posures to internal (plutonium) and exter-
nal (gamma, neutron, beta, and x-rays)
forms of ionizing radiation was obtained
from health physics records. Exposures to
plutonium are estimated from urine bioas-
savs by means of an equation developed by
Langham (36). Systemic depositions of less
than approximately 2 nCi are not reliably
measured by this method. The occupational
standard is a maximum permissible body
burden of 40 nCi. In this study, workers
estimated to have 2 or more nCi of internal
plutonium deposition are defined as ex-
posed.

Annual external radiation exposure sum-
maries, based on readings from film and
thermoluminescent dosimeter badges, were
summed to obtain cumulative exposures
through the end-of-study date. For the pur-
pose of this analysis, workers with total
cumulative i rem are
defined as exposed to external radiation
This is an arbitrary low-dose limit above
which we considered a positive occupa-
tional radiation dose to be very probable,

A number of procedures were employed
to assure data quality. These included ed-
iting all coded data and rgcoding a 10 per
cent sample of the edited,data. The study
cohort was compared with a sequential
badge listing to verify completeness of the
study population. Individuals for whom vi-
tal status was unknown were traced. Sixty
(1.1 per cent) of the 5,413 white males who
were employed for at least two years could
not be located.

Mortality from specific causes of death
was evaluated in two ways. First, we cal-
culated standardized mortality ratios, ex-
pressed as the ratio of the number of deaths
observed among the cohort to the number

xpected based on US rates X 100 (adjusted

,er‘ age, sex, and calendar year) (37). Sec-

ond, we com{pared exposed with unexposed
workers by stratifving on age and calendar
period and by computing a stratified max-
imum likelihood estimate of the rate ratio
{38). Ninety per cent Fisher’s exact confi-
dence limits were computed for standard-
ized mortality ratios and for the rate ratios
when data were sparse. When sufficient
data were available, 90 per cent approxi-
mate limits for the rate ratios were calcu-
lated.

Because transient employees are thought
to differ in many respects from permanent
workers (8), analyses were restricted to
those employed for a minimum_ of two
years. For analyses that did not take expo-
sure into account, person-years were
counted beginning two years after date of
hire (because of the two-year work restric-
tion) until either date of death, end of study
date (December 31, 1979), or termination

date (for those lost to follow-up). Various™

o

induction times were considered when com-
parisons of exposed with unexposed em-
ployees and dose-response analyses were
conducted. The induction time was not be-
gun until a minimum of 2 nCi or 1 rem was
accumulated. The time from the date of the
first bioassay for plutonium or first badge
reading for external radiation until two,
five, or 10 years after exposure (depending
on the induction period being considered)
was treated as unexposed person-time. In
these analyses, person-years and deaths
that occurred from date of hire until the
first bioassay or badge reading were not
counted because they are immortal (if anal-
yses are limited to tested subjects, only
those who live long enough to be tested
should be included in the study). Individu-
als who were not tested for plutonium or
external radiation exposure were not in-
cluded in comparisons of exposed with non-
exposed workers. This allowed us to mini-
mize potential exposure misclassification
and to control in a crude manner for other
chemical exposures that plutonium-tested
workers may have encountered compared
with other workers.

Other investigators (R) have demon-
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strated that both age and calendar time
must be accounted for when time-depen-
dent exposures (such as cumulative radia-
tion exposures) are being investigated. Be-
cause age and calendar time are associated
with both exposure (as one gets older and
works longer, the opportunity for exposure
becomes greater) and disease, we conducted
stratified analyses of cause-specific mortal-
ity by age, calendar period, and induction
time. Age and calendar time were stratified
into five-year strata. We also dichotomized
on 2 nCi and 1 rem for reasons previously
mentioned. Stratified analyses showed that
both age and calendar time were strong
confounders for each cause-specific analy-
sis. The confounding sometimes was to-
ward the null value and sometimes away
from the null, with no discernible pattern.
Therefore, we report maximum likelihood
estimates of the rate ratio that account for
age and calendar time.

Several methods were used to search for
dose-response relationships. Person-years
stratified by five-year age and calendar
time intervals and deaths were assigned to
exposure categories according to the sub-
ject’s estimated plutonium body burdens
(less than 2 nCi (unburdened), 2-4.9 nCi,
5+ nCij. An identical approach was fol-
lowed for cumulative exposures to external
radiation (less than 1 rem (unexposed), 1-
4.9 rem, 5+ rem). Mortality rates by expo-
sure category were directly standardized to
the age and calendar year distribution (in
five-year strata) of the Rocky Flats white
male work force who were employed for at
least two years (Appendix table 1). Stan-
dardized rate ratios by exposure category
and induction time were calculated by di-
viding the directly adjusted rate among the
exposed by the directly adjusted rate among
the unexposed for each exposure category.
Least squares weighted regression and as-
sociated 90 per cent exact confidence limits
on the slope were employed to estimate
whether an overall linear dose-response
trend existed for directly adjusted rates by
exposure level and by induction time (39-
41). The median scores for exposure cate-

gories used in the regression analyvses were
0.32. 2.96, and 7.20 nCi for plutonium and
(.35, 1.8, and 10.29 rem for external radia-
tion. The weight used for each exposure
category was the inverse variance for the
rate of that category (39).

To evaluate the effects of using a two-
year work restriction, we compared the pro-
portions of deceased and exposed between
those employed less than two years with
those employed at least two years. Of the
2,196 workers who worked less than two
years, 5.4 per cent were deceased, 1.0 per
cent had positive plutonium body burdens,
and 6.2 per cent were exposed to more than

1 rem of external radiation. Among the

5,413 employed two or more years, 7.6 per

cent were deceased, 26.8 per cent had pos-
itive plutonium body burdens, and 59.4 per
cent were exposed to more than 1 rem. Two
deaths occurred among those who were ex-
posed to 2 or more nCi of plutonium who
worked less than two years compared with
94 deaths among those exposed to 2 or more
nCi who worked at least two years. Three
deaths were observed among employees ex-
posed to 1 or more rem who worked less
than two years, andLO‘Ldediths were ob-
served among those exposed to 1 or more
rem who were employed at least two vears.

Three (0.06 per cent) death certificates
were not obtained for those who were em-
ployed at least two years (two death certif-
icates were not found for those employed
less than two years). Since these deaths
could not be verified by a death certificate,
they were counted among those of unknown
vital status. The average length of follow-
up was 14.49 years, and the average age at
start of employment was 34.85 years.

Approximately 25 per cent of the study
population was exposed to both 2 or more
nCi and I or more rem. The total man rem
exposure was 4.13 rem per person, and the
tota! plutonium burden was 1.75 nCi per
person.

A total of 118 deaths due to all causes
compared with 148.35 expected and of 31
deaths from cancer compared with 28.79
expected were observed for those employed
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,j with 636,17 c‘(peued deaths tron, all causes

g and 95 observed compared with 134.20 ex-

pected deaths from all neoplasms were
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and violence. No hane cancer is ohserved.;
and observed deaths are also less than ex-
pected for digestive system neoplasms, can-

\ . found. cers of the buccal cavity, kidney and un-
S t \ I specified urinary organs, and lympho-
7n & y' N = poietic cancers. ;
T AV An excess is present for beniﬂx_ggc_!_yp- 7
Standardized mortality ratios are pre- specified neoplasms. A review of death cer- °
t sented in table 1. The expected number: of tificates revealed these neoplasms to be
deaths were obtained by indirect age ad- intracranial tumors. Standardized mortal-
justment to US death rates. Fewer deaths ity ratios are elevated for cancers of the 7
than expected are observed for most s spe- liver and gallbladder, prostate, brain, and ,
cific causes includin g all causes, all cancers, thyroid; however, the confidence intervals
TaABLE 1
Standardized mortality ratios® (SMRs) for selected causes of death among white males emploved at least tuo
. vears,t Rockv Flats Nuclear Weapons Plant, Jefferson County, CO ( ) 6‘9
(-‘N.g,l’:} ) y ‘¢ Fisher's exact %MK$ :)Q
Cause of death (ICD$) Observed Expected SMR confidence limits
Al causes (001-998) 409 (660 656.21 (g? 57,68 160 .
All cancers (140-209) gs  es(l52, 3207734 ) : 59,84 . h3.
Buccal cavity and pharynx o e
1140-149) 1 58 2 1,104
Digestive organs and peritoneum (?«‘L) (ﬁﬁ) . / 0%.
{150-159) 25 34.42 w3 51, 101 —
] Esophagus (150) 3 319 94 " 26,243
i Stomach (151) 5 - 5.93 84 33,177
LY Colon (153) 7 11.17 [ 29,118
“‘ Rectum (154) 2 3.79 53 1,166
Liver and gallbladder
(155, 156) 3 216 139 38,359 LI
Pancreas (157) 4 :—;'7 _ 728 55 9,126
Respiratory system (160-163) 82( 49 12 63 TT4%,88 o
C‘\,‘L) Larynx (161) 52. % (‘ﬁ 9% 17, 303 (0%,
i Lung (162, 163) S | N 4657 64 .87 = ———
SMA - ‘Bone (170) 0 e T
; - Skin (172, 173) 3 2.94 102 28, 264
f) - i3 = 75\ . * Prostate (185) 8 563 "2 71,256
-" u; g[13). Bladder (188) 3 3.23 ,L) 93 25,240
Aer E ”7 Kidney and unspecified urinary 2% ((fg) % : /y_/
; ‘b) 3 S : organs (189) 2 3.60 56 10,175 <
C."‘ @U § Brain and other central nervous |
Thy Y svstem (191, 192) : 6 502 ‘119 52,236 .
i Thyroid (193) t 1 j 370 19, 1,757
All ymphopoietic (200-209) 4 9 T ( ‘ﬂ o4 —snr
Lymphosarcoms and reticulum - R
cell sarcoma (200) 2 / ) 321 2 11, 196 /0D
All leukemia {204-207) 52 N 5.35 % 2,171
Other lymphatic (202, 203,
208) 3 3.34 %0 25, 232 3
b genign and unspecified neo- —_— e —
- plasms (210-239) 7 1.86 86 197,907
Other cancers§ 5 9.41 53 2}, 112
Diseases of the circulatory system A2
1390-458) 193 315.02 (61 54,69
Accidents, poisonings, and violence g
(A00-998) 55 85.11 (65) 51.81

* Standardized mortality ratios were calculated using a lifetable program developed by Monson 137). Fisher's exact 90 per
cent confidence limits were compuited using an adaptation of program 14 in Rothman and Boice (35).
+ Persan-years and deaths were not counted for the {irst two years of employment.

$ ICD, International Clasification of Diseases, Fighth Revision.

% Thix category consikled of two secondary neoplasms {ICD 197) and three cancers, site unspecified (ICD 199).
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Comparisons of employee cohorts with
the general populace are subject to a form
of selection bias often referred to as the
healthy worker effect. To circumvent this
problem, we compared mortality rates of
exposed with unexposed workers using
person-year denominatcrs. Tables 2-4
present age- and calendar period-adjusted
maximum likelihood estimates of the rate
ratio by induction time for employees with
systemic plutonium depositions of 2 or
more nCi compared with those with sys-

temic depositions of less than 2 nCi.
&
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duction time of two vears is usuallv ac-
cepted for leukemia and bone cancer. As
previously mentioned, no bone cancer is
observed and no thyroid cancers occurred
among workers tested for plutonium. Es-
pecially interesting is the high risk estimate
that is present for the lymphopoietic neo-
plasms. A rate ratio of 7.69 (90 per cent
exact CL 0.99, 72.93) is observed for all
lymphopoietic neoplasms. The rate ratio
for lvmphosarcoma and reticulum cell sar-
coma is 2.01 (90 per cent exact CL 0.10,
31.48). Rate ratios of 3.26 (90 per cent exact

5 TABLE 2

Maximum likelihood estimates® ol the rate ratio for workerst with plutonium body burdens of 22 nCi compared
with those with body burdens <2 nCi forla two-year induction time,/while controlling for age and calendar

period, Rocky Flats Nuclear Weapons Plant, Jefferson County, CO

% : Deaths
g; Exposed Unexposed
3 (14.702.9 138,068.6 90% Fisher's exact
Cause of death (ICD3) & person-years) person-vears) RRa § confidence limits
All causes 1001-998) 84 164 1.14 0.91,1.43)
All cancers (140-209) : 17 33 1.01 0.62, 1.66]
Digestive organs and peritoneum |
(150-159) ‘ 6 8 1.31 0.45, 3.84
Esophagus (150) i 2 1 3.26 0.23, 36.81
Stomach (151) L 2 2 1.84 0.20. 14.40
Colon (153) b i 1 2 0.97 0.07. 10.88
Liver (155) 5 1 2 0.80 0.06.9.03
Pancreas (157) 0 1 50.00
Lung (162, 163) 4 13 0.67 0.20.1.89
Skin {172.17}) # 0 2 .01
Prostate (185) h § 2 1 3.74 0.29, 12.31
Bladder (188) 0 1 50.00
Kidney and unspecified urinary H
organs (189) "o 1 50.00
All brain tumors (191, 192, 225,
2381 ] 1 9 0.22 0.02,1.27
Malignant brain and other
central nervous system (191,
192) 0 4 2.8¢
Benign brain and other central
nervous system (225) 0 1 50.00
Unspecified brain and other
central nervous system (23R8) 1 4 0.44 0.04.3.40
All lvmphopoietic 1200- 209) 4 1 7.69 0.99,72.93
Lymphosarcoma and reticulum
cell xarcoma (200} 1 i 2.01 0.10,31.48
Non-Hodgkin's lymphoma
Qo . 1 0 0.14
Multiple mveloma (201) 1 (1] 0.14
Myeloid leukemia (205) 1 0 014

* Maximum likelihood estimates were calculated using an adaptation of programs 6 and 7 in Rothman and Boice (38).

* The petind of exposure-related risk was defined as beginning two vears after one’s cumulative svstemic burden reached 2
nCi of plutonium. Unexposed person-years and event were counted (rom two years after date of hire or first bionssay, whichever
occurred later.

2 1CD, Internatinal Classification of Discascx, Eighth Revision.

§ Maximum likelihond estimate of the rate ratio,

1 Ninetv per cent approximate confidence limits were calculated in place of Finher's exact limita using a method described
hy Rathman (40, p. 212).
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CL 0.25, 36.81), 1.84 (90 per cent exact CL.
0.20, 14.40), and 3.74 (90 per cent exact CL.
0.29, 42.31) are observed for esophageal,
gastric, and prostatic cancers, respectively.
On the other hand, rate ratios are low for
lung cancer, liver cancer, all brain tumors
combined, and unspecified brain tumors.
No exposed cases are observed for pan-
creatic, bladder, kidney, skin, malignant
brain cancers, and benign brain tumors.
No unexposed cases are present for non-
Hodgkin's lymphoma, multiple myeloma.
and myeloid leukemia.

Table 3 presents results for those cancer
sites that require at least five years induc-

7%%.

tion time, such as brain and thyroid tumors
(42), as well as blood, lymph, and other
solid tumors. A rate ratio of 9.86 (90 per
cent exact CL 1.26, 94.03) is observed for
all lymphopoietic tumors. A 33 per cent
excess is present for all causes of death, -
and almost a fivefold excess is found for * N
cancer of the prostate (RRm. = 4.90, 90 per :
cent exact CL 0.38, 55.84). Rate ratios of
3.68 (90 per cent exact CL 0.29, 41.56) for
esophageal cancer, 2.50 (90 per cent exact
CL 0.12, 39.57) for lymphosarcoma and re-

ticulum cell sarcoma, 2.18 (90 per cent ex- ,‘;
act CL 0.23, 17.11) for stomach cancer, 1.68 '

(90 per cent exact CL 0.58, 4.71) for all

_.\\:f-
TABLE 3 4
Maximum likelihood estimates® of the rate ratio for workerst with plutonium body burdens of =2 nCi compared "
with those with body burdens <2 rCi for a five-year induction time, while controlling for age and calendar .
period, Rocky Flats Nuclear Weapons Plant, Jefferson County, CO :
Deaths . :
Exposed Unexposed
(10,521.2 (42,250.3 90%% Fisher's exact :
Cause of death (ICD}) person-years) person-years) RRu S confiderice limita ',
All causes (001-998) 74 174 133 1.05, 1.63% W
All cancers (140-209) 16 M4 1.24 0.75, 2.07§
[):gestive organs and peritonsum
(150-159) 6 8 1.68 0.58, 4.71
Esophagus (150) 2 1 3.68 0.29, 41.56
Stomach (151) 2 2 218 0.23,17.11
Colon {153) 1 2 1.62 0.11, 18.27
Liver (155) 1 2 091 0.07, 10.30
Pancreas (157) 0 1 76.92
Lung (162, 163) 3 4 0.61 0.15,1.91
Skin (172, 173) 0 2 13.89
Prostate (185) 2 1 4.90 0.38, 55.84
Bladder (153} 0 1 76.92
Kidney and unspecified urinary
organs (189) § 0 1 76.92
All brain tumors (191, 192, 225, !
23R} } 1 9 0.35 0.03,2.10
Malignant bhrain and other
central pervous system (191,
192) 0 4 4.48
Benign brain and other central
nervous system (215) 0 1 76.92
Unspecified brain and other
central nervous system {238) 1 4 0.71 0.06, 5.63
All lymphopoietic {200- 209) 4 1 986 1.26, 94.02
Lymphosarcoms and reticulum
cell sarcoma (200) 1 1 2.50 0.12, 39.57
Non-Hodgkin's lymphoma
1202} 1
Multiple mveloma (20) 1
Myeloid leukemia (205) 1 0 0.21

* Maximum likelihood estimates were calculated using an adaptation of programs 6 and 7 in Rothman and Boice (380,
* The period of exposure-related risk was defined as beginning five years after one’s cumulative svstemic burden reached 2
nCiof plutomum. Unexposed person-years snd events were counted from two years after date of hire or firat bioassay, whichever

weurred later,

1 1CD, International Classification of Diseases, Eighth Revision.

Maximum hikelihood estimate of the rate ratio.
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digestive cancers combined, and 1.62 (90
per cent exact CL 011, 18.27) for cancer of
the colon are also observed. Low risk esti-
mates are present for liver, unspecified
brain, lung, and all brain tumors combined.

An induction period of 10 years is em-
ployed in the analyses presented in table 4.
With the exception of bone, thyroid, brain,
and lymphopoietic neoplasms, an induction
time of at least 10 years is usually accepted
as the minimum for radiogenic solid tumors
to appear after exposure. The rate ratio for
all lymphopoietic tumors declined to 5.22
(90 per cent exact CL 0.57, 38.80). A small

4

i

294,

excess for all causes of death (RRy. = 1.39,
90 per cent CL 1.04, 1.87) continues to be
observed. A higher rick estimate for all
cancers (RRay. = 1.61, 90 per cent CL 0.88,
2.93(than was previously seen is also ob-
served. Risk estimates of 10.62 (90 per cent

exact CL 0.76, 127.15) for prostate cancer,

5.70 (90 per cent exact CL 0.38, 65.21) for
cancer of the colon, and 4.82 (90 per cent
exact CL 0.51, 38.18) for stomach cancer
are present. It is interesting to note that
the rate ratio for lung cancer is 1.43 (90 per
cent exact CL 0.33, 4.65), whereas deficits
in the risk estimates were observed for in-

TABLE 4

Maximum likelihood estimates*® of the rate ratio for workerst with plutonium body burdens of 22 nCi compared
with those with body burdens <2 nCi for a 10-year induction time, while controlling for age and calendar period,
Rocky Flats Nuclear Weapons Plant, Jefferson County, CO

Deaths
Exposed Unexposed
(4.438.5 (48,333.0 90 Fisher's exact
Cause of death {ICD]) person-vears) person-yvears) RRp § confidence limits
All causes (001-995) 40 208 1.39 1.04, 1.87}
-All cancers (140-209) 10 40 1.61 0.88, 2.933
Digestive organs and peritoneum
(150-159 k] il 1.46 0.34, 4.77
Esophagus (170) 0 3 18.52
Stomach (131) ) 2 4.82 0.51,38.18
Colon (153} 1 2 85.5¢0 0.38, 65.21
Liver (155) 0 3 18.52
Pancreas (157) 0 1 200.00
Lung (162, 163) 3 14 143 0.33, 4.65
Skin (172, 17 0 2 38.46
Prostate (185) 8 1 10.62 0.56,127.13
Bladder (188) 0 1 200.00
Kidney and unspecified urinary
organs (189) 0 1 200.00
All brain tumors (191, 192, 225, k
218) 0 10 3.80
Malignamt brain and other 3
central nervous system (191,
192) ¢ 4 12.20
~  Benign brain and other central
nervous svstem (2:25) 0 1 200.00
Paspecified brain and ether
central nervous system (238) ¢ 5 893
All Ivmphupaietic (200-209) 2 3 5.22 0.57, 38.80
Lymphosarcoms and reticulum
cell xarcoma (200) 0 2 a8.46
Non-Hodgkin's lvmphoma .
T2l o 1 200.40)
Muitiple mveloma (203) } 0 0.57
Myeloid leukemia (:205) 1 0 0.57

* Maximum hkelihood estimates were calvulated using an adaptation of programs 6 and 7 in Rothman and Bowe €38,
3 prog e
t The perind of exposure-related risk was defined ax bexinnig 10 vears after one’s cumulative svstemic burden reached 2
nCiof plutonium. Unexposed person-vears and events were counted from two years after date of hire or fiest bivassay . whichever

occurred later.

$ 1ICD. International Classification of Discases, Fighth Revision.

§ Maximunn likebhood estimate of the rate ratio,

¥ Ninety per cent approximate confidence imits were calculated in place of Fisher's exact himits usinig a8 method described
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duction periods of two and five years. No
exposed deaths are found for esophageal,
liver. pancreatic, skin, bladder, kidney. and
all brain tumors. or for lvmphosarcoma and
reticulum cell sarcoma, and non-Hodgkin's
lymphoma. No unexposed deaths are ob-
served for multiple myeloma and myeloid
leukemia.

For most of the resuits just mentioned,
the precision of our point estimates is lim-
ited as demonstrated by the wide confi-
dence intervals. The exceptions are those
analyses that compare combined categories
of cause-specific deaths such as all causes,
all cancers, cancers of the digestive organs,
or more common types of neoplasms such
as lung cancer.

A similar analysis was conducted for em-
ployees whose cumulative whole body ex-
posures equaled or exceeded 1 rem of exter-
nal radiation compared with workers with
lower or no cumulative exposures. When
an induction time of two years is employed
{see Appendix table 2), the rate ratio for
unspecified brain tumors is 3.46 (90 per
cent exact CL 0.45, 32.78). For all lympho-
poietic cancers, a rate ratio of 1.49 (90 per
cent exact CL 0.36, 7.25) is observed. For
lymphosarcoma and reticulum cell sarcoma
and for myeloid leukemia, two exposed
deaths but no unexposed deaths are ob-
served. Three exposed but no unexposed
deaths are found for esophageal and liver
cancers. No exposed deaths are observed
for oral, laryngeal, skinl and thyroid can-
cers, and for benign brain tumors.

Use of a five-year induction period (Ap-
pendix table 3) results in risk estimates of
1.73 (90 per cent exact CL 0.27, 11.69) for
unspecified brain neoplasms and of 1.69 (90
per cent exact CL 0.13, 18.96) and 1.66 (90
per cent exact CL 0.34, 9.01) for liver and
prostatic cancers, respectively.

Table 5 presents results when a 10-year
induction period is used. A fourfold excess
i1s observed for unspecified brain tumors
(RRau. = 3.96, 90 per cent exact CL 0.60,
27.16). Rate ratios of 3.00 (90 per cent exact
CL 0.12, 58.16) for lymphosarcoma and re-
‘iculum cell sarcoma, 3.02 (90 per cent ex-
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act CL 0.15, 46.42) for myeloid leukemia,
2.77 (90 per cent exact CL 0.22, 31.19) for
liver cancer, and 1.71 {90 per cent exact CL
0.45, 5.89) for all brain tumors are also
observed. A deficit is present for all cancers
{(RRay. = 0.65, 90 per cent CL 0.42, 0.99).

Although the number of observations for
specific causes of death are sometimes
small, we searched for the presence of dose-
response relationships when there were at
least as many exposed deaths as exposure
categories. Table 6 presents results for plu-
tonium body burdens of less than 2 nCi, 2-
4.9 nCi, and 5 or more nCi by induction
time. No overall linear dose-response
trends were found. When standardized rate
ratios are considered, however, increases
with increasing body burden levels are ob-
served for all causes of death for five- and
10-year induction periods, for all cancers
for & five-year induction period, and for all
digestive cancers for a five-yéar induction
period. Standardized rate ratios for all lym-
phopoietic neoplasms with two years of in-
duction time also increase with increasing
body burden level, but in a nonlinear man-
ner.

Table 7 presents dose-response analyses
for cumulative exposures to external radia-
tion of less than 1 rem, 1-4.9 rem, and 5 or
more rem by induction time. No overall
linear dose-response trends are observed.
Standardized rate ratios increase, however,
as exposure categories increase for all lym-
phopoietic neoplasms for a two-year induc-
tion time and for unspecified brain tumors
for induction times of two and five years.

[P T

DiscussioN

To our knowledge, these comprise the
first epidemiologic findings that suggest an
association between exposure to plutonium
and untoward health effects in humans.
Elevated risk estimates are present for all
lymphopoietic neoplastts combined and for
all causes of death. Possible excesses are
also present for digestive system cancers
(especially esophageal and stomach) and
for prostatic cancers when appropriate in-
duction times are taken into account. No
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bone or thyroid tumors are observed among
emplovees with plutonium body burdens
greater than or equal to 2 nCi. It is inter-
esting that risk estimates for some organ
sites where plutonium is known to concen-
trate, such as the bone and liver, are not
elevated among the plutonium-burdened. A
small increase in lung cancer is observed
for a 10-year induction time. The absence
of smoking data, however, makes further

interpretation of this finding difficult.
When external radiation exposures are
considered. rate ratios are elevated for
brain tumors (especiallv unspecitied brain
tumors), liver cancer, lymphosarcoma and

reticulum cell sarcoma, and myeloid leu-

:

kemia.

The manner in which rate ratio estimates
vary by induction time is noteworthy. Be-
cause appropriatg induction times for can-

TABLE 5

Mazximum likelihvod estimates® of the rate ratio for workerst exposed to =1 rem of external radiation compared
with workers exposed to <1 rem for a 10-vear induction time, while controlling for age and calendar period,
Rockv Flats Nuclear Weapons Plant, Jefferson County, CO

$ Deaths
¥
4 Exposed Unexposed
A (13.172.3 164.603.9 90 Fisher's exact
Cause of death (ICD}) % person-years) person-vears) RRwd confidence limits
All causes (001-998) 1 99 307 0.96 0.78, 1.17)
All cancers (140-209) 3 20 3 0.65 0.42, 0.99)
Buccal cavity and pharynx
(140-149) T 0 1 90.91
Digestive organs and peritoneum
(150-159) ?' 6 18 0.59 0.27, 1.30]
Esophagus (150) t 1 2 0.65 0.05, 7.34
Stomach (151} f 0 - 5 4.03
Colon (153) i 1 5 0.55 0.05, 3.94
Rectum (154) 3 1 1 1.42 0.07, 21.82
Liver (155) g 2 2 2.77 0.22.31.19
Pancreas (157) <, 0 4 5.46
Respiratory system (160-163): 8 24 0.89 0.43, 1.84]
Larynx (161) 0 2 16.95
Lung (162, 163) 8 2 0.91 0.44, 1.89§
Skin (172, 173) 0 3 8.40
Bladder (188) 0 3 8.40
Kidney and unspecified urinary
organs (189) i 0 2 16.95
Prostate (185) i 2 8 0.79 0.11,3.98
Al brain tumors (191, 192, 225,
238) M- 4 8 L7 0.45, 5.89
Malignant brain and other ° - N &
central nervous system (191, *:
192) - 1 5 0.85 ° 0.05, 5.08
Benign brain and other central ’
nervous system (225) p 0 1 90.91
Unspecified brain and other
central nervous system (238) 3 2 3.96 0.60, 27.16
Thyroid (193) ! 0 1 90.91
All lvmphopoietic (200-209) 2 6 0.84 0.12,3.95
Lymphosarcoma and reticulum
cell sarcoma (200) ¥ 1 1 3.00 0.12,58.16
Non-Hodgkin's lymphomsa :
202 B 0 3 16.95
All leukemis (204-207) . f 1 3 1.01 080,912
Muvelnid leukemia (205) 1 1 3.02 0,15, 46 .42

* Maximum likelihood estimates were calculated using an adaptation of programe 6 and 7 in Rothman and Boice (151,
t The perind of exposure-related risk was defined aa beginning 10 vears after one's cumulative external radiation exposure
reached 1 rem. Unexposed petson-years and events were counted from two veam after date of hire or first badge readinyg,

whichever occurred later, -

$ ICD, International Classificetion of Diseases, Eighth Revision.

§ Maximum likelihoud estimate of the rate ratio,

1 Ninety per cent approximate confidence limits were calculated in place of Ficher's exact limits using a method described
rtee tAGOSIEG it per e p""»‘""h“‘l’ilr:
P
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cers that mayv he.pntntively associated with
Sintopiun  are unknown, we employed
“hree induction periods that are analugous
-0 those of external radiation-induced can-
cers. Rate ratios increase monotonically
across all induction times for all causes of
death. all cancers, and stomach and colon
cancers. thus suggesting minimum induc-
tion times of 10 years for these organ sites.
On the other hand, lymphopoietic and

L

period of five vears. None of the causes of
death that were investigated peaked at a
two-vear induction period.

Most of these relationships, however, are
characterized by low precision. Oftentimes,
comparisons between exposed and unex-
posed subjects were based on few cases.
This made evaluation of dose-response re-

lationships difficult. Additional follow-

is necessary to acquire more deaths and

esophageal cancers peaked at an induction added person-time experience.

TaBLE 6
Dhirectly adjusted rates® (DAR), standardized rate ratios (SRR), and weighted least squares regression

cwtfiients for white males, by plutoniui{l body burden level and induction time. Rocky Flats Nuclear Weapons
t Plant, Jefferson County. C0O)

e
——

—

Plutonium body burden levels

* suse of death Induction time 907 exact confidence
deDY {years) <2nCi  2-49nCi 3+ nCi ) limits on slope
Aul caunes (101-998) 2 DARt 4845 459.7 918.5 295 -43.02, 48.92
SRR 1.00 0.95 1.90
5 DAR 467.2 517.0 963.2 3171 -2271,86.13
SRR 1.00 Ll n 206
10 DAR 480.2 T38.7 1.684.5 107.54 =230, 217.77
SRR 1.00 1.54 =i 3.51 °
All cancers 2 DAR 92.2 706 106.9 0.25 -9.27,8.77
1140-200 SRR 1.00 T v 1.16
S DAR 86.1 89.2 106.7 2.50 -7.32,12.73
SRR 1.00 1.04 1.24
10 DAR 843 193.9 109.6 5.63 ~8.0%, 18.33
SRR 1.00 2.30 1.30
A ahipestive cancers 2 DAR 21.4 212 43.0 2.1 -3.40, 7.70
BETS AT SRR 1.00 0.99 2,01
5 DAR 19.3 23.3 49.3 3.34 -2.70,9.37
SRR 1.00 1.21 2.55
10 DAR 220 65.5 24.5 0.84 -5.25,6.94
SRR 1.00 2.98 1.12
l.ung vancer 2 DAR 372 279 10.1 -~3.95 -7.39, ~0.52
162, 163) SRR 1.00 0.75 0.2
] DAR 368 26.6 11.2 =-3.72 =333, =0.11
SRR 1.00 0.72 0.30
10 DAR 3168 61.5 199 -1.47 -56.69.3.76
o SRR 1.00 1.85 0.63
Pratatic cancer 2 f DAR 26 0.0 2.4 -0.70 -2.37,0.88
1185 SRR 1.00 0.0 1131
5 ' DAR 2 (XY 36.3 -0.69 -220,082
SRR 1.0 0.0 1513
10 DAR 2.0 0.0 65.1 ~{.67 -1.9%, 0.63
SRR 1.00 0.0 A58
All lymphopoietic 2 DAR 26 ) 15.6 283 —-0.63, 6.28
cancera (200-209) SRR 1.00 8.27 6.00
] DAR 24 39.3 0.0 -0.37 -1.15,0.40
SRR 1.00 16.28 o
10 DAR 5.4 56.8 0o =0.79 ~1.94,0.37
SRR 1.00 1237 0o
U nspecified brain 2 DAR 1.2 %8 0o -1.66 —287, =044
tumors (238) SRR 1.60 068 [LXL)
[ DAR 9.4 8.0 0 ~5.42 =261, —0.23
SRR 1.00 o.Rs 0.0
10 DAR 10,1 0.0 0.0 ~0.80 -2 08, =1).48
8RR 1.0 0.0 04

* Monality rates were directly adjusted to the age and calendar vear distribution of white males who worked two or more
4 at Rocky Flotx Nuclear Weapons Plant between 1952 and 1979,
“ICD. International Classification of Diseases, Eighth Revision,
Nirectly adjusted rates per 1P peraon-years,
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In these data, considerable confounding
exists with age at death and calendar pe-
riod. Both are strongly associated with the
occurrence of cancer and exposure. We
have accounted for confounding by strati-
fying on age and calendar period and by
calculating pooled estir .ates of the rate ra-
tio by means of the maximum likelihood
approach. For dose-response analyses, we
directly adjusted person-years and deaths

2y

of person-yvears for the Rocky Flats Nuclear
Weapons Plant work force. The possibility
still exists that risk estimates for the plu-
tonium-bhurdened are confounded by exter-
nal radiation exposure. Plutonium workers
are often exposed to whole body external
radiation, primarily neutrons and gamma
rays, depending upon the operation in
which they are engaged. Equally plausible,
however, is the possibility of interaction

to the age and calendar period distribution between plutonium and external radiation.

-

TABLE

Directly adjusted rates® (DAR) and standardized rate ratios (SRR) for white males, by exposure level to external
radiatiun and induction time, Rocky Flats Nuclear Weapons Plant, Jefferson Countx, CO

Cumulative exiernal radiation

exposure
Caue ot death Induction time 90% exact confidence
(CDhY {veans) <lrem 1-4Yrem 5+ rem g Bmits on slope
All causes (001-998) 2 DAR$ 8245 4420 467.6 -4.14 ~15.02,6.74
SRR 1.00 0.84 0.89
5 DAR 516.0 459.2 486.9 -2.79 -16.10, 10.52
SRR 1.00 0.89 0.94
10 DAR 526.0 386.8 438.0 -9.60 =23.74, 4.55
SRR 1.00 0.74 0.83
All cancers 2 DAR 129.6 998 915 -3.13 -8.00, 1.73
(140-209) SRR 1.00 0.77 0.71
5 DAR 128.1 100.5 79.9 -4.84 ~-9.18,0.12
SRR 1.00 0.78 0.62
10 DAR 133.4 67.0 1158 -3.65 -12.02,4.71
SRR 1.00 0.50 0.87
All digestive cancers 2 DAR 315 28.8 29.6 -0.13 -2.80.2.55
1150-139) SRR 1.00 0.91 0.94
5 DAR 30.3 328 29.2 -0.15 -3.00, 2.70
SRR 1.00 1.08 0.96
10 DAR 36.1 24.6 21.7 -1.53 -5.39, 2.34
SRR 1.00 0.68 0.60
Lung cancer 2 DAR 458 36.2 189 -2.53 -4.99, -0.07
1162, 163) SRR 1.00 0.79 0.41
-] DAR 438 288 21.1 -1.93 -4.49,0.63
SRR 1.00 0.66 0.48
10 DAR 9.8 26.0 8.4 -0.4] -4.80, 3.98
SRR 1.00 - 0.6% 0.96
Proatatic cancer 2 DAR LY 31 18.6 0.96 -0.99, 2.91
(185) SRR 1.0u 0.36 216
Y 13 DAR 79 12.5 73 -0.10 -1.49,1.29
SRR 1.00 1.58 0.92
10 DAR 11.2 11.3 [1X() -1.17 =194, ~0.40
SRR 1.00 1.00 0.0
All lvmphopaietic 2 DAR 7.3 R.1 18.0 1.07 ~0.81, 2.95
cancers (2% 200) SRR 1.00 1.11 247
5 DAR a0 85 13.9 0.49 -1.35,2.33
SRR Lo 0.94 154
10 DAR 106 0.0 2.7 -1.66 -4.82,1.49
SRR KLY 0.0 27 .
Unnpecified hrain & DAR 28 LR R O0.87 ~0.46, 2.20
tumors (244 SRR 1.0 $.23 415
5 DAR 4.7 48 124 0.76 ~(.80, 2.32
SRR 1.0 1.02 244
10 DAR 14 4.5 LX) 0.57 -0.81, 205
SRR 1.0 482 247

¢ Mortality rates were directly adjusted 10 the age and calenditr vear distribution of white malex whe worked two or more
years at Rucky Flate Nuclear Weapons Plant between 1952 and 1974,
1CD, huternational Classification of Ihiscases. Fighth Revision,
$ Ihrectly adjusted rates per 1P perxon-vears,
S e cmieas UMb ALV MILSTHILE LHIUE 1O DE ODSeTVea vears atter initial oy,
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In acaiion, plutonium workers may l)g ex-
teosed 1o potentially hazardous chgmxcals.
" <hie contounding due to cherpxgal ex-

~ures was not investigated. Limiting the
iy ses of exposed and unexposed workers
‘., onlv those who were tested for pluto-
nium. however. may control in a crude fash-
ion for such contounding. On the basis of
an examination of the plant site by several
of the investigators, and an assessment by
an industrial hyvgienist, likely exposures to
hazardous quantities of chemicals during
current operations were not obvious. These
‘nteresting possibilities warrant further in-
vestiganon.

Consideration was given to the possibil-
itv of nondifferential misclassification that
oxisted because of the presence of untested
persons among the unexposed and unbur-
dened subcohorts. Since these individuals
contribute person-years and deaths only to
the unexposed, if misclassification does oc-
cur, it is in the form of misclassifying ex-
posed individuals as unexposed, thereby
leading to an underestimate of the true
etfect. To account for potential misclassi-
fication, we limited our comparisons of ex-
pused with unexposed to those who were
tested for either plutonium or external ra-
diation exposure. This increases the valid-
itv, but decreases the precision, of our es-
timates. Employees who were not tested for
plutonium or who were not issued radiation
badges were included only in standardized
mortality ratio (SMR) analyses of the en-
tire cohort. {

We hLave attempted to dealjwith the type
of selection bias common to studies of oc-
cupational cohorts (healthy worker effect)
by directly comparing exposed with unex-
posed subcohorts. The low standardized
mortality ratios for all causes of death
(SMR = 62) and circulatory diseases (SMR
= 61) are evidence that such selection bias
is present within this cohort. By contrast,
the rate ratios for all causes of death are
somewhat elevated among plutonium-
exposed compared with unexposed workers.

The elevated risks associated with plu

‘ium exposure that we have discoverec]

L

- appear plausible tor some cancers. Prelim-

inarv results from autopsy studies of plu-
tonium depositions in tissues from whole
body donations show higher concentrations
in the esophagus, stomach, red marrow, and
prostate than in muscle tissues. The high-
est plutonium levels, however, are still
found in organs such as the lung, lymph
nodes, bone, and liver (43).

A large body of literature exists demon-
strating the association between the blood
and lymph cancers and exposure to ionizing
radiation (44-46). In occupationa!l settings,
radiologists (47, 48) and uranium mill
workers (49) have been found to experi-
ence elevated risks for leukemia and non-
Hodgkin's lymphoma. Especially pertinent,
however, are the excess leukemias (primar-
ily myeloid) and blood dyscrasias that have
been found in studies of thorotrast and
radium-224 patients (2, 6, 50-52).

The high rate ratios for esophageal and
gastric cancers are also supported: by the
literature. In an international cooperative
study of women irradiated for cervical can-
cer, Boice et al. (53) report significant ex-
cesses for esophageal but not for stomach
cancers. Studies of atomic bomb survivors
show small increases in risks for both of
these digestive system cancers (46, 54), as
do investigations of British ankylosing
spondylitis patients (44, 55). Esophageal
cancer after irradiation for breast cancer
(56) has been reported, as have increased
risks for gastric cancer among US (57) and
Swedish (58) uranium miners. In most of
the examples just mentioned, however, ex-
posures were to external radiation, and
most of these exposures were much higher
than those experienced by the plutonium
workers in this study. Furthermore, esoph-
ageal and stomach tissues have not been
considered to be heavily irradiated from
plutonium. Passage of plutonium through
the gastrointestinal tract in a bolus of food
is not thought to result in high exposures
because of the short range of alpha parti-
cles. Given the preliminary results from the
whole body autopsy studies cited above,
additional research to improve our under-
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standing of the distribution of plutonium
throughout the human body is clearly
needed.

The elevated rate ratios that we found
for prostatic cancer are unantici . The
BEIR III report classificd the prostate as a
site for which evidence of radiation induc-
tion is lacking (59). Nevertheless, slight
excesses for this site have been reported
among radiologists (60), uranium miners
(57), and nuclear workers (61), although
associations with radiation exposure were
not demonstrated. In addition, a recent
study of British nuclear workers has re-
ported an excess of prostatic cancers among
the subcohort of workers who were moni-
tored for radiation exposures (62).

| Several studies of clinical populations
. have discovered associations between ra-
_diation exposures and brain cancer. Al-
‘though two investigations suggest that ex-
cess tumors occur at less than 100 rads (45,
63), most studies report excesses at more
than 100 rads of cumulative exposure (64-
67). Among nuclear workers, three studies
demonstrate an excess of brain tumors (13,
14, 23), and three do not (8, 9, 68). When
excesses have been demonstrated among
these occupational cohorts, no associations
have been found with radiation or other
job-related exposures. Although a number
of reports of brain cancer excesses among
workers from a variety of industries exist
(69), with the exception of vinyl chloride
(70), specific exposures have not been iden-
tified. ,

Results of this investigation suggest that
plutonium-burdened individuals may ex-
perience increased risks from lympho-

‘ poietic neoplasms. The high rate ratios for
certain digestive_ system and prostatic can-
cers_ need. further consia'e?atlon before a
plutomum_gcpos_u_r_g effect can | Be acg_ep_Ld_
We ulso found elevated rate ratios for un-
specified brain tumors, myeloid leukemia,
and lymphosarcoma and reticulum cell sar-
coma among workers exposed to external
radiation. In all of these instances, how-
ever, the confidence intervals are wide, and
a deficit cannot be ruled out. The presence

W
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of suggestive dose-response trends for all’
causes of death, digestive svstem cancers.

and lymphopoietic neoplasms among the

plutonium-burdened, and for lympho-

poietic cancers and unspecified brain tu-,
mors among those exposed to external ra-'
diation, lends some credence to these find- |
ings.

The results from autopsy studies of se-
lected human tissues and from animal stud-
ies suggest that the bone, liver, lung, and
perhaps lymph nodes should be the organs
of greatest concern among plutonium-bur- “
dened workers. However, we found no as-
sociation between mortality from bone or
liver cancer and exposure to plutonium.
The lack of information about smoking
makes interpretation of the lung cancer
risk ratios difficult. The higher rate ratio
that is observed for a 10-year induction
period compared with shorter induction
times, however, is consistent with our pres-
ent knowledge of the time required for the
induction of lung cancer in humans. Still
to be resolved are the lack of dose-response
for many of the elevated rate ratios that we
found, the limited precision with which we
were able to measure exposure-disease re-
lationships, the question of plutonium ex-
posure being confounded by external radia-
tion or other exposures, and the possibility
of interaction between plutonium and ex-
ternal radiation. Additional results from
whole body _a_umpsy_sj;_dxes are re_qmred to
understand better the di distribution of plu-
tomum throughout the human body angd to
determme > thereby if the high rate ratios we
fo_u_x_'ng for digestive and prostatic cancers
are_biologically plausible. The increased
risk with i increasing plutonium burden that |
was found for all causes of death warrants {,~
further investigation of nonneoplastic dis-*

e

prula___Qn before they can be accgpted as_
strong evidence of causation. Given the ex-
perience of the atomic bomb survivors (46)
and thorotrast studies (51) in which solid
tumors and leukemia, respectively, con-
tinue to be observed vears nfter initial av.
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posures, it would be prudent to continue to
evaluate the mortality experienced by these
plutonium workers.
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APPENDIX TABLE 1

Persun-yvears and weights for computing directly adjusted rates for all white males emploved for two or more

years at Rocky Flats Nuclear Weapons Plant, Jefferson County, CO

Calendar year
Age 1950 1955 1960 1965 1970 1975 Sum

15 0.0* 0.0 0.0 0.7 0.0 0.0 0.7
0.0000000t 0.0000000 0.0000000 - 0.0000089 0.0000000 0.0000000

20 146 173.4 229.1 3879 57958 248.2 1,632.7
0.0001861 0.0022102 0.0029201 0.0049442 0.0073863 : - 0.0031636

2% 713 733.7 1,008.9 1,652.8 18225 1,390.6 6.693.8
0.0009038 0.0096067 0.0128595 0.0210666 0.0232296 0.0177246

30 i 1,221.8 1,653.8 2,408.9 2.875.1 2,533.2 10.768.5
0.0009649 0.0155731 0.0210794 0.0307039 0.0366461 * 0.0322882

RH 53.4 1,130.5 2,0546 2,605.6 3.0703 3.2045 12,1189
0.0006806 0.0144094 0.0261880 0.0332110 0.0391341 - 0.0408446

10 50.6 834.0 1,968.5 2,859.9 3.114.1 328138 12,108.9
0.0006449 0.0106302 0.0250905 0.0364523 0.0396924 .., 0.0418299

43 29.7 645.2 1,438.1 2,648.8 32831 3,2850 11,329.9
0.0003786 0.0082237 0.0183300 0.0337616 0.0418464 0.0418707

0 132 406.3 998.7 1,843.4 29318 3,360.4 9,553.8
0.0001682 0.0051787 0.0127294 0.0234960 0.0373688°  0.0428317

33 27 180.5 612.6 1,170.3 2,000.6 2.959.1 6.925.8
0.0000.344 0.0023007 0.0078082 0.0149167 00254997, 0.0377167

0 3.3 1150 2726 663.4 1,150.3v 1,948.5 4.135.5
0.0000472 .- 0014913 0.0034746 0.0084557 0.01466175.  0.0248356

(5} 00 329 122.2 253.3 14 1.018.7 1,998.5
0.00000x) OM4 193 0.001.5%76 0.0032286 0.0052831 - 0.0129844

Ml 0o 0.0 329 1011 2201 . 4915 845.6
0.0000000) - 0.0000000 0.0004193 0.0012886 0.0028054 3 0.0062647

75 0y 0.0 0.0 229 T 159.7 260.2
0.0000000 0.0000000 0.0000000 0.0002919 0.0009891 ; 0.0020355

%0 00 0.0 0.0 0.0 124 5, 384 50.8
0.000000¢ -+ 00000000 . 9.000N000 0.0000000 0.0001581 *  0.0004894

55 00 0.0 ) 0.0 0.0 00 3 6.3 63
0.0000KK) % 0.0000000 ggmm 0.0000000 0.0000000 . " 0.0000R03

Sum KIER 5,495.3 #i 10,392.0 16,619.0 21,7088 ° 21,925.9 78.34559

* p(’rﬁnn-yegn. 3 L
* Weightx, b g
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¥ APPENDIX TABLE 2
Maximum hkelihood estimates® of the rate ratio [or workerst exposcd to =1 rem 07 ternal radiation compared

with workers expused to <1 rem for a two-year induction time, while controlling fog age and calendar period,
Rocky Flats Nuclea: Weapons Plant. Jefferson County,

% Deaths
Expused’ Unexposed .
135.088.§ 142.693.4 90% Fisher's exact
Cause of death (ICDE person-years) person-vears) Ritw § conlidence limits
All caures (001-998) 86 1 220 0.80, 1.12)
All cancers (140-209) PRI 32 0.55, 1.144
Buccal cavity and pharynx ,3
(140-149) 10 % 1 23.26
Digestive organs and peritoneum I % H
{150-159) 13 % 11 0.9] - 0.46, 1.81
Esophagus (150) ;3 0 . 0.7
Stomach (1511 2 g 3 054 - 0.06, 3.50
Colon (153 2 & 4 054 0.07,3.12
Rectum ¢154) L1 i 1 @58 § 0.03, 8.87
Liver (155) ¥ 3 5 0 4 0.7
Pancreas (157) D | 3 824 3 0.02, 2.25
Respiratory system {160-163) ) 20 087 = 0.36, 1.28}
Larynx (161) o 2 1 422
Lung (162, 163) 12 § 18 068 ; 0.36, 1.301
Skin(172, 173) 0 ¥ 3 3 2.09
Prostate (135) T4 %r 4 133 & 0.27, 7.40
Bladder (188) 1 i 2 0.5 i 0.05, 8.65
Kidney and unspecified urinary & =
organs {189) 1 1 om . 0.05, 13.90
All brain tumors 1191, 192, 225, i a
238} 6 P 6 088 0.31,3.08
Malignant brain and other B
central nervous system (191, € ;
192) 2 i 4 a3e 0.06, 2.91
Benign brain and other central » =
nervous system (225} 0o = 1 ; 23.26
Unspecified brain and other : 7
central nervous system (238) 4 ro. 1 346 = 0.45, 32.7
Thyroid (193) 0 1 23.26
All lvmphopoietic (200-209) 5 L3 3 149 i 0.36. 7.25
Lymphosarcoms and reticulum N ﬁ.“x - e
cell sarcoma 1200} o 0 ¥ 0.35
Non-Hodgkin's lymphoma hy 4
202) | 1 -f\' 1 ; 09 0.04, 15.01
All leukemia (204-207) 23 S 2 100 0.11,7.77
Myeloid leukemia (205) /% 0 } 0.35

* Maximum likelihood estimates were calculated using an adaptation of programs 6 and 7 in Rothman and Boice (38).
t The period of expusure-related risk was defined as beginning 10 vears after one’s cummdative external radiation exposure
reached 1 rem. Unexposed person-yvears and events were counted from two years after date of hire or first badge reading.

whichever occurred later. 5
$1CD. International Classification of Diseases, Eighth Revulon & .
§ Maximum likelihood estimate of the rate ratio. -i‘

| Ninety per cent approximate confidence limits were clkulaled in place of Fisher's exact Iﬂlll usm: a method described
by Rothman 40, p. 212).

<

e ek Ar.\”'wd%ﬁbﬂ

|




750

250 WILKINSON ET AL.

APPENDIX TABLE 3 ,
Mazximum likelihood estimates® of the rate ratio for workerst exposed to 21 rem of externat radiation compared
with workers exposed to <1 rem for a five-year induction time, while controlling for age and calendar period,
Rocky Flats Nuclear Weapons Plant, Jefferson County, CO x

Deaths - 4
Exposed Unexposed % a
(25,753.0 (52,028.5 90% Fisher's exact §
Cause of death (1CD3) person-years) person-years) RRu. eonfidence limits
All causes (001-998) 159 247 1.00 < 0.84,1.20]
All cancers (140-209) - 35 58 0.80 ' 0.55, 116}
Buccal cavity and pharynx : o
(140-149) 0 1 38.46
Digestive organs and peritoneum R
(150-159) 12 12 1.02 T 0.52,2.01
Faophagus (150) 3 0 = {118
Stomach (151) 2 3 0.67 '+ 0.08, 4.36
Colon (1563) 2 4 0N £ 0.09, 4.00
Rectum (154) 1 1 0.85 R % 0.04, 13.02
Liver (155) 2 1 1.69 “% 0.13,18.96
Pancreas (157) - H 3 0.33 z ? 0.05, 2.99
Respiratory system (160-163 10 22 0.68 *y 0.35, 1.33)
Larynx (181) 0 2 e - 6.99
Lung (162, i63) 10 20 0.69 L E0.36, 1.36§
Skin (172, 173) 0 3 v, b 3.46
Prostate (185) 4 4 1.66 % 0.34,9.01
Rladder (188) 1 2 113 - 5% 007, 15.33
Kidney and unspecitied urinary %
organs {189} i 1 1.23 + % 0.06, 18.93
All brain tumors (191, 192, 225, o
238) 4 8 0.70 > 0.19,2.27
Malignant brain and other
central nervous system (191, .
192) 1 5 029 _ & . 005214
Benign brain and other central ey
nervous system (225) 0 1 s 38.46
Unspecified brain and other For
central nervous system (238) 3 2 1.73 > 0.27,11.69
Thyroid (193} 0 1 i 38.46
All lyinphopoietic (200-209) 45 4 1.18 . 0.28, 5.00
Lymphosarcoma and reticulum . , .
cell sarcoma (200) 2) o) . * 088
Non-Hodgkin's lymphoma L
{202 j 16 1 & 111 0.06, 17.48
All leukemia (204-207) 1 \@ _ 3 I 0.44 0.04, 3.96
Myveloid leukemia (205) f/l'f P 131 0.07, 20.15

* Maximum likelihood estimates were calculated using an adaptation of programs 6 and 7 in Rothman and Boice (38).

t The period of exposure-related risk was defined as beginning 10 years after one’s cumulative external radiation exposure
renched 1| rem. Unexposed person-years and events were counted from two years after date of hire or first badge reading,
whichever occurred later,

$ 1CD, International Classification of Diseases, Eighth Revision.

§ Maximum likelihood estimate of the rate ratio.

§ Ninety per cent approximate confidence limits were calculated in place of Fisher's exact limits using a method described
hy Rothman (40, p. 212). i ‘




