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MORTALITY STUDY OF 10S A1 AMOS WORKERS WITH HICHER EXFOSURFS TO PLUTONIUM

G. L. Voelz, G. S. Wilkinson, J. W. Healy, J. F. McInroy,
and G. 1. Tietjen
Los Alamos National Laboratory
P. O. Box 1663
Los Alamos, NM 87545

ABSTRACT

A group of white male workers with the highest internal
depositions of plutonium at the los Alamos National laboratory
was selected in 1974 for a study of mortality. This group of
224 persons includes all those with an estimated deposition (in
1974) of 10 nanocuries or more of plutonium, principally 239pu
but also in some cases 238py, Follow-up of these workers is
100% complete through 1980. Smoking histories were obtained on
all persons. Exposure histories for external radiation and
plutonium were reviewed for each subject. Standardized
mortality ratios (SMR) were calculated using rates for white
males in the United States population, adjusted for age and year
of deathi, SMRs are low for all causcs of death (56; 954 C1
40,75) or for all malignant neoplasms (54; 95% CI 23,106).
Cancers of interest for plutonium exposures, including cancers
of bone, lung, liver, and bone marrow/lymphatic systems, were
infrequent or absent. The absence of a detectable excess of
cancer deaths is consistent with the low calculated risk to
these workers using current radiation risk coefficients. An
alternate theory that suggests much higher risk of lung cancer
due to synergistic effects of smoking and inhaled insoluble
plutonium particles is not supported by this study.

Introducticn

Health risks from exposures to ionizing radiation and internsl depositions of
radionuclicdes are derived primarily from human exposure data. Experimental animal
data have great value for basic information regarding effects of (otal dose, dose
rate, dose distribution, and internal deposition behavior of radionuclides, but are
not definitive for human health risk cocfficients. In this paper, human data on
224 persuns exposed to plutonium are updated and evaluated in order to contribute
to our understanding of current health risks from plutonium exposures.

The data on plutonium-exposed persons har reached an important stage becausc
the length of time since first exposures is long enough to permit o significant
fraction of late etffects, namely cancer, to have occurred. The exposures in
humans, although low compared to experimental nanimal exposures, occurred mostly 25
years or move ago and thus extend well beyond any long-term experiments in
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animals. The findings should be indicative of what can be expected from lifetime
exposures to plutonium.

Meihods

A mortality study of all Los Alamos workers with the higher depositions of
plutonium since the beginning of the Los Alamos project was begun in 1974, A
cohort of these workers, each with an internal plutonium deposition of 10
nanocuries (nCi) or more, was formed by searching Los Alamos health physics records
as of January 1, 1974, The plutonium deposition estimates were calculated by the
PUQFUA computer codel using plutonium excretion values in urine. This search
identified 241 Los Alamos workers (224 white males and 17 white females) who had
internal depositions of 10 or more nanocuries of plutonium,

The PUQFUA computer code was revised sometime after the 1974 selection of the
group. The revision, PUQFUA 2, resulted in more accurate estimates of plutonium
depositions by employing more elaborate consistency criteria between urine sample
results, These changes resulied in a large number of plutonium deposition
estimates, initially in excess of 10 nCi, to be reduced to less than 10 nCi. All
perscns, however, were retained in the study, only their plutonium deposition
estimates were revised to the new calculations,

An igitial study of mortality in this group through June 1976 was reported
earlier?,3, The present report extends th. study through April 1980.

Mortality status was obtained on each individual as of April 1980 by a Social
Security Administration records search and subsequent procurement of all death
certificates, A health questionnaire was completed by living perscns in the
group. Follow-up on the group is 100 percent ccmplate with data from all living
subjects and next-of-kin for deceased perons.

fipdings

The findings in this study are important because the study group includes
persons with highest plutonium exposures that occurred mostly in the late 1940s
thru the 1950s. The length of time since initial depositiun of plutonium is now
cousiderably longer than the latent period for cancer, usually considered to be 10
years for the cancers of interest here. Thus, dcaths from cancer in the group
should be reflecting the effect of many years of plutonium deposition in these
individuals. Tn the 241 subjects of the study, there were 43 deaths among the 224
male subjects and 3 deaths among the 17 females. The data on females is limited by
small numbers. No cancer deaths were present in the females. Plutonium
depositions in the [emale workers of this group average about 9 n(i (range <1 to 23
nCi), which is about one-hal{ of the 19 nCi averape deposition in males.

Cumulative external radiation to the females averaged 0.58 rem (range 0 to 4,2
rem), much less than the male average of about 7 rem (range O to 1BO rem),  Becouse
of the limited number of females in the study, no further analysis in presented,

The mortality data and some characteristics of the cohort ef 224 white, male
plutonium workers ave presented in Table T. The averape year of entry into the
study, 1947, was determined by the time of the subiccts' firet recorvded urine test
for plutonium exposure or their {irst presumed accidental exposure, Most subjects
did not reccive their current or final deposition of plutonium until later, As
will be shown later, the average effective time for plutonium deposition in the



group is estimated to bz about 1954. The average age at entry into the study was
31 years; the average effective time of plutonium deposition was at age 38. The
average age of the living persons in 1980, the study cut-off time, was 64 years.

Expected number of deaths, age- and calendar-year adjusted, are based on
United States white male rates and generated by Monson's computer program.4 The
results for broad categories of deaths are shown in Table I. The standardized
mortality ratio (SMR) for all causes of death and for all diseases of the
circulatory system, 56 and 45 respectively, were significantly less than expected
as shown by the upper limit of the 95% confidence interval (CI) being less than
100. The SMRs for all malignant neoplasms and all respiratory diseases were low,
54 and 46 respectively, but not significantly low based on the 957% CI.

TABLE 1

THIRTY-THREE YEAR MORTALITY IN 224 WHITE MALE PLUTONIUM WORKERS

Observed Expected 95% C1

Number Number SMR for SMR
All causes of death 43 77.1 56 40-75
All malignant neoplasms 8 14.9 54 23-106
All diseases of circulatory system 18 40.0 45 27-71
All respiratory disease 2 4.4 46 5-165
All external causes 8 7.6 105 45-206

Average year of entry: 1947.4
Average age of entry: 30.9

Total person-years of survival: 6930

The low mortality ratios “ound in this study are most likely explained by
sclection biases relative to the general United States population. These inclnde
the healthy worker e¢ffect for employed populations, plus additional selection
factors for members in this groun of required security clearances and military
selection for some of the eurliest workers. Nevertheless, the SMRs reported here
are about ar low as any reported in studies of industrial groaps. In context our
data suggest no excess of mortality due to any cause in these wurkers with the
highest plutonium exposures at l1os Alamos.

The cancer deaths observed in the study are listed in Tabie II. The cancer
sites of greatest interest after plutonium expesure, based on radioviolegpical
experiments in aniwnls, are in bone, liver, and lung. No malignencics of Lone and
liver arc present, and only one lunp cancer appearcd while five were expected.

Smoking historiect were obtained by health questionnaires from the living
pergons in the study; interviews with the next-of-kin were conductea for the



TABLE 11
THIRTY-THREE YEAR CANCER MORTALITY IN 224 WHITE MALE PLUTONIUM WORKERS

Observed Expected

Number Number SMR  95% CT for SMR
All digestive system 4 4.17 96 26-246
Stomach (2)
large intestine (1)
Rectum (1)
All respiratory system 1 5.04 20 0-110
Lung (1)
Buccal cavity and Pharynx 1 0.50 200 3-1110
Bladder 1 0.43 233 3-1294
411 lymphopoietic 1 1.5 67 1-370
All cancers 8 14.9 54 23-106

deceased. One individual wished not to give his smoking history, but data was
obtained on 211 others. A smoker was defined as a person who continued to smoke
cigarettes after January 1975. Cigar and pipe smoking data was disregarded. By
these definitions, 82 workers (37 percent of the group) were smokers and had an
average smoking history of 39 pack-years. A pack-year is the equivalant of smoking
one pack of cigarettes per day for 1 year. There were 66 ex-smokers (29 percent of
the group), who had a 29 pack-year average smoking history. The remainder were
nonsmokers except for the one unknown. These smoking data are the basis for
determining individuals who are at risk from smoking plus plutonium deposition,

Description of Radiation Exposures

A summary of plutonium and external radiation exposure of the 224 workers is
given 1in Table III. The current plutonium depositions, estimaied by the latest
PUQFUA 2 computer program, range from <1 to 243 nCi. The average deposition for
all, living and dead, is about 19 nCi; median valuc is about 9. Thc predominant
radionuclide is 239PY jn most persons, except for 9 individuale in which the
major exposure is 238pu. For simplicity, the activity ct ?3%pu and 2385y
have been combined in this study. The principal mode of exposure is inhalation of
plutonium particulates. In only a few instances have corntaminated wounds becn the
principal exposure route. External radiations have contributed modest doses (less
than 10 rem lifetime total) to all but 37 individuals, who have exposures ranying
from 10 rem to cver 100 rem for one person. A truly exceptional exposure occuryed
to another individual who died as a rcesult of acute external radiation from o
criticality accident.

In Table 11T is piven the total and averape plutoniuvm exposure calculatrd o
nCi-years. A nCi-year is defined as the exposure resulting from 1 nCi being
present an the body for a period ot one year, The total nCi-years here i dervived



by summing the estimated deposition for each year from initial exposure tnhrough
1980. The estimates are taken from annual PUQFUA estimates of deposition based on
urine excretion data. In effect, the nCi-year estimates take into account the
amount of plutonium in the body and length of time of deposition for each intake.

TABIE III

PLUTONIUM AND EXTERNAL RADIATION EXPCSURE OF 224
LOS ALAMOS PLUTONIUM WORKERS (1980)

Living _Dead
Number of Workers 181 43
Average Pu deposition (nCi) 21 12
Median deposition (nCi) 9.6 8.7
Average nCi-year exposure 544 238
Total nCi-ycar exposure@ 98 437 10 251
Average external radiation (rem) 7.7 4.3b

8summed thru 1980 or date of death.
bOone exposure resulting in acute radiation death omittcd from
average.,

The distribution of plutonium exposures is shown in Fig. 1. The distribution,
showing the living and dead, does not suggest any undue number of deaths in persons
with the higher depositions.

Fight of the 43 deaths have had post-mortem tissue samples taken for plutonium
analyses. A few results on these cases are shown in Table IV. The data iriicate
that the urine estimates ranged from 58 to 180 percent of the tissue values
extrapolated to total tissue deposition. The PUQFUA estimates of internal
deposition from urine excretion were within 15 percent of the tissue estimates on
average.

The data nhow tlie wide veriability in lung retention as expected. An
interesting finding in these cases was that, although the amount of plutonium in
the lung was highly variable, the lung contained an average of 51 percent of the
total activity in the tissues of the body. 7In light of the long time periods since
exposure, over 30 years in several of these cases, this finding suggests biological
retention in man is much longer than the 500 days used in curren: dosimetric
models. This subject will be explored in greater detail in a future paper. For
our purposes, the tissue data indicate that on average the plutonium in lung acts
as a highly insoluble particulate over many years. The current PUQFUA calculation
mskes an estimute of plutonium deposition that appears to account adequately fcr
ths lung burden a¢ an internal source,.



DISTRIBUTION OF PLUTONIUM DEPOSITION
IN 224 LOS ALAMOS WORKERS
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Fig. 1

Cancer Risk Estimation

Calculation of the risk of excess cancers predic d by current risk models :s
of interest for purposes of comparing with the results of this mortalily study.
Such calculations are made using the lifetime risk apprcach of the UNSCEAR 1977
report? and the annual risk estimation by the BEIR 111 procedure.® 1In both
instences, the dose estimates were made using group average vilues (Table I711)
rather than individual plutoniwm depositions. The internal distribution of
plutonium activity was taken to be 50 percent in lung, 40 percrnt in bome, and 10
percent in liver. The basis for the lung estimate was discussed above. The
distribution between bone and liver was also derived from human tissue data.’

Dose rates per year were calculated for lung, bune, and liver using
depositions of plutonium estimated for the living and ¢~ad. he TCRP methodt was
used for calculating doses to bone surfaces. This calls for all of the plutonium
to be deposited on bone surfaces and retained there indcetinitely. The total weight
of endostzal cells is taken as 120 grams with 25 percent of the alpha energy
absorbed in these cells.



TABLE TV

PLUTONIUM IN TISSUES COMPARED TO URINE EXCRETTON ANALYSIS

Tissue Analysis in nCi Total Tissue ?;GSEUA) Tis§ue: Urine
No. Lung Other Deposition Estimate Ratio
1 2.4 20.1 22.5 21 1.07
2 1.6 7.4 9.0 10 0.90
3 3.9 6.1 10.0 8 1.25
4 36.5 10.3 46.8 26 1.8
5 10.4 8.2 18.6 18 1.03
6 30.6 24.3 54.9 49 1.12
7 1.4 1.3 2.7 4 0.58
8 5.2 9.4 1.6 24 061
Average 11.5 10.9 22.4 20 1.12

% 51.4% 48.6%

TABLF V

CALCULATED DOSES (RADS) AND DOSE RATES
(RADS/YFAR) FROM PLUTONTUM

Living _ Dead

Dose Dos¢ Rate Dose Dose Rate

Lung 4738 10l 493 0.6
Bone Surface 7897 1,69 822 1.0
Liver 527 0.112 5 0.066

Total doses were also calculated using the average inteprated ex)osure in
nli-years. The calculated dose rates and total doses for the lung, bone surfaces,
and liver arc given in Table V.

Coctficients for risk of develcping excess cancers were taken from the
UNSCEAR? and BETR 1716 reports. The coefficients used are summarized in Table
VI.



The UNSCEAR approach estimates lifet‘me risks as the product of the total dose

and the risk coefficient,
Table VII.

Excess cancer estimates using this approach are given in
These estimates are for doses estimated through 1980,

Additional risk

will develop in the survivors with time as additional doses from the internal

depositions occur,
TABLE VI
RISK COEFFICIENTS USED
UNSCEAR BEIR

Cancers/rad
per million

Cancers/year/rad
per million persons

Lung 40-180 22-45
Bone 20-50 1
Liver 100 13

TABLE VII

LIFETIME CANCER RISK FROM DOSES
THROUGH 1980 BASED ON UNSCEAR RISK

COEFFICIENTS
Organ Number of Cancer Cases Predicted
Living Dead Total
lung 0.2-0.9 €.02-0.09 0.2-1
‘Bome  0.2-0.4 0.02-0.04 0.2-0.4
Liver 0.05 0.006 0.06

The BEIR method requires the use of a life table and summing the risk for each

year for the survivors,

As an approximation, the annual risk was summed over an

average time of exposure to the group to obtain the risk of cancer as of 1980. The
years of exposure are cbtained by dividing the total nCi-years by the total nCi

deposition in the group.
the deceased,
calculation is given in Table VIII.

This gives 25.8 years for the living and 19.1 years for
A 10-year latent period was assumed,

Resulis of the BEIR risk

The BEIR estimate in Table VIII shows the risk of lung cancer to be greater

than for bone or liver cancer,

risk of this magnitude.

The estimate of 0.6 to 1.2 excess lung cancers is
suffi :iently low, however, that in a group

wis size we cannot expect to identify a

TABLFE VITI

ESTIMATED CANCER INCIDEJCE TO
1980 BASED ON BEIR Til RISK

COEFFICIENTS
Organ  Number of Cancer Deaths Predicted
Living Dead Total
Lung 0.55-1.1  0.026-0.052 0.6-1.2
Bone 0.042 0.0019 0.04

Liver 0.036

0.0017 0.04



A major uncertainty in both the above calculations results from the method of
dose estimation. We assumed that the quantity in the body and each organ was
invariant during the full time of exposure. This is obviously a simplifying
assumption that gives only an approximate answec. The resultant risk estimates are
well below the level detectable by epidemiologic methods in a group this size.

Both methods identify lung cancer as a principal risk. The risk of lung
cancer has been cited also by Gofman, 9 who has developed an unproven theory on
the elevated risk in smokers inhaling insoluble plutonium, Calculation of the risk
of excess lung cancers in this group was performed using Gofman's method. The
previously cited tissue data, showing long retention times in the lung, establishes
the study subjects as having inhal¢d insoluble plutonium particulates. His 'lung
cancer dose" is age dependent. Application to this group was made by assuming
average group exposure to occur at age 35S and to continue for 26 years until the
age of 64 years. A latent period of 10 years was assumed, For purposes f these
dose estimates, the plutonium depositions estimated as of 1969 were used. The
total plutonium deposition in the 82 smokers is estimated to be 1475 nCi, an
average of 18 nCi per person.

The "lung cancer dose'" at age 38, using Gofman's age corrections, is 0.125
microgramsof 239pu deposited. This converts to 7.7 nCi of 23%9pu. For each of
the 82 smokers, the lung deposition was estimated to be 50 percent of their total
deposition., The total excess lung cancers fo= the group calculates tc be 96
cancers, If no individual is permitted to have more than one lung cancer, the
estimate is 48 cancers.

The history of exposure in these indivduals indicates that nearly all of the
depocited plutonium resulted from inhalation exposures. It would be valid to
assune under such exposure circumstances that initially all the (urrent plutonium
depositions were made in the lung. Under this assumption, the total number of
"lung cancer doses'" is 192, Limiting cancer cases to one per person reduces the
estimate to 65 cancers.

Gofman's method includes a calculation of the number of cases that can be
expected to oncur at different ages of exposure and different periods of time
afterwards. Assuming the exposures occurred at age 38, 19.7 percent of the excess
cancers would have developed by age 64. Taking 19.7 per cent of the 48 and 65
cancers estimated by limiting cancers to no more than one person suggests that 9 to
13 excess lung cancers should have occurred by 1980.

No lung cancer deaths have occurred in this group of 82 smokers. The one lung
cancer death that occurred in the 224 workers was an ex-smoker, who quit smoking
cigarettes in 1924. His tissue analysis for ,lutonium and urine excretion estimate
is listed as No. 2 in Table IV.

The data from this study do not support the risk estimates proposed by
Gofman. An excess of lung cancer as predicted by his theory, if valid, should have
been evident in this study group.

Conc lusions
This study of 224 white male, plutonium-expcrcd workerc indicates no excess

mortality from all causes of death, all malignant neoplasms, respiratory diseases,
or diseases of the circulatory system. For the cancers of particular interest



after plutonium exposure, no bone or liver cancer deaths occurred; only one lung
cancer death was observed versus an expected five cases based on United States
general population experience. The median exposure te plutonium in the group is
about 9 nCi, or roughly 25 percent of the permissible lifetime exposure (40 nCi)
for workers, The average exposure time for the group was 26 years for the living
and 19 years for deceased, Conventional radiation risk estimates from the UNSCEAR
and BEIR reports suggest that lung cancer 1s of principal interest here; the risk
of extra lung cancers in this group, using such risk coefficients, is about one
extra case by 1¥80 in addition to the five expected. The data show no suggestion
of excess lung cancers to date. A theory by J. Gofman on increased risk of lung
cancer from inhaled insoluble plutonium particles in smokers predicts 9 to 13
excess cancers in the smokers of this group by 1980. Such high risk estimates of
lung cancer after plutonium exposure are not supported by this study.
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