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ABSTRACT

Two studies on Los Alamos workers exposed to plutonium have shown no
inorease in cancers of the lung, bone, and liver, three principal cancers of
interest following plutonium deposition. A clinical study of 26 workers ex-
pbsed 32 years ago shows no cases Of cancger o@her than two skin oancers that
were excised successfully. A mortality study of 224 workers, all persons
with estimated depositions of 10 nCi or more in 197L, showed no excess cf
mortality due to any cause. No bone or liver cancers were. present, while
one death due to lung cancer was otserved as compared to an expected three
cases. These negative findings on such small groups are not able to prove
or disprove the validity of commonly used risk estimates as recommended in
the 1972 BEIR and 1977 UNSCEAR reports, but the data do indicate that much

higher risk estimates are not warranted.



STUDIES ON HEALTH RISKS TO PERSOMS EXPOSED TO PLUTONIUM
_ by _
G. L. Voelz, J. H. Stetbings, Jr., J. W. Healy, L. H. Hempslmann

Man's first opportunity for exposure to potentially harmful amounts
of plutonium was during World War 1I, when industrial Hdale produntion
began in 1944. Ever since the United States has had an industry employing
several thousands of persons who work with this long-lived alpha radia-
tion emitter that has the. important property of producing nuclear energy
by fission.

The potential for plutonium to produce adversse health effects, if
taken internally, was recognized already in 1944. Thirty years later
this subject is vigorously debated with a wider range of subtopics than
at any time in its history. One wculd think as information of health
effects has accumulated from studies on animals exposed to plutonium and
human follow-up studies, that the areas of oontroversy would narrow.
That has not been the case, at least not in astatements designed for
publio consumption. One of the purpcses of this paper is to present data
derived from the follow-up on Los Alamos plutonlum workers and to eval-
uate some risk assessments used today to see how well they ocorrslate with
these preliminary results.

Studies on persons exposed 0 plutonium are now beginning to reach
an important stage because of ‘he length of time since first exposuras.
The long physical half-life of 23%pu (24,400 years) and long biclogical
half-time in the body (an estimated 100 years in bone and i0 years in

11ver)<1) make internal depositions ¢ oontinuing 1lifetime exposure.
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Depositions in humans, now prasent more than 30 }oara in the early expo-
sures, already extend well beyond any long-term experiments in animals.
Both studies cited here are on persons with long term plutonium deposi-
tions, primarily through inhalation exposures.

I. Rlutonium Workers on Manhattan Project at Los Alamos

In the early 1950s, 26 plutonium workers who had worked on the
Manhattan Project at what is now the Los Alamos 3clentific Laboratory,
Los Alamos, New Mexico, were seleoted for cliniocal follow-up studies.

These men were judged to have had the highest exposnres to 239

Pu of any
persons at Los "amos in 1944 and 1945.
The study subjects, whose work histories indicated heavy exposure

239

to plutonium, were selected on the basis of the anount of Pu excre-

ted in urine measured by methods available before 1950. The study has
been reported in detail. (2,3)

The working conditions in 1944-45 and the circumstances of the
plutonium expcsures of these men support the notion that inhalation was
the primary route of exposure. Eight workers in the group had poten-
tially contaminated wounds and three had chemical burrs by plutonium-
containing solutions. Most wounds were excised promptly and did not
contain plutonium of any significance. The highest quantity of plu-
tonium measured in excised tissues was 2 nCi in one case. In an~ther
per=on, a known ocontaminated wound area on a finger is estimated to
retain 52 nCi of 239Pu.

The 1972 and 1977 examinations, done at Los Alamos, included in
Ylyve oounting of the shest, liver, and hands; anéiysis of urine and
fecal samples; and ocomprehensive medical studies. No internally de-

posited radioactivity significantly above background was found by
y



direct counting in _vivo methods except for tﬁe oné wound area described
above. Plutonium excretion in urine was used to estimate internal

(4) The estimatad

depositions of plutonium by use of the PUQFUA code.
body burdens range from 7 to 230 nCi with an average of 58 nCi and a
median value of 33 nCi. Eleven persons in the group exceed the 40 nCi

maximum permissible body burden,(5'6)

and 21 persons have depositions
of 20 nCi or more.

Two individuals in the group have died: one due to a myocardial
infarction and the other due to injuries sustained in an automobile-
pedestrian accident. The expected numbers of deaths for the group
adjusted for age and year of death, based on United States white male
rates, were generated by means of a computer program developed and
described by Monson(7) and compared to the observed deaths in Table 1.
The low observed mortality is most likely due to positive selection for
health status in this group: these men were military personnel in
1944-45 and have ii. general attained a high socioeconomic status.

The medical histobies, clinical examination and diagnostic pro-
cedures, includiag blood chemistry profiles, hematology, urinalysis,
roentgenogramns of chest, teeth, and bones, electrocardiograms, pulmon-
ary exfoliative cytology, and lymphocyte chromosome analysis, revealed
findings in these individuals tha: appear to be within usual expecta-
tions of health problems for their ages, average of 56 years in 1976
with a range of 52 to 69 years. The most significant diagncses were
one case each of coronary heart disease, total blindness due to glau-
coma, hypertension with possible left ventric:lar hypertrophy, and

bronchitis and eariy emphysema in a heavy smoker. There are no cases



of carncer within the group except for a history of two skin cancers
that have been successfully excised.
II. Mortality Study of Highest Plutonjum-Exposed Los Alamos Workers

A uortelity study of every Los Alcmos worker since the beginning
of Los Alamos project who was estimated to have an internal plutonium
deposition of 10 nCi or more was begun in 197".(8) The group is made
up of each individual estimated to have that level of exposure based on
Los Alamos health physies records as of 1 January 1974. The body bur-

den estimates were calculated with tﬁe version of the PUQFUA code(u)

then in use. Subsequently a revised PUQFUA code(g)

was developed that
results in a more accurate estimate of internal depositions. These
improved estimates are used in this paper for risk asscssment analvsis,
but the original compositioa of the group has not been changed.

The group consists of 224 white male 2nd 17 white female subjects.
Mortality status was obtained on each individual in the study as of 30
June 1976. The follow-up is 100 percent complete despite the 0-year
period of follow-up present for most subjects. Thus, there are no
missing persons in this mortality study. The data on females is limit-
ed by the small numbers and is not discussed further, but is consistent
with the mortality data presented here on the males.

The mcrtality data and some characteristics of the cohort of 224
white male plutonium workers are presented in Table 2. The average
year of entry into the study, 1947, was determined by the time of the
subjects's first reccrded urine test for plutonium exposure or of the
recorded accident resulting in the first presumed exposure. Most sub-
Jecte would not have received their current or final body burden until

some few years after entry into the cohort.
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The revised body burden estimates in the group range from <1 to
215 nCi with an average of 20 nCi and a median value of 9.5 nCi.
Twenty-three persons in the group exceed the 40 nCi maximum permissible
body burden and 54 persons Lave depositions of 20 nCi or more.

Expected mortality rates, age and calenda:-year adjusted, are
based on United States white male rates and generated by Monson's com-

(7

puter program. The results for broad categories of deaths are shown
in Table 2. The expected mortality calculated for this group does not
incorporate healthy worker effects.

The standardized morta;ity ratio (SMR) for total mortality was
54 (p<0 001), malignant neoplasms 64 (not significant), and for dis-
eases of the circulatory system 38 (p<0.001). An SMR of 100 is aver-
age. Mortality from malignant neoplasms were one each of the buccal
cavity, stomach, large intestine, rectum, lung, bladder, and lvmpho-
poietic system. For the cancer sites of greatest interest following
plutonium exposures, liver or bone malignancies did not occur and only
one lung cancer appeared versus an expected 3.2. Tests of statistical
significance are not useful for the small numbers of canc~r cases
present in this study.

The low mortality ratios found in this study are most likely ex-
plained by selection biases relative to the general United States popu-
lation. These include the healthy worker effect for employed popula-
tions plus adaitional selection for security clearances required for
all subjects and military selection for some of the earlier workers.
The total influence of such factors is unknown, but healthy worker ef-
fects create SMR's between 70 aand 90 depending on the precise cause of

death and on age. In context our data do not suggest any excess of
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mortality due to any cause in these uorkers‘with the highest plutonium
exposures at Los Alamos.
III. Discuasion of Risk Asseasments for Plutonium Exposure

The organs of concern for cancer development following plutonium
exposure are primarily the lung, bone, and liver. In these studies,
one lung cancer death occurred in the 224 workers, but as noted this is
not an unusual finding in light of the three lung cancers expected by
adjusted U.S. male statistics. No bcne or liver cancers were found in
the mortality study. No cancers of internal organs have been diagnosed
in the 26 Manhattan District exposed persons who have had their pluto-
nium depositions for over 32 years. Although these studies are limited
by the small numbers of subjects studied, they are of interest to de-
termine if the data tends to corroborate or dispute current risk as-
sessment values.

The data on estimated plu ....um deposition in the 224 workers are
summarized in Table 3. The distribution of individual values of plu-
tonium deposition is given in Figure 1 and nanocurie-years of exposure
are distributed as shown in Figure 2. These exposures are predomi-

239Pu, 238

nantly due to but include some cases of

238

Pu exposure. The
Pu depositions in the group represent about 10 percent of the total

238

activity, but the relative accumulated exposures to Pu are less be-

cause these exposures are more recent than those to 239Pu. For the

238Pu are combined.

purposes of this discussion, 23%, and

Calculations of the rndiation doses to the lung, bone and liver
were aone using two different assumptions on the plutonium distribution
within the body. The first approach is based on the results of plu-

tonium analyses of tissues from several of the deceased in the group
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and the plutonium was assumed to distribute‘as follows for the entire
period of exposure: 40 percent in lung, 30 percent bone, 20 percent
liver, and 10 percent in other soft tissues, including lymph nodes.

In the second approach, a simplified scheme of the ICRP lung

model(1)

for the inhalation of an insoluble (class Y) aerosol was
used. The measured body burden was assumed to hgve resulted from an
inhalation exposure. The initial lung burden that could Lave led to
this body burden was evaluated from the lung model given in ICRP 19.(1)
This lung burden was uved to estimate the total lnng dose assuming that
40 percent was eliminated in the first day and the remaining 60 percent
was eliminated with a 500 day half-life. The bone and liver doses were
estimated by assuming that 45 percent of the body burden was in each
or " and that the time delays in transferring L0 these organs from the
lung was negligible. This procedure gives high values for the total
bone and liver doses because it does not include the 500 day half-life
for transfer to the blood or lymph nodes or the 1000 day half-life for
transfer from the 1ymph'nodes to the blood.

Dose calculations by these two methods through 1976 are summarized
in Table 4. A quality factor of 10 was used throughout and a dose
distribution factor of 5 was used for the bone (5000g).

Evaluetions of the risk of excess cancers developing in this group
were made using several contemporary methods. These were made for both
the lifetime risk from the exposure received as of 1976 and the excess
risk already present by 1976.

a) Lifetime Excess Cancer Risk

Using the risk coefficients given in the UNSCEAR report(10) one

can calculate ar estimate of potential lifetime excess cancers that may
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occur as a result of the radiation doses ée;ivered *0 the organs by
1976. These risk coefficients and the potential excess concers calcu-
lated are listed in Table 5. The UNSCEAR risk ccefficients are expres-
sed per rad of low LET radiaticn. For the purpose of this calculation,
a rud of low LET radiation was considered equivalent to a rem of plu-
tonium alpha radiation,

Lung cancer is the principal risk identified by this calculation
and shows a possible lifetime expectancy of one or two excess cases.

A risk hypothesis of Gofman(11)

is cited frequently in the press
and in expert testimony to assess possible excess lung cancer in per-
sons exposed to plutonium. For weapons grade plutonium, the material
present in the Los Alamos workers, Gofman equates 0.059 pug (3.6 nCi) of
plutonium in the lungs of a cigarette smoker to one lung cancer, while
7.56 ﬁg (465 nCi) in lungs of nonsmokers is said to produce one lung
cancer. The smoking histories of the 2024 plutonium workers is known
for over 70 percent of these subjects. To simplify the problem of
complex smoking histories over periods of more than 30 years, subjects
were called smoksrs only if they were current smokers as of 1974 or
later, or at the time of death. Past smokers were classified as non-
smokers if they stated they had quit smoking at the ..we of the last
history. Several of these nonsmokers were one to two pack per day
smokers for over 30 years, or essentially all the time of their plu-
tonium depositions in the lung. The estimate required an extrapolation
from the known percentage cf current smokers on a random assignment tc
the remaining subjects on whom smoking data is not available yet. The
error of this procedure is not believed to be significant for this type
of estimate.
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In czlculating the possible excess oanéers by this method, an ar-
bitrary 40 percent of the current total body deposition was considered
to be the lung burden. [his is the same assumption of lung distribu-
niﬁn used in other estimatss above. Although Gofman has indicated that
his risk estimate can be based on the nlutonium present in the lung in-
itially after exposure, our calculation uses the estimated deposiiion
of plutonium in 1976, nearly 25 years after exposure on the average for
the group. The lifetime lung cancer risk by the Gotwan method was lim-
ited by the authors to no more than one cancer ver perscn although
Gofman does not apply such an arbitrary iimitation.

This method, using the above criteria, results in an estimate «f
52 excess lung cancers in the 224 workers as shown in Tabie 6. (The
estimate would hazve been 138 excess lung cancers if the lifetima risk
per person had not beer limited to one cancer per person). Gofman

states that the "expected cancer rfatalities will occur over about 30

years."(11)
b 1976 _Excess Cancer Risk
Another approach to estimating possible excess cancers due to ra-

diation is described in the BEIR repoct.(12)

Following a latent
period, a risk of excess cancers per rem for eacn year is hypothesized
according to the linear non-threshold model. Using the average expo-
sure for the group (Table 3) and the average length of exposure, as-
suming a constant average body turden for this entire period, it is
possible to calculate possible excess cancers. A latent period of 10
and 15 years was used in separate calculations to estimate a range.
The risk coefficients and the results of the calculations for the ex-

posures up to 1976 are shown in Table 7. These estimates suggest that
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excess cancer in the lung, bone, and liver by 1976 would total less
than one-half a cancer for the group.

It is a.s0 of interest to consider the number of excess lung oan-

cers that should have appeared by 1,76 as predicted by the Gofman risk

(11)

hypothesis. For this purpose it was essumed that lung cancer at

various age3 might appear proportionately the same in this worker popu-
lation as in the general U.S. population. The respiratory cancer mor-
tality was taken from the National Center for Health Statistics, "Vital

2y
Statistics of the United States, 1970"(1“’

(14)

and 1970 population figures
from the 1970 United States census were used to estimate the per-
centage of cancers that ooccur by age 60, the average age of these
workers in 1976. These data indicate that about 30 percent of lung
cancar mortality occurs by age 60. If one takes 30 percent of the 52
axcass ocancer=s predioted by the Gofman hypothesis, it suggests that
about 15 excess lung ocancer deaths should have peen registered in the
group of 224 plutonium workers as of 1976. The possibility that expo-
sure to plutonium accelerates the proportion of lung cancer present at
carlier ages or that the higher risk estimate using multiple cancers
for some persons is valid would cause the calculated expectation to be

even greater than 15 lung cancers by 1€76.

Lonclyaion

The estimation of the risk of cancer development following pluton-
ium exposure is a matter of consideruble importance for setting expo-
sure stardards and proper proteation of workers and the public. A
mortality study of 224 Los Alamos white, male workers with the highest
exposures to nlutonium has shown no axoess deaths due to any oause com-
pared to adjusted rates of white males in the United States population.
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Estimstes, usirg risk values developed by scientific committees, such

us the UNSCEAR‘1Y) and BEIR,(1?

suggest less than one-half a cancer
total would be expected in the group by 1976, although iifetime expe~
rience may carry a potential of one or two excess cancers in the group.
The mortality data in such a small group is not adequate to prove or
disprove these estimates, although there is no suggestion of any excess
deaths to date.

Other hypotheses suggest the risk due to plutoni.n is much higher.
The Gofman risk hypothesis(11) suggests that 52 out of the 2U4 persons,
or more than one out of five, will develop lung cancer. It is noted
that the exposures occurred nearly 25 years ago on the average, S0 a
relatively long latent period has already passed without the develop-
ment of excess lung cancers in the group. The calculation that 15 ex-
cess lung cancer deaths should have been noted by.1976 is believed to
bz a reasonable, conservative interpretation of the Gofman risk hypoth-
esis. The data in this study suggest that this hypothesis seriously
overestimates the risk of lung cancer due to plutonium exposure.

In applying risk estimates, it seems reasonable to expect that
predicted and observed excess cancers should aorrelate. Undoubtedly,
risk estimates will be adjusted and refined as more information is
compiled. Risk estimates significantly higher than those predicted by
the UNSCEAR('Y) ara BEIR('3) reports are not supported by the human
data presented here.

Additional data on workers at major plutonium facilities is now
being collected at Los Alamcs. It is estimated that nearly 5000
workers in the United States nave had pcsitive measurements of internal

depositions »f plutonium. A larger number of persons with potential
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exposure, but no evidence of internal deposiiion, will also be studied.
Persons working for the same employer, but with no known potential for
plutonium exposure, will be used as control populatic-s. As studies on
larger numbers of workers are completed, the human data will improve

and we hope the risk estimates will be modified correspondingly.

14



¥IGURE CAFTIONS

FIGURE 1: Distribution of Body Burdens

FIGUKE 2: Distribution of Cumulative Exposures
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FIGURE 1

DISTRIBUTION CF BODY BURDENS
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FIGURE 2

DISTRIBUTION OF CUMULATIVE EXPOSURES
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TABLE 1

THIRTY-YEAR MORTALITY IN 26 WHITE MALE LOS ALAMOS
MANRATTAN DISTRICT PLUTONIUM WORKERS

|
|
|
g
|
1
!

All causes of death

All malignant neoplasms

All aiseasaes of circulatory
system

All respirstory diseases

All external ocauses

Other

Average year of entry

Average age of entry

L\

Total person-years of survival:

18

1945.35
24.58
782.40

u‘zz
0.77

0.81

0.69

0|u7

0.00

0-55
0.00
1.23

0.00

¢



TABLE 2

30~-YEAR MORTALITY IN 224 WHITE IALE PLUTONIUM WORKERS

Qbserved = [Expected = OQbs/Exp

All causes of death

All malignant neoplasms

All diseases of circulatory
systems

All respiratory diseases

All external causes

Other

Average year of entry

Average age of entry

Total person-years of survival:

19

33

12

: 1947.4

30.9

6205

61.3

10.9

31.8
3.3

6.9

8.4

0.54

0.64

0.38
0.92
1.16

0.36



TABLE 3

PLUTONIUM EXBOSURE ON 224

LOS ALAMOS PLUTONIUM WORKERS

Living
Numoer of workers 191
Average Deposition 20 nCi
Average nCi-year Exposure 461
Total nCi-year Exposurea 88,139

agummed tc 5/30/76 or date of death.

20

lead
33

11 nCi
171

5652



TABLE 4

TOTAL ESTIMATED DCSES IN REMS TO 224

I °8 ALAMOS PLUTONIUM WORKERS AS OF 1976

Tissue
Analys=sis

Assumptions

—frem)

Lung 35,800

Bone 26,800

Liver 10,500

21

Modified
ICRP

Model

—frem)

16,800
3€,400

24,000



TABLE 5

POT=NTIAL LIFETIME EXCESS CANCERS IN 224

LOS ALAMOS PLUTONIUM WORKERS

UNSCEAR Risk

Lung 50 x 1075 0.8 - 1.8

Bone 2 -5x 1070 0.05 - C.18
Liver 4 - 10 x 1070 C.08 - 0.24
Total 0.89 - 2.22

aRange due to different assumptions used for dose

calculations.
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Persons

At _Risk

Smokers
Nonsmokers

Total

TABLE 6

POTENTIAL EXCESS LUNG CANCERS
PREDICTED BY GOFMAN HYPOTHESIS?

IN 224 LOS ALAMOS PLUTONIUM WORKERS

Lung Cancer Doseb Total Lung
(In_Micr ) c Predict :c
0.059 135.9
7.56 2.0

138.5

Number of first lung cancers

calculated to occur by 1976 25

aRefer‘ence 11.

Limited Lung

Qanm.ﬁs&.ima&ed
u9-6
2.6
52.2
15

bThe quantity of weapcns grade plutonium in the lung that equates to

one lung cancer according t¢ Cofman.

cGofman risk estimate used without limitation on number of cancers

predicted per person.

dGofman risk estimate arbitrarily limited to a lifetime lung cancer

risk not in excess of one lung cancer per person.
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TABLE 7

POTENTIAL EXCESS CANCERS BY 1976 IN 224

LOS ALAMOS PLUTONIUM WCRKERS

BEIR Risk Excess Cancersb
{per vear per rem) _by 1976
Lung 1.3 x 1076 0.02 - 0.3
Bone 0.2 x 1078 0.02 - 0.05
Liver? 4.0 x 1077 0.01 = 0,06
Total 0.05 - 0.41

aRisk coefficient derived by EPA from thorotrast
exposures. No BEIR value available.
bRange due to different assumptions used for dose

calcv'ations, and include latent periods of both

10 and 15 years.
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