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ABSTRACT

Two studies on Los Alames workers exposed %o plutonium have sk..n no
increase in cancers of the lung, bone, and liver, three principal cancers of
interest following plutonium deposition. A 2linical study of 26 workers ex-
posed 32 years 2g0 snows no cases Jf cancer otr2ar than two skin cancers that
were excised successfully. A mortality study of 224 workers, all persons
with estimated decositions of 10 nCi or mere in 1974, showed no excess of
wortality due %o any cause. No bone or liver cancers were present, while
one dea*h de %o lung cancer was cobserved as compared to an expected three
cases. These negative findings on such small groups are not able %o prove
or disprove %he validity of comzconly used risk estimates as recommended in
the 1972 BEIR and 1977 UNSCEAR repeorts, but the data do indicate tha® much

”

higher risk estimates are not warranted.
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STUDIES ON HEALTH RISKS TO PERSONS EXPCSED TO PLUTONIUM
by

ti. L. Voelz, J. H. Stebdhings, Jr., J. W. Healy, L. H. Hempelmann

Man's first opportunity ror exposure to potentially harmful amounts
of plutonium was during World War II, when industrial scale production

began in 1944, Ever since thne United States has had an indvaitry employing

several thousands of perscis wno work with this long-lived alpha radia-

tion emitter tha% has the iaportant proparty c¢f producing nuclear energy
by fission.

The potential for plutoniurn to produce adverse health effects, if
taken internally, was recognized 2aliready in 1944, Thirty years later
this subject is vigorously debated with a wider range of gwbtopics than
at any time in i%s history. One wculd think as information of health
affects has accwunula*ed from studies ¢n anirals exposnd to plutonium and
huznan follow;up studies, that +the areas of controvarsy woild narrow.
That has not been the case, at leas% not in statameats cesigned for
public consumption. One ¢f the purposes of this paper is to prasent data
derived from the follow-up on Los Alamos plutonium werkers and <o eval-
uate some risk asse<sments used today to see how well tliey corralate with
these preliminary results.

Studies on persons exposed to plutorium are now beginning to reach
an important s%age because of -he length of time sinca first exposures.
The lorg physical half-life of 239Pu (24,400 years) and long bialagical
half-time in the body (an estimated 100 years in bone and 40 »exrs in

1)

. ( .
liver) make internal depositions a continuing 1lifetiz2 exposure.

3
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Depositions in humans, now present more than 30 years in the early expo-
sures, already extend well beyond any long-rerm experiments in animals.
Both studies cit;d here ire on persons with lorg term plutonium deposi-
tiong, primarily through inhalation 2xposures,
I. JDlutonium Workers on ¥anhattan Project at Los Alamos
In *he ewrly 19503s, 26 plutonium workers who had worked on ‘*the
Manka%*tan Proiact at what is now the Los Alamos Scientific Laboratory,
Los Alageos, New Mexico, were sclected Jor clinical follow-up studies.
239

Tnese man were judged %o hzve nzd “he highes exposures to Pu of any

persons a% Los Alamos in 1GUY4 and 1945,

The study subjects, wnose work histories indicated heavy exposure

239

to plutconium, were sclected on the basis of the amcun®t of Pu excre-

ted in urine =easured

(2

y ==tneds available Talor- 1330, The study has
been reported in de%z2il.

The working conditiorns in 194'%-45 and the circuzstances of the
plutoniua exposures of thase men support the notion that inhalation was
the prizary rcute of expasure., Eigh%® workers in the group had poten-
tially contamina®ed wounds and tiiree had chemical burns by plutcnium-
containing solutions. Most wounds were excised promptly and did not
contain plutonium of any significance. The highest guantity of plu-
tonium measured in excised %tissues was 2 nCi in c¢ne case. In arther
perscn, a known contazinata2d wound area or. a finger is estimated to
retain 522 nCi of 239?;.

The 1672 2nd 1977 exaninations, done a%t Lecs Alames, included jn
vivo counting of the chest, liver, and hands; analysis of urine and
fecal samples; and conprehensive medical studies. No internally de-
pesited radiocactivit, significantly above background was fourd by

4
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direct ccunting jn vivo =ethods except for the one wound area described
above, Plutonium excretion in urinre was used Y0 es%imate internal

(4)

depositions of plutoniuz by use of *he PUQFUA ccde. The eaestimated
body burdens range from 7 %0 230 nCi with ar average of 58 nCi and a
nedian value of 33 nCi. Elev:.n parsons in the group exceed the 40 nCi
maximum permissible body burden,(5'6) and 21 persens kave depositions
of 20 nCi or pore.

Two irdividuals in *he group have died: one due t0 a myocardial
infarcticon =~nd *the other due to injuries sustained in an autozobile-
pedestrian accident. Tre expected nuubers of deaths for tne grcup
adjusted for age and yezr of dezth, based on United Stetes white male
ratesz, wers gene~ated by zeans of a computer program dev:loped and
described by XJnscn(T) and compared to the observed deaths in Table 1.
The low cbserved moertalivy is most likely due %o positive selection for
heali<h sta%t1s in *his group: these men were military personnel in
1944-45 and have i.. general a%tained a high sociceconcmic sta*us.

The medical histories, eclinical examination and diagnostic pre-
~2dures, including blced chemistry preiiles, hemctoleogy, urinalysis,
roentgencgrans of chest, teeth, and bones, electrocardiograms, pulnon-
ary e«folia%ive cy“clogy, and lymphecyte chromosome analysis, revealed
findings in these individuals that appear to be within usual expecta-
tions of health problems tor 4r ir ages, average of 56 years in 1976
with a range of 52 “o 69 years. The most significant diagnoses were
ona cuse each of coronary heart disease, *o%al blindnass due to gl=2u-

ce.L, hyperteniion with possible left ventricuiar hypertrophy, and

vronchitis and early <m-*ssema in a heavy smoker. There are no cases

LANL
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of 2ancer w.thin the &roup except for a his*ory of two skin cancers
that have been successfully excised.
II. Mortalis+ Studv of Hishes* uteoniun-Sxnosed Los Alanos Workers

A mort-~lity study of every Los Alamus worxker since the beginning
of Los Alamos project who was estimated %o have zn internal plutoni-m
deposition of 10 nCi or nore was begun in 1973.(6) The group is made
up of each individual estimated %0 have that level of exposure based on
Los Alamos health physics records as of 1 January 1974. The bhody tur-

(4)

den estimates wera calculated with the version of the PUQFUA code
¢hen in usae. Subsequuntly a revised PUQEUA code(g) was developed that
results in a more accura“e estima%te of internal depositions. These
improved estima%es are used in this paper for risk assessment analvsis,
but the original cemposition of “he group has not been changed.

The 2Zroup consis%s of 224 white male ard 17 white female subjects.
Mortality sta*us was obtained on cacn individual ir the study as of 30
June 1876. Trne follow-up is 100 percen® completae despite ke 30-year
pericd of follcw~up pres2n% for most subjects. Thus, there are no

missing perscns in this mortality study. The data on females is limi%-

ed by the small numbers and is not discussed further, but is consistent

- with %h2 mortality data presented here on “he males.

The mortality data and some characteristics of tne cohor: of 224
white males plutonium workers are presented in Table 2. The average
year of enry in%o the study, 1947, was determined by the time of the
subjeets's first recorded urine test for plutonium exposure or of the
recorded accident resulting in the first presumed exposure. Most sub-
jects would not have received their current cr final body burden until
soge few years after ent-y into “he cdhort,

6
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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 mediar value of 9.5 nCi.
Twenty-three persons in the group exzeed the 40 nCi maximum permissible
body burden ind S4 persons have depesitions of 20 nCi or nmore.

Expected mortality ra%t2s, ag2 and calendar-year adjusted, are
based on United S*a%tes white male rates and generatad by Monson's com-

(M

puter progran. The r=sults for broad categeries of deathns are siucwn
in Table 2. The 2xpect=d cortality calcula%ted for this greup does not
incorpora%e nealthy worksr effec's.

The standardized ccirtality ratio {SMR) for total mortality was
54 p<D.0N1), malignant neoplasms 64 (no% significant), and for dis=-
eases of the circulatory system 38 (p<0.00l). An SMR of 100 is aver-
age. Mortality from malignant neoplasms were one each of the buccal
cavity, stcmach, large in%estine, rectun, lung, bladder, and lympno-
pcietic systen. For tha cancer sites of greatest interest following
blutonium exgosures, liver or bone malignancies did not cccur, and only
one lung cancer appeared versus an expected 3.2. Tests of statistical
significance are no* :s=ful for the small numbers of cancer ¢~ses
present in this.stuad;.

The low mortality rati1os found in *his study zre most lirely ex-
plained by selection biases relative to tnhe general Unit2d Sta%2s popu-
la*ion. These include the healthy worker effect four employed popula-
tions plus additional selection for secvrrity clearances required for
all subjec®s and military selection for some of the earlier workers.
Tre *otal influenca of such factors is unknown, but he-althy worker ef-
fects crea*e SMR's be‘ween 70 and 90 depending on the precise cause of
dezth and on ag«. In corte.t our data do not suggest any excess of

7
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mortality due to any cause in these worl:rs with the highest plutonium
exposures at Los Alamos.

IIT. Discussion of Risk Assessments for Pluton‘up Exposure

The crgans of concern for cancer development following plutonium
@xposure 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 ligh% of the ¢hree lung cancers expected by
adjusted U.S, wale statistics. No bone or liver cancers were found in
tihe mortality study. No cancers of internal organs have been diagnosed
in the 26 Manhattan District exposed persons who have had their pluto-
niuz depositions for over 32 years. Although these studies are limited
by the small nunbers of subjects studied, they are of interest to de-
ternine if *he da*a *tends %o corroborate o- dispute current risk as-
sessment values,

Tha data on »3timated plu . um dercrition in the 224 workers are
suzaarized in Table 3. The distribution of individuas} values of plu-
toniug deposition is given in Figure 1 and nanocurie-years of exposure
are distributed as shown in Figure 2. These exposures are predomi-
nantly dua %o 239Pu, but include some cases of 238Pu axposure. The

3 - .
23 Pu depositions in the group represent about 10 percent of the total

238

activity, but “he relative accusula‘ed exposures *o Pu are laess be-

cause these exposures are more recent than those to 239Pu. For the
purposes of this discussion, 239Pu and 238Fu are conmbined.

Calculations of the radia*ion doses to the lung, bone and liver
were done using two different assunptions on tne plutonium distridution
within the body. The firs* approach is based on the results of plu-
“oniwa analyses of tissues from sevaral of the deceased in the group

8
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and *he plutonium was assuzed to distribute as follows for %the entire

pericd of =xposure: 40 percent ir lung, 30 percent bone, 20 percent
liver, and 10 gercent in other sof* tissuves, including lymph nodes.

In the second approach, a simplified scheme of the ICRP lung
‘for the inhala“ion of an insoluble (class Y) aerousol was
uced. The measured body burden was assuzed %o have resulted from an
inhala“ion exposure. Tne initial lung burden that could have led to
this body pburden wa. evaluated from the lunz model given in ICRP 19.(1)
This lung burden was used %0 estima%e the <otal lung dose assuming *hat
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 tha% 45 percent of the body burden was ir each
orzan ani that ‘he time delays in transferring to these organs from the
lurz was negligible. This procedure gives high values for the total
bone and liver doses because it does not include the 500 day halt-lifz
for transfer “o *he blocd or lymph nodec or the 10C0 day half-life for
truansfer from the lyaph nodes %o the blood.

Dose calculations by thesa “wo methods “hrough 1976 are summarized
in Table 4, A quality factor of 10 was used throughout and a dese
distribution factoer of 5 was used for the bone (5000g).

Evalua-ions of the risk of exzass cancers developing in this group
wers made using several contempcrary methods. These were made for both
the lifetime risk from “he exposure received as of 1976 and the excess
risx alr:idy presen®t by 1976.

.a) Lifetize Excess Cancer Risk

1
Using :the risk coefricients given in the UNSCEAR repcrt('O) one

can calculate a estima%te of potential lifetime exncess cancers that may

J
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oncur as a result of the radiation doses delivered to the organs by
1€76. These risk coefficients and “he potential excess cancers calcu-
lated are lis<ed in Table 5. The UNSCEAR risk coefficients are axpres-
sed per rad of low LET radiaticii. For the purpose of this calculzation,
a rad of leow LET radiaticon was considered equivalent to a rem of plu-
*onium alpha2 radiation.

Lung cancer is the principal risx iden%ified by this calculation
ard shows a cossiblae lifetime axpectancy of one nr Lwo excess cases.

A risv nygothesis of Gofman(11) i3 cited frequently in the press
and in expert testimony tO ass2ss p0ssible excass lung cancer in per-
3j0ns exposed ‘o plutonium. For weapons grade plutanium, the materisal
prasent in *ne Los Alamos workers, Gofman equatas 0.059 g (3.6 nCi) of
plutonium in “he lungs of a cigarette smoker to one lung cancer, while
7.55 vg (4Ff5 nCi) in lungs of nernsmukers is said to preduce one lung
cancer. Tne szoking historises of the 22" plitonium workers is knew.
for over 70 perzent Of thess subjocts. To simplify the problem of
ccmplex szoxking histories over periods of more than 20 years, subjects
were 22lled cmokers only if they were current smokers as of 1974 or
later, or a% the *%im: of death. Past sncoxers weﬁe classified as non-
cackers 1If *hey s*tated they had quit smoking at tl.e ..ue ¢f the last
history. Saveral of these nonsmokars were one to Stwo pack per day
smokers for over 33 years, or essentially all “he time of their plu-
tonium depositicons in *he lung. The estimate required an extrapolaticon
frem the «nown perewatage of current smokers or a random assignment %9
the rema:ning subiects on whom smoking da%a is no% available ye* The
errer of this procedure is no% believed to be significant for this typ»

of estizate.

0 LANL
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In calculating “he possible 2xcess cancers by this method, an ar-
2itrzry 46 percent of %he cur'ent to.al body deposition was considered
o be *tne lung burden. This is the same assumphion of lung dis<tribu-
tion used in o%her estimat-s alLuve. Although Gof.an has indica%ted “hat
nis risx 2s*ii'a*e can b2 based on the plutcnium prasant in “he lung inr-
itially after exposure, cur calculation uses *“he estimated daposition
of piutoaium in 1975, ns2arly 25 years after exposure on the averags: for
“ne group. The lifetime lung cancer risk by the Gofnan method was lirm-

ited by %rne authors o ro rore ‘thaa one canc~r per nersen althouzh

ry limita%icn.

(1

Gofrman dc=s not apply such an arbitr
ais methnod, using the above ceriteria, resul%s in an estimate of
§2 excess iung cancers .n *ae 224 workers as shown in Table 6. (Th=
astizate wsuld nave besn 1:8 excess lung cancers if the lifetim? risk

per g2rscn had not besn limited to <o cancer per person). Gofran

3ta%tas *%hat “he M"expected cancer fatz2lities will cccur over about 3C

b) 1%7% Zxcesy Cancer Risk

Arother agproach %o 2s%izmating possible excess cancers due 0 ra-
diation is dascrited in the BEIR repocst. Follewing a 1la*en®.
p2ricd, a risk of excess caneers par rem fer each year {s hypothesiced
according %o *“he linear non~threshold medel. Using the average expo-
sure for <ne group (Tabl=2 3) and the average length of exposurs, as-
suninz 2 constant averaze body bLurden fer *his entire period, it i-x
possitle o ealculate possible excess cancers. A laten® period of 10
and 15 years was used in separate calculaticns *9 estizate 131 range.
Trne isk coefficieans and the results of *the calculaticns {or the ex-
posur2s up %o 197€ are shown in Table 7. These astimates suggest *ta*

"
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axcess cancer in the lung, bone, and liver by 1976 would total less
than one-half a cancer for the group.

It is zlso of in*te~est to consider the uaumber of excess lung can-
cers tha* should have appemared bty 1976 as predicted by the Gofman risk
hypothesis.(11) For this purpose i% was assumad that lung cancer at
various ages might appear proporticnately the same in this worker popu-
lation as in the general U.S. populaticn. The respiratory cancer mor-
tality was %aken frcm “he National Center for Heal%h Statistics, "Vital

19
ftatistics of %he United States, 1?70"( 2

(1)

and 1970 population figures
frem “he 1970 Uni*ed Sta%«s census were used %o estimate %the per-
centage of cancers tha% occur by age 60, *he average age of these
workers in 1976. Thes: da%a indicate tha* abou% 30 percent of lung
cana=r mortality occurs oy ags 60. If one takes 30 percent of %the 52
exaess cancors predicted by the Gofman hypothesis, it suggests that
about 15 excess lung cancer deaths should have peen registared in the
group of 224 plu“onium workers as of 1976. The possibility tha*t expo-
sure to plutonium accelerates the proportion of lung cancer present at
esarlier ages or tha* the higher risk estimate using multiple cancers
for soas perscns, is valid would cause tne calculated expectaticon to be
aven greater than 15 lung cancers by 1976.
Leaclusjon

The estima%ion of the risk of cancer development following pluton-
ium exposure is a matter of consiu-~r=able importance for setting expo-
sure s*andards and nroper protection of workers and the publie. A
mortality study of 224 Loe Alamos white, male workers with the highest
exposures to plutonium has showm n¢ oxcess deaths due to any cause com-

pared to adjust2d rates of white males in the United States populaticen.

12
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Estimates. using risk values d=veloped by scientific committees, such

(12 suggest less than one-half{ a cancer

as the UNSCEARY'®? and BiIg,
total would be expected 1n the group by 1976, although lifetime expe-
rience may carry a potential of one or two excess cancers in the group.
The mortality data in such a small group is nct adequate *o prove or
disprove these estimates, although there is no suggesticn of any 2xcess
deaths to date.

Other hypotheses suggest the risk due to plutonium is nmuch higher.
The Gofman risk hypothnsis(11) suggests that §2 out of the 244 persons,
or gore than cne cut of five, will duvelop lung cancer. [t is roted
that the exposures occur:i2d nearly 25 years ago on the average, SO a
relatively long latent period has already passed without the develop-

mant o excess lung cancers in the group. The calcula‘ion that 15 ex-

c233 lung cancer deaths chould have ba=n noted by 1876 {3 believed to

be . r2asonable, conservative interpretation of the Gofman risx hypoth-

esis. The data in %this study sugges: tha* this hypothesis seriously
overestimates the 1risk of lurcs cancer due to plutonium exposur 2,

In applying risk estimates, it seems reasonible *to wxpect that
predicted and observed excess cancers should correlate. Undoubtedly,
irisk estima®es will be adjusted and refined as mor2 information 1s
compiled. Risk estimates zignificantly nigher than those predicted by
the UNSCEAR(?1) and BEIR(13) repgorts are not supported ty the human
cata prvsented her=s,

Additional da%a on workers a% major plutonium facilities is now
t2ing collec*nd at Los Alamnos. 1t is estimated that nearly 5000
worksars in the United States have had positive measuremsnts of internal
depositions ~f »nlutoniuz. A larger number of persons with polential

1
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eXposurs, but no aeviden.e of in%ernal depositicn, will alse be studisd.
Persons werking for +he sams =mployer, bu% Wi%h no known po%ential for
plutcnim exzosure, will be used as control popula%ir~-s. As studies on
larger rumbers of workers are completed, the human da*a will improve

and we hop= “he risk estimates will be modified corraesgontingly.

14 LANL
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FISURE CAPTIONS

FIGJRE 1 Distribution of Body Burdens
FIGURE 2 Distriluticn of Cumulative Exposures
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FIGURE 1

DISTRIBUTICH CF BODY BURDENS
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FIGURE 2

DISTRIBUTION OF CUMULATIVE EXPISURES
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TABLE 1

THIRTY-YEAR MORTALITY IN 26 WHITE MALE LOS ALAMOS

MANHATTAN DISTRICT PLUTOWIUM WORKERS

Observed

All causes of death

41l malignan® n=oplasms

Ail diseasas of circulatory
systen

AlL respiratory ulssases

All =x%ernal causes

Jv e

Average year of eniry

Average age of entry

To*1l person-y2ars of survival:

18

1945.35
24.538

782.40

LANL

cxpected Obs/Esn
y.22 47
0.77 .CO
1.8¢C .55
0.18 .00
0.31 €3
0.63 .00
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TABLE 2

30-YEXR MORTALITY IN 224 WHITE MALE PLUTOHIUM4 WORKERS

A1l causes of death

All malignant neoplasas

Qbservead

33

All diseases or circulatory

sys%ens
All raspiratery disnases
All ex%ernal causes

Ctner

Average year of en'ry

Average age of antry

12

1947. 4

30.9

Total person-years of survival: 6205

19

Expagted  Qba/Exp

61.3

10.9

31.8
3.3
6.9

8.4

0.54

0.6k

G.38
0.92
1.16

0.36

LANL



Huzber of workers
Av=rage Deposition
Average nCi-year Evposura

. . a
To%ai nCi-year Expostura

PLUTONIUM EXFCSURE ON 22%

LOS ALAMOS PLUTGHIUM WORKERS

191
20 nCy
461

88,139

3gummed SO /30776 or date of death.
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TABLE 4

TOTAL ESTIMATED DOSES IN REMS TO 224

LOS ALAMOS PLUTONIUM WORXERS AS OF 1976

Lunz
gon=

Liver

Tissue
Analysis
Assumptions

{rem)

35,800
26,800

10,500

21

Modified
ICRP
Model

raj

16,300
36,400

24,000

LANL




EUT.MTIAL LIFETIME EXCESS CANCERS IN 224

L3S ALAMOS PLUTONIUM WORXERS

UHNSCEAR Risk

{per rad) | Excess Cangers
AT T

Lung 50 x 10'6 0.8 - 1.8

feone 2 -5x 10-6 0.05 - 0.18
Liver s - 10 x 107° 4 - 0.24
Total 0.89 - 2.22

a . .
Range dua o diffaerent assunptions used for Jjosae

calculations.

LANL
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TAELE 6
i
POTENTIAL EACISS LUNG CANCERS
~ 2REDICTED BY GOFMAN HYPOTHESISa

I 224 LOS ALAMOS PLUTCHIUM WIRKERS

Perscns Lung Canger Dcseb Total Lung Linited Lung

Al Risk {In Miecrgarazs) Cancars pradictad® Langer Sf'»ilzd
. Smexa2rs 2.059 i35.9 43.6

Nonszokars 7.56 2.4 2.5

To%21 138.5 52.2

Humber of first lung cancers

calculated %0 occur by 1976 25 15

a
Reference 11,
b'.\ LR £y - s 1 u* 3 1 [ . - 3 -
Tne quantity of weapons grade plutoniul in *he lung that equates L0
cne lung cancer according to Gofzan.
c : : . - .
Gofzan risk 2s%ima*e used without lim ta%icn on number of cancars
predicted per person.
d - . P . . . C e
Gofzan risk 2stima%e arbitrarily limited to a lifetims lung cancer

risk no% in excess of one lung cancer per p=2rson.
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TAELE 7

POTENTIAL EXCESS CANCERS BY 1476 IN 224

‘ LOS ALAMOS PLUTONIUM WORKERS
b
g BEIR Risk Excess Canacers
{(per year per rem) by 1976
-6
Lung 1.3 x 10 0.02 -~ 0.3
Bone 0.2 x 1076 0.02 -~ 0.05
Liver? ‘4.0 x 1077 0.01 - 0.06
Total 0.05 ~ 0.41

3Risk coefficient derived by EPA from thorotrast

axposur=2s. No BEIR value available.

bRange due to different assuzmptions used for dose
calculations, and include latent periods of both

{ 10 and 15 years.
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