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CONSIDERATIONS IN THE ASSESSMENT OF DPLUTONIUM
DEPOSITION IN MAN

G. Voelz, J. Umbarger, J. McInruy, and J. Healy
Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

Data from human cases of plutonium inhalation are used to
itlustrate several important problems in the current methods of
estimating plutonium body burdens. Individuals exposed to 233Pu02
‘particles in a2 highly insoluble matrix showed an unusually slow
rising urinary excretion curve over 300-400 days. In vivo chest
counts during the first 6 months estimated lung burdens to be
10-30 nCi, but urinary excretion mcthods calculate residual sys-
temic body burdens of 50 to 100 nCi at 1200 days aftexr exposure.
Current assumptions used in the in vivo calibration do not con-
sider possible lung distribution of particulates soon after ex-
porure that could alter the interpretation significantly. Tissue
analysis of a lung from another case after rccent inhalation ex-
ponure shows a gignificantly lesser concentration of plutonium in
the subpleural region--the principal region of plutonium m~asure-
ment by in vivo chest counting~-as compared to distributions found
years after exposure.

Tisszue analyses indicate that urinary excretisn estimates cf
body burden over the long term tend to err on the high side up to
a factor of 5 or more. This procedurc serves woll for thae purpose
of protection of workers, but high estimates can lead to unneces-
sary job rcassignments for the individual workar ané san cause
misleading conclusions when such data is used uncritically for
referonce in health effects studies. Additional rescarch is
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needed to improve urinatry excretiorn data analysis to reflect newer
information derived from tissuc data and to scch further understand-
ing of the sources of variation in in vive counting technology so

it can be used with grecater confidence,

LOLILIP011100700770777

INTRODUCTION

Measuremant of the quantity of plutonium in exposed personnel
is an important tool for those concerned with the safety of plu-
tonium workers. In addition to gauging the cffectiveness of health
physics controls, the data of persons exposed years ago can also
help reassess the validity of the basic occupational exposure
limits. Thesc were derived 25-30 years ago by a misxture of human
experience with external radiation, internal radium exposures, and
comparative animal experiments. It i important that our contin-
uing cxperiences be measured and recorded accurately to help confirm
or deny these early sonclusions.

In this paper we examine thrce of the methods in use at the Los
Alamos Scientific Laboratory to detcrmine such body burdens. These
are: (L)} the maasurement of plutonium in the urine; (2) dircct
measuremsnt of the low cnergy photon emissions from the plutonium
deposited in the lung: and (3) the determination of tissue burdens
by autopsy (or in some cases biopsy). Several recent cases which
provide specific data relating to such measurements are used as
illustration.

URINARY EXCRETION

The measurement of plutonium in urine samples has been used as
an index of exposure and potential accumulation in the bedy since
the days of the Manhattan District. The classical study of
Langham, (1,2] determining urinary excretion rates following Z3%u
citrate injections of 16 individuals, juiged to have ncar-term fatal
disease, provided a quantitative basis for such interpretations and
has scrved as a foundation for many programs.

Although many of the uncertainties in the use of this method are
recognized, there are no methods for determining the influence of
these uncertainties in any one case. Somc of the more important
problems are:

1. The plutonium was administered intravenously as the citrate.
In using langham's data, one must accept that the plutonium absorp-
tion, deposition, and excretion in the occupational cagse will be
like that of the injzctees.
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2. 7he excretion pattern was followad for only limited perieds
of time in these individuals and was extended to about 1600 days
by use of data from occupationally exposed individuvals. While
this time period is adequate for following new exposures, extrap-
olations to long term cxcrction patterns become uncertain when one
is considering the bedy burdens of individuals exposed 10-30 years
aqo.

3. Examination of the initial data used by Langham indicates
that there are significant individual variations even amony people
exposed in essentially the same manner. Use of an average excre=~
tion function does not reduce this unceortainty in the individual
casa.

4. The urinary oxcrcotion roflects only the plutonium that cir-
culates through the kidneys and is not influenced by deposits un-
available to the bloodstrcam. A deposit in a region with slow
transfer to the blood will result in a gradual increase in the uri-
nary excretion over some period of time until the available plu-
tonium is redistributed. Attempts to use the shape of the curve
to infer the rate of transfer and a measure of total derosition
have been made by Healy [3) and Beach and Delphin [4] but such ap-
proximations must be regarded as somewhat speculative and uncertain.

In spite of these uncertainties, the method is used worldwide
and, in nearly overy case, the results are converted to quantita-~
tive cstimates eof body burden.

Som> of thesc problems can be illustrated with data obtained
following the exposure of nine persons to 238py in 1971. They
ware disassembling a 23Bpu heat source for diagnostic measurements
wher one of the slezvzs on their hot cell manipulator developed a
split and permitted airborne contamination. The material in this
source is formulated in a molybdenum-ceramic matrix to make it as
insoluble as possible and undoubtedly accounts for the unusual ex-
cration pattcrn in thesae cases. Data from two of the higher ex-
poscd individuals are prescnted here as oxamples. Initial (within
the first two days) measurements of the chest burden (next section)
showaed high values but subsegquent measurcments were lower. Urine
samples taken during the first few days after the cxposure were
low (<0.1 dis/min) irdicoting little uptake by the systemic circu-
lation. Nasal swabs at the time of the incident showed several
thousand counts per minute and svggested possible significant ex—
rosure, so the sampling program was continued. Fecal samples showed
significant activity by direct counting techniques, but insolubil-
ity even in strong acids hecated overnight created seriocus analyt-
ical problers with thase samples. The results of urinalyscs for
two individuals are shown in Figurve 1 and 2. As can be seen,
there was a steady increase over the first 300-400 days followad
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by a leveling off. In gross appearance, this i5 the increaue
postulated in the models by Healy [3] and Beach and Dolphin (41
for movement from the lung into the kody. These models assume a
constant sciubility or rate of transfer to the bloodstream and
kidney where the plutonium is then excreted according ro the pats
tern prescribed by Langham. They predict a much more rapid in-
crease in urinary excretion with the maximum occurring at an
earlier time,

The gquantity of 238py, transferred to the bloodstream, and now
counsidered as systemic body burden, has been calculated by the
PUNFUA Code [5] which uses Langham's cquations. This procedure
can have wide uncertainties if samples are infrecuent, but for
these cases where sampling was Jdone every 30-90 cays, it should
provide a reasonable estimate within the uncertainties noted
carlier. Estimated quantities transferred in the first 1200 days
are 100 nCi for Subject A and 50 nCi for Subject B.

IN VIVC COUNTING

It is only in the past decade that cquipment has been devel-
oped to permit estimation of quanti*ties of plutonium in the lung
(or more accurately, in the chest) ly external measurements on the
individual. 1In some cases, the morc energetic photons [VGO keV}
from 291an are used, but this deponds upon prior information as to
the quantity of 241pm in the material inhaled and upon an assump-
tion that the americium remains asscciated with th=2 plutonium.
Data on the metabolism of 24lam in animals [€) makes the latter
assumption guestionable although the degree of uncertainty is not
defined.

A full description of the LASI instrumentation and procedures
is given elsewherc.[7] Esseutially the procedurce depends upon the
measurement of the ~17 keV L x-rays (uranium) in 4.6% of the dis-
integrations. Two 12.7 cm diameter Phoswich dechectors arc placed
on the cheost of a prone individual and measurements are normally
made for 30 minutes. The difference in the pulse shape in the two
crystals ([NaI(Tl) and CsI{Tl)] making up the Phoswich permit dis-
crimination of the energy band of intereost from the normal Complion
continuum and hence provide much reduced room backgroundu.

Because of the low encrgy and frequency of tha photons which
are detected, the sensitivity and accuracy of the procedure are
not as good as could be desired and the interpretation of the
measurements must include a numbexr of correction factors, described
below, cach of which contains its own source of uncertainty and
bias. The thickness of the individual's chest wall, mecasured by
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nltrasonic technique, dceteormines a correction factor to account
tor differcntial abzorption compared to that of the calibratien
phantom. The influecnce of higher energy cammas cmitted by other
isotopes i the body, such as the natural 4°K, is corrected by
measuring a portion of the spectrum in the higher cnergy region
and extrapolating to the contribution in the region of interest.
The presence of even relatively small quantities of other isotopes.
such as 137¢s, can result in a correction of such magnitude that
the sensitivity for plutonium determination is greatly dacreased,
or conversely, low indications of the presence of plutonium can
result. Since all isotopes of plutonium emit the x-rays being
measured, but with differing frequencies per disintegracion, any
absolute determination requires knowledge of the involved iso-
tope(s) from other sources. Americium-241, a common contaminant
of plutonium mixtures, also emits x~-rays in the plutonium region.
It is therefore necessary to determine the 24lam content by a
measurement of the 60 keV gamma rays and subtract the estimated
contribution from this isotope from the reading in the plutonium
s-ray rcgion.

Once thes¢ corrections lhiave been made to the mea:iurement,
the reosult is corrected finally to provide the estimated guantity
of plutonium in the lung. This is done by a calibration using a
phantom of kndwn chest wall thickness and with the plutonium dis-
tributed nniformly through the lung. This may well be one of the
more critical assumptions since it is known that the plutonium is
rnot uniformly distributed. This is a particularly important con-
sideration for plutonium chest zounters because the detector sees,
prefercontially, activity from the ocuter V2 cm of tur lung due to
the high absorption of the ~17 keV x-rays in tissuve. Thus any
mechanism which causes redistribution in this subpleural region,
such as may occur in the early time perica after exposure, can
cause a change in the response of the datector.

Sensitivities of the LASL equipment, using a 30-minute measure-
ment, are such that onc can detect about 9 nCi of 23%wy, 4 nCi of
238py, and 0.2 nCi of ?4lam. The minimum deteoctable amount (MDA)
is «efined as a response equal tu three standard deviations of the
background.

A common operational problem with such devices is the possible
prescnce of contamination on the skin of the individual being
measurcd. Because of the large absorption in the chest wall and
the goometry, a small amount of plutonium on the skin will give a
greatly exaggerated response if interpreted as a lung burden.

This problem is particularly noticeable whon measurcments are made
following an incident where the individual may rctain lows levels
of skin contamination ecven after extensive decvontamination. For
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this reason positive values at such a time ave regarded as suspeet
to be followed up by later checks. With experience it is ofton
possible to recognize contawmination that is cscuentially all on

the surface by the shape of the spectrum.

The incident mentioned in the previous saction invelving
238pu provides an excellent illustration of some of tha problems,
as well as potontial advantages, o©f this system. Measuremants
were made on these individuals for several days following the in-
cident and periodically thercafter for about 215 days. Thase in-
dividuuls already had small burdens of 137Cs as a result of work-
ing with fission products prior to the plutonium cxposure. At the
end of 215 days they were all involved in another minor 137%cs ex-
posure which, while small compared to maximum permissible limits,
was sufficient to mask the 238py cignal.

Data for these individuals are given in Figures 3 and 4. The
results during the first several weeks varicd beyond the cstimated
limits of errox and then settled into a rcasonable pattern. We
have not identified definitely the cause of the variability nor
. the recason for the apparent increase after about 100 days. There
is a possibility that the instrumentation shifted culibration for
the points past 100 days. The early variability docs not seem to
correspond with the fast clecarance ohase of particles from the
bronchial tree, although this appeared a pocsible interprefation
for the firxst three or four counts. Since datection of activity
for plutonium is preferential for the outcr 2 cm of lung tissue,
it is possikle, perhaps likely, that clearauce of the bronchi will
have little influence on the count. Alternatively, we have speen=
lated that the plutonium particles may be translocating in the
lung over several weeks to the subpleural region where they are
more visible to the detector. Some evidence for this possibility
will be discussed later.

As was noted earlier, interpretation of the body burden on
these individuals from the urine dacta by usa of the PUQFUN Code
indivated that after 1200 days the systemic body burdcnsg were
estimated as 100 and 50 nCi. This material must have been trans-
ferred from the lung to the bloodstrecam as a result of this inci-
dent since the individuales dii not work with plutoniun ufter this
exposure, yet the initial indication of quantity in the lung was
only on the order of 10-30 nCi. We belicve that this discrepancy
may be due to the nonuniform distribution with heavier depngits
in areas which are not “seen" by the detectors.
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AUTOPSY BESULTS

In view of the uncertainties in the urine evaluations of plu-
tonium cdeposition in the body, & program of collecting tissue
spocimens from autopsies performed at the local hospital was
started in the late 50's. This provided an ultimate check on the
accumulation of plutonium by those working in the. laboratory as
well as background values from individuals who hagd lived in the
arna but had not been employed in tha laboratory. In recent years,
the program has been expanded to include tissue samples from the
goneral population in other areas and the analytical techniques
have improved so that the minute quantities avajlable in individ-
uals as a result of accumulation from fallout can be measured.
Such data, aver a wide range of exposures, are invaluable in de-
termining the actual distribution of plutonium in the body from
a wide varicty of exposure situations. The procedures and the
data obtained on this autopsy program have been published (8] and
several additional papers are in preparation.

Information on the distribution of plutonium in lung can be
gained from autopsy data and is valuable to study potential cali-
bration problems for in vivo mecasurements.

Complete lungs were obtained frem a female who was exposed to
plutonium less than a aonth before her accidental death and a total
lung content of about 4 nCi is estimated by tissue analysis. We
also analyzed lungs of a male accideant victim who was employed in
plutonium work for 26 ycars; his total lung content was about 36
nCi, esntimated by tissue analysis. In cach of these cases, the
superior lobe of one lung was divided into 3-4 mm-wide tissue sec-
tions made horizontally, starting at: the top. Individual sections
were then divided into pleural (V1 cm) and parenchymal regions to
obtain some indication of plutonium distribution. In the recent ex-
posure case, there was little difference in the concentrations be-~
twaen the two regions. There was, however, an apparent increase
in the plutonium concontration in both rogions as one proceeds
inferiorly from the apex of the lung. In this case, the parenchy-
mal sectiony were also subdivided into a 1l-2 em outer region, 2-4
cm intermedicte region, and an inner section contxining the major
bronchi in thosc sections close to the lung center where these
struclyres were apparent. There was little difference between
the onter two regions of parenchyma but the concentration in the
region containing the bronchi appcared lower. In the lung from
the individual with the long exposure time, the concentration in
the pleura in the region from 12-24 mm £rom the apex was some
10~35 times that in thae paronchyma. Unfortunately, the analyti-
cal rasults for the secticns between this reqion and the middle
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levels of the lung did not pormit an astimate of chemical recovery
and ¢onsequently, there are uncertainti=»s as to thoir absolute
value. They do indicate a dscredased concentration in the pleural
sections toward the middle levels of lunt where concentrations are
approximately those of the parenchyma. These results are similar
to thuse of Nelson (9] who reported concentratians 59 times great-
er in the pleural and subpleural tissues than in the parenchyma

in a former worker with 25 yeavs of potential cxposure.

While we cannot draw firm conclusions [rom only two cases,
these data would suggest that the nlutonium is fairly unifornmly
deposited throughout the lung at rcasonably short times following
exposurc. As time passes, there seems to be concentration in
some subpleural regions cither by migration toward tiie pleura or
preferential elimination from the parenchyma or a combinztion of

th, More data is needed to confirm these observations.

The accumulation of plutonium in the lymph nodes hag been well
documented. [10] In our long term cxposure case, the tracheo-~
bronchial lymph nodes had concontrations about A0 times that of
the lung as would be expected from past data. but in our acute
exposure case the lymph node concentration was about one-fifth
that of the lung as a wvhole, indicating that concentration in the
nodes had barely started. 7This observation indicates that the
kinetics of accumulaticon by the lymph node in humans may be simi~
lar to that described by Thomas [1l] for the dog.

an estimate of the quantity of plutonium in the body by rtissue
analysis has been used to compare with antemortum estimates by
other technigues. Such an cstimate does invol.: considerable un-
certainty, particularly in obtaining the total skeleton deposit.
Autopsy samples of bone are only on the order of a fow percent of
the skeleton and calculation of total deposition requires large
scaling factors. Furthermore, wide variations in the plutonium
content of individual bones arc possible. [12] Table I indicates
the comparison between urine estimates and tissue ostimates for
those cases which had a sufficient plutonium in the body to be
measurable and for which a reasonable number of urine samples wero
obtained.

The variation in the ratio between the two estimates (urine
v- tissue) is similar to those rcported by others [13,14] with the
urine estimate being higher than that found at autopsy in almost
every case. The value of 120 (line 4, Teble I) is out of line with
the others. However, investigation of the urine results indicaten
that the high urine estimate was entirely duc to two samples in
the 1850-60 era. Samples taken prior o and following the high
readays were below the detection limit. Due to the rapid drop-~of€
in time with Langham's eguations one cannot assurc that thig warn
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not a true exposure and it i3 carried in tht records as such,
Howoawag, in retrospect, it appears that the two samples in ques-
tion muy be due to crxternal contamination. This again illus-
trates the difficulty of interpretotion of results of this nature
and the uncertainties in the answer.

In Table I, we have distinguished between the amount in the
lunyg and lymuh nodes and the so~called “systemic"” burden, the
quantity in other organs such as bone, kidney, liver, and muscle.
This is customary since it ic assumed that the Langham equations
only rcflect the quantity actually entering the bloodstream and,
for this purpose, the lung and lymph nodss are considered to ba
ocutside the circulatory system. We are beginning now to question
this concept as it applies to the long~term deposit in the lung
since this material is probably ne longer in the alveoli but is
incorporated into the tissue structure. Since the long-term clim-
ination in the Langham equation represents bon. remodeling and
climination from other tissues, it appears reasonable that a sim-
ilar climination or ewchange will occur with the plutonium em~
baedded amona the cells of the lung or in drainage from the lymphat-
i¢c system. These locations also permit contact of plutonium with
tissue fluids and would artain a transfer rate to the systemic
circulation. The influence of this on the excretion curve may be
as important in affecting the urinary results as the movement from
the liver or bone. Only additional experimental data will permit
verification and quantification of this hypothesis, but inclusion
of long-term lung conktent in the body burden gives a better cor-
rolation with urinary excretion estimates.

DISCUSSION

The cases described in this paper illustrate a number of im-
portant and unresolved questions in attempting to measur:e the
quantity of plutonium in the bodics of workers. Tne lung counting
mothads are still in process of development; these estlmates are
basad on calibration with uniform distribution in the lung but
the results are seonsitive to nonuniform Sistribution effects that
arc largely unknown now. If our speculations as to redistribution
with time lcading to a higher concentraiion in the lung periphery
are correct, this would lead to an increase in the response of the
iung detector for a given quantity in the lung since the photons
originating from this material on the surface of the lung will be
loss subject to absorption. Note that this dous not necossarily
mean an increase in resporse for a given case since olimiration
is occurring at the same time., If this is true, it may provide a
basic limitation on the accuracy of such measuremenis unless
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further study can provide veasonuble estimates of the distribution
cEfeet with time. In the casas of 238pu inbalating described, it
was notf possible to identify changes in the lung burden with ¢os-
tainty by chest counting due to varitances in the duta Zuring the
first 213 days. However, the subsequent analysis of uwring data
would indicate the transfer to the bady of soma 3-5 Limes as moch
plutonium over a pariod of 1200 dayus as the lung countae indicated
as the initial deposit. Since the fraction transferred to the
bloodstrean was undoubtedly only a portion, and parhaps only a
small portion, of that initially deposited in the lung, the re-
sponse of the counter was ¢ven lower. Tiis is puzzling to us
since we cannot visualize a plausible distribution which would ac-
count for such a high factor. On a physical basis, the use of
24lam instead of 23%pu would apnear to be advantageous in tho carly
estimates following inhalatien. In these 738y cases, there was
no measurable americium content for such use.

Anotner lesson which we have lcarned from these exposures is
that one cannot rely on early urine results to oven give «np indi-
cation of a potentially serious exposure and that follow-up urine
samples are necessary. We realize that this was aa unusual mato-=
rial not cncouatered freguentiy, but this may also bz true of
reactor fuels to be used ia the future, It was not until some
months had passed that th: potential intake by thes~ individuals
became apparsnt.

It is probably not surprising that estimates by urinelysis
app2ar to be somewhat high compared to tissuc analysis. They were
designed for health protoction purposes sSo assumptions that nced
to be made tend to be conservative and result in higheco (safor)
estimates. A high estimate can be less desirable if applied to
problems other than radiological control purposes. Two such appli-
cations are assessing irdividual risk for continued work with plu-
tonium or other radiocactive matcrials and asseszing henlth effcaty
in workers by epidemioloqgizal methods for possible dosc-effoct
relationships.

There are strong motivations for most employcws to Yemove o
individual from work with plutonium if the estimate of body hurden
exceeds a givan value. 1In some instances the value cbosen is less
than the maximum permissible body burden. A falsc high body burden
estimate may be used in an arbitrary fashion to affect an individ-
ual's career and future without proper weight being given to these
uncortainties. It is not clear that personal plutoniym risk
should supersede all other considerations in the decision. Is the
situation much different than if we regquire a truck driver to stop
his driving bogcause we rocognize hig risk iz greater than some
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oliver vocahion? Jab displacement reprosents o drastico ofepy for
tha individual, p&r“x:ulux‘v i¥ he hoo training and csperionee in
thae ok for a poriod ¢f tim.. We belicve that this should ©z a
mattor for ducisicn by the iundividual with the cuunsel of mudical
antd menagensnt personnel and taking inte account his ag2, state aof
Jwalth, potential preblems (including rickl on an alrevpate job,
and the cevtainty of his individual exposure ostimeic. The maxis
num parmisyible body hurden s analuablu for hecalth pvsiss con-
trol purposes in the plant, but should be usnd as only nne ~om-

paretive piece of information in th complen decision of individa-

uald work ussignment.  Yor this purpose zdy burdsn calculacions
should strive for the best wpossible eshlmate, rather than a con-

sorvative (high) estimata,

Imrroved techimigues for body burdun assessment arc also needod
for all studics urrd Lo assess the validity of the maximum permi
sible limits. If wo are Lo understand berter the risk involved in
thie use of plukoniun, we noeed long term data on the health of in-
dividuals cupusad to it as well as good c¢stimates of the cxposure,
Estimates that are biazed svs fcwat;cally on the high side could
lead to folse conclusicas on the dosce/iffect relationships. Such
studies need to ba dono to answer the cuestions of risk at various
exposure levels. Only continucus surveillance of expssed popula-
tions correlated with adeguate cstimates of the body burdons will
permit us to assess the validity or ne2d for revision of the maxi-
mum parnicsible linmits.

Thuese cxperiences and results convince us that more rasearch

nd study are needed in iunstrurentation devolopment, neasurement

fals
sS-

t achnology, and analysis of data on plutonium in man. Our knowl -
cdge of plutonium hurdens in man continues to rust on a base that
is not sufficiently secure to relax or to feel confortable.
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l.

2.

3.

PFIGURES

Urinary oxcretion of ZBSPU by Subject A Eollowing

incident.

Urinary excretion of 238?u by Subiect B following

incident.

Chest measurements on Subject A. (MDA-Minimum De-
tectable Amount)

Chost measurements on Subject B. (~LA-Minimum De~
tectable Amount)
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