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Evan E. Campbell, Morris F. Milligan,
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ABSTRACT

Since 1959, sclected tissues from deceased humans have been examined for ‘

the presence of plutonium. The original purpose was’to correlate plutonium
body burden calculated from urine assay and actual burden determined by
analysis of autopsy materials. The tissues have provided data on plutonium
deposition in man resulting from general disaibution of plutonium in the
environment through global fallout and that resulting from plutonium fabrica-
tion or research and development operations.

Lung, liver, kidney, lymph, and skeletal tissue are the principal materials
examined. The analytical data, the significance of the findings, and the consid-
erable uncertainties in the radiochemical analysis and calculations are dis-
cussed. The data will be completely evaluated in other Los Alamos Scientific
Laboratory reports.

The results are contained in the appendixes to this report. Median concen-
trations in the organs and tissues of a general population (not occupationally
exposed) were (each number represents dis/min Pu per kg): liver,1.4; lung,
0.8; lymph nodes, 3.0; bone, 0.6; and kidney, 0.6. Plutonium concentration is
generally higher in the tissues of those who have been occupadonally exposed
to plutonium; the concentration obviously depends upon the nature of the

exposure and its severity and duration.

L. INTRODUCTION

Since 1959, the Los Alamos Scientific Laboratory
Industrial Hygiene Group has collected necropsy material
for analysis. The analysis consists of plutonium measure-
ment by varistions of the methods routinely used in the
bioassay program to determine plutonium in the urine of
employees potentially exposed to plutonium.

The original intent of our tissue-analysis effort was to
seek confirmation or denial of the validity of estimates of
plutonium body burdens by urinalysis. In at least one
notsble case,' confirmation of estimates of body burden
made during life was obtained by analysis of tissues from

the deccased. The ubiquity of plutonium in the environ- -

ment has since led us 1o examine autopsy materal from
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the general population, to learn whether plutonium exists
in detectable amounts in the tissues of individuals from
that population. :

Harley? has estimated that the testing of nuclear weap-
ons distributed ~300 kCi of 2*Pu over the surface of the
carth before the beginning of the moratorium. Tests by
France and China have alded about 5%. More recently,
3%py became detectable in the environment because of
the burnup of a SNAP generator. It is therefore expected
that plutonium can be detected in the tissue of nonoccu-
pationally exposed humans. Tissue data are limited
because of the various tissue-analysis problems that will
be discussed.

Magno® reported n average of 0.14 to 1.i £Ci of
Fpukg wet weight in the tungs, with thr hore
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concentrations ranging from 0.04 to 0.12 pCi/kg. Tarasov
et 21.% tried 1o correlare the mereured air enncerrrating in
cork vear with the lupg eoneentoation of humans ever the
age of 50 who did not sufier {rum any puimunary pathol-
ogy. Their data suggest that pulmonary deposition is
consistent with air concentration, They gave: .
0.15 £ 0.1 pCi of *Pu/kg in the lung for 1965, and
"0.11 2 0.2 pCi of 2*Pu/kg in the lung for 1966.
The concentrations in the tracheobronchial lymph nodes
for the same period were 6.85 £ 8.5 and 9.6 7.6 pCi/kg,
respectively. Takizawa® analyzed two to five cases per
year from the Niigata District in Japan from 1960 to
1967; his analyses showed that the lung contained 0.012
t0 0.038 pCi/kg. Takizawa stated that he found 2.36 pCi
3%pu/kg in the genital organs of a 70-yr-old woman and
6.3 pCi/kg in her bone. Krey et al.% reported the follow-
ing results for a group of cases.

PLUTONIUM CONCENTRATION
(dislmin)lk!
Lung 1.74 £ 0.17
Lymph Node 1124
Kidney 0.99 £ 0.22
Gonad 79219

They concluded that the lung and lymph-node deposition
confirmed values that might be calculated from airbome
contamination. :

" Because of the variable values reported above, the AEC
provided a number of samples from metropolitan New
York City so that we might confirm or deny the pluto-
nium concentrations previously reported.

1I. TISSUE SAMPLES
A. Sample Selection

The local pathologist provides samples from as many
sutopsies as possible. No artempt is made to exclude any
casc. Therefore, we receive a number of samples from
cutside the gecgraphical area as 2 result of traumatic
accidents occursing within the jurisdiction of the pathol-
cziss. Most of the sampies, however, zre from residents of
L3s Alames, New Meoxico. This is a single-industry 1own,
v.Th 2 POpLizlion ©F pproXimainy i4.ted, contzininga

research Jiboratony. The indusiry indudes a pluzoniume

rescemch devilopment laboratory. Stadics of the piuto-
rium in the environs of this leterstery hove been docu-
ronred.””*

"

-
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A special series of samples were collected in New York
Citv thransh the connerition of Dy Tnhn Harlex of the
Wew Verk Onerctivns Giitee of G AC These samples
were from males and were received by the medical exam-
iner’s office. Generally only small weights of each organ
were made available, but the gonads were included. The
limited mass available for these analyses permitted detec-
tion of ~0.03 dis/min of plutonium in the aliquot, or a
lower limit of 1.5 (dis/min)/kg if 2 20-g sample was used.

Since June 1970, this program has been expanded to
include s number of other areas, using a similar selection
of cases.

B. Sample Storage

The pathologist selects the tissues and packages each
separately in a plastic bag. These tissues are held in 3
freezer until released by the pathologist for chemical
processing. A small section of the lung, liver, kidney, and
lymph node is preserved for analysis for other metals.

C. Autopsy Samples

Lung. Both lungs are normally received and treated
without special preparation. Small amounts of tissue
other than lung normally accompany the sample. No
attempt is made to separate the lower bronchial lymph
nodes or other lymphatic tissue from the lung tissue itself.
The weight recorded is the weight actually received at the
time of preparation and represents both lungs. The
amount of plutonium in the lung includes that in the
pulmonary lymph tissue.

Liver. The whole organ is normally received and pre-
pared for chemical analysis.

Kidney. At least one kidney has been used in each
case. Every attempt is made 10 obtain both kidneys for
analysis.

Gonads. The gonads were included in samples received
from New York City and Denver, Colorado.

Lymph Nodes The lymphatic tissue of the trache-
obronchial region is received for analysis. Usually it
includes only the lymph nodes of that region and is only a
small part of the tctal lymph-node mass. In a few cases,
adnexal tissue is included.

Bone, Unliss otherwiye designated, 2!l bone sampies
are wed s flom the 4th and Sth lumbar vertebrze. The

tone w.ights include oniv a small amoeunt of adnexal

tissee. 10 other 1ipes of bones are aviilable, they are

aracooe ey srately
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111. ANALYTICAL PROCEDURL

A. Method

1. Each tissuc is placed in an appropriate vesscl for drv
ashing. The liver and lunz arc,placed in porcelain evapo-
rating dishes, and the other tissucs are placed in Pyrex
beakers of appropriate size. Since June of 1971, all tissues
have been air dricd at 100 to 150°C to remove excess
water,

2. The samples are placed on shelves in a muffle fur-
nace to prevent direct heating of the vessel. The tempera-
ture-programed muffle furnace is operated from 200 to
500°C, resching maximum temperature in 24 h. The
samples are held an additional 24 h at 500°C partly to
whiten them.

3. After the samples cool in the furnace, the liver and
lung residues are transferred to 800-cm® beakers. The
vessels are thoroughly washed with 2N nitric acid, and the

washing, combined with the residue, is evaporated to

dryness.

4. Each residue is heated repeatedly with nitric and
hydrofluoric acid until it remains white. From 1968 to
1971, we used hydrogen peroxide in conjunction with
nitric ‘acid to speed the ashing process, but because of
concentrated hydrogen peroxide’s high metal content, we
no longer use it. Excess HF is removed by repeated
evaporation with nitric acid.

8. Each residue is finally dissolved in 2N nitric acid
and transferred to a volumerric flask. Except for the lung
and bone samples, the procedure brings about complete
dissolution of the residue, The following volumetric flasks
are normally used for each sample.

Liver 1000-cm’ Lymph Nodes 50-cm’®
Lung 1000-cm?® Bone 250-cm?®
Kidney 100-cm® Gonads $0-cm®

6. Each sample is mixed well and stored pending
analysis of groups of samples.

7. At the time of analysis, aliquots are tken from
each sample as indicated in Table 1. Each aliquot is
“spiked" with 3%Pu at 1 level of 2 dis/min and evaporated
to dryness, treated with concentrated nitric acid several
times, and allowed to evaporate almost to dryness. The
salts of the lung and liver are dissolved in 200 cm? of 8N
nitric acid, sodium nitrite is added, and the mixture is
allowed 10 stand overnight before anion-exchange separa-
ton.
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TABLE ]

FRACTIONS ANALYZTD

Throuvgh 1769 Since 1970 & Repoats

?.’qum sioof Aiquot v of

Tissue (cm®) Total (cm?) Toul
Lung 50 5 500 50
Liver 50 5 500 S0
Kidney 10 10 50 50

Lymph

Node 10 20 10 20
so 20

Bone 10 4

Normally, all the salts excepr the lung and bone are in
solution. These latter two suspensions are shaken before
aliquoting as listed above. Most of the tissue salts are in
solution after evaporation and redissolution in 8N HNO?.
All the salts are treated with hydrofluoric acid, and the
excess HF is removed by repeated nitric acid evaporation
and treatment with boric acid.

8. Each aliquot is subjected to anion exchange on a
Bio-Rad AG 1 x 2 anion-exchange resin, using 3 modifica-
tion of the procedure of Campbell and Moss.! ® The 6-mm
by 10-cm columns are eluted with dilute hydrochloric
acid, and the eluate is evaporated to dryness and prepared
for electrodeposition using an acid oxalate electrolyte.
The plutonium is electroplated on 1/2-in.-diam stainless
steel plates and counted by alpha spectrometry, using a
300-mm? silicon-surface barrier detector. The column
effluents that do not contain plutonium are saved for
possible future use. Each sample is counted for 1000 min
with a counter efficiency of 30% and a counter back-
ground of 0.004 * 0.003 counts/min. The 2% Pu reagent

blank is 0.007 £ 0.004 counts/min, including the *¢Pu

internal standard.

Until 1967, we analyzed all samples by Schwendiman
and Healy's'! method, using nuclear-track alpha count-
ing, pYeceded by electrodeposition as stated above. We
have reanalyzed many samples from that time which
contained analytically significant amounts, using *Pu
tracer added when the aliquot is taken. Schwendiman and
Healy's method cannot be used in the presence of added
3Py tracer. We have also reanalyzed a number of samples
of analytical significance using larger aliquots to demon-
strate that the plutonium recovery was essentizlly com-
plete.
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B. Replicate Analyses

Our former procedure was to select 50-cm? aliguots of
a2 1000-cm® solution of lung or liver tissue for analysis,
This is 1/20th of the total weight, or ~50 g of the lung or
~60 g of liver, a quantity satisfactory for a surveillance of
occupational-exposure cases. We reanalyzed 15 lung and
liver tissue solutions containing measurable amounts of
plutonium, using 2 500~cm® aliquot.

Measurements from analysis of large (500-cm®) and
small (50-cm®) aliquots indicate that use of the large
aliquot reduces the standard deviation of the individual
analysis significantly, but also show no statistically signifi-
cant difference in results obtained from analyzing large or
small aliquots of the same solution. Replicate analyses of
various tissue-ash solutions analyzed at the same time by
the same method indicate good agreement among ali-
quots. Table Il indicates the typical degree of replication.

C. Effect of Salts on Plutonium Recovery

Because our chosen procedure involves an isolation
technique (ion exchange) without a preconcentration
step, we investigated the effects of normally occurring
salts in tissuesample solutions. We used a solution of
bone and lung from a case known to have a detectable
plutonium burden for analysis. Each aliquot was evapo-
rated to dryness and made to the same volume fot ion-
exchange separation. The mass of salt in each solution was
determined by weighing an evaporated aliquot. The
results are shown in Table 111,

Because these results suggest that analysis of unneces-
sarily large aliquots can lead to low recoveries, we use no

TABLE I
TYPICAL REPLICATION OF VALUES
(dis/min per aliquot)

Solution 1 2 3 Mean
A 0.38 0.62 0.36 0.45
B 0.01 0.00 0.02 0.01
C 0.33 0.39 0.53 0.42
D 1.1 1.4 1.2 1.2
E 0.07 0.03 0.11 0.07
F 5.9 7.8 5.3 6.3
G 28 23 26.5
|8 38 3s 40 38
! 3.5 3.7 3¢
) o1 0.10
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TABLE 111

EFFECT OF SALTS ON PLUTONIUM RECOVERY

Tissue Bone L\Lll!

Solution Measured Massof Measured Massof

Analyzed  Activity  Solids  Actvity  Solids
(cm®) (dis/min/em®) (g)  (dis/min/cm®) _®

1 0.39 0.058 5.31 0.014

2 0.39 0.117 4.16 0.027

3 0.34 0.178 4.25 0.041

s 0.37 0.292 3.75 0.068

10 0.32 0.584 3.32 0.137

15 0.25 0.876 3.42 0.206
25 0.23 1.46 3.78 0.342

50 0.15 2.92 3.34 0.685

more than 50 cm? in aliquoting highly concentrated solu-
tions. Each aliquot is evaporated to dryness, treated with
nitric acid, and made to 500 cm® with 8N nitric acid for
ion-exchange isolation®to reduce the salt concentration.
By increasing the total volume of the tissue-salt solution
and increasing the column size to 6 mm by 10 cm, we
have minimized the effects of high ionic srength noted
above.

D. Recovery of Plutonium During Analysis

The use of 2%Pu 10 evaluate the radiochemical separa-
tion does not represent an attempt to determine total
yield of the overall procedure; accordingly, the tracer is
added at the time of aliquotting, not at the time of
ashing. The library of tissue solutions is still available for
analysis for other nuclides. Examples of tracer recovery
are given in Table 1V,

TABLE IV

RECOVERY OF #$Pu FROM TISSUE SOLUTIONS

Tissue Bone Liver Lung Gonad
No. of
Samples 9 9 9 9
Mean
Recovery
%) 0.1 74.1 4.1 85.7
Cizndard
Deviztion 13.4 18.9 123 26.7
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The analytical losses after the tissue is ashed are low.
and may be estimated from the porcvatagss of recavery
given above,

E. Overall Recovery

We spiked becf tissues of the same weight as human
organs with ***Pu and used the outlined prucedure to ash
and analyze the tissue for plutonium. The overall recovery
was 87 £ 8%,

F. Observed Losses

Because some insoluble material normally defies disso-
Jution in 2N nitric acid, we conducted additional studies.
The salts, probably silicates and phosphates, cannot be
brought into complete solution at this stage. We used
solutions of tissue salts from individuals known to have
been occupationally exposed to plutonium in the follow-
ing study. We examined paired aliquots of the solution
and of the insoluble residue in the following manner.

The suspension (in 2N nitric acid) was well mixed
during aliquoting to produce as homogeneous a mixture
ss possible, Small aliquots of the suspension were taken
and centrifuged. The insoluble portion and the centrif-
ugate were separated and spiked with 2*Pu as an internal
wracer. Each portion was evaporated to dryness, treated
repeatedly with hydrofluoric acid and nitric acid, and
finally evaporated repeatedly with nitric acid to remove
the excess HF. Any fluoride surviving the evaporation was
complexed as the fluoborate, after which the solutions
were carried through the ion-exchange procedure and the
scparated plutonium was counted by alpha spectrometry.
The results indicate that the loss by incomplete dissolu-
don of the plutonium from the salts in the procedure
witbour repeated HF treatment may be as much as 20%.

IV. RESULTS

All of the results obtained under this program are
veported in the appendixes:

Appendix A - Tables of Individual Cases

Appendix B - Cumulative Frequency Distributions

Appendix C - Summary Tables

The ubles of individual cases contain the most de-
niled, properly available information about each case

" examined. Included are case numbers, assigned by this

laboratory and unrelated to any numbers assigned by
pathologists or hospitals, occupation at time of death,
age, sex, city of residence, and cause of death as described
by the pathologist. The cause of death is also desenibed by
the HEW Codc Number.!® Laboratory data included
are: weight of organ (or tissue) as received; total volume

0005921

of z2:ir salution: aliouot of ash solution an.ivrad: Jisinte-

f_u
[
3

gouens oy micate oS plutoniunin the aliusr,
nitm in th? total sample, and of piutonunr pes romy of
sample (concenuration); and disiniegrinons ger
per standird organ, calculated for convenience, v 2.7t
stardard orzans having been defined by ICRY Putconen
213

The cumulative frecuency distributions (Appeadix B)
are presented for convenience in viewing the results on a
population basis rather than the individual bzsis used in
Appendix A.

The summary tbles (Appendix C) are the least de-
tailed, and briefly present the median values (50th percen-
tile) derived from Appendix B.

V. EVALUATION OF RESULTS

The plutonium concentrations in the analyzed tissues
cannot be compared directly because the portions of the
organs analyzed were never identical. To put the data on 2
common basis, therefore, we converted the results per
aliquot to disintegrations per minute per kilogram and
disintegrations per minute per standard organ weight. We
used these data to estimate the concentration of pluto-
nium in human tissues per unit of weight for each of the
population groups listed in Appendix A.

Because of incomplete knowledge of sample selection,
incomplete tissue collection, and uncertainties in the
assay, we have not tried to evaluate statistical differences
among groups of data, but have chosen to leave the
testing to another study involving additional data with
better controls.

Histograms of the frequency distribution of the data
for each type of tissue from Appendix A were found to
be skewed to the right. We therefore assumed that the
data are distributed log-normally, and demonstrated the
validity of that assumption by plotting the cumulative
frequency of the number of samples against the pluto-
nium concentration on logarithmic normal-probability
graph paper. The data thus plotted gave acceptable
straight-line fits, and these graphs are presented in Appen-
dix B,

Every data point obtained experimentally is included
in Appendix B, It is obvious that excluding all those
results that were below out detection limit would increase
the median unrealistically; therefore, results that were, in
fact, below our detection limit are assigned an artificial
value of 0.03 (dis/min)/kg simply to aid in the presenta-
don of the data.

This assignment makes the plots flatten at the lower
section, consistent with limitations of measurement sensis
tvity. Similar deviation from the stmaiphi-ling oot the
upper end is associated with a selection against an upper
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limit of szmole snecification. From the logarithmic-

centile, data points for each distribution expressed as
disintegrations per minute per kilogram. The estimates are
shown in Table C-1 (Appendix C). The median values for
each tissue type and population group suggest that there
are no significant differences among the population
groups except for the high-potential-exposure group.

Other aspects of the plutonium concentration in
buman tissue may be obtained from the log-normal prob-
sbility graphs. We combined the data from Tables A-l
through A-1ll and A-VII into a single unexposed populs-
tion group and plotted the dawa for each tssue on log-
normal probability graphs. These graphs provided est-
mates of the median, the 95th percentile, and the 5th
percentile. These points include 90% of the results. These
data are shown in Table C-11, along with similarly derived
estimates of the occupationly exposed groups.
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APPENDIX A

TAELES OF INDIVIDUAL CASES

The data tabulations are divided into convenienr.popu-
lation catcgories based on residential arce and ioopa-
tional exposure.

TABLE A-l. Los Alamos residents with no occupational
exposure to plutonium.

TABLE A-ll. Nonresidents of Los Alamos with no
known occupational exposure to phluto-
nium.

TABLE A-lIl. Colorado cases analyzed for plutonium.

Former employees of the Los Alamos Scientific Lab-
oratory were grouped according to their potential expo-
sure to plutonium. If the work area or job assignment was
directly related to plutonium handling, or known poten-
tial exposure of short duration, the case was considered as
having 2 high potential exposure and placed in Table A-V
or A-VI. Because of the nature of the Laboratory’s work,
all other former employees have a potential for exposure
to plutonium; these cases are listed in Table A-1V.

TABLE A-1V. LASL employees known to have a poten-
tial exposure to plutonium.

TABLE A-V. LASL employees known to have 2 high
plutonium-exposure potential.

TABLE A-VL. Special cases. Cases discussed in other
reports’ and for which other than the
standard set of tissues were analyzed for
plutonium.

TABLE A-VII.New York City cases analyzed for pluto-
nium. (These cases are listed separately
because of the differences in weight of
organs received and because the gonads
were slways included.)

The minimum reporting level (MRL) is based on the
totzl counts, background, and recovery statistics. The
MRL is 0.03 dis/min of plutonium found in the aliquot
analyzed.

Uranium, mercury, and other elements have been
determined and will be reported elsewhere. Tissues re-
ceived during the past three years have been examined by
gamma spectroscopy to determine %K, '*7Cs, and other
radionuclides used therapeutically. Americium 241 and
%py will be reported separately. A complete review of
the occupationally exposed cases reported here has been
published.! ¢
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APPENDIX C

SUMMARY TABLES

TABLE C-1

$0TH PERCENTILE DISTRIBUTION OF PLUTONIUM IN HUMAN TISSUE

Plutonium Disintegrations per Minute per Kilogram

Neneccupatonally Lymph

Exposed Lung Liver Neode Kidney Bone - Gonsd
Los Alamos 13678 1.3(58) $.0(52) 0.1(54) 0.4(35) b
New Mexico & U. S. 1.0(76) 0.9(73) 4.0(66) 0.2(66) 0.5(41) b
Cslonsdo 0.5(66) 1.7(60) 2.0(46) 1.4(45) 0.9(65) 10.0(23)
New York 0.4(26) 1.2Q26) b b 2.0(2%) 1.0(26)
Al Populations 0.8(217) 1417 3.0(164) 0.6(163) 0.6(166) b

Occupationally

Exposed’
Potentis! 4.0(44) 1.0(41) 15.0(42) 0.1(42) 0.3(2%) b
Migh Potential 100.0(15) 100.0(15) 700.0(14) 10.0(13) $0.0(11) b
(a) aumber of mmples.
Sgampies not requested.

®Diats eannot Be compared as & group becsuse of differences in type and dization of exponure.

TABLE C-Il

SUMMARY OF PLUTONIUM IN HUMAN TISSUE
ESTIMATED FROM LOG-PROBABILITY PLOTS OF
CONCENTRATION PER kg OF TISSUE

$th to 95th
Pevcentile
Medisn of Results
Population Tissue  (dis/min/kg)  (dis/min/kg)

Genen! Lang os 04 to80
Low-Potential 40 0.1 to 800
High-Potential 100.0 10 to1xi0’
. Genenal Liver 14 0.3 t050
pug LowPotential 10 03 to100
High Potential 1000 .01 to1x10°
@ Geoeral Lymph
ol Node 30 03 02000
.~ Low-Potential 150 0.6 to 4000
o High-Potential . 2000 04 to1x10*
== Genenl Kidney 0.6 0.05 t0 6.0_
i Low-Potential 0.1 0.01 t0 20.0
High-Potential 10 0.01 to 100.0
Genen! Bone 0.6 0.02 t0 20.0
Low-Putential 0.2 00310 320
KT:1162(940) Mign-ozentiil 30.0 6.6 wo1x0’
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