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Abstract—Analyses of tissue aliquots from a plutonium process operator, who had been
exposed to Pu® largely via chronic low-level inhalation for approximately 6 out of 11} years
of employment, showed that he had accumulated a body burden of approximately 0.018 pc.
Estimations of his body burden from his urine assay record ranged from 0.019 to 0.03+ uc. The
highest plutonium concentratidn (123 disfmin per g) was found in pulmonary lymph nodes,
tollowed by liver (8.9 dis/min per g), lungs (4.8 disfmin per g) and bone (averagg of sternum,
rib aud vertebra, 1.4 dis/min per gi. Some implications of these findings to chronic low-level
inhalation exposures and to estimation of body burden [rom urine assays are discussed.

THE occurrence of a fatal criticality accident at  period; and (c) reliability of estimates of b
the Los Alamos Scientific Laboratory provided burden [rom urinary excretion data, w}
an opportunity to obtain data on plutonium  exposure has been primarily via inhalati
accumulation in an individual who had spent a The individual involved was a 75-kg m:
total of approximately 6 years of an 11l-year 38 ycars of age at the time of death. The fo
employment period working with this poten-  accident occurred during a plutonium recov-
tially hazardous material. procedure.  Details of the accident and
These data are of interest because they operation are described elsewhere.™  De
provide, for the first time, limited information  resulted from an over-dose of radiation.
on (a) the eflicacy of industrial hygiene and  plutonium contamination occurred and, ¢
engineering practices in plutonium processing  sequently, the conditions of the accident did
operations; (b) body distribution of plutonium  influence the findings in this study.
in an individual, exposed primarily by inhalation The individual’s employment and
of low-level plutonium acrosols over a prolonged  assignment history is shown in Table 1.

Table 1. Employment history of the subject

. ! . Time
Period ob assignment
, '.] & (days}
- . e E,_ e V~___,__~v:_# —— e

17 June 194624 January 1949 i Pu23? recovery operator I 947t

24 January 1949-—4 June 1954 1 U335 recovery operator ‘ 1987

4 June 1954—8 June 1955 Resigned—no exposure 369

8 June 1955- 31 Decomber 1958 j Pu?% recovery operator [ 1297+

Total plutonium exposure time | . 2244

* Waork performed under the auspices: of the U.S. Atomic Energy Commission.
T Between first and second plutonium exposure pericels, exposure conditions had been greatly improved.
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Table 2. Average concentration of airborne plutonium in areas in which employee reas assigned

T .

Room 308 Room 313

Year (dis/min per m3) ] (dis/min per m%)
R B B .
46 6 : 16

47 11 ‘ 25 '
48 Not used 24 ’
49 Not used 19
149--1954, Worked with enriched uranium
155

156
157
158

During the first period of plutonium exposure
7 June 1946—24 January 1949), his work
msisted of chemical processing involving
‘utonium nitrate solutions, plutonium oxalate
1d, occasionally, plutonium fluorination.
uring the second period (8 June 1955--31
ecember 1938), his work consisted largely of
juid-liquid extraction of plutonium under
‘eatly improved exposure conditions.
Detailed exposure records were kept during
i€ periods when the employee was working
ith plutonium. These records included pluto-
tum air concentrations in the processing rooms,
e operator’s nose swipe counts done several
mes a week up to the end of 1955 and frequently
at wregularly thereafter, daily hand counc,
wl frequent plutonium assays of 24-hr urine
weimens.  Average plutonium air concentra-
ns to which the individual was exposed are
seited i Table 2. The instances when his
oo swipe  counts went  above 50 dis/min
Sbitrarily chosen as the limit of signiticance)
¢ histed in Table 8, and his urine assay record
aiven m Table 4. No tabulation of hand
wunts is given, since they were consistently
Sow signiticant levels. Results of fecal analyses
ere not available. Becaunse of the analytical

wd sampling difliculties involved, fecal analyses
s not a routine practice at the Los Alamos
vientific Laboratory.

There were no specific accidents to which
1w individual’s exposure could be attributed.
towever, as might be expected, a number of

Room 408 !
(dis/min per m?)

|
I Rooms 212,213,218
(disfmin per ni}

Room 413
{disfmin per in?)

188 15
77 98
35 69
30 72

! Right/Left nostril

(counts/mnin)
U ,E R -
1946 29 July ‘ 1897320
30 July i 87/70
5 September | 149/19
25 September 55/4
I November 61/15
10 December 57/68
30 December | 164/106
1947 21 Jorvoo- ! 107 16
1 )pril 91135
7 July 144/10
3 Ocrober ; 120(78
'8 10 February 0/54
26 A\pril i 8673
9 June ﬂ 3330
10 June ! 24472
2 July 1 721
2 August j 65/0
i December 50/38

After 1948 (none)

* Technique consisted of rotating a picee of dampened
filter paper (on an applicator) in cach nostril, alter which
the paper was unrolled, -flattened, dried and counted.
Fifty countsfmin was arbitrarily taken as the limit of
significance.
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cisfruin per 24 hir

Date ‘ .
spectmen

9 August 1916 1.2

L9 September 1916 1.7

18 December 19406 L7

(8 April t947 - 0.7
23 NMay 1947 0.7
26 June 1947 : 0.7
30 July 1947 0
27 August 1947 ; .0

2 October 1947 i 1.5

7 November 1947 0.8

8 December 1947 | .o

13 January 1948 ; 1o

i3 February 1918 ‘ Y0
19 March tagn 0.0
22 April 1948 ! 2.0
23 June 1948 }' 3.7
22 July 1948 : 0.0
19 August 1948 . 0.8
20 September 1948 ; 3.0
26 October 1948 l, 2.0
22 November 1948 ; 2.5
21 December 1948 f 0.0
24 January 1949 ‘ Uranium
31 January [949 i 2.0
14 july 1949 . 1.2

8 February 1950 . 0.8

1 September 1950 ' 0.1

28 Yebruary 1951 0.8

4 September 1951 0.7

19 May 1952 0.3

14 December 1952 0.0

4 September 1953 0.0

4 June 1954 Off uranium
18 June [954 ‘ 0.0

8 June 1955 i Back on phutonium

Table 4. Results of periodic plutonium wrine assays for entire period of rinployment

i

i

cisymin per 210 by

Date :
‘, specimen
I August 1955 . 1.2
12 Auguse 1955 . v
19 August 1955 0.0
30 September 1955 : 0.7
14 November 1955 ‘ 0.7
27 December 1955 f ORY
9 February 1956 0.0
5 April 1956 : 0.7
30 April 1956 0.0
8 June 19506 . 0.4
20 July 1956 : 0.6
23 August 1956 5
25 Scptember 1956 : 0.0
7 October 1956 ; (.0
23 November 1936 ; 0.0
17 December 1956 ‘ 0.1
31 January 1957 0.23
28 February 1957 | 0.68
12 April 1957 i 0.22
14 May 1957 ! 0.12 -

14 June 1957 , 0.11

15 July 1957 { 0.03

19 August 1957 | 0.00

20 September 1957 ' 0.20

22 October 1957 | 0.21
|

31 October 1957 0.39
14 November 1957 0.51
10 January 1958 ‘ 0.00
21 Yebruary 1958 l 0.65
25 March 1958 ( 0.51
7 May [958 : 0.25
19 June 1958 | 0.55
30 July 1958 ; 0.49
15 September 1958 ‘ 0.79
28 November 1958 0.47

minor mishaps occmrred during the period of
employment. The detailed record of such minor
incidents is summarized in Table 5.

At the time of autopsy, tissucs were taken
specifically for plutonium assay. The specimens
taken and their plutonium contents arc shown
in Table 6. The assays werc carried out using
the alpha track counting method.®  Two
independent analyses of aliquots from each
tissue sample were made by the analytical

section of the Los Alamos Industrial Hygier
Group, and aliquots or samples of rib, sternur
vertchrae, lungs, liver and lymph nodes we
sent to the Hanford Atomic Products Oper
tion, where they were analyzed independent
by both the Biological Laboratory and t
Bioassay Group. The values given in Table
are averages and standard deviations for t
four independent analyses. The standard dewi
tion for the lymph nodes includes variation
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26 August 1946
30 December 1946

22 April 1947
3 September 1947

material transfer

14 December 1947

17 March 1949

22 April 1950
10 August 1933

9 August 1955

‘T'ype of incident ‘

Minor laceration on thumb
Helped clean up spill of plutonium solution

Received nitric acid burns o arm
Small cut on hand, received while making - No alpha activiiy detected

Exposed to fumes of oxides of nitrogen
Helped clean up spill of enriched urannun

While adding caustic to a plutonium and

cidents duving period of employment

Potential expasure

No alpha activiey detected

Air concentration 32 disfmin per m?
for 8-hr day; nose count 163/106
dis/mun

Nou record of contaunination

-

Puncture wound on right hand from a screw - No contamination reported
point on an instrument pancl
Helped clean up spill of enriched uranium . No air concentration or nosc swipe

data recorded
No contamination involved

Roont air concentration 8§ disfmin

per m®; nose count b disfmin
No body contamination detected;

| americium solution, materials sprayed out nose count 22{28 dis/min; room
' of reaction vesscl. Opcrator was wearing air concentration 175 disfmin per
; face shicld and respirator et :
25 November 1958 Maintenance work involving removal of ¢ Nesce swipe count U dis/min; roomair
plutonium-contaminated  insulation  from concentration [070 dis/min per m®.

an evaporator-condenser

Jable 6. Plutonium concentration in autopsy samples
(based on actual analytical data)

T !
. - P i
l Gross weight | lutor um
27| concentration
at autopsy |

Organ or tissue | (disfmin per g

(=) .

|ty
soos muscle ‘ | (.01
Lineys 270 ! 0.05
Cart 400 } 0.06
writlage ‘ 0.1+
[ERREN 116 0.18
Cooum 1.0 - 0.2
i 203
tebrae : 2.1 406
us {minus major 850 48 .06

“ronchit) . N |

wer 1950 P99 =~ Lt
vonchial tymph ‘
boddes ; 125 - 37*

* Includes variation in different lymph-node samples,

s well as analvtical variation.

8008148

£

i Operator was wearing Wilson 800
respirator

sample, as well as variation in analysis, since
different Iymph-node samples were used in the
independent determinations. The highest plu-
tonium concentration was found in the pul-
monary lymph nodes (125 -i- 57 dis{min per g),
followed by the liver (9.9 + 1.4 dis/min per g),
lungs (8 1 0o dispuin per ) and  then
vertehrae 42,1 -4 0.6 dis/min per g). The
average of all bone samples was L4 - 0.7
dis/min per g, for which the standard deviation
includes the variation among the different bone
samples plus the analytical variation.

The total organ and body content, caleulated
from the data in ‘Table 6, are shown in Table 7.
The estimated total body burden was 0.018 pc.

As a result of changes in production methods,
the Pu®8/Pu®? ratio of plutountum processed at
the Laboratory increased considerably between
1946 1948 and 1955-1958. Determination of
the Pu?®/Pu®? ratios in bone, lymph node,
liver and lung samples indicated bone and
lymph nodes had the lowest ratio {corresponding
gencrally to material produced in 1946-1948),

T e v e N e et TR A s
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Table 7. Total body burden estimated from tissue or organ weight and

plutonium content

I
'

Organ or ussue ;
1
Liver
Skeleton (average)
Fungs(ninus bronehuy;
‘/ﬁ(‘spiral()ry tymph nodes

Muscle
Heart
Spleen
Kidney
Balance*
Total

* vane L e content of

muscle

and lung samples had the highest (correspond-
ing roughly to more recently produced ma-
terial). The Pu®*/Pu?®®® ratio in the liver was
intermediate.
DISCUSSION

The data in Tables 2 and 3 show that all high
plutonium air concentrations to which the
employee was exposed and all high nose swipe
counts recorded occurred during his earlier
period of exposure. It is very likely that most
of his plutonium burden was accumulated
during this period. 'The record summarized in
Table 5 shows thatthere wercnospecificincidents
to which his plutonium exposure could be
atiributed. 'The summary is given principally
to point out the close attention given to all
potential modes of exposure and therchy
emphasize the certainty with which a contami-
nated accident can he ruled out as the source of
the subject’s plutonium burden. It is most
likely that the body burden, in this case,
resulted from chronic inhalation cxposure to a
low-level plutonium contaminated atmosphere.
The above speculations regarding time and
mode of exposure are supported also by the
indication that the Pu®8/Pu?® ratio in lymph
nodes and bone appeared to correspond to that
of plutonium being processed during the early
period of the subject’s exposure.

Three different urine assay procedures were

80081749

Weight . l'otal content

(g i (dis{min)
1950 1.930 x (04
10,000 1.400 = 10!
850 0408 < 10!
10 0.125 < 10t
30,000 0030 < 10}
- 400 0.002 ;1
116 0.002 5 10!
270 0.001 » 10
26,100 : 0.026 = 101
70,000 3924 x 10}

i (0.018 pch

the halaree i the same as that of

used during the 12-ycar period over which th
urine data shown in Table 4 were collected
Each change resulted in somewhat greate
reliability of the data. In 1957, the methat
was changed to the Hanford alpha tracl
counting proccdure.®  Urine assays from thi
time onwards have considerably higher relia
bility than previously. Even during 1957 anc
1958, however, there was considerable variatior
in the assays, which is probably due both %
analytical limitations and to normal physio
logical fluctuations. The employee’s systemi
plutonium burden was estimated from the
urine assays using empirical equations derivec
from human excretion data.'® Following ar
acute exposure occurring at known time, tie
retained plutonium body burden (Dyg) is giver
by the expression e

Dy, = 435 U076 {n

in which U is the plutonium (counts/min,
dis/min, uc) in a 24-hr urine sample collected !
days after the time of exposure. Dy, is given in
the samc units used to express U. Since this
equation is applicable to relatively acute
exposure occurring at known time, it is necessary
in protracted exposure cases to assume an
effective time of exposure which, to a fint
approximation, may be taken as thé midpoint
of the work period. Following chronic invariant
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xposure to plutonium, the total systemic
atake (D)) is given by the expression

130 x m x U 0
£ (n -} 1j2)026 — (n — m - 1/2)0-2¢ (2)

a which m 1s the duration of exposure (days),
nd U is the average dis/min per 24-hr urine
ample taken n days from the beginning of
xposure. D, is the sytemic exposurc and it is
igorously necessary to subtract the amount
xcreted in order to obtain the amount retained
Dg). However, since only about 10 per cent of

plutonium burden is excreted in 10 years,®
uch a correction Is insignificant in most cascs.
“he above expressions indicate the determina-
ion of body burden from a single 24-hr urine
s$say.  Analytical limitations of the assay
nethods and normal physiological variations
a urinary plutonium excretion make such
stimates completely unreliable, and in practice
t is better to use the average of scveral
onsecutive assays (even though they may be
veeks or months apart).

Because of the naturc of the cxposure,
either of the above equations is specifically
pplicable to the case under consideration.
\pplication of equations (1} and (2) to the
werage of all urine assays run duoring 1949-51
during which time there was no exposurc to
utonium) gives 0.033 and 0.031 uc, respec-
ively, for the employee’s body burden at that
ime as a result of his first period of exposure.
haing 1957-58, frequent urine assays <were
un using the more sensitive and reliable alpha
rick counting method.  FEstimations based on
qoratiovus 1 oand 2 (assuming all his exposure
cureed during the earlier work period, and
woae the average of the 1957-58 urine assavs)
oo 0034 and 0,031 pe, respectively, for the
sy burden at the time of death. The Tatier
s mates may he high, since they are predicated
1 the assumption that the entive body burden
visaccumulated during the carlier work period
a U that exposwre duripg the sccond  period
n.le no contribution 1o the 1937-38 average
woae assay valne. ‘That this assumption is
g proximately correct is borne out by the
stmates of burden at the end of the employee’s
irst period of exposure. A method of estimating
hitonium body burden employing IBM-704

D
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Fortran programming of all urine assay data has
been developed by Lawresee!™. THis estimate
of the subject’s body burden at time of death
was 0.019 g, The burden derived from ussue
analyses (Tables 6 and 7) was 0.018 pe, which
is 43 per cent of the maximum  permissible
level of 0.0:4 pe

The abuve agrecment between body hurden
from tissne analyses and estimated burden from
urine assays is so very satisfactory that it is
undoubtedly foituitous. Determination of body
burden from tissuc analvses is subjected to
considerable sampling uncertainty.  Since it 1s
not possible to analyze the entire body, 1t is
necessary to analyze afiquots of the various
organs anl, on the assumption of uniform
distribution and representative sampling, cal-
culate the total body content from the organ
weights.  This assurmption is particularly un-
certain with regard to the skeleton, as shown
by the analytical data for sterowm, nib and
vertebra (Lable 6).

Some uncertainty  in the  body  burden
estimated from urine assavs may be expectedalso
from the uncertamty in the exponents of the
time parameters i equations (1) and (2). When
! == 10 days, a 10 per cent ervor w the exponent
of Jequation (1)] would makec an 18 per cent
error in the body burden estimated from the
urine assay. The crror would increase with
time, approaching a factor of about 2 at
t = 3500 days. Indication that the exponent
~f ¢ i the Do aohos
may be in enor by abont 10 per cent), in the
direction r’(’suhi'yg’ e overestination of the body
burden, was obtainad recently by re-estimation
ol the platoninm burdens of workers exposed
at the Laboratory during [94 15 and who
had received no subseguent exposure. When
estimated  from @ sample  collected
approxinntely 10 years after termination, their
systemic burdens were, in most cases, about a
faror of 2 higher than the estimates hased on
v e samples collected doring or iimmediately

alte exposure.  Most ol the cases, however,

were elieved to be inhalition exposures and
it is pogshie although scemingly unlikely, that
ttteir systerac burdens did increase as a result

FyoeNerstian ?r;n:\[i()n“‘)

urine

xf absorption Sf plutonium deposited in the

lung s and pulmo, wry lymph nodes.
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The distribution of plutonium in the various
tssues and organs was somewhat surprising,
Approximately 50 per cent ol the body bhurden
was found in the liver and 36 per cent in the
skeleton (Table 730 A hundred and Gty days
after intravenous injection of Pultf-citrate in
man, approximately 65 per cent ot the adiini-
stered doxe was found in the skeleton and 22 per
cent in the liver. 9= Rar cxperiments show that
the refative concentration of plutonium in bone
and liver following  intravenous  mjecuon is
dependent on the chemical form and valenee
state of the material administered @ Tt is
quite possible, o the present case, thar the
partitioning  of plutonium between the liver
and skeleton was flucnced  both by ihe
chicrical or physical natnre ol the platonium
and by the roate of exposure. 'l'!wTl'xl)ir;ltm'_\'
ronte b . conbde st ronaable
for the hugh plutonium concentrations found
in the lungs and pulmonary lymph nodes.

Some ioteresting  qualitative  speculations
regarding  velauve deposition and  clearance
rates of plutontum in various tissues may be
drawn {rom the Pu@¥/Pu®? ratios in bone,
lymph nodes, liver and the lungs. The P/
Pu®? ratios of the phutonium deposited in bone
and lymph nodes appeared to correspond with
that of plutoniim produced i [916-1948
(which was the subject’s carlier and greater
period of exposure). The Pu®#/Pu®? ratio of
the material deposited in the lungs, however,
appeared to correspond to that ol more recent
prodoction. The above observations suggest
() a relatively rapid cleavance rate for plu-
tonium in the lungs, compared to that in bone
and lymph nodes; and (b) that a relatively
small percentage of the material deposited in
the lungs must migrate to the latter tissues.
Since the Pu®8/Pu®? ratio of material in the
liver was intermediate between that deposited
in the bone and lymph nodes and that in the
lungs, the rate of clearance from the lungy to
the iver must be relatively fast and the retenmat
time in the liver must be longer than = the
lungs.

The biological effective dose ra. to the.
various tissucs of the subject mav.e estimate:d
from the observed plutoniun concentraticons
{Table 6) and the following xpression derived

from the Recommendations of the Internatan,
Commission on Radiological Protection s
, O O XERBEW
R AR

28 10

In this expression, K ois the dose

rems/weck, ¢ is the plutonium cowe
in gecfe and DLE(RBEay s an effectiv
weichted for the RBE of alphocpartickh S

nonhomogeneity ol energy  distribuot i
absorption in the tissuc. The weighuee o
terins {for plutontuar i solt tssne ang .
533 and 270, respectively. Galeatas- 0
above manacer, the pulmonary lymp e
were subject to the highest hiologicall -,
dose  vate  (~1 remjweck), the  live ey
(0.08 remfweek), followed by the Doaw o
lungs (0.06 and ()‘(Hrem/\\'eck, respectivelyy
T eatimated alpha radiation dase io the
lymph nodes may be considerably oo high
because of shrinkage in lymphoid tissue mas
as a result of the acute radiation dose (~10,00(
rads of fast neutrons plus gamma rays inciden
to the chest) received during the criticaliyy
accident.

No definite conclusions can be drawn from a
single case, but thesc observations again bring
up the troublesome questions of choice of the
critical organ following chronic inhalation ex-
posure, the size of the critical tissue volume and
the relative sensitivity of various tissues tc
chronic radiation damage.
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