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DISTRIBUTION OF asSPU AND 241AM IN THE HUUAN SKELETON*

James F. McInroy
Health, Safety and Envlronmnt Dlvislon

LOS Alaws National Laboratory
Los Alamos, NM 67545

and

Uargery J. Sulnt, M.D.
United States Transuran$um Registry

P. O. Box 10D
Rlchland, MA 99352

INTROUIJCTION

The soft tissues and bones of two whole bodies donated to the United

States Transuranlum Fteglstry (dSTR) have been analyzed for their

plutonlum and americium content. The USTR Is funded through the

Hanford Environmental Health Foundation, Rlchland, Uashlngton, by the

United State$ Department of Energy. A major objective of the

Registry proqram Is to study the dlstrlbutlon, concentration, and

retention of plutonium and other transuranlc elements In tissues of

occupationally-exposed Indlvlduals.

The Reqlstry relies on voluntary donation of selected organs and

bones at the t~me of death from Individuals who have a potential

Internal depos~tlon of transuranlc elements and have been followed

lth a health physics surveillance program. Whole body donations are

sought from workers with a known Internal deposition of 10% of

maximum permissible body burden of an actlnlde, such as plutonium,

determined by bioassay techniques In comnon use In the Industry. It

was recognized that W?O1O body donations with radlochemlcal analysls

of the entire skeleton as well as all major organs would provide

more Information than obtained from the llmlted number of speclnwns

*Uork performed at the LOS Alamos National Laboratory under the
auspices oi the U.S. Department of Energy, contract U-7405-EN6-36.



taken routinely for the Registry cases. At present the USTR has

&bout 850 donors for a llmlted-tissue autopsy and 22 donors for the

whole body program.

The number of bone sam@les obtained In a routine autopsy Is limited

to two ribs, the

patella. The rad’

welghlng usually a

the total deposltil

for lack of better

bone specimens are

sternum, clavicle, a vertebral wedge, and a

ochemlcal analyses of these osseous tissues,

few hundred grams, are extrapolated to estimate

m In the entire skeleton (-IOKg). Generally,

infonnatlon, the concentrations of the available

averaged and this value used to estlmete the

skeletal depos~tlon, assuming a uniform dlstrlbutlon. Ue recognize

potential for errors In this wthod and expect thet complete skeletal

analyses will provide Infomiatlon to more accurately sstlmate the

total skeletal burden from llmlted bone samples.

The two Indlvlduals whose total skeletons have been analyzed were

both chemists. The first Indlvldual (Case 1) was tall and lean (182

cm tall and weighed, while healthy, 65 Kg). In ‘1979,at the age of

49, he died from a metastatlc malignant melanoma. Past medical

history revealed a diagnosis of dernuitltlsherpetlformls which was

treated with sultapyrldlne. He also had a malabsorption syndrome

treated with gluten-:ree diet In 1974. A wide exclslon of a

mallgnant melanoma leslon on hls back was performed In 1975. There

was a recurrence of melanoma In 1978 with a 1.2 cm nodule In the

right lunq. Subsequently, there was pleural effusion and widespread

metastasis with a fatal outcome in 1979. He was a marathon runner, a

blcycllst, and hiker who remained active until two months before

death. At autopsy there was widespread metastasis of melanoma

throu~hout the tissues of the body includlng bone, especially the

ribs.

This donor was a research chemist from 1950 to 1979. He tiorked

with slgnlflcant amounts of a4xAm early In his career (1952-1954)

and continued In research with other radlonuclldes until hls death,

There was no documented history of radlonucllde Inhalation, IngestIon

or wound; however, a routine nmnltorlng urine collection In 1950

showed posltlve alpha actlvlty, later Identlfled as ‘4iAm (liE85).

Followlng whole body counting and urine bloassays, the totai skeletal

burden was estimated then to be 107 nCl “LAm, The route of



entry was unknown but was presumed to be fnhalat~on. At the time of

radlochemlcal analysis of his tissue samples, the soft tissue of the

left hand showed a high level of a4~Am act~vlty wh~ch raised the

posslblllty of an unrecogn~zed contaminated wound as the route of

entry.

The second Indlvldual (Case II) was a 173 cm tall, 78 kg chemical

engineer. Previous surgery Included bilateral hernia repairs and

appendectomy. Hls general health was good until ha suffered a

coronary o:cluslon In 1968 at age 48. He subsequently Increased hls

physical actlvltles with walks and by riding a stationary bicycle

four kilometers per day, five days per week. A second coronary

occlusion occurred In 1976 with an uneventful recovery. He continued

work and retired about one year before suffering fatal pneumonia and

heart failure In 1981 at age 61. All laboratory data Including

hematologlcal values were nomi In available occupational records.

This donor was employed from 1945-1980 In pluton$um alloy research

and development and In plutonium weapons work. Records show he had

moderate plutonium exposur~ from 1945 to 1957. No wounds were

recorded. Two nose counts were pcsltlve In 1945: 1962 dfs/mln

(L)/156 dls/mln (R); 7696 dls/mln (L)/45911dls/mln (R). A total of

16 nose counts over 50 dls/mln were noted In hls records. After

1957, he &ssumed supervisory duiles and probably did not have a

subsequent exposure to plutonlum. A 1970 count of the a4*Am ‘In

hls lungs indicated less than 3 nCl an’Pu, besed upon the

inferred Am/Pu concentration ratio. Hls total body burden In 1976,

estimated from urine excretion values, was 27 nCl a“Pu(vo79) .

METHODS

A complete description of the dlssqctlon and chemical analysts of

Case I was presented at the “International Conference on R~dlobl~logy

of Radium and Actlnldes In Man”, held at Lake Geneva, Wlsconsln In

1981 and has been submitted to Health Physics (MCB5). Case 11 was

dissected and analyzed In the same way.

Brlef?y, the Internal organs were removed at autopsy, frozen, and

shipped to Los Alamos for radlochemlcal analyses. The bodies were

taken to the USTR laboratories In Rlchland, Mashlngton and preserved

by freezing. A team of researchers was assembled to dissect the



body. The overlying soft tissue was renwed from the skeleton and

each bone was cleaned of as much mdscle and connective tissue as

possible. The bones wre weighed whole. Extensive game counting

was perfomd on the bones of Case I Individually and in various

combinations. The 60 Kev x ray of the “LAm was easily measured

In statistically slgnlflcant ammnts. The measurement Indicated a

right-left symetry In the skeletal deposition of auwrlclum. The

a41h activity ~n this skeleton was at a high enough level that

it was clecldedto preserve one-half of the skeleton to make a phantam

that could be used for Interlaboratory calibration of detector

systems used for whole body co~nting. The other half of this

skeleton was shipped to Los Alamos for radlochemlcal analysls. The

levels of radloactlvlty In Case 11, prlmarlly from plutonlum rather

than amerlclum, were too low to make the skeleton useful as a phantom.

Th@ bones of the rfght side of each skeleton were analyzed for

their actlnlde content. They were ilrst subdivided to allow

measurement of the dlstrlbutlon of the radioisotope in anatomical

regions of Interest. In qeneral, larger bones were dlvlded to

separate the areas contdlnlng cancellous (trabecular) bone from the

compact bone since both plutonium and amerlc?um deposit prlmarlly on

bone surfaces.

The radlochemlcal procedures used to measure the plutonlum and

merlclum In bones have been described In detail elsewhere (HC85,

B081). The bone samples were dry ashed, wet ashed, and the ash

wefghts detemnlned. The resultlng ash was dissolved In HNC3. An

allquot of this solutlon was removed for analys!s and a4sAm and

a4=Pu tracers were added. The plut~filu~ and americium were

separated and Isolated by anion exchange techniques and electroplated

onto stainless steel disks for ~~lphapulse height spectrometry. The

average recovery of the tracers was 85 k 7% for the ‘4=ASRand

87 t 9% for the a4aPu tracer. One blank and one quallty

control sample was analyzed with each set of 14 bone samples.

RESULTS

The pluton?um and unerlclum contents measured In these skeletons arc

sumnarlzed In Tables 1-2, In Case I, the hfghest a41Pm

concentration was In the coccyx and costal cartridges (190 dls/mln/g



ash); the lowest concentration was fn the teeth (46 dls/min/g ash).
The total skeletal content fn this case was 264.450 dls/fain (119.1

nCl), and the weighted-average concentration of 241Alm was 105

dls/mln/g ash. The 24xAm In the bones and teeth was 82.2% of the

whole body :ontent of 144.7 nCl (excludlng 2.0 nCl In the soft

tissues of the left hand). The liver had 6.4X of the whole body

content, the respiratory tract had 1.6%, and the striated muscle and

skin 8.7%. The remalnlng tl~sues contained 1.1% of the total

actlvlty.

The highest ‘S*PU concentrations In Case II were il. the coccyx

(3.2 dls/mln/g ash) and the bodies of the lumbar vertebrae (2.2

dls/mln/g ash). The lowest concentrations were In the shafts of the

long bones (radius shaft, 0.37 dls/mln/g ash; ulna shaft, 0.38

dls/mln/g ash; etc.) and the teeth (0.46 dls/mln/g ash). The total

skeletal content was 3068 dls/mln (1.4 nCl), and the welghed-average

concentration was 0.98 dls/mln/g ash. The skeleton contained 21.0%

of the whole-body content of 6.7 nCl, the respiratory tract 54.2%,

the liver 20.0%, and the striated muscle and skin 2.4% . The

remalnlng tissues contained 2.4% of the total actlvlty. The fraction

of the systemic (whole body minus the respiratory tract) contents

found In the llver was 43.6%. The skeleton contalred 45.8% of the

systemic burden. This Is in contrast to the dlstrlbutlon of the

241Am In Case 1 where 5.5% of the systemic deposition was in the

liver and 83.6% was In the skeleton.

DISCUSSION

As out-llned above, the two Indlvlduals studied differ In age,

physical characteristics and exposure parameters. To evaluate

observed differences In the skeletal dlstrlbutlon of amerlclum and

plutonlum, it Is useful to compare their skeletal characteristics

with Reference Man (ICRP75), keeping In mind, however, that Reference

Man Is a composite of data representative of healthy young adult (20

to 30 year old) male Caucaslons. The wet and ash weights of various

bones from the bodies of Case I and 11 are llsted In Tables 1 tind2.

Reference Han has a skeletal weight of 10 kg, representing 14.3% of

the total body weight (70 kg). The ash weight of the skeleton fs

2800 g, or 28% of the wet weight of the skeleton. Case I had a



skeletal mass of 8992 g. This Is 13.8% of hls healthy whole body

weight of 65 kg. The ash fraction of his skeleton was 20.2%, very

close to that of Reference Man.

Case II had a skeletal mass of 8700 g or 11.2%of his healthy whole

body weight. The fraction of ash In this skeleton was 35.6% of the

skeletal weight, sllghtly higher than Reference Man and Case I. Case

I was described as being tall and lean and was, In fact, 7% taller

and 7% leaner than Reference Man. Case 11 was 1.8% taller than

Reference Uan but was 11.1% heavier. Apparently the age related

mineral loss In the bones of Case 11, even though he was 12 years

older, was not as great, proportionally, as that In Case I. This may

have been due, In part, to the extended terminal Illness cf Case I as

comparecito Case 11.

Durbln has compared the ash weights of the skeletal parts of Case I

to data for 10 male Caucasl~ns of comparable age (CIU85). The latter

individuals (mean age 51.3 t 7.2 years), hereinafter referred to as

age controls, were from the central United States (TR62). The total

ash weight of the skeleton of Case I was nearly the same as the mean

of this age control group (Table 2). The ashed weights of the bones

of the upper body were, however, llghter than the control mean, in

some cases by mmre than one S.0., while the ash weights of the bones

of the pelvls, legs and feet were heavier than the age controls.

The ash weights of the bones of Case II were all heavier than the

bones for the age controls except for the mandible (Table 3). Most

ash weights of the bones of the upper body were wlthln one standard

deviation of the age controls. Of these bones, only the clavlcles

and cervical vertebrae varied by more than one standard devlctlon,

In the lower body, the bone-;of the ‘~gs a~d feet and, consequently,

the total skeleton also had ash ‘ ~,i~s th~t were heavier than the

age controls by sllghtly more than oi,estandard devlatlon.

The ash weights of the bones of the upper body of Case II then,

were generally heavier than Case I and the age control group and the

legs of both Indlvlduals were relatively alike and heavfer than the

control group.

The amount of anwrlclum and plutonlum In the bone specimens having

contnonstructural slmllarltles Is shown In Tables 1 and 2. The bones

comprising the head (skull, mandlbie and teeth) contained 14.1% of



the a4LAm and 13,2% of the 2~*Pu In the respective skeletons.

Bones of the axial skeleton (vertebral column, Includlng the sacrum,

coccyx and pelvis) contained 17.8% of the a4xAm and 27.5% of the

a=’Pu with the largest differences observed In the lunbar

vertebrae and pelvls. However, all bones In this group had a larger

fraction of skeletal plutonlum compared With the amerfclum

dlstrlbutlon. Slmilarlly, all the bones comprising the shoulder and

rib cage contained relatively nmre plutonlum than amerlclum; 11.7% of

the skeletal plutonlum and 9.0% of the amerlclum. Conversely, the

bones of the appendlcular skeleton (arms, hands, legs and feet)

contained a significantly larger fraction of the amerlclum as

compared to the plutonium dlstrlbutlon. The arm and hands had 12.1%

of the americium and 11.4% of the plutonlum; the legs and feet had

46.0% of the amerlclum and 36.2% of the plutonium.

The mean concentration of americium In 14 cancellous bones

containing red marrow (sacrum and coccyx, sternum and 12 vertebral

bodies) was 130 t 9 dls/mln/g ash. In 21 compact bones (mandlbl?,

6 cranial bones and 14 pieces of long bone shaft) the mean 241Am

concentration was 79 t 18 dls/mln/g ash. The concentration ratio

of a4~Am in compact bone vs cancellcus bone, then was 0.61. The

mean concentration of as*Pu In slmllar bone specimens of Case 11

was 1.91 t 0.29 and 0.59 t 0.19 dls/mln/g ash In the cancellous

and compact bones, respectively, resultlng In a concentration ratlo

of compact/cancellous bones of 0.31. Du-bln has calculated that the

concentration ratlo for a uniform deposit on bone surfaces, using

measured surface-to-volume ratios and the compositions of these two

bcne types, would be (compact/cancellous) = 0.16 (DU85). This

Indicates, assuming a uniform dlstrlbutlon of amerlclum and plutonlum

on all bone surfaces following the Inltlal exposure (T = O), that

there has been a more active turnover of each actlnlde <eposlted on

the cancellous bone surface than that deposited on the compact bone

surface. Further, one can conclude that the amerlclum redistributes

at a more I’dpld rate than the plutonium. If the bone turnover rates

for CatICellOUS bone and for compact bone are about equal In these two

skeletons, the dlffer:nce must be due to the rate of circulatory

feedback of eacfielement from soft tissue and llver as well as by

bona mrwdellng.



S!+!mw
The a4zAm and 2S9PU dlstrlbutlon in the skeletons of two

fon~r nuclear workers has been measured. The skeletons of both

Individuals appear to be wlthln norma”lllmits for Caucasian men about

50 y old. Both had lower llmb bones that were heavier than the age

controls and Case I had upper-body bones that were lighter than the

age control group. The dlstrlbutlon of amerlclum In the skeleton of

Case 1, 25 years post exposure, Indicated that a more rapid turnover

of fnltlally deposited amerlclum on the bone surfaces of cancellous

bone, as compared to that deposited on the bone surfaces of compact

bone, had occurred. This resulted In a larger proportion of

amerlclum located In the compact bone of the extremities and a lesser

quantity In the more can~ellous bones of the vertebral column, pelvls

and rib cage. A slmllar shift In the dlstrlbutlon of plutonium

occurred In Case 11 In the 35 y since Inltlal deposltlon, but at a

slower rate than that for americium.

The ratio of each actlnlde In the llver to that In the systemfc

system (llver content/systemic system content) was 0.065 and 0.43S,

for amerlclum and plutonlum, respectively, suggesting that a much

more rapid turnover of amerlclum In the liver, compared to plutonlum,

provided a much larger fraction of that nucllde for circulatory

feedback to the remodeling skeletal system.

l’hese data have strengthened the ICRP-reconwnended systemic

dlstrlbutlon of actlnldes (45% In llver, 45% In ske:eton, 10% In

other tissues) In the body for plutonium, but not for amerlclum

(ICRP79). Additional data from whole bodies of occupationally

exposed nuclear workers are needed to ve]lfy and to extend these

flndlngs.

ACUNWLEOGEMEN T--The authors are pleased to acknowledge the technlc~l

assistance of H. A. Boyd, J. J. Mlgllo, B. C. Eutsler, E. R.

Gonzales, D. L. Noveroske, L. C. Wlllls and A. J. Sanchez for

performing the radlochemlcal analyses of these bof~especimens.



B079

DU85

HE85

ICRP75

ICRP79

HC85

Boyd H. A., Eutsler B. C. and McInroy J. F., 1981,

‘Detennlnatlon of americium and plutonlum In autopsy tissue:

Methods and problems” In Actlnldes In Plan and Animals

(edited by M. E. Wrenn) pp. 43-52 (Salt Lake City: RO Press,

Unlverslty of Utah

Durbln P. H. and Schmidt C. T., “The U. S. Transuranlum

Registry report on the 241Am content of a whole

body.Part V: Impllcatlons for metabolic modellng” presented

at the International Conference on Radloblology of F?adlum

and Actlnides In Man, Lake Geneva, HI, USA. 1981 (submitted

to Health Physics, 1985)

Held K. R. and Robinson B, ‘The U. S. Transuranlum Registry

report on the 241Am content of a whole body. Part II:

Estlmte of the Inltlal systemic burden”presented at the

International Conference on Radlo~lology of Radium and

Actlnldes In Man, Lake Geneva, WI, USA. 1981 (submitted to

Health Physics, 1985)

International Conmdsslon on Radlologlcal ProtectIon, 1975,

Report of the Task Group on Reference Man, ICF!P Pub. 23,

(Oxford: Pergamon Press).ICRP79

International Cormnlsslonon Radlolcglcal Frotectlon, 1979,

“Limits for Intakes of radlonuclides by workers,” ICRP Pub.

30, part 1, Ann. ICRP 2 (3/4), 1-116.

McInroy J. F., Boyd H. A., Eutsler B. C. and Romero D., “The

u. S. Transuranlum Registry report on the 241Am content

of a whole body. Part IV: Preparation and analysis of the

tissue samples” presented at tne International Conference on

Radloblology of Radium and Actlnldes In M&n, Lake Geneva,

WI, USA. 1981 (submitted to Health Physics, 1985)



TR62 Trotter M. and Peterson R. R., 1962, “The relationship of

ash weight and organic weight of human skeletons,m J. Bone

Joint Sun. 44A, 669-681. Orglnal data obtained from Dec.

7153, Library of Congress, Uashlngton, D. C.

V079 Voelz G. L., Hempelmann L. H., Lawrence J. N. P. and Moss W.

D., 1979, “A 32-year med~cal follow-up of Manhattan project

plutonlum workers’, Health Physics ~, 445.



lABLE 1- MEAN 2’lAm AND HEIGHTED AVERAGE a41Am CONCENTRATIONS
IN BONE SPECIMENS MITH COMMON STRUCTURAL CHARACTERISTICS

(Case I)

2s0Pu Content
Weiqht (~) dls/mln Dlstrlbutlon

Skeletal Part Wet Ash #Ash ~dls/mln~ a ash

Skul1 648
14mllble 101
Teeth 46
Hyold 12
Cervical vertebrae 132
Thoraclc vertebrae 478
Lumbar vertebrae 402
Sacrum and coccyx 219
Pelvis 783
Clavlcles 79
Scapulae 277
Ribs 425
Costal cartilages 155
Sternum 83
Humeri1 585
Rad11 169
Ulnae 189
Hand bones 291
Femora 1770
Tlblae 1100
Flbulae 243
Patellae 66
Foot bones 734

291
34.8
33.7
0.9
29.4
91.2
69.9
31.7
239
19.8
65.5
127
3.0
7.3

147
50.1
55.9
61.2
529
383
85.3
16
167

Totdl 8992 2539

44.9
34,5
73.3
7.5
22.3
19.1
17.4
14.5
30,5
25.1
23.6
29.9
1.9
8,8
25.1
29.6
29.6
21.0
29.9
34.8
35.1
24.2
22.8

28.2

32330
3360
1560
160
3730
‘11600
8550
4350
18870
1590
6460
14260
570
803

16070
4480
5080
9100
59100
31400
5770
2260

23000

264450

111

96
46
175
127
127
122
137
79
80
~19
-09a
190
110
105
89
91
149
112
82
68
141
~

105b

%

12.2

:::
0.1
1.2
4.4
3.2
1.6

;::
2.4
5.4
0.2
0.3
6.1
1.7
1.9
3.4
22.4
11.9
2.2
0.8
~

99.8

‘Average 241Am Concentration of ribs does not Include the right
ribs 2-5.

bwelghted-averageconcentration = tozal skeletal 241Am/total
skeletal ash; excludlng teeth, costal cartilages and hyold.



TABLE 2. MEAN aaspu AND HEIGHTEllAVERAGE ‘aspu CONCENTRATIONS
IN BONE SPECIMENS HITH CoNMOld STRUCTURAL CHARACTERISTICS

(case II)

‘8gPu Content .—
Height (~) dls/mln Dlstrlbutlon

Skeletal Part He-t Ash XAsh (dls!mln) 9 ash

Skull 804 427.3
Nandlble 77 42.4
Teeth 5 4.6
Hyold 3 0.6
Cervical ‘1.ebrae142 44.1
Thoraclc vertebrae 480 106.8
Lumbar vertebrae 450 91.2
Sacrum & Coccyx 311 54.3
Pelvls 500 257.0
Clavlcles 96 39.1
Scapulae 262 87.9
Ribs 545 165.3
Costal Cartilages 104 7.5
Sternum 96 14.6
Humeri1 514 208.8
Radll 143 74.3
Ulnae 172 69.0
Handbones 209 75.4
Femora 1708 692.0
Tlbla 888 377.2
Flbulae 158 77.1
Patellae 75 22.3
Foot bones ~ 163.5

Total 8700 3123 36.2a 3068.5

53.1
55.1
92.0
20.0
31.1
22.3
20.3
17.5
28.6
40.7
33.5
30.3
7.2
15.2
40.6
52.0
40.1
36.1
40.5
42.5
48.0
29.7
~

378.8
25.8
2.1
1.3

64.6
172.3
161.1
107.3
330.5
33.2
89.8
199.1

8.4
27.3
181.6
39.5
42.7
85.6
561.0
269.6
44.2
21.7

213.0

0.89
0.61
0.46
2.10
1.46
1.61
1.77
1.98
1.31
0.85
1.02
1.20
1.12
1.8-/
0.07
0.53
0.62
1.14
0.81
0.71
0.57
0.97
~

o.98b

~elghted average percent bone ash = (tots, sktil~talash
wcigttt/totalskeletal wet weight) x 100%.

%

12.4
0.8
0.1

2.1
5.6
5.3
3.5
11.1
1.1
2.9

:::
0.9
5.9
1.3

;::
18.3
8.8

;::
~Q

99.9

buelghted-averageconcentration = total skeletal 2ssPu/tOtal
skeletal ash; excludlng teeth, costal cartilages and hyold.



TABLE 3. Measured Ash Weights of Skeletal Parts of Case I, Case II,
and Caucasian Hales of Comparable Age.

Ash Weights (9)

Age Controlsa
(39-59y) Case I Case 11

Skeletal Part Mean t S.D. aw

Cranium
Mandible
Scapulae
Clavlcles
Sternum
Ribs
Humeri1
Radll, Ulnae
Hands
Cervical vertebrae
Thoraclc vertebrae
Lumbar vertebrae
Sacrum
Pelvlc bones
Femora
Tlblae, Flbulae
Patellae
Feet

397b 83
45b 11
78 16
26 6
12 4
157 44
176 38
132 27
67 12
38 5
94 18
79 14

13
2:: 53
481 93
342 80
16 3

M*

291
35
66
20
7

127
147
106
61
29
91
70
32
239
529
468
16
167

427
42
88
39
15
165
209
143
75
44
107
91

2::
692
454
22

~

Totalc 2553 520d 2501 3109

hTen male caucaslan skeletons obtained In the area of St Louis,
Mlssourl, mean age 51.3 t 7.2Y; designated as age contr~ls. Data
of Trotter and Peterson (Tr62)

hIncludes a variable but usually small number of teeth.

cTotal skeleton does not Include hyold bone, costal cartilages and
teeth.

dstandard devlatlon of sumned (total) skeletal ash weights of the
ten Indlvlduals.


