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Abstract—Radiochemical analysis of two half skeletons donated to the United States Transuranium Registry from
individuals with occupationslly incurred depositions, one of **'Am and the other of “**Pu, revealed an inverse
proportionslity between the concentration of actinide in the bone ash and the fraction of ash (or the calcium content
of the ash). A similar relationship was observed in a third case suffering from osteoporosis, but the siope was
shallower. These results suggest that accurate estimates of the total skeletal content of actinide can be made from

radiochemical analysis of only a few bone samples.

" INTRODUCTION

THE UNITED States Transuranium Registry (USTR) was
established in 1968 to evaluate human experience with
Pu and other transuranic elements (Br81; Sw84). From
radiochemical analyses of selected donated tissues or the
whole body, the distribution patterns of actinides within
the body can be determined and estimates made of in-
ternal deposition. These data are useful in determining
the validity of existing biokinetic models, possibly leading
to refinements or to the development of new models.

To date, two whole-body contributions have been
received and analyzed by the USTR. The first was ob-
tained in1979. The results of postmortem radiochemical
analyses of the tissues of this donor, along with health
physics implications and the development of sophisticated
biokinetic models based on the analytical results, have
been reported (Br85; Du85a; He85; Mc85a; Mc85b;
PaB5). Radiochemical analysis of the second whole body
contribution, received in 1983, has only recently been
completed; data analysis is now in progress.

Skeletal distributions of Pu and other actinides have
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been studied widely in experimental animals and 10 a
much lesser degree in humans and have been the subject
of several excellent reviews (Du62; Du73; ICRP72a; Je72;
Ne79; Va73). The earliest studies (Ha47) described the
deposition of both Pu and Am on the bone surfaces, a
finding many times confirmed, with the actual quantity
deposited in the skeleton a function of the amount and
route of intake, physico-chemical form of the matenal,
and certain biological factors such as the age of the animal
(Du62; Je72; L172; Ne79; St69; St72; Va73). Studies show
that skeletal uptake is smaller in older animals and the
growth activity of the bone exerts a significant influence
on the deposition (An83; Du73; Du76). Moreover, initial
deposits of Pu are non-uniform, localizing primarily on
the endosteal surfaces and, to a lesser extent, the periosteal
surface and vascular channels of cortical bone (Je72). Bone
remodeliing, which varies inversely with the age of the
animal, results in decreased concentration of Pu on tra-
becular surfaces as well as a decreased total dose to cells.
Of interest is the fact that the remodelling rate is variable,
being approximately twice as fast in vertebrae as in the
distal end of the femoral shaft (5t72). Remodelling is also
decreased, at least in dogs, at high levels of exposure (St72).

Following intake, the greatest uptake and deposition
are generally thought to initially occur at sites of high
growth activity, such as in the metaphyses of young ani-
mals, with rapid burial or displacement as endochondral
ossification progresses. Although bone remodelling ulti-

LANL




180 Health Physics

mately tends to move the actinide to the bone volume
from the surface, initial uptake inside of cortical bone is
minimal or absent (Pr78). More recently, studies of the
mouse have shown that the rate of Pu deposition is de-
termined by the blood supply, at least for deposition on
the endosteal surfaces (Hu82). In studies of seriously ill
humans injected with Pu experimentally, deposition was
found on the endosteal surfaces, with the greater concen-
trations observed in the axia! skeleton as compared with
the appendicular skeleton at 15-17 mo postinjection
(La79; La81a; LaB1b; Sc81).

On a macrodistribution scale, concentrations of ac-
tinides are expectedly greater in trabecular than in com-
pact bone. Thus, in studies of >*'Am metabolism in the
baboon, concentrations were greatest in the vertebrac and
sternum and smallest in the long bones (Gu80). Similar
findings have been made in studies of Pu in beagles (At58;
S169; St72; S$174). Plutonium has also been known to de-
posit in marrow as well as in mineralized bone (Bi71;
Las50). Human studies of the macrodistribution of actin-
ides in bone have of necessity been rare but tend to con-
firm the findings in animals (La81a; La81b). However, at
present there is no clear model of the macrodistribution
of Pu and other actinides in the human skeleton. Such a
model could be of considerable practical value for bone
dosimetry and would also be of value to the USTR and
others by providing the means for accurate estimation of
the skeletal deposition from analysis of a single or small
number of bone samples, rather than analysis of the entire
or half skeleton.

DESCRIPTION OF CASES

Two whole bodies donated to the USTR were radio-
chemically analyzed for actinide content. The first of these
(Case 1) was a 49-y-0ld Caucasian male radiochemist, 1.82
m tall who weighed, when healthy, 65 kg. Until 2 mo
before death from metastatic malignant melanoma, this
individual had reguiarly engaged in strenuous aerobic ex-
ercises as a runner, bicyclist and hiker. Past medical history
revealed a diagnosis of dermatitis herpetiformis that had
been treated with sulfapyridine and a malabsorption syn-
drome treated with a gluten-free diet since 1974. Mela-
noma was diagnosed in 1975, and a wide excision of a
malignant lesion on his back was performed. In December
1978, a 12-mm-diameter nodule was observed in the right
lung, and subsequent pleural effusion and metastases fol-
Jowed, resulting in death in March 1979. Widespread
melanoma metastases were observed at autopsy through-
out the body tissues including bone, especially the ribs
and sternum.

The donor (Case 1) had been a research chemist from
1950-1979 and had worked with significant amounts
of 2'Am early in his career (1952-54). Although he had
no documented history of actinide intake, a routine ra-
diourinalysis performed in 1958 revealed the presence of
24! Am (He85); follow-up urinalyses and in-vivo counting
led to an estimated skeletal deposition of 3.96 kBq (107
nCi), based on inhalation as the presumed route of intake.
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Postmortem radiochemical analysis of the body resulted
in an estimated total body deposition of 5.44 kBq (147
nCi) of 2*'Am, of which 82% or 4.44 kBq (120 nCi) was
estimated to reside in the skeleton (Br85; Mc85a). An
clevated level of 2 Am was found in the soft tissues of
the left hand which raised the possibility of a hitherto
unrecognized contaminated wound as a route of entry.

The second donor (Case 2) was a 62-y-0ld Caucasian
metallurgist, 1.73 m 1all and weighing 78 kg, who enjoyed
good general health until 1968 when he suffered a coro-
nary occlusion at age 48. His subsequent physical activity
included walking and riding a stationary bicycle the
equivalent of 4 km daily, 5 d per week. In 1976 a second
coronary occlusion occurred and was followed by an un-
eventful recovery. He continued to work and retired in
January 1982, about 1 y before his death from respiratory
failure consequent to pneumonia in December 1982. His
medical history also showed surgical repair of a bilateral
hernia and an appendectomy.

Case 2 was employed in Pu alloy research and Pu
weapons work from 1945 until his retirement in 1982.
There was potential for moderate inhalation exposure to
Pu from 1945-1957; no wounds or ingestions were re-
corded. Positive nasal wipes with >1 Bq of activity were
obtained from this individual on 16 occasions before 1957,
the two most significant occurred in 1945 and showed
32.7 and 2.6 Bq in the left and right nostrils, respectively,
and 192 and 76.6 Bq (L, R). Exposure potential was prob-
ably significantly reduced in 1957 when he assumed su-
pervisory functions. Radiourinalyses were performed at
various intervals from 1945-1972, and have been reported
previously (as Case 27) in the summary by Voelz and his
coworkers (Vo79).

From these data, Case 2 was estimated by operational
health physics staff at his place of employment to have a
systemic plus lung deposition of 995 Bq (26.9 nCi) of
2py; and 10 Bq (0.27 nCi) of #*¥Pu at the time of his
retirement. About four-fifths of his >**Pu deposition, some
829 Bg (22.4 nCi), was incurred in the summer of 1945.
A total of 17 in-vivo chest counts made from 1970-1982
showed an estimated deposition of about 18.5 Bg (0.5
nCi) of *'Am and less than 111 Bq (3 nCi) of >**Pu based
on the inferred Am:Pu ratio (Mc85b).

The in-vivo estimates of 2*°Pu deposition were some-
what greater than those obtained from postmortem ra-
diochemical analysis of the tissues, possibly due to un-
certainties in the models. The postmortem analyses re-
vealed a total body content of 248 Bq (6.70 nCi) of 2**Pu,
of which 54% (134 Bq, 3.63 nCi) was resident in the re-
spiratory tract, 20% (49.6 Bq, 1.34 nCi) in the liver and
21% (51 Bq, 1.38 nCi) in the skeleton. The skeleton con-
tained 46% of the non-respiratory tract systemic burden
(Mc85b), in rather sharp contrast to Case | in which 82%
of the systemic deposition was in the skeleton.

ANALYTICAL PROCEDURES (

The typical USTR protocol for acquisition and anal-
ysis of postmortem bone samples from voluntary whole-

LANL



Actinide distribution in the human skeleton @ R. L. KATHREN er al. 181

body donations is briefly outlined below. A standard au-
topsy is performed and all the internal organs are removed,
frozen and sent for radiochemical analysis to Los Alamos
National Laboratory, Los Alamos, NM. The body is then
transferred to the USTR facilities in Richland, WA. After
assembly of the dissection team, the soft tissues and all
bones are wet weighed, frozen and shipped to the radio-
chemical laboratory at Los Alamos National Laboratory
(LANL).

Tissues are either analyzed whole or divided for con-
venience of analysis as well as to ascertain variation in
distribution in larger specimens. The basic radiochemical
procedure for Pu and Am in bone began with dry ashing
and wet ashing followed by determination of the ash
weights. After dissolution of the ash in nitric acid, an al-
iquot was taken for analysis. Plutonium-242 and 2*Am
tracers were added followed by Pu and Am separation
and isolation by anion exchange and electroplating onto
stainless steel disks for quantitative a spectrometry: one
blank and one quality control sample were analyzed with
each set of 14 bone samples. The mean tracer recovery
was 85 * 7% for the 2*Am and 87 + 9% for the 2?Pu. A
detailed description of the tissue preparation and analyt-
ical procedures for Case | has been presented elsewhere
in the literature (Bo81; Mc85a); Case 2 was prepared for
radiochemical analysis in substantially the same way. The
detailed radiochemical methods have likewise been de-
scribed in these publications.

RESULTS

Individual analytical results are tabulated in Tables
I and 2 for each of the cases. For Case I, a total of 74
individual data points are given; for Case 2, 110 are listed.
The different number of data points for each case resulted
from differences in the way the samples were grouped and
is not considered significant.

Examination of the data (Figs. 1 and 2) reveals a
clear inverse linear relationship between the fraction of
bone ash and the concentration of actinide in both cases.
Evaluation of the data by least squares regression produced
the following linear equations:

Casel: C=295-13.55f (r=-0.73)
Case2: C=0.044-0.068f (r=-0.82),

in which C'is the concentration of > Am (Case 1) or 2*°Pu
(Case 2) in the bone ash in units of Bq/g, fis the ratio of
ash weight to wet weight, and r is the correlation coeffi-
cient. Although good correlation was achieved in both
cases, there was significantly less variability in the data
from Case 2. This could be attributed to several causes
but most likely was largely from a power loss to the freezer
in which the bones from Case | were stored before testing
{Mc85b). This resulted in significant and variable losses
of bone sample wet weights between the time of dissection
and the analyses (Mc85b). In addition, there were metas-
tases to bone and replacement of bone tissue with soft
tissue.

6065010

Nonetheless, the inverse linear relationship is clear
in both cases, and if the equations are normalized 10 a
constant concentration at a specific value of fare found
to have approximately the same slope. Grouping samples
according t0 common structural characteristics in the
manner of Mclnroy and Swint (Mc85b) reduced the
number of data points to 21; using this grouping instead
of individual bone samples did not, in fact, yield an ap-
preciably different resuft.

DISCUSSION

The relationship of concentration in the ash to the
ash fraction is not too surprising since Pu and Am deposit
on the bone surfaces. The structure of cancellous or spongy
bone expectedly would have larger surface area to mass
ratio than compact bone and thus would be expected to
have a higher actinide concentration per unit mass of ash.
Thus, the observed relationship may simply be a reflection
of the surface area to mass ratio of each of the bone sam-
ples, which in itself might be useful to know from the
standpoint of anatomical studies or application to Ref-
erence Man data. However, as the bones or their subdi-
visions were analyzed in-roto, without removal of marrow,
the amount of marrow in the bone samples could be a
confounding factor, particularly if the marrow contained
significant quantities of actinide.

Perhaps of greater significance is the quantity of
marrow relative to the wet weight, which may be a major
factor in determining the fraction of bone ash. In fact, the
greater the marrow content, the smaller the bone ash frac-
tion. Using available data on the distribution of human
bone marrow (El61; ICRP75; Wo060), no correlation was
found between the fraction of marrow as determined from
the literature and the concentration of actinide in bone
ash. Preliminary results of a joint study by USTR, LANL
and Pacific Northwest Laboratory (PNL) to evaluate the
actinide content of the marrow suggest that the quantity
of Pu in human bone marrow relative to that in the min-
eral bone is comparatively small, indicating the relation-
ship observed between concentration and bone ash frac-
tion is indeed dependent on the bone rather than on the
marrow.

The relationship between actinide concentration and
bone Ca was also examined. The Ca content of 18 rep-
resentative samples from Case 2 was determined and
shows a mean weight fraction of Ca in the bone ash of
0.373 £ 0.069 (Table 3). This is in good agreement with
the value of 0.357 calculated from the Reference Man
data, which show a content of I kg of Ca in skeleton and
an ash weight of 2.8 kg (ICRP75). Since Ca is a constant
fraction of the ash, the actinide concentration is also in-
versely proportional to Ca content of the ash, which again
is not an unexpected finding inasmuch as bone with a
higher surface area to weight ratio would typically contain
a proportionately greater amount of the surface depositing
actinides.

The significance of this observation is that although
the fraction of Ca in bone ash is constant throughout the

»
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Table 1. Americium-241 content of bone, USTR Case |

Weight

(a) _Weight 241am Content
Sample Wet Ash Ash:Wet {Ba/g ash)
Cranium-1 187 87.7 0.47 1.77

(occipital, parietal
& major portion of
frontal bones)
Cranium-2 142 55.7 0.39 2.00
(temporal & portion
of frontal bone, maxilla

Mandible 51 17.4 0.34 1.62

Hyoid 12 0.91 0.08 2.92
Vertebral Column:

Cervical-1 17 4.98 0.29 2.12

Cervical-3: arch 8 2.12 0.27 2.10

body 7 1.22 0.17 2.15

Cervical-5: arch 9 2.34 0.26 1.97

body 7 1.24 0.18 2.28

Cervical-7: arch 15 3.49 0.23 2.15

body 10 1.39 0.14 2.27

Thoracic-1: arch 15 4.30 0.29 1.75

body 11 1.80 0.16 2.00

Thoracic-3: arch 16 3.44 0.22 2.15

body 11 1.86 0.17 2.28

Thoracic-5: arch 13 3.27 0.25 2.32

body 12 2.34 0.20 2.22

Thoracic-7: arch 17 4.31 0.25 2.27

body 24 3.63 0.15 2.05

Thoracic-9: arch 15 3.84 0.26 2.27

body 19 3.16 0.17 2.07

Thoracic-11: arch 19 4 .45 0.23 1.70

body 43 5.58 0.13 2.33

Lumbar-1: arch 23 5.74 0.25 1.93

body 54 6.17 0.11 2.18

Lumbar-3: arch 28 7.44 0.27 1.92

body 55 7.02 0.13 2.20

Lumbar-5: arch 25 7.07 0.28 1.97

body 48 6.68 0.14 2.12

Sacrum & coccyx 219 31.7 0.15 2.28

Pelvis (ischium & ilium) 373 113.9 0.31 1.33

Clavicle 44 11.0 0.25 1.34

Scapula 139 32.9 0.23 1.67

Rib-1 15 3.31 0.22 1.85

Rib-2 13 3.93 0.30 2.27

Rib-3 : 16 4.92 0.31 2.14

Rib-4 19 5.57 0.29 2.25

Rib-5 24 6.84 0.29 2.06

(a) Right half of skeleton except for whole of indicated vertebrae, sacrum,
coccyx, hyoid and sternum.
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Table 1. (Contd.)

Weight
(q) Weight 241am Content
Sample Wet Ash  Ash:Wet (Bgq/g ash)
‘Rib-6 23 7.24 0.32 1.89
Rib-7 22 7.13 0.32 1.85
Rib-8 19 6.60 0.35 1.75
Rib-9 22 6.43 0.29 1.82
Rib-10 19 5.37 0.28 1.74
Rib-11 14 3.82 0.27 1.82
Rib-12 3 0.88 0.29 1.86
Costal cartilages 93 1.8 0.02 3.28
Sternum 83 7.3 0.09 1.83
Humerus: PE 98 11.3 0.12 3.08
Shaft 139 51.7 0.37 1.39
DE 62 12.1 0.20 2.48
Radius: PE 10 1.94 0.19 2.35
Shaft 50 18.66 0.37 1.25
DE 21 3.57 0.17 2.28
Ulna: PE 39 7.03 0.18 2.40
Shaft 51 20.62 0.40 1.14
DE 7 1.20 0.17 2.70
Carpals 33 6.34 0.19 2.83
Metacarpals 57 12.73 0.22 2.44
Phalanges (hand) 54 11.22 0.21 2.28
Femur: PE 266 £0.2 0.23 1.88
PS 136 58.8 0.43 1.63
MS 115 52.9 0.46 1.60
DS 137 46.6 0.34 1.63
DE 225 44,7 0.20 2.70
Tibia: PE 172 34.6 0.20 2.40
Shaft 282 127 .4 0.45 1.00
DE 73 22.0 0.30 1.70
Fibula: PE 18 5.17 0.29 2.00
Shaft 79 33.1 0.4?2 0.85
DE 20 2.78 0.14 2.80
Patells 40 8.00 0.25 2.35
Tarsals 251 56.16 0.22 2.19
Metatarsals 83 20.26 0.24 2.45
Phalanges (foot) 33 7.10 0.22 . 2.58
Total 8992 2539.0

Mean 0.28 1.75

Notes: MS - medial shaft

VE - vertebral end

SE - sternal end
PE - proximal end
PS - proximal shaft
DS - distal shaft
DE - distal end ,
P - proxima) ! g
D - distal LANL
M - medial
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Table 2. Plutonium-239 content of bone, USTR Case 1

Weight
(gg Weight 239py Content
Sample Wet Ash Ash :Wet (mBq/g ash)
Cranium
Occipital 58.6 30.04 0.51 15.4
Parietal 1271 70.48 0.55 15.7
Temporal 1 & 2 69.4 29.22 0.42 18.1
Frontal 1 44 .3 21.92 0.49 16.4
Maxilla 27.4 9.54 0.35 25.5
Frontal 2 & 3 36.4 18.44 0.51 16.1
Temporal 3 32.3 7.78 0.26 29.1
Mandible 32.3 15.12 0.47 11.9
Hvoid 2.90 0.57 0.20 36.8
Vertebral column
Cervical-1l 20.9 7.44 0.36 24.6
Cervical-2: arch 13.7 3.99 0.29 29.2
body 12.2 2.49 0.20 33.8
Cervical-3: arch 8.80 2.56 0.29 26.3
body 7.80 1.60 0.21 31.8
Cervical-4: arch 9.04 2.76 0.31 23.3
body 9.14 1.97 0.22 29.8
Cervical-5: arch 8.20 2.62 0.32 23.8
body 8.50 1.92 0.23 30.3
Cervical-6: arch 10.2 3.17 0.31 23.8
body 9.37 2.08 0.22 30.3
Cervical-7: arch 13.1 3.92 0.30 24.5
body 9.50 2.08 0.22 30.6
Thoracic-1: arch 19.5 5.66 0.29 25.6
body 11.8 2.08 0.18 38.3
Thoracic-2: arch 16.5 4.81 0.29 24.7
body 12.6 2.07 0.16 37.5
Thoracic-3: arch 14.3 4.16 0.29 23.8
body 12.5 1.91 0.15 36.8
Thoracic-4: arch 14.1 3.76 0.27 26.0
body 13.5 2.18 0.16 37.3
Thoracic-5: arch 14.8 3.58 0.24 28.2
body 14.7 2.51 0.17 37.9
Thoracic-6: arch 15.4 3.97 0.26 28.0
body 18.7 2.72 0.15 39.3
Thoracic-7: arch 15.9 4.36 0.27 28.0
body 20.5 2.45 0.12 40.9
Thoracic-8: arch 17.0 4.38 0.26 28.5
body 21.6 3.18 0.15 40.9
Thoracic-9: arch 20.7 4,98 0.24 29.1
body 22.3 3.92 0.18 40.8
Thoracic-10: arch 23.8 5.87 0.25 26.1
body 32.8 5.26 0.16 35.3
Thoracic-11: arch 22.2 5.61 0.25 23.1
body 37.7 5.48 0.15 36.5
Thoracic-12: arch 24.1 6.04 0.25 25.4
body 42.8 5.73 0.13 39.9
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Table 2. (Conid)

Weight
(q) Weight 239py Content
Sample Wet Ash Ash:Wet (mBq/g ash
‘Lumbar-1: arch 29.8 7.42 0.25 27.6
body 49.8 6.10 0.12 42.6
Lumbar-2: arch 29.6 7.68 0.26 30.9
body 53.0 6.13 0.12 42 .4
Lumbar-3: arch 35.3 9.56 0.27 34.2
body 61.7 6.72 0.1 42.2
Lumbar-4: arch 37.2 10.50 0.28 28.5
body 61.1 8.47 0.14 36.7
Lumbar-5: arch 34.9 10.26 0.29 22.7
body 52.1 8.77 0.17 31.2
Sacrum & coccyx 256.2 47.52 0.19 35.7
Pelvis: Ischium 232.2 56.84 0.25 23.9
I1iac crest 84.9 19.16 0.23 29.0
Iliac body 127.4 40.16 0.32 22.9
Clavicle: SE 12.0 2.66 0.22 211
ME 20.5 9.88 0.48 13.6
Acromial end 14.6 2.67 0.18 31.3
Scapula: Body 1 26.8 7.28 0.27 19.2
Body 2 11.5 5.20 0.45 14.7
Socket 3 23.9 5.96 0.25 21.6
Spine 4 43.4 15.92 0.37 17.7
Spine 5 7.90 2.82 0.36 15.7
Spine 6 17.2 2.06 0.12 50.2
Rib-1: SE 5.47 0.74 0.13 49.77
MS 4.44 1.58 0.36 20.15
VE 7.02 1.06 0.15 18.71
Rib-2: SE 5.19 1.51 0.29 22.19
MS 5.44 1.56 0.29 19.02
VE 4.21 0.95 0.23 25.26
Rib-3: SE 5.56 1.22 0.22 22.8]
MS 5.20 1.68 0.32 20.04
VE 6.51 1.74 0.27 22.4
Rib-4: SE 5.96 1.40 0.23 30.83
MS 7.55 2.16 0.29 24.54
VE 8.38 2.34 0.28 26.64
Rib-5: SE 8.42 1.56 0.18 32.37
MS 8.08 2.4? 0.30 24.52
VE 10.5 3.36 0.32 21.13
Rib-6: SE 14.0 2.48 0.18 23.19
MS 10.9 3.40 0.31 24.80
VE 11.5 3.92 0.34 23.51
Rib-7: SE 10.9 2.28 0.21 41.30
MS 8.87 2.94 0.33 21.15
VE 14.8 5.08 0.34 19.29
Rib-8: SE 9.65 2.23 0.23 30.34
MS 8.13 3.48 0.43 16.04
VE 12.3 3.98 0.32 19.51
Rib-9: SE 7.74 0.92 0.12 26.27
MS 8.20 2.36 0.29 23.94
VE 12.9 3.36 0.26 25.30
T
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Table 2. (Contd.)

N?i ht 239
g Weight Pu Content
Sample Wet Ash Ksﬁ:aef (mBq/g ash)
Rib-10: SE 4.92 0.78 0.16 34.19

MS 6.11 2.56 0.42 15.62

VE 9.12 2.86 0.31 20.75
Rib-11: SE 2.89 0.56 0.19 23.51

MS 4.12 1.52 0.37 15.35

VE 5.67 1.60 0.28 19.17
Rib-12: SE 1.07 0.28 0.26 22.02

MS 2.42 0.88 0.36 17.61

VE 3.42 0.86 0.25 27.91
Sternum 96.4 14.57 0.15 31.18
Humerus: PE 80.8 15.14 0.19 33.02

Shaft 122.3 56.45 0.46 11.66

DE 53.1 16.60 0.31 22.09
Radius: PE 8.6 2.70 0.31 18.95

Shaft 43.5 22.25 0.51 7.06

DE 18.3 4,62 0.25 18.58
Ulna: PE 34.5 9.55 0.28 20.24

Shaft 43.7 21.66 0.50 7.26

DE 6.7 1.39 0.21 25.30
Carpals 29.0 6.98 0.24 28.72
Metacarpals 42.5 13.17 0.31 20.40
Phalanges (hand) 38.0 11.54 0.30 21.42
Femur: PE 219.6 55.04 0.25 26.71

Shaft 355.6 171.96 0.48 10.45

DE 218.4 47.8 0.22 23.36
Tibia: PE 162.0 36.88 0.23 24 .36

Shaft 222.4 107.72 0.48 9,72

DE 52.9 14 .88 0.28 20.61
Fibula: PE 14.6 3.22 0.23 24.84

Shaft 48.3 27.24 0.56 7.83

DE 15.5 5.10 0.33 17.32
Patella 37.9 8.82 0.23 20.79
Tarsals 194.4 52.44 0.27 22.93
Metatarsals 61.1 21.16 0.35 19.03
Phalanges (foot) 22.7 5.84 0.26 27.80
Notes: MS - medial shaft

VE - vertebral end

SE - sternal end

PE - proximal end

PS - proximal shaft

DS - distal shaft

DE - distal end

P - proximal

D - distal

M - medial
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Fig. 1. Relationship of bone ash and **'Am concentration in the skeleton of an occupationally exposed individual
(Case 1).

skeleton, the ratio of actinide to Ca is not, and, therefore,
the Ca content of the ash cannot be used to estimate the
systemic deposition of actinides in the skeleton. The re-
lationship between concentration of actinides and fraction
of ash or Ca content is consistent with other observations
of Pu deposition in the human skeleton and in animals;
indeed, in the initial USTR reports, the generally greater
concentrations of 2*'Am in cancellous bone were noted,
but the relationship with bone ash content was not de-
termined (Du85a; Mc85a; Mc85b).

Similar observations have been made in postmortem
studies of the skeletons of terminally ill individuals ex-
perimentally injected with Pu dunng the mid-1940s, a
group that has been extensively studied by Larsen and his
co-workers at the Argonne National Laboratory Center
for Human Radiobiology (La50; La78; La79; La8la;

TS
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La81b; Schlenkert). One of these cases was an 18-y-old
suffering from Cushing’s syndrome, hypertension, ne-
phropathy and osteoporosis who was injected intrave-
nously with 11 kBq (300 nCi) of tetravalent >**Pu in a
citrate buffer medium. She died of her original ilinesses
2 y later, in 1947. Twenty-six years later the bones were
exhumed, weighed, ashed and aliquots taken for radio-
chemical analysis (La81b). The radiochemical results re-
ported by Larsen ef al. (La78; La81b) for this case also
show that Pu concentration is inversely proportional to
the ash fraction in the bone (Fig. 3). Two distinct rela-
tionships, one for the cranium and another for the re-

t Personal communication (1984} with R. A. Schlenker, Argonne
National Laboratory, 9700 S. Cass Ave., Argonne, IL 60439.
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Fig. 2. Relationship of bone ash and #*°Pu concentration in the skeleton of an occupationally exposed individual
(Case 2).

mainder of the skeleton, were observed; an inverse, albeit
somewhat weaker, linear relationship (correlation coeffi-
cient = ~0.58) was noted between the concentration of
Pu in the bone ash and the ratio of ash to wet weight.
There were, however, some striking differences be-
tween this case and the USTR cases, which might well be
attributable to the osteoporosis suffered by this case, or
to the fact that the analyses were not carried out on fresh
samples, hence altering the ash-to-wet-weight ratios. Yet
another difference relates to the time of intake, which in
this case was only 2 y before death as compared with the
two USTR cases in which intake occurred many years
(approximately 25) prior to death. Thus, the distribution
pattern could have been altered as a result of differences
in bone formation rates and subsequent translocation,
which is controlled to a great extent by remodelling. In
adults the remodelling rate is greater for trabecular bone
than for cortical bone (Fr69; ICRP72b; Je81). The rate
of trabecular bone formation has been reported as four

times that of cortical bone (ICRP72b). The kinetics of
bone formation, remodeling and removal of calcium and
actinides are complex and as yet incompletely understood,
but are consistent with the observed pattern. Also, the
level of physical activity, weight bearing, and similar fac-
tors stimulate retention of bone or Ca and could also ac-
count for some of the observed differences, as could the
suppression of estrogens and increased androgens asso-
ciated with Cushing’s syndrome, which cause loss of bone
mass,

A second case, that of a 65-y-old man injected with
14.1 kBq (380 nCi of #°Pu), showed a similar skeletal
distribution of Pu (La79; La8la; La81b; Sc81;
Schienkert). Unfortunately, the ash:wet weight ratio could

{ Personal communication (1984) with R. A. Schienker, Argonne
National Laboratory, 9700 S. Cass Ave., Argonne, IL 60439.
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Table 3. Ash and Ca content of selected bone samples, Case 2

Ashed weight Calcium Ca concentration
Bone sample (q) content (g) (g Ca/q ash)

Frontal (partial) 21.9 8.31 0.379
Parietal (partial) 21.9 7.29 0.333
Rib 7, MS 2.94 1.20 0.408
Rib 9, VE 3.36 1.38 0.411
Rib 9, MS 2.36 1.00 0.424
Rib 9, SE 0.92 0.35 0.377
Sternum 14.57 4.75 0.326
Clavicle, SE 2.66 1.01 0.380
Clavicle, acromion 2.67 1.44 0.539
Clavicle, shaft 9.88 3.63 0.367
Vert. T-7, arch 4.36 1.12 0.257
Vert. T-7, body 2.45 1.07 0.437
Vert. L-3, arch 9.56 3.37 0.353
Vert L-3, body 6.72 2.42 0.360
Femur, PE 55.0 11.8 0.215
Femur, MS 55.8 20.5 0.367
Femur, DE 47.8 17.3 0.362
Patella 8.8 3.67 0.416

Mean + S.D. 0.373 + 0.069

not be obtained as the samples were dehydrated with al-
cohol but not defatted (Schlenker?).

In animals, results are somewhat more ambiguous,
which may be related more to the sacrifice and analysis
of the skeleton soon after internal administration of the
actinide and perhaps the age, dose, and physico-chemical
form rather than a species difference. The classical distri-
bution pattern in animals, as described by Jee (Je72),
clearly indicates greater concentrations in the highly tra-
becularized bone and is thus consistent with the linear
relationship observed in the USTR cases. Studies in the
baboon (Gu80), dog (At58; JeBl; St68; St69; Wrg0),
monkey (Du75; Du83; Du85b), rabbit (Be62), rat (Du69,
Taé1) and pig (Bu68) all typically show greater concen-
trations of actinide in the highly trabecularized bone,
which suggests that a similar relationship might exist in
these species. Regrettably, the data as reported in the open
literature are typically incomplete and do not give wet
and ashed weights or ash fraction.

An exception is the study by Stover ez al. (5169; St72)
of the distribution of injected 2Pu(IV) in buffered citrate
in beagle dogs, in which ashed and wet weights were given
along with concentration data for dogs injected with var-
ious levels of Pu and sacrificed at times ranging from 5-
769 d post-injection. No linear relationship between con-
centration and ash fraction could be seen in these data.

A second and highly notable exception is the recent
report by Durbin, Jeung and Schmidt (Du85b). In this
study, the wet and ashed weights are given along with the
percentage of the injected dose per gram of ash for bone

S

specimens from an adult Macaque monkey (>11 y old)
sacrificed 67 d after intravenous administration of 11.84
kBq/kg of 2*8Pu(1V) solution. A clear inverse relationship
between ash fraction and concentration in bone ash is
observable.

If the two USTR cases are typical of persons with
skeletal burdens of actinides, at least for long times after
deposition, it is possible to obtain a reasonable estimate
of skeletal deposition from analysis of only a few bone
samples, which could be of enormous practical signifi-
cance where only a portion of the skeleton is available.
Similarly, by the analysis of more than one sample, the
specific relationship for the individual may be obtained,
thus resulting in an even more accurate estimate. In gen-
eral the patellae, clavicles and central ribs are most suit-
able; in Case 1, the femoral shaft showed large deviation,
possibly attributable to his heavy exercise regimen which
resulted in a heavy bone shaft. The sternum in this case
was also abnormal, due to the presence of a large amount
of metastatic neoplasm. Retrospective application of
skeletal deposition estimates may also be useful to refine
other observations and may also reveal previously unob-
served relationships.

CONCLUSION

Radiochemical analysis of half skeletons from the
first two whole-body donors to USTR revealed an inverse
proportionality between the actinide concentration in the
bone ash and the fraction of ash. If this relationship is
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Fig. 3. Relationship of bone ash and 2*Pu concentration in the skeleton of an osteoporatic woman experimentally
injected with Pu nitrate 2 y before death.

typical, analysis of only a few bone samples, perhaps as
few as two, even from the same bone, may establish the
specific relationship of the donor and permit an accurate
estimate of the total skeletal deposition without the ne-
cessity for analyzing all or a major portion of the skeleton.
Verification of the relationship will come from analysis
of additional USTR total body donors. In the interim,

the relationship will be applied to the evaluation of partial
body data now in progress by the USTR.
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