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PRELIMINARY REPORT O N  THE DISTRIBUTION OF AMERICIUM-247 
FOLLOWING ACCIDENTAL lNHALATION 

Harold -4. N a y  

ISTRODTCTIOS 

Four indivic1u:ils who had inh:ilerl unknown 
amounts of Am’-” as a result of metallurgical pro- 
cedures c:trried on by titi inclustri:il processor were 
brought to the Whole-Body Counter Facilities of this 
Division. .\pparently they h:ic1 heen exposed repeat- 
r.tlly to nirhorne :irncbricirini v:tpor :ind,’or particles 
o v c ~  a periotl of wvernl nionths, but the total tlurntion 
of esposurc \vas quite unccrtain. In i t i d  ~ti~:isiireiiient~ 
with an 1 ly?” X 4” cryst:il over the chcst a n i 1  thorax 
of one intliviilual resultc.tl in n net counting rate of 
13,800 counts,’mi11 froni the 60-kcV g:iniin:i ray. This 
was a t  least fifty times t h t  of the others and sug- 
gestcd :L body hurilen of niany tiities the recoitiniencled 
J IPL Almost a11 of the s:ut)soqucnt examinations were 
(lcvottvl to nscertnining the :ipp:ircnt rlistrihution of 
the  i+otope within t h c b  t)o(ly of this inclivitlual. The 
pr twnt  t liscussion is w t r i c  t CY 1 to these nic3:isu renicnts. 

SlEAS~REMEATS 

The first series of ine:isurcinents was ni:ttlc to ohtttin 
an  in(lic3tion of whether the americium hurtlen was 
confincd to the lungs or hat1 t)ecorne inore uniformly 
clistributed. Since facilities for continuous lincw scan- 
ning tire not included in our low level room, and the 
size of the Sa1 ci-ystals in everytLip usage is too 
lwge to yield optiniuin q):tti:tl rosolution mid signal- 
to-1):tckground ratio. the niethoils einployc~~l w r e  
pr:icticully iinprovi>tvl. 

1.6 nimj  lcatl were plncc:tl horizon- 
tally over the supine patient with straight edges 
~iarallel so as to define a IO-cm wide, uncovered rec- 
tangular slit, the long dimension of which was always 
perpendicular to the spinal column. Threct successive 
IO-min counts were made with the slit (and crystal 
:tt)ove it a t  a height of 35 cin from the flat bed) 
centered approxirnntcly :it the level of the first and 
seventh thorx ic ,  :iml the first Iuiilbar vertebra; this 
rvny counting over :itlj:iccnt, nonoverlapping portions 
of the chest and nhcloinen was achieved. The tlistal 

Sheets of thin 

00 f b 5 2 9  

bounclary of the thircl region thus tlefined passes ap- 
prosiniately through thc distal limits of the  lowest rib. 
A fourth count inclutiecl everything helow this level. 
The net counts above room lxickgrountl in the vnergy 
rrgion iroui 32 to 70 keV were: 

Proximal 10-cm zone (over TI) 
11edi:xii IO-rm zorie (over T7) 
Ilistal 10-cm zone (over L I J  
Reni:iitider (over hips niitl thighs) 

6 3 5  cprn 
6190 cpm 
:<(XX) vprn 
31i0 c p m  

Thcsc results suggested that the existing burclen was 
not locntecl primarily in the lung. \\’ith the leacl sheets 
positionetl to define a 5-cm slot parallcl to  the spinal 
axis, the following readings were obseil-etl: 

Subject prone’ Subject liripinc 

Centered over 2520 cpni (’c,iitclred over 29jO rpm 

5-cm Intcr:iI 2~tW rpni %rin laternl :3035 r p m  

G-cm lateral Ilfj0 cpm 1.5-cin lateral 2200 ypm 

spiiie strriillm 

i 1 isplwc nie I 1 t displacemetit 

tlispl:icernent t l isplaceme nt 

Other re:tclings ohtninecl with the uncolliniated detec- 
tor a t  :L diatance of 27 cm above the bed were: cen- 
tered over knees-5300 cpm, over ankles and feet- 
42.50 cpm. over skull-332.5 cpm. 

Consiclering the known affinity of americium for 
selective deposition upon t)one surfnces. the findings 
strongly suggustcil :i rnthcr uniform labeling of the 
entirtl skcbloton. The nimsurerneiitt t:ikcn ovvr the 
lungs :itit1 :it~lorncn ;ire in agrecnitmt with this inter- 
pretation. h i t  do not rule out a concurrent soft tissue 
burden. Hence, a second series of counts was taken. 

Again, lead sheets 1.6 mm in thickness were placed 
over the hocly to permit selective counting of radiation 
originating in specific regions. Instead of exposing 
successive slits of conatant width to the detector, the 
shape nnd sizc of t,hc shielcling was ndjustetl so :w to 
expose portions of ttie hotly inore nearly relatecl to 
natural divisions or ‘LcolilI):trti~ients.’) These wcro (1) 
the heail, five iippt’r cen.ical vertchrne, :mrl arms : 
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TABLE 8. NET COVSTS PEH MINUTE I N  40- TO 72-keV BAND tcntion in various tissues following intramuscular in- 

Compartment 

I. Head and arms-supine 
Head and arms-prone 

11. Chest, ribs, shoiilders- 

Chest, ribs, shoiilders- 
supine 

prone 

111. Pelvis-supine 
Pelvis-prone 

I \ - .  Legs and feet-supine 
Legs and feet-prone 

Sum I-IY-supine 
Sum I-IV-prone 

Whole body-supine 
Whole body-prone 

-~ 

Count rate, cpm 

330 f 4.6  
280 f 4 .4  

1335 f 8 . 5  

1410 f 8 .5  

375 f 4 . 3  
570 f 6 

380 f 4.4 
250 f 3.5 

2420 f 11 
2510 f 11 

2370 f 9 
2820 f 10 

yG of total 

13.5 
11.2 

55 

56 

15 
22.5 

15.8 
10 .o 

Uncertainties are standard deviation from counting sta- 
tistics for counting times of 20 min. 

(11) the shoulders, sternum, ribs, and spinal column 
down to the third lumbar vertebra; (111) the pelvis 
and remaining lumbar vertebrae; and (IV) the legs 
and feet. Care was taken to insure that the boundaries 
of each "compartment" were maintained uniquely, 
i.e., tha t  no overlap occurred and every point in the 
body was counted only once. In view of the com- 
plexities of human anatomy, achievement of this ide- 
alized situation was only approximate. The crystal 
was fixed in position a t  1 meter above the table and 
centered over the abdomen for all runs. Counts were 
made with the subject both supine and prone. The 
unique contribution of Amx4' within each compart- 
ment was obtained by comparison with exactly simi- 
lar data runs of an unexposed control subject of 
3imilar height, weight and habitus. The resulting net 
counting rates are given in Table 8. 

The results appear to be consistent with the hy- 
pothesis advanced above, the large difference between 
prone and supine positions for Compartment 111 sug- 
gesting tha t  most of the activity was in the pelvic 
hone and vertebrae, with very little contribution from 
such possible soft-tissue sites as the liver or kidneys. 
An opposite relationship is noted in compartment 
IV, due to shielding of the long bones by calf and 
groin muscles. 

D.1T.k ANALYSIS 

The metabolic behavior of the actinide series has 
been studied extensively in laboratory animals during 
the past two clecndes. Patterns of deposition and re- 

jection, as well as modes of excretion, have been 
summarized by Durbin.") The physicochemical prop- 
erties upon which the differing properties of the series 
depends are (1) oxidation state which is stable a t  
the pH of body electrolytes, (2,  solubility of the 
atable state, and (3)  tendency to form organic com- 
pounds, in particular t o  be chelated by or hound 
into complex protein molecules or colloidal aggregates. 
The data suggest that Pu, Np, Pa and Th, having 
oxidation states of 4 +  or .it, are predominantly de- 
posited within the skeleton, whereas the tripositive 
members of the group (Xc, Am, and C m ,  appear to 
a greatcr extent in  the liver. The biological behawor 
of the rare earths and of yttrium is also expected to 
shed light on these questions. The conference pro- 
ceedings edited hy Kyker and Anderson('' summarize 
the results of many early *tucks. Herring, Vaughan. 
and have emphasized the similarity in 
Localization of yttrium. americium, and plutonium 
upon honc wrfares, i.e., those portions of bone moqt 
acce>>il)Ic from the vascular bystem, within a few 
(lays aftcr injection, suggesting, however, that  the 
mechanisms of h inchg  map indeed be different. The 
conflicting cvitlence concerning yttrium was re r iewt i  
by Ramsden,") who emphasized the important role 
of ~ I R S R  concentration of injected material, which. by 
influencing uggregate formation and particle size, may 
well clcterminc the amount of isotope found within 
the rc~ticuloenclot1icli:tl sydem. 

Direct cvitlcwe on the tleposition pattern of anieri- 
riuin i n  miin following exposure by inhalation is 
con>picuous by its r:iritp. In the present context. the 
large counting rates oherved over the skull, knees. 
ancL .bins appear to indicate predominant deposition 
upon hone surfaces (in violation of the systematics 
stated by Durhin) , although an alternative bone mar- 
row bite cannot be ruled out. Unlike the usual situa- 
tion involving animal experiments, there IS no meam 
of re-olving the conflict by direct measurement. It 
should, however, be possible to estimate the relattzte 
sur faw areas availat)le for americium uptake by each 
t)onc., am1 hence for each of the experimental coni- 
p;irtincnts. h comparison of these with the corre- 
sponding observed disintegration rates would serve to 
incticate the credibility of the assumed model. Possible 
bources of discrepancy are (1) uncertainty in our 
knowledge of bone surface areas, (2) inability to 
evaluate the variables of counting geometry and $elf- 
absorption properly, and (3)  additional activity 
within soft tissues. Deposition to the latter is expected 
to he significant only within the lungs. liver and 
spleen; hence, only compartments I1 m d  I11 are 
nffectecl. 

00 I b 5 3 0  



Estiniates of the available bone surface have been 
made by two essentially independent methods. In the 
f h t ,  reported values of the trabecular and cortical 
components for each of the principal bones are used. 
Let Jf, be the total i n a s  of the i t h  bone, f ,  and c, the 
inass percentages of the two components. The surface 
area, s, , available for deposition in trabecular bone per 
gram dry weight is assumed to he greater than that in 
the cortical portion by a factor K.  Then 

.sz = C31,(Kt, + f , ) ,  ( 1 )  

whcre the proportionality constant C has the dimen- 
>ion< of hurface :ire:\ per grain and a numerical value 
wliicli nc.c~cl not he evaluated since only relative num- 
ber> arc rcquirctl. The total nrert made available by 
c ~ w h  of the I cotnpartnients is then 

( 3 )  

which, when norinalizerl to total nvailable area. 
h!c'omcs 

S, = ~,,i j = 1, . . . ,-I) 
1 

Compart ni cnt .\verage hone 
mass, If, , g 

31 

'S-dues for tlie mash of the major human bones have 
heen given by several authors, although without ex- 
ception they have certain limitations. The data of 
lIechnnik'5' and Trotter and Peterson,'s) while rep- 
re3enting a sufficient number of individuals t o  give 
a meaningful mean, are weighted with those of ad- 
vanced age or pathology for which the posFibility of 
extensive bone resorption and reniodelling cannot be 
ovcrlooked. Ages ranged from 16 to 86 IlZechanik) 
and 25 to 97 (Trotter and Peterson) with rneans of 
44.5 and 63 year5 respectively. Data  of the latter 
refcwnce are extensive enough ( a  total of 120 &le- 
tons werr riiea~urecI ) to pcrniit c:ilculation of mean 
regression with :ige ai111 to  thus ol~t;tni values more 
typical of the refcrence suhject. Mecli:inik measurc~cI 

Trotter and Petcr5on cncountered 
difficulties in thc ronsi~tency of such nie;isiircments 
I apparently because the -ource material originated in 
the anatomy lahorntorics of a medical ~choo l .  and 
waa sut)ject to varying degrees of c1ehytfr:ition ) ant1 
in-tcucl iq3ort clry. fat-free weight. Spierst7) gives 
thc (Iry uciglit of one set of bones of unhpecifiecl 
origin ; the total inass of 3.4 kg a p p v a r ~  significantly 

TABLE 9 .%Y \TO\lIC \L Ev LLI-  \TION 

t7' Trabecular Total trabecular Cortical surface, 1 Total in c% of total (&el- 
urface, CKLf,l, , 1 C . l f , c ,  l compartment etal) available 

I 
Skiill 
Itad i I is, t i  I i i : ~ ,  hair ds 
Ifrimerii 
5 Cervical vertelwse 

720 
370 
300 
50 

slll)total 
I1 

Clavicle, scapiila. sternum 
Ribs 
\'ertehrae 

2 Cervical 
12 Thoracic 
3 Lumbar 

1440 

Lm) 
580 

LW 
215 
105 

S i i b  t ot, a1 
I11 

2 Lumbar vertelmie 
Pelvis 
Femur. head and neck 

Sttbtotal 

Femur, shaft 
Tibiae 
Fibulae 
Feet 

IV 

1120 

70 
m 
ltio'"' 

730 

CrU)(*) 
620 
100 
150 

- 

Subtotal 
Total 

1510 
1.8 kg 

component, l i  

10 .o 
1?.5 
24.1 
16.0 

10.0 
51 .o 

80.0 

16 .o 
21 .o 

100.0'~' 

15.0(a) 
23.0 
10 .o 
7 . O  

;?88 
185 
289 
32 

794 

so 
1181 

1088 

_- 

~ 

2352 

45 
420 
(20 

1105 

400 
572 
40 
42 

1054 
5305 

CA8 
321 
227 
42 

1241 

180 
2% 

68 

__ 
532 

59 
395 
- 

-15.1 

540 
477 
90 

140 

1247 
3474 

20035 

2584 

1559 

230 1 
8779 

23.2 

32.8 

17.8 

26.2 
100.0 

Estimated division in niass ard striicture. 
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less than that of :t normal, adult white male. John- 
S O n ' H )  recognized these difficulties and lists values 
reprcscriting a small sample (3 to 5 bones of each 
kind, deliberately chosen to be typical of a well- 
developed, adult male. His  values for dry, but not 
necessarily fat-free bones, were adopted for these cal- 
culations. Since only relative values are required by 
the analysis, it must be admitted that the other tabu- 
lations would probably be as acceptable. Values of 
tt and ci were also taken from Reference 8; in several 
instances these were not consistent with recent meas- 
urements by members of this Division and were ad- 
justed accordingly. Perhaps the greatest uncertainty 
exists with the proper value of K.  -1fter considerable 
cliscu*sion with the more knowledgeable members of 
the Division, a value of 4 was assumed. Table 9 
bumnmrizes the resultant calculations of relative bone 
area. 

A second estimate of bone surface in each com- 

TABLE 10. BONE SC'HF.WE R.\UIO.\CTIVITY FROM DIRECT 
hfE.\SCREMENTS OF P U  IN 1)OCS 

Compartment 

I 
Skull 
Radii, ulnae, and haiidm 
Hnrnerii 
5 Cervical vertebrae 

Subtotal 
I1 

Clavicle, sc:tpula 
Sternitm 
Ribs 
2 Cervical vertebrae 
12 Thoracic vertebrae 
3 Lumbar vertebrae 

Sub to tal 
I11 

2 Lumbar vertebrae 
Pelvis 
Head and neck of femin 

s I I  t) t 0 t :11 

Femur, shaft 
Tibiae 
Fibulae 
Feet 

IV 

Subtotal 

Relative Bone 
take-up 
of Put*' 

0.318(b 
0.306(b 
1.46 
1.07 

1.40 
3.33 
1.64 
1.07 
2.72 
1.84 

mass, g 

720 
370 
300 
50 

1440 

180 
30 

580 
20 

215 
105 

1120 

__ 

__ 

1.W'"' ' 3uv 

Total I 5 of 

I- 

229 i 
113 
438 I 

53 

933 I 19.0 

I 252 ~ 

66 
951 

21 
5 s  
193 

2068 

129 
750 
3 '0 

__ 

1199 

12.2 

'4.5 

320 
298 , 

(')From Reference 9, p. 122. 
i b )  Weighted mean; original data divides this into two or 

(e )  Adjiisted mean. 
more subdivisions. 

partincnt may be obtained by reference to the esperi 
mental data of htherton, Mays, and Stover'"' 01 

the deposition pattern of plutonium in the bones o 
d u l t  bcagles. To assume similar metabolic behavioi 
for Am and Pu  defies the comnionly accepted differ- 
enccs in their uptake discussed above. Severtheles.. 
i t  is tempting in view of the apparent uniform dis- 
tribution observed, and may perhaps be justified sincl 
inhalation of americium from the vapor phase ma? 
well result in behavior quite different from that re- 
sulting from injection. Khile  the partition of activit! 
between skeleton and soft tissue is certainly clepenci- 
ent upon mode of ingestion, it seems rc:is:onable t i  

assume that distribution within the  skeleton is ,5ut)- 

stantially intlependent of that vari:tble. 
These ziuthors list iReierence 9, Tahlc 111. p. 122! 

the activity of the principal bones or divisions o i  th t  
skeleton, expressed as percent of total skeletal rndio- 
nuclide clivicled by fraction of tom1 asherl bone weight. 
It is convenient, to think of this as percent of skeletu, 
activity pcr gr:tni borie ( :islied weight normulizcd tcc 
total skelct:tl fnshetl) \wight of 100 g. Thc (hti i  W C ~ I ~ I ~  

:iver:tgeii over four ttninirtls sacrificed at  1, 400. 499 
ant1 610 clays post-injcction. Siiice it ilppe:irs unlikcly 
that for each hone the ratio ashecl weight to wet 
weight the value of which is certainly tleterminc-tl 
in part  by the relative amounts of trnhccular vs. 
cortical tissuej is the same for man and beagle, sonic 
hesitation may be felt in applying the da ta  to m:in. 
although the errors resulting from the assuineti rela- 
tionship are probably no greater than those inherent 
in the data thenisclvcs. I t  did seem, hoiveier. prefcr- 
ahlc to convert the 1)cngle data to percent ske1ct:il 
nctivity per unit, wet inass before conibining with the  
dry, fat-free values for human bones. The  c:ilculu- 
tions am1 resultant relative radioelement uptakes are 
summarized in Table 10. 

Before comparing these predictions with the 
e s ~ ~ e r i n i e n t n l l y - o l ~ s e ~ e ~ ~  distribution. the latter were 
corrected for counting efficiency as determined pri- 
inarily hy two varittblcBs: i 1 1 source-detector geomc3- 
try ~ i n d  (21 ahsorption of the 60-keV radiation hy 
ititervc.nirig hody tiarucu. The first can he Iietermineci 
to the rccluirccl precision by analytic means or by 
cspcrinicntation. The second factor is much more cliffi- 
cult to evaluate since i t  depends upon the  tletaile(1 
d is t r ih t ion  of the source within the body--as yet 
undetermined. Intuition tells us tha t  the attenuation 
in such disparate structures as the cranium, the rib 
cage and spine, or the long bones of t.he extremities 
will differ greatly. Since the calculations are t)aserl 
upon relative value*, errors introduced by ncglectirig 
ahsorption losses altoget,her (as we have done) are 
proportional to the difference in mean attenuation of 

0 0 1 b 5 3 2  
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TABLE 11. COMP.\RISON OF PREDICTED .\ND OBSERVED DISTRIBUTION OF R.\DIO.\CTIVITY I X  lYIE BODY 

Compartment 

I. Head 
11. Chest 

111. Pelvis 

Mean count rate, cpm 

305 f 10 
1370 f 20 
470 f 10 

I Predicted distribution 1 of radioactivity 
i 

~ Relative count rate 

-~ ~~ 

0.50 
1 .o 
0.90 
0.50 

610 f 20 1 19.5 f 0.7 
1370 f 20 1 44 f 0.85 
520 f 10 16.6 f 0.4  
630 f 20 1 '20 + 0.7 

I 

3130 f 40 

23.2 
32.8 
17.8 
26.2 

Derived from Table 9. 
(b) Derived from Table 10. 

the various compartments, estimated to be of the 
orcler of 20-25% a t  most. The use of counting rates 
averaged over prone and supine body positions pro- 
vides partial compensation. 

With these qualifications in mind, the predicted and 
ohserved di-tr ihtions are listecl for comparison in 
Table 11. 

D I , K U S I O ? ;  

IVhile tlicre is no 3 priori rcasoti to expect that  the 
c:ilcuhtions of bone areit lead to better prediction of 
rclative counting rates, they in fact do  show a signifi- 
cantly closer correlation with the observed data. The 
greatest discrepancy occurs for the chest region, and 
this is consistent with the prescnce of additional de- 
posits in thc lung. If there is no contribution from 
soft tissucx clsewhcre, comparison of the relative 
count rates observed and predicted lends to an ap- 
prosituate allocation of activity as follom: 

I. IIead aiid arms 19.57,  hone none from soft tissiie 
11. Chest. 28.0"; boric 1WA from soft, tissrie 

111. Pelvis 1 6 . F ;  hone none from soft tissiie 
11'. Legs, feet 20.0:; t)oiie none from soft tissrie 

In order to make an estimate of the total body 
activity, four Lkm241 sources of known I 5%) activity 
were placcvl in a 21-cm thick" phantom compoml of 
polyethylene sheets 56 cni by 34 cm in Tize, with a 
central region of rcclucul clcnsitp. The location of thc 
source  was varied until the ratio of net counting 
rates observed under the stanc1:ird contlitions as thc 
phantom was turned over, to simulate the prone and 
supine positions of the patient, matched the corre- 
sponding ratio in the human subject. By direct pro- 
portion, the total body burden was estimated to be 
1.8 pCi. Since this phantom in no way simulates the 
highly probnble skeletal :ml lung clistribution pos- 
tulated nor the attenuat.ion properties of bone and 
other intervwing tissues, thc figure is sul)ject. to con- 

* Eqiiivalent t o  :rversge thickness of patient's triink. 

23.3 
40.2 
25.5 
14 .o 

siderahle error. i t  does indicate a total burden in this 
individual approaching one hundred times the recom- 
mended ,\IPL.'lo) Reduction of the body burden by 
chelation therapy was promptly instituted elsewhere, 
and a t  tile time of this report has been in progress 
for nearly R year. I t  is anticipated that similar whole- 
I~ocly in~~ :~~uren ien t s  on the inclivitlual will be repeated 

Elizalwtli T,loyd ami .Jolin Marshnll were o i  great 
nssistance in frequent tliscussion and evaluation of the 
(lata on r:i(lioelcmcnt uptake and of hone calculations. 
The continued interest tint1 encouragement of L. I). 
J1:irinelli is also tleeply appreciated. 

soon. 
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