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Workshop Pmceedings-- - 

MEASUREMENT OF THORIUM ISOTOPES AND '=Ra IN 
SOFT TISSUES AND BONES OF A DECEASED 

THOROTRAST PATIENT 

James F. Mclowy, Edward R. Gonzales. and John .I. M$io* 

INTRODUCTION 
THE msr studies to measure the activity concentra- 
tions of "qh and daughters in or@&% and times of 
Thorotrat patients were canid out in Germany be- 
tween l 946 and i 949 by Schw€er at the Kaiser Wilhtlrn 
Institute in Frankfurt, G e m n y  (Muth 1989). Many 
studies since have a n a l y d  slectcd ti- Men at 

Los Alunw National Ldbmlury. Mal Slm K W ,  Lu, Aln. 
mos, NM 81545. 
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autops? in an effort u7 chmcrerim the retention and 
distribution of thee radionuclides (Rotblot and Ward 
1953; Hush  et al. 1957: Goldin et ai. 1972; LUGS el 
al. 1972. Dudley 19711). In these studies. only major 
dtpuatirin qim, liver, spleen, bone, and bone marrow 
w m  most typically aUccted and anrrlyzed. 'Rtis study. 
to the hest of our ICnowleJgt, is the first time the 
distribution of ''2Th and d a a e n  him been measond 
in all mft ttssues and bones of the whole b o d y .  

MATERIALS AND METHODS 
An aulopsy was pl?rformed on U.S. Uranium Re- 

gsiry (USUR) Case 1001 within 2 h folloWing death 
on 8 June 1989. Details of the autopsy and pathological 
tindi~p an @nn by Graham et al. 1992). To mmute 
the &on-lived &@ten of 2'2Th in various owns and 
tissues of iatenst, the pathology team bad been alerted 
of the necessity to bcgn the autopsy as so011 as possible. 
a h  death. Times of s p e d  inttrrst were proaseed 
for imrndate pmma counting at tbe National Insti- 
tute of Hulth (NIH) and the National Insftutc of' 
Smdrrds und Technology (NET). The liver, spleen, 
panmas. kdncys, ewphagua larynx, brepsto (aU of anc 
breast and approximtdy onehalf of the other), eycs, 
Mood. and a rib sete irnmediilWy rcmovbd and 
weighed. A suubaungle of apomximatcly 200 8 was 
maoved from tbe whole Liver for thi, part of the study. 
All tissues excqn thc eyes mnd the rib were separately 
hornog-r;nbd in a Wahg blew, red@ed, and 
placed in Teflon' jars for counting Liver, kidney, and 

w e n  divided into mu@y equal portiaas for 
simultaneous mevunmtnt at NUI and NET. Tbc eyes 
wcfe placed in 3 wand rneasursd intact. The rib was 
cut into s e v d  small sections and pllcad in a 'Teflon 
jar. The blood sample was ccnuifugdd and rhe p- 
decanted. 'The red Maxi a l l  froLxion and the plasma 
was each placed in separate Teflon &. Details and 
results of tbe gamma counting of these samples arc 
given hy Mays ct al. (1992), 

From this point on, the body was bonded in 
lccardam with the standard USUR protocol for 
wholabody donations (Bnitenstetn 198 I; Kathrcn 
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1989). AU remaining organs, inciuding the brain, were 
weiw, individuall p r c h d  in plastic bags. and 
p W  in Styrofor mty shipping containers. Dry ice was 
added and the spechens were shipped by air fdght to 
Lus Alamos Natiod trbamtory (LANL. 1 !'or analysis. 

Thc eviscerated body was packed in ice and sent 
by air fkfght to the USUR fkdhies in Richland, WA. 
The body was gammaeountcd in the whole-body coun- 
ter at the Pacific Northwest Labratory In-Vivo Ra- 
dioaawy Research Laboratory to determine the exlemd 
radiation distribution ( h y s  et al. 1W2). 

following these measurements, the remaining soh 
tissues and bones u'trt separated, weighsd, individually 
packaged, frozen, and sent IO WNL for radiacbcmical 
analysis. The protocol UJbd for the dissection was de 
veloped by the USrrt/USUR and is cxplOined in detail 
by McInroy et al, (1985). M y ,  the skin, inchding 
adipose time, was removed in b o r n  from gtnetal 
anatomic areas, Le., the herd, upprr arm, fomum, 
hand, upper t t r m  (front and back), uunk (fmnt and 
back), thigh, d, and hot. €ach &on was immati- 
atcly wei&eff, individually pack@, and p k c d  in a 
freezer. Similarly, tbe mu& was removed from the 
same anatamk am$, weighed, individually packaged 
and frozen. 

The entire skeleton wsu then Jismicuhted. The 
bones were fntd of as much of the nmoiniug wfi time 

sions of bones wrc made With a bnc saw: The odd- 
nurnherrd VeRebnt (except for the atlas) wen dividtd 
into Mica mad mrcW the lo bats of the right side 

into left and right halves; and the rigbt Wf of the skull 
was Qrther divided into frcisl and clonial portions. The 
wet wei.gbts of parg of the divided bones wen meas- 
ured, and the picces wen individually packaged and 
frozen. All samples were packed in insulated canuium 
with dry ice and rhippsd to tor Alunos by air &leht. 
The specimeus wen stored in a frrmcr until analyzed. 

Marrow war scpentad h m  sdccted boner con- 
tai- red or yellow mwxow. Two vertebnl M c s  
(thoracic- I O  and fumbu4) wat cut into Ssctioni 4-5- 
mm-thick usia a d band u w .  Likswist, Sectioas 
wen cut fiorn thc leA ilium. "be Iett fibula was firs1 
divided into rbe proximal end, proximal shaft, distal 
shaft, and d i d  srd "be left rib4 and each section of 
the fibuta was cut ia@ftldjwlly to the marrow 
cavity. No nd was rpprrnt in any of ihe fibula 
d o a s .  FA& h a  was rimed with a stmm of 
distilled water to nmovc adherent bone dust from the 
cutting, blotted e, isad weigbd. Tfhe mattow wab 
removed fwm the bone matrow cavities by the forceful 
impinpment of a strcarn of Wkd water (Goldin et 
ai. 1972: Mclnmy and Katbren 1990). When no re 
maining marrow wos viaibk, a jet d co- air 
w u  blown through the bone to nmovc ex- wtw, 
the bone was bloned dry and rew&hd. .As repofled 

89 pasaible 00d wfrolc. T ~ o  followin8 subdivi- 

w e e  divided into eadr and sb3a : the skull was diVidd 

!%y~obm,  Dow chtmicd Compny. 202U Witlud N. LOW 
Center, Mtdhod. MI 48674. 

h> (Jddin r( d. I %!), the empty m k S r  honey- 
comhlikecells thi  held the marrow were c l d y  visible 
after t.hc cleaning. The marow wight was determind 
by the wetghhl diffmnce. No calcium mtasurcments 
werc made on [he narrow fraction to determine if any 
hnc: !iagmmts were removed along with the marrow. 

\.Lthwgh this procedure for removing marrow has 
hen temncd in the literatun fOT many years, it should 
k o\)tcJ that there is no guarantee that the fmction 
remcwi cotitailis only mimow. As me.ntioncd, bone 
fingtnenis mny h also washed out of the m a m w  
caviut's and. although we think it unlikely, unknown 
quimciiies cif other orlplntc material such as :he endog- 
lcum n a y  be removed along with the marrow. We 
knw irf  no rt?pc~"ted sWdy that has exarnmed th~s 
specific probkm. 

Amlytical pmreddon 
Soh tissues, orgms, and bones were either WYd 

whok iir subdivideci f i r  convenience of analyses as well 
a to d n  p o & ~ e  diffmaces in radionuclide dis- 
tribution or vahatioo thmugbut W r  spacimens 
(Mclnroy tl al. 1985). Thc b e s l C  mdmchemid P m -  
dum wen dczoiled by Gonde ( 1  990) and Boyd et ai. 
( 19x7). Briefly. spccimtas wue Oven-dried, dttm#Iy 
dry- and wa-&ccf until dl visible crubonmus III& 
krkt was dutmyeb, and dissdved in 8 M Ha. (Watcr 
wu LO m e  oomples to expedite dissolution. No 
anempi was made to deternine if d o i d  formation 
axumd.l  An apFr0Priat.c dquot wu sclclected, '*h 
tracer was added, and the sampk ~ 2 5  heated to dryness 
2nd dirruolved in the minimum amount of 8-M HNOJ 
to obtain a conwnuation not to cxcced 25 mg a h  
c m '  

'fie solution wos passed throu& M ion cxchru2ge 
column contolning Bio-Rad anion C K C & ~ ~ ~ J W  ndnt (AG 
I - X ~ :  K@-ZOO mesh). I'he thorium retained on the 
rain was eluted with 9 M HCI-CL. TIC dwtc was 
evaporated to dtynsss, 9 M H$04 wa8 added, and the 

adjusted to 2.3, udng thymol-blue indicator and NH, 
PI. and thc solution was tramfenat to aa electrode- 
parttion mil. The thorium was electroplated for 2 h at 
0.55 A onto a 1.17cmdbmcter tlcctmpohhed W n -  
lers Wi &a& wing a modification of Tdvitie's proce- 
dure (T3dtie 1972). The disk was counted in an. alpha- 
pulse heyhtdeteciar systcm using a 300 mmZ Si sur- 
fm-bafiier deteclor. The background for each detector 
was measured fat 70,000 s and compared to a runnin) 
average of IO consecutive backgrounds measured prior 
to the c m n t  memremcnt. If the measurement fell 
outsldt the mUoL limits (thrm stpndard deviations of 
the rtv- dftciency), the dbtcaor chamber was 
ckaaod and a new background detmniaed. If the back- 
ground nmPiacd outside the control limits, thedeteaor 
was teplwcd. The awqe of the amn backpounds in 
the I 6  detecton w a ~  1.3 k 0.7, 7.8 i 1.9, and 2.6 i 0.6 

' 4rulydcrl G d e  Anion Ea- Rain, Bio-Rd trboncc- 
nrs 4 14 Harbour Way, Richmond CA 94804. 

~unpk wu hat& Until the HzS04 fumed. The pH w 

.- .---. 
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i'c)unts in 70.000 s for :'%. --'Th. and "'Th. respec- 
lively. The. bxkgrciund average w a s  updated w c k l y .  

'The. efficiency of each &tutor was determined 
weekly by a 1.020-s count using a semndap standard 

.'!pp~. :'',Am. and 242h, 'I'fiis xcondar?; standard 
US periodically calibrated with a NIST '"Pu standard 
using 3 gas-flow proponiunul counter. The result for 
lwl\  dctcctclnt was comparcd w i t h  il running average 
dliciency t h a ~  repreicntcd a t  leas1 10 cle~mina~ions.  
If the detector el7iciency fell outside i h c  conlrul lirniis 
(thrrr stundard deviittiotls of thc average e.fticiency). 
the detcs.cor replaced. "'he dclccror efficiency was 
ciydated weekly. An cstimntc of the minimum detecta- 
612 acriuity (MDA) was mil& using the method3 c ~ f  
Curr ic  (1968, 1984). The MDA was b e d  on the  in- 
strurncnt background counts (in the energy areas of the 
rhorium iwropes) oblained from rhr analvsis nf chem- 
~cal rcagcnt blankquality control wmplcs. thc percent 
iracer recovery. and the coirnting cflicicncy of the  s)a- 
tein. The MDA for a sample was apprc>ximiikly I nlRq 
(O.(IX disintwitioris min-' I pcr sample. aliquot at (he 
0.05 confidence. lct!cl, The calculation assumcs a mean 
~'ccovcry o f  the tracer of' 6C1S. B mean backgruund (?I' 
ihrct counts, a 7c3.0CMh courit length. and il counting 
i.fflcicncy of' ZO'?G. Any srnpLc with 8 tracer recovery 
less thui 60% was nanakyzed. 

Two thorium isotupes were evaluated h r  use as a 
cracer in thew anaIyses. ::''Th. an alpha cmittcr. deczys 
with scvc.rul energies, producina it broad spectrum that 
w s  judged unacceptable for thw mcasiirements h- 
cause of  the rwttution ofnur alpha detectors. The alpha 
cnerejcs (4.8-50. MeV) wre too close 10 the 4.7-MeV 
alijha cnergy of ""Th. one of rhc thorium isolnpes of 
interest i n  this srudy, for thc cnrnputer code used to 
intcgrate the counts under each pcuk satisfactorily. 
Thcretbte. ''4'l'h, u. beta-emitting isotope with a 24 .14  
half-life. was used. Apptnximtely 33 Bq (2.Of.M nisin- 
ccgrarions rnin"') iif ' T h  were added to the. dissolved 
sample at ttic time of aliquoting. The samples were NII 
through thc ion e.xcfiange and electroplated as swn as 
pnssible hecause of the: short half-life of the tracer. 
Chemical losses were corrcctcd re[ative to the recoverJ 
afthe added -'"'Th trdcer as dekrntincd on the basis of 
t o ~ l  beta counts using a gas-flow proportional cnuntrr. 
Tlioriiirti wm separatcd from unspikcd {no tmcer 
addcd) (issue solutions and counted iix beta iiciivity. 
'I'hc. indigenous beta activity accouiirctd for less thati 
9 %  of the activity added as a tracer but. consequently. 
could have incrcascd the apparent chemical rec.oveT 
of the sample by this amount. This adds ahout S %  to 
the total uncertainty of [he thoriurn mmsuremcnts, 
O n l y  urnpie aliquots that contained 4). I Bq (-2.5 pg) 
""Th were used bwause. at higher activities. the mass 
of the !32Th attenulttcd the cmitted alpha particles to i~ 
different d e p e  than the beta partides on thc sizc plota 
used. thus ncgating the validity of '.'*Th as a tracer. 

Reagent blanks were spiked with 'JITh and proc- 
cssed thrciugh each step of  the analytical procedure with 
cvcry  sei of wmplcs analyzed, .'['he awake. :.''Th back- 

ground ( 9 1  = 2.31 was 0.25 mBq [.n = 0.13 mm): '?*n 
= 0 . 2 7  m& (a = 0.38 m&); and !""I% = 0.23 mBq (a  
= 0.2.; niBq). Twentysix reagent quality-control urn- 
ples spiked with .."'I3 wcrc also analyzed concumntly 
with I hc  !issue samples. The average. raven' of the 

ihe .'"'Jh 1race.r in 310 tissuc samples was 83% (u = 
16.?'', I I I I ~  urtiple with n tracer recovery less than 
h(lc; \h 3'. rcanal~zeii. 

Thr .'"Ra w i ~ %  defermined by measuring thc 0.91 L -  
MeV gamma rays emittcd dunngthederdy of the. "*Ac 
bughtcr. Aliquots of the dissolved tissue between 100 
cin'iirid 400 cm I. i n  increments of SO cm'. were placed 
in pnlvct hylane bottles. 'Thc c.ounting system consisted 
of a Ic1.2.cm s I5.2cm (4" x: 6 " )  Bicron Nal(Tl) welt 
counkr' ci~i~p1t1.I to a 7.6-cfli t.3") photomultiplier tube 
wirti a I 9-cm (0.7i in.)  quam optical coupler. The 
energ? calihmtion was dcwnnined using " ' C S - ' ~ ~  
SourccIs. Standard sdutions of "*Ra in 8 M HCI, prr- 
pared fiwm YIST SRM 4339'. were used to determine 
thc counting etfcicncics for the: sample volumes used. 
T14o quality-control samples. also prepared from NIST 
SRM 4331 i n  R M HCI. were measured with each sct of 
I8 samples. ,411 quality-control samples, backgrounds. 
atid most ot' the saniples were ciiunred for 7.200 s. A 
f c . ~  samples that were e x p c t c d  to contain lcvets of 
activirv iicar the detecuon limit of I.? t3q (70 disinte- 
gntiuns min- ' )  were counted for S0,OclO s. Forty-six 
qualit!-control nindards containing 2.9 Bq ( (75 dis- 
inkgratiuns nrin-'1 or higher were counted with an 
accurd;IL*:+ of r IU':';. 'I'hree quality-control standards 
wen. :clunted with an accuracy of *15R. All samples 
were analvxd over a 13-mo time period. No calcula- 
tions were made to corrcct the results back lo the time 
d'driitti. Thiny-eight samples were recounted 81 the 
end r>f' the study. TWO umplrs hid measured activity 
witintically higher than the inithl counts. This phwom- 
cncin LS hetng investipted and will bc reponed in a later 
paper. [n addition. no samples were overspiked with 
--KRa to determine if there was any atrenuition ot' the 
c w m  duc to the wnple matrix. Le., hone samples vs. 
soft i i w c .  This is also k i n g  jnvatigilted and will br 
rcporred at a later (hie.  

Thc propagatinn of crrw associated with c.ounring 
statistics. addition of tracer. background. and counting 
ctXcitncy variations in the thorium measurements au- 
era& :-S% of tnc measured activity. The overall 
LJlJCCflamt!i of the thorium measurements w u  about 
IO- I 5 % .  'Thc radium measurements also hiid &ti un- 
cenainly ranging from IO- 15% of the rncatured actjv- 
( I ! .  T'hs. with a hwcr h i t  of defection of 1 mBq and 
i n  uncertainty of IO- [ S%, the. concentration of thor- 
rum may be measured in a sinall sample with reasooa- 
hk: accuracy. Howcver. the radium procedure. with a 

w\\ 104%: ( U  = 7.5'Pol. The averas ~ X O V C Q  of <.''Th 

.$ 

---.. ---- 
Ricron 5 -  x 4" W(T1) Wcll Counter. L i m n  C'orpontion. 

1 2  Wc K i i u n w  Rnud. Newbury. OH 4406% 
' .%a Simciad bluiion. NET SRM 433Y. National lntljtutc .$ Siiintlards and Terhnd(tgv. Quince c)rchunl and Cloppcr Roads. 
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57 Thorium isotopes and z28Ra in Thorotrast patient J. F. MCINROY ET AL. 

I llmlt of detection of 1.2 BCI ( 1,200 times higher 
L - ~  ,ho"um) and an uncertainty of 10-15% was 
.Jn Ihc 

to jetermine the radium (actinium) content in 
,,!he smaller samples. -3 

,et( ' , d t  tissues and two bones were selected for 
..&m.. . analysis for thorium. Liver, spleen, stom- ;+ ,kII,. ,ilum. and the distal shaft of the radius were 
,id Js ,,presentative of samples having a consider- 
;c.ic n n g e  of activity and were among those most 
,:,licujl lo analyze. Solutions containing the dissolved 
,mplrs ' \\ere sent to another laboratory at LANL for 
,,,,urcment using inductively coupled plasma-mass * IronIctn ([CP-MS). The mass measurements ob- 
.onrd tr! ICP-MS were converted to activities using 
:hc , ~ C I  tic activity of 232Th (4.1 1 kBq gel). 

A 25cm3 vial of Thorotrast obtained from the U.S. 
Transuranium and Uranium Registries was submitted 
to the Analytical Chemistry Group, Chemical and Laser 
Sciences Division (LANL) for thorium analysis using 
thermal ionization mass spectrometry. The vial con- 
tained 6.13 g 232Th (0.68 &), 9.5 x lo-'' g 228Th (0.78 
pCi), and 2.1 x g 23"Th (0.43 pCi). The estimated 
reported accuracy of the analysis was 20% at 1 Q. 

Following is a brief summary of the analytical 
results. 

Table 2. Distribution of thorium isotopes and 22'Ra in the 
whole body of a Thorotrast patient 36 Y mainjection. 

RESULTS 
~ l ~ c  results of the interlaboratory comparison of 

un,l,lc analyses using alpha spectrometry and ICP-MS 
Jlt n in Table 1. The results agreed to within 10% 
i,,r the liver. spleen, stomach, and skin. The ICP-MS 
s I n ~ ~ ! \ ~ ~  for the ilium was about 15% lower than the 
. I ~ p ~ ~ a  \pcctrometry measurement. The calcium concen- 
Ir.ltlon of the radius shaft interfered with the ICP-MS 
, in ,~ I t~~\  At the dilution required to prevent the calcium 
UII\ tiuin plugging the orifice of the instrument, the 
,onccntration of thorium was below the detection limit. 
t l t )wwr.  the overall results gave confidence in the 
.~tcuracy of the radiochemical procedures used. 

tt total of approximately 28 kBq (0.76 &) of 
I '  TI1 was measured in the tissues of USUR Case 1001 

uimc 36 y following the initial injection of Thorotrast 
111 lhl5 individual. This is almost 20% more than the 23 
Llkl estimated to have been injected in 1953 (Mays et 
.11. IW) but may be reasonable in light of the lack of 
Llwunicntation as to the actual amount administered 
J ~ J  the uncertainties associated with our measure- 
ments. The biokinetic modeling and dosimetry result- 
14 from the injection of Thorotrast in this individual 
m discussed in detail by Kathren and Hi1 (1992). 

h b k  I. Comparison of thorium mcasurcments using alpha- 
Pulw-height spectrometq and inductively coupled plasma 
m a s  Vectrometry (ICP-MS). 

23'Th wntent 
Mass (8) (Bq W ' Y  

wet f i  spec 
Liver 1,033 12,200 12,800 5.2 

144,Ooo 144,Ooo 0.0 Spleen 25 
Slornach 196 220 241 9.5 

100 107 6.8 Skin, head 585 
I h l  cmt 27 13 11,400 9,727 14.7 

~ lpha-  ICP- Diffmna - 

Raljlus. distal shaft 13 6.8 33 <DLb - 
'soft  tissue sample concentrations per kilogtam wet mass: bone 
?mples per kilogram ash. 
DL = detection limit. 0 0 0 b 3 7 O  

Thorium and zuRa 
wntent (Bq) 

Tissue = z T h  a R a  =Th 9% 
Respiratory tract' 232 89 82 29 
Liver 12,433 5,727 5,392 1,839 
Kidneys I 1  2 5 2  
Spleen 3,607 i , ~ i  1,481 443 
Smooth musde organsb 114 44 43 13 
Striated musck 453 199 162 54 
Other muscle' 14 5 5 2  
Skin(includingadiposetinrue) 362 132 122 46 
Other soft tissue9 832 522 438 108 

9568 4253 3954 I265 Bones and teeth 

ThOIDtraStOmp 994 415 390 118 
2tmim11.68Jm 

Toul body ~ ~ T Z ; b n r n  

Total 

Lung, bacheq larynx, hilor, and peritracheal lymph nodes. 
Stomach, d intestine, lugc intestine, and urinary bladder. 
Heart, tongue, and diaphragm. 
Adrenrls, pericardium, pmcreps, gall bladder, bile, mesentery, epi- 

dura, brain, hair, eyes, breast, thyroid, pituitary, abdominal lymph 
nodes, aorta, carotid artery, and esophagus. 

Table 3. Wet Wcight, thorium isotopes, and %a content in 
dissected Thorotrastoma and carotid arterv. 

~ ~ ~ ~ 

Sample content (Bq) wet weight 
Tiiue (g) 9 *%a % '39n Total 

Carotid artery 7.8 106 44 41 14 205 
Carotidmryand 32.4 770 317 297 90 1,474 

Thomtraszomo 12.4 118 54 52 14 238 
Thorotrastoma 

Total m m s l s m n m  

Table 4. Activity ratios of thorium isotopes and 
disJected Thorotrastoma and Carotid artery. 

in 

carotidartcry 0.39 0.42 0.93 0.13 
Carotidartery and 0.39 0.4 1 0.94 0.12 

Thorotramma 0.44 0.46 0.96 0.12 
Thorotrastoma 
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Table 5. Weights and content of thorium isotopes in bone and marrow. 
Ratio - 

Vertebnw 
Thoracic- 10, body - (red) 

bone 

Lumbar4 body 
m- (red) 
bone 

Rib& kA - (red) 
bone 

Ilium, leA 
marrow (red) 
bone 

FiMu-l@ 

marrow (yellow) 
born 

r n m  (yellow) 
bone 

Distplsh.ft 
marrow (yellow) 
bone 

Distal end 
marrow (yellow) 
bone 

Roximd end 

Roximd ShaA 

2.9 36 
3.5 9 

4.1 55 
6.3 14 

2.0 18 
14.3 6 

11.9 I 20 
25. I 57 

3.0 0.24 
10.5 0.46 

0.7 0.28 
13.5 0.48 

1 .5 0.10 
12.3 0.33 

1.8 0.09 
7.5 0.46 

13 
4 

23 
7 

8 
3 

49 
28 

0.08 
0.7 1 

0.1 I 
1.03 

0.05 
0.74 

0.06 
0.82 

4 
1 

7 
2 

2 
3 

13 
8 

0.0s 
0.06 

0.04 
0.08 

0.02 
0.06 

0.0 I 
0.06 

0.80 
0.20 

0.79 
0.2 1 

0.74 
0.26 

0.68 
0.32 

0.34 
0.66 

0.37 
0.63 

0.22 
0.77 

0.16 
0.83 

0.75 
0.25 

0.78 
0.22 

0.72 
0.28 

0.63 
0.37 

0.10 
0.90 

0.10 
0.90 

0.M 
0.94 

0.07 
0.93 

0.73 
0.27 

0.80 
0.20 

0.45 
0.55 

0.63 
0.37 

0.45 
0.55 

0.32 
0.68 

0.22 
0.78 

0.14 
0.86 

'Ratios may contain small diffmca dw to founding effearr 

M s m  isotope urd radlom COnttDta in soft tissue 
The thorium and radium contents in Various soft 

tissues and organs are shown in Table 2. Compktc data, 
including o m  weights, an given in Tables A-1 
through A-3 in Appendix A. All concentrations for soft 
tissues are expressed in units of activity per kilogram of 
wet tissue analyzed (Bq b-'). As nported by others, 
most of the 232Th and daughters wen retained in the 
reticuloendothelial system (RES) (Goldin et al. 1972; 
Kaul and Nofi 1978; van h i c k  1984). Highest con- 
centrations were found in the hepatic and other abdom- 
inal lymph nodes, spleen, hilar lymph nodes, liver and 
trachea. Approximately 45% of the retained ''%I, 
228Ra, u'Th, and 2% was found in the liver, 13% in 
the spleen, 2% in muscle, 1 W in skin, slightly less than 
1% in the respiratory tracl, and 4% in all other soft 
tissues combined. 

The activity ratio of 228R8 to its parent lJ2Th in 
soft tissues averaged about 0.40 (with a range of 0.20- 
4.37), indicating a state of disequilibrium in which 
approximately 60% of the had been excreted or 
translocated. A few tissues, such as the ccrebrum and 
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Isotmtc activity ratios (Tahle 4)  in the Thorutras- 

'Thorium and radium uaulym in bone 
Thorium isotope conccntmdons in mineral bone 

and nd and yellow bone marrow are found in Table 5 .  
For those h n e s  m l y z e d ,  75-8O'pn of the total thorium 
was in the red marrow of the vertebra and rih, 6 2 4 8 %  
of at1 thorium was in the red marrow of the pelvis. and 
1 h-37'% of the 2z2Th wau in the ycrllow m m w  of the 
fibula. Ratios vaned for the other issotopes (6- 10% for 
T"; 1 5 4 5 %  for 'XTh). me ratio of "'Th: I3'Th 
activity in 311 marrow was similar IO other soft tissues, 
ranging from 0.32-0.68 in yellow mmow and 0,36- 
0.44 in red mmow. Mineral hone from bones contain- 
ing red marrow also had ntios < I  (0.44-0.50). How- 
ever, hones containing yellow marrow had ratios rang- 
in from 1.5-22, indicating an enhanced retention of ?:ha. For a moredetailed discussion of the isotopic 
ratios. distribution, retention, and excretim. see the 
KpOR by b t h r e n  and Hill ( 1992). 

Wet weights. ash weights, thorium, and radium 
concenti';ttions in the whole bones measured are shown 
in Appcndix B. Thirty-four percent of the total whole- 
body content of thorium and '%3 (excluding the 
Thorotrasloma) was found in the skeleton (Table 21 
Highest conccntrations were found in bone containing 
red marrow. Lowest concentrations were in bones with 
small marrow cavities ur containin chiefly yellow mar- 
row. We were unable. 10 measure h a  conccntrotions 
in many of the smaller bone specimens. lsotopic activity 
ratios of z 3 8 R ~ :  232Th wcrc generalIy h a a t  in the 
cortical bone and often timer exceeded unity, indicating 
a prcfcrcir(ia1 retention of the '"Rn. 

SUMMARY 
The whole body of an individual injectccl, with 

Thowtrast 36 y prior to death was a d y d  for - , q h ,  
"%al '?'T.h. and ? . T h .  From the available idonnation 
concerning the amount of Thorotrast likely 10 have 
heen injected into this individual (Map et &I. 1992). it 
was estimated that almosr all of the ?>-Th was retained 
in the body, mostly in the nticuldothelial system. 
A total of 28 kBq (0.76 pCi) of 13?h wlls measured in 
the SUI? tissues end banes. The body a190 conmncd 13 
kBq 2'ORa, 12 kBq L3aTh,, and 3.9 kBq 'r'Th. A Thb 
rottastoma contained about 3 3 %  of the total activity. 
Excluding the Thorotrastorna, approximately 45% of 
all the activity was rclained in the liver, 13% in the 
spleen, 2% in muscle, 1% in skin, slightly lcss than 1% 
in the respiratory tract, 4% in a11 other soft tissues. and 
33% in the skeleton (inctuding bone marrow). Sixty to 

0 0 0 b 3 7 2  

80% of' Iht! thorium activity in bones conr;iining reJ 
marrow was Iwatcd in the mamow. Bones containing 
ye,llow niilrrnw had less than 40% of the thorium ;rctiv- 
i ty  in thc marrow. Highest concentrations were found 
in the hepatic and other abdominal lymph nodes. 
spleen. hilar lymph nde.s, livrr, trachea, and bone. 
Sixty percent of the formed from the d a y  ol'the 
"?Th had Iyxn cxcraed from the body, The "*Ra and 
'!*Th were 10 approximate. equilibrium thruuKhou1 h e  
bod). 
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Tables of Dab from the Analyses of Mil ___. 

Table A-1. Wet weights, thorium isotopes, and mRa concentrations of organs and s p a i a l i i  tissues. 
Time mmntr& 

I1 

Lung 
-left 
.right 

Trachea 
Larynx 
Lymph nodes, PdmonW 

.peritracheal 
-hilar 

Liver 
Kidney 

-left 
-right 

spleen 
Heart 
pericardium 
Stomach 
Intestine 

-small 
-large 

urinary bladder 
Adrenal, rioht 
Pancreas 
Gall bladder 
Bile 
Mesentery 
Epidura 
Cerebrum 
Cerebellum 
EYcJ 
Breast 

-right 

Thyroid 
Pituitary 
Lymph nodes 

-aortic arch 
-aorta, dexxnd 
-carotid, left 
-mesenteric 
-ilii, wt 
-iliac, I& 

Aortic arch 
Aortq descending 
~orta, abdominal 
Carotidprtery 

Esophagus, proximal 

-left and some right 

-hepatic 

-left 

20 1 
364 
25 
25 

1.5 
1.7 

1,033 

136 
I22 
25 

283 
38 

I96 

570 
387 
77 

3.4 
52 
13 
58 

249 
23 

783 
106 
18 

57 
274 

5.2 
0.4 

2.8 
0.9 
0.5 
0.6 

1.7 
I .9 

20 

24 
20 
11 

5.3 
8.8 -- 

Esophagus, distal 
Blood plasma 

u 
104 ._ 

248 
181 

3,040 
483 

4,969 
13,540 
12,000 

42 
47 

143,900 
17 
57 

216 

76 
67 
31 

947 
1,183 

1 22 
0.06 

40 
87 

1.2 
2.0 
6.6 

28 
18 

1 3 6  
422 

238,100 
1.906 

59,900 
1,827 

989 
2,220 
1,525 

I83 
32 
52 

107 
570 
5 16 

0.16 
0.50 

112 
79 

1,059 

5260 
5,037 
5,543 

18 

60,670 

83 

32 
25 

339 

20 

8 

8 

5.6 
8 

8 

8 

8 

8 

8 

5.5 
8 

8 

8 

187 
8 

a 

132,200 
8 

25, I30 

376 
8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

94 
66 

992 
164 

1,745 
4,709 
5.2 I8 

19 
20 

59,090 
5.5 

22 
91 

24 
26 
12 

308 
415 
42 
0.18 

16 
40 
0.80 
0.8 I 
6.9 

9.7 
7.2 

466 
160 

134.300 
662 

22,960 
745 
339 
803 
570 
82 
47 
68 

40 
201 
179 

0.2 1 

38 
20 

359 
59 

624 
1,608 
1,780 

4.8 
7.4 

2.0 
5.9 

9.8 
7.7 
2.2 

17,670 

21 

131 
160 
14 
0.02 
5.4 

12 
0.14 
0.24 
0.82 

3.9 
2.3 

128 
50 

30,950 
228 

7.622 
213 
95 

257 
185 
24 
4.2 
7.1 

14 
69 
71 
0.03 
0.07 . .~ 0.24 21 Red blood cells 

Activity less than minimum detection level ( 1.2 per sompk). 

LANL 



62 

Table A-2. 
dissection of the skeleton. 

wet weights, thorium isotopes, and radium concentrations in muscle removed in thC 

Tissue concentrations (Bq kg-') 
Wet weight 13?h 221Ra z2BTh ' T h  

Tissue (e) 

Combined Soft Tissue' 

bck-righi i3) 

-left (3) 
(4) 

(4) 

nigh-ldt 

Calf-ieft 
-right 

-right 

-right 

F t d e f t  

400 
78 

57 5 
557 
320 
36 1 
118 
102 
396 
206 
360 
3 I9 
637 
161 
58 1 
212 
304 
556 
277 
768 
399 
786 
454 
705 

2,662 
2.5 15 

849 
855 
192 
189 
30 
18 

381 
* 9  
J I  
6.8 

12 
8.7 
9.6 

14 
14 
I51 
31 
36 
28 
19 
22 
16 
IO 
21 
6.8 
8.2 

16 
70 
27 
72 
16 
5.2 
5.7 
6.8 
6.7 

12 
12 

148 

7.2 
8.2 
b 

b 

b 

b 

59 
17 
13 
12 
11 

1 1  
b 

b 

b 

5.9 

32 
12 
28 

b 

8.2 
4.3 
4.9 
8.0 
8.2 
b 

b 

139 
18 
2.4 
4.0 
3.1 
2.8 
5.5 
5.6 

55 
11 
12 
9.3 
6.5 
7.5 
5.6 
4.0 
7.6 
2.5 
3.0 
4.9 

9.3 

6.3 
1.8 
1.9 
2.7 
2.6 
4.7 
4.7 

27 

25 

21 

42 
7 .O 
0.7 
I .4 
1.1 
I .2 
2.2 
1.5 

16 
4.0 
4.5 
3.6 
2.1 
2.2 
2.4 
1.2 
2.3 
0.8 
0.9 
2. I 
9.1 
3.6 
9.9 
2.5 
0.6 
0.7 
0.8 
0.8 
1.3 
0.9 
7 .O 
0.8 

a b .p. -* .. . 

0 0 0 b 3 7 5  
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Table A-3. Dissected wet weights, thorium isotopes, and d u m  concentrations in skin removed in the 
dissection of the skeleton. 

Tissue concentrations (Rq kg-') 
wet weight 

Tissue (e) 2% WRa WTh 2% 

Combined Soft Tissue' 
Anatomical 6 o n  
H d  585 100 41 47 14 
Arm, upper-lefl 640 13 6.1 4.4 1.7 

-right 655 28 9.6 8.7 3.7 
lower-left 237 30 6.6 8.9 3.9 

9.4 9.9 4.9 
19 7.3 

-right 274 29 

12 5.3 
Hand-kft 100 56 

-right 121 42 
16 9.2 Thorax, front-right (I) 570 48 

15 2.9 
194 16 

30 
47 I 34 13 I I  4.6 
465 144 48 50 13 
604 8.3 4.3 2.8 1.2 

I I  IO 3.0 
5 2.7 

26 

3.1 1.3 
28 1 17 

436 32 13 14 5.2 
524 14 6.2 4.6 1.6 
709 28 IO 8.3 3.3 

4.8 3.6 1.1 
2.9 1.1 

53 I IO 

2.4 1 .o 
662 8.5 

5.3 2.0 
7.2 

Thigh-ldt 2.1 15 1 1  2.2 3.6 1.3 
-right 2,215 10 2. I 3.4 I .3 

Calf-left 648 I5 7.9 4.8 1.7 
-right 637 IS 6.6 4.6 1.9 

FWt-leA 249 28 1 1  IO 3.3 
-right 217 37 18 1 1  4.4 

b 

' 8 b  4.9 2.0 
b 

(2) 

bock-wt (I) 
(2) 

-left (I) 138 
(2) 

b 
b 

-left (1) 306 

Abdomen, front-right (3) 185 8.7 
(2) 

-left (3) 
(4) 

(4) 

beck-ripht (3) 
(4) 

b 
b 

-kft (3) 466 
(4) 980 16 

'Combined skin and adipose tissue. 
Activity less than minimum detectable kvel ( 1.2 Bq per sample). 
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APPENDIX B 
Tables of Data from the Analysis of Bones d Parts of Bones 

Table El. Weights, thorium isotopes, and radium concentrations in bones of the head. 
weight hl) Bone concentrations (Bq kg-' ash) 

wet Ash "2Th 22'b Z 2 B n  ""Th 

Cranium 
Right half 
Left half 

Occipital 
Parietal- 1 
Parietal-2 
Frontal- 1 
Frontal-2 
Frontal-3 
Temporal- I 
Temporal-2 
Temporal-3 
Maxilla 

Mandible 
Right 
Left 

Hyoid bone 
Teeth 

Lower right 
Incisor-1 
Incisor-2 
Canine 
Premolar- 1 
Premolar-2 
M d u -  1 
Molar-2 

upper right 
Incisor- I 
Incisor-2 
Canine 
Premolar- I 
Premolar-2 
Molar- I 
Molar-2 

914 
474 
440 
I05 
50 
58 
46 
21 
23 
18 
58 
10 
41 

10tIb 
34 
56b 
3 

0.8 I 
1.21 
0.6 1 

1.71 
I .04 
1.55 

1.39 
0.77 
1.54 
1.41 
2.67 
4.48 
2.14 

not analyz& 

54.7 
28.0 
32.9 
25.7 
10.8 
11.0 
8.6 

21.7 
4.3 

10.3 

17.4 

0.70 

0.58 
0.82 
0.34 

1.13 
0.73 
I .07 

0.95 
0.54 
I .oo 
0.98 
2.29 
2.95 
I .40 

50 1 
590 
629 
254 
328 
61 I 
636 

2,486 
87 

580 

452 

7,152 

22 
29 
27 

35 
20 
33 

22 

8.4 
17 
31 

310 
302 
352 
205 
25 1 
297 
374 

1,039 

494 
a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

I 

I 

a 

a 

32 I 
334 
348 
234 
235 
400 
380 
934 
137 
479 

395 

3,l IO 

91 
89 

1 1 1  

I07 
78 

1 I9 

101 

36 
70 

123 

66 
76 
82 
34 
37 
90 
18 

26 I 
12 
64 

50 

990 

3.4 

4.2 

3.8 
2.8 
5.4 

11 

2.9 

3.4 
3.0 
6.9 

* Activity less than minimum detection level ( I .2 Bq per sample). 
Includes teah. 
Retained by pathologist. 
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Table B-2. Weights, thorium isotopes, and radium concentrations in bones and parts of bones of the spine 
and pelvis. 

Weight (s) Bone concentrations (Bq 6-' ash) 

Wet Ash 131Th 221Rg 128th 2% 

Vertebral column 
Cervical- I 
Cervical-2 
Cervical-3 

arch 
M Y  

Cervical4 
Cervical-5 

arch 
M Y  

Cervical4 
Cervical-7 

arch 
M Y  

Thoracic- I 
arch 
M Y  

Thoracic-2 
Thoracic-3 

arch 
M Y  

Thoracic4 
Thoracic-5 

arch 
M Y  

Thoracic4 
Thoracic-7 

arch 
M Y  

Thoracic$ 
Thoracicd 

arch 
M Y  

Thoracic- IO 
Thoracic- 1 1 

arch 
M Y  

Thoracic- 12 
Lumbar- 1 

arch 
M Y  

Lumbar-2 
Lumbar-3 

arch 
M Y  

Lumbar4 
Sacrum + L~mbar-5~ 
c y x  

I& 
right 

Ischium 
Ilium 

C m t  
M Y  

Pelvls 

16 
22 
16 
8.4 
6.9 

19 
20 
10.6 
9.1 

20 
23 
13.2 
9.3 

28 
15.9 
11.5 
29 
26 
13.9 
11.6 
26 
30 
14.0 
15.5 
34 
36 
14.6 
21.1 
42 
44 
22.4 
21.0 
50 

28.1 

51 
66 
26.2 
39.0 
77 
80 
29.5 
48.7 

100 
232 

12 

422 
426 
159.0 

27.4 
2 14.2 

8 

8 

5.59 

2.95 
2.25 

3.00 
3.20 

4.67 
2.29 

5.36 
2.48 

4.34 
2.34 

4.45 
3.14 

4.64 
4.13 

6.42 
3.70 

7.87 

8.60 
9.8 1 

10.4 
12.2 

45.9 
1.7 

45.8 

13.1 
61.8 

7.7 

6.7 
10.2 

10.5 
17.2 

7.4 
16.7 

8.6 
22.9 

9.9 
31.4 

9. I 
23.8 

10.3 
27.0 

10.5 
30.9 

10.7 

6.4 
8.8 

5.5 
25.6 

15.1 
1.4 

9.7 

11.4 
11.8 

2.2 

2.8 
4.0 

4.5 
2.4 

3.0 
7.1 

3.8 
8.3 

4.3 
13.1 

4.2 
9.2 

4.0 
10.2 

4.1 
12.5 

4.5 

2.4 
11.7 

2.4 
9.5 

6.6 
C 

4.4 

4.1 
5.5 

2.9 

2.5 
4. I 

4.6 
5.9 

3.0 
6.7 

3.5 
8.0 

4.0 
11.3 

3.7 
8.2 

4.2 
10.6 

3.7 
13.2 

4.0 

2.6 
3.1 

2.2 
10.6 

6.2 
0.8 

4. I 

4.5 
4.8 

1 .o 

0.8 
I .4 

1.4 
2.1 

1.1 
2.3 

1.3 
2.5 

I .2 
3.6 

I .2 
2.7 

1 .o 
4.4 

1.4 
4.6 

1.5 

I .o 
I .2 

0.7 
2.9 

2.0 
0.2 

1.1 

1.1 
I .9 

~~ ~~- 
' Thoracic vertebrae I 1 vertebral body retained by pathologist. 

Lumbar vertebrae4 fused to sacrum. 
Activity less than minimum detection level ( I .2 Rq per sample). 1 
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Table B-3. Weights, thorium isotopes, and radium concentrations of the analyzed bones and parts of bones of 
the shoulder and rib cage. 

Thorium and radium concentration 
Weight (g) (BS g-' ash) 

WCt ASh 2J2Th 228* 228n, 2% 

Clavicle 
Left 
Right 

Sternal end (SE) 
Shaft 
Acromial end 

Scapula 
Left 
Right 

Proximal end (PE) 
Spine 
Distal end (DE) 

Rib 
I-Left 

2-Left 

3-Left 

4-Left 

5-LeA 

&Left 
Right 

7-Left 
Right 

8-Left 
Right 

9-Left 
Right 

IO-Left 

1 I-Left 

12-Left 

Right 

Right 

Right 

Right 

Right 

Right 

Right 

Right 
sternum 

'Rib 1 I-L, 12-R. 

LANL 

23 
33 
10.0 
12.7 
10.3 

85 
86 
17.7 
38.2 
23.2 

18.2 
18.2 
15.8 
15.7 
18.5 
17.7 
23.5 
21.9 
25.6 
30.4 
34.2 
41.9 
13.1 
34.1 
16.3 
22.9 
16.6 
17.2 
10.2 
11.4 
27.4' 

7.8 
6.0 

63.3 
8 

2.60 
5.87 
1.98 

5.84 
13.87 
9.99 

5 .oo 
4.63 

5.06 

6.34 

8.59 

11.22 

9.24 

7.52 

5.66 

6.50 

2.4 

7.25 

2.1 
1.5 

10.5 

1 .o 
4.7 
4.3 

7.3 

7.5 

9.5 

7.7 

7.9 

6.3 

6.2 

8.2 

7.2 

4.2 

9.8 

25.5 

I .o 
0.30 
4.3 

0.57 
2.7 
I .7 

3.3 

3.3 

3.7 

3.3 

3.5 

3.1 

3.0 

3.2 

3.2 

I .7 

4.0 

10.1 

1.1 
0.64 
4.2 

0.74 
1.9 
2.0 

2.8 

3.1 

4.0 

3.8 

3.0 

2.4 

2.4 

2.7 

2.7 

1.4 

3.1 

9.8 

0.32 
0.16 
I .2 

0.09 
0.85 
0.55 

0.93 

I .o 
1.3 

I .o 
0.87 

0.70 

0.72 

1.1 

0.95 

0.72 

1.2 

3.2 

0 0 0 b 3  1 9  

I . .  
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Table B-4. Weights, thorium isotopes, and radium concentrations of the analyzed bones and parts of bones of 
the arms and hands. 

Thorium and radium concentration 
Weight (g) (Bs kg-' ash) 

wet Ash 13Th 2mRa 2DTh 2% 

Humerus 
Left 
Right 

Proximal end (PE) 
Proximal shaft (PS) 
Distal shaft (DS) 
Distal end (DE) 

Radius 
Left 
Ri%t 

Proximal end 
Proximal shaft 
Distal shaft 
Distal end 

Ulna 
Left 
Right 

Proximal end 
Proximal shaft 
Distal shaft 
Distal end 

Carpals 
Left 
Right 

Scaphoid 
Lunate 
Triangular 
Pisiform 
Hamate 
Capitate 
Trapczoideum 
Trapezium 

Metacarpals 
Left 
Right 

1 
2 
3 
4 
5 

Phalanges 
Left 
Right 

I-Roximal (P-I) 
Distal (DI) 

2-Proximol (P-2) 
Middle (M-2) 
Distal (D2) 

3-Proximal (P-3) 
Middle (M-3) 
Distal (D-3) 

4Proximal (P-4) 
Middle (M-4) 
Distal (D-4) 

5-Proximal (P-5) 
Middle (M-5) 
Distal (D5I 

159.6 
169.0 
58.4 
36.2 
31.5 
37.6 

43.3 
43.3 

5.2 
12.4 
13.2 
12.1 

51.5 
54.2 
25.3 
13.1 
11.5 
3.5 

18.2 
16.9 
2.6 
2.0 
I .8 
0.8 
2.6 
2.3 
1.4 
3.4 

29.4 
30.2 
5.7 
8.2 
7.6 
4.4 
4.3 

25.7 
25.0 

3.0 
1.1 
3.8 
1.4 
0.6 
4.5 
1.8 
0.8 
3.0 
I .3 
0.6 
2.0 
0.7 
0.4 

12.0 
17.4 
15.6 
12.2 

1.3 
5.8 
6.8 
3.2 

7.5 
6.7 
5.6 
0.8 

0.77 
0.55 
0.45 
0.24 
0.69 
0.64 
0.4 1 
0.99 

I .77 
2.9 I 
2.72 
I .34 
I .40 

0.98 
0.35 
1.34 
0.45 
0.18 
1.67 
0.7 1 
0.23 
1.03 
0.47 
0.16 
0.6 I 
0.19 
0.1 I 

3,949 
1,604 

330 
173 

175 
50 
33 
IO5 

183 
42 
42 

144 

81 
226 
236 
141 
I34 
202 
208 
I36 

183 
I66 
176 
200 
69 

I55 
234 
I19 
1 I3 
I I5 
I43 
234 
193 
I92 
160 
144 
32 

154 
268 

1,611 
537 
175 
196 

a 

L 

a 

a 

8 

a 

8 

a 

8 

L 

L 

a 

a 

a 

8 

a 

8 

8 

a 

8 

a 

a 

L 

a 

a 

a 

a 

8 

8 

8 

8 

8 

L 

a 

a 

1.690 
218 
285 
339 

25 I 
I07 
89 

184 

306 
106 
100 
243 

200 
243 
350 
374 
215 
293 
293 
277 

236 
202 
227 
232 
I50 

320 
375 
212 
275 
446 
21 1 
297 
399 
223 
306 
412 
277 
33 I 
385 

483 
I89 
46 
32 

20 
7.6 
3.7 

12 

25 
6.1 
3.9 

19 

I2 
28 
23 
I5 
17 
13 
16 
5.9 

19 
9.7 

13 
IO 
17 

19 
18 
13 
I5 
28 
14 
16 
27 
12 
18 
29 
13 
39 
12 

Activity less than minimum detection level (1.2 Eq per sample). 

0 0 0 b 3 8 0  
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Table B-5. Weights, thorium isotopes, and radium concentrations in bones and parts of bones of the legs and 
feet. 

Thorium and radium concentration 
Weight (8) (Bq kg-' ash) 

wet Ash 232Th 2 2 6 b  22% 230Th 
Femur 

Left 
Right 

Proximal end (PE) 
Proximal shaft (PS) 
Middle shaft (MS) 
Distal shaft (DS) 
Distal end (DE) 

Tibia 
Left 
Right 

Proximal end 
Proximal shaft 
Distal shaft 
Distal end 

Fibula 
Left 
Right 

Proximal end 
Proximal shaft 
Distal shaft 
Distal end 

Patella 
Left 
right 

Tarsals 
LeA 
Right 

Tdu, 
Calcaneus 
Cuboid 
Navicular 
Cuneiform, med. 

int. 
lat. 

Metatarsals 
Lefi 
Right 

I 
2 
3 
4 
5 

Phalanges 
Left 
Ri&t 
P- 1 
DI 
P-2 
M-2 
D 2  
P-3 
M-3 
D 3  
P-4 
M-4 
D4 
P-5 
M-5 
D5 

542 
54 I 
161.7 
64.3 
59.5 
78.9 

168.2 

3 I6 
332 
121.0 
84. I 
66.2 
51.4 

65 
66 
11.4 
19.7 
19.7 
13.8 

30 
31 

139 
135 
36.2 
59.7 
10.7 
11.0 
9.0 
3.5 
4.9 

41 
42 
14.8 
7.5 
6.1 
6.0 
7.4 

17 
16 
5.5 
2.4 
1.6 
0.5 
0.3 
1.3 
0.4 
0.4 
1.2 
0.4 
0.3 
1.1 
0.5 

Fused with M-5 

48.1 
33.5 
30.4 
29.9 
37.8 

22.9 
34.3 
31.3 
13.4 

2.8 
9.0 
9.9 
2.8 

7.0 

10.5 
14.6 
2.6 
3.1 
2.5 
0.96 
1.33 

4.6 
2.5 
1.9 
I .8 
2.4 

1.8 
0.56 
0.53 
0.13 
0.07 
0.4 1 
0.10 
0.08 
0.37 
0. IO 
0.07 
0.35 
0.09 

8,254 
1,556 
1.104 

21 I 
I 86 

276 
70 
47 

181 

I54 
38 
44 

196 

146 

106 
133 
105 
1 I3 
I54 
100 
90 

1 IO 
97 

1 20 
106 
127 

I I7 

I07 
119 
37 1 
114 
I 32 
442 
I14 
145 
305 
162 
285 

258 

3,160 
717 
527 
154 
152 

244 
106 
50 

282 

275 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

3,006 
725 
602 
190 
218 

385 
145 
129 
22 1 

285 
103 
1 24 
306 

33 I 

173 
207 
207 
199 
246 
199 
181 

1% 
219 
234 
232 
26 1 

247 
37 I 
253 
263 
490 
248 
323 
467 
262 
370 
517 
352 
435 

1.055 
182 
153 
37 
19 

28 
8.3 
5.7 

22 

21 
4.9 
7.0 

22 

29 

13 
15 
13 
17 
I5 
IO 
8.0 

I I  

14 
15 
25 

8.4 

8.0 
28 
17 
18 
43 
12 
15 
56 
17 
33 
45 
23 
48 

0 0 0 b 3 8 1  
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Tnble M. Weights, thorium isotopes, and radium concentrations of bones and parts of bones of the entire 
skeleton. 

Thorium and radium concentration 
weight (B) (es ke-' ash) 

WCt Ash 23% *'Ra U'Th UDrh 
Skull 

Cranial bones 
Occipital 
Parietal- 1,2 
Temporal- 1,2 
Frontal- I 

Facial bones 
Maxilla 
Frontal-2,3 
Temporal-3 

Mandible 
Teeth-upper 

-lower 
Hyoid bone 

Vertebral column 
Cervical ( 1-7) arches 

bodies 
Thoracic ( I - 12) arches 

bodies 
Lumbar ( 1-5) arches 

bodies 
Sacrum 
COCCYX 
Pelvis 

Ilium 
Ischium 

Clavicles 
Sternal end 
Shaft 
Acromial end 

scapulae 
Proximal end 
Spine 
distal end 

Ribs (1-12) 
Sternum 
Humeri 

Proximal end 
Shaft 
Distal end 

Proximal end 
Shah 
Distal end 

Proximal end 
ShpA 
Distal end 

Hand bones 
carpals 
Metacarpals 
-ns= 

Femora 
Proximal end 
Shaft 

Distal end 
Tibiae 

Proximal end 
Shah 
Distal end 

Fibulae 
Proximal end 
Shaft 
Distal end 

Radii 

Ulnae 

202 
209 
I45 
aa 

a5 
79 

19 
71 
14' 
6.F 
3.1 

79 
56 

245 
177 
I53 
I67 
232 

12 

481 
317 

17 
22 
18 

35 
76 
46 

63 

73 
131 
114 

IO 
51  
24 

49 

448 

sa 
6.8 

35 
60 
5 1  

324 
406 
337 

236 
293 
100 

23 

27 
78 

106 
117 

50 

20 
42 

36 
IO 
4.7 
0.7 

58 

8.3 

2a 
16 
74 
46 
75 
54 
46 

I .7 

I 49 
91 

4.4 
IO 
3.4 

12 

20 
131 

28 

7.3 

24 
64 
23 

2.7 

6.5 
25 

I5 
24 

I .6 

9.8 
20 
17 

96 

76 

45 

26 

I aa 

128 

5.5 

5.5 
37 

50 1 
61 1 

I ,96 I 
254 

580 
47 I 

453 

29 
7,152 

a7 

ia 

9 4  1 a 
11,730 
9,79 1 

20,670 
3.970 

15,990 
15,060 

1,441 

1 1,732 
9.67 I 

2,120 
1,463 

10,540 

990 

4,332 

25,460 

173 
999 

3,949 

175 
41 

105 

4,682 

a I ,940 

I a3 
42 

144 

I62 
163 
I52 

8,254 
98 I 
I 8 6  

276 
59 

iai  

154 
41 

I96 

310 
33 1 

205 

494 
275 

a50 

b 
b 
b 
b 

2,625 

4,192 

1,654 

6,567 

5,260 
4,43 I 

1,058 
295 

4,293 

568 
2,743 
1,725 

35,370 
10,100 

196 
367 

1,611 

4,854 

8,982 

8,435 

b 
b 
b 

b 

b 

b 

b 

b 
b 

3,160 
476 
152 

244 
79 

282 
b 

b 

b 

32 1 
341 
777 
234 

479 
320 
I37 
395 
74 

100 
3,110 

3,509 
4,860 
3,780 
7,952 
1,552 
6,459 
6, I62 

a19 

4,725 
4,077 

1,103 
642 

4, I a4 

1,978 

74 I 
1,917 

31,410 
9.753 

339 
25 1 

1,690 

25 1 
9a 

I a4 

306 
103 
243 

267 
21 I 
272 

3,007 
5 I4 
218 

385 
137 
22 1 

285 
1 I5 
306 

66 
80 

209 
34 

64 
64 
12 
50 
3.8 
5.3 

990 

1,216 
1,599 
1,277 

544 
2,829 

I ,888 
2,b4 I 

1,768 

I 5a 

194 

1,143 

315 

1,199 

92 
849 
554 

10,580 
3,157 

32 
122 
483 

20 

12 

25 

19 

15 
13 
16 

1,055 
126 
19 

28 

22 

21 

22 

5.5 

5.1 

7.1 

6.1 
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Table M. Continued 
Thorium and radium concentration 

Weight (g) (Bq kt3-l ash) 
Wet Ash 232m 2 2 8 b  221m ’m 

146 b 33 1 29 Patellae 61 14 
Foot bones 

b I98 14 
b 223 14 
b 29 1 17 

Tarsals 274 12 120 
Metatarsals 83 26 112 
Phalanges 33 9.5 152 

Entire Skeleton 6,474 2,196 4,353 1,935 1,798 576 

When replicated samples (e.g., arches of thoracic vertebrae ( I -  12) have been combined, the thorium and radium 

Activity less than minimum detection level (1.2 Bq per sample). 
Yecth from right side only. 

concentration shown is the grand average, Z radioactive content/Z ash weight, summed over dl samples. 

QUESTIONS AND COMMENTS 

(Paper presented by J. F. McInroy, Los Alamos National Laboratory, Los Alamos, NM.) 
Q: J. Boice 
Was there detectable activity in the breast or eye tissue? 

McInroy: Yes, but very little. The thorium measure- 
ments indicated that there were 6.6, 6.9, and 0.8 mBq 
of 232Th, 228Th, and 230Th, respectivelp in the eyes, and 
10.9, 7.6, and 2.5 mBq of 232Th, 26Th, and 2%, 

respectively, in the breast. The 228Ac measurements 
made at NIST showed 22 mBq g-’ in the eyes and 5 
mBq g-’ in the breast. 

Q: N. Priest 
If you made reasonable assumptions about equilibrium 
conditions at the time of the thorium extraction, from 
what must have been a mixture of uranium and thor- 
ium, can you estimate what the equilibrium position 
should be between the 232Th (half-life, 10’’ y) and the 
228Th (half-life, 1.9 y) at this time out from manufac- 
ture? I’m just wondering whether there’s any evidence 
of diffusion or loss of radionuclides from the body. 

Kathren: You won’t get a clear picture about equilib- 
rium since, when the thorium was separated years ago, 
the 228Th present at that time would have decayed these 
30-some years later. 

Priest: The initial 228Th would bc gone; I accept that. 
But with the initial 228Th, t h m  wouldn’t have been any 
radium or actinium, which are the parents of the 228Th. 
so. now a number of years have passed that would 
allow for the equilibrium to re-establish. When in equi- 
librium, there should all be deca of one to one to one 

are not. You’ve got a 1:3 ratio of 228Th to 232Th decays, 
and I’m just wondering what that ratio should be if it’s 
growing in. 

Boice: Interestin&. Goldin et al. (Health Physics, Vol. 
22, pp. 47 1-482, 1972) Publishad on two autopsy cases 
in 1972 and report4 a similar 1:3 ratio (0.3) of u8Th 
to 232Th in tissue samples from lymph nodes, liver, and 

to one-i.e., 232Th to 2 2 8 b  to 22 B”s AC to 228Th-but they 

0 0 0 b 3 8 3  

cortical bone. They concluded that perhaps 65% of the 
228Ra (the first daughter of 232Th) and also some 228Th 
must be eliminated from the body. 

McInroy: The uncertainty is that we don’t know 
whether equilibrium existed at the time the injection. 
was given to this patient. That is, we don’t know the 
elapsed time between when the Thorotrast suspension 
was made originally and when it was injected into the 
patient. We don’t know whether equilibrium would 
have been established. 

Priest: But certainly, when looking at Thorotrast ma- 
terial and at the ratio of 228Th to 232Th activity, you can 
forget any 228Th injected as this will have decayed away. 

Schima: I would guess that the ratio of activities should 
be almost 95% for the equilibrium, if radium is not 
lost. 

Kathren: That’s the point I was trying to make, which 
suggests that there is some- 

Schima: Loss of radium. 

Kathren: Possibly due to various biological mecha- 
nisms. 

McInroy: And this has been reported in the literature 
also, that there is disequilibrium between the various 
tissues because of preferential removal of the radium. 

Schima: Because the radium has a 6-y half-life, there’s 
plenty of opportunity for loss. 

Kathren: You’ve got a secular equilibrium situation; 
after 30 y, it’s going to show up. 

Kathren: What you really have, if you ignore the actin- 
ium, which you could ignore, is true secular equilib- 
rium. So I think the ratio should be 0.95. Why the 0.4 
ratio is seen for Thorotrast, I don’t know. 

Priest: It should be one then, shouldn’t it? 
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Kathrcn: But yuu know. the reason you may get lhat 
0.4 r;rLio is that. when yau separate out the thorium. 
thc radium may he Icoched out ahcad or ' t ini t .  So what 
\ ou're doing is renioving rhr prc.cursor (.if -';'Th. 

kiuthfcn: That's probably nor a bad idca. but I wciufd 
chpwt it to he PI cquilihrium. sit\ing around lbr 30 y. 

Xlclnrtry: I da have ;i hottk of 'rhormasi. which Ron 
Ksihren obtaintwl filr me. I've had it analyzed in an- 
other laboratory at Los Alumos because crt'rhe relatively 
large'rinrtlunr of rddioactivity in the wrnple. 'They did 
a gravimetric analysis nf the I horiurn contcnt and found 
2.45 g -''Th. 8.4 :x: lo4 '  8 -:.'Th. and 3.8 s IO' ") g 
-:'TTh. Wc calcu[ated the. acttvitiesro bc 27 I .Q r i C i  "'ITh. 

- 3  1 .  :.d IN:I '.yTli. and 31 1.9 nCi :"Th. Thus. thc 
"'Th. "7'11 nC'i activity ratjo is about U.87. 

Priesr. I1 \could he importan1 to know how much of 
thar " 'Ra I.:; JifTuxd away and similarly. at the next 
stagc. ' I W .  much 0 1  [he '"'Rn is difiusing away. 

linrhrrn: Lt would Ix really neat if '  ve could compare 
\ w k  I'rir'st'S rhrcc buchcr of Thorotrast with Jim 
Mi 'Lt i i ;~~ ' s  hztc.h kciiusc I tinve a hunch  that there will 
k significsnl differmws in t h t  thorium isotopic dislri- 
huiicJlr. l>rpc.nJing on where it c m e s  from and haw 
much i m n i u r n  is i n  associalion with it when i t  was 
wpnrard. !nu gcc greater IN lesser amounts of '""I'h. 
an m p u r i i y  in tbe 'l'horotrast preparation. It's conceiv- 
ahlc :hat ':"?'h froa an actitity standpoint. with its 
80.00 1.: hdf-lifc and relariwly l i irg .  qxxific: activity. 
t n u l 0  hccomc duminant. again depe.nding o n  where (he 
~\ii:irii..rn u a s  obraitwi from. 

.I 

PANL 
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