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Abha - Organic rad mineral components of bone (rum rhe venckal M e r  d M individual with 0cCuq.tionrl 
exporute to plutonium were separated by each uf four iechnqm: (1) chcmicrl rpurtbn witb ethylendunme. (2) 
mechanical separation by a sueam of water. (3) mechanlul separation by ultmcmic *tion. and (4) b m u l  Kpurtion 
by heatin8 in an autoclave: dl sampler were subjected to r r d a h m r i c . l  uulyci, for Nu* all of the total 
skekul plutonium was rrroc*red with the mineral bone. Conconmtiom of plutonium in the mpntc fmbn were only a 
few per cent of thaK in the mimralircd bone. Approximately 3% of the total skeletal pbrranium w l ~  estimated to k 
resident in the marrow. with h e  conanttation in the red marrow 2-5 timer perter than the concrnuukn in the yelbw 
marrow. Thir W ~ G Z I S  that the dose to the minerrlbd portion of the bow and dowly &led cells. iachuling those of 
the priosieum and endosteum. may be an order of magnitude or more mater than the dacc to the red marrow. d d n g  
in a several fdd grcatcr risk from hone tumorigenesis than leukaemur when the relative risk p r  imif dore b frtored in. 

INTRODUCTION 
Studies in animals and man have clearly 

established plutonium as a bone seeker initiall) 
depositiog 00 bone surfacts. The spatial diitribuuon 
from plutonium deposited in the skeleton is thus not 
uniform. The primary cardnogenic risk from 
deposition of plutonium in the skeleton is d a t e d  
with the hacmatopoktic stem cells of the m o w  
and osteoblasts close to the bone surfaces. namelv 
the cells of the endosteum and 
Estimation of h e  doK equivalent to these ccllr, and 
hence the carcinogenic risk. can be determined bv 
application of the ICRP dosimetric model for 
bone(3"). Such estimates require knowkdge of the 
distribution and fate of plutonium within the various 
~ W U N  of the h o e .  
Them are unponant spatial-temporal dirtribution 

differences u wll as similarities in skeletal 
plutonium dirtribution in man and animals. In the 
earliest animrl studies it was incorrectly assumed 
that plutonium tended to concentrate in the 
nonalafied tissues (i.e organic component) of 
IC boae. puticularly the endosteum and 
periosteum('.*). In subsequent human studies with 
injected lutonium citrate, Langham and his CO- 
workers[7P o b r v e d  that bone marrow had the 
strangest affinity of any tissue for plutonium. 
accounting for 56% of the injected dose. Langham 
er 01 did not. however. separate the marrow from the 
mineral bone samples analysed radiochemically, and 
further assumed that vertebra. sternum and rib were 

repmentativr of the skeleton u a whole in making 
their cxvrpolation for thc toul skeletal deposition. 
In a fev studies witb rnimrlr (k8gkk, rabbit, 
m o w )  the presence of phitonium in m m w  was 
reported imrpecriw of the route of entry rad led 
the invutiptors to call aneation to the possible 
leutclllogenic I & ~ ~ ' ) .  me problem is further 
complicated by the obocrvation in loimrL that the 
co~enuatioa of plutonium in the marrow is not 
comtlllt with t i m ~ f ' . ~ . ~ ) .  Some of thcre &mal 
studies involvcd tbe injection of polymeric or 
colloidal ptutunium. which was readily phagoqtiscd 
by r e t i c u l o e n ~ W  (RES) cells in the mamow. 

ObKrvations of leukaemia in experimental 
animals arc rare rad limited to rodents given large 
doses of tr.arurmk~(~~). More recently, however, it 
has been demoartrated that myeloid leukaemia as 
well as ostco~~rcomu a n  k induced in mice by 
%I 10 bone *veri qpropri~e erposure 
conditioar'*'~. hvlhcr udencoring the imp0rZnncc 
of tamwing the r t t t ive distribution of ptutonium in 
human marrow .ad mineral bone to determine the 
dose and potential risk to man. A h i g h  marrow 
concentration of plutonium may inmue the risk of 
leukaemia above that calculated from the ICRP 
bone model(". If. on the other hand, Pu IS 
concennated in the endosteum and periosteum or at 
the interface of the endmteumlperioateum and 
mineral, as appears to k tbe cue with earliest 
st~dies '~ ' ' .  or there is a cell steriliution eftect as has 
k e n  proposed by Thorne and Vennart'"). then the 
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leukaemogenic risk will be proportionately 1z.s 
relafive to the risk from osteogenic sarcoma. 

T h i s  paper attempts ro provide an estimate of thc 
relative plutonium content and doses to the vanous 
components of the rLeleton through differential 
removal or separation of the various constituent.c ~ b f  
bone by four different methods. 

TERMINOLOGY 
Since the terminology relating to the vancus 

components of the skeleton is sometimes impreciw 
or may have more than a single meaning. the 
following definitions have been adopted for the 
purposes of this paper. Thew are largely based o n  
the definitions and description of terms provided in 
ICRP Publication 23ti9' but it should be noted that in 
some instances the defmitions or usage of terms 
herein may deviate from Reference Man or those of 
some standard anatornv texts and medicai 
dictionaries. 

Ash fraction - the residue remaining nfter WCI ot 

Bone 

Bone 

dry ashing ro remove the water and organic 
material. Ihe ash fraction is esscntiall\ 
hydroxyapatite. - an individual discrete or specific 
anatomically separate unit of the skcicrori 
which consists of both an organic .mi 
inorganic (mineral) fraction. 
mineral - essentially hydroxvapriiw 

CP,~PO,L[OH]~. excluding cellular o i  

organic commnents of the bone matnx 
Endostcum - the tissue lining the medullan 

cavity of the bone: this is pan of the 
organic fraction. 

Marrow -the soft substance fdling the medullar\, 
cavities of the bone: thc mamow IS nnr: 
component of the organic fraction. and 
consisrs of fat cells and maturing hlood 
cells. together with suporting connertiw 
tissue and blood vessels. The red bone 
marrow in the adult is a mayv 
haematopoietic organ. and is the locattoo 
of most of the cellular components o i  the 
marrow: the yellow marrow is primitnlv 
fat. and a few primitive bloodcells. 

Organic fraction - all bone material other than 
the bone mineral. The organic component 
includes the marrow. the pcriosizuiil/ 
endosteum and other adherent tissue 
matcrinl including fat. associsteed wdt::r 
and collagen. 

Periosteum - a specialised connective :issue 
possessing bone-forming potenrialirv 
covering the external surfaces of rhe b m c  

Skeleton - the bonv fremcwork of the tuxv. 
including associated cellular cornprierits 
and the red and yellow marrow h i t  

spccifkally excluding the ligaments and 
uufilage. 

METHODS 
Four separate methodc were ursd to sponte the 

mineral and eon-miacnl portions of the bonc: (1) 
extraction with ethylcacdirmiae, (2) mechanical 
remcwal by water jet. (3) mication, and (4) 
autoclaving. In tbe water jet procedure, bone is 
imeted  whh a stream of water containing a 
detergent. w d i n g  the l l w ~ ~ w  &om tbe bone 
cavity. The soakation method employs ulmsonic 
+tion in an isotonic solution to separate the 
murow lrom mineral bonecm. A third metbod 
involver heating bone in an autoclave .nd i s  used for 
removiq m.crow fnnn loqj bones 5uch u the 
fetnur'** . n e  ethylenediamine extraction technique 
w u  chosen as the standard for cyupubon purposes 
as previous studies have shown thrs methad removes 
ail orgamc materid from mined bone("). In 
addition. cthykntdiunine extraction was the only 
method inwaipted that involves a direct Cbemicpl 
attack on the organic material although it hu been 
shown that this matment doer not remove Pu from 
the hone surface during the exrraction 

Four of the luger vertebrae - the twelfth 
thoracic vertebra (T-12), and the first. second, and 
fourth lumbar vertebrae (L-1, L-2 and L4). were 
obtained at 8UtopJy from United States 
Transuranium Regirtry (USTR) CPSC 193. Thw 
donor was a 62 year old chemical engineer with 
known occupational exposure to plutonium; most of 
his exposure w u  incurred as a result of accidental 
inhalation exposure wme 40 ycm pnor to death 
from heart disease. 'Chis individual had no known 
history of identifiable bone diKw. USTR Case 193 
has been described in detail by McSnroy c i  af'''. 

Adjacent or near adjacent vertebrae were chosen 
with thc expectation that the concentration of Pu 
would be approximately uniform within a vertebral 
body and nearly equal between adjacent vertebrae. 
The intervertebrPl cartilabnous d i m  associated 
with each venebra were removed with a scalpel. 
taking care to m o v e  as much as possible of the 
tightly adherent cartilage without damage 10 the 
underlying born. Tbis effon was not fuUy successful. 
as some t i f i~ Iy  adherent unilage could nor he 
removed without darnage or removal of the 
underlying bone. and of necessity. remained 
attached to venebral body. The vertebral arches 
were then removed with a Stryker saw, leaving only 
the vertebral body. 

Each body w u  divided in half sagittally with a 
Stryker saw. The right and left halves of each 
vertebra were identified by the letten 'A' and *B'. 
respectively. following the specific vertebral 
identification; for example. L-1-B would refer to the 
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PLVTOONIUMIY B(2Yt AND BONE MARROW 

Tmbk 1 . W ~ o f b o c W a d t u l ~ ~ .  

Sample Separation or  bone b n e  rnrcednmwxt 4- 
T.12.A Ethylenediamine '4 A2 3 43 20.69 0 14 
T-12-B Water p r  1 1  t 7? 11.51 0 14 

- 
we1 W I  Wtof Wtdorganic Ashwei t 

ID method ' 0  aqh (g) (I) -__ - - - - 

L-I-A Ethvlenedirminc 
L-1.6 Ultrasound 

L-2-A Ethylcnediaminc 
L-2-9 Aumlavc 

. h  UI 161 17.33 028 

.: 1 4 35 6.25 0 19 

I hn # 57 17.25 0 30 
u f $ l  i 55 8.16 0.22 

L 4 A  Ethylenediamine .. 1 (. t 92 16 85 0.21 
L 4 B  Autoclave Y Cl ' 08 17.80 0 24 __-- - -  
left half of the first lumbar vertebral body Wet 
weights were obtained on each vertebral body half 
after division and are given in Table I 
Ethylenediamine extraction was carried out on the 
right half ('A') of each of the four vertebral bodies 
according to the procedure previously described b! 
Miglio and Willis'2". The extractant was a 208 
solution of ethylenediamine in water. Bone samples 
were subjected to ethylenediamine extraction untll 
the bone material remaining in a cellubsc thimble 
used for the extraction procedure appeared to be 
white and free of organic matter. Thir step required 
a minimum of two eight hour extractions with 
ethylenediamine. The bone material remaining and 
the extracted organic material were dried beforc 
whing. 

The water jet extraction was performed on the 'B 
(Le. left) half of vertebral body T-12 in the following 
manner. Sample T-12-B was funher divided 
approximately into halves by cleaving with a large 
knife. Use of a knife minimised the mount  of bone 
dust and fragments that adhered to either portion of 
the subdivided vertebral body. Approximately 1 g of 
Alconox' detergent was added to a I litre beaker 
filled with dcioniscd water. This solution was 
poured into the reservoir of a commerciaUy 
available water pump (Water Pik**). Sample T-12. 
B was placed in a basket fabricated from a stainless 
steel screen and suspended in a 2 I beaker. A stream 
of Alconox solution was arcctcd at the material in 
the marrow spaces of the vertebral body. The bone 
was washed until no funher material appeared to be 
removed. The wash water and removed organic 
matenal were collected in the 2 1 beaker. The bone 
was centrifuged to remove water. and this water was 
added to the solution in the beaker. The wash 
solution was evaporated to dryness prior to analyh 
The bone material was weighed prior 3nc 

' Alconox. Inc.. Yew York. NY 10003. USA. 
'* Themodye Water Pik. Fon Collins. CO. USA 

subsequent to extraction and the m@t of che 
material removed detennincd from the difference. 
The Kction of bone selected for the ultraround 

treatment. L l - B ,  vu deaved with a knife into 
Wee piece!!. Tbis increased the s u r f i a  area of the 
cxporcd marrow avities and allowed a more 
complete removrl of the organic material from the 
interior of the bone. 'Ihe m s e r  medium was 0.8% 
NaCl rolunoa. Initially. each piece of bone was 
r i d  4th a saline solution, tben placed in fresh 
dine  aolution and given a &OR burst of ultrasound. 
The purpose of the saline rinses and the short burst 
of ultrasound v u  to remove any bone dust 
prodwcd in any of tbc cutting steps. These d i n e  
r inm were combined and analysed for Pu. Each 
Kgnent of bone from L-1-B was then treated 
separately by repeated bursu of uharanic agitation 
in 150 ml of saline solution. After the Gnal ultrasonic 
treatment the reauining bone marenal was 
ccntriiupd to remove saline solution retained in the 
narrow spaces md then weighed. The saline solution 
removed by the centrifup procedure was added to 
the saline wlutuion from the ultrasonic agitation 
and tbta analysed for Pu. 

Bone rgmenu L-2-B and L 4 B  were separately 
treated in a commcrciplly available pressure cooker 
used as an autoclrve. Segment L-2-B was cut into 
three pieces with 8 knife and pirced on the convex 
s l k  of a ribbed watch glass which was, in turn. 
placed in a tared barker. Thir omngcment allowed 
liquid to drain to the bottom of the beaker. Water 
was added to the pressure cooker, tbe top was put in 
place. and heat was applied until the pressure cap 
rocked gently. Heating was continued for 30 rnin. 
after which the contents were allowed to cool before 
the top was removed. After cooling. the bone was 
removed and weighed. The organic material in the 
beaker was a h  weighed. Segment L 4 B  was not 
cut into smaller pcees but was othcmisc treated in 
rhe prcssurc cooker in a matter identical to L-2-B. 
4frer coolirg. the beaker containing samplc L-4-B 

F, 
4 
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was removed from the pressure cooker and placed in 
an oven for drymg at M(Tc for 48 h. 

The weight of the org8nic material removed by 
the ethykmdiunine technique was determined by 
subtracting the weight of the dried mineral bone 
after extraction from the weight of the wet bone 
(Table 1). 'Ibe bone segments from the water jet 
technique and u l t r a m d  treatment wen 
centrifuged rad weighed. The mifit after 
oertrifuging WM subtracted from the wet weight of 
the bone to give the mi&t of oqanic material. For 
segment L2.B the weight of the organic material 
removed from the bone was the difference between 
the w @ t  of the bone k f o n  the autoclave 
treatment and the weight of the bone clher the 
autoclave treatment. For segment L-4-B tbc weight 
of organic material removed was the difference in 
wight before autodave treatment and the weight of 
the bone after drying in the oven. 

Except as noted above for sample L4B. whch 
was dried for 48 h, 1 samples were dried at 2KpC 
for approximately 13 h prior to ashing. Dry ashing 
was initiated at WPC aod the temperature was 
increued in increments of UT until afttr 9 h a final 
temperature of 4WC was reacbed. Samples were 
maintained at 450. for 48 h. The resufting ash was 
alternately wet uhed with nivic acid and dry vhed 
at 3WC until dl or~uuf material appeared to be 
oxidiscd as indicated by the absence of black 
carbonaceous residue. Ash weights of bone samples 
were determined r h t r  a subsequent heating at 
4WC for 24 h. Rnidues were diuolved in 9 M HCI 
and diqwco were taken for analysis according to the 
method of Boyd et dEu' u refined d dewtibed by 

monitor the chendul recovery. The plutonium was 
separated by anion exchange 011 a column of Bio- 
Rad AG-1x4, 100-2UI mesh ra in in rhc chloride 
form'. The calumns wen washed with 9 M HCI 
followed by 7.8 M HNO,. and the Pu was eluted 
with 1.2 M H&2% H& Plutonium was 
detmnined by dphs spectroscopy after k ing  
electrodeporitcd onto stainleu steel phchets  

ca&iurn in bone and organic mazerial was 
dcrermined by titration past the end p n t  with 

t imion With a nondud zinc rdution. Eriochrnme 
Black T wu wed as the indicator. 

Inadvertent removd of any mineralired bone and 
ita d a t e d  plutonium by the various extraction 
procedures represents a potential source of error 
that would result in an Utificidly high plutonium 
content in tbe organic h i o n  and a concomitant 
reduced quantity of plutonium in the ash.  The 
organic fraction extracted by each of the four 

Bio-Rad Laboratories. 32nd and Griffin Aienuc. 

Boyd 0 U P ) .  Ih aliquot8 were rpilred with 2% to 

ethyltnedirnriaerctrtic lcid f o b e d  by M k -  

?rplyptcers. ---.- 

Richmond. CA 94804. USA. 

R .  L. KAPHREN 

metbods w u  analysed for &urn to determine if 
miscnlbod bone vu a b  removed by the process. 
Ibc method used for the determination of Ca was 
wfficicntly d t i v e  to detect 0.01 g Ca per g of 
sample. Wben comcfed for an ethylenediamine 
blank. no Ca was ktec te i  in organic m a h a l  
removed by the ethylenediamine extraction ' 

technique. No Ca wm dctwttd in the organic 
muerial fcmoyed by the ultrasound or autoclave 
tecbniquer. The sampk treated by the ultrasound 
technique received an effedve preliminary 
treatment to remove born dust. The organic 
matenal reamed from segment T-12-B by the water 
jet contained 0.12 g of Ca. The likely source of this 
Ca is hone dust from the cutting operations and 
€ram the mechanical action of the water jet which 
could have broken off and hence removed small 
bone spicuks. No Ca was found in the Alconox 
detergent at the concentration rued and therefore 
this reagent did not contribute to the Ca observed in 
the organic material separated by the water jet 
technique. 

REStiLTS AND DISCUSSION 
Tbc weights of the &ne samples before and after 

extraction. plu the weights of the material extracted 
are given in Table 1. Examination of these data 
reveals that in general, the wet weights of the two 
halves of the vertebral bodicr were approximately 
qual. indicating that the bodies had been more or 
less equally split. With the exception of the two 
halves of T-12. the ratio of a h  weight to wet weight 
was typicdy somewhat greater than the expected 
range of values for vertebral bodies observed with 
two previously reported casedn). In there cases, the 
mean ratio of ash weight to wet weight for the 
approximately corresponding vertebral bodies T-11 
throqh L.5 (N = 10, u not all were rdyred) was 
0. I3 k 0.02. as compared with a mean of 0.21 & 0.06 
for the e i a t  half vertebral body runpks in this case. 
The remow for this difference arc not readily 
apparent but could be related to differences in the 
ashin8 procedures w d ,  which may have resulted in 
incomplete uhing in this study. In the earlier study. 
the complete vertebral body, including the marrow 
and other orynic components. was ashcd. wtule in 
this study only the bone auterirl remaining after 
extraction was ashed. Individual variability may 
account for at leut a portion of the difference. It 
should bc noted tbat the rehtionrhip between ash 
fraction and concentration previously observed by 
U t h n n  cr ul'",, was also present in the eight 
individual samples from this cw (Figure 1). 

The concentrations of Pu measured in the organic 
material that was removed from the bone and 
residual mineral (i.e. ash) fractions of the tight 
verrebml halves are shown in Table 2. In all cases. 
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Fipre 1. Rchtionlhip of bone ash and :"Pu 
wnccnmtioai in vcrtebrd bodies of an occuprtionalh 
exposed individual (USTR Cue No 193). C - 14&294 F 

* 0.96. 
the concentrations of Pu in the organic cmponenth 
( i t .  the material removed from the bow) art. 
significantly smaller - typically on the otder of 
few per cent of the concentration in the 
corresponding inorganic fraction ( i x .  ash), This IS in 
substantial agreement with the recent tindings of 
Burkinshaw et who examined plutonium from 
fall-our in the marrow and minerr l id  hone 
fractions of persons from the general population in 
the United Kingdom. In addition. the two samples 
treated hy autoclaving had significantly lower Pu 
concentrations in the removed fraction than that 
observed in any of the other samples. Since the 
autoclave technique appeared to remove primarilk 

AND BONEMdRROW 
:'at and ywcloted water (Le. yellow marrow. but 
not [he cellulu components of the minow or the 
priorteum/efidarteum), the resultr suggest that the 
Pu content of yellow marrow i s  relatively small. and 
that what plutonium is in the organic fraction is 
auocirted with some other component of the 
organic materill. m a t  likely tbe cellular 
components of the r m m w  and the periosteuml 
endosteum 

In all caws thc total plutonium content of the 
organic material was si@finntly ky than that in 
the residual associated i n o r p i c  fraction or ash. For 
the four half-vertebrae treated by ethylenediamhe 
rnrraion. L2.0 f 3.8% of the total plutonium in 
the bone was in the portion that was removed. For 
chc other three methods. this percentage was 
significantly I s m r .  being bwest for the two 
autoclaved srmples (1.2 and 0.5%). intermediate 
for the sonication (4.570) m d  greatest for the water 
let (6.4%). T)w value for the water jet may be high 
becvurc of tbe mall mount  of bone that was 
apparently removed by this method, as indicated by 
the presence of d c i u m  (0.12 g) in the removed 
fraction. 

AItbou& the data shown in Tables 1 and 2 are 
limited, they CM be used to provide at least a mdc 
semiquantitative indication of the plutonium 
wntent in the v u i o u s  fractions of bone: i.e. (1) ash 
or inorganic haction, (2) red marrow. (3) yellow 
marrow. (4) pcrimteum/cndolteum. Any such 
ntim8tCS should be considered nut only in the light 
of the limitations of thae data, but also with regard 
to the mmy uncertainria in the composition of bone 
and bone murow. a well as the imprecision in 
descriptive terminology, both of which have been 
discussed in some depth b the ICRP in the 

plutonium content of the manow done can be made 
by noting the activity removed along with the 

Reference Man publication(1e. r An estimate of the 

Sample Pu conc. (Bq. kg ') Conc in or unii: h content (Bq) % tocri Pu 
ID &- in mineral 

Ash' Organic' Ash Organic Total component -- ---- - 
T-12-A I O 4  3.1420.14  CI.03l 0 357 OSMS 0.422 84.6 
T-12-8 1oh r -  2.93 f 0.18 0 .  I'ZH 0. m 0.O.M 0.534 93.6 

L-I-A 56.: +- I V d.35 k0.21 i) O T  0.428 0.1n5 0.503 85.1 
L-1-8 93 n f 3.2  1.98 2 0.24 (1.1 0,' n . a s  0.019 0.424 95.5 

L-2-A a.0 f I u 2.79 c 0. IS 0.IY.C 0.593 0.0411 0.wt 92.5 
L-2-8 90 5 c 3.0 U.8S I 0.11 l l .Wi  0.592 0.007 u.ss 98.8 

LA-B 81.2 2 2 7 0.17 20.03 0 .I MI: 0 575 0.03 0.578 w.5 
L-4-A 866 -+ 3 1 f.82 2 0.16 N(l3: 0.426 0.048 0.474 89.9 

Mean of erbyknediamcne treated RB.Oi3.8 __-- 
' Value 2 I standard deviation obtained from counrinp .ral istii\ 

a; 

1\) 
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organic component by each procedure. and h i  [tie 
ethylenediamine extractmn removed not only the 
m m w  and auaciated fat and water. but a h  the 
periasteum/endo6tcum and collagen. Autuclaving 
appeared to remove primarily the fat and associated 
water. and relatively little of the cellular materirl. 
The sonication and water jet treatments may thus he 
presumed to remove the marrow. but not the 
endoneum/periostcum. However. thcr pIoadures 
m a y  in f r t  disrupt or rupture cells that art no1 
removed (Le. ccUs assodated with the endosteum/ 
perioncum or within the mineralised matrix of the 
bone ituclf) allowing the plutonium contents. i f  my. 
in these c+Us to leak out and add to what was in the 
removed component. Similarly, the detergent w d  
with the water jet treatment could remove 5ome 
plutonium fm the bone matrix itself. as well as thc 
cellular and CoUagenous components. Although the 
contribution from these sources is unknown. were 
this in fact to occur ii would result in a greater 
measured activity than was actually in the removed 
component per sc, effectively setting an upper limit 
on the estimates dixwsed below. 

The material removed from Sample L-2.R hy 
autoclaving was esscntiaiiy all yellow marrow. and 
contained 1.240 of the total plutonium in the bone 
(Table 2). The sonication treatment, which removed 
both tbe red and yellow mamw hut apparently no 
minerdired bone as indicated by the absence of 
calcium. contained 4.5% of the total plutonium in 
the bone sample. The material removed bv 
e thylenedhhe  extraction contained on the 
average 12.00Y0 of the total plutonium in the hone. 
If the welpht fractions of red and yellow marrow. 
pcriorteunJcadosteum. and ash are approximately 
the same for all the bone umplcs. then there TCSUI~S 
suggest that for these samples (which being 
trabecular bone have a relatively large surface area 
to weight ratio), a significant fraction of thc total 
plutonium in the bone - of the order of 6 7 %  - 
would k found in the perimteum'mdosteum. 
Similarly. of the urder of 3% of the total plutonium 
in the bone in these samples is associated with the 
red marrow. ' IXec estimates of the percentage of 
plutonium in each of the bone fractions arc specific 
to the samples analysed. and do not redilv permit 
genenl i t ion to the skeleton as a whole. 

'The relative concentrations in the oruanic and 
mineralised fractions. however, (Table 2) can be 
used to estimate the relative amounts of plutonium 
in the marrow and in the mineralised portions of the 
bone of the skeleton as a whole. The organic 
component extracted from samples treated by 
sonication (L-I-B) and water jet (T-1243) was 
assumed to be most representative of the marriiw as 
a whole. while the material extracted from Sample 
L-2-8 was assumed to be representative #if the 
yellow marrow only In the former two wnplc5 the 

ratw of the concentration in the organic compomnt 
relative to the concentration in the ash was 0.032 
and O . ( M .  for a mean of 0.030. In other words. the 
concentration in the marrow was about 3% of the 
concentration in the ash of the mineraliscd fraction. 
Given that the Reference Man skeleton. by weight 
has approximately qual amounts of ash (2.8 kg) 
and marrow (3.0 kg)~"). it seems reasonable to 
condude that about 3% of the total plutonium in the 
skeleton is lrwcirted with the marrow. if the 
sampler analysed in thi study wen representative 
of the skekton as a whole. However, since thcse 
s m p l n  were Irrply tnbccular bone. it is Likely that 
the concentration in these samplcs was greater than 
the skeleton as a wbolc and therefore the estimate of 
the fraction of plutonium in the marrow in the 
skeleton as a whole, as calculated above, is too low. 
The data reported by Kathren et dm for Case 2 
indicotr that the Pu concentration in the lumbar 
vertebral bodies could be as much as 2.2 times the 
average of the skeleton as a whole: if this were true 
for the ux used in this study, then the marrow 
could contain as much as 3/(W/2.2 +3) or 6.4% of 
the total skeletal Pu content. This is probably an 
upper Limit. Interestingly, the smalt percentage of 
total skektal plutonium found in the marrow in this 
cow i5 essentially identical to that (-4%) seen with 
."'Am In an individual who incurred a massive acute 
inhalation exposure 11 years prior to his death'"'. 
Similarly, Miglio and Willisfz') found about 2.4D/0 of 
the Pu in the femur shaft to be in the marrow 
mechanically removed from the lumen and an 
additional 1.5% in the other extracted organic 
material. 

It should he noted that the organic fraction is not 
exclusively marrow, but rather includes the 
pcrioslcuarlcndorteum. fat. and other organic 
matter as well ys associated intentitial water. Thus. 
although it is not possible to determine the efficacy 
of each method with respect to removal of marrow. 
some cnfennces can be made regarding the removal 
of the organic component as such and as distinct 
from the marrow only. An estimate. admittedly 
tenuous, can also be made of the relative 
pportions of plutonium in the red and yellow 
marrow. For the marrow as a whole. as represented 
by Samples T-12-8 and L-1-8. the concentration of 
plutonium was about 3.5 times greater than the 
concentration in the organic mrlenal removed from 
Sample L-2-B. which was assumed to be essentially 
dl fiii and water. The percentage of red marrow in 
VCRehtae io approximately 60040 in a 62 year old 
adult male'"'. The remaining 40% can thus be 
assumed to be yellow marrow with a plutonium 
concentration of Y7 of that in the marrow 
collectively. The concentration of pluronium in the 
red marrow can be calculated as about 1.4 times the 
average concentration in the marrow as a whole o r  

: icr  
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approximately 5 times that in the yellow marrow and 
about one seventh that in the minerrlkd bone 

Another way of estimating the plutonium content 
of the marrow is to extrapolate the data from this 
case to the values citcd for Reference Man""' The 
Refercnce Man rkeleton has 2.8 kg of ash. and 1 
kg each of red and yellow marrow. Using the mean 
concentration of plutonium in the ash of the samples 
extracted with ethylenediamine. which were thought 
to bc: most representative. the calculated Pu conteiii 
in the ash of a total skeleton of Reference Man size 
would be 2.8 kg x 77 Bq.kg" = 216 Bq. Similarly 
the Pu in red marrow would bc 1.5 kg x 2.1 B q . 4  
= 3.2 Bq and that in yellow marrow, 1.5 kg x 0.85 
Bq.kg'l - 1.3 Bq. Hence. the percentage of the 
total skeletal Pu in the marrow (red + yellow I IS ( 3  
+ 1.3)1(216 + 3.2 - 1.3) x 1W = 2 .0%~.  with ahxrt 
1.5% in the red marrow alone. If the jamc 
adjustment i s  made as abwe to correct for non- 
uniform distribution. about 1.5% of the total 
skeletal content would be in the marrow. of which 
about two-thirds is in the rcd marrow. Note that the 
concentration in ash (77 Bq.kg-') is the average of 
rhe four ethylenediamine results. since thr\e 
presumably had the least content of organic matcnal 
The red marrow value (2.1 Bq. kg-l) was the avcrrye 
of the sonication and water jet method results ( 2 . 9 s  
Bq.kg"). less the hi hcr of the two yellow marrow 

Villue was not used for reasons previously discussed 
These estimates of the relative concentrations in 

red and yellow marrow are clearly tenuous and 
should be considered only as preliminary first order 
approximations in that they are based on the 
assumption that the material extractcd hy 
autoclaving was essentially all yellow manow. whrlc 
that removed by the sonication and water ]el 
procedures was the entire marrow component. Thn 
may or may not be thc case. The supporting 
ewidencc for the assumptions i s  relatively weak. and 
in futurc work the composition of the removed 
material will be subjected to morphological 
examination and othcr tests to verily and validarc 
the estimates However. the data in this study dv 
indicate that the mean dose to the mineralised 
portion of the bonc. ,ind presumably to thc 
associated ostcoblasrs ano possibly the pcriontr.itr 

values (0.M Bq.kg' g, ). The lower yellow marrow 
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