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' Abstract’:

| Thej .amouni': and location_ of blutoniurﬁ invbone from t‘hreé‘
humans injected during _theAmi'd—1940's has been studiea by auto- |
radiography aﬁd alpha particle spectrorﬁétry. - Concentrations are-
' éimilax; on .endosteal surfaces, Haversian caﬁal surfacés aﬁd |
periosteal surfa_ces of lbng bonemidshaftsA 17 months after injection.
Ehdosteal suf_féce cor;centrations' are higher in the éxial skeleton
than in the éppendicular skeleton 15 and 17 months post injection.
For dosimetric purposes, volume deposits may be 'conSidered to be
"infinitely thick" whereas surface deposits .may be'con.sideréd to
have zero thickness. Secondary surface cieposits are dosimetrically
importént, even when the pluto_nium is almost compietelgr deposited

in bone volume,

~ Introduction

With the consent 40f the next-of-kin, we haye been able to
exhume the remains of four persons injected with piutonium during
the mid—1940's (Du72,La50). Three of these, a 20-year old woman
with a 17-month burden (case 40—010)'( a 65-year old man With a
15-month burden (case 40—0'15) and a 79-year old man with a 20,7~
year burden (case 40-001) have proven suitable for microdistribution

studies.



This paper deals principally with the determination of the

239_ . s . -
amount and location of Pu in bone and dosimetric applications of

the data. From the familiar pattern of plutonium distribution seen in

autoradiographs not long after injection (Sc76), we can define four -

kinds of deposits:

(1)

(2)

(3)

~Buried surface deposits_ ~. These are associated with bone
surfaces which were exposed to plutonium and subsequently

covered by new bone formation. They often appear as intense

- bands of fission tracks covered by bone layers which are

several tens of microns thick,

" Labeled bone volume deposits (LV) - These are associated

With bone volume which was formed ‘when plutonium was
.present in the blood. Labeled volume prbduces a relétiyely
high fission track density compaxfed with unlabeled voiume ‘
(UV). Tracks produced by the'latter‘é.re due only to"natural
4235U. Labeled and unlabeled volumes are lal‘ways separated -
by buried surfaces, |

Bone surface.vdelloosits (S) - We inciude, in this c:ategory,
only the deposits on the boné surfaces‘ now in é}déteﬁce;

deposits on buried surfaces are specifically excluded.’ Two

subcategories are also important: - -



(é) Depésits on the surfaces of labeled volumes (S(LV)) -
These begin to accumulate after bone formatidn stops(‘.‘ -
They are ,eas$r to re'cognize 1n _the autoradiographs
_becausé the adjacent bone Yolumés show relatively ‘high

~densities of fission tracks.

(b) Deposits. on the surfaces of u-nlat‘Jeled volumes (S (W)) -
‘These accumulate on bone which was formed before |
injection, The adjacent bone volumes sh'ov;r relatively |
low densitiés of fission tracks in -the. autoradiographs.‘

" Three of thesé: buried surface depésits, LV and S(LV) always‘ occur

together in the autoradiographs at what we calll "burial sites" . This

happens because éf the sequence of events Which leads to the o

formation of a burial site: surface deposition, burial of the surface-

deposit by the overgrowth of new bone ahd finally depvositi.on on thé
newly formed surface when growfh stops.,

We méasufe 239Pu concentration by counting fissibn tracks in
~ the vafious kinds of:d‘eposi‘ts‘\ (S'c76).' “In drder to use the'déta in dose
rate calculations, we must aléo measure the ;chic,knesses 6f LV and S; ,
.The thickness of a labeled volume 'dep.os.it is obtained by mAeas.ur‘ing |
the cross sectional area of labeled volume seen in tfze éutofadiograph
and the length of thé buried' sﬁrface depoisit'which lies adjacent to if

(Sc76). Thickness is then computed as area divided bﬂ/ length. This
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. tends to uniderestimate the mean thickness when the band of tracks

representing the buried surface has a very irrégular shape. As will

be explained later, this error has no inipact on the dosimetry. Sur—-

 face deposit thickness is measured by alpha spectrometry (Sc75)'.

This method is capable of high accuracy and is well suited to these

rather thin deposits.,

Results and Dis_cussipn, - Case 40-~010

Concentration

The surfaces associated with different structural elements in
bone and the surfaces in different parts of_ the skeleton appear to
have different tumor susceptibility. For this reason, when we

present our data, we distinguish between the surface types. In

compact bone, we identify the endosteal surface, which lies at the

interface w1th bpne marrow, the .Haversian canal surfaces and fhe_
periosteal surface. In cancellous bone, we focus our attentién only'
oh the endosteal surface because it is, by far, the rﬁost' abundant of
the thrée types. |

In long bone midshafts, the plutonium appears to be deposited

only as S(UV). ;_Conc;entratioris are pres'énted in Table 1. The;e is -

little difference between thé endosteal surface, the Haversian canal .

surfaces and the periosteal surface.
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. Table 1

2 .
39Pu Surface Concentrations in Long "

Bone Midshafts

Tfpe- of Sixrfac;:e | " Concentration*, pCi/cm2
.ﬁndosteal . . | - 0,27 £0,07 -
ﬁaversian Ca:nal , - - | 0.24 . 0.02
Periosteal - | ‘_  0.34£0.07

* Averages and standard errors (n = 6) are shown for the .
six major lohg bones of the right arm and leg.
Examination of microradiographs shows verf little re_-sorpti{on surface
at the time of death. This qbse_fvation -ar‘1d the low frequ‘ency of-
labeled bone_ volume .Iead‘s to the conclusion that very little remodei—
ing occurred in the midshafts between injection and death. The A |
observed surface deposits are apparentlsr primary deposité whic‘h‘

accumulated between the time of injection and death without interrup-

~ tion by bone remodeling.

-Table 2 presents concentration data for bone surface deposits

(S) at the endosteal surfaces of the axial skeleton and the proximal

_femuf metaphysis. Sampling of the axial skeleton was limited to the

cervical, thoracic and lumbar vertebrae, the ilium and the pubis.



-

-7~

Table 2

2'39Pu Endosteal Surface Concentrations in the Axial

Skeleton and the Metaphysis of the Proximal Femur

Location - ' Conce’ntr.ation*v,v pCi/cm2
Axtal Skeleton . 1,01 £0.10
. Pemur . - 0.36 0,02

* Averages and standard errors. - Axial skeleton (n =35),
femuf (n = 4)., Where bones occur in contralateral pairs,
the right one ‘WaS'used.

A distinct difference exists between the axial skeleton and

 the proximal femur, the former containing about three times as much

plutonium per unit area as the latter, Comparison with Table 1 shows

the ax_ial skeleton c'oncentrations to be about four times those on the

.endosteal surfaces of the long bone midshafts, These differences
are probably a reflection of the greater blood circulation through the

" axial skeleton than through the appendiéular skeleton, It is unlikely

that_they are due to some difference in the chemistry of bong surfageé
in these regions,

In contra;st to the longAboné midshafts, there is much evidénce
of remodeling of the endosteal surfaces in the axial skeleton.-and the
autoradiographs are rich with burial éites. , ConcAentration data are |

shown in Table 3.



Table 3

239Pu at Endosteal Burial Sites in the

Axial Skeleton

Type of_Depo'sit A R - Concentration*

Buried Surface . 2.32% 0.28 pCi/cm’
. | . - )
S(LV) . - 0.40 + 0.07 pCi/cm!
LV S 105 . +17 pCi/cm3

:'* Averages and'sténdard errors (n =35).
‘Note that burie& surface déposits are about six times as
intense as S(LV) and S(LV) have oﬁly about 40% the intensi‘ty. of S (Table '2).-
Si:nce the concentration‘ iﬁ S is an average éf the concentrations in
S(I.V) and S(UV), the data imply that S(UV) are more ilntnens'e than S-and
also more inténsé tl;lan S(LV). These differenc,es in qoncentration
reflect the accumulation histories of the diffexient depdsits: the

plutonium in buried surface deposits began to accumulate shortly

‘after injection, when the blood level was high, and continued until

the surface was buried by bone formation. 'Plutonium in S(LV) began
to accumulate when b‘or.1e foll.'mation stopped, no earlier than é couple
of months after injection and‘continued until death, During.this"

entire period, the blood level was low. Plutonium in S(U\‘/).accumu—

lated between injection and death during pefiods of both high and low

blood level, Although the formation of these deposits was probably



interrupted by fesorp?_:ion, this did not alter the basic intensity
relationships brought 'abou1; by exposure to high and to lov;r blood
'levels.' Were exposure to low blood levels to continue lor}g .enou'gh,
the intensity .of S(L\'I).V ;ﬁight eventually exceed that of the. I;uried
surface deposiﬁs. ‘Howe\'/e.r, years more éccumulation would probably
be required for this to occur and theAlikelihood is sméll that the
‘ a{rerage concentration in S(LV) would nét be sﬁbstantially reduced'by
resorption du-ring’ fhat .time. | - |

For corﬁﬁérison wifhvlabel.ed volume deposits, the co‘ncen-A-l
tration; if all of the{ skelétal plutonium wer e uniformly dilstributed :
_ throughéut the bone volume, would be about 150 pC‘i‘/cmB.

Deposit Thicknesses

Data on deposit thicknesses are presented in Table 4. The
data for bone surface deposits were collected from endosteal surfaces

of long bone midshafts.

Table 4

. Deposit Thicknesses

Type of Deposit L : Thickness, um
v L s2sax
S _ . T <3 -

* Average and standard error (n = 7)
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Since the range of a'2399u 'alpha particle in _bon‘e is 23 pm, the
labeied volume depos»it‘s érei '!iﬁfinitely thick" for fhé purpéses of
dose-rate cailculatic;n ar;'d.élﬂsé' shield thé s"d‘rfacé-’cells -frorﬁ the
buried surface deposité: ,‘«"fhus," although the méthodx'for determining
the thickhess of a labelad wolime doposit tends to Undérestimate
the true mean value, dc;_éiﬁet_ric calculations are uﬁaffécted'.

No attempt has bve'er'1 'mé'xde, so far, to .deter'm'in.e the surface »
deposit thickness more 'pr‘ecisely than shown because the uhce’rtainty
has little effect on the calculated dose fate. If the sudaée depgsits
were exactly 3 pm tﬁick, the dose rate would be just about the same
as if they were one atomic layer thick. Because of .this‘, wé assume
a deposit of zero thickness whenever a dose-rate caiculation is made,

Dose Rate

The S(LV) are secondary deposits which begin to form éfter

the primary deposit has been buried. As the skeleton undergoes '

- remodeling, the primary deposits gradually disappéar and the plu-

tonium becomes deposited more and more in secondary surface
deposits and in the adjacent volume. The question then arises as to
which have more dosimetric significance, the S(LV) or the LV, " Using

the data of Table 3, dose rates from both were calculated and are
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‘presented in Table 5. It is clear that surface deposits contribute a
far greater dose rate than do the volume deposits..

Table S

Dose Rates* at Sites of Burial

Type of Deppsit . , Dose Rate

sLv) . 34 mrad/day
o - __6 mrad/day-
Total 40 mrad/day

K Average over a 10 pm thick layer of tissue adjacent
td"the endosteal surfaces.

S o S.i.nce the su;’facé ?:ontinues to acéurﬁulate plutonium, Ilts con-
tribution to dose rate would continue té‘ increése; -further diminishihg
the importapce of the LV,

The S(LV) in Table 3 are §ne-sixth as intense as the buried
surféce deposits but- may well have been in posifion to irradiate
surféce cells cbﬁsicierably longer than the buried deposit.s Were.
Thus, the secondary debosits may well be as significanf a source of
accﬁmulated dose, 17 irionths post injection, as the primary deposits
were and cannot be ignored when considering the dosirﬁetry of plu-

tonium in bone,
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Results and Discussion - Cases 40-015 and 40-001

Case 40-015

By comparing track denéities in different autoradiographs, we
find th,ét endosteal sﬁrfaces (S) i.n'the iliac crest have hAigher concen-
trations than in the midshafts of tﬁe tibia and humerus and much
higher concentrations thaﬁ in the pro?cimal metaphysis of the humeru.s;
endosteal surface éoncentrations (S)A in the rﬁidéhaft tibia are approxi--
mately eéuai .fo thoée iﬁ the ‘midshaft humerus, 'These. sarhé relatiofl;'
ships are true aléc; fof éase 40-010, 4Bot}»1 cases Had Burdén times 4of
about 1.3 years but differed in sex aﬁd age af iﬁjection; in additfion,
40-010 suffered from Cﬁshirig's Syndrome, a disease which affects
bdne rem'od'e'ling. D}espite, these differences, it appéars that the -
plutonium is distributed similarly in the tWo cases. It may well be

that injected plutonium follows the same basic early distribution

pattern in all adults, a pattern defined, in part, by the blood circu-

: lation,

In addition, we have measured the thickness of the depdsit on
the endosteél surfaces of long bone midshafts and find it to be les's
than 3 pm. The same result was found for Case 40-010.

Case 40-001

This casc had a long burden time, 20,7 years, compared with

the others. Because of this, we anti_cipated and found a relatively
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large fraction of the plutonium in LV, In fact, examination of thej
autoradiographs leads one to believe that the plutonium is entirely

in LV and that no sudace deposits exist at all. However, alpha
particle v{spectrome.try reveals that a secondary deposit is Astill
present on the endosteal surfaces of cortical bone.and dqse rate
calculatidns indiéate ‘that it con;cributes more than 20% of the te;min‘al
‘dose rate.’

. -Unfo'rt;una_tély, this person had beéﬁ cremated and surfac%e
fragments‘ flake off of bone ash, S'ir_lce fla‘king‘ may have pccurred
. after cre.mati'c_m, the surface deposit may actually have co%mtribﬁted
considérably more than 20% of the i:ota} dose rate at death. Thesé .
observations suggest that the s‘econdary surface deposit is‘ dosimetri—
cally significént af;‘.er 20 years and again embhasize the importance of
'secondary surface deposj.tion to plutonium dosimetry 1n human bone.‘
The surface deposit thickness wéé foﬁnd to be less than 5 pm

-and is thus similar in‘magnituc.ie to thaf fou-nd in Cases 40~010 'and‘
40—0i5. Althdugh only three cases have been studied and none has
" been widely sampled for s.urfac_e thickness méasureménts, we bel'i-e\.re

that thin surface deposits are a universal rule for hu'mans.

Conclusions

In summary, our conclusions are that:
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(@)

(3)

(4)

(5)

'Th'e ;hickness of volume deposits formed by appositional -

~14-

In the absence.of bone remodeling, concentrations are ndt‘
greatly different on endosteal, Haversian canal and periosteal

surfaceS of long bone midshafts, 17 months after injection. '

'Endosteal surfaces in the axial skeleton show higher concen-

trations than,surfaces in the appendicular skeleton at 15 and

17 months post—injection.

g.rdvvfh exceeds the alpha particle range. ‘I‘hus,' the deposits

are "infinitely thick" for dosimetric purposes and existing

surface celtls ére, shielded from intense buried surface deposits.

Surface deposits are so thin that, for purposes of dose calcu-

lation, they can be considered to have zero thickness. .

. The secondary surface deposits are of considerablé dosimetric

‘significance, even when the plutonium is primarily deposited

in the volume of bone.
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