£6 I = 1096~

THE DISTRIBUTION OF 2“lAm IN THE HUMAN BODY
AS
DETERMINED BY EXTERNAL COUNTING ¥

by

R. E. Toohey

DISCLAIMER

Prepared for

Workshop on

Measurement and Interpretation of Actinide Accumulation by Man

Snowbird, Utah %
October 14-18, 1979 @

ARGONNE NATIONAL LABORATORY, ARGONNE, ILLINOIS

Uof C-AUA-USDOE

Operated under Contract W-31-109-Eng-38 for the
U. S. DEPARTMENT OF ENERGY



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



The facilities of Argonne National Laboratory are owned by the United States Govern-
ment. Under the terms of a contract (W-31-109-Eng-38) among the U.S. Department of Energy,
Argonne Universities Association and The University of Chicago, the University employs the
staff and operates the Laboratory in accordance with policies and programs formulated, ap-
proved and reviewed by the Association.

MEMBERS OF ARGONNE UNIVERSITIES ASSOCIATION

The University of Arizona Kansas State University The Ohio State University
Carnegie-Mellon University The University of Kansas Ohio University

Case Western Reserve University Loyola University The Pennsylvania State University
The University of Chicago Marquette University Purdue University

University of Cincinnati Michigan State University Saint Louis University

Illinois Institute of Technology The University of Michigan Southern Illinois University
University of Illinois University of Minnesota The University of Texas at Austin
Indiana University University of Missouri Washington University

Iowa State University Northwestern University Waynce State University

The TTniversity of Iowa University ot Notre Dame The University of Wisconsin

NOTICE

This report was prepared as an account of work sponsored
by the United States Government. Neither the United States
nor the United States Department of Energy, nor any of their
employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, exprcss or implied,
or assumes any legal liability or responsibility for the ac-
curacy, completeness or usefulness of any information, ap-
paratus, product or process disclosed, or represents that its
use would not infringe privately-owned rights. Mention of
commercial prouducls, thelr manutacturers, or their suppli-
ers inthis publication does notimply or connote approval or
disapproval of the product by Argonne National Laboratory
or the U. S. Department of Energy.




. 79-20-/

THE DISTRIBUTION OF 2*!Am IN THE HUMAN
BODY AS DETERMINED BY EXTERNAL COUNTING*

R. E. Toohey -
Center for Human Radiobiology
Argonne National Laboratory
Argonne, IL 60439
.. .Abstract

Methods for determining the distribution of Az"lp;m B
x‘./v'ithin< t_he body of‘_a contaminated'_subjéc_t ;«md'th_eir application
to sevelfal céses under stﬁdy at the Centéf for H-uman"Radio-
biology are described. | In general, zi’lAm is_found in
fhe lungs even at long times after inhalaﬁon, and systemic
) 2‘flAm is observed to deposit in the liver and to label the.
skeleton in a fairiy uniform manner; simﬂar..fi'nbdings have
’ bee-n reported in animal studies (L172) . Fu‘rther analysisi
_of the skeletal distributibn of 2*1Am indicate's.depo'sition
on bone surfaces. In cont.rast', thé distribution of injected
" 23%y in an (abnormal) skeleton is rather non—ﬁniform when

‘ompared to that of 2*Am.

* Work supported by U.S. Department of Energy.

The submitted manuscript has been authored
by a contractor of the U.S. Government
under contract Mo. W-31-109-ENG-38.
Accordingly, the U. S. Government retains a,
nonexclusive, royalty-free license to publish
or reproduce the published form of this
contribution, or allow others to do so, for
U. 8. Government purposes.

e et o e e




Introduction

2%1Am is'an o-emitting radionuclide with a half-

life of 458 y. A 60-keV f-fay accompanies 36% of>the
a~decays, an'd neptunium L x-rays cehtered at abéut _
.18 keV alsp occur folloning internal convefsion. An’ixnal
data have indicated the ui:)'lcake of 2*!Am by the liver ahd
skeleton (L172, Th70, Co73), and the few reported
instances of human exposure '('To79, Wr72,4 Fr76, Pa79)
have indicated the same.  The maximum permissible b,ody. N '
burden is 50 nCi, with bone as the critical organ (ICRP60).
The maximum Ipermissible lung. burdén is 15 nCi,: calculaf_ed
by the methodsAof ICRP.

| Because of the péucity of human data, as much
information as possiblé must be obtained from eaéh case, '
Both for the benefit of the indiv.idual concgfhed and to
contribute to our knowle.dcje of the metabolism of this
radionuclide by the human body. A major part of this
desired information ponce'rns the distributioﬁ of acti{rity

within the body. Fortunately there are methods available
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for determining the distribution in all thrée~§patia1 |
directions. Thése methods include scanning techniques
for distn‘bpt‘zon measuréments, along the length and width
of the bédy, and a‘\Ararie'ty of methods to determine the
actual or effective depth of tﬁe activity in the i)bdy .as‘ "
viewed‘ by an external detector. Unfortun'ately, fhe |
severe attenuation by bone and sbft tissue of .the photons
emitted by 2**Am contributes greatly'to 'the difficulty §f :
both collecting and interpreting the distribution
information. | |

This paper will diséuss the various'téchniques for
determination of the distribution, and will report the
distributions of 2*'Am in several individuals examined
at the Center for Human Rédiobiology.‘ Finally the
distributions of 2*Am and 23%u inlthe human skeleton”
will be -comparéd.

Measurement Techniques.

The simplest method of obtairiing distribution
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information is by scanning - simply recording the counting
rate observed with a détécto_r in different positiéns
along the bodf. . These méasuremerits may be done
, w;th large, unshielded detectors at widely sepérgted
locaﬁoﬁé, as in thé";sevén—poéiﬁOn?scan." fe'chniqué of
Miller (MiGQ , or with é well-collimated detector placed
éuCceSSiVely ‘at adjaCeritf} narrowly-separated locations
to obtain a "'profﬂe séan." | |

Fig. 1 shows seven-positions scans taken with
detectors above‘ and below the supine bbdy of case 30-.0.41,,
"a worker who contained a'ppr,oximatelf 0.9 uCi of 2*'Am,
originally inhaled as 2"1A'm02 (To76a). 'Even though
the results of these scans provide reiative],y little detaﬂ
' 'they contain a Surprising amount of distribution
iriformaﬁon. For example; the higher A'counting rates
frém the upper crystal at positions 5 and 6 indiicaté
. activity in' the bones of the legs, and especially in the

knees, since more sof,tAtissue shields the lower crystal
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than the upper, even théugh the leés are muéh‘ closer to.
the lower crystal tﬁan to- the uépér.

‘These scans also indicate that much of the activity
in the tho;ak is actﬁaily in' thé lungs for tAhe folquing
'rieaso‘hs : i) a higher c;ounting rat'e" is of)servéd from the
back tﬁan from the frént; 2) 'tﬁé- makimum counting rate |
appears to be nearer the vertewihen measured from the
front than ffom the baék; and 3) a brbader'péak in the
counting rates is obsefved from the -back than frém the
front. All these 'chara’éteristi_cs can be predictea froma
. consideration of.the size, shape and positioniné -of the
“lungs in the thoracic cavity.

In the profile scan technique eiAther.a 20-mm wide
COllimatof, or a focused-slit collimator, is piaced over.the
detector, yielding a spatial resblﬁtion of about 100 rﬁm at
| the mid;plarx.e of the body. Th1s res',oluﬁo'n'is ciemonstratéd‘

" in Fig. 2, a longitudinal, profile scan of case 30-063, a |

subject who contained two point sources of 2"*Am of the
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type used in domestic smoke détect_ors (Ru77)'. Each
source cpntain'ed about 2.5 uCi of 2'*1Arn4_, and théy Were.
observed to be in the g;stro-intestin’él. tract, lying at
about 56}{0I mm a’nd 680 mm from the '\‘rertex,' respectively.
‘The two sources w‘ere‘ eésilY ;’es'olvéld‘ by the A‘sca:nning‘
technique.
| | The .other type of distributioﬁ information, namely
' :‘the effective depth of the activity i-n'th'e body, -is |
obfained by analysis of the photén spectrum 'collected
by an external detectof over any loczitioﬁ on the body.
All of the methods take advantage of the phenomenon _of
Compton scattériﬁg. As.th‘e amount of low_—Z scattering material
lying between a given amount of .’ 2"_1Am and the détecto;
i‘s inéreééed, fewer 60-keV photohs reach the detector
without losing some of their enefgy ‘in oné or more
collisions with electrons _in the séatteri’ng material. This
increase in the ratio of s_cattered 'to primary photons

detected offers a means of determining the thickness of
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scattering material 'graversed. |

- If the photon detector has sufficient resolution, the
séattered photons are well sep;xrafced from the ‘primarf peak.
Po‘r example, in Athe case of a xenon;f_illed p_fopdrtiohal
v 'cc“mn-tér, th’é' réfidé of counts in the eAnerg‘y bandé .35—45
keV ('I;o75) or435-5y$ keV (Ya73) 1;.0 fhoée in the 60-keV
peak have been found to be linearly dependent on the - 1
vthiéknes‘s of tissue-equivalent absofb’er overlying the
source, up to é_mbo’ut 120 xmm. |

In the case of Nal(Tg) deteétors, the scattered

photons are not reéolvea from the primaries, so different
methods are used. The'E;O#keV ﬁeék may be diyided into
two parts, and the ratio of couﬁts in the lower energy
part to thdse in the higher ‘energy part hés also béen
found to depend linéarly on the thickness of tissue-
equivalent -absorber overlyihg the source ('To76b) . |
Alternatiyely, the shift of the observed centroid of the

peak to a lower energy or the increase in peak width may
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be used as the parameter to 1ndicat¢ overlyiﬁg absorber
thickness (Wr72). Thé depth d'etermiriation techniques
with an NaI(T4¢) crystal are not a§ "senSiti\ré as that with a
xéhdn-fﬂled proportional counter, és shown in Fig .. 3.

Pinall} ,1tmust bé notedthat v"'bec-:au'se thé séurcéé
normall.y’ bresént ih vivo are distributéd rather than point,
the abovel techniques usuallv determine an effective,
rather than actual; depth for the éourceh Thié effective
depth is thén used to derive th'eb' approximate célibrat;“on;
factor for the detection system either by measurements of
point sources aﬁd.absorber (To76a), or by adjusting a
phantom to conform to the subject (Wr72).

Applications and Discussion

The techniques described above have been»appliéd
to data previously obtained on two.casesz of 2*1Am
inhalation: 30-001, an adult male, Jand 30-002, a ten-year-
old boy; these cases have been described in detail elsewhere

(Ru72, Wr72). The data are summarized in Fig. 4. The
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upper grapﬁ ‘shows intensity measurements_ made witﬁ the
' 7—position scan technique in which position '4 is at the
midpoint of the 'body,A Thé 16wex; graph shows the effective
depth of 2*!Am in the two subjects at each position The
importance of '»'tl"i'e" ‘dépfh"dété}fﬁiﬁétjoné' i"or éaﬁBratioﬁ i"s” -
. demonstrated by the measurerﬁénts on 30-001 in positions
4 through 7. The in.tensity measurements are quite 'cvons’cant -
for.;chese four positions, while the depth measurements show
_a variation of almost a factor of three. The effective depths-
_ measured are consistent With what WQuld be exp_ected from
‘anatomical conSideratiohs. |

Further information about the distribution of acti\}ity g
in the thorax Qf 'case 30-041 (Fig. 1) .éan be obtained from
. transverse pxrofile sc'ans, shown in Fig'. 5.('1'079) .. Tﬁe»
upbermo;t dia.gram in 'Fic';. 5 is a scan made with the slif
of the collimated detector parallél'to the spine and centered
at 0.4 m from ihe vertex.v Iﬁ order to _remo.v.é the contribution

of 2%1Am in the spinal column from this scan, another scan
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was made 0.2 m further down the body. At this point the
detector was away from the major portion of the lumj
tissue, but gtﬂl.gnder part of the rib cage. This second
- scan is shc)Wn in the middle pbrtioh of Fig. 5> and the
diffe[ence. between the t'wo"scar'xs {s plotted in the lower"
portioh. The two peaks remaining When the contribution
from bone is removed confirm the pré.sén_ce of aé:t’ivity in’
‘the lungs . . The asymmefry which results from the féct
that the right lung is larger than the left is typically
observed in cases of inhaled activity. - The"
contribution from activity in the liver is negligible fof
this case becéuse of chelation therapy,. but in general,
activity in the liver would interfere with }ngasurements
of this kind.

The distribution of 2*!Am in the skeleton of this
case can be deri{/ed from the Ares'ults. of lohgitudinal
profile scans, shown'in Fig. 6, along with a scale drawing

-of the skeleton for reference. The large peak at 0.4 m
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‘from the vertex is due to 2"**Am in both b§ne and lung,
as showﬁ above, an‘dAthe peéks at 13 and 1.75 m from;
. fhe vértex sugges’; deposition on bdne s-ﬁrface-° {The -
ends .of the long bones are primarily trabecular in nature -
‘while the shafts .‘a‘r;:- primafﬂy éorﬁca-l bone».) ) In_ '
‘order to anﬂyze the skeletal distributioh, thé data were
divided into five régio,ns as shown in Fig. 6. |

‘The amount of bone surface area‘in eac_'h-reg‘i'c')n_was .
calculated from the values of cortical a'ndl tra.becp.lar bone
- mass for 15 groups .of bones given for Referénce Maﬁ
~(ICRP75). Since cdrﬁcai boné 'accounts for 4 kg of bone
mass arid.S m2‘of bone surface area, ahd trabecular bone.
accounts foxj 1 kg of rﬁass énd 5 m? of area, the tofai
surface area for each group equais 1.25 m2/kg timeé £he
cortical mass plus 5 m2/kg times the trabepular mass.
Table 1 shows the percent of bone surface afea, $ total
counting rate and $ corrected cognting rate (for the

1977 data) in each of the five regions. The corrected
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- counting rate was obtained by subtracting from region II |
the contribution due to 2%1Am m the lungs. [This lﬁng
content was determined. independelj.tly-'from. measurements - -
. made over the thox;gx with a xé,non—filled proportional
counter, whlchm turn was calibran't'e'dnbir determining .
the efféctive depth of the material iﬁ the thqraxf, TAhet‘
"lung content was -determined to be between 5 and 10% of ‘
the afnounf ori'ginally 1hha1ed, someAlz years after the
iﬁhalation (To79).] The correlafion coefficient of the
cdrreéted counting rates' and bone surface areas
(columns 3 and 4 of Table 1) is +0.96. This latter
number is significant at‘ the 99.5% level (fér threeAdegr‘e‘es
of f_reedom) and this ‘offers striking confirmatioﬁ of th'e,'-
déposition of ?*?Am on bone éurfacest.

Some additional information on the distribﬁtion of
z“iAm in the body of this case is available from
me«:;xsureme:nts of activity 'in the liver. - These measurements

were made by placing the proportional counter over the
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_fi‘ght side of the abdorhen aﬁ-é distance of 0.65 m from. 4
the vertex and tilted 45° frofn the vertcal so‘as to be
roughly parallel to the surface of the body. The counting -
rate obtained was then cbmpared with thé’; Qbéerved when
the counter' .w;a's m a sirﬁjlar p;ositisn'év'er the Ieft"sidfhe of“
the abdomen. .TheAcounting rate. f.atio was 1.03 i 0.02 |
while the subject was still on'chela;tion therapy, with
\"/ery little aétivity in the liver. | The ratio iﬁcreasgd to
1.09 + 0.03 one year after the cessation. of chelation,
and to 1.31 % 0.04 after another two years. The increase
in the Aratio indicates that in the absence of cﬁelétion
therapy, ?*!Am is being deposited in the liver after its
removal from bone or lung. Because of the severe
attenuation by tissue of the photons emitted from 2“Arﬁ
in the liver, it is extremely dif.ficult 1o calibréte the
counter.. A crude estimate of the activity in fhe liver
is 25 nCi, which is not deeméd sufficient to justify the

resumption'v of chelation therapy at this time.



Comparison of the Skeletal Distribﬁtions of 2*1Am and 23°%u

As noted above, the skeletal distribution of 2*!Am
in casé 30-041 is }quite ﬁnifprm and well—c_érrelated Qith
the dist‘ﬁbutio"n of bbneﬂ surface éréa, This doés not
appear to be true for 23%u in the skeleton of case 40-01U,
‘- wh‘okreceived._(.).3 nCi of 23'*’Pu by mtraven'ousb injection iﬁ '
- 1945, At the time'_of injéction, thils subjécf was suffering
from Cusﬁing's sync_i‘ro‘me with its ac,;companyirlg 6steoporosis, |
.and consequently, her skeieton may be-considered abnormal..
The distribution 6f #?°Pu in her skeleton has beenAreport'ed
by Larsen.et al, (La78). In genefal, for any one bdhe,
plutonium was more highly concentréted iﬁ the trabecular
~portion than in the -cortical portion, but overall, the
céncentration of plutonium in the axial skéleton was an
order of 'magnitude greater than that in the apﬁendiﬁular
skeleton.

The fifth column of Table 1 gives the percent of
total skeletal plutonium found in those bones of case 40-010

~ which lie in each of the fi\}e regions defined for case 30-041.
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The cbrrelaﬁon~ coefficient of bone surfacé area and
plﬁtonium éontént (columns 4 a_nd‘5) "is equal to +0.87."
This number is l_s_till 'siggificaglt, but only ai’ 1he §5% level. . ]
’AI'heA diﬁerences.in _2“1Am and 2%°%u cc_m-tent are most
‘apparent in regibns IV and V, which inél’udeﬁortioné of .
only the appendicular skeleton. | |

The skeletal distribution (both rhacfo—- and mi'cfo—
sc@pic)_ of 23%y in éase 40-010 and anotﬁef injection .
case,_40—015; are presented in more detsil in' confri_butions
to these proceedings bs; Larsen et al. (L$79) and Schlenker
et al. (Sc79), apd SO wﬂlAnot be discussed furthér here.

It is of interest to note ’;hat dissimilarities in‘the
skeletal distributions of 2*!Am and 235py, have been
observed in i)eagles (L1;72) ,.in that the 2"‘1Am w‘as‘
déposited uniformly on alli bone suffaces, but 23%Pu
 was depos-ited preferentially on endosteal surfaceé |
rather than perio?steal; and in general was not as

uniformly distributed as 2*!Am. However, it seems
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' unlikely that the difference in microscopic dAistrilbution
can accbﬁnt‘for the large variations in macroscopic
distributiqn presented_in'" Table 1.
Summary

- A siéhiﬁcanf Jamm:n'lt of infofmaﬁoﬁ regal;diri'g‘ the
distribﬁtion ‘a.nd therefore the metabélisrﬁ.of 2410m can be
obtained by external counﬁng in vivo. Among our findings
a‘rve the refention of 5 ‘to 410%. of the ofiéina.lly inhaled 'amount-
in the lungs at 12 years after inhalation; the in.'j,tial.
'depositicA)n of 2*XAm in the liver, its removal by chelation |
thérapy, and its gradual re-de-pOsition in thé iiver after
cessation of chelatig,ﬁ therapy; and a uniform l'abe'll‘ing' of
the skeleton by 2"!Am, with a highly sigriiﬁ!cant correlation
between bone surfaée and 2"1Abm content for various regions
‘of the skeleton. This uniform skeletal deposition of 243p
contrasts with that of 23°%Pu, wﬁich, although also depositing
on bone surfaces, seems to be conqientrated in the more

metabolically-active portions of the skeleton.
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Table 1.

Comparisdn by region of the observed fractions of the vz"lAm counting rate from case
30-041, the available bone surface area, and the 23%u.content of the skeleton of case
40-010. - The regions are defined. in Fig. 6. :

o 30-01 = | | 40-010

o % 2*1Am g 2%1am ~ % bone . g 23%py

Region : total counts less lung s surface - - .content
1 .13 15 12 18
II 7 23 .26 -7}
m 20 .25 3 39
v 16 13 17 | 5

v 15 18 12 3



Figure captions

Flgure 1: Seven-position scans of case 30-041, obtained
with two uncollimated 292-mm diameter by 102-mm
thick NaI(T4%) detectors, one above and one below
the supine subject. Position 4 is at the midpoint of
the subject's height and the remaining positions are .
267 mm apart, along the length of the body (Fig. 1
of To76a).

Figure 2: Longitudinal profile scan of case 30-063,
obtained with a single collimated 292-mm diameter
by 102-mm:thick NaI(T®) detector below the supine
subject. (F1g 1 of Ru77). :

Figure 3: Ratios of scattered-to~primar)} 60-keV photons
as a function of absorber thickness overlying a
source of 2*Am. (Fig. 1 of To75).

Figure 4: Seven-position scans (upper frame) and derived
effective source depths (lower frame) for cases 30-001
and 30-002, taken with a single uncollimated detector
below the supine subjects. (Fig. 3 of To76b).

Figure 5: Transverse profile scans of the thorax of case
30-041, obtained with a single collimated 292-mm
diameter by 102-mm thick Nal(TR) detector below
the supine subject at 400 and 600 mm from the vertex,
and their difference. (Fig. 2 of To79). '

Figure 6: Longitudinal profile scans of case 30-041, obtained
with a single collimated detector below the supine subject.
The three scans, takenin 1973, 1975 and 1977, show
that there has been no extensive re-distribution of
activity during this time period. The counting rates
and skeleton have been divided into five regions for
analysis. of the dlstr1bution of activity. (Fig. 1 of
To79). .
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