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ABSTRACT

A tissue-equivalenthuman-torsophantcm has been con.etructed for
calibration of the counting ayatema used for in-vivo reeaaurementof
trsnsursnic nuclidas. The phantmn containa a human male rib cage,
removable mcdel organs, end includes tissue-equivalentcheat plates that
can be placed over the torso to simulate people with a wide range of
statures. The orgsna included are lungs, heart, liver, kidneys, spleen,
and tracheo-bronchiallymph nodes. Polyurethane with different con-
centration of talcium carbonate was used to simulate the linear photon-
attenuation properties of various human tissues - lean muscle, adipoae-
muscle mixtures, @ cartilage. Fommad polyurethane with calcium
carbonate simulates lung tissue. Tr.mrsuraniciaotopaa can be incorporated
uniformly in the phantom’s lungs and other polyurethane-baaedorgans by
dissolution of the nitrate form in acetone with lanthanum nitrate
carrier. organs han ncw been laballad with highly pure 23SPU, 239PU,
and 241Au!for calibration measurements. This phantom ia the first of
three that will be used in a U.S. Department of Energy progrsm of
intercompariaons involving more then ten laboratoriea. The results of the
intercomparison will all- participating laboratories to prepare acts of
tranemiaaion curves that can ha used to predict the parformence of their
counting ayatems for a wide range of subject builds and organ depositions.
The intercomparison will alao provide valuable information on the relative
performance of a variety of detector systems and counting techniques.

,
●Work parformsd under the auapices of the U.S. Department of Energy by,.
the Lawrence Livermore Laboratory under contract number W-7405-Eng-48.

One of the most difficult health-physicsproblems is the accurate and
aenaitive in-vivo measurement of 239Pu and other tranauranic nuclidea in
the human body. LOW photon-emission ratea, absorption of the low-energy
photona by bone end aoft tissue, uncertainties in estimate of internal
depoaition patterna, and low permissible organ burdens (for example,
16 nCi (592Bq) 239Pu in lung) make detection and quantification of
transuranica at health-protectionlevels clifficult.

A key aspect of the in-vivo eaaay problem is the need for a realiatic
phantom that: reproducibly aimulatea the oounting gecmeetryof internally
deposited radionuclidee, ia made of materials that simulate the photon-
attenuationproperties of human tiasuea (muscle,bone, adi~ae, cartilage,
end lung) at energies below 20 keV, and is rugged enough to be used in
comparing the parformance of counting systems at a number of widely
aeperated laboratoriea.

The first of three ghantome baa now been completed at the Lawrence
Livermore Laboratory (LLL). Phantom-conatruction criteria are besed on
requiremantaestablished by the U.S. Department of Energy Intercalibration
Committee for Lcw-Energy Photon Measurements [1]. This crsmnitteeia

~Paed Of ~le-~Y-@untin9 ap=ialista frfneArgonne National
Laboratory, Battelle Pacific Northwest Leboratories, Lawrence Livermore
Latcwatocy, Los Alarms Scientific Laboratory, Mound Laboratory (Nonsanto),1
Rocky Flata Plant (RockwellInternational), and Savannsb River Plant (Du
Pent).

The phantom simulatea a human male torso without head or arms and is
terminated just above the pelvis. The stature ia that of a msn 1.77 m
tall, weighing 76 kg. The phantom consists of a tissue-equivalent (TE)
polyurethane torso shell with en imbeddsd human male rib cage. Tissue-
equivalent lungs, heart, liver, kidneys, and spleen, with additionsl 2’!4
material simulating intestines and bcdy fluids, fill the phantrseabdominal
cavity. We have made chest plates of TS meterial that can be overlaid on
the phantom to simulate the geaaetry and chest-wall attenuation of the
range of statures seen in male radiation workers. TWO seta of cheat
plates have been made in order to siaulate tissueattenuation provided by
lean muscle or by a combination of adipose and muscle (50% of each by
weight).

Uniform deposition of transuranic isotopes in an individual organ can
be simulated by labelling the TB organ with the appropriatemateriala. We
have now made seta of lungs and lymph rmdes that are each labelled with
highly pure 23SPU, 239Pu, or 24%1 (Table I). By placing the labelled

organs in the phantcm, we can make measurements with and without cheat
platea end acquire data that can be used to davelop counter-calibration
curves for each of the isotopes of interest. The phantom includes a
l-cm-diameterchannel behind the tracheo-bronchialplane an that calibra-
tions can be made with esophageal detectors.

TISSUE-SQUIVALSNTWATSRIAL

Radiologiats and whole-body-countingapacialistshave used varioua
materials to simulate tissue. The selection includes readily available
materials such as Lucite, Perspex, Presdwood, polyethylene, and even

preference to a company or product name does COt imPIY apprOval Or
recommendationof the product by the University of California or the U.S.
Department of Energy to the exclusion of othera that may be suitable.
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water. fic.wever,when low-energy x raya are involved, the radiatiOn-
attenuaticm properties of human tiaaue must be aimulatad more carefully.
Even differences in attenuation between aoft tisauea such as muscle,
adipoae, and cartilage beccma important. ‘lbprecisely simulate these
attenuationa,Otier reaearchera have developed some apacific TS material
formulation. These inclu&: Mix-D, a mixture of paraffin, poly-
ethylene, titanium oxide, and magneaium oxide [2]; Temex, a depoly-
merizad rubber [3]; and Ran& muscle-e~ivalent material, a rigid
filled epoxy.z

Wone of these materials ware aatiafact.oryfor construction of the
inter-libratiun phantom because we required that: the tissue simulation
be accurate at energies as low aa 15 keV for tiaaue thickneaseagreater
then 4 cm, the ’113material be easy to form into irregular shapaa, and the
TS material be durable and not deform significantly wer many yeara. In
addition, we must be able to vary the composition of the material to
simulate the different soft tissues - muacla, adipoae, and cartilage.
Wa also need a lung-tissue simulant that haa a density of 0.25 to
0.30 g/6m3, Finally, it ia neceaaary to label the TE materiala
uniformly witb plutonium, americium, uramium, and other heavy elements.

Polyurethane proved to be en appropriate baais for our family of TB
materiala. With a cc.mpoaitiomof 9.2~ hydrogen, 68.98 carbon, 3.7S
nitrogen, ard 18.2% oxygen (m weight) and a density of 1.06 g/cm3,
polyurethane has linear-attenuationproperties that approximate those of
tissue with 87 wtt adipoaa and 13 wt% muscle. By adding smell quantities
of meterials with higher atrxsicnumber, such as calcium, us can aiimulate
more dense tisauea such aa muscle and cartilage. Because there are
crnauercialpolyurethane formulations that involve mixing two fluid com-
ponents, this T)3material can easily be caat in quita irregular shapes.
‘fbereare also commercial formulationsthat can he used ti produce foamed
polyurethane with densities in the range needed to simulate lung.

Although we have selected une conssarcialpolyurethane (Scotchcastby
the Minnesota Minirq and M.snufacturing company), there are other products
that xould be suitable for solid ’393material. We begin making the m?,
plaatic by using a small, laboratory rolling mill to incorporateCSC03
powder into component A of the polyurethane. Our present TS material
formulations call for 2.1 wt~ CSC03 to simulate chest tissue having equal
weights of adipose and muscle, 4.3 wt% CaC03 for muscle simulation, and
5.8 wta for cartilage simulation.

Our formulationof the lung-equivalentmaterial also involves a
twu-comprnrentpolyurethane- 1940D (black), available from the CPR
division of Upjohn Corporation. A small quantity of water ia added to
generate foaming. The specific formulation ia 30.0% 19400 component A,
68.4* component B, 0.15% H20, and 0.15% acetone (by weight), with
tranauranic tracer. We add 6.28 CSC03 to component A to achieve tbe
propar x-ray transmission. Under proper comfitions, the foam expamla
uniformly and ws can control lung density by the amunt of polyurethane
poured in the rold. We uaad lanthanum nitrate carrier for the transuranic
nuclides to achieve uniform distributionof the radioactive meterial in
the modal lungs. X-ray fluorescencemeasurements of the lanthanum
concentration shuwed that the carrier diatribution in sample lungs was
uniform tQ within *4% of the average value.

We have measured the photon tranamiasionaof various tissuea and TS
materiala using 16.6-keV x rays fran ‘%b, L-series x rays frm 23%,

. . 2Msnufactured by Alderaon Research Laburatoriea, Stamford, connectiCUt,
u.S.A.

241ti
and the 60-keV gamma ray from . Tranamiaaion curves for 93~b and
238pu me a- in Fig. 1. The 2411uhtrrmmniasion through soft tissue,
excluding lung, haa a very narrow spread - through 4.0 nunof sample, 63.0%
for muscle and muscla-equivalentpolyurethane to 66.7% for adipoae and un-
loaded polyurethane. The 238Pu tranamiasion data show curvature bScauSe
the three L-aeriea x rays (13.6, 17.2, and 20.2 keV) have different
attenuation coefficients.

FAsRICATI(X4TSCHNIQO=

The torso and organ molds are all baaed on solid plaater caats made
frrm a male cadaver provided by the Anatomy Department at the University
of California, San Francisco. The cadaver WEB 1.77 m tell, weighed 75 kg,
and h&3 a chest circumference of 1.01 m. In cumpar ison, a randcm sample
of 500 male LLL and Lea A2amos Scientific Laboratory employees on the
average were 1.77 m tell, weighed 76 kg, and had a cheat circumference of
1 m. The organa and TS replicas are afrownin Fig. 2. Organ-replica
volumes are presented in Table II, together with values for Reference Man
[4].

An important part of the @antom cunatruction was mudification of the
torau caata so that the phantcm chest wall overlying the lungs would be aa
thin aa puaaible while still accomcdating the rib caga. (This allows us
to measure attenuation for the wideat range of cheat-wall thicknesaea.)
we made a thin plastic reproduction of the chest axterior by vacuum
forming a plastic sheet on the plaater torso caat. We marked this chest
plate with a grid, drilled hules at the grid puints, and placed the plate
over a cast of tha organ cavity. Frraeultrasonic-scandata taken rrnthe
chests and abdomena of a large group of radiation workers and from
published anatomical data [5], we tabulated the thinnest realistic
profiles of cheat- and abdominal-wall thickness, for the phantom. With
the plastic cheat plate in place on the organ-cavity cast, we mapped the
actual cheat- and abdominal-wall spatimps. The differences between the
mapping ati the desired profiles were then remuved fram the plaster torso
cast. A silicon-rubbermold for the phantom waa made fruntthis cast. The
final torso model is shown in Fig. 3 together with ita mold.

After removal from the cadaver, the rib cage was cleaned to remove
aoft tissue. We then used a culony of Oermeatid beetles maintained in the
Museum of vertebrate zoology, University of California, Berkeley Campus,
to remuve traces of remaining soft tiaaue. The beetles were particularly
useful for this purpose because they have access tu small voids in the
skeleton (particularlyin tha vertebrae) tut du not attack cartilage. The
cartilage was thus saved for future use. Finally, we used amnonia and a
vapor solvent to degrease the bonea. We used a vacuum filling technique
to replace lost marrow in the bone trabeculae with Mix-D tissue simulant.
We cumpleted the rib-cage assembly by comecting vertebrae with nylon pins
and the ribs with nylon atring. Special sections of polyurethane
cartilage simulant connect the ribs to the sternum. The rib cage is shown
in place on the organ-cavity model in Fig. 4(a). Figure 4(b) shows the
rib cage and theorgan-cavitymodal placed in the torso mold before
casting.

The final major task in phantom construction was fabrication of TS
chest platea, which will be used to simulate the cheat-wall attenuation of
a wids variety of male statures. Based on requirementsestablished by the
Oepartment of Energy Intercalibration Committee [1], ws made molds for
four chest plate thicknesses: 6, 11, 16, and 24 mm. This allowa us to
make five measurements covering the range of chest-wall thickneaa- from
19 mn without chest plates to 43 ma with the thickest platea. This range

.
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includes nmre than 95S of the male radiation wurkers nmnitored in the
Us. ‘WC sets of plates have now been cast: one with muscle-equivalent
material and one with polyurethane to simulate tissue =mpeaed of 50%
muscle and 50% adipose. Figure 5(a) shcus the phantom aaaembled with the
11-nsn-thick cheat plate in place. Figure 5(b) shows the phantom and cheat
plata apart, and Fig. 5(c) ahowa the phantcm with both the chest plate arrd
torso cover removed.

PHAWTJW EVALUATIOWB

The aucceas of the phantom in so intercalibrationprogram depends on
hcw faithfully it simulatea human mOrphOlOgY and radiaticirtransmissionof
human tissue. We used a computerized axial tomographic (CAT) scanner at a
local hoapital to help evaluate these qualities. The CAT scanner yields
excellent morpholgical data through cross-sectional acens. It also
provides data rm the density of tissue in each section. Figure 6(a) shows
a typical scan of the phantom through the lung region. The schematic in
Fig. 6(b) ahcwa contours of a typical section of the phantrsmchest ard the
relative profiles of the four cheat plates. Comparative tissue densities
measured with the CAT scanner fOr typical human and phantrm tissues are
shown in Table III. The CAT scanner data depends on the radiation
transmissionof the tissue, so the agreement in Table III indicates that
the phantom will provide an accurate measurement of internal attenuation.

We have made preliminary body-attenuationmeasurement with the
phantom using two 127-me-diemater@oewich scintillation detectors placed
over the lungs. Data for attenuaticmof L x rays fra 238Pu are
presented in Fig. 7. For romparison, we give data frca both muscle-
equivelent chest platea and chest plates simulating a ccabinatirm of muscle
and edipcse.
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TAME 1. =TIVE X-RAY CONTRIBUTIONSOF TRANSURANIC NUCLIDES
USED TO MAKS IASELLED ORGANS (AS OF 5 AUGUST 1977)

Relative contribution
Primary labelling nuclide

Contributing
nuclide

238pua 239pub 241ma

238
;39::

0.999 0.003 SO.0002
So.0001 0.934 So.0001

241&’
S0.000z 0.055 SO.0002
SO.0004 0.007 0.999

Othera 50.0001 SO.ool So.0001

1.000 1.000 1.000

~y alpha pulse-height analyses.
By msas apectrometry.

8

TASLE II. COMPARATIVE 0RGAf4VOLUMES

Volume, cm3
Organ Reference Maria Phantom

Lungs
Left
Right
Total

Hear t

Liver

Kidney
Left
Right

Spleen

1762 1689
2153 2180
3915 3869

742 748

1700 2050

149b 170
150

171 155

&ad on data from Ref. 4.
Distinction between left end right kidneys not made.

,
8.
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TABLE III. DENSITIPS OF T16SUIIAND T166VB-EQUI~ PLA6TIC

1 HBA6_ NIT6 A conwmA32m AMAL ~HIC SCAUNBR

Deneity, ,/ral’
Tissue Tissue. TBPO lyurethene

Muscle 1.06 1.09
87* adipoee, 13* muscle 1.01
M@ume 0.92
- 0.31 0.28

1.0\ I I I I I I I I I
{a)I

L+
MeeNlement T

mometfy \\’
26 mm

k
50% IkJIde,50%

\

‘8

0.01 edipose)
4 Mix-D
5Rand0mlmcle 9
6 Temex

O“”EE!F!zi
o 10202O4OWJ

t, I 1 I 1 1 I I I -1
0 lozow)q)~

Sample thickness - mm

FIG. 1. Relative x-ray transmission through tiesue-equivalentmateriels:

(a) 16.6-keV x rays from 93’’Mb,(b) 17-kev L x reys fr~238 Pu.
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