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ABSTRACT 

This report is the first volume of a series in which specific absorbed fractions ( i p ’ s )  in various 
organs of the body (“target organs”) from sources of monoenergetic photons in various other organs 
(“source organs”.) are tabulated. This volume outlines various methods used to compute the 
$-values and describes how the “bestn estimates recommended by us are chosen. In  companion 
volumes @-values arc tabulated for the newborn, for ages 1, 5 ,  10, and 15 years, for an adult 
female, and for an adult male. These @-values can be used in  calculating the photon component of 
the dose-equivalent rate in a given target organ from a given radionuclide that is present in a given 
source organ. The methods used to calculate @ are similar to those used by Snyder et al. (1974) for 
an adult. However, an important difference involves the dosimetry for radiosensitive tissues in the 
skeleton. The International. Commission on Radiological Protection recognizes, in the radiation pro- 
tection system of its Publication 26 (1977), that the endosteal, or ”bone surface,” cells are the tissue 
at risk for bone cancer. We have applied the dosimetry methods that Spiers and co-workers 
developed for beta-emitting radionuclides deposited in bone to follow the transport of secondary 
electrons (freed by photon interactions) through the microscopic structure of the skeleton. With 
these methods we can estimate @ in the endosteal cells and can better estimate ip in the active mar- 
row; the latter is overestimated with the methods of Snyder et al. at photon energies below 
200 keV. 

xi 





This report outlines the methods used to compute specific absorbed fractions (Ws) in various 
organs of the body ("target organs") from sources of monoenergetic photons in various other organs 
(%ource organs"). These @-values can he used in calculating the photon ~ ~ ~ ~ ~ e ~ t  of the 
equivalent rate in a given target organ from a given r a ~ ~ ~ n ~ ~ ~ ~ d e  that is present in a given S Q U H C ~  
organ. lam addition, this report describes the procedures rased in choosing the %est" estimak of + 
from the estimates generated by several methods for a given urce-target pair, The @-values calcu- 
lated by these methods and the "hest" estimates recommende y us mill he published in C o ~ ~ ~ a R ~ o ~  
volumes (Cristy and Eekerman L9884a-f) for the newborn, for ages 1, 5, 10, and 1S years;, for an 
adult female, arid for an adult male. 

Watson (1974) for an adult. Simple equations describing the geometry of the body and its organs 
("mathematical phantoms") are used ( 1. )  with a computer program that simulates radiation trans- 
port with Moliite Carlo methods or (2) with a computer ~ r ~ ~ r a ~  &hat integrates the ~ ~ ~ i ~ ~ - s ~ ~ r ~ ~  
kernel equation (including buildup) over the volumes of the source and target organs. The 
the photons is assumed to be distributed uniformly in a given source organ, and 9 is river 
the volume of the target organ. The most important difference between OUT work and that of 
Snyder et al. involves the dosimetry for radiosensitive tissues in the skeleton, The ~ n ~ e r ~ a t ~ o n a ~  
Commission on Radiological Protection recognizes, in the radiation protection system of i ts  Publica- 
tion 25 (1977), that the endosteal, or "bone surface," cells are the tissue at risk for bone cancer. 
We have applied the dosimetry methods that Spiers and co-workers developed for beta-emitting 
radionuclides deposited in bone to follow the transport of secondary electrons (freed lay photon 
interactions) through the microscopic structure of  the skeleton. With these methods we can esti- 
mate Q in  the endosteal cells and can better estimate @ in the active marrow; the latter is over- 
estimated with the methods of Snyder et al. at photon energies below 200 keV. Also, we have made 
more use of the converse Monte Carlo estimate, @(source organttarget organ), as an approxima- 
tion to the direct Monte Carlo estimate, @(target organtsource organ), sometimes in conjunction 
with a correction factor; and we have made more extensive use of empirical correction factors for 
the estimates generated by the pint-source kernel method. These methods are discussed in chapters 
I1 and 111. 

The mathematical phantoms used in our work are designed like the adult phantom of Snyder et 
al. (1974) and have different densities and chemical compositions for lung, skeletal, and soft tissues. 
(The term "soft tissues" will be used herein for all near-unit-density tissues, i.e., density = 1 
g/cm3.) These phantoms have been described by Cristy (1980), but several changes have been 
made in  our phantoms since the 1980 report: ( 2 )  the age 15 phantom of Cristy (1980) has been 
redesigned so that it now represents both a 15-year-old male and an adult female; (2) the adult 
phantom of Cristy (1980) has been modified slightly and is now labeled "adult male," although it is 
hermaphroditic and could also represent a larger than average adult female; (3) the densities and 
chemical compositions of the tissues have been changed in all of the phantoms; and (4) the densities 
and compositions of the skeletal and soft tissues of the newborn phantom are now different from 
those at other ages. The equations describing the phantoms, as amended, and the newer data on 
densities and compositions are given in Appendix A. The masses of the organs and their centroids 
are given in Appendices B and C, respectively. 

The methods used to calculate @ are similar to those used by Snyder, Ford, 

1 



2 

Cristy, M. 1980. A4utfizmafical nharztoins represctztirg children of various n g ~ s  for m e  in estimates 
of internal dose. U S .  Nirclear Regulatory Conmission Rep NUREG/CR-I 159 (also Oak 
Ridgc National Laboratory K c p  OWNL,/NUKEG/TM-36'/). 

Cristy, M., and Eckerman K.F. 1987a rTpec$ic ahsorBedufiaaciions of energy at V G ~ ~ ~ L Y  ages f w m  
iiiteittal pAoton sources I1 OnP-ywr-nld Oak Edge  National Laboratory Rep. 
ORNI /TM-838 1 :Vol. 2. 

ZIZ. Fi\c.-year-old Oak Ridge National Laboratory Rep. ORNL/'TM-838 1 : V d .  3. 

IV.  I en-year-old Oak Ridge National Laboratory Rep. ORNE/TM-838 I:Vol. 4. 

_ ~ ~ _  19875. SpeciJc absorbed frartimr of energy at variour nges from interno! photon sources. 

__ 1987c. Sp~cb~<c absor bed fractions of energy at ~axioias qges from infrv%crl yhJon sourc2s. 

- 1937d. Specific absorbed frartiorrs of enrrgy at variouo nges from irtit-rtd phvtori sources. 
V Fifteen-yew-old male and adult female. Oak Ridgc National Laboratory Rep 
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CHAPTER IP. METHODS OF CALCULATING 9 

Three methods are used to calculate the specific absorbed fraction for a given source organ- 
target organ pair at a given initial photon energy: (1) @(targel-souree) is calculated with the 

onte Carlo radiation transport computer program; (2) Q(sourced--target) is calculated with the 
Monte Carlo computer program, and this value is used to estimate ig(target+-source)> s ~ ~ ~ ~ t ~ ~ g s  
after applying a correction factor as explained in Chapter 111; and (3) ~ ~ t a r ~ e t ~ ~ ~ ~ ~ ~ c ~ )  is ealcu- 
Bated with the point-source kernel method, and a correction factor may also be: applied to tbis esti- 
inate (see Chapter 111). For the special case of the active marrow or the endostet1 mils ins the tar- 
get organ, another method is employed, which i s  3 ~ ~ ~ ~ n e ~ ~ ~ t  of method (I). 

A computer program, employing Monte Carlo techniques similar to that of Snyder et al. (1974), 
simulates the transport of photons of any given initial energy o r~g~na t~ng  in a gken organ (source 
organ). The source of the photons is assumed io be uniformly d i s t d m d  in the source organ. The 
specific absorbed fraction, i.e., the energy absorbed in another organ (target organ), normalized as 
the fraction of emitted energy and per kilogram of target organ, is calculated, and the statistical 
reliability of the $-value is calculated as a coefficient of variation. The details of the method and 
the computer program may be found in Ryman, Warner, and Eckeman (198'8a). 

For a given source-target pair, we obtain two numbers: the direct estimate, 
obtained when the photons originate in the organ labeled "source," and the converse estimate, 
@(sourcectarget), obtained when the photons originate in the organ labeled "target." Each of these 
numbers is from a Monte Carlo computer run: what is labeled the direct estiniate and what is 
labeled the converse estimate depend upon which organ we label the target organ. For most source- 
target pairs, the converse estimate is a good ap~roxiniat~on to the direct estimate; and for those 
pairs in which it is not, we have developed correction factors (see Chapter 111). 

Point-source Kentel Method 

In this method, the equation describing the absorption of energy at a distance r from a point 
source of monoenergetic photons in an infinite homogeneous medium (water) is employed: 

where 
@ ( r )  = point isotropic specific absorbed fraction at r, 

p = linear attenuation coefficient at the source energy, 
p = density of medium, 

pefi = linear energy-absorption coefficient at the source energy, 

B ( p r )  = buildup factor, a factor represnting the contribution 
of the scattered radiation to the energy absorption. 

The B ( y r )  formulation for point photon sources in water have been published by Spencer and 
Simmons (1973). 

3 



'This equation is integrated ozw the volumes of thc source and target organs, using numer'acal 
methods, to yield @(target**source). Note the doiwble-ended arrow: the conditions of the reciprocal. 
dose theorem (Loevinger 1969) are met, and the ieciprmal. doses are exactly equal. 

In this method, the phantom are cornposd of water thiollghout and aie embedded in an infin- 
ite water xrediuin. In the Montc Carlo radiation transpx' method. the ghantoms have different 
densitics aad chemical coinpositions for lung. skclctal, a d  4 t  tissnc and are cnnbdded in  vacuum. 
Thus there may be sybtcAlatiC errors in thc point S 3 U i C e  kernel estimates of a. 'These C T P O ~ S  initiy IPS; 
reduccd by applying cmpi rkal correction fac'rors, devclopd En Chaptcr 111. Polili-$suiee kernel esti- 
mates are necessary only when the Montc C a i h  estimates are statistically unreiiablc. 

Details of the point-source kernel cornpatcr program are given in Ryman, Warner, and 
Eckcrman (1987b). 

In calculating the specific absorbed fraction in  2 target organ, wc assiimc that the cnergy 
trmsferred io electrons by the phston interactions is ahssrbcd 5y the organ in which thc interaction 
occurrcd, i.e., the transport of ecergy by secoaelary clactrons is not ticated. Thif a;proach is ic 
able if the amoirirt of ercrgy transported by secondary electrons oiit of the icgion of interest i 
anccd by transport into thc region, Le., electronic equilibriirtr? exiqts Ho e:, in the vicinity of 
discontinuitiw in tissue composition? electionic eqidibi i ~ i  m is Eot establish& and significant eiror 
in dose estimation may be introduced in assuming equilibrium E~arnpks of discontinuitics in the 
body are the bounddries be:wecn skin a d  the satrounding air, hat-ween tissue and air voids within 
the respiratory tract, and bztween bone and soft tiswi; regions of the skeleton. It is this latter boun- 
dary we address here. 

In each phantom thc skdeton is represeated as a uniform mixture of its componen: tissiics: 
namely cortical bone, trabecular bone., fatty aairON1, active (hematopoietic) marrow, and vaiious 
connective tissues (see Table 11-1). The tissues of interest for dosimetric purposcs (target regions) 
are the active marrow, which lies within the cavities of trabecular bone, and osteogenic cells adja- 
cent to the surfaces of both cortical and trabecular bone; this latter target is referred to as wdosteal 
tissue or "bone surfaces". To estimate thc coergy deposited in these targets, @ne must convider the 
energy transported by secondary electrons arising from photon interactions within the target and 
from electrons entering the target from interactions occurring iq  the immediate vicinity, e$., bone 
adjacent to the active marrow. 

A number of investigators (Spiers 1349, 1951; Woodsrd find Spisrs 1953; Charltosx and 
Cormack 1962; Aspin and Johns 1963; IIowaith 1965), using siriiple geomet~ical models (e.g.> thin 
slabs, cylinders, rand sphcrica! cavities) to appscximate the gcometry, hava demonstrated that for 
photon energies less than about 200 kcV electronic equilibrium does not exist and el- .,ctrons 
liberated in bone mineral contribute substantially to the absorbed dose in soft tissues of the skele- 
ton. Snydcr, Ford, and Warner (1978) encnuniered the intractable geomctry cf the skeleton in theit 
Monte Carlo studies of photon transport and formulated theis calculation of absorbed dose in mar- 
row in a conservativc manner. They partilioncd the energy deposited in the skeleton to vaiiow 
skeletal tissues, including active marrow, accotding to the fraction of the skeletal. mass attributed tc 
the tissue. The potential for an overestimate of absorbed dose in the active marrow WBF actcd by 
them (pa 20): 

n... it is assiimed that the marrow absorbs energy per gram as efficiently as does bonc. 
This assumption i s  not grossly wrong at energies of 208 keV or more, but i s  increasingly 
inaccurate at energies below 100 keV. The effect is to somewhat overestimate the dose 
to mariow and to somewhat underestimate the dosc to bone. This difficulty results fiom 
the failure to find ways to program the intricate mixture of bone and marrow spaces in 
a more realistic fashion." 
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Table 11-1. Summary of descriptive parameters for the skeleton 
I 

Descriptive Age (yr) 
parameter 0 1 5 10 15 Adult 

Skeletona 
Volume (cm3) 

Density (g/cm3) 
Bone mineral 

Calcium' (g) 
Mass' (kg) 
Fractiond 

Active marrow 
Mass" (kg) 
Fractiond 

Inactive marrow 
Mass" (kg) 
Fractiond 

Other tissues' 
Mass(kg) 
Fractiond 

Mass (kg) 
Fractiond 
s/V (cmz/cm3) 

Cortical bone' 
Mass (kg) 
Fractiond 

Mass (kg) 

Trabecular bone! 

Surface area (m') 
Trabecularh 
Cortical" 
Total 

288 813 1935 3309 5466 7155 
0.351 1.140 2.710 4.630 7.650 10.0 
1.22 1.40 1.40 1.40 1.40 1.40 

28 99.8 219 396 806 1000 
0.140 0.499 1.035 1'.980 4.030 5,000 
9.399 0.438 0.404 0.427 0.527 0.500 

0.047 0.150 0.320 0.610 1.050 1.120 
0.134 0.132 0.118 0.132 0.137 0.112 

- 0.020 0.140 0.590 1.550 2.380 
- 0.018 0.052 0.127 0.203 0.238 

0.164 0.469 1.154 1.453 1.022 1.5 
0.467 0.412 0.426 0.314 0.133 0.158 

0.140 0.200 0.219 0.396 0.806 1.009 
0.176 0.438 0.081 0.085 0.105 0.108 

220 - 225 190 I 

0.299 0.875 1.584 3.224 4.090 
- 0.263 0.323 0.342 0.421 0.400 

1.5 2.1 2.3 4.2 8.5 6.0 
- 0.45 1.3 2.4 4.8 6.0 
1.5 2.6 3.5 6.6 13 12 

"See Appendix B; data for ages 15 and adult are for males. 
'See Leggett et al. 1982. 
CComputed assuming 0.2 grams of calcium per gram bone mineral. 
dMass fraction in the skeleton. 
'Difference between skeletal mass and identified tissues. 
fAll bone is assumed to be trabecular at birth; 40% at one year, 

gSurfwe to volume ratio (from Table 5 of Beddoe 1978). 
h%ased on trabecular bone mass and S/V ratio of 220 through 

'The adult S/Y ratio for cortical bone was applied to all ages. 

20% thereafter. 

age 10, 190 at age 15, and 120 for the adult. 
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The overestimate of the dose to active marrow with this assumption can be as much as 300480% 
for photon energies less than 108 keV. 

The consideration of osteogenic cells as the target tissue for bone cawer (ICRP 1997) and the 
overestimate of the dose to the active marrow required a new comp:stational approach which formu- 
lated the absorbed dose in terms of the relevant physical and anatomical vzriables governing the 
energy deposition. 'The geometry problem, noted by Snyder and co-workers, is also encountered in 
the dosimetry of beta-emitting radionuclides incorporated in bone, for which Spiers and co-workers 
reduced the intractable three-dimensional geometry to one dimension through use of measured dis- 
tributions of chord lengths in trabeculae and marrow cavities of trabecular bone (Spiers 1969; 
Beddoe, Darley, and Spiers 1976; Beddoe 1977). We have applied Spiers' methddogy to secondary 
electrons liberated by photon interactions in the skeleton. Although the new computational 
approach MSW information on the inicroscopic structure of bone to b 'Ql10~ electron trans 
possible to retain the homogcncous representation sf the skeleton in the Monte Carlo calculations of 
~~~~~n transport. 'Thus, only minor revisions were made to the Monte Carlo transport code. 

The absorbed dosc from photon radiation varies, of course, with the number of photons passing 
through the region. In the discussion below we refer to the "dose per unit fluence" as a response 
function, R ,  aud assume that such functions can be constructed to define the absorbed dose in the 
active marrow (or in the endosteal tissue) per unit fluence of photons in the skekton. 'The derivation 
of the response functions is presented in Appendix D. The Monte Carlo transprt code was modified 
to estimate the photon fluence and to score the absorbed dose in the active marrow and endosteal 
tissues based on the fluence and the response functions. The photon Muence * ( E )  in 2 region of 
volume I/ can be related to the number N ( E )  of interactions occurring at energy E, calculated for 
the region; 

(1) 

For an individual photon history i ,  the contribution to the absorbed dose is scored as 

where 
j indexes the collisions in region V experienced by the ith photon, 
Y is the volume of the region over which the fluence is averaged, 
wrj is the statistical weight' of the photon entering the j th collision, 
p < E j )  is the linear attentuation coefficient at energy E j ,  and 
R ( E j )  is the absorbed dose per unit fluence. 

The specific absorbed fraction in the target region T i s  calculated from the computed absorbed dose 
for the emission of m monoenergetic photons within source organ S as 

where Es is the initial energy of each photon emitted from S. If D is expressed in gray and Es  in 
joule, then ip has units of kg-'. 

In developing the above procedure we found it necessary to consider two response functions for 
the active marrow. One function pertains to marrow within the skull (a somewhat atypical trabecu- 

In simulating the transport of photons it is useful to allow photons to continue undergoing 
scattering events rather than be absorbed. A statistical weight of one is initially assigned to 
the photon and at each collision the weight is reduced by the probability that the collision 
was a scattering event. Thus the statistical weight after j collisions may be thought of as the 
probability of that particular photon existing. The number of collisions in region Y for the 
ith photon history is simply 2 wt,. 

J 
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lar bone) and the other addresses all other active marrow sites. A single response function was 
found to be adequate for the endosteal tissue. 
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CHAPTER 111. THE ~ ~ ~ ~ ~ A ~ ,  MISE PRINCIPLE, CORIPIFICTIBN FACTORS FOR 
CONVERSE MONTE ~~~~~ ESTIMATES OF dp, AND ~ Q ~ R E ~ O ~  FAGTQW FOR 

POINT-SOURCE KERNEL ES 

As mentioned in the preceding chapters, we have made more use of the reciprocal dose principle 
[Le., use of the converse Monte Carlo estimate, @(source organ-target organ), as an approxima- 
tion to the direct Monte Carlo estimate, sB( target organ+---source organ)] than did previous workers 
(e.g., Snyder et al. 1974). We have also made more extensive use of correction factors for the con- 
verse Monte Carlo estimate (when the reciprocal dose principle dom not apply) and correction fac- 
tors for point-source kernel estimates of @ (when the Monte Carlo estimates are statistically unreli- 
able). 

The Reciprocal Dose Principle 

According to a review by Loevinger (1969), a reciprocity theorem holds rigorously for certain 
sets of conditions (models) under which absorbed dose calculations may be done. He states (p. 66): 
“For any pair of regions in a uniform isotropic or uniform scatterless model, the specific absorbed 
fraction is independent of which region is designated source and which is designated target. In sym- 
bols, 

(Pi(T,+-TZ) = !€Ji ( f+f -b l )  = @ z ( r * ~ ~ r ~ ) 7 ”  

where aj(r ,+-r2)  is the specific absorbed fraction in region r1  from emissions of radiation type i in 
region r2. The double-ended arrow indicates that either region can be target or source. 

Loevinger defined these niodels as foliows (p. 61): In  the uniform isotropic model, the “source 
activity is assumed uniformly distributed in regions of an infinite, homogeneous material of constant 
mass density.” In the uniform scatterless model, the “source concentration is assumed uniform (i.e., 
constant) throughout the source regions of a material in which the radiation is absorbed without 
scatter or buildup;” the size, composition, and mass density of the material are arbitrary, and the 
mass density may vary within the material as long as the elemental composition is the same 
throughout. He also defined another model, the uniform homogeneous madel of finite size, for which 
the reciprocity theorern does not hold rigorously but is used in many absorbed dose calculations. In 
this model, the “source activity is assumed uniformly distributed in a volume of homogeneous 
material of constant mass density, the volume being surrounded by empty space.” Scattering is 
allowed in the uniform isotropic model and the uniform homogeneous model of finite size. 

The long-known reciprocity relationships due to Mayneord (1945) and King (1912) are a special 
case of the uniform scatterless model (ie., with constant sou~ce and target densities). The recipro- 
city theorem has often been stated in terms of absorbed dose (e.g., Lmvinger, Japhs, and Brownell, 
1956), but is now commonly stated in terms of the specific absorbed Fraction because of the formal- 
ism currently used in absorbed dose calculations (see Lmvinger and Berman, 1976; ICRU, 1979). 

The potential usefulness of the reciprocity theorem in estimating @ in body organs from photon 
radiation is great: for small target organs like the ovaries, a Monte Carlo estimate of 
+(targetc-source) is often statistically unreliable, whereas a similar estimate OF the converse value, 
@(source+--target), may be reliiibk. In general, the use of a weighted average of the two @-esti- 
mates, each weighted a m d i n g  to the; inverse of its variance, should hiprove the reliability of the 
estimated 9. 

9 
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For the hmiian body and for our representation of the human body, the conditions of tbc. 
theorem are not cornpletely satisfied. The phantoms contain different ahsorting media representing 
skeleton, lungs, and soft tissues, and in the Monte Carlo transprt calculatims (which include 
scattering) the phantoms are cnibcddcd in a vaciium, so that thzrc is a tissw-vacuum bounda-y. 
Hence the reciprocity tbeosem does not apply. IIowevcr, Cristy (1983) has shown that for most 
organ pairs in thesc heterogeneous phantoms thc reciprocal @-values from photon radiation are 
approximate!y equal, and is these cases we speak of the reciprocity pr ciplc. Cristy concluded: ( 1 ) 
when both source and t zye t  organs are soft-tissue (near-unit-density) organs tlrc reciprocity princi- 
ple i s  probably valid within 10% and may even be substantially bct:cr than that; (2) when one of 
the organs is near th:: tissue-vacuum boundary (skin, breasts, or testes) the reciprocal @-values may 
differ by as much as 10% or so when scattering is marked (e.g.. initial photon energv of 100 keV) 
but appear to differ substantially less than this at photon energ;es where there is less scattering; (3) 
when one of the organs is the lungs or the whole body, a differcnce of up to 12% may occur at 
some energies. and (43 when m e  of the organs is the skeleton, the principle i s  invalid at energies of 
10-200 keV, 74th reciprocal G - v A m  differing by as much as a factor of 4. 

For orgain pairs where the reciprocity principlc d ~ e c  not apply and where the expected differencz 
bctweer; the direct and the ccnverse Monte Carlo cstimates of J? is w l l  dncumeilted, we have 
devc!oped correction factors to be applied to the COIPVETS~ cstiinate (Tables 111-1 and 111-2). The fol- 
lowing show bow these correction factors werc derived. 

In Fig. 1:I-1 i s  shown the mean of the ratio @(source+target) : @(targetcsoarce) and its 95% 
confidence limits as a function of initial photon energy for the whole skeleton 8s the source organ 
and all soft-tissue organs as targets. Data from four phantoms were combined (ages 1, 5, and 1@ 
phantoms and the age- 15-rna)c/adult-fen.aalle phantom; results from the adult male phantom were 
not available when this analysis was done, and the newborn phaiiitom has different ekmental corn- 
positions and densities for skeletal and soft tissues-see Appendix A). The data include only those 
organ pairs for which the coefficent of variation (C.V.9 of each +-estimatr: was less than 10% 
(using data with a larger C.V. gave similar results, except that the confidence limits WEE wider). 
Note that the reciprocity principle holds well at energies of 500-4000 keV, but not at energies of 

The 9-valiics at the lower energies differ because of the differences in the mass absorption cod- 
ficients of skeletal tissue and soft tissue. The ratio of these (p,/p)-values as a function of energy are 
also plotted in Fig. 111-1. At energies of 10-50 and 500-4000 keV the ratios of q-values are in good 
agreement with the ratios of the i i i m  absorptiuo coefficients. At initial photon energies of 100-200 
keV, they diverge because the ratio of mass absorption coefficients is changing rapidly at energies 
just below 100-280 keV and thus the contribution to from lower-energy scattered photons causes 
a breakdown in this simple comparison. Thus for correction factors we have adopted the ratio of 
absorption coefficients at initial energies of 10-50 and 500-4000 key and the mean @-ratios at 
100-200 keV; they are given in Table 111-1. Correction factors for the ne\vboin phantom were 
derived in a similar way and are given in Table 111-2 

10-200 key. 

In Fig. 111-2 is shown a similar plot for the lungs as the source organ. Here the reciprocity pxin- 
ciple seeins to hold well at energies of 100-4000 kcY. There is a systematic error at energies below 
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100 keV bccause of the difference between the absorption mffieients of lung and soft tissue, but it 
i s  small (el%). 

Thus for initial energies of 5!aC-4080 keY, the body is like the iiirifoim homogcncox madel of 
finite size, and the principle holds well when either the whole skdctoa or the lungs is nne of thc 
organs considered. For initial energies below about 30 keV- thc FWctcRectric cffect dominates and 
the body is like the uniform scatterless mnsd.t.! except for the diffemiccs in the abscyrptiou coeffi- 
cients. 

Correction factors for the lungs are baiscd on the ratio of absorption coefficient§ aAd we givee in 
Table 111-1. Similarly derived correction factors for tkc newborn arc given in Table 111-2. 

In Fig. 111-3 i s  shown a similar plot for the xhde body as the source m g m  The reciprocity 
principle seems to hold well a t  cnergies of 200-4000 keY. There i s  z systematic erior at energies of 
2~-100 keV, but again it is small (<15?&). Here the conlaparisox?  wit!^ the ratio of absorption cwffi- 
clcnts is misleading at low energies. The absorption coefficicnt for %bok 5ody” is a weighted WCT- 
agc of the coefficients for soft tissue, lungs. and skeleton, i.e., a hoirogmized whdc body A:, Bow 
energies, a disproportionate amount of the energy absorbed iu thr: whole body from photons ori- 
ginating ill a soft-tissue osgan is absorbed in that organ itself and YairoiPding soft tissnes, At 10-15 
keV both cB-values arc approaching the limiting value of l/(rnass of whole body). Thus use of a 
“whole body abserpiion coefficient” below about 100 keV would lead to ermncmts resaks. Coiicc- 
tion factors for wholc body are based on thc: mean @-ratios ordy and are givcn in Table 111-1. The 
mean @-ratios for the newborn phantoa ’~iere within statistical error of those for thc. other phan- 
toms, and so thc same correction factors are used (Table 111-2). 
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Table 111-1. Correction factors to be used when the reciprocity principle is invalid (for all phantoms except 
the newborn). Organ X is  a soft-tissue organ. 

%(skeleton ex) 
@(X+-skeleton ) 

Energy (keV) 
@(whole M y  +X) 
@(X+whole body) 

I_-_.__ __._I 

.......... ..... -I .... __ ....... __ . _l_ ........ l___l_ _____I_ .__._.___.___II 

10 3.5" 1.12 1 .oo 
15 3.8 1.12 1 .m 
20 4.0 1.12 1.04 
30 4.1 1.12 1.12 
50 3.3 1.08 1.12 

100 2.0 1 .oo 1.06 
200 1.3 1.08 1 .oo 
500 1 .O 1 .00 1.00 

I o 0 0  I .o I .oo 1 .oo 
2000 1 .o 1 .OO 1 .MI 
4000 1 .o 1 .00 1.00 

........... ....... ................ ____I _ __I _l_ ____ 
'Correction factors derived for the whole skeleton and for the active marrow were almost identical. 

The correction factors in  this column are averages of the two, and they may also be used for the inac- 
tive marrow. I n  practice, these correction factors are useful only when the whole skeleton, the active 
marrow, or the inactive marrow i s  considered the source organ, since other methods are use to compute 
%'s for the endosteal cells of the skeleton and the active marrow as target organs. Note: for active mar- 
row the numerator, +(active marrowcX), is the value calculated by the old way in the Monte Carlo 
computer program, i.e., by the way done by Snyder et a). (19743, rather than by the special methods 
outlined in the section "Special Case: Active Marrow and Endosteal Cells as Target Organs" in Chapter 
I[. Wherever data for active marrow as a target organ are tabulated in the companion volumes (Cristy 
and Eckernian 1987a-f), the values of 0 are those calculated by the old way in the taMes of raw data 
(because it i s  useful in estimating the converse @-value) but the values of + in the tahbes of recom- 
mended values are those calculated by the special methods. 

Table 111-2. Correction factors to be used when the rtciprclcity prineipk is irrvalid (€or the aewbrm ~ ~ a n ~ Q ~  
only). Organ X is a soft-tissue organ. 

@(skeleton+X) 
9(X- skeleton ) 

Energy (keV) _ _  _ _ _  -. +(lungs ........ .- +-A,) ... 

*p(X---I ungs ) 
- ........ ............... ............ ......................... - ......... .... ~ _ _  .. . 

10 2.8* I .05 I .ow' 
15 3. I I .os 1 .oo 

30 3.3 I .05 1.12 
50 2.8 1.03 1.12 

100 1.5 1 .m 1.06 
200 1 . 1  1 .QQ 1 .w 
500 I .o 1 .oo I .08 

I000 1 .o I .oo 1 .oo 
2000 I .o 1 .OO 1 .oo 
4000 1 .o I .00 1.80 

20 3.2 1 .os 1.04 

- ... .~ .... - ............... .... .- ......... __ ....... ~ _ _  
"Correction factors derived for the whole skeleton and for the active marrow were almost identical. 

The correction factors in this column are averages of the two. See footnote in Table 111-1 for further 
explanation. 

'The correction factors for whole body were within statistical error of those for the other phantoms, 
so the latter were adopted. 
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No correction factors are used wherp one of the organs i s  near the tissue-vacunm boundary, foi 
two reasons: (1) the error is at most about 10% and this occurs only at energies where scattering is 
substantial, and (2)  the quality of the data estimathg the error is not as good at niost energies as in 
the cases above (see Ciisty, 1983). 

Whew. naither of the two reciprocal Monte Cxrlo estimates of ip is statistically rcliable for a 
give;, source-targct pair, the estimate of ~ZJ by the point-source kernel method must be used. ‘This 
occiirs in geacral whon the target organ is small and distant from the source organ, and more often 
at the lower and highe; phot011 energies. 

For the point-souice kernel method, each phantom is  composed of W P ~ C T  throughout and embed- 
ded in thc saae mcdi:.m of infrnitc extent. Therefore systematic differcocm between the Monk 
Carlo and point-source kernel estimates are to be expected. and the magnitude of the difference 
may depend on the distance of separation of the two organs. 

Snyder et al, (1974) developed “rale-of-thumb” correction factors to bc applied to the p i n t -  
source kernel estimate if the soiircx organ was the whole skeleton or the lungs or if the target organ 
was the whole skeleton. These correction factors se re  not rigorous, but they did “generally improve 
the correspondence of the two es?imates” (p. 64). we develop here a more extensive set of correc- 
tion factors by methods also mt completely rigorous, but which are improvements over those 
developed by Snyder and co-workers. 

In Fig. 111-4 is shown 3. plot of @(target-source) estimated by the pin:-source kernel i-method 
against .P(targetwource> estimate by the Monte Carlo mcthod for selected soft-tissue organ pairs. 
For at1 organ pairs the target organ was a small organ (adrenals, gall bladder wall, ovaries, thymus, 
thyroid, or uterus), chosen to be typical of cases where the statistics of the Monte Carlo estimate 
are likely to be poor. The initial photon energy was 100 keV, and data from f w r  phantoms were 
combined. 

Thc point-source kernel estimate tended to be greater than the Monte Carlo estimate. The 
difference was larger for smaller @-values; it is probably a function of distance. 

The 4: V.’s of the point-source kernel estimates were always less than 1.2’36, and the symbols in 
Fig. 111-4 indicate the magpitude of the C.V.’s of thc Monte Call0 estimates ’The magnitude of the 
diffeieiice between the two  @-estimates w a ~ ,  also correlated wit5 ‘he C.V. of the Enlorite Carlo ezti- 
mate, siccs this C.V. is correlated with @ and distance of separation ~ O O E  sinall target organs. For 
example, the ratio %(point-sonrce ktrncl method) : @(Moaie Carlo method) had a mean af 1.15 
(95% confidcncc interval 1 .  I 1-1.13; n- 54; for the more reliable Monte Carlo estimates ( C  V. 
<10%), and the iatio had a mcan of 1.75 (95% confidence interial 1.59-1.93; 11-28) for the less 
rcliabk Monte Carlo estimates (C.V. between 30% and 50%). This phencimmn was seen zt all 
energies, but it was most pronoarnced at 100 and 700 kev  

As a correction factor, the largcr of the two ratios above ?wuld be mere appropriate for our 
purpose, since it is thc less reliable Monte Carlo estimates that will be replaced In fact, this laiger 
ratio itself may underestimate the differerice between the p o i ~ ~ t - s ~ ~ c  kernel a id  Mornte Carlo esii- 
mates when the C.V. of the lattcr is gicater than 50%. 

In  Fig. 111-5 is shown thc ratio @(polnt-source kernel method) : @,(Monte Carlo method) as a 
function of initial photon energy for the same set of small target organs as in Fig. 111-4. Only the 
less reliable Monte Carlo estimates \use  used (C.Y. betwcer 30 and 50%). ‘rk largest difference 
between thc @-values estimated by the two methods occurid at 100-200 keV. 

It was surprising that thc point-source kcrnel estimate wm smaller than the Monte Carlo estk 
mate at 10 keV. However, we have less confidence in the physical data upon which the point-sourcc 
kernel method i s  based at this energy than at higher energks (see Ryman, Warner. and Eckernan 
1987). A h ,  the amount of data was meager at this energy, and the 95% confidence limits were 



15 

DRNL DIVG 87 7 

Phantom = 1, 5 ,  10, or 15-AF 
Energy = 100 keV 
Target = small soft-tissue organs 
Factor = 1.41 

/ 
/ M  
t 

MONTE CARLO METHOD : (kg-’) 

Fig. XIX-4. *(target--souaee) estimated by the point-source kernel metihod YS @@argea*-somce) mthunted by 
the Monte Carla rsdlatiw transport method for seila?cted organ pairs. The target organs are smdl soft-tissue 
organs (adrenals, gall bladder wall, ovaries, thymus, thyroid, or uterus). Sourct: organs are soft-tissue organs, 
excluding those ncar the outside of the body (breasts, testes, and skin) and the brain, which is surrounded by 
bone. The initial photon energy i s  100 keV, and data from four phantoms (ages 1, 5 ,  and 10 phantoms and the 
agc-l5-male/iidult-female phantom) are combined. Thus one datum will represent the source-target pair livcr- 
to-ovaries in the age 5 phantom, another will represent small intestine-to-uterus in the age 10 phantom, and so 
on. The solid diagonal line is the line ordinate - abscissa, and the dashed diagonal lines am ordinate - 2 x 
abscissa and ordinate = 0.5 x abscissa. The symbols indicate the magnitude of the cwficient of variation 
(CY.) of the Monte Carlo estimate--@.\’. € 10% for the PIUS symbols, C.V. - 10-2096 for the plain X’s, 
C.V. = 20-3076 for the circles, and C.V. = 30-50% €or the filled Xs. The C.V. of the pint-source kernel esti- 
mate is always small (< 1.28) for these data. “Factor” is the mean of the ratio of %point-source kernel 
method) to @(Monte Carlo method) for all the data. Note, however, that as ip becomes smaller (kS source 
and target are more widely separated), the ratio bemmes larger. 
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large. On thc other hand. using &;:;a on seX-dose iii 14 organs in f o x  phantoms (n=56), x . w  gst a 
similar resnit the: mean ratio was 9.64, a4th a 95% confidencc interval of 0.51-0.67. Thw this 
difference appears net to bc a stztlstical artifact 

wh;ch are used to replace ufireliahle Mmte Cxlc 
111 Table 111-3 arc listed C0irectic.n factors to be app to those psifit-s~ulcc kernel @ 

-cbtimates 'r'hcre corrcctiw factors werc 
f30-v- derived from the data in Fig. 111-5 and siiinilar data for the 0 t h  source-taigct ccrnbiil 

cyer, for these latter combinations, the data w x  less n u m c r o ~  and the confidcxe in s I W F C  

.aidzr, espzcial'y st elncrgies of 10-28 keV. 
For the newbarn phantom, the ccmpit ions of the tissms ?re different fion thQsp. cf thr n t k i  

phantoms (see Appendix A).  Correetioia. factors based ou siadar data for thc nc&oiil phantom are 
given in Table 111-4. 

Thc correction factors for the Slings as R soiircc organ and the lungs as a target organ xsx 
adjusted slightly to imkc thein cons&xt *hh the KCiprGCity correction factors for the 11 
('Table XII-I or 111-2. as appropriate). Similar adjustments YIZX made for the skelcioa. 

between the point-source kernel and the Mmk Carlo estimates of 9, their liniitatbns 
kept in mind, especially for the correction factors at energies of 10-20 keV. 

It should be remcmbercd that wlalle thess correction factors do imprsve the come 



TaMe 111-3. Correct'bn factors to be appJied to point-source kernel estimates of 8 when Monte Carlo 
estimates are statistically unreliable (for all phantoms except the newborn). The correction factor is tbe 

ratio *(pointsource kernel method):*(Mante Carlo method) and thus is a divisor. 
Organs X and Yare soft-tissue organs. 

_-...l_____l ......... 1_-.. ...1_1-....- I__ ...... _-I__ 

Correction factors 

Y-X Skin-X l3rain-X XcSkeleton SkeletoneX XeLungs LungscX 
. .- __ Energy (kev) -. .........I__. 

-.........___._I_ I-~..__ __ ........ __ ......... ll____l_ _____ 
10 0.65 0.65 0.65 2.0" 0.60* 0.15 0.13 
I5 1 .O 1 .o 1 .O 3.4 0.90 0.35 0.3 1 
20 1 .o 1.3 1 .o 2.6 0.65 0.45 0.40 
30 1.1 1.5 1.4 1.8 0.45 0.63 0.56 
50 1.5 1.8 2.0 1.5 0.45 1.3 1.2 

100 1.8 1.9 3.8 1.4 0.70 1.8 1.8 
200 1.6 I .6 3.6 1.3 1 .o 1 .B 1.6 
500 1.3 1.3 2.7 1.1 1.1 1.3 1.3 

loocl 1.2 1.2 2.1 1.1 1.1 1.2 1.2 
2000 1.1 1.1 1.6 1.1 1.1 1.1 1.1 
4000 1.1 1.1 1.3 1.1 1.1 1.1 1.1 

The correction factors in this column are used for the whole skeleton, the active marrow, or the inac- 
......... .. . 1__1 _____ __-.__I__ 

a' 

tive marrow. See footnote in Table 111-1 regarding the Monte Carlo estimate of @(active marrow*---X). 

Table 111-4. Correction factors to k applied to point-source kernel estimates of @' when Monte Carlo 
estimates are statistically unreliable (for the newborn phantom only). The COKW~~OII factor is the 

ratio @(point-source kernel metbod):*(Monte Carlo method) and thus is a divisor. 
Organs X and Yare soft-tissue organs. 

Correction factors 

Y*-.Y Skin-X B r a i n o x  X--skeleton SkeletoncX X+-Lungs Lungs-X 
Energy (kev) ____._........I_....___ ....... ___I 

.......... II__ .I___ ........ ____........___...__I ........ I I_ ..... ___I 

10 
15 
20 
30 
50 

100 
200 
500 

1000 
2000 
4000 

0,65' 0.65" 
1 .o 1 .o 
I .o 1.3 
1.1 I .5 
1.5 1.8 
1.8 1.9 
1.6 I .6 
I .3 1.3 
1.2 I .2 
1.1 1.1 
1.1 1.1 

0.65 
1 .0 
1 .O 
1.1 
2.0 
3.5 
2.6 
1.7 
I .3 
1.2 
1.1 

2.5' 
2.2 
1.6 
1.4 
1.4 
1.4 
1.3 
1.1 
1.1 
1.1 
1 .1  

O.9Ob 
0.12 
0.53 
0.44 

0.90 
1.2 
1.1 
1.1 
1.1 
1 .1  

0.50 

0.25 
0.52 
0.69 
0.95 
1.3 
1.6 
1.3 
1.1 
1.1 
1 .o 
1 .o 

0.24 
0.50 
0.66 
0.90 
1.3 
1.6 
1.3 
1.1 
1.1 
1 .O 
I .o 

. 
~ .......... ___ .........I_ .... ___ -. 

'The values in this column are the same as those in the corresponding column in Table 111-3 for the 

"The correction factors in this column are used for the whole skeleton or the active marrow. See foot- 
other phantoms. 

note in Table 111-1 regarding the Monte Carlo cstimatr: of %(active marrow+.). 
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CHAPTER IV. RECOMMENDED VALUES OF @ 

This chapter describes the procedures used to obtain the ”best” estimates of ip from the @-values 
estimated by the various methods. These procedures were M S C ~  for all organ pairs, except when the 
target organ was the active marrow or the endosteal cells of the skeleton. For the latter case, see 
the section “Special Case: Active Marrow and Endosteal Cells as Target Organs” in Chapter II. 

The Monte Carlo computer program was not run for all possible source. organs. The organs rou- 
tinely run as source organs are indicated in Table IV-1. 

Procedures 

The procedures used to obtain the recommended values of 4p for a given source-target pair were 
as follows: 

(1) If the coefficient of variation (C.V.) of the direct Monte Carlo estimate, @(targetcsource), 
the C.V. of the converse Monte Carlo estimate, +(source+-target), or the C.V. of the point-source. 
kernel estimate, @(target-source), was greater than 50%, that estimate was rejected as unreliable. 
This criterion is the same as that used by Snyder et al. (1974). 

(2) At a given energy, the weighted average of the direct and converse Monte Carlo estimates 
was taken (each weighted according to the inverse of its variance). This operation and all subse- 
quent operations were performed on the logarithm-transformed variables. Correction factors given 
in Tables 111-1 and 111-2 were used as appropriate. The C.V. of the weighted average was computed 
with the formula 

1 - l +  1 
ln(1 f C 2 )  h ( l  + c : >  1 4 1  +c;> 
--i_c_ - 3 

where c1 and c2 are the @.V.’s of the Monte Carlo estimates and c is  the C.V. of the weighted 
average. If there was only one Monte Carlo estimate, that value was taken as the “weighted aver- 
age” in the following steps. 

(3) If the C.V. of the weighted average was greater than 30%, then a new weighted average was 
taken of this value and the point-source kernel estimate, modified with correction factors given in 
Table 111-3 or 111-4, as appropriate. This new weighted average was taken as the “weighted aver- 
age” in the following step. (Except at low energies, where the C.V. of the point-source kernel esti- 
mate may be high, this procedure has the practical effect of substituting the corrected point-source 
kernel estimate for the old weighted average.) 

(4) The plot of In(@--e l ’gh~edaveru~~)  vs In(energy) was smoothed with a cubic spline tech- 
nique (de Boor 1978). The smoothed variate was taken as the “best- or recommended value. 

( 5 )  If there were no acceptable Monte Carlo estimates at certain energies (outside the above 
smoothing interval), then the corrected point-source kernel estimates were taken as the recom- 
mended values. No smoothing was done on these values. 

( 6 )  If neither organ was employed as a source organ in the Monte Carlo computer runs, no 
recommendation is made, because correction factors for the point-source kernel estimates have not 
heen developed for this situation. However, these point-source kernel estimates are tabulated in the 
companion volumes (see Cristy and Eckerrnan 1987a-f). 

Adjustments to the smoothing procedure (procedure 4, above) were made empirically. The 
smoothing spline often did not fit well at low energies, where the curve may bend steeply down- 
ward. Additional weight was given the first two data points to correct this problem. When the C.V. 
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Adrends 
Brain 
Breasts 
Gall bladder contents 

Gastrointestinal tract: 
Lower large intestine cantents 
Lower large intestine wall 
Small intestine 
Stomach contents 
Stomach wall 
Upper large intestine contents 
Upper large intestine wall 

Heart contents 
I-kart wall 

Liver 
Lungs 
Ovaries 
Pancreas 
Remaining tissue 
Skeleton: 

Kidneys 

Active marrow 
Inactive marrow 
Wholc skeleton 

Skin 

Testes 
Thymus 
Thyroid 
Urinary bladder contents 
Urinary bladder wall 
Uterus 

Spleen 

Yes 
Yes 
Yes 
Yes 
No" 

Yes 
No' 
Yes 
Yes 
No' 
Yes 
NO" 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 

Yes 

Yes 
No" 
Yes 
Yes 
Yes 
Yes 
Yes 
NO" 
Yes 
YES 

N O b  

Whole body ~ _ _ _ _ _ _  ~ _ _ _ _  __--_____ ~ 

"For the newborn and the adult niale phantoms, this organ was 

bThe inactive marrow was rum as a source organ for the adult 
also run as a source organ in the Moimte Carlo code. 

male phantom, 

of the weighted average at 4800 keV was greater than lo%, the smoothing spline technique also fre- 
quently gavc poor results at 4000 keV, where the FPIPVP; is usually bending gently downward. To 
correct this problem, we substitaatcd the weighted average of the Monte Carlo weighted average and 
the uncorrected point-somce kernel estimate at 4000 keV if the C Y .  of the former was between 123 
and 3Q%. The point-source kernel estimate \.vas rcliahk at this energy, and this procedure gave 
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additional weight to this data point, since the C.V. of the point-source kernel estimate was nearly 
always small. These empirical adjustments served to “tie down” or restrain the cP-valules at the ends 
of the smoothing interval. 

Occasionally the smoothing spline did not work well, even with these adjustments (e.g., Fig. IV- 
11). Graphs of In(+) vs h(energy) were plotted for all source-target pairs for all phantoms; the 
@-values by the various methods, the weighted average as defined above, and the smoothing spline 
fit were ail plotted. If the smoothing was poor, smoothing was done by hand. This occurred in about 
2% of the organ pairs and was usually the result of an oscillation in the smoothed curve, an artifact 
of the smoothing spline technique. 

Examples 

The following examples are given to clarify the procedures. In the following figures, only @-esti- 
mates with C.V.’s less than 50% are plotted, 

In Fig. IV-I the kidneys are the source organ and the spleen is the target organ in the age 5 
phantom. The C.V.’s of both Monte Carlo estimates were small at ail energies except 10 keV, and 
the reciprocal estimates were close to each other. The advantages of averaging and smoothing are 

ORN L-DWG 87-7109 

1 

x Point kernel method 
0 Monte Carlo, target e- source 

Monte Carlo, source target 

Weighted werage 

Fig. W-1. Q, iis energy for mwce organ = kidneys and target organ = spleen in the age 5 phantom Error 
bars (c one S.D,) are plotted for the point-source kernel estimate and the two Monte Carlo estimates but are 
omitted from the weighted average. The “weighted average” i s  defined in the text. The smoothing spline fit of 
the weighted average is drawn with a solid line. 
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small in this example. Note that for the m 3 v ~ s e  C ~ S P  (kidncys as target olgan), the weighted avcr- 
age and the smoothing woarld be identical, sincz no correctioa! factors are ascS For the convers:: 
Monte Carlo estimate here. 

In Fig. IV-2 the spleea is the source and thc uterus i s  the target in the age- 
1 S-male/adn:t-female phantom. At energies below 50 keV, ther:: *ere no acccptabk hlonte Carlo 
estimates, direct or converse, and the corrected poiqt-source kernel estlmaatc is rcc~mmendcd~ In the 
interval 5@-4Q00 keV, acceptable Moimte Carlo estimates wxe available. Thc C.V.'s of both Monte 
Carlo estimates are larger than in the previnus exsmpk, and the advantages of averaging and 
smoothing are more apparent 

O R N L D W G  87-7110 

3 

y for 88EUEce = spkesna 810 t a w t  = ~~~~~~ the a ~ ~ . - ~ ~ " ~ ~ ~ ~ / ~ $ ~ ~ ~ ~ f ~  
The dashed line connects corrected point-source kernel estimates to the smmthed curve (the data pints  indi- 
catd by "X" on this and all other graphs have not been adjustcd by the correction factors). Data at eaiicrgks 
b l o w  30 keV (point-source kernel estimates only) are off-scale. 
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In Fig. IV-3 the upper large intestine contents is the source and the ovaries are the target. Here 
the converse Monte Carlo estimate was more reliable than the direct estimate and largely deter- 
mined the weighted average. At 10 keV, only the converse estimate had an acceptable C.V. 

ORNL-DWG 87-71 11 

x Point kernel method 
@ Monte Carlo, target c- wur'ce 

Monte Carlo, source + target Phan-5 
OVAR +ULIC Weighted average > 

F 
h -Weighted anrerage, smoothed 

ENERGY (keV) 

I I I 1  I l l  I I I 1 I I I I  I I 1  
1 id id 

Fig. 1V-3. ip YS energy for source = upper large intestine contents and target = ovaries in the age 5 pban- 
tam. 
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In Fig. TV-4 acceptable Monte Carlo estimates were available only in the intervlnl 30-1000 key. 
Outside this interval ( 18-20 kek' and 2000-4000 keV), the corrected point-source kzrnel estiinatc is 
recommended. At 30, 580, and lOQQ keY, the C.V. of the wzigbted average w s  greater than 3070, 
arid procedure 3 was invoked, The unieliability of Mmte Carlo estimates with C.V.'s greatcr tbac 
30% is apparent in this figure. 

ORNL-DWG 87-71 12 
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In Fig. IV-5 procedure 3 was invoked uniformly in the smoothing interval. There were no 
acceptable direct Monte Carlo estimates, and all five o f  the acceptable converse estimates had 
@.V.’s greater than 30%. Practically, the corrected point-source kernel estimate was used at all 
energies. 

OR N l_- DWG 87-7 1 13 

1 

*- 

W ii 
: : 

x Point kernel method 
a Monte Carla, target +- murce 

Monte Carlo, murw +- target  

Weighted anrerage TEST t-PANC 

1 

ENERGY (keV) 

Fig. IV-5. i@ vs energy for source = pancreas and target = testes in the age 10 phantom. 
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In Fig. IV-6 the source organ i s  the lungs, and. here correction factors were applied to the con- 
verse Monte Carlo estimates at encrgies below 100 keV (sce Tabk 111-1). The data plotted are the 
uucarrected estimates, but the correction factors were cmployed in calculating the weighted aver- 
age. 'She CY,'$ of both Monte Carlo estimates were small at most energies, but ?be converse esti- 
mate was the smaller of tlae two and contributed more to the weighted average. In this case, if the 
source and target were reversed, the weighted a-~erage would be different at energies below 
loo key. 

ORNL-DWG 87-71 14 

1 W e  ightecl awerage BREA *--LUNG 

- Weighted awerage, amsathed 
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In Fig. 1%'-7 the source is also in the lungs. Here the converse estimate, again corrected at enes- 
gies below 1690 keV, contributed heavily to the weighted average. 

ORNh-- DWG 87-7115 

x Paint kernel method 
a Ihaante carlo, target  +- source 

ADRE +LUNG 

Fig- W-7. 9 W S  energy for source = lmgs and target = adrenals in the age 1 phantom. 
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In Figs. IV-8 to IV-10 the source organ is the skeleton or the active marrow, another cast in 
which the reciprocity principle breaks down and correction factors must be used. In Fig. IV-8 the 
target organ is the liver, a large organ, and the C.V.'s of the direct Monte Carlo estimates were 
reasonably small, except at low energies. However, the C.V.'s of the C Q ~ B V ~ X S ~  estimates were even 
smaller, and they were somewhat more important in CkttermiRiRg the weighted average. A? 10 kev, 
the converse estimate was the only acceptable estimate. In Figs. IV-9 and IV-I0 are shown similar 
cases, except that the target organs are small. Mere the statistics of the direct Monte Carlo csti- 
mates were poorer, and the corrected converse estimates were weighted heavily. Note that at 15 and 
30 keV in Fig. IV-8 and at 30-100 keV in Fig. IV-10 the weighted average i s  smaller than both 
Monte Carlo estimates because the corrected conver3e estimates are. largely determining the 
weighted average and they happen to he smaller than the direct estimates. 

ORNL-DWG 87-7116 

.. 
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ORNL-DWG 87-7117 

x Point kernel method 
@ Monte Carlo, target source 

Mante Carlo, source c- target Phm=I 

ADRE +AM OWeighted average 
-Weighted average, smoothed 

I I I , I ( , #  I I , , ' , ,  - 
lid ;a. ENERGY (keV) 

Fig. W-9. @ vs energy for source = active marrow and target = adrends in %be age 1 phantom. n e  con- 
verse Monte Carlo estimate, @(active marrow+adrena1s), is that calculated by the old way in the Monte Carlo 
computer program (see footnote in Table 111-1 for further explanation). 

............. ................. ............... .................. .... ...... .............. ... - 
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In Fig. IV-11 the smoothing spline technique worked poorly. The fit at 200-4000 keV was 
judged to be poor---the oscillation i s  probably an artifact of the cubic spline technique. To obtain 
rwommended values, we smoothed this curve by hand in the offending region. 

ORNL-DWG 87-71 19 

X Point kernel rnethoci 
Mante Carlo, t a r g e t  +- source 

a Monte ~ ~ 1 0 ,  source 6 t a r g e t  Phan=l 

STMW + U K  Weighted average 

210- 

Fig. IV-11. @ vs energy for wurce == urinary bladder contents and target = stomach wali in tk age 1 
phantom. The figare illustrates an OSCikIdiQn in the fit by the smoothing spline technique at the higher ener- 
gies; for oiir purposes, this oscillation is an artifact. 
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In Fig. IV-12 neither organ w.as run as a source organ with the Mcnte Carlo radiation transport 
computer program. Only point-source kernel estirna'cs w t ; ~  available, and DO correction factors 
have been tPevdoped for this situation. We makc 30 rcxommzndations here, but the raw data are 
tabulated in the companion volumcs (Cristy and hckerman 1987a-f). 

ORNL-DWG 87-7120 

Paint ,:erne! methud 
Monte 683-10, target .5- source 

0 Monte Carla, source 5- target Phan=5 

Fig. IV-12. 9 vs energy for s6wrce = lower large ~~~~~~e wall and target = ~ i m a r y  ~ l ~ $ ~ ~ ~  wall in the 
5 ~ ~ a ~ ~ ~ ~ .  Neither organ was a SQYTCC organ in thc Monte Carlo computer runs, and thus only pint-source 
kernel estimates were available. 
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Approximate Methods for Remaining Tissue Compartment 
(Used for Muscle) 

The ‘remaining tissue” Compartment (RT) of each phantom is the tissue that remains after all 
the target organs specifically defined are excluded. Since muscle tissue and fat tissue are not 
explicitly defined in the phantoms and since these tissues are distributed approximately as RT is 
distributed, Snyder et al. (1974, 1978) used the specific absorbed fractions for RT to approximate 
the specific absorbed fractions for muscle or fat. We have also used this approximation fox muscle. 
(See Snyder et al., 1978, p.13, for a more complete discussion. Their terminology for WT is 
“other tissues.”) 

Furthermore, since the RT connpartment has not been used as a source organ in the Monte 
Carlo computer program, the value of +(X+RT) itself must be approximated either by reciprocity 
(if X is an organ run as a source organ) or by additivity (if X i s  not such an organ---see Table IV- 
1). In the former case, the procedures described at the beginning of this chapter apply. In the latter 
case, the “methvd of difference” is applied, i.e., 

where WE is the whole body, Y is an organ Y run as a source in the Monte Carlo computer pro- 
gram, and mWB, my, and mx are the masses of the whole body, organ Y, and organ X, respectively. 
This is the same equation used by Snyder et al. (1974, 1978), except that the last term in the 
numerator and the last term in the denominator above do not appear in their equation. (If X is RT, 
these new terms do not apply.) These new terms improve the approximation by 10-20% at higher 
energies and up to ten times at energies of 10-20 kev (Cristy, unpublished data). ?he value of 
@ ( X - X )  used in the equation above for a given phantom is obtained by interpolating between 

Snyder et al. (1978, p. 13) emphasized (and we repeat) that these methods “should be con- 
(mX,newborn 3 In @(XcX)ncwborn) and (mX,adult male 7 @(x+x)adult male). 

sidered approximate at  best.” 

Special Problems 

Several special problems occurred: 
( 1) Occasionally both Monte Carlo estimates and the point-source kernel estimate were unreli- 

able (C.V.’s >50%) at 10 keV or at  both 10 and 15 key. Then an extrapolation of the 
ln(9-w~ightedaverage) vs In(energy) curve was performed, as shown in Fig. IY-13. Judging from 
other curves where reliable data were available at 10 and 15 key, we claim that this lag-log extra- 
polation is conservative (Le., more likely to yield a @-value too large than too small), but not as 
strikingly conservative as the linear extrapolation employed by Snyder et al. (1974). 

(2) When the source was in the whole skeleton or the active marrow and the target was the 
whole body, none of the correction factors in Tables 111-1 and 111-2 applied. Here, however, the 
direct Monte Carlo estimate was always reliable, and it was used as the “weighted average” in the 
procedures above. 

When the source was in the inactive marrow, however, the converse estimate was necessary, 
because the inactive marrow was not run as a source organ with the Monte Carlo computer pro- 
gram. Consequently, correction factors for this special case were developed from the data +(whale 
skeleton-whole body), @(whole bQdy--whole skeleton), +(active marrow+-whole body), and 
@(whole body-active marrow). These correction factors are 1.08, 1.25, 1.50, 1.88, 2.05, 1.55, 1.13, 
1.00, 1.00, 1.00, and 1.00 at  10, 15, 20, 30, 50, 100, 200, 500, 1000, 2000, and do00 keV, respec- 
tively, and are defined as the ratio +.(inactive marrow+-whole body) : @(whole body+-inactive mar- 
row). 

(3) When the target organ was the inactive marrow, no recommendations were made. 
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(4) When the S O U ~ G ~  organ was the whole body, the spzcific absorbed fraction in a target organ 
was S Q ~ I C ~ ~ I I K S  greater than the limiting value l/(mass of targct organ) at low energies, because of 
poor statistics. When this O C C U B B ~ ~ ,  the 9-valuc was reduced to the limiting value. 

( 5 )  When the source was in the contents of an organ, E.$., stomach contents, and the target was 
the whole body, a spuriously high value of % was computed by the Monte Carlo computer program, 
because the contents itself was counted as part of the whole body. This extra contribution has been 
subtracted from the recommended values but not from the raw data tabulated lo the sompanion 
volumes (Cristy and Eckerman 1987a-f). 

(6) When the source was in the small intestine (contents) and the target was the small intestine 
(wall) or whole body, a spuriously high value of (P was computed by the Monte Carlo computer 
program, because the contents and wall of the small intestine are not modeled separately in the 
phantoms. The relative magnitude of this overestimate was estimated from the data for the upper 
and lower large intestine and corrections were made for the the recommended values but not for the 
raw data tabulated in the companion volumes (Cristy and Fxkerman 1987a-f). 

0 RN L D W G  87-7 12 1 

Point kernel method 
M@nte Carlo, target b- source 

Phan-15-AF Monte Carlo, SQUX’C~ *- target 
PANC + S M C  

Weighted average, smoothed 
1 1 I I I I I  1 I I l I I I  

ENERGY (keV) 
13. @ vs ~~e~~~ for source = stomach eaaptents and target = paacreas h 

~ ~ a ~ ~ ~ ~ .  The dashed line illustrates the log-leg extrapolation employed when 
estimates of @ were available at 10 keV. 
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INTRODUCTION 

The mathematical phantoms used in our work are designed like the adult phantom of Snyder et 
al. (1974) and have different densities and chemical compositions for lung, skeletal, and soft tissues. 
(The term "soft tissues" will be used herein for all near-unit-density tissues, Le., density = 1 
g/em3.) These phantoms have been described by Cristy (1980), but several changes have been made 
in our phantoms since the 1980 report and are summarized in the following paragraphs. 

One major change has been made: the age 15 phantom has been modified to represent both a 
15-year-old male and an adult female, following the observation that the body weight and dimen- 
sions of a reference adult female (ICRP 1975) are approximately the same as those in the age 15 
phantom. The breasts, the ovaries, and the uterus in the age 15 phantom were nlodified to be 
appropriate for an adult female. Also, the size of the liver was changed slightly, and the position of 
the gall bladder was changed so as not to overlap the new liver. These changes are noted in the 
description of these organs. This pliantom is labeled "15-AF" in the tables of parametric values 
below. 

The phantom labeled "Adult male" in the descriptions below is the Snyder adult phantom 
(Snyder et al. 1974), with certain organs modified as described by Gristy (1980). In brief, these 
modifications were the following. Female breast tissue was added to the trunk (this phantom, like 
all the others, is hermaphroditic and wu1d represent a larger than average adult female), and the 
improved heart model of Coffey (1978) was fitted into the trunk. The lungs had to be redesigned to 
accommodate the new heart; the difference in size between right and left lungs-- not represented in 
the Snyder phantom--was incorporated into the new design. The head was redesigned to incor- 
porate the ideas of Hwang, Shoug, and Poston (119761, including a change in position of the thyroid. 
The gall bladder of Wwang et al. (1975) was added, A modification of the descending colon was 
made to eliminate a small overlap with the pelvic skeleton and to make the wall thickness uniform. 
Other minor changes were made so that the "Adult male" phantom would be consistent with the 
manner in which certain organs were fitted into the pediatric phantoms: the sition of the adre- 
nals, the position of the gall bladder, the size of the pancreas, and the shape and position of the 
thymus were all changed for thi: reason. 

Two additional modifications to the "Adult male" phantom have been made here. The volumes 
of the breasts and the uterus have been changed slightly to be consistent with the "15-AF" phan- 
tom. 

Another noteworthy change has been made: the chemical composition and density of each type 
of tissue in the phantoms (skeletal, lung, and soft tissues) have been modified slightly. Also, compo- 
sitions of the skeletal and soft tissues of the newborn are now different from those at other ages. 
The new chemical compositions and densities are given in Tables A-1 and A-4. As a ansequence 
of this change, there are minor changes in the organ masses and whole-body masses from those 
listed in Csisty (1980). 'The new organ masses are listed in Appendix B. 

Centroids of the organs are given in Appendix 6. 

DESCRIPTION OF MATHEMATICAL PHANTOMS 

The phantom descriptions will follow the format of Snyder et al. (1974) and Cristy (1980) and 
even include language and diagrams used therein (without formal attribution in many cases) so that 
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the reader will not have to refer to those publications constantly to fill in missing information. 
However, the descriptions of the methods used to develop the phantoms and the references to 
anatomical data that were given in Cristy (1980) are omitted here. eferences to anatomical data 
are given wherever changes to the phantoms have been made, 

Each phantom consists of three major sections: (1) an elliptical cylinder representing the trunk 
and arms; (2) two truncated circular cones representing the legs and feet; and (3) an clhptical 
cylinder capped by half an ellipsoid representing the head and neck. Attach& to the legs section is 
a small region with a planar front sur€ace to contain the testes. -4tbached to the trunk are portions 
of two ellipsoids representing the female breasts. 

The; exterior of the “Adult male” phantom is depicted in Fig. A-1. The arms are not separated 
from the trunk, and minor appendages such as fingers, feet, chin, amd n05e are omitted. Drawings 
depicting the external features of all the phantoms and some of the internal structures are shown in 
Fig. A-2. 
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O R N L D W G  82-12112R 

Ncwborn Age I A p  5 Age 10 15-AY Adult male 

Fig. A-2. External views of the phmtams and supe&mgosed cross-sections *bin tbe mid 
newborn and adult male phantoms, depicting the space from the bottom of the liver to t b  top of the river. In the 
younger phantoms, the head is relatively larger, the legs are relatively smaller, and the trunk is relatively 
thicker. The geometry of the organs may change dramatically from birth to adulthood. The "15-AF" and the 
"Adult male" phantoms have breasts appropriate for a reference adult female, which are not shown. 

Elemental composition of the tiissues 

The Monte Carlo radiation transport code (Ryman, Warner and Eckerman 1987) recognizes 
three tissue types: skeletal, lung, and ail other tissue (called "soft tissue" here). The elemental com- 
position of each tissue type (for all phantoms except the newborn) is given in Table A-1. The com- 
positions were derived from data in ICRP Publication 23 (ICRP 1975); they iffer slightly from the 
compositions given by Snyder et al. (1974) for their adult phantom, because ICRP's revision of the 
P content of the body was included (see Addendum of ICRP 1985) and the minor elements F and 
Si were included. The value of p / p  for each tissue in Table A-1 differs trivially from the value for 
the corresponding tissue as defined by Snyder et al. 

On the basis of data in Table 105 of ICRP Publication 23, the densities of skeletal and soft tis- 
sues were changed slightly from those given by Snyder et al. Compared with the densities assigned 
by Snyder et al., the new densities have been changed from 1.4862 to 1.4 g/cm3 f0r skeletal tissue 
and from 5.9869 to 2.04 g/crn3 for soft tissue. The lung density is unchanged but was rounded to 
three significant digits. 

These elemental compositions were derived from information on adults and are used for all 
phantoms except the newborn. 

Newborn 

It is generally acknowledged that the elemental compssition and specific gravity of the newborn 
are different from those of the adult. A higher water content and lower bone mineral content are 
the most prominent differences. The specific gravity of the newborn is about 1.02 g/cm3 compared 
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Percent by weight 
Element ____.. 

Soft tissue Skeleton Lung 

1-1 10.454 1.337 10.134 
C 22.663 25.475 10.238 
N 2.490 3.057 2.865 
0 63.525 47.893 75.752 
F 0 0.025 0 
Ma 0.112 0.326 0.184 
Mg 0.01 3 0.1 12 0.007 
Si 0.030 0.002 0.006 
P 0.134 5.095 0.080 
S 0.204 0.173 0.225 
c1 0.133 0.143 0.266 
M 0.208 0.153 0.194 
Ca 0.024 10.190 0.009 
Fe 0.005 0.008 0.037 
zn 0.003 0.005 
Rb 0.00 1 0.002 0.081 
Sr 0 0.003 0 
Zr 0.00 1 0 0 
Pb 0 0.001 0 

Density 1.04 g/cm3 1.4 g/crn3 0.296 gJcm3 
_____...___.__I ___..... ___.....- ....... ___.____- ........ 

___.... ^___.....__ 

with about 1.07 for the adult male (ICRP 1975). Composition and tissue density are important 
parameters in determining the transport of photons in the body, Of particular concern is the influ- 
ence of the less mineralized skeleton of the newborn. 

Skeleton. The skeleton of the newborn contains more water, less fat, and less mineral than the adult 
skeleton. Furthermore, the distinction of two bone types, cortical and trabecular bone, is not evident 
in the newborn skeleton, and the marrow of the skeleton i s  all active. Thus it is clear that the ele- 
mental Composition of the adult skeleton cannot be used when evaluating radiation transport in the 
newborn. 

The newborn skeleton is wetter than the adult skeleton. The water content of the newbosil skele- 
ton has heen estimated as 56% by Swanson and Iob (1940) and 62% by Klose (1911). Dickerson 
( 1  962) obtained a value of 64% from measurements of a whole femur. 

The skeleton of the newborn contains approximately 28 g of calcium (Widdowson and Spray 
1951, Mitchell et al. 1945). Assuming that the skeletal mass is 350 g (TCRP 1975) and that 38.8% 
of the bone ash is calcium (Holtzman 19621, we calculate that 20.6% of the skeleton i s  mineral. 

Dickerson (1962) found the nitrogen content of the whole femur to be 2.71%. This corresponds 
to 16.9% protein with use of the factor 6.25 given by Fomon (1966). 

The fat contcnt was estimated as about 1% by Swanson and Iob (1940). Dickerson (1962) found 
0.14% fat in the whole femur. Klose (1914) estimated the fat content as 2.6%. 
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With the above data in mind, we propose the following ~ ~ ~ s i t ~ Q n  for the newborn skeleton; 
for reference we show dso the adult values: 

Percent by weight 

Newborn Adult 
Material - 

ater 61 33 
Protein 17 13 
Mineral 21 28 
Fat 1 19 

The Ca:P ratio in the newborn skekton is about 2.1:1 (nkkerson 8962, Swanson and Iob 194 
Hence the P content is approximately 13 g. The Mg content ~f bone ash is about 0.7% at a11 ages 
(see Forbes 1952). Thus thc Mg content of the ne orn skeleton is a b u t  0.5 g. For all other trace 
elements we have assumed a content corresp ng to the adult values in the 12-element 
~ ~ ~ r o ~ i ~ a t ~ Q ~  of K e n  ( I  982). 

In Table A-2 the elemental composition of the newborn skeleton is presented. The 
~~~~~~~A~ computer program of Kerr (1982) was used to generate this table. The higher 

water content of the newborn skeleton and its lower mineral wontent, as compared with the adult 
skeleton (see Table A-I), are evident in the increased H and 8 content and decreased Ca content, 
respectively . 

Table A-2. Hemental cmgosit im 

Element Mass (8) % by wt. 

H 28.0 
C 34.0 
N 9.5 
0 234.0 
Na 1.1 
Mg 0.5 
P 13.0 
S 1.1 
C1 a 4 9  
K 0.52 
Ca 28.0 
Fe 8.028 

7.995 
9.708 
2.712 

66.8 12 
0.314 
0.143 
3,712 
0.314 
0.140 
0.148 
7.995 
0.008 

Ewng. Little information on the composition of the newborn lung is presented in the Reference Man 
eport (TCRP 1975). Thus we have used the composition of ;he adult lung in the radiation 

transport calculations for the newborn. 

W~~~~ body. F o ~ Q ~  (1966) bas suggested a gross composition for the newborn whole body. That 
c o ~ ~ s ~ t i o ~  reflects a higher water and lower mineral content as noted above. We have adopted the 
following gross composition, with the composition of the adult shown for reference: 
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Percent by weight 

Newborn Adult 
......... ~ Material - - - - -  

Water 75.1 60.0 
Fat 11.0 19.0 
Protein 11.4 15.0 
Bone ash 2.5 3.9 

The elemental composition of the newborn is given in Table ‘4-3. Data for the trace elements 
were derived by assuming the soft tissue composition of the adult (Kerr 1982). Far reference the 
adult values for the whole body given by Kerr are also shown. 

€3 
6 
N 
0 
Na 
Mi2 
P 
s 
C1 
K 
Ca 
Fe 

381.0 
528.0 
66.0 

2622.0 
3.6 
1.1 

18.9 
9.1 
3.2 

10.5 
28.1 
0.18 

10.376 
14.387 
1.797 

11.404 
0.099 
0.030 
0.5 15 
0.247 
0.087 
0.285 
0.765 
0.005 

10.052 
22.922 

2.442 
61.289 
0.144 
0.027 
0.835 
0.216 
0.137 
0.202 
1.728 
0.006 

Soft tissue and su my.  Data for soft tissue are obtained by subtracting the skeletal and lung com- 
positions from the whole-body composition. In Table A-4 are summarized the elemental coimposi- 
tions of each tissue; these are the elemental compositions we haw used with radiation transport cal- 
culations in the newborn phantom. The valvds for the specific gravity of each tissue type are also 
given in Table A-4. With these data the specific gravity of the newborn whole body is calculated to 
be 1.02 g/cm3, consistent with observed measurements (ICRP 1975). 

The pediatric phantoms were designed to form a deve!opmentally consistent family with the 
existing Snyder adult phantom. The exterior of each phantom has approximately the form of the 
human. body; but, as in their adult phantom, there has been no attempt to introduce small varia- 
tions which would be presumed to have only a small effect on the scattering of photons. Similarly, 
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Table A-4. Elemental composition of the tissues 
of the newborn 

Percent by weight 
Element -- 

Soft tissue Skeleton L u n g  

H 
C 
N 
0 
Na 
Mg 
P 
S 
c1 
K 
Ca 
Fe 

10.625 
14.964 
1.681 
71.830 
0.075 
0.019 
0.179 
0.240 
0.079 
0.301 
0.003 
0.004 

7.995 
9.708 
2.712 
66.81 ‘t 
0.314 
0.143 
3.712 
0.314 
0. I40 
0.148 
7.995 
0.008 

10.134 
10.238 
2.866 
75.752 
0.184 
0.007 
0.080 
0,225 
0.266 
0.194 
0.009 
0.037 

Density 1.04 g/cm3 1.22 g/crn3 0.296 g/cm3 

“The lung tissue also contains trace amounts of Si, Zn, 
and Rb-see Table A-1. 

the description of the interior organs, while approximately correct as to size, shape, position, compo- 
sition and density, are simplified to provide formulas which are readily calculated on a digital corn- 
puter. The exact specifications of the phantom and the internal organs are given below, See Figg. 
A-3 for a schematic view of the principal organs. 

Body regions 

The body is represented as erect with the position z-axis directed upward toward the head. The 
x-axis is directed to the phantom’s left (the reader’s right in Fig. A-I), and the y-axis is directed 
toward the posterior side of the phantom. The origin is taken at the center of the base of the trunk 
section of the phantom. 

In general, the dimensions (in centimeters) are given to two decimal places. The use of two 
decimal places does not imply that the average dimensions in some human population are known to 
such precision. This use is for convenience in designing the organs with correct volumes and spatial 
relationships. 

Trunk. The trunk, exclusive of the female breasts, is represented by a solid elliptical cylinder speci- 
fied by 

The values of AT, B E  and CTfor each phantom are given in the table below. 
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1,ength (cm) 
Phantom ___--__ 

A T  8.1. C T  
~ 

Newborn 6.35 4.90 21.60 
Age 1 8.80 6.50 30.70 
Age 5 11.45 7.50 40.80 
Age 10 13.90 8.40 50.80 
15-AF 17.25 9.80 63.10 
Adult inale 20.00 10.00 70.00 

2,110 
5,520 

1 1,000 
18,600 
33,500 
44,000 

2,100 
5,530 

11,000 
18,7QO 
34,500 
44,800 

ARM 50N€- 

I R I B S 7  

LIVER - 

UPPER LARGE- 
INTESTINE 

UTERUS - 

BI-ADDER -- 

. .. . . 

ORWL -DWC 66- $2’1 2 A R 2  

ORGANS NOT SHOWN 
ADRENALS 
STOMACH 
MARROW 
PANCREAS 
SKIN 
SPLEEN 
OVARl ES 
TESTES 
THYMUS 
THYROID 
LEG BONES 

.::LUNGS 

-HEART 

-GALLBLADDER 
1LKIDNEYS 

-SMALL INTESTINE 

------LOWER L.AMGE INTESTINE 

PELVIS OL..-: ‘F 
CENTIMETERS 

Fig. A-3. Anterior view of the ~~~~~~~~~ organs inr. thc bead a mmk of the ~~~~t~~ @ k v d  
~ y ~ e ~  et 91. (1974). Although the heart and head have been modified in this report, this schematic illustrates 
the simplicity of the geometries of the organs. 
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The trunk section includes the arms and the pelvic region to the crotch. The female breasts are 
appended to the outside of the trunk section. The volumes and masses for the trunk given above do 
not include the breasts. 

Head. The head section is a right elliptical cylinder topped by half an ellipsoid. The locus is speci- 
fied by 

Newborn 4.52 5.78 9.10 3.99 965 1,020 
Age 1 6.13 7.84 12.35 5.41 2,410 2,580 

Age 10 7.43 9.40 15.19 6.59 4,300 4,710 
15-AF 7.77 9.76 15.97 6.92 4,900 5,410 
Adult male 8.00 10.00 16.85 7.15 5,430 6,040 

Age 5 7.13 9.05 13.91 6.31 3,670 4J04H) 

The values of CT have been given previously i n  the table of trunk values. 

Legs. The legs region of each phantom consists of the frustrums of two circular EOIES specified by 

and -CL4z40, 

where the “& 9, sign i s  taken as plus ~ Q R  the left leg and minus for the right leg. 

Newborn 16.8 21.6 45 1 480 
Age 1 26.5 37.1 1,470 1,600 
Age 5 48.0 65.0 4,380 4,780 
Age 10 66.0 90.0 8,930 9,740 
15-AF 78.0 100.0 15,400 16,800 
Adult male 80.0 100.0 20,800 22,600 
-._I I_I_Ix_I_--.-~ __I__..- l___l 

The values of AT have been given previously in the table of trunk values. 

Male genitalia. The male genitalia region of each phantom consists of the region specified by 

-- r Gx G r ,  
- r < y G O ,  

(x -F. r)* + y2 3 r 2 ,  and 
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The last inequality must hold for either choice of sign (i.e., the genitalia region lies outside both 
legs). The value of r is given by the expression 0.5Ay(l f z/C;), where AT is the trunk dimension 
and C; i s  the legs dimension dcfiincd previously. The value of zl is given by the expression 
-(2c -t- S), where c i s  the value defined for the testes and S i s  thc skin thickness. Thus, all of 
the parametric values are defined elsewhere, and only the volumes are given here. 

Newborn 5.48 
Age 1 12.1 
Age 5 23.2 
Age 10 36.2 
15-AF 109 
Adult male 196 

y. See discussion and Table B-2 in Appendix B. 

Note: In the equations of the organs, which follow, the body seetion parameters AT, BT. CT, Afi  
BH, CHI, CH2, C,  and CLand the skin thickness S will be used without further explanation or deno- 
tation. Symbols for other parameters, usually lower case letters, will have meaning only for the 
organ being defined. The s y ~ ~ ~ b o l  "a," for example, is used in defining many different organs. 

Organs 

In the text below, each organ i s  explicitly defined and the volume i s  given. The mass determined 

. The skeletal system consists of the 13 parts described below. A view of the whole 

nes. Each leg bone i s  the frustrum of a circular cone. I n  the defining inequalities below, 

by this volume and the appropriate density is given in Appendix B, 

skeleton is shown in Fig. A-4. 

the "2- sign i s  taken as minus for the left leg bone and plus for the right: 

in which 

Volume (both) 
(cm3) 

Phantom 
- ....___.__I__ 

Newborn 61.4 
Age 1 207 

Age 10 1250 
15-AF 2100 
Adult male 2800 

Age S 610 



SKELETAL REGION DEFINED 
IN PHANTOM 

SKULL 
SPINE 
RIBS 
SCAPULAE 

WPER PORTION 
CLAVICLES 

UPP%R PORTION 
PELVIS 

ARM BONES - 

LEG BONES - 

TOTAL AMOUNT OF 
ACTIVE BONE MARROW: 

ORNL-DWG 70-4818R2A 

DISTRIBUTION OF ACTIVE MARROW IN 
ADULT PHANTOM 

- OF SNYDER 8t ab (1974) - OF THIS REPORT 

13.1% 
28.4 
10.2 
4.8 
1.9 

1.6 
3.8 

36.2 

15oog 

ACTIVE BONE MARROW 

29.9 
19.2 
2.9 
2.3 

0.8 
3.4 

33.3 

t1aQs 

Fig. A 4  For the addt pbantom of Snyder et rl. (1974), the idealized made1 of the skeleton fer computer 
ealculatioas is  sbowe on the left and P more r u b t i e  representntion is &om on t k  right, The shaded areas 
indicate where the active bone marrow is located in the aduit (from Hashimoto, 1960). The amount of active 
marrow in given bones, expressed as the percentage of the active marrow in the M y ,  is also given for the 
adult. The values given in this report differ from those given by Snyder et al. (19741, and both sets of values 
are given above for comparison. Clavicles and scapulae are not shown in the phantom. The skull has been 
changed from that shown here to include a separate facial skeleton. 
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nes. Each arm bone is the frustrurn of an elliptical cone and i s  defined by 

and 0 6 z 6 z 2 .  

In the table below, positive values of xo arc used for the left arm bone, and negative for the right, 
Volume (both) 

XO 22 (Crn3) 
Phantom a b 

Newborn 0.44 1.32 k5.84 21.29 45.3 
Age 1 0.62 1.76 28.10 30.26 121 
Age 5 0.80 2.03 k 10.53 40.22 239 
Age 10 0.97 2.27 -t-12,79 50.07 404 
15-AF 1.21 2.65 k15.87 62.20 '731 
Adult male 1.40 2.70 -C- 18.40 69.00 956 

....-I_ ...... __ ..... ._ __. . .. 

Pelvis. The pelvis is a portion of the volume between two noncomcentric elliptical cylinders. The 
inequalities defining the pelvis are 

Y >Yo2 9 

0 6 z  < z * ,  

and y < y l  if z Q z j  

Volume 
z2 (Crn3) Phantom a1 61 a2 b2 Yo1 Yo2 Y l  z1 

....... ___._ 

Newborn 
Age 1 
Age 5 

15-AF 
Adiilt male 

Age 10 

. .__.._______..I__ ...... ____ ~______ ..... ~ ~. 

3.58 5.54 3.81 5.88 --1.86 -1.47 2.45 4.32 6.79 28,9 
4.97 7.35 5.28 7.80 ---2.47 -1.95 3.25 6.14 9.65 76.0 
6.4% 8.48 6.87 9.00 -2.85 --2.25 3.75 8.16 12.82 151 
7.85 9.49 8.34 10.08 -3.18 -2.52 4.20 10.16 15.9% 258 
9.75 11.07 10.35 11.75 -3.72 -2.94 4.90 12.62 19.83 460 

11.30 11.30 12.00 12.00 -3.80 ---3.00 5.00 14.00 22.00 606 
_ _ _ . ~  ..... __ ...- ___.__ ....~~___I_ ..... __ .__...__ ...... ~__^.__._ 

Spine. The spine is an elliptical cylinder given by 
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It i s  divided into 3 portions-an upper, middle, and lower---such that dose and absorbed fractions 
can be estimated separately for each portion. These divisions are formed by the planes z = z2 and 
z = z3. 

~ .... 

Newborn 0.64 1.23 2.70 6.70 10.83 21.50 27.02 50.0 
Age 1 0.88 1.63 3.58 9.65 15.39 3 .70 38.01 128 
Age 5 1.15 1.88 4.13 12.82 20.46 40.80 48.83 245 
Age 10 1.39 2.10 4.62 15.97 25.47 50.80 59.88 403 
15-AF 1.73 2.45 5.39 19.83 31.64 63.10 72.91 707 
Adult male 2.110 2.50 5.58 22.00 35.10 70.00 80.54 920 

~~~~~~ The skull comprises the cranium and the facial skeleton. The cranium is represented by the 
volume between two concentric ellipsoids defined by 

The values a, b, and c are the same as the values a, b, and c given in the statements and table for 
the brain, 

Volume 
(cm3) 

Phantom d 
_l_._ll 

Newborn 0.20 49.8 
Age 1 0.30 139 
Age 5 0.56 339 

15-AF 0.76 508 
Adult male 0.90 618 

Age 10 0.67 434 

The facial skeleton is represented by a portion of the volume between two concentric elliptical 
cylinders. The portion of the volume that intersects the cranium and brain is excluded. The inequal- 
ities are 
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I'. 1 .  
z - [ C ,  4- C,,] .+. Y + 

and [$ [ b 2 r  [ c2 

The variables a2, b2, and e2 correspond in numerical values with the variable expressions 
( a  3 b), ( b  -t d), and ( c  -k d) ,  respectively, in the statements defining the caaniam and hence 
are not given below. 

Volume 
z5 (can9 Phantom al bl d z1 

~ 

Newborn 4.17 5.43 0.07 2.16 8.18 6.13 
Age 1 5.73 7.44 0.14 2.93 11.18 22.8 
Age 5 6.68 8.60 0.58 3.30 12.57 114 
Age 10 6.93 8.90 0.74 3.61 13.73 161 
15-AF 6.92 8.91 1.10 3.79 14.05 234 
Adult male 7.00 9.00 1.40 4.08 14.73 385 

...___ __II__ ...... ___...___.__ ......... 

cage. The rib volume is a series of bands between two concentric, right-vertical, elliptical 
cylinders. This region i s  sliced by a series of equispamd horizontal planes i n t ~  slabs, every other 
slice being a rib. The statements that must be satisfied are 

and Integer [L:-fL] is even. 

The function Integer (u) is the integral part of u [e.& Integer (3.67) = 31. 'Thus, the statensent 
"Integer [ ( z  - z , ) / c ]  is even" amounts to requiring :hat 

~ _ _ _ _ _ _ _ _ _  - _ _ _ _ _ _ _ _ -  

Newborn 5.40 4.80 0.21 10.86 20.75 0.43 34.0 
Age 1 7.48 6.37 0.28 15.44 29.47 0.61 87.4 
Age 5 9.73 7.35 0.34 20.53 39.16 0.81 174 
Age 10 11.82 8.23 0.38 25.43 48.89 1.02 295 
15-AF 14.66 9.60 0.47 31.67 60.45 1.26 531 
Adult male 17.00 9.80 0.50 35.10 67.30 1.40 694 

Cilavicles. 'The clavicles are represented as two portions of a torus which lies along the circdar 
arc x2 + (v - yo)2 = R2 at z = z1 and has a smaller radius of r. The clavicles include: only the 
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portion of the torus between the planes yo - y = kl cot O1 and yo - y = cot 1 9 ~ .  (The absolute 
value sign on x allows for hoth a right and a left clavicle.) These equations can be reduced to the 
form 

Y o - Y  
cot B 6 ----I 6 cot 4, and y < 0 .  Ix I 2 

Volume (both) 
(cm3) z1 R r cot 81 cot 82 Phantom yo 

- 

Newborn 0.73 21.06 5.07 0.2833 5.5868 0.38510 2.62 
Age 1 1.38 29.93 7.14 0.3930 5,6814 0.43161 6.85 
Age 5 3.14 39.78 9.80 0.4491 5.9977 0.56391 13.7 
Age 10 4.93 49.53 12.40 0.5981 6.2581 0.55708 23.2 
15-AF 7.22 61.52 15.93 0.7274 6.4852 0.73137 41.6 
Adult male 11.10 68.25 20.00 0.7883 7.0342 0,89415 54.7 

The clavicles lie slightly inside the cylinder defining the rib cage and just about the top rib. 

Scapulae. The scapulae are defined as part of the volume between two concentric elliptical 
cylinders. For each scapula, the volume is bounded by the planes z = zl, z = z2, y = mI 1x1 , and 
y = r n 2  Ix 1. (The absolute value sign on x allows for both a right and a left scapula.), The defining 
inequalities are 

Newborn 5.40 6.04 4.80 15.71 20.77 0.39 1.23 9.64 
Age 1 7.48 8.36 6.37 22.32 29.52 0.37 1.18 25.3 
Age 5 9.73 10.88 7.3s 29.67 39.23 0.33 1.05 
Age 10 ' 11.82 13.20 8.23 36.94 48.84 0.30 0.97 85.7 
15-AF 14.66 16.36 9.60 45.88 60.67 0.28 0.91 154 
Adult male 17.00 19.80 9.80 50.90 57.30 0.25 0.80 202 

Bone marrow. Qn the right in Fig. A-4 is shown an adult skeleton, with the areas containing 
active marrow cross-hatched. On the left is shown the idealized skeleton used for the "Adult malen 
phantom with the corresponding areas cross-hatched. 
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The regional distributions of the active (hematopoietic) bone marrow and the inactive (fatty) 
marrow vary greatly with age. The approximate weights of the total (active plus inactive) marrow, 
the active marrow, and the inactive marrow as a function of age are given in Table A-5. Data from 
Hudson (1965), Custer (1974), ICRP (1975), and W d a r d  and Hol ny ( 1960) VRX~ WCXI to 
mate the weight of the total marrow, The weights of active and inactive marrow in Table A-5 were 
calculated from the total marrow values by the method of Cristy (1981). 

Total Active Inactive 
Phantom marrow ( g )  marrow (g) inarrow (g) 

Newborn 47 47 0 
Age 1 170 150 20 
Age 5 400 3 20 140 
Age 10 1208 610 590 
15-AF 2600 1050 1550 
Adult male 3500 112.0 2380 

___I ...... ~ ...__ ...... _..___I ..... 

The active marrow in individual bones, parts of bones, or bone groups of the phantoms, 
expressed as the percentage of active marcow in the body, are given in Table A-6. The weight of 
active mariow in a given bone or bone group may be found by using Tables A-5 and A-6 together. 
Similarly, in Table A-7 are given the inactive (fatty) marrow percentages, and the weights of inac- 
tive marrow irmay be found by asing Tables A-5 and A-7 together. The weigbts of active and inac- 
tive marrow in individual bones arc given in Appendix B. 

The marrow, active or inactive, is assumed to be distributed uniformly in the bone regions 
defined. In calculating an absorbed fraction for active and for inactive marrow in ibese regions by 
the Monte Carlo computer program, it i s  assumed that the marrow absorbs energy per gram as 
efficiently as does bone. This assumption is not grossly in error at energies of 200 keV or more; but 
it is increasingly inaccurate at energies below 100 keV, wbcre the photoelectric effect dominates the 
phcptcn interaction process, The effect is to overe3timate the dose to marrow and to underestimats 
the dose to the bone mineral component of the mixture. It is diffictalt to pregrain the intricate 
microscopic intermixture of bone and marrow spaces in a more realistic fashion in the macroscopis 
characterization used in photon transport. 4s a consequence. another method of calculating this 
absorbed fraction was developed, as described in the section "Special Case: '4ctive Marrow and 
Endosteal Tissues as Target Qrgans" in Chapter 11. 

The marrow from the lumbar vertebra L5 and 50% of the upper half of the femora were 
assigned to the pelvis of each phantom (Tables A-6 and A-7). This assignment occurs because of 
the siiriplicity of the skeleton in the phantoms. For example, approximately the upper quarter of the 
femora is adjacent to the os coxae of the pelvis in humans, brit in the phantoms the !eg bones begin 
below the pelvis. 

The total mass of the skeleton in each phantom is given in the following table. 

Phantom Mass of whole skeleton (g) 
~ 

Newborn 35 1 
Age 1 1,140 
Age 5 2,710 
Age 10 4,630 
15-AF 7,650 
Adult male 10,800 



Table A-6. Active marrow in i ~ ~ ~ v ~ ~ ~ ~ l  bones, parts of bones, or bone groups expressed as 
the ~ e ~ ~ ~ ~ ~ a g E  sf active marrow in the body (derived from Cristy, 1981) 

Percentage at various ages Correspnding skeletal Phantom skeleta! region 
region(s j 0 1 5 20 15 Adult“ 

Skull (cranium i facial 

Scapulae 
Clavicles 
Ribs 
Spine (upper portionc) 
Spine (middle portionc) 

skeleton)b 

Spine (lower portionc) 
Pelvis 

Leg bones (upper portiond) 
Leg bones (middle pr t i~n’ )  
k g  bones (lower portiond) 

Arm bones (upper portione) 
Arm bones (middle portion“) 
Arm bones (lower portion“) 

Skull (cranium +- mandible’lb 

Clavicles 
Ribs + sternum 
Cervical vertebrae Cl-Cs 
Cervical vertebrae C& + all 

thoracic vertebrae 
Lumbar vertebrae L1-L4 
Sacrum 4- os coxae + lumbar 

vertebra L5 + 5040 of upper 
I / 2 femora 

50% of upper 1/2 femora 
Lower 1/2 femora 
Tibiae, fibulae, patellae + 

ankle and foot bones 
Upper l j 2  humeri 
Lower l j 2  humeri 
Radii and ulnae + wrist and 

Scapulae 

hand bones 

29.50 
2.70 
0.80 
9.20 
2.30 

9.40 
1.90 

11.66 
1.87 
3.13 

16.24 
2.32 
2.32 

6.07 

27.47 
2.73 
0.83 
9.61 
1.88 

9.27 
3.37 

16.47 
2.07 
3.88 

13.40 
2.41 
2.25 

4.36 

17.44 12.72 10.12 8.32 
2.72 2.89 3.26 2.85 
0.85 0.89 0.98 0.79 

10.58 13.02 16.27 19.22 
1.46 1.80 2.25 2.66 

9.58 11.79 14.75 17.41 
5.39 6.63 8.29 9.79 

23.33 28.73 33.60 33.31 
3.41 4.72 4.60 3.35 
6.28 6.14 2.04 0 

11.55 5.51 0 0 
2.36 2.49 3.14 2.29 
2.18 1.62 0.70 0 

2.88 1.06 0 0 

“Age 40 vaiucs from Cristy (198 1) were used for the “Adult male” phantom. 
column 1, cranium does not include the facial skeleton, but in column 2, cranium includes all the facial skeieton 

except the mandible. 
T h e  upper, middle, and lower portions of the spine are defined in the section on the spine. 
dThe upper portion of the leg bones is defined as the upper 14% of the length of the bones; the lower portion is 

defined as the lower 57%; and the middle portion is tbe rest. The u ~ ~ v ~ n ~ e s ~  of these numbers results from the assign- 
ment of part of the marrow in the upper femora to the pelvis. 

“The upper portion of the arm bones is defined as the u p p r  2 5 8  of the length of the bones; the lower portion is 
defined as the lower 50%; and the middle portion is the rest. 
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Adrenals. Each adrenal is half an ellipsoid atop a kidney, defined by 

where the (xl ,yyl ,zl  )-coordinate system is related to the phantom's (x,y,z)-coordinate system by the 
following rotation-translation equations, given in matrix form: 

In the following table of parametric values, xo and B are both taken as positive for the left adrenal, 
and both negative for the right. 

Volume (both) 
( c d  

Phantom (I b C XO Yo ZO e 

Newborn 1.61 0.54 1.54 21.41 2.45 11.73 263.3" 5.61 
Age 1 .35 2.20 k1.54 3.25 16.66 k62.2 3.39 
Age 5 1.12 0.37 2.92 22.0 3.75 22.14 k59.3 5.07 
Age 10 1.17 0.39 3.63 k2 .43  4.20 27.58 157.2 6.94 
15-AF 1.30 0.43 4.30 k3.02 4.90 34.26 455.6 10.1 
Adult male 1.50 0.50 5.00 f3.50 5.00 38.00 k52.0 15.7 

Brain. The brain is an ellipsoid given by 

Volume 
(cm') Phantom a b E 

Newborn 4.14 5.40 3.61 338 
Age 1 5.63 7.34 4.91 8 50 
Age 5 6.34 8.26 5.52 1210 
Age 10 6.51 8.48 5.67 1310 
1 5-AF 6.58 8.57 5.73 1350 
Adult male 6.60 8.60 5.75 1370 

_.___ 

Breasts. The female breasts are represented by portions of two ellipsoids attached to the trunk, 
given by 
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The positive values of xo in the table below are taken for the left breast; and the negative 

Since the outer thickness S is counted as skin, the breast tissue is represented by 
values, for the right breast. 

The breasts in the age-1 5-male/adult-female phantom have been changed from those given by 
Cristy (1988) for the age 15 phantom. The latter were designed to represent adolescent breasts. 
Note also tb-at the breasts in the "Adult male" phantom as described in Cristy (1980) are ms8ifkd 
slightly here to be consistent with the age-1 5-male/adult-fernak phantom. (The "Adult male" phan- 
tom is hermaphroditic, like all the other phantoms, and can be used for larger-than-average 

There has been some disagreement between Kramer and co-workers (Krasner and Drexler 1981; 
Kramer, Williams, and Drexler 1982) and Cristy (1980, 1982) on the appropriate size of the breast 
for a refemwe adult female. Cristy (1982) recommends a volume of 190-200 ml for the size of a 
single breast, in accord with the 180 g mass recommended by the ICRP (8975). Kramer and co- 
workers first recommended a volume of about 365 rnl (Kramer and Drexler 1981) and later 
changed their recommendation to 260-270 ml (Kramcr et al. 1982). The present difference in 
recommended representative breast sizes (-195 in1 vs. -265 ml) i s  similar to the difference 
between the median (193 nil> and the mean (238 ml) in one study (Match et al. 1980; and see 
Cristy, 19821, and the standard deviation of the mean is large (50%). 

Cristy (1984) argues that this difference in breast size does not yield important differences in 
estimates of dose to the breast from either internal or external sources of photons, except at ener- 
gies well below 0.025 MeV. At such low energies the phantoms may be too simple in design to give 
meaningful estimates of dose to the breasts for either internal OT external S Q U K X S - C ~ . ,  the distri- 
bution of the radiosensitive glandular tissue within the breast could became important here. Thus, 
this disagreement may be academic. 

females.) 

Volun1e (both) (cm3) 
zo ___...__ ~ ...... Phantom a b c XO 

Including skin Excluding skin 
___ ____ ....... .....__...I__- __ .... _ _ _ _  .... __.____ ...... 

Newborn 0.34 0.36 0.36 k 3 . 1 8  16.05 0.197 0.103 
Age 1 0.63 0.63 0.63 k4.40 22.81 1.06 0.704 
Age 5 0.139 0.79 0.79 k5.73 30.31 2.09 1.45 
Age 10 0.94 0.94 0.94 k6.95 37.73 3.51 2.50 
15-AF 4.95 4.35 4.15 k8.63 45.87 391 347 
Adult male 4.95 4.35 4.15 flO.OO 52.00 388 337 
_lll__ __...___ -..... __.__ __..I__ .... ___ .__ __ 

eolrateets. FOP the the age 1, the age 5, the age 10, the see-l5-male/adult-femaIc, 
and the adult male phantoms, the gall bladder Is represented by the frustrurn of a cone capped with 
a hemisphere. For the ~ L ~ W ~ Q ~ I I  phantom, the gall bladder is cylindrical. The gall bladder is defined 
as a walled organ. 



EOP6.O 0602'0 1892'0 
6tE6.0 PPOZ'O E062'0 
6kS6'0 6Of.1'0 LOEZ'O 
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--____-..-...__I.-_.__ 
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Phantom r1 r2 S h XQ Yo 20 

Newborn 0.458 0.500 0 3.10 4 . 6 7  -1.75 8.68 
Age 1 0.884 0.937 0.2275 3.54 -0.71 -2.08 13.16 
Age 5 1.414 1.499 0.2275 5.64 -0.59 -2.40 17.49 
Age 10 1.768 1.874 0,2275 7.07 -1.69 ---2.68 21.7’5 
15-AF 1.914 2.031 0.2275 7.66 -3.98 -3.14 27.04 
Adult male 2.000 2.120 0.2275 8.00 -4.50 -3.20 30.00 

Volume (Crn3) 
- . -. . . Phantom 

Wall Conterits Wall -1- Contents 

Newborn 0.392 2.04 2.43 

Age 5 3.59 18.9 22.5 

15-AF 8.92 47.1 56.0 
Adult male 10.1 53.6 63.7 

Age 1 0.875 4.62 5.58 

Age 10 7.00 37.0 44.0 

~ _ _  - 

The contents are defined by 

Phantom a b C d xo Y o  
..-...I_____ 

Newbvsn 1.20 1.39 2.34 0.22 2-54 -1.96 
Age 1 1.85 2.05 3.51 0.33 3.52 -2.70 
Age 5 2.55 2.40 4.66 0.45 4.58 -3.15 
Age 10 3.14 2.74 5.81 0.53 5.56 --3.51 
15-AF 3.43 2.92 7.16 0.56 6.90 -3.92 
Adult male 4.00 3.00 8.00 0.513 8.00 -4.100 

~ __ 

ZO 

10.80 
15.35 
20.40 
25.40 
31.55 
35.00 

__.- 

Volume-wall Volume-contents 
b 3 3  (cm’) Phantom 

Newborn 6.17 10.2 
Age 1 20.9 34.8 
Age 5 47.2 72.2 
Age 10 81.8 128 
15-AF 113 187 
Adult male 152 250 
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The stomach represented here is a “full” stomach, and the average dose rate, even €or the same 
activity present, probably varies greatly depending on the degree of extension of the stomach, pres- 
ence of air spaces, etc. 

Small intestine. The small intestine does not seem to remain in any “standard position” except 
the ends, wkich are relatively fixed. Thus, the small intestine is to be regarded as occupying a 
volume within which it is free to move. No attempt to determine a specific c o n ~ g u r ~ t i ~ n  is made 
here, and thus the wall and contents are not distinguished for estimation of photon dose. 

The small intestine and contents are represented by a section of an elliptical cylinder, defined by 

Y l  GY 4Y2. 

and Z ~ ~ Z G Z ~ .  

The portion of the large intestine within this region is excluded. 

Volume 
z2 (crn3) Phantom a b YO Y1 Y2 21 

Newborn 3.59 5.54 -1.56 -2.39 1.08 5.25 8.33 50.9 
Age 1 4.97 1.35 -2.41 -3.16 1.43 7.46 11.84 132 
Age 5 6.47 8.48 -2.85 -3.65 1.65 9.91 15.74 265 
Age 10 7.85 9.49 -3.19 -4.08 1.85 12.34 19.59 447 
15-AF 9.75 11.07 - 3.72 -4.76 2.16 15.32 24.34 8 
Adult male 11.30 11.30 -3.80 -4.86 2.20 17.00 27.00 1060 

Upper large intestine. The upper large intestine consists of an ascending colon and a transverse 

The ascending colon wall i s  defined by the space between two coaxial elliptical c ~ ~ ~ R ~ ~ ~ s :  
colon. 

[-I2 + [y]’. 1 ,  

and z l d a C z 2 .  

The contents are defined by the space within the inner cylinder, 

and z l < z G z 2 .  
Vdume (cm3> 

WdPI Contents 
...-. . Phantom a b d XO YO 21 z2 

Newborn 0.79 1.23 0.27 -2.70 -1.16 4.46 7.41 4.38 4.43 
Age I 1.10 1.63 0.37 -3.74 --1.53 6.34 10.53 11.5 12. I 
Age 5 1.43 1.88 0.46 -4.87 -1.77 8.42 13.99 22.9 24.1 
Age 18 1.74 2-10 0.54 -5.91 -1.98 10.49 17.42 38.8 48.8 
15-AF 2.16 2.45 0.65 -7.33 -2.31 13.03 21.63 69.5 73.4 
Adult male 2.50 2.50 0.7085 -8SO -2.36 14.45 24.00 91.2 96.3 

I- __ 
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The transverse colon wall is also defined by the space between two coaxial elliptical cylinders: 

__ .+ .... . < I  [ Y  ; Y o ] 2  [ z  - c z 0 ] 2  - 1  

The contents are defined by the space within the inner cylinder, 

and -xI 6 x  < x l .  

Volume (Crn3) 
...... Phantom b C d Yo 20 x1 - ........ 

Wall Contents 
-~ ~ ~ 

Newborn 1.23 0.46 0.18 -1.16 7.87 3.33 5.69 6.15 
Age 1 1.63 0.65 0.26 -1.53 11.18 4.52 15.2 15.5 
Age 5 1.88 0.87 0 33 -1.77 14.85 6.01 30.2 31.6 
Age 110 2,lO 1.08 0.40 -11.98 18.51 7.30 51.0 53.0 
15-,4F 2.45 1.35 0.49 -2.31 22.99 3.06 92 3 96.0 
Adult male 2.50 1.50 0.527 -2.36 25 50 10.50 121 127 
_~ _ _ _ _ _ _ ~ _ _  ~ _ _ _ _ _ _ _ ~ - ~  

h w e r  large i:ntestia?e The lower large intestine consists of 8 descending colon and a sigmoid 

'The dFsccoding colon wall is dcfined by the space 'oetweea tl!o coaxial elliptical cjlinders. The 
colon. 

axis of the e j l ~ d c r s  is at a slight angle with the z-axis of the p!iantorn, but the ends of the descend 
ing cclon are d c f i n d  by horizontal planes (z = L~ and z z2). The wall is specifrcd by 

2 
x - xg Y - Y o  __ ....... + - ........ > 1  I..-J [ b - - - d ]  ' ' 

and z l < z G z 2 ,  

where 
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The contents of the descending colon are defined by the space within the inner cylinder, is., 
2 

y - - y O  < 1 ,  
x - .IC0 

(FJ+[6-6] 

Newborn 0.60 1.04 0.20 2.94 0.2471 1.225 2.68 7.41 4.27 4.98 
Age I 0.83 1.38 0.27 4.07 0.3432 1.525 3.82 10.53 11.8 13.1 
Age 5 1.08 l.6Q 0.34 5-30 0.4466 1.8’75 5.08 13,99 22.3 26. I 
Age 10 1.31 1.79 0.40 6.43 0.5421 2.100 6.33 17.42 37.6 44.1 
15-AF 1.62 2.09 0.49 7.98 8,6728 2.45 7.86 21.63 68-3 78.2 
Adult niale 138 2.13 8.54 9.25 0.7800 2.500 8.72 24.00 89.9 102 

The sigmoid colon plus contents is represented by portions of two flattened tori; that is, the axis 

(portion of upper toms) 

of each torus is circular but the cross-section is elliptical. The wall is defined as fallows: 

2 r+[;.] 41, r+[*] 31, 

____...._ . 
J(x - xo)2 + ( z  - z o y  - R1 

a 

2 
J(x - x()y 4- (2 - ze)2 - R, 
I 

I _I I_________ 

a - d  

~ 3 x 0 ,  and z i z o ;  

and (portion of lower torus) 

...... 31, 
Q - d  

x GX.~ ,  and z 30. 

The contents of the sigmoid colon are defined as follows: 

(portion of upper torus) 

L ~ _ ............ I_ + < 1 r [ b - J  ’ 
(x - X0)2 + (2 -- z0)f - R* I a - d  

X ~ X Q ,  and z d z o ;  

and (portion of lower torus) 

......... 
b - d  
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Volume (can3) 

Wall Contents 
(j xo zo R1 &-.-- ....... ____ Phantom a b 

Newborn 0.50 0.77' 0.25 0.95 2.69 1.77 0.92 3.39 1.73 

Age 5 0.88 1.21 0.42 1.72 5.08 3.33 1.75 17.6 9.11 
Age 10 0.96 1.50 0.48 2.09 6.33 4.15 2.18 29.7 15.3 
15-AF 1.18 1.76 0.59 2.59 7.86 5.16 2.70 53.8 26.8 
Adult male 1.57 1.57 0.66 3.00 8.72 5.72 3.00 70.4 35.6 

Age 1 0.69 1.02 0.34 1.32 3.82 2.51 1.31 8.38 4.49 

..__I___ _I_.. . . . . . .....____. .... 

Heart and contents. The heart model developed by Csffey for the adult phantom has been employed 
(Coffcy 1978; Coffey, Cristy, and Warner 1981). The outer surface of the heart i s  represented by 
four quarter-ellipsoids. Within this space, the heart is divided into regions representing the muscular 
walls and the four chambers. The equations are given below in (xl,y,,zl)-coordinates, which arc 
related to the (x,y,z)-coordinate system by the following rotation-translation equations: 

In the equations bdow, the variable names VA, A n ,  i A V Z  RAVZ, AX, TLVW, T R W ,  d.nd 
TAW are acronyms in which the letters L and R refee to left and right, A and V to atrium and vcn- 
trick, 1' to thickness, W to wall, and X,  Y,  and Z to dimensions in the xlr yl, and 71 directions. 
Thus, AVY i s  a dimemion common to the atria and ventricks in the y1 direction 

'fhe left ventricle (wall + contents) is represented by half an dipsoid. The wall is defined by 
the inequalities 

and x1  30. 

The contents of thc left ventricle arc defined by the volume within the inner of the two half- 
ellipsoids given above, i.e., 

The right ventrick (wall 4- contents) i s  represented by a quarter-ellipsoid that wraps around 
half of the left ventricle. The wall is defined by the inequalities 



x1307 and z1<8. 

The volume common to the left and sight ventricle walls is considered part of the left ventriele 

The contents of the right ventricle are defined by the inequalities 
wall and is excluded here. 

2 
YI ZI < I ,  XI 

x l > O ,  and zl<O. 

The portion of the left ventricle within this space is excluded, i.e., the inequality 

LAVZ vx A W  

must also hold, 
The left atrium (wall + contents) is represented by two adjacent quarter-ellipsoids. The left 

atrial wall is defined as follows: 

x l < O ,  and z 1 2 0 ;  

and (part 2) 

x l < O ,  and z l < O .  

The contents of the left atrium are represented by the volume within these walls, i.e., by 

(part 1) 

x l < O ,  and ~ ~ 2 . 0 ;  
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and (part 2)  

xl<O, and z l < O .  

The right atrium (wall + contents) is represented by a quarter-ellipsoid that wraps around part 
of the left atrium. The wall is defined by the inequalities 

Y l  

xl<O, and z1<0 .  

The volume co~iiinon to the left and right atrial walls is considered part of the left atrial wall 

The contents of the right atrium are defined by the inequalities 
and i s  excluded here. 

xlaO, and zl<O. 

The portion of the left atrium within this space is excluded, Le., the inequality 

must also hold. 

The age-dependent values of all the heart parameters are given in the tables below. The volumcs 
are given in cubic centimeters. 

Phantom a1 PI Y l  ‘x2 P 2  7 2  “3 P3 7 3  

Newborn 0.5342 -0.6421 -0.4845 -0.3291 0.3556 -0.8’748 0.7340 0.6792 0 
Age 1 0.6009 -0.6216 -0.5025 -0.3493 0.3613 -0.8646 0.7190 0.6950 0 
Age 5 0.6237 -0.5721 -0.5327 - 0.3926 0.3681 -0.8463 0.6760 0.7369 0 
Age 10 0.6345 -Q.5370 -0.5559 -0.4243 0.3591 -0.8312 0.6460 0.7633 0 
15-PIF 0.6453 -0.5134 -0.5658 -0.4428 0.3523 -0.8245 0.6226 0 4825 0 
Adult male 0.6751 -0.4727 - 0.5664 -0.4640 0.3249 0.8241 0.5736 0.8191 0 
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Yo P Phantom VX A W  LAVZ RAVZ AX TLVW TRVW TAX XQ 

Newborn 3.71 2.16 1.34 3.02 2.33 0.56 0.26 0.13 0.42 - 1.08 16.05 
Age 1 4.67 2.72 1.68 3.80 2.93 0.71 0.33 0.16 8-54 -1.67 22.43 
Age 5 5.72 3.33 2.06 4.66 3.59 0.86 0.40 0.20 0.77 -1.70 29.60 
Age 10 6.73 3.92 2.43 5.48 4.23 1.02 0.47 0.23 0.80 -1.70 36.60 
15-AF 7.86 4.57 2.83 6.40 4.94 1.19 9.55 0.27 0.86 -2.10 45.10 
Adult male 8.60 5.00 3.10 7.00 5.40 1.30 0.60 0.30 1.06) -1.80 5 0 . 0  

...I__ -_...--_I -.-LI_ I__ LI_._--___--_l --.__ __l___l ___.._ 

Valume 
Phantom Left ventricle 

Wall Contents 
- 

Newborn 14.3 8.23 
Age 1 28.5 16.2 
Age 5 52.0 30.2 

15-AF 135 77.4 
Adult male 177 102 

Age 10 85.4 48.9 

Right ventricle 
Wall Contents 

5.42 8.68 

-_ 
-_____ 

10.9 17.3 
19.8 32.0 
32.3 52.0 
51.4 82.9 
67.2 108 

Volume 
Left atrium Right atrium 

Wall Contents Wall Contents 

___ ---___-.II_-- 

-__--___ Phantom 

Newborn 2.55 9.31 2.21 8.91 
Age 1 4.96 18.5 4.32 18.0 
Age 5 9.31 34.0 8.09 32.7 
Age 10 14,9 55.8 12.9 53.8 
15-AF 23.7 88.3 20.7 85.5 
Adult male 31.6 115 27.4 111 

- -__-I_ 

Volume-total Vol ume-total 
heart walls heart contents Phantom 

Newborn 24.4 35.1 
Age 1 48.7 69.9 
Age 5 89.3 129 
Age 10 145 210 
15-AF 231 334 
Adult male 303 437 

Kidneys. Each kidney is an ellipsoid cut by a plane, given by the following: 

and [.SI>!:,. 
In the following table, xo is taken as positive for the left kidney, and negative for the right. 



68 

Volume (both) 
XO Yo ZO X1 (cnn3> Phantom a b c 

~ 

Newborn 
Age 1 
Age 5 
Age 10 

Adult male 
15-AF 

1.79 0.93 1.70 k1.91 2.94 10.03 0.71 
2.61 1.25 2.41 k2.64 3.90 14.25 0.95 
3.20 1.40 3.20 k3.44 4.50 18.94 1.31 
3.66 1.47 3.99 k4.17 5.04 23.59 1.74 
4.05 1.53 4.96 5~5.18 5.88 29.30 2.48 
4.50 1.50 5.50 26.00 6.00 32.50 3.00 
..... _l_._._l_.l_. .... __ 

22.0 
60.5 

111 
166 
238 
288 

liver. The liver i s  defined by an elliptical cylinder cut by a plane as ~ Q ~ ~ O W S :  

The lives in thc age-1 5-male/adult-fernale phantom has been changed slightly from that givea; 
for the: age 15 phantom in Cristy (1988) to match the data for a reference zdult female (ICRB 
1975). 

Phantom U b x m  YRJZ z>,s 21 2 2  

Newborn 5.19 4.25 8.45 10.90 13.27 8.33 13.27 

Age 5 9.39 6.30 16.27 20-34 25.06 15.14 25.86 
Age 10 11.43 6.83 21.98 29.67 31.21 19.59 31.21 
15-AF 14.19 7.84 31.51 44.75 38.76 24.34 38.76 
Adult male 16.50 8.00 35.00 45.00 43.00 27.00 43.00 

Age 1 7.20 5.47 12.83 16.55 18.86 11.84 18.86 

Phantom Volume (cm3) 

Newborn 117 
Age 1 28 1 
Age 5 562 
Age 10 853 
15-AF 1350 
Adult 1838 

ags. Each lung is represented by  half an ellipsoid with a section removed. Note that the section 
removed from the !eft lung is larger than that removed from the right lung because of the position 
of the heart. The right lung is defined as follows: 

and z h0; 
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if Z I R  < Z < Z ~ R  and y <YZR , then X 6 X ~ R  mllst also hold. 
The statements for the left lung are similar, but replace (x + xg) with (x - xo), and zIR,  zZR, and 
y 2 ~  with ZO, zzL, and y2t, respectively; and replace the inequality (x 4 x l R )  with ( x  3 x I L ) .  ?'he 
letters R and L refer to right and left. 

Phantom a b C xo zo 

Newborn 1.89 3.68 7.41 
Age 1 2.58 4.88 10.53 
Age 5 3.47 5.63 13.99 
Age 10 3.82 6.30 17.42 
15-AF 4.09 6.98 20.55 
Adult male 5.00 7.50 24.00 

...______I 

Phantom XIR Y1R ZlPp Z2R 

2.70 13.42 
3.74 19.08 
4.87 25.35 
5.91 31.57 
7.33 38.21 
8.50 43.564 

~ 

X1L Y l L  Z2L 

Newborn -2.30 0.75 14.15 17.85 4-3-00 0.30 17.90 
Age 1 -2.90 8.70 20.10 24.68 +3.90 0.40 24.80 
Age 5 -3.50 1.00 26.90 32.30 C5.00 0.50 32.60 
Age 10 -4.10. 1.30 33.40 39.60 +5.90 0.75 40.00 
1 5-AF -5.00 1.20 41.60 48.50 4-7-00 0.70 49.00 
Adult male ----5.40 1.50 46.00 54.08 4-8.00 1.00 55.00 

Volume (em3) 

Left lung Right lung Both lungs 
PhaIItQm 

Newborn 79.1 91.9 171 
Age 1 225 259 484 
Age 5 454 526 980 
Age 10 709 821 1530 
15-AF 1020 1180 2200 
Adult male 1540 1810 3380 

Ovaries. Each ovary is an ellipsoid and is given by 

The values of xo in the table bzlow are taken as positive fer the left ovary, and negative far the 
right ovary. 

The ovaries in the age-l5-male/adult-f~male phantom have been changed from those in the age 
15 phantom in Cristy (1980), to represent an adult female rather than an adolescent female. There 
is a small intersection of the right ovary (as defined above) with the wall of the ascending colon 
and a small intersection of the left ovary (as defined above) with the wall of the descending colon in 
this phantom. These regions of intersection are defined as colon walls only in the computer codes. 
These regions are also excluded in the computations of volume and mass of the ovaries given below 
and in Appendix B. 



The ovaries in the ”adult male” phantom have not been modified from those of Snyder et al. 
(1974) and are smaller than those in the “15-AF” phantom. For reammended values of specific 
absorbed fractions in the companion vslumeq, values of 4’(ovariescavsries) derhed from the 
“15-AF” phantom are tabulated for both the “age 15 male or adult female” and the ‘‘adult male or 
large adult female.” 

Volume (both) 
(cm3> Phantom a b C XQ ZQ 

~ 

Newborn 0.30 0.22 0.57 t-1.91 4.63 0.315 
Age 1 0.38 0.28 0.77 k2.64 6.58 0.686 
Age 5 0.53 0.35 1.09 t3 .44  8.74 1.66 
Age 10 0.66 0.40 1.36 zt4.17 10.83 3-01 
15-AF 1.17 0.58 1.80 f5 .18  13.52 10.1 
Adult male 1.00 0.50 2.00 16.00 15.00 8.38 

~~~~~~~~” The pancreas i s  half an ellipsoid with a section removed, It is defined by 

and 

Phantom a b 
~ ~~ 

Newborn 4.32 0.50 0.87 -0.09 11.42 0.99 2.69 
Age 1 6.85 0.71 1.4! -0.43 16.23 1.32 9.87 
Age 5 9.15 0.90 1.92 -0.57 21.57 1.32 22.7 
Age 10 10.09 0.92 2.17 .-0.38 26.85 2.15 28.9 
15-AF 13.32 1.14 2.87 -0.72 33.35 2.61 67.4 
Adult mala 16.00 1.20 3.30 -1.00 37.00 3.00 90.7 

Skim Skin is represented as a layer of thickness: S extendkg over the exterior of the phantom, 
including the exposed top cf the trunk and the bottQm of the legs. baa* excluding the exposed bottom 
of thc trunkl top of the legs. and \ )O~~QZI  of the head ‘The part of the legs covered by the male gcni- 
talia region has skin, but the part of the trank coveted by the feemale breasts does not. 

This layer corresponds to the dermis as well as the epidermis. Greater thicknesses in places such 
as the back. have been ignored. 

Volume of skin (cm3) 
Phantom s - - -  ___ 

Head Trunk Legs Male Gentalia Total 

Newborn 0.07 30.2 54.5 28.3 0.741 114 
Age 1 0.08 63.6 121 75.0 1.48 26 1 
Age 5 0.09 94.3 225 195 2.64 517 
Age 10 0.10 117 370 363 4.05 854 
15-AI; 0.17 217 958 866 13.5 2050 
Adult male 0.20 274 1410 1190 23.4 2890 
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Spleen. The spleen is represented by the ellipsoid 

Volume 
XQ YO (cm3j Phantom n b C 

Newborn 1.13 1.00 1.85 3.54 1.42 11.42 8.16 
Age 1 1.65 1.35 2.63 4.94 1.85 16.23 24.5 
Age 5 2.09 1.52 3.49 6.40 2.25 21.57 46.4 
Age 10 2.13 1.68 4.35 7.55 2.52 26.85 74.4 
1 5-AF 2.90 1.88 5.19 9.49 2.94 33.35 119 
Adult male 3.50 2.00 6.00 11.00 3. 37.00 176 

Testes. The testes are represented by the ellipsoids 

where the f sign i s  taken as positive for the right testis and negative for the left testis. 

Volume (both) 
(cm3j Phantom a b C Yo 

Newborn 0.36 0.42 0.64 -2.58 0.81 1 
Age 1 0.41 0.47 0.72 -3.73 1.16 
Age 5 0.45 0.52 0.80 -4.98 1.57 

15-.4F 0.96 1.10 1.69 -7.10 15.0 
Adult male 1.38 1.50 2.38 -8.00 37.6 

Age 10 0.47 0.55 0.84 -6.15 1.82 

Thym~s .  The thymus is represented by an ellipsoid, given by 

Volume 
YO zo (Crn3) 

Phantom 0 h c 

Newborn 1.76 0.70 2.10 -3.60 19.30 10.8 
Age 1 1.75 1.00 3.00 --4.75 2 7 . 0  22.0 
Age 5 1.85 1.05 3.50 -5.48 35.00 28.5 
Age 10 1.85 1.00 3.90 -6.13 43.00 30.2 
15-AF 1.75 0.93 4.00 -7.15 52.00 27.3 
Adult male 1.50 0.80 4.00 -7.30 57.00 20.1 
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. The lobes of the thyroid lie between two concentric cylinders and are formed by a cutting 
surface. The statements defining this organ are 

T = [ % 2 - ] [ z s ]  i- 1 for 0 4 z  - CT<0.25c 

Newborn 0.87 0.48 2.00 -2.16 1.24 
Age 1 0.97 0.44 2.21 -2.87 1.11 
Age 5 1.21 0.55 2,T6 -3.31 3.32 
Age 10 1.60 0.73 3.63 -3.55 7.62 
15-AT; 1.85 0.83 4.20 -3.91 11.9 
Adult male 2.20 1.00 5.00 -4.00 19.9 

~. . . . . . . . . . . . .. . . . . .. . . . .. 

It was stated in Cristy (1980, p. 91) that, when compared with the adult phantom of Snyder et 
al. (1974), the "thyroid has been moved closer to the front surface of the body, after ltlwaiag, 
Shoup, and Poston [1976]. The thyroid had been located too deeply within the ne&-and-head 
region for external dose calculations (Kerr 1979). 'I'he ne?v pslsition is better for external sowces 
anterior to the body, but it will remain unsuitable for external sources from the back or sides uotd 
a separate neck region is added to thc phantom design. This difficulty is unimportant for internal 
emitters. 

Thcre are several errors in this quoted paragraph. While Kerr (1379) did mmc the thyroid 
closer to the front surface of the neck-and-head region for his studies of doses from e x t c r d  iiiadi- 
ation, Hwang et al. (1976, p.39 moved the thyroid "slightly back towards the center of the loaver 
head section and in[to] a more natural position." 'Uie thyroid as given here and in Cristy (1980) 
was moved backwards deeper into the neck-and-head region, like Hwang et al. but unlike Kerr. The 
position as given here is better for internal dosimetry but worse for external dosimetry. 

Cristy (1985) has recently modified the neck-and-head region in developing R Japanese adult 
phantom for the A-bomb dose reassessment study, with the purpose of making the neck and thyroid 
region suitable for either external or internal dosimetry. However, the parameters as given therein 
will probably be changed and parameters for our Western phantoms have not been finalized. Note 
that this is a problem for external dosimetry only. 

nts. The bladder wal! i s  represented by the volume betvieem two concen- 
ts are represented by the volume within the inner ellipsoid. The wall is 



73 

The contents are defined by 

Volume- Volume- 
a b '  C d YO zo wall contents Phantom 

(cm3) (cm3) 

Newborn 1.69 1.82 1.14 8.10 -2.21 2.47 2.77 11.9 
Age 1 2.35 2.42 1.64 0.14 -2.93 3.51 7.41 31.7 
Age 5 3.04 2.77 2.16 0.17 -3.38 4.66 14.0 62.2 
Age 10 3.41 3.04 2.63 0.20 -3.78 5.81 22.3 98.6 
15-AF 4.27 3.38 3.11 0.23 -4.41 7.21 34.5 154 
Adult male 4.958 3.458 3.458 0.252 -4.50 8.00 45.7 

Dose to the bladder wall from a photon emitter present in the urine will vary greatly, depending 
on the degree of filling even for the same concentration or amount of activity present. The specific 
absorbed fraction, @(bladder wall f- contents), will vary by approximately an order of magnitude 
in the adult. according to the calculations of Snyder, Ford, and Warner (1970). Thus, the reader 
should be aware that specific absorbed fractions calculated using these phantoms are appropriate 
only for one size of bladder. The variation in the specific absorbed fraction to bladder walls of dif- 
ferent sizes from other source organs outside the bladder is generally small (Snyder 1970). 

Uterus. The uterus is an ellipsoid cut by a plane and is given by 

and y 3 y l .  

The uterus in the age-15-male/adult-female phantom has been changed from that in the age 15 
phantom of Cristy (1980), to represent an adult female rather than an adolescent. The volume was 
calculated from data given in ICRP Publication 23 (ICRP 1975). 

The uterus in the "Adult male" phantom was also modified to be consistent with the change in 
the "15-AF" phantom. The shapes are slightly different because of differences in trunk shape in the 
two phantoms. Generally organ shapes were allowed to change according to change in  trunk shape, 
unless there was information to the contrary (see Cristy, 1980). 

Volume 
Yo zo y' (Crn3) Phantom a b C 

- 

Newborn 0.83 2.57 0.49 -0.98 4.32 -2.27 3.70 
Age 1 0.61 1.80 0.36 -1.30 6.14 -2.20 1.40 
Age 5 0.78 2.00 0.47 -1.50 8.14 -2.51 2.60 
Age 10 0.911 2.17 0.57 -1.68 10.16 -2.78 4.08 
15-AF 2.47 5.61 1.55 -1.96 12.62 -4.77 76.0 
Adult male 2.62 5.22 1.57 -2.00 14.00 -4.62 76.0 

--__I 
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The organ masses now used with the phantom series and given in Table B-3 are slightly differ- 
ent from the values initially given by Cristy (1980). This is a result of changes in the tissue densi- 
ties assumed for the three tissue types (lung, skeleton, and soft tissue) considered in the Monte 
Carlo calculations. Cristy used the density values of Snyder, Ford, Warner, and Watson (1974) 
when he tabulated the organ mass values in his report. We have since examined the density data 
(see Appendix A) and, noting the design approach of Cristy, have made some minor changes in  the 
organ density values. It should be appreciated that the assumed density values not only determine 
the mass of the organ from its geometric volume but also the linear cross-sections for photon inter- 
action in the organs. 

It is important to understand that Cristy viewed the design of the phantom series as a geometry 
problem where volume, not mass, values were of prime interest. Consider, for example, the design of 
a particular organ in the phantom whose mass ( M )  and specific gravity or density ( d )  are available 
from ICRP Publication 23 (ICRP 1975). A volume of M/d is thus associated with the organ. Note 
that the value of d cited in ICRP Publication 23 for the specific organ under consideration was 
used to derive the organ volume, a volume which Cristy refers to as the “targeted volume” in that 
the: design was targeted to this volume. 

in  the Monte Carlo calculations only three tissue densities are considered. During the coum of 
preparing the data for these calculations it became apparent that the density values of Snyder et a!, 
were not consistent with the design approach of Cristy. Although these differences were minor, we 
felt that this inconsistency should be removed prior to undertaking the calculations for the entire 
series. In Table B-1 are given the density values of the adult phantom of Snyder et al. and the 
newer values. 

Review of the data in ICRP Publication 23 (see Appendix A) indicates that a soft tissue density 
of a ~ ~ ~ ~ x i m a t e l y  1.04 g / c d  is representative of soft tissue organs. Further we noted that a skeletal 
density of 1.4 g/cm3 is in agreement with the Reference Man data. The lung density value was not 
changed, other than to carry fewer significant figures into the c a ~ ~ u ~ a ~ i i ~ n ~ .  These 
result in a total body density of about I .07 g/cm3, which is in good agreement with th 

We have changed the density of the skeleton to 1.4 g/cm3, which reduces the mass of the skele- 
n by about 7%. Also, note that ICRP Publication 23 lists no data for skeletal weights except for 
e newborn and adults. The graph of skeletal weights vs age (ICRP 1975, p. 63) was generated 

from the observation that “Jackson ... has indicated that the weight of the skeleton as % W 1% of 
body weight J is approximately constant during the postnatal perid”. Cristy incorporated this obser- 
vation into his phantom design procedure as meaning that the skeletal volume as % of body volume 
was approximately constant. With the imprecision inherent in the skeletal mass estimates of ICRP 
Publication 23? a change of ’7% i s  unimportant. 

Table B-1. Tissue densities in g / c d  

Newborn phantom Adult phantom 
of Snyder et al. 

Phantoms of this report 
(except newborn) ‘Tissue 

Skeletal 1.4862 1.4 

Soft 0.9869 1.04 
Lung 0.2958 0.296 

1.22 
0.296 
1.04 
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For the purpose of estimating speci€ic absorbed fractions from photons. too much attention to 
small differences between derived and reference mass values of ICRP Publication 23 is not war- 
ranted, As mentioned above, the construction of ?he phantoms is a volume problem; furthermore, 
Cristy (198 1) has shown that if the design approach had been to obtain correct (numerical value) 
masses at  thc expense sf correct (numerical) vdumes, the errors in the specific ab5orbd fraction 
would have been larger than with his approach. Thus the approach taken i s  more 
alternate method with a phantom having accurate organ masses but p r e r  VQIUIII 
should also remember that, numerically, the differences in masses i n t r d u c d  by 
values are trivial, certainly small in relation to normal variations within a population. 

For the purpose of estimating specific absorbed fractions from photons, we v 
phantom simply as a model for the 70-kg Reference Man, the fifteen-great-old-male~adult-fenmale 
phantom as a model for either the 58-kg Refereme Woman or a 55-kg fifteen-year-old male, the 
age 10 phantom as a model for a 32-to-33-kg male OF female child, and so on, even though the 
masses of organs in the phantoms and the masses of the phantoms t ~ e ~ s ~ ~ v e s  may be slightly dif- 
ferent from values in 'ICRP Publication 23 A comparison of whole-My masses between 
the phantoms and humans is given in Table Table B-3 in the identifying heading we give 
the nominal value of whole-body mass from 2 rather than the actual mass of the phantom; 
the actual mass of each phantom i s  given in of the table, We mmend use of the organ 
masses from ICRP Publication 23 (19'95), especially for the 7O-kg adult wale, for all other pur- 
poses, e.$., for computing @-vallues from non-penetrating radiations. If masses of organs in children 
are not available, the masses in the phantoms could be used with little error. 

Whole-body mass 
of phantom (kg) 

.......~........._I l_l_ .__.__............I .# 
__I__ I___ 

Phantom 

Whole-body mass 
of human (kg)" Ane 

Actual Nominal Female Male 

Newborn 3.6 3.4 Newborn 3.4 3 . 4  
Age 1 9.7 9.8 1 year 9.5 10.1 
Age 5 19.8 19 5 years 18.5 1 8 ~ 8  

15-AF" 56.Sb 55-58d 15 years 51.6 54.5 
Age 10 33.2 32 10 years 31.9 32.7 

Adult male 73.7' 70 Adult 56.7 ( 5 8 ) g  71.7 (70r 

"Age- 15-male/adult-female phantom. 
'56.4 kg without the female breasts. 
'73.3 kg without the female breasts, 
d55 kg for age 15 male and 58 kg for adult female. 
'Data for ages newborn to 15 years art: from Watson and Lowrey (19473. 

f3 .5 kg for newborn male is given in ICRP Publication 23. 
gReference whole-body masses were rounded to 58 and 70 kg for adult 

Data for adults are from ICRP Publication 23, p. 13. 

females and males in ICRP Publication 23. 
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Table B-3. Summary of organ masses in a11 phantoms 
...-.-... . ..___....._...I -..... 

Mass (g) of organ in each phantom 
Organ __ - 

Newborn Age I Age 5 Age 10 
3.4 kg 9.8 kg 19 kg 32 kg 

Skeletal system-active marrow 
Leg bones-upper portionu 
Ceg  bones-middle portion" 
Leg bones----lower portion" 
Arm bones-upper portion' 
Arm bones-middle portion" 
Arm bones------lower portion" 
Pelvis 
Spine-upper portionb 
Spine-middle portionb 
Spine-lower portionb 
Sk ull-+ran ium 
Skull-facial skeleton 
Ribs 
C 1 a v i c 1 e s 
Scapulae 

Skeletal system--inactive marrow 
Leg bones.-----upper portion" 
Leg bones-middle portion" 
Leg bones----lower portion" 
Arm bones-upper portion" 
Arm bones----middle portion' 
Arm bones--lower portion' 
Pelvis 
Spine----upper portionb 
Spine---middle portionb 
Spine--Iowes portionb 
Skull----cranium 
Skull----fdcial skeleton 
Ribs 
Clavicles 
Scapulae 

Leg bones-----upper portion" 
Leg bones--middle portion" 
Leg bones----lower portion' 
Arm bones-upper portion" 
Arm bones-middle portion" 
Arm bones----lower portion" 
Pelvis 
Spine---upper portionb 
Spine-middle portionb 
Spine--lower portionb 
Skull---cranium 
Skull.---- facial skeleton 
Ribs 
Clavicles 
Scapulae 

Skeletal system---total 

47.0 
0.879 
1.75 
7.63 
1.09 
1.09 
2.85 
5.48 
1-08 
4.42 
0.893 
12.3 
1.52 
4.32 
0.376 
1.27 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

35 1 
20.1 
29.9 
24.8 
20.9 
15.7 
18.8 
35.2 
16.4 
32.5 
12.2 
60.8 
7.47 
41.5 
3.20 
11.8 

150 
3.11 
5.82 
20.1 
3.62 
3.38 
6.54 
24.7 
2.82 
13.9 
5.86 
35.4 
5.8 1 
14.4 
1.25 
4.10 

20.0 
0.168 
0.744 
9.07 
0.194 
0.442 
3.49 
1.36 
0. i 56 
0.764 
0.280 
1.95 
0.320 
0.780 
0.070 
0.212 

1140 
70.9 
111 
108 
63.9 
48.0 
57.5 
106 
46.1 
96.6 
36.2 
194 
31.9 
122 
9.59 
35.4 

320 
10.9 
20.1 
37.0 
1.55 
6.98 
9.22 
74.7 
4.67 
30.7 
17.2 
41.8 
14.0 
33.9 
2.72 
8.70 

140 
3.30 
8.33 
55.0 
2.28 
2.88 
16.9 
18.6 
0.854 
5.53 
3.09 
10.7 
3.57 
4.05 
0.742 
2.24 

2710 
217 
332 
304 
126 
95.0 
114 
212 
76.4 
193 
72.6 
475 
159 
243 
19.2 
70.6 

610 
28.8 
37.5 
33.6 
15.2 
9.88 
6.47 
175 
11.0 
71.9 
40.4 
56.6 
21.0 
79.4 
5.43 
17.6 

590 
19.5 
59.5 
236 
10.3 
15.6 
72.3 
70.0 
2.77 
18.3 
10.3 
30.8 
11.4 
20.2 
3.13 
9.68 

4630 
440 
667 
628 
21 3 
160 
192 
36 1 
117 
325 
122 
607 
226 
41 3 
32.4 
120 

15-AF 
55-58 kg 
___._I __.. 

113.50 
48.3 
21.4 
0 
33.0 
7.35 
0 
353 
23.6 
155 
87.0 
72.8 
33.5 
171 
10.3 
34.2 

1550 
59.4 
194 
568 
40.6 
66.5 
144 
206 
7.91 
51.8 
29.5 
59.8 
27.5 
57.4 
9.46 
28.2 

7650 
792 
1180 
969 
386 
290 
347 
645 
183 
586 
220 
712 
327 
744 
58.3 
216 

._.. 

Adult male 
70 kg 

.... 

1120 
37.5 
0 
0 
25.7 
0 
0 
373 
29.8 
195 
110 
62.4 
30.8 
215 
8.85 
31.9 

2380 
112 
298 
763 
76.4 
102 
191 
382 
12.6 
83.3 
46.9 
101 
50.0 
91.9 
17.9 
51.6 

loo00 
1090 
1590 
1240 
505 
379 
454 
849 
232 
767 
288 
865 
427 
972 
76.5 
283 
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Mass (g) of organ in ea& phantom 
Organ 

Newborn Age 1 Age 5 Age 10 
3.4 kg 9.8 kg 19 kg 32 kg 

_I_-........ ____..______ _ _ _ _ _  
Adrenals 
Brain 
Breasts -including skin 
Rrcasts- excluding skin 
Gall bladder contents 
Gall bladder wall 
GI tract 

-LLIC contents 

-SIc contents and wall 
-stomach contents 

-stomach wall 
-ULIC contents 
--ULIc wall 

Heart contents 
Heart wall 
Kidneys 
Liver 
Lungs 
Ovaries 

Pancreas 
Remaining tissued 
Skin 
Spleen 
Testes 
Thymus 

Thyroid 
Urinary bladder contents 
Urinary bladder wall 
Uterus 

-LLIc wall 

5.83 
352 
0.205 
0.107 
2.12 
0.408 

6.98 
7.96 
52.9 
10.6 
6.41 
11.2 
10.5 

34.5 
25.4 
22.9 
121 
50.6 
0.328 

2.80 
2360 
118 
9.1 1 
0.843 
11.3 

1.29 
12.4 
2.88 
3.85 

Whole body- --actual mass 
Whole body-nominal mass 3.4 kg 

3.60 kg 

3.52 
884 
1.10 
0.732 
4.81 
0.910 

18.3 
20.5 
138 
36.2 
21.8 
28.7 
27.8 

72.7 
50.6 
62.9 
292 
143 
0.7 14 

10.3 
6400 
27 I 
25.5 
1.21 
22.9 

1.78 
32.9 
7.70 
1.45 
9.72 kg 
9.8 kg 

5.21 
1260 
2.17 
1.51 
19.7 
3.73 

36.6 
41.4 
275 
75.1 
49.1 
57.9 
55.2 

134 
92.8 
116 
584 
290 
1.73 

23.6 
13300 
538 
48.3 
1.63 
29.6 

3.45 
64.7 
14.5 
2.70 

19 kg 
19.8 kg 

7.22 
1360 
3.65 
2.60 
38.5 
7.28 

61.7 
70.0 
465 
133 
85.1 
97.5 
93.4 

219 
151 
173 
887 
453 
3.13 

30.0 
23100 
888 
77.4 
1.89 
31.4 

7.93 
103 
23.2 
4.16 
33.2 kg 
32 kg 

15-AF Adult male 
55-58 kg 70 kg 

10.5 
1410 
407 
36 1 
49.0 
9.27 

109 
127 
838 
195 
118 
146 
148 

347 
24 1 
248 
1400 
65 1 
10.5 

64.9 
40000 
2150 
123 
15.5 
28.4 

12.4 
160 
35.9 
79.0 
56.8 kgf 
55-58 kg 

16.3 
1420 
403 
351 
55.7 
10.5 

143 
157 
1100 
260 
158 
232 
220 

454 
316 
299 
1910 
lO00 
8.71e 

94.3 
5 1800 
3010 
183 
39.1 
20.9 

20.7 
21 1 
47.6 
79.0 

70 kg 
73.7 kgg 

“The upper, middle, and lower portions of the kg  bones and arm bones are defined in 

bThe upper, middle, and lower portions of the spine are defined in the section of Appendix A 

‘I,LI = !oser large intestine, lJLI = upper large intestine, and SI 7 small intestine. 
’The “remaining tissue” compartment i s  that part of a phantom remaining when all thc organs 

specifically defined have been removed It i s  used to model muscle in the tables of specific absorbed 
fractions in the companion ~ol~n-res. 

“fhe ovaiies in the “adult male” phantom have not been rmodifml from those af Snyder et al. 
(1974) and are smaller than those in the “15-AF” phantom. For recommended xdues of specific 
absorbed fractions in the companion volumes, values of CP(r3variescovarics) derived from the 
‘“15-AF” phdniom are tabulated for both the ”age 15 male or adult fernale” and the ‘adult m a k  or 
large adult femalc ” 

Table A-6 of Appendix A. 

defining the spine. 

/56.4 kg without the female breasts. 
g73.3 kg without the femalc breasts. 
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The phantoms are designed to represent certain age classes, and the specific absorbed fractions 
are given according to these classes. However, some users of the data who are concerned with dose 
to individuals (as in nuclear medicine) may be interested in scaling the results according to body 
size rather than age. Since most organs are in the trunk, inter-organ distance varies mast closely 
with trunk height. In Table C-l are given the trunk heights of the: phantoms, which correspond to 
shoulder-to-crotch height. 

In Table e)-2 are given the centroids of the organs in each phantom. Users who have data on 
inter-organ distances in an individual €or whom dose estimates are desired may wish to compare 
these distances with the corresponding distances in the phantoms as a further check. 

Table C-1. Trunk heights of phantoms 

Phantom Trunk height (cm) 

Newborn 21.6 
Age 1 30.7 
Age 5 40.8 
Age 10 5Q.8 
15-AF 63. I 
Adult male 70.0 
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Centroid [ ( x .  y, z )  coordinates in cm] of organ in each phantom 

Newborn Age 1 Age 5 

__..__-..____.__l̂ l __ ........ __I___ __ ..... .... . ._ Organ 

~ ~ ~ ~ 

Adrenals-left 1.41, 2.45, 
Adtenals- -right -1.41, 2.45, 

Breasts- left" 3.22, -4.34, 
Breasts-right" - 3.22, - 1.34, 
Gall bladder contents -0.12, -1.32, 
Gall. bladder wall -0.12, -1.32, 
GI tract 

-LLP contents 2.48, -0.45, 
--LIP wall 2.23, -0.34, 
--SIb contents and wall 0.1 I, -0.51, 
-- stomach contents 2.54, -1.36, 
-Stomach wall 2.54, -1.96, 
--ULIb contents -1.19, - 1.16, 
-ULP wall -1.17, -1.16, 

Brain 0.00, 0.00, 

Heart contents 
Heart wall 
Kidneys- -left 
Kidneys-right 
Liver 

Lungs-left 
Lungs -right 
Ovarieo -left 
Ovaries -right 
BanCKeaS 
Spleen 

Testes- -left 
Testes right 

Thyroid 
Urinary bladder contents 
Urinary bladder wall 
Uterus 

Thy m 'r s. s 

-0.02, - 11.68, 
0.68, -2.08, 
2.02, 2.94, 

.- 2.02, 2.94, 
-2.48, -1.23, 

2.93, 0.49, 
-2.87, 0.14, 

1.91, 0.00, 
1.9 I ,  0.00, 
1.24, 0.00, 
3.54, 1.42, 

0.36, -2.58, 
-0.36, -2.58, 

0.00, -3.60, 
0.00, --2.58> 
0.00, -2.21, 
0.00, -2.21, 
0.00, --0.66, 

~ ~ 

12.31 
12.31 
30.78 
16.05 
16.05 
10.06 
10.06 

4.06 
3.36 
6.04 

10.80 
10.80 
7.04 
7.04 

15.97 
15.55 
10.03 
10.03 
11.18 

16.45 
16.25 
4.63 
4.43 

11.56 
11.42 

-0.64 
-0.64 
19.30 
22.50 
2.47 
2.44 
4.32 

1.54, 3.25, 
-1.54, 3.25, 

0.00, 0.00, 
4.48, -5.82, 

-4.48, -5.82, 
-0.59, - 1.89, 
-0.55, - 1.96, 

3.44, - 0.61, 
3.10, -0.45, 
0.16, -0.57, 
3.52, - 2.78, 
3.52, ..- 2.70, 

-11.64, -1.53, 
--1.64, -1.53, 

-0.01, -2.43, 

2.82, 3.30 
0.89, ..-. 2-9 1, 

--2.82, 3.86, 
-3.45, - 1.53, 

4.03, 0.50, 
-3.81, 0.12, 

2.44, 0.00, 
-2.64, 0.00, 

1.67, 0.00, 
4.94, 1.85, 

0.41, -3.73, 
-0.41, -3.73, 

0.00, -14.75, 
0.00, -3.36, 
0.00, ---- 2.93 
O,OO, -2.93, 
0.00, --:.os, 

17.49 
17.49 
43.05 
22.8 1 
22.81 
13.70 
13.88 

5.79 
4.78 
9.44 

15.35 
15.35 
10.00 
10.00 

22.33 
2 1.77 
14.25 
14.25 
15.97 

23.40 
23.1 1 
6.58 
6.58 

16.45 
16.23 

-0.72 
-0.72 
27.00 
3 1 .69 
3.51 
3.51 
6.14 

2.00, 3.75, 
-2.00, 3.95, 

0.00, 0.80, 
5.82, -6.74, 

-5.82, -6.74, 
.-. 0.42, - 2.26, 
-0.36, -2.22, 

4.47, -0.70, 
4.04, -0.52, 
0.20, -0.78, 
4.58, .- 3.15, 
4.58, -3.15, 
2.10, -- 1.77, 

-2.10, - 1.77, 

0.16, - 2 6 8 ,  
1.26% -3.16, 
3.64, 4.50, 

-3.64, 4.50, 
--4.607 - 1.63, 

5.23, 0.53, 
- 5.06, 0.09, 

3.44, 0.00, 
3.44, 0.00, 
2.25, 0.08, 
6.40, 2.25, 

0.45, -4.98, 
-0.45, -4.96, 

0.00, -5.48, 
0.00, -- 3.92, 
O,OO, -3.38, 
0.00, -3.38 
0.00, -1.25, 

23.24 
23.24 
54.78 
30.31 
30.3 1 
18.37 
18.65 

7.67 
4.34 

12.54 
20.40 
20.40 
2 3.28 
13.28 

29.47 
28.75 
18.94 
18.94 
21.22 

3 1.08 
30.58 

8.74 
8.74 

21.88 
21.57 

-.. 0.80 
-0.80 
35.00 
42.04 
4.66 
4.66 
8.16 
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Adrenals--1ef t 
Adrenals-right 
Brain 
Breasts-lefta 
Breasts-. right” 
Call bladder contents 
Gall bladder wall 
GI tract 
-LLP contents 
---LLI~ wall 
-SI’ contents and wall 
--stomach contents 
---stomach wall 
---uLP contents 
-ULP wall 

Heart contents 
Heart wall 
Kidney s-left 
Kidneys-righ t 
Liver 

Lungs--left 
Lungs--right 
Ovaries-left 
Ovaries-righ t 
Pancreas 
Spleen 
Tes tes-left 
Testes-right 
Thymus 
Thyroid 
Urinary bladder contents 
Urinary bladder wall 
Uterus 

2.43, 4.20, 
- 2,43, 4.20, 
0.m7 0.08, 
7.05, -7.57, 

-7.05, -7.57, 
- 1.43, - 2.50, 
-1.35, -2.44, 

5.44, -0.78, 
4.93, -0.59, 
0.24, -0.86, 
5.56, -3.51, 
5.56, -3.51, 

-2.56, -1.98, 
-2.56, - 1.98, 

0.12, -2-87, 
1.44, -3.38, 
4.40, 5.04, 

-4.40, 5.04, 
- 5.94, - 1.56, 

6.30, 0.51, 
-6,08, 0.06, 

4.17, 0.00, 
-4.17, 0.00, 

2.72, 0.00, 
7.65, 2.52, 

0-47, -6.15, 
-0.47, -6.15, 

0.00, -6.13, 
0.00, -4.37, 
0.00, -3.78, 
0.00, -3.78, 
0.00, -1.41, 

28.94 
28.94 
65.99 
37.73 
37.73 
22.85 
23.20 

9.57 
7.93 

15.61 
25.40 
25.40 
16.54 
16.54 

36.45 
35.55 
23.59 
23.59 
26.65 

38.70 
38.20 
10.89 
10.89 
27.20 
26.85 

-0.84, 
-0.84 
43.00 
52.43 
5.8 1 
5.8 I 

10.16 

3.02, 4.90, 35-87 
-3.02, 4.90, 35.87 

0.00, 0.00, 79.07 
9.23, -9.39, 46.86 

-9.23, -9.89, 45.86 
-3.63, -2.89, 28.18 
-3.51, -2.81, 28.55 

6.7’6, -0.91, 11.90 
6.11, -0.68, 9.83 
0.29, ---I.OO9 19.38 
6.90, -3.92, 31.55 
6.90, -3.92, 31.55 

-3.15, -2.31, 20.55 
-3.15, -2.31, 20.55 

O ” 1 1 ,  -3.48, 44.92 
1.65, -4.03, 43.85 
5.43, 5.88, 29.30 

-5.43, 5.88, 29.30 
-7,68, --1.65, 33.51 

7.72, 0.46, 47.55 
-7.46, 8.03, 47.00 

5.18, O,W, 13.52 
-5.18, 0.00, 13.52 

3.37, 0.00, 33.81 
9.49, 2.94, 33.35 

0.96, -7.10, -1.69 
-0.96, -7.10, -1.69 

0.00, -7.15, 52.00 
0.00, -4.84, 64.98 
0.00, -4.41, 7.21 
0.00, -4.41, 7.21 
0.00, -1.26, 12.62 

- 18,54, - 10.09, 52.00 
-4.l6, -2.94, 31.19 
-4.05, -2.85, 31.59 

7.80, --0.92, 13.14 
7.85, -0.70, 10.93 
0.35, --8.03, 21.50 

-3.67, -2.36, 22.80 
-3.67, -2.35, 22.80 

0.27, -3.37, 49.80 
1.98, -3.84, 48.64 
6.28, 6.00, 32.50 

-6.28, 6.00, 32.50 
-8.92, -1.62, 37.06 

9.00, 0.48, 53.23 
-8.64, 0.01, 52.60 

6.00, 0.00, 15.00 
-6.00, 0.00, 15,OO 

3.93, 0.00, 37.53 
11.00, 3.00, 37.00 

1.30, -8.00, -2.30 
-1.30, -8.00, -2.30 

0.00, -7.30, 57.00 
0.00, -5.11, 72.25 
0.00, -4.50 8.00 
0.00, -4.50, 8.00 
0.00, -1.35, 14.00 

- _ _  ~ _ _  
Excluding skin. 
LLI = lower large intestine, ULI = upper large intestine, and SI - small intestine. 
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DOSE-RESPONSE FUNCTIONS FOR SOFT TISSUES OF THE SKELETON 
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Calculations of absorbed dose to soft tissues within the skeleton have been hanlpered by diffienl- 
ties in modeling the geometry of the bone/soft-tissue mixture. In this Appendix the absorbed dost: 
in the soft tissue of the skeleton per unit photon fluenm is formulated in terms of the physical aslid 
anatirmical parameters governing the energy deposition. The resulting r ~ ~ a ~ ~ ~ ~ s ~ i ~ ~  are aeferr 
as response functions, and we can estimate the absorbed dose by applying them to estimates of pho- 
ton fluence in the skeletonn derived from Monte Carlo transpart calculations. 

Absorbed Dose per Unit Fluence 

Cocsider the trabeculation of a bone experiencing a fluence, * ( E ) ,  of photons of energy E .  In t  
rn(TB), m ( A M ) ,  and m(BS) denote the mass of trabecuiar bone (TB) ,  active (red) marrow 
( A M ) ,  and endosteal tissue (or “bone surface,” B S )  adjacent to the surface of the trabeculae. If we 
index the type of interaction by i and the region in which it occurred by r ,  where r == TB or A M ,  
then the absorbed dose in active marrow, D ( A M ) ,  and in  endosteal tissue, 43(55), per unit fluenee 
can be expressed as 

where 
@(AM*---r,T,) is the absorbed fraction in AM from r for electrons of energy Ti, 

#dB.!3+r,Tz) is the absorbed fraction iis 5S from r for electrons of energy Ti, 

( i / p ) r ,  i=7, cr9 and K, denotes the mass attenuation coefficients in medium 7 for the 
photoelectric, Coinpton, and pair-production interactions, respectively, and 

n,(Ti)dTi denotes the number of electrons of energy between Ti and 7) -I- 
in region r per interaction i .  

The mass ratios appearing in the above equations can be related to the mean chord iengths sf the 
trabeculae, < I > ,  and marrow space, <2>, as measured by scanning the trabeculation in an isotro- 
pic manner (Beddoe, Darley, and Spiers 1976). Information on the mean chord lengths for various 
trabecular bones of the body as a function of age is given in Table D-1. Note that for all ages the 
parietal bone of the skull appears to be distinct from other trabecular bones, as io 
ratios of the mean chord-lengths. The mass ratios in Eq. (D-1) and (D-2) can be expressed in 
terms of the measured chord lengths: 
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'Trabecul ae' Marrow cavitiesa Ratio of mean 
chord lengths . . . . . . . . . -. . . . 

44-year-old maleb 
Parietal 
Cervical vertebra 
Lumbar vertebra 
Rib 
Iliac crest 
Femur head 
Femur neck 

9-year-old childC 
Parietal 
Cervical vertebra 
Lumbar vertebra 
Rib 
Iliac crest 
Femur head &k neck 

20-month-old childb 
Parietal bone 
Lumbar vertebra 
Rib 
Iliac crest 
Femur 

51 1 
279 
247 
265 
242 
232 
314 

539 
162 
168 
23 1 
180 
249 

566 
188 
191 
181 
19'3 

0.570 
0.719 
1.1 1 
1.49 
0.645 
0.665 
0.914 

1.21 
1.04 
1.22 
1.31 
0.865 

40 1 
240 
260 
3 30 
283 
193 
301 

625 
192 
212 
203 
184 

389 
910 

1228 
1706 
904 

1157 
1455 

306 
906 
857 

1133 
744 
616 

255 
736 
559 
575 
788 

0.784 
0.894 
1.12 
1.09 
0.647 
0.901 
0.905 

2.90 
0.987 
1 .B4 
0.869 
1.13 

347 
861 

1299 
1786 
745 

1099 
1576 

497 
73 1 
569 
535 
839 

1.31 
0.307 
0.20 P. 
0.155 
0.268 
0.200 
0.190 

1.76 
0.179 
0.196 
0.204 
0.242 
0.404 

2.22 
0.255 
0.342 
0.315 
0.250 

'Notation: (.<i+).,, V,) and (<1>,,V,) denote the mean and the fractional variance under 
prandoniness for the trabeculae and marrow cavities, icsp&ively. <t >, and < I > ,  denote %he 
incan ray-length for trabeculae and cavities, respectively. Lengths are in units of urn. 

bValues were computed from the chard-length distributions of Whitwell ( 1973). 
'See rables 1 and 3 of Beddoe (1978). 

where pTB and pAM denote the density of bone and marrow and d is  the distance over which the 
dose to endosteal. tissue; is averaged. We use a value for d of 10 ,pm from ICRP Publication 30 
( 1979). 

About one-half of the mass cf soft tissue within 10 ,urn of the surfaces of bone is associated 
with trabecular bone (ICRP 1975). The soft tissue of cortical bone is contained within small cavi- 
ties (mostly the Haversian cana'as af about 50 ,urn diameter) within the bone matrix The dose- 
response function for this cornpo~ent of the er~dssteal tissue is computed as the dose to a small 
tissue-filled cavity in an infinite extent of bone. Tbi- response function for the endosteal t issu~ of 
cortical bone is given as 

where S(7;)  denotes the ratio of the inass stopping pawer for soft tissue to that of bone at energy 
Ti. Stopping power data were computed with the procedures of Seltzer and Berger (1982a,b) and 



the elemental composition of marrow and bone from Ken (1982). The dose to endosteal tissues is 
taken as the average of that indicated by equations D-2 and D-3, since trabecular and cortical bone 
each Contributes equally to the skeletal endosteal tissue. 

Absorbed Fractions for Monoenergetic Electrons 

Because the geometry of trabecular bone could not be described in simple ternis, Spiers and co- 
workers (Spiers 2969; Whitwell and Spiers 197b; Spiers, Whitwell, and Beddoe 1978) introduced a 
method of calculating energy deposition using the path-lengths traversed by particles. These path- 
lengths are based on chord-length distributions fm trabeculae and marrow cavities obtained by opti- 
cally scanning the trabeculation ( 
electrons, as required in Eq, (D-l 1 
lined by ~ ~ ~ t ~ v ~ l l  (1973) and Whitwell. and Spiers (1976). Data for the parietal brae and lumbar 
vertebra of the skeleton of a 44-year-old male are shown in Fig. D-1 and are tabulated in Table D- 
2; corresponding data for a child (age 20 months) are presented in Table D-3, In both subjects the 

6). Absorbed fraction data far rnon 
(Eckernan 1985) following the me 

z 
0 

1 .o . ------ 

0.1 I 
absorbed fraction data for other marrow sites were similar to that for the lumbar vertebra. 
Although some age dependence is indicated, it  appears to be weak. (It should be remembered, how- 
ever, that limited data are availahle for each kind of bone and for each age; it would be useful to 
have data from additional persons.) 

. 





Tahe D-3. Absorbed fraction, 4, in active marrow, AM, and in bone surface, BS, from a uniformly distributed s w c e  of r n ~ n ~ e ~ ~ ~ ~ ~  
electrons in the trabecuiae, TB, and marrow space of the parietal bone and lumbar vertebra of xi ~ ~ - r n o ~ t ~ - ~ ~ ~  eMU 

0.01 
0.015 
0.02 
0.03 
0.04 
0.05 
0.06 
0.08 
0.10 
0.15 
0.20 
0.30 
0.40 
0.50 
0.60 
0.80 
1 .o 
2.0 
3.0 
4.0 

1.62E-3 
3.44E-3 
6.09E-3 
1.24E-2 
1.9 1 E-2 
2.80E-2 
3.46E-2 
5.12E-2 
7.09E-2 
1.06E- 1 
1.30E- 1 
1.54E-1 
1.68E-1 
1.76E-1 
1.79E-1 
1.81E-1 
1.88E-1 
1.96E- 1 
1.99E- 1 
2-01 E-l 

0.990 
0.981 
0.969 
0.947 
0.920 
0.889 
0.858 

0.724 
0,591 
0.50 1. 
0.401 
0.354 
0.328 
0.308 
0.283 
0.267 
0.238 
0.224 
0.221 

0.789 

1.62E-3 
3.44E-3 
6.09l3-3 
I A4E-2 
1.47E-2 
1.74E-2 
I .79E-2 
2.00E-2 
2.28E-2 
2.44E-2 
2.6152 
2.67s-2 
2.79E-2 
2.80E-2 
2.75E-2 
2.79E-2 
2.80E-2 
2.82E-2 
2.82E3-2 
2.8252 

1.40E-I 
1.33E-1 
1.2 1 E- 1 
1.01 E- 1 
9.04E-2 
7.98E-2 
6.97E-2 
6.28E-2 
5.73E-2 
4.67B-2 
4.21E-2 
3.76E-2 
3.49E-2 
3.34B-2 
3.26E-2 
3.18E-2 
3,09 E-2 
2.96E-2 
2.92B-2 
2.89B-2 

4.66E-3 
9.90E-3 
1.65s-2 
3.39E-2 
5.67E-2 
8.0 I E-2 
1.12E-1 
1.74E-1 
2.34E-1 
3.74E-1 
4.70E-1 
5.5 8 E- 1 
5.94E-1 
6.26E- 1 
6.38E-I 
6.5 I E- I 
6.62%-1 
6.78E-1 
6.81 E-1 
6.84E-2 

0.997 
0.995 
0.992 
0.984 
0.973 
0.962 
0.949 
0,922 
0,892 
0.829 
0.786 
0.750 
0.730 
0.722 
0.718 
0,706 
0.708 
8.698 
0,696 
0.696 

4.56E-3 
9.90B-3 
9.65E-2 
3.16E-2 
4.24B-2 
4,83E-2 
9.37E-2 
5.8 3E-2 
5.68E-2 
5.30E-2 
4.78E-2 
4.39s-2 
4.20E-2 
4.16E-2 
4. X 2 5 2  
4.09B-2 
4-13E-2 
4. 12E-2 
4.121i;;-2 
4.09E-2 

5.99B-2 
5.68B-2 
%%E-2 
4.62E-2 
4.198-2 
3,948-2 
3.7SE-2 
3.49B-2 
3.52B-2 
3.6SE-2 
3.9 5E-2 
4.1 1 E-2 
423B-2 
4.25E-2 
4.1 1E-2 
4.12E-2 
4.19E-2 
4. I3E-2 
4,13E-2 
4, IOE-2 

\g 
-4 
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Photons transfer energy to electrons through three major interactions: the photoelectric effect, 
thc Compton effect, and pair-production. Photon cross sections from Hubbell ( 1982) and eleniental 
composition of tissue from Ken (1982) were used in evaluating the energy transfer. Photoelectrons 
wcre assumed i o  be of discrete energy corresponding to the incident photon energy. The energy dis- 
tribution of Coniptoa electroils was calculated from the Klein-Nishina relationship (Evans 1969), 
and the positron-electron energy distribution was derived from the Bcthe-Heitler theory of pair- 
production (Heitler 1964). 

A complete set of dose-response functions for the active inarrow of each trabecuhr bone of the 
adult is given in Table D-4. The contributions of elcctrons arising from photon interactions in bone 

Photon 

energy 

(MeV) 

0.010 
0.015 
0.020 
0.030 
0.040 
0.050 
0.060 
0.080 
0.10 
0.15 
0.20 
0.30 
0.40 
0.50 
0.60 
0.80 
1 .o 
1.5 
2.0 
3.0 
4.0 
5.0 
6.0 
8.0 

10.0 

__ - . . . . 

..... ....... ~ .... 

Parietal 
bone 

6.30E- I 6 
2.7 I E-16 
1.53E- 1 6 
7 . 4 3 5  17 
5.04E-17 
4.18E-17 
3.93E- 1'1 
4.1 5E-17 
4.79E-17 
7.16E-17 
9.88E-17 
1 S 7 E -  16 
2.1 5E- 1 6 
2.72E- 1 e 
3.28 E- 16 
4.28E- I6 
5.19E-16 
7.1 3E- 16 
8.79E-16 
1.1 7E- 1 5 
1.43E-15 
1.67B-15 
I .92E-15 
2.4 1 E- 15 
2.92E-15 

. . . . . . . . . . . . . . . .. 

Cervical 
vertcbra 

6.1 6% 1 6 
2.62E-16 
1.45E-16 
6.60E- 17 
4.27E-17 

____ - 

I .urnbar 
vertebra 

_____ - 

6.14E-16 
2.6 1 E- 16 
1.43E- 16 
6.44E-17 
4.1 1 E- 1 7 

- 

Rib 
- 

6.1 25115 
2 59E-15 
1.4 1 E- I 6 
6.29B-17 
3.99E-1 7 

3.45E-17 3.31E- 
3.266-17 3.1 1E- 
3 . 5 8 5  17 3.45E- 
4.338-1 7 4.22E- 
6.838-17 6.74B- 
9.638-1 7 9.578- 
1.54E-16 1.54E- 
2.12E-16 2.JOE- 

7 3.20E-1.7 
7 3niE-17 
7 3.368-17 
7 4.14E-17 
7 6.68E-17 
7 9.528-17 
6 1.538-16 
6 2.1QE-16 

2.67h-16 2.66E-16 2.65B-16 
3.20E-16 3.19E-16 3.1 7E-16 
4.17E- 16 4.15E-16 4.14E-16 
5.06E-16 5.03E-16 5.01 E-16 
6.95E-16 6.91E-16 6.89E-16 
8.568-16 8.50B-14 8.47B-16 
1.13E-15 1.12E- 
1.37E-15 1.37E- 
1.60E-15 1.59E- 
1.82E-15 1.80E- 
2.27E-15 2.23E- 
2.71E-15 2.66E- 

5 1.11E-15 
5 1.35E-15 
5 1.57E-15 
5 1.78E-15 
5 2.20B-15 
5 2.62E-15 

Iliac 
crest 

5.1 6B-16 
2.63E-16 
1.45E-16 
6.6 1 E- 1 7 
4.28E- 17 
3 .4551 7 
3.24E-17 
3.57E- 17 
4.33 E- 1 7 
6.83E-17 
9.64E- 17 
1 S4E-16 
2.12E-16 
2.6SE-16 
3.20E- 1 6 
4.17E-I6 
5.06E- 16 
6.94E- 1 6 
8.54E-16 
1.1 3E- 1 5 
1.37E-15 
1.60E-15 
1.82E-15 
2.26E- 15 
2.70E- 1 5 

Head of 
femur 

6.1 3E- 16 
2.61 E- 16 
1.43E-16 
6.47E- 17 
4.14E- 17 
3.33E- 17 
3.13E-17 
3.49E- 17 
4.258-17 
6.77B-17 
9.59E-47 
1.54E- 16 
2.1 1E-16 
2.668-16 
3.18E- 16 
4.1 5 E- II 6 
5.04E- I6 
6.92E- 16 
8.518-16 
1.12E-15 
1.36E-15 
1.59E-15 
1.80E-15 
2.23E-15 
2.67E- L 5 

___ - 

___ 

Neck of 
fcrnur 

6.12E-16 
2.59B-16 
1.4 1 E- 1 6 
6.3 1 E-I 7 
3.99B- 1. '9 
3.21E-17 
3.01E-1'7 
3.37E- I 7 
4.15E-I 7 
6.70E- 17 
9.5 3 E- I 7 
1.53E- 1 6 
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5.02E-16 
6.9OE- 16 
8.49E- 16 
1.1 2E- 1.5 
1.36E-15 
1.58E-15 
1 .79E- 1 5 
2.22B-15 
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and marrow to the absorbed dose in the active marrow are shown in Fig. D-2. The response fune- 
tion for the active marrow of the parietal bone is different from the response functions fQS the other 
sites. ~ u ~ s i ~ e r ~ n ~  the highly stylized model of the: skeleton used in photon transport calculations, we 
rxomrnend that the skull be treated as a separate bone region an data f*r the W e l a *  bone in 
Table D-4 he applied to estimate marrow dose. The lumbar vertebra appears to be representative sf 
other trabecular sites. Furthermore, WE note that tbe age dependence in the microstructure of tra- 

ar boat: appears not to $ ~ r o ~ g ~ y  influence the absorbed dose estimates for the active marrow. 
Rus recommend that the response functions o able D-5 bt: used for all ages. These data can 

to cstfrazate absorbed dose. Variations with incident ghaton energy h the ratio of ahsorbed dose in 
active ~ N T Q W  tu the equilibrium dose (kerrna) in soft tissue are irrdicated in Fig. D-3. The ratios 
are Pargest at photon energies to 50 to 60 keV and are higher for the thick trabeculae and small 
marrow cavities of the parietal bone than for the thinner trabeculae and larger marrow cavities of 
other bones. The ratios at low energies conform to the general features indicated hy Spiers (1969). 
However, the parietal bone exhibits a substantially higher enhancement of the niarrow dose than 
Lather trabecular bones. This enhancement should be considered in deriving skeletal average values 
for the diagnostic x-ray region. Enhancement of dose in the high-energy (pair-production) regian is 
dso indicated by our calculations. Enhancement is smaI1, about 5% for most trabecular sites but 
approaches 28% for the parietal bone. 

tC9 eSeSxtPateS Qf photon flUelliX frQrxl the rite @ d o  transport cahdations in a Phantom 

ORN L- DWG 8 4 - 44 I O 0  

0 

COMPONENTS OF ABSORBED DOSE IN MARROW FOR PHOTON RADIATION 

HOMOGENEOUS 

APPROXI MATION 

.04 0.4 1 .o f0 0o.I 0.4 1.0 
PHOTON ENERGY (MeV) 

Fig. D-2. Components of' the absorbed dose in marrow from photofn radiations. The dotted curve shows the 
dose with the assumption that the active mamow absorbs energy per unit mass at the rate for the homogeneous 
skeleton approximation, as in Snyder et al. (1978). 
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h n b a r  vertebra 

0.010 
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0.020 
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0,10 
0.15 
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0.40 
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0.80 
1 .o 
1.5 
2.0 
3.0 
4.0 
5.0 
6.0 
8.0 

10.0 

6.30E- 16 
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8.50E-16 
1.12E-15 
1.37E- 1 5 
1.59E- 1 5 
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2.23E-15 
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7 2.1%-16 
3 1.516-16 
7 1.1OE-16 
7 8.69E-17 
4 7.03E-17 
7 6 7bE-1'7 

8.98E-17 
1.22E-16 
1.98 E- 1 6 
2.65E- 16 
3.30E- 1 6 
3.948- 16 
5.09E- 1 6 
6.12E-16 
8.37E- 1 6 
1.O3E- 15 
1 .36E- 1 5 
1.65E- 15 
1.9 3E- 1 5 
2.20E- 1 5 
2.743- 15 
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Cortical 

D / & y  
__ 

- _ _  ___ 

5.32E- 1 5 
2 .4s -15  
1.39E-15 
6.1 1E-16 
3.41 E-1 6 
2 20E-16 
1 S7E-16 
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1.1 OE- 16 
1.67F-16 
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5.221E-I 6 
7.09E-16 
8.59 E- 16 
1.1 5E-15 
1.42E-15 
1.68E-15 
1.94E- 15 
2.47E-15 
3.03E- I S 

. . . . .  

............. 

3.1 3E- I 5 
1.49E-15 
8.65E- 16 
4.12E-16 
2.468-16 
1.65E- 16 
1.22E-$6 
8.678-1 '7 
7.64E- 17 
8.858- 17 
1.16E- I6 
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2.45 E- 16 
3.05E-16 
3.64E- R 6 
4.7 s E- 1 6 
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9.49E-16 
1.26E- 15 
1 .54E- 15 
1.8 1 E- 1 5 
2.07E- 1 5 
2,68E-15 
3.16E-15 

"I'otai represents the bone surface response of the skeleton and is coniputed as the average 
of the Iiambar vertebra and cortical respons,cs. 
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