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INTRODUCTION

Ionizing radiation has broad uses in modern science and medicine. These uses often

require the calculation of energy deposition in the irradiated media and, usually, the

medium of interest is the human body. Energy deposition from radioactive sources within

the human body and the effects of such deposition are considered in the field of internal

dosimetry.

Internal dosimetry is usually defined as a process of measurement and calculation

which results in an estimate of the absorbed dose to tissues of the body due to an intake of

radioactive material. Internal dose calculations are a two-step process as defined in the

schema of the Medical Internal Radi'ation Dose (MIRD) Committee of the Society of

Nuclear Medicine° The first step is to model the kinetics of the radionuclide in the body.

Here the parameter of interest is the rate at which the radionuclide moves from one organ to

another until the nuclide is eliminated from the body or until its residence dme in the body

exceeds the mean life of the nuclide. Organs of the body are considered to be

compartments into which nuclides move in and out. "lhc net movement of the nuclide

(including radioactive decay) from a compartment is described by a system of ftrst-order

differential equations. The solutions to these equations include constants _at depend upon

biochemical properties of the organs.

The second part of the internal dose calculation considers the movement (or transport)

of radiation from nuclei undergoing radioactive decay to the surrounding tissue. Radiation

emitted in these nuclear transfolrnations can be alpha, beta, or gamma radiation. These

radiations travel varying distances from the site of their creation before an interaction takes

piace. The result of an interaction can be a total or partial deposition of the radiation

energy. The exact mechanisms of interaction, transport, and energy deposition are

described by well-understood physical parameters.

Recent Developments Sponsored bv DOE

In July of 1988, a three-year research project was initiated by the Nuclear

Engineering Department at Texas A&M University under the sponsorship of the U. S.

Department of Energy. The main thrust of the research was to consider, for the first time,

the detailed spatial transport of electron and beta particles in the estimation of average organ

doses under the MIRD schema. In the MIRD schema, these particles are classified as

"non-penetrating" radiations. As a result, their absorbed fraction of energy is considered to

equal unity if their production or emission occurs within the target organ of interest;

otherwise, the absorbed .fraction of energy is zero. As was shown in the inifi',d research



proposal, transport calculations show that absorbed fractions can vary significantly from

unity in many situations. This is particularly true for higher energy beta and electron

so_rces within organs with a small mass and a large surface area.

Consequently, a systematic compilation of absorbed fractions for both beta panicles

and photons (which produce electrons) was initiated. The reference heterogeneous

phantom described in MIRD Pamphlet 5 Revised (Snyder 1978) was implemented as a

geometry scoring routine within the electron transpor_ code EGS4 (Rogers 1984). This

Monte Carlo transport code thus allowed the explicit treatment of electron collisional and

radiative energy loss, as well as multiple scattering, in internal dose estimates. An

extensive database of electron and revised photon absorbed fractions was compiled for 21

combinations of source-target regions (Akabani and Poston 1990a). Next, this database

was used to reevaluate tabulations of S-values for 80 radionuclides of interest in diagnostic

and therapeutic nuclear medicine procedures (Akabani and Poston 1990b). Reports for

both electron absorbed fractions and the revised S-values are contained in the

Comprehensive Report which accompanies this renewal pro._sal.

In conjunction with this woi_,, revisions were also made to the head and neck region,

the gall bladder (Patel ct. al 1991a), and the kidney (Patel et. al 1991b) of the MIRD

phantom. In the revised kidney model, flu'ce subregions were included: the papillae, the

medulla, and the cortex. Reports for both the kidney and gall bladder can be found in the

Comprehensive Report.

With the capabilities of the EGS4 code, an revised dosimetry model for the

circulatory system was initiated within the second year of research. Absorbed fractions of

energy were calculated for monoenergetic photons and electrons within infinite cylinden; of

radius 0.02 to 1.0 cre. The division between the source region (blood) and the target

region (blood vessel) were varied so as to simulate the full range of vessels found witthin

the circulatory system. Estimates of the average absorbed dose to blood and the maximum

absorbed dose to the vessel walls were made for selected radionuclides and for all vessel

sizes (Akabani and Poston 1990c). This effort has been identified by the MIRD Committee

as being extremely important to the assessment of dose in nuclear medicine procedures. A

report of this work is also included in the Comprehensive Report.

At the present time (December of 1990), research activities are continuing within five

areas. Several are new initiatives begun within the second or third year of the current

contract period. They include: (1) development of small-scale dosimetry; (2) development

of a differential volume phantom; (3) development of a dosimetric bone model; (4)

assessment of the new ICRP lung model; and (5) studies into the mechanisms of DNA

damage. A progress report is given for each of these tasks within the Comprehensive
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Report. In each case, preliminary results are very encouraging and plans for further
research are detailed within this document.

Throughout the current contract period (July 1, 1988 - June 30, 1991), direct support

has been requested for only 9ne to two m,ad_late students. Nevertheless, the activities

performed at Texas A&M under DOE support have been a simulating source of research

topics for both master's theses and doctoral dissertations At present, a total of 13 _m'aduate

have been either directly or indirectly involved in the dosimetry research

sponsored by DOE. Six of these students have graduated (5 MS and 1 PhD), two are

currently neat'ing graduation (2 MS), and 5 are currently pursuing their research (2 MS and

3 PhD). Three of the completed master's theses involved tasks related to, but not directly

proposed under, the current DOE contract. These studies involved research into: (1) hot

particle dosimetry; (2) cavity theory as it relates to TLD design; and (3) nearest-neighboro

distributions of free radicals produced within electron and alpha particle tracks. For

completeness, a summary of each study is contained in the Comprehensive Report. A list

of ali students participating in DOE-sponsored research is given below.
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Thesis, Texas A&M University, 1991.
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Research Interest: Assessment of New ICRP Lung Model

Judy Hutelfings (MS)
Research Interest: Development of a New Brain Model for Internal Dosimetry

How Mooi Lau (PIiD)
ResearchInterest: MechanismsofDNA Damage

Eun-HceKim (Phi))
Research Interest: rMieredosimetry of Internal Beta Emi.tte_

CarminePlott(Phl))
Research Interest: Experiment Determination of OrganDoses from Internal
Emitters

List of Research Publications

Akabani, G., J. W. poston, Sr., and W. E. Bolch, "Estimates of Absorbed Fractions in
Small Volumes for Selected Radionuclides", Journal of Nuclear Medicine
(submitted), 1990a.

Akabani, G. and J. W. Poston, Sr., "Reevaluation of S-Values Considering Electron
Tran .sport,"Journal OfNuclear Medicine (submitted), 1990b.

Akabani, G. and J. W. Poston, Sr., "Absorbed Dose Calculations to Blood and Blood
Vessels for Internally Deposited Radionuclides," Journal of Nuclear Medicine
(submitted),1990c.

Bolch,W. E., J.E. Turner,H. Yoshida,K. B. Jacobson,and R. N. Hamm,
"CalculationsfortheIrradiationof Glycylglycinein Oxygen-FreeSolutions
I.MicrosecondProductYields",Radiat.Res.(submitted),1990a.

Bolch,W. E.,J.E. Turner,H. Yoshida,K. B. Jacobson,R. N. Hamm, and H. A.
Wright,
"Monte Carlo Simulation of Free Radical Attack to Biomolecules Irradiated in Aqueous
Solution", Radiat. Prot. Dosim. 31, 43-46 (1990b).

Busche, D. M. , G. Akabani, and J. W. Poston, Sr., "An Approach to Hot Particle
Dosimetry using a Monte Carlo Transpo_ Code,' Radiatibn Protection Management
(submitted), 1990.

Hui, T. E., and J. W. Poston, Sr., "A Preliminary Model of the Circulating Blood for use
in Absorbed Fraction Calculations," MIRD Monograph on Absorbed Fractions (in
preparation), 1991.



Patel, J. S., J. W. Poston, Sr., and T. E. Hui, "A Revised Model of the Gall Bladder for
Absorbed Fraction Calculations," MIRD Monograph on Absorbed Fractions (in
preparation), 1991a.

Patel, J. S., J. W. Poston, Sr., and T. E. Hui, "A Revised Model of the Kidneys for the
Calculation of Absorbed Fraction of Various Photon Energies," MIRD Monograph
on Absorbed Fractions (in preparation), 1991b.

Turner, J. E., W. E. Bolch, O. Ii. Crawford, H. Yoshida, K. B. Jacobson, and R. N.
Hamm, "Calculations for the Irradiation of Glycylglyelne in Oxygen-Free Solutions
II. Final Product Yields and Comparison with Experiment"
Radiat. Res. (submitted), 1990a.

Turner, J. E., W. E. Bolch, H. Yoshida, K. B. Jacobson, H. A. Wright, R. N. Hamm,
R. H. Ritchie, and C. E. Klots, "Radiation Damage to a Biomolecule: New Physical
Model Successfully Traces Molecular Events", Int. J. Radiat. Applic. Instr. (in press),
1990b.

Weyland, M. D., G. Akabani, and J. W. Poston, Sr., "A Look at General Cavity Theory
Through a Code Incorporating Monte Carlo Techniques:" Medical Physics
(submitted), 1990.

Yoshida, H., W. E. Bolch, J. E. Turner, K. B. Jacobson, and W. M. Garrison,
"Measurement of Products from X-irradi'ated Glycylglycine in Oxygen-Free Aqueous
Solutions", Radiat. Res. (submitted), 1990a.

Yoshida, H., W. E. Bolch, J. E. Turner, and K. Bruce Jacobson, "The Radiation
Chemistry of Glycylglycine in Aqueous Solutions,, Radiat. Prot. Dosim. 31, 67-70
(1990b).



Referent;es

Akabani, G., J. W. Poston, Sr., and W. E. Bolch, "Estimates of Absorbed Fractions in
Small Volumes for Selected Radionuclides", Journal of Nuclear Medicine
(submitted), 1990a.

Akabani, G. and J. W. Poston, Sr., "Ree_,aluation of S-Values Considering Electron
Transport," Journal of Nuclear Medicine (submitted), 1990b.

Akabani, G. and J. W. Poston, Sr., "Absorbed Dose Calculations to Blood and Blood
Vessels for Internally Deposited Radionuclides," Journal of Nuclear, Medicine
(submitted), 1990e.

r,

Patel, J. SI, J. W. Poston, Sr., and T. E. Hui, "A Revised Model of the Gall Bladder for
Absorbed Fraction Calculations," MIRD Monograph on Absorbed Fractions (in
preparation), 1991a.

Patel, J. S,, J. W. Poston, Sr., and T. E. Hui, "A Revised Model of the Kidneys for the
Calculation of Absorbed Fraction of Various Photon Energies," MIRD Monograph
on Absorbed Fractions (in preparation), 1991b.

Rogers, W. O., "Low Energy Electron Transport with EGS," Nucl. Instru. and Meth. in
Res. 227, 535-548 (1984). i

Snyder, W. S., M. R. Ford, G. G. Warner, "Estimates of Specific Absorbed Fractions for
Photon Sources UniformlyDistributed in Various Organs of a Heterogeneous
Phan_m," MIRD Pamphlet No. 5 Revised, 1978.



o

REEVALUATION OF S-VALUES CONSIDERING
ELECTRON TRANSPORT

't .



In 1964 the Society of Nuclear Medicine formed the Medical Internal Radiation Dose

Committee (MIRD) to full'til the needs of the nuclear medicine community to determine the

radiation absorbed dose to patients who arc adminis_ radiopharmaceuticals. The MIRD

objectives were to provide the best possible estimates of the absorbed dose to patients

resulting from the diagnostic or therapeutic use of internally administered
0

raO.;epharmaceuticals. Data requixed to achieve those objectives wc_'e:

I) radiological parameter's,

2) anatomical and physiological data for patients of various ages and physiognomies,

and

3) metabolic distribution data for radiopharmaceuticals.

Uncertainties associated with these data will be propagated in absorbed dose

calculations. Although, relevant radiological wansfonnation characteristics of radionuclides

are well known, uncertainties in physiological aspects, such as vmiance in organ

morphology and metabolic aspects, e.g., variance in organ Uptakes, contribute the greatest

sources of errors.

In 1978 a reference heterogeneous phantom was described in MIRD Pamphlet 5

Revised (1). This mathematical phantom was used as a model upon which internal

absorbed dose calculations were based. The phantom provided an approximately correct

anatomical representation of ))',:_human body based on ICRP Publication 23 (2)

which describes a Reference Man. The organs in the phantom arc described geometrically

by mathematical equations.

Specific absorbed fraction of energy (_) is defined as the ratio between the radiant

energy deposited per unit mass in target organ and the total radiant energy released by a

source organ. The M1RD phantom was used to calculate specific absorbed fractions for

monocnergetic photon sources distributed in the organs. Monte Carlo techniques were used

to transport only photons throughout the different regions of the phantom. Transport of



electrons produced by either photon interactions or radioactive emissions was not

considered; however, under the MIRD methodology, conservative assumptions were used
J

to evaluate the contribution of electron energy deposition. It was assumed that the electron

ranges were small compared with the mean radius of most organs; therefore, the absorbed

dose will not change drastically. The specific absorbed fraction for electrons produced'by

radioactive transformations is assumed to be the inverse of the mass of the source organ if

the source equals the target organ, and zero otherwise. For those organs with walls, the

specific absorbed .fraction for electrons is assumed to be one-half the specific absorbed

fraction for the contents.

MIRD Pamphl,'t No. 11 (3) presented absorbed doses todifferent target organs and

regionsper unit cumulated activity for various source organs and for specific radionuclides

used in nuclear medicine. These values are referred to as S-values. The assumptions used

by the MIRD methodology overestimate the dose to source organs and underestimate the

dose to adjacent organs. Furthermore, they are not valid at the boundary Of the source

organs where composition and density changes occur, nor are they valid for small organs

with high surface to volume ratios, such as the thyroid.

•With the advent of electron transport Monte Carlo codes, such as EGS4 (4), it is

possible to evaluate the contribution of electrons to the total energy deposition within any

region.

METHODOLOGY

For the S-values published in M.IRD Pamphlet No. 11 (3), Monte Carlo techniques

were used to calculate specific absorbed fractions for photons. In addition, very

conservative assumptions were used for specific absorbed fractions for electrons and beta

radiation. On the other hand, using the Electron Gamma Shower (EGS4) (4) code,

electron absorbed fractions were calculated for organs and regions in which S-values were

considered, in the past, to be either overestimated or underestimated. Regions to which
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this applies are those which have walls such as the stomach, small regions with high

surface to volume ratios such as the thyroid gland, and regions at interfaces or in which

there is a change of density, Lc., the lung.

The code EGS4 was chosen for use in this work because of its versatility and easy

manipulation of three dimensional regions. This mmsport code allows the calculation of

electronabsorbedfractions forregionsororgans.F_, theEGS4 codecanbeused

toevaluatetothefullestextendthenetcontributionofenergydepositionduetoelectronsin

complexarrangementsorgeometries.Lower energycutoffsforphotonsandelectronsofI

keV and 10keV, respectively,wereestablishedtoallowtransportof bremsstrahlung

radiationgeneratedbyelectroninteractions.Electronsandphotonswithenergiesbelow

their respective lower cutoff energies will deposit their energy locally.

The EGS4 codewas mergedwiththemathematicalphantomandabsorbedfractionsfor

monocnergeticelectronswerecalculatedfortheselectedsourceregions.Moreover,specific

absorbedfractionsformonoenergeticphotonspresentedbyPamphletNo. S Revisedwere

compared withthoseobtainedusingtheEGS4 systemcode toassessthedifferences

bcwveentransportandnon-transportof electrons.

Absorbedfractionsformonoenergeticelectronsareusedinthesamemannerinwhich

photonabsorbedfractionsareusedforcalculatinginternaldoses.Together,these,absorbed

fractionsprovideacompletedatabaseonwhichabsorbeddosescanbecalculatedwithout

theneedofsevereconservativeassumptions.As aresult,a new setofrevisedS-values

werecalculatedtoimproveinternaldoseassessmentforseveralsource-targetcombinations

foravarietyofradionuclidescommonly usedinnuclearmedicine.
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COMPARISON OF EGS4 AND ALGAM COMPUTER CODES

ALGAM is a computercode which has been used to calculate the specific absorbed

fraction (_) of ezxergyfor photons in a ReferenceMan (5). This code was widelylu_d by

the MIRD Committee to calculate specific absorbed fraction__'ordifferent source-target

organ combinations. Both ALGAM and EGS4 codes used the same mathematical

pthantom.Duc to the fact thatA_LGAMdoes not considerelectrontransport,to compare_the

two ce,des the energy cutoff for electrons in EGS4 was set equal to the energy of the

photons being transported. In this way, electronsgeneratedby photoninteractions were

not transportedand, for each electron producedby a photon interaction, the energy was

assumed to be deposited at the point of interaction. The source and targetregion of the

mathematicalph&atomselected for comparison of the two codes was tile thyroid, Figures 1

shows a comparison of specific absorbed fractions for photons for AIg3AM and EGS4 in

which no electron transport was considered; Figure 1 -_howsthat the two Monte Carlo

codes produce the same results when electror, transport is not considered. On the other

hand, Figure 2 shows a comparison between the two codes when electron transport is

considered in EGS_ Lower values of specific absorbed fractions were obtained by using

the EGS4 code because electrons generated by photon interactions escaped the thyroid

gland and depositedenergy outside of the region. Figure 3 shows the percentdifferences of

the specific absorbed fractionof energy for the thyroidbetween electron and non-electron

transpor,_7_zxialities.

Based o, the above results, in the calculation of revised S-values, the ALGAM data for

pho_onspecific absorbedfractionswere combined with the results obtainedfromthe EGS4

code for monoenergetic electrons. As can be seen from Figure 3, this procedure is

appropriate for photon energies below 1MeV, the region of interest in diagnostic nuclear

medicine. Above 1 MeV, theerrorsassociated with ignoringelectron transportareminimal

except at a photon energyof 4 MeV.
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The readeris remindedthatelectronsgeneratedbyradioactivedecay of a radionuclidein

the source regions of the body areof great importance in the dose calculation and are

included in thecalculationof S-values. These improvedcalculationstake into consideration

the transport of electrons across interfaces between organs. Thus, the revised S-values

providebetterestimatesof the absorbeddose to boththe sourceorgansand to organslying

in filenearvicinity of the sourceorgan. The proceduredescribedaboveignoresonly a very

s,_nallportionof the totalphoton absorbedenergy.

ABSORBED FRACTIONS FOR ELECTRONS

Several regions were considered for the calculation of the absorbedfractions of energy

for electrons. These source-target combinations are given in Table 1. Electrons were

generated homogeneously in the source regions. The kinetic energies used for the

calculation of absorbed fractions for electrons ranged from 0.25 to 4 MeV. The value of the

absorbed fraction (_) for a zero kinetic energy is taken as the limit of the absorbed fraction

as the energy tends to zero; therefore, _ is equal to unity when the source equal the target

and zero otherwise. As an example, Figore 4 and 5 give the absorbed fractions of energy

as a function of electron kinetic energy calculated for the thyroid gland and the bladder

contents as source regions, respectively. If the thyroid is considered as a source organ, the

MIRD methodology aseumes that the absorbed fraction of energy for electrons for the

thyroid as a target region is equal to unity. However, Figure 4 shows a decrease of the

absorbed fraction as the kinetic energy of the electron increases. Similarly, Figure 5 shows

absorbed fractions of energy for the bladder contents and the bladder wall. As can be seen

in Figure 5, the absorbed fraction in the bladder contents decreases as the electron energy

increases. Note, that the absorbed fractionin the bladder wallnever approaches the value of

0.5, the usual assumption for such cases.

!3



EVALUATION OF S.VALUES

S-values canbe calculatedby using thefollowing equation:

S(rke- rh)= C_EiYi(_i(rk<--- rh)
1

where mk is the mass of the target organ ortissue rk; Ei is the mean energy of radiation

type i; Yi is the yield of radiation type i per transformation;_i(rk--_ rh) is the specific

absorbedfractionof energy of radiationtype i forthe target-sourcecombination;and C is a

consml:L the value of which depends on the units of the included quantities. The MIRD

me_odology consideredthe specific absorbedfractionfor electrons to be zeroif the source

is not equal the target, and 1/mk if source is also the target. For organswith walls, the

specific absorbedfractionfor the wall was considered to be one half the specific absorbed

of the contents (1/[2 mh]).

Now using the capabilities of the EGS4"code,it was possible to override the MIRD

assumptionsandcalculatedirectlyspecific absorbedfractionsfor electrons.As equation(1)

specifies, the specific absorbed fraction for a beta-emitting radionuclide will be that

calculated using the mean energy of its spectrum. To calculate S-values, The specific

absorbedfractions for photons wereobtained from MIRD Pamphlet No. 5 Revised and

combined with absorbed fractions for electrons calculated as partof this work. A linear

interpolation method was used to estimate absorbed fractions for both photons and

electronsgiven theiraverage energy.

Estimates of S-values, using electron absorbed fractions, were calculated for 80

radionuclidescommonly used in nuclearmedicine. The decay datafor each radionuclide

were obtainedby using the computercode RADLST(6). The code RADLSTcan be used

to obtain dataon a specific radionuclide whichincludes the atomic radiations arising from

the radioactive decay, the average and maximum energies, the yields, and the radiation

equilibrium doses in tissue.
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As an example,Tables2 and 3 giveS-valuesforthethyroidand bladderwall,

respectively.TheseTablesgivea comparisonbetweentheS-valuescalculatedusingthe

standardMIRD methodologyand S-valuesobtainedusingtheabsorbedfractionsof

electronscalculatedwiththeEGS4 code. The percentdifferencecolumngiveninTables2

and3 canbeusedtoassessthedifferencebetweenthetwo methodologies.AppendixA

givesacompletesetoftablesofS-valuesforthedifferentsource-targetcombinationsused

inthisresearch.
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CONCLUSIONS

The reevaluatedS-values obtainedusing specific absorbedfractions f,- monoencrgctic

electronssupersedethose obtained previously using the MIRDmethodologyand should be

used to calculate absorbed doses in nuclear medicine procedures. However, the S-values

given in this work were calculated using the average energy of the different types of

radiations.For the case of beta radiation,the averageenergy of the beta spectra ,g,as used to

calculate the specific absorbed fraction (q)). This procedure is still an approximation

because it does not consider the actual spectrum to estimate the specific absorbed fraction.

The results show large differences between both methodologies for regions with walls,

such as the bladder and the stomach, and regions which have subdivisions, such as the,

kidney.
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due to electronsare escapingfromthe thyroid.
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TABLE 1

Source-TargetCombinationsUsedin ThisStudy

•_ T_
, III til i i ii iii

1 Bladder cont. Bladder wall
2 Upper largeintestine cont. Upper large intestinewall
3 Gallbladdercont. Gallbladderwall
4 Heart cont. Heart wall
5 Lower large intestinecont. Lower large intestinewall '
6 Lungs Lungs
7 Ovaries Ovaries
8 Pancreas Pancreas
9 Spleen Spleen ,
10 Stomachcont. Stomachwall
1 1 Testes ,Testes
1,2 Thyroid Thyroid
1 3 K_,dneycortex Kidneycodex
1 4 Kidneycortex Kidneymedulla
1 5 Kidney cortex Kidney papillary '
1 6 Kidneymedulla , Kidneycortex
1 7 Kidneymedulla Kidneymedulla '
18 Kidi_eymedulla Kidney papillary
1 9 Kidney papillary kidney cortex
2 0 Kidney papillary Kidneymedulla ,,
2 1 Kidney, papillary Kidney papillarT,' ,,

23



TABLE 2

S-values for the Thyroid as a Source and Target Region

Radionuclide MIRD EGS4 DIFF(%) Radionuclide MIRD EGS4 DIFF(%) ,
C-11 4.55E-02 4.33E-02 4.78% Y-90m 7.25E.03 6.97E-03 3.94%
C-14 5.39E-03 5.35E-03 0.67% Y-90 1.02E-01 8.64E-02 15.13%

i

N-13 5.70E-02 5.35E-02 6.21% Tc-99m 2.08E-03 2.06E-03 1.15%
O-15 8.36E-02 7.45E-02 10.79% Ru-97 3.86E-03 3.83E-03 0.88%
F-18 3.08E-02 2.99E-02 2.97% In-111 5.50E-03 5.43E-03 1.36%

Na-22 2.84E-02 2.78E-02 2.15% In-113m 1.56E-02 1.49E-02 4.58%
Na-24 7.17E-02 6.70E-02 6.53% In-lllm 8.70E-03 8.21E-03 5.55%
P-32 7.57E-02 6.77E-02 10.50% In-114m 1.62E-02 1.58E-02 2.23%
S-35 5.29E-03 5.26E-03 0.64% I-1 23 3.88E-03 3.84E-03 1.06%
K-42 1.56E-01 1.18E-01 24.46% 1-124 2.51E-02 2.2_E-02 11.21 %
K-43 3.75E-02 3.59E-02 4.20% I-1 25 2.68E-03 2.68E-03 0.1 5%
Ca-45 8.41E-03 8.32E-03 1.05% I-1 26 1.74E-02 1.67E-02 4.05%
Ca-49 1.03E-01 8.90E-02 13.18% 1-129 4.49E-03 4.46E-03 0.53%
Sc-47 1,81E-02 1.77E-02 2.20% I-130 3.84E-02 3.71E-02 3.44%
Sc-49 8.90E-02 7.75E-02 !2.87% _ 1-131 2.21E-02 2.15E-02 2.41%
Cr.51 6.24E-04 6.r24E-04 0.00% Xe-120 6.65E-03 6.57E-03 1,19%

Mn-52m 1 31E-01 1.07E-01 18.22% Xe-121 6.60E-02 5.41E-02 18.02%
Fe-52 2.37E-02 2.28E-02 4.01% Xe-122 1.39E-03 1.39E-03 0.36%
Fe-52m 2.30E-01 1.59E-01 30.64% Xe-123 2.25E-02 2.08E-02 7.51%
Fe-55 6.16E-04 6.16E-04 0.00% Xe'-125 4.86E-03 4.81E-03 1.09%
Fe-59 1.66E-02 1.64E-02 1.37% Xe-127 4.63E-03 4.57E-03 1.25%
Co-57 2.14E-03 2.13E-03 0.37% Cs-129 2.95E-03 2.93E-03 0.68%

Co-58 7.18E-03 7.09E-03 1.25% Dy-157 1.65E-03 1.63E-03 0.85%
Co-58m 2.49'E-03 2.48E-03 0.20% Yb-169 1.37E-02 1.35E-02 1.07%
Co-60 1.84E-02 1.83E-02 0.73% W-178 6.87E-04 6.87E°04 0.00%

Co-60m 7.37E-03 7.31E-03 0.83% Ir-192 2.61E-02 2.54E-02 2.45%
Cu-62 1.43E-01 1.12E-01 21.31% Au-195 5.49E-03 5.46E-03 0.47%

Cu-64 1.41E-02 1.37E-02 2.83% Au-195m 1.30E-02 1.28E-02 1.57%
Cu-67 1.72E-02 1.69E-02 1.86% Au.198 3.70E-02 3.55E-02 4.09%

Ga-66 1.15E-01 8.21E-02 28.39% Hg-195 6.94E-03 6.89E-03 0.75%

Ga-67 4.33E-03 4.30E-03 0.72% Hg-197 7.19E-03 7.14E-03 0.71%
Ga-68 8.40E-02 7.33E-02 12.63% Hg-197m 2.34E-02 2.30E-02 1.71% r
Ga-72 6.28E-02 5.60E-02 10.87% Hg-203 1.16E-02 1.14E-02 1.54%
Se-73 4.67E-02 4.35E-02 6.96% TI-201rn 6.95E-03 6.73E-03 3.18%
Se,75 3.30E-03 3.29E-03 0.42% TI-20i 5.10E-03 5.06E_03 0.80%
Kr-81m 6.84E-03 6.69E-03 2.14% Te-123m 1.17E-02 1.16E-02 1.05%
Rb-82m 2.05E-02 1.98E-02 3.37% Pt-195m 1.94E-02 1.92E-02 1.14%

Rb-82 1.57E.01 1.19E.01 24.24% Pb-203ml 1.93E-02 1.73E-02 10.18%
Sr-90 2.13E-02 2.08E-02 2.64% Pb.203m 2.96E-02 2.87E-02 3.01%
Y-87 2.88E-03 2.88E-03 0.31% Pb-203 5.41E-03 5.32E-03 1.77%
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TABLE 3

S-values for the Bladder Contents as a Source Region and Bladder Wall as a Target Region

Radion'ucllde "Radionuclide MIRD _ DIFF(%) _ MIRD EGS4 DII='F(%)
III IIII IIII - I I I I iii

C-11 2.61E-03 7.95E-04 69.51% Y-90m 5.90E-04 3.77E-04 36.10%
C-14 2.64E-04 4.00E-06 98.48% Y-90 4.99E-03 1.74E-03 65.06% i_

_,

N.13 3.18E-03 9.62E.04 69.70% Tc.99m 1.52E-04 7.40E-05 51.32% _
O.15 4.47E-03 1.58E-03 64.66% Ru.97 2.88E-04 1.71E-04 40.63% ;_
F-18 1.89E-03 6.47E.04 65,75% In-ll 1 4.45E-04 2.75E-04 38.20%
Na-22 2.12E-03 1.14E-03 45.98% In.113m : 8.67E,04 2_33E-04 73.13%
Na-24 4.64E-03 2.22E-03 52.09% In-lllm 6.02E-04 3.15E-04 47.67%
P-32 3.71E-03 9.04E.04 75.61% In.114m 8.41E-04 1.12E.04 86.68%
S-35 2.59E-04 3.00E-06 98.84% I-1 23 2.91E-04 1.54E-04 47.08%
K-42 7.73E-03 3.81E-03 50.74% 1-124 1.62E-03 8.92E-04 44.80%
K.43 2.18E-03 6,76E.04 69.03% 1-125 2.09E-04 1.22E-04 41.63%
Ca-45 4.12E-04 9.00E-06 97.82% I-126 1.03E-03 3.33E-04 67.61%
Ca-49 5.81E-03 2.70E-03 53.51% 1-129 2.23E-04 7.00E-06 96.86%
Sc.47 9,26E-04 9.70E-05 89.52% I-130 2.63E-03 1.25E-03 52.43%
Sc-49 4.36E-03 1.30E-03 70.19% 1-131 1.22E-03 2.60E-04 78.76%
Cr-51 8.90E-05 7.00E-05 21.35% Xe-120 5.30E-04 3.14E-04 40.75%
Mn-52m 7.22E-03 3.71E-03 48.66% Xe-121 3.82E-03 2.09E-03 45.29%
Fe-52 1.47E-03 5.42E-04 63.15% Xe-122 1.29E-04 9.10E-05 29.46%
Fe-52m 1.24E-02 7.89E-03 36.60% Xe-123 1.35E-03 5.50E-04 59.14%
Fe-55 1.00E-04 7.90E-05 21100% Xe.125 3.81E-04 2.16E-04 43.31%
Fe.59 1.18E-03 5.72E-04 51.32% Xe-127 3.70E-04 2.16E-04 41.62%
Co-57 3.05E-04 2.43E-04 20.33% Cs.129 2.98E-04 2.26E-04 24.16%

Co-58 7.56E-04 5.84E-04 22.75% Dy-157 1.99E-04 1.72E-04 13.57%
Co-58m 2.00E-04 8.90E-05 55.50% Yb,169 9.77E-04 4.02E-04 58,85%
Co-60 1.66E-03 1.16E..03 29.99% W.178 1.15E-04 9.40E-05 18.26%
Co-60m 4.54E-04 1.12E-04 75,33% Ir-192 1.60E-03 5.28E-04 67.02%
Cu-62 7.38E-03 3.64E-03 50.67% Au.195 5.41E-04 3.20E-04 40.85%
Cu-64 8.15E-04 2.02E-04 75.21% Au.195m 8.57E-04 290E-04 66.16%

Cu-67 9.11E-04 1.21E-04 86.72% Au.198 1.97E-03 3.84E-04 80.48%

Ga-66 6.40E-03 4_02E-03 37.17% Hg-195 6.27E-04 3.53E-04 43.70%
Ga-67 4.73E-04 3.15E-04 33.40% Hg.197 5.93E-04 2.85E-04 51.94%

Ga-68 4.48E-03 1.73E-03 61.29% Hg.197m 1.38E-03 3,17E-04 77.08%
Ga-72 3.90E-03 1.94E-03 "0.24% Hg.203 6.55E-04 1.47E-04 77.56%
8e-73 2.71E-03 1.00E-03 62.99% TI-201m 6.37E-04 4.61E-04 27.63%
Se-75 2.92E-04 2.20E-04 24.66% TI.201 5.18E-04 3.18E-04 3S.61%
Kr-81m 3.80E-04 8.80E-05 76.84% Te-123m 6.57E-04 1.32E-04 79.91%
Rb-82m 1.97E-03 1.54E-03 21.70% Pt-195m 1.28E-03 4.01E-04 68.70%
Rb-82 8.12E-03 4.29E-03 47.10% Pb-203ml 1.18E-03 5.69E-04 51.66%
Sr-90 1.05E-03 5.60E-05 94.64% Pb-203m 2.09E-03 1.08E-03 48.47%
Y-87 3.06E-04 2.72E-04 11.11% Pb-203 3.82E-04 1.96E-04 48.69%

iii 1. .11iiii ,,,,
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APPENDIX A '

REVISED S-VALUES

Table I.S-valuesforthebladdercontentsasa sourceregionand bladderwallasa target

region.

Radionuclide MIR " F,G_°_4 DIFF(%)Radionuclide MIRD EGS4 . D,I_'F,(%)
C-1-'] 2.61E-03 7.95E-04 59.51% Y.90m 5.90E-04 3.77E-04 36.10%
C-14 2.64E.04 4.00E-06 98.48% Y-90 4.99E-03 1.74E-03 65.06%
N-13 3.18E-03 9.62E-04 69.70% Tc-99m 1.52E-04 7.40E-05 51.32%
O-15 4.47E-03 1.58E-03 64.66% Ra-97 2.88E-04 1.71E-04 40.63%
F-18 1.89E-03 6.47E-04 65.75% In-1I1 4.45E-04 2,75E-04 38.20%
Na-22 2.12E.03 1.14E-03 45.98% In-ll3m 8.67E-04 2.33E-04 73.13%
Na.24 4.64E-03 L22E-03 52.09% In-111m 6.02E-04 3.15E-04 47.67%
P-32 3.71E.03 9.04E-04 75.61% In-l14m 8.41E-04 1.12E-04 86.68%
S-35 2.59E-04 3.00E-06 98.84% 1-123 2.91E-04 1.54E-04 47.08%
K-42 7.73E-03 3.81E-03 50.74% 1-124 1.62E-03 8.92E-04 44.80%
K-43 2.18E.03 6.76E-04 69.03% 1-125 2.09E-04 1.22E-04 41.63%
Ca-45 4.12E-04 9.00E-06 97.82% 1-126 1.03E-03 3.33E-04 67.61%
Ca-49 5.81E.03 2.70E-03 53.51% 1-129 2.23E4)4 7.00E-06 96.86%
Sc-47 9.26E-04 9.70E-05 89.52% 1-130 2.63E-03 1.25E-03 52.43%
Sc-49 4.36E.03 1.30E-03 70.19% 1-131 122E-03 2.60E-04 78.76%
Cr-51 8.90E-05 7.00E-05 21.35% Xe-120 5.30E-04 3.14E.04 40.75%
Mn-52m 7.22E.03 3.71E-03 48.66% Xe-121 3.82E-03 2.09E-03 45.29%
Fe-52 1.47E.03 5.42E-04 63.15% Xe-122 1.29E.04 9.10E-05 29.46%
Fe-52m 1.24_-02 7.89E-03 36.60% Xe-123 1.35E-03 5.50E.04 59.14%
Fe-55 1.00E-04 7.90E-05 21.00% Xe-125 3.81E-04 2.16E4)4 43.31%
Fe.59 1.18E.03 5.72E-04 51.32% Xe-127 3.70E-04 2.16E-04 41.62%
Co-57 3.05E.04 2.43E-04 20.33% Cs.129 2.98E-04 2:26E-(t_ 24.16%
Co-58 7.56E-04 5.84E-04 22.75% Dy-157 1.99E-04 1.72E-04 13.57%
Cc_.58m 2.00E.04 8.90E-05 55.50% Yb-169 9.77E-04 4.02E-04 58.85%
Co-60 1.66E-03 1.16E-03 29.99_ W-178 1.15E.04 9.40E-05 18.2.6%
Co-60m 4.54E-04 1.12E-04 75.33% Ir-192 1.60E-03 5.28E-04 67.02%
Cu-62 7.38E.03 3.64E-03 50.67% Au-195 5.41E-04 3.20E-04 40.85%
Cu-64 8.15E-04 2.02E-04 75.21% Au-195m 8.571-,-04 2.90E-04 66.16%
Cu-67 9.1 lE-04 1.21E-04 86.72% Au-198 1,97E-03 3.84E.04 80.48%
Ga-66 6.40E.03 4.02E-03 37.17% Hg-195 6.27E-04 3.53E.04 43.70%
Ga-67 4.73E-04 3.151/-04 33.40% Hg-197 5.93E-04 2.85E.04 51.94%
Ga-68 4.48E-03 1.73E-03 61.29% Hg-197m 138E-03 3.17E-04 77.08%
Ga-72 3.90E.03 1.94E-03 50.24% Hg-203 6.55E-04 1.47E-04 77.56%
Se-73 2.71E-03 1.00E-03 62.99% TI.201m 6.37E-04 4.61E-04 27.63%
Se-75 2.92E.04 2.20E-04 24.66% TI-201 5.18E-04 3.18E-04 38.61%
Kr-81m 3.80E.04 8.80E-05 76.84% T¢-123m 6.57E-04 1.32E-04 79.91%
Rb-82m 1.971/-03 1.54E-03 21.70% Pt-195m 1.28E-03 4.01E.04 68.70%
Rb-82 8.12E-03 4.29E-03 47.10% Pb-203ml 1.18E-03 5.69E-04 51.(x_%
Sr-90 1.05E-03 5.60E-05 94.64% Pb-203m 2.09E.03 1.08E-03 48.47%
Y-87 3.06E-04 2.72E-04 11.11% Ph-203 3.82E-04 1.96E-04 48.69%
-- i i i i i m
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Table2.S-valuesfortheupperlargeintestinesasa sourceregionand upperlargeintestines

wall as a target moon.

RMionuclid_ MIRD EGS4 ....DIFF(%)RadionuclideMIRD EGS4 'DIFF(%)
C-11 2.18E-03 4.01E-04 81.65% Y-90m 4.23E-00 2.12E-00 49.91%
C-14 2.40E-00 9.17E-07 99.62% Y-90 4.53E-03 6.27E-00 86.18%
N-13 2.70E-03 4.70E-04 82.61% Tc-99m 1.15E-00 4.33E-05 62.34%
O-15 3.88E-03 6.91E-04 82.18% Ru-97 2.07E.04 9.81E-05 52.55%
F-18 1.53E-03 3.43E434 77.59% In-lll 3.16E-04 1.57E-00 50.39%
Na-22 1.58E-03 6.59E-00 58.35% In-113m 7.37E-04 1.15E-04 84.39%
Na-24 3.70E-03 1.21E-03 67.25% In-1llm 4.61E-00 1.70E-00 63.09%
P-32 3.37E-03 3.29E-00 90.24% In-ll4m 7.37E-04 5.13E-05 93.00%
S-35 2.36E-00 8.86E4)7 99.62% 1-123 2.10E-04 8.31E-05 60.43%
K-42 6.98E-03 1.72E-03 75.38% 1-124 1.28E-03 4.47E-00 65.11%
K-43 1.82E-03 3.50E-00 80.75% 1-125 1.40E-04 6.01E-05 56.99%
Ca-45 3.74E-04 2_23E-06 99.40% 1.126 8.48E-00 1.72E-00 79.70%
Ca-49 4.92E.03 1.25E-03 74.56% I-1£_ 2.01E-00 3.30E-06 98.36%
Sc-47 8.24E-00 4.47E-05 94.58% 1-130 2.00E-03 7.00E-00 65.68%
Sc-49 3.96E-03 4.70E.04 88.15% 1-131 1.05E-03 1.35E-04 87.12%
Cr-51 3.91E-05 2.15E-05 44.82% Xe-120 3.74E-00 1.72E-04 53.87%
Mn-52m 6.19E-03 1.69E-03 72.70% Xe-121 3.19E-03 1.01E-03 68.40%
Fe-52 1.18E-03 2.75E-00 76.71% Xe,-122 8.17,E-05 4.63E-05 43.03%
Fe-52m 1.08E-02 4.18E-03 61,21% Xe-123 1.10E-03 2.74E-00 75.13%
Fe-55 3.64E-05 1.70E-05 53.31% Xe-125 2.71E-00 1.17E-04 56.87%
Fe-59 9.08E-00 3.45E-00 62.03% Xe-127 2.62E-00 1.18E-00 55.06%
Co-57 1.35E-04 7.86E-05 41.73% Cs-129 1.89E-04 1_21E-04 35.62%

Co-58 4.78E-00 3.16E-04 33.77% Dy-157 1.24E-00 9.90E-05 20.44%
Co-58m 1.21E-04 1.92E-05 84.13% Yb-169 6.99E4)4 1.66E-00 76.21%
Co-60 1.17E-03 7.06E-00 39.47% W-178 4.42E-05 2.51E-05 43.35%
Co-60m 3.41E-04 2.55E-05 92.53% Ir-192 1.29E-03 2.78E-00 78.50%
Cu-62 6.52E-03 1.60E-03 75.42% Au-195 2.95E-00 9.25E-05 68.62%
Cu-64 6.65E-00 8.27E-05 87.56% Au-195m 6.33E-00 1.00E-04 83.52%
Cu-67 7.90E-00 5.11E-05 93.54% Au-198 1.71E-03 1.77E-00 89.65%

Ga-66 5.43E-03 2.08E-03 61.68% Hg-195 3.72E-00 1:20E-00 67.87%
Ga-67 2.45E-00 9.89E-05 59.65% Hg-197 3.64E-00 8.05E-05 77.86%
Ga-68 3.89E-03 7.33E-00 81.14% Hg-197m 1.09E-03 9.08E-05 91.64%
Ga-72 3.17E-03 1.01E-03 68.00% Hg-203 5.54E-00 8.07E-05 85.42%
Se-73 2.26E-03 5.02E-04 77.77% Tl-201m 4.37E-00 2.63E-04 39.78%
Se-75 1.94E-00 1.28E-00 34.06% TI-201 2.78E-00 9.32E-0_ 66.43%
Kr-81m 3.22E-04 4.69E-05 85.40% Te-123m 5.53E-00 6.80E-05 87.70%
Rb-82m 1.33E-03 9.02E-04 32.26% Pt-195m 9.2IE-00 1.07E-04 88.39%
Rb-82 7.18E-03 1.98E-03 72.43% Pb-203ml 9.59E-04 2.84E-00 70.36%
Sr-90 9.50E-00 1.44E-05 98.49% Pb-203m 1.60E-03 6.24E-00 61.06%

Y-g7 !.87E-00 1.55E-00 17.05% Ph-203 2.86E-04 1.11E-04 61.13%
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Table 3. S-values for different radionuclides for the gaUbladdercontents as a source region _,

and gaUbladder wall as a target region.
'

,

IILI i....

_uclide MIRD EGS4 DIFf.,i%) Radionuclide MIRD EGS4, , DIFF(%)
C-11 8.30E-03 2.66E-03 68.01% V-90m 1.46E-03 8.16E-04 43.92%
C-14 9.48E-04 2.10E-05 97.78% Y-90 1.79E-02 9.54E-03 46.70%
N-13 1.03E-02 4.04E-03 60.95% Tc.99m 4.06E-04 1.34E-04 67.00%
O-15 1.50E4Y2 7.171/-03 52.21% Ru-97 7.121/-04 2.99E-04 58.01%
F-18 5.72E-03 1.47E-03 74.39% In-111 1.11E-03 5.14E-04 53.57%
Na-22 5.54E-03 2.18E-03 60.58% In.l13m 2.83E-03 8.21E-04 70.96%
Na-24 1.33E-02 6.55E-03 50.83% In-lllrn 1.67E-03 8.58E-04 48.62%
P-32 1.33E-02 5.66E-03 57.49% In-114m 2.90E-03 3.59E-04 87.60%
S-35 9.321/-04 2.00E-05 97.85% 1-123 8.05E-04 3.23E-04 59.88%
K-42 2.75E-02 1.64E-02 40.40% 1-124 4.74E4)3 2.81E-03 40.76%
K-43 6.87E-03 1.96E-03 71.47% 1-125 5.98E-04 2.85E-04 52.34%
Ca-45 1.48E-03 5.10E-05 96.55% 1-126 32.2E-03 9.79E-04 69.63%
Ca-49 1.85E-02 1.03E-02 44.{_% 1-129 7.92E-04 2.30E-05 97.10% °
Sc-47 3.221/-03 3.28E-04 89.80% 1-130 7.35E-03 2.84E-03 61.38%
Sc-49 1.57E-02 7.521/-03 51.95_ 1-131 4.00E-03 6.63E-04 83.43%
Cr-51 3.25E-04 2.56E-04 21.23% Xe-120 1.40E-03 6.51E-04 53.47%
Mn-52m 2.37E-02 1.451/-02 38.84% Xe-121 1.21E-02 7,31E-03 39.45%
Fe-52 4.54E-03 1.53E-03 66.17% Xe-122 3.37E-04 2.02E-04 40.06%
Fe-52m 4.13E-02 2.71E-02 34.37% Xe-123 4.19E-03 1.87E-03 55.41%
Fe-55 4.14E-04 3.38E-04 18.36% Xe-125 1.03E-03 4.461/-04 56.66%
Fe-59 3.18E-03 1.07E-03 66.40% Xe-127 9.81E-04 4.40E-04 55.15%
Co-57 1.08E-03 8.62E-04 20.26% Cs-129 7.14E-04 4.60E-04 35.57%

Cry58 1.83E-03 1.24E-03 32.50% Dy-157 3.99E-04 3.06E-04 23.31%
Ca-58m 7.81E-04 3.82E-04 51.09% Yb-169 3.23E-03 1.19E-03 63°02%
Co-60 3.78E-03 2.03E-03 46.42% W-178 4.46E-04 3.70E-04 17.04%
Co-60m 1.70E-03 4.84E-04 71.51% Ir-192 4.93E-03 1.23E-03 75.09%
Cu-62 2.55E-02 1.53E-02 39.74% Au-195 2.00E-03 1.22t/-03 39.26%
Cu-64 2.771/-03 6.71E-04 75.78% Au-195m 2.98E-03 9.92E-04 66.73%
Ca-67 3.17E-03 4.04E-04 87.26% Au-198 6.651/-03 1.461/-03 78.04%
Ga-66 2.09E-02 1.37E-02 34.75% Hg-195 2_0E-03 1.23E-03 44.10%
Ga-67 1.70E-03 1.14E-03 32.98% Hg-197 2.20E-03 1.10E-03 49.77%
Ga-68 1.51E-02 7.84E-03 48.13% Hg-197m 5.021/-03 1.28E-03 74.46%
Ga-72 1.16E-02 5.78E-03 50.23% Hg-203 2.10E-03 3.19E-04 84.82%
Se-73 8.53E-03 3.68E-03 56.88% TI-201m 1.45E-03 9.09E-04 37.40%
S_.-75 6.11E-04 3.571/-04 41.57% TI-201 1.91E-03 1.20E-03 37.08%
Kr-81m ' 1.22E-03 2.01E-04 83.47% Te-123m 2.17E-03 3.18E-04 85.37%
Rb-82m 4.27E-03 2.93E-03 31.36% Pt-195m 4,_3E-03 1.62E-03 65,79%
Rb-82 2.80E4Y2 1.72E-02 38.50% Pb-203ml 3.61E-03 1.971/-03 45.57%
Sr-90 3.75E-03 3.26E-04 91.31% Pb-203m 5.64E-03 2.21E-03 60.88%
Y-87 5.61E-04 4.42E-04 21.21% Ph-203 1.00E-03 3.59E-04 64.21%
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Table 4. S-values for the heart contents as a _urce region and heart walls as a target

region.

R_nuclide MIRD EGS4 DIFF{%) iRadionuelide MIRD EGS4 , DIFF(%)
C-11 1.24E.03 3.25E-04 73.74% Y-90m 2.92E..04 1.84E-04 37.01%
C-14 1.22E..04 5.19E.07 99.58% Y-90 2.31E.03 2.98E..04 87.10%
N-13 1.501:.-03 3.56E.04 76.28% Te-99m 7.49E.05 3.83E.05 48.84%
O-15 2.101/-03 4.621/.4)4 78.05% Ru-97 1.36E.04 8.04E-05 40.81%
F-18 9.041/-04 2.99E.04 66.96% In-111 2.151/-O4 1.33E-04 37.81%
Na-22 1.05E-03 5.821/-04 44.73% In-113m 4.08E-04 9.06E-05 77.81%
Na-24 2.25E-03 9.70E.04 56,84% In-lllm 2.921/-04 1.42E-04 51.16%
P-32 1.72E-03 1.56E.04 90.93% In-ll4m 3.90E.04 4.00E-05 89.73%
S-35 1.20E-04 5.021/-07 99.58% 1-123 1.35E.04 7.01E-05 48.02%
K-42 3.59E-03 7.68E-04 78.62% 1-124 7.761/-04 3.46E.04 55.38%
K-43 1.04E-03 2.921/-04 71.95% 1-125 8.73E-05 4.66E-05 46.55%
Ca-45 1.91E.04 1.261/-06 99.34% 1-126 4.87E-04 1.42E-04 70.85%
Ca-49 2.751/-03 8.57E.04 68.80% 1-129 1.04E.04 2.65E-06 97.44%
Se-47 4.34E.04 3.69E-05 91.50% 1-1.30 1.29E-03 6.071/-04 52.99%
Se-49 2.021/-03 2.23E.04 88.96% 1-131 5.80E.O4 1.16E.04 80.05%
Ct-51 2.60E-05 1.71E-05 34.38% Xe-120 2.50E-04 1.471/-04 41.17%
Mn-52m 3.42I/-03 1.07E-03 68.80% Xe-121 1.82E-03 6.67E-04 63.26%
Fe-52 6.94E-04 2.31E.04 66.63% Xe.122 5.60E-05 3.821/-05 31.84%
iFe-52m 5.90E-03 2.221/-03 62.33% Xe-123 6.38E.04 2.13E-04 66.68%
Fe-55 2.18E-05 1.19E-05 45.47% Xo-125 1.79E.04 1.00E-04 43.97%
Fe-59 5.91E.04 3.04E204 • 48.54% Xe-127 1.75E-04 1.0IE-04 42.04%
Co-57 9.14E-05 6.27E-05 31.42% Cs-129 1.39E-04 1.051/-04 24.62%

Co-58 3.60E-04 2.78E-04 22.83% Dy-157 1.0lE-04 8.83E-05 12.80%
Co-58m 6.53E.05 1.34E-05 79.49% Yb-169 4.14E-04 1.42E-04 65.71%
Co-60 8.61E-04 6.26E.04 27.29% W-178 2.89E-05 1.91E-05 33.83%
CoqS0m 1.79E.04 1.78E-05 90.03% Ir-192 7.60E.04 2.42I/-04 68.14%
Cu-62 3.45E-03 8.47E-04 75.45% Au-195 1.76E.04 7.24E-05 58.75%
Cu-64 3.65E.04 6.76E-05 81.45% Au-195m 3.55E-04 8.51E-05 76.01%
Cu-67 4.19E-04 4.22I/-05 89.94% Au-198 9.23E-04 1.39E-04 84.89%

Ga-66 3.01E-03 1.16E-03 61.57% Hg-195 2.26E.04 9.69E-05 57.07%
Ga-67 1.53E-04 7.88E-05 48.61% Hg-197 2.0"/E-04 6.25E.05 69.81%
Ga-68 2.10E.03 4.73E-04 77.47% Hg-197m 5.76E.04 6.89E-05 88.04%
Ga-7"2 1.88E-03 7.70E.04 59.15% Hg-203 3.12E-04 7.07E-05 77.33%
Se-73 1.29E-03 3.90E-04 69.79% 11-201m 3.20E.04 2.31E-04 27.78%
Se-75 1.471/-04 1.13E-04 22.98% II-201 i.67E.04 7.32E-05 56.25%
Kr-81m 1.80E-04 3.99E-05 77.80% Te-123m 3.05E.04 5.74E-05 81.17%
Rb-82m 1.01E-03 7.90E.04 21.79% Pt-195m 4.96E.04 8.06E-05 83.75%
Rb-82 3.80E-03 1.00E-03 73.56% Pb-203ml 5.66E-04 2.19E-04 61.34%
Sr-90 4.85E-04 8.13E.06 98.32% Pb-203m 1.04E-03 5.44E-04 47.90%
Y-87 1.50E-04 1.34E.04 10.87% Pb-203 1.88E.04 9.83E-05 47.58%
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Table 5. S-values for lower large intestines as a source region and lower large intestine wall

as a target region.

Radionuclide MIRD EGS4 , DIFF(%) Radionuclide ' MIRD" EGS4 '"?DII=F(%)
C'I1 3.39E-03 5.02E-04 85.18% Y,90m 5.99E-04 2.57E-04 57.09%
C-14 3.86E-04 1.41E-06 99.64% Y-90 7.29E-03 9.46E-04 87.02%
N-13 4.21E-03 5.95E-04 85.87% Tc-99m 1.67E-04 5.13E-05 69.24%
O-15 6.11E-03 _ 35E-04 84.70% Ru-97 2.96E-04 1.21E-04 59.02%
F-18 2.33E-03 4,_2E-04 81.93% In-III 4.47E-04 1.91E-04 57.32%
Na-22 2.28E-03 7,96E-04 65.13% In-ll3m 1.15E-03 1,45E-04 87.37%
Na-24 5.52E-03 1.48E-03 73.17% In-lllm 6.81E-04 2,09E-04 69.26%
P-32 5,42E-03 4.83E-04 91.09% In-114m 1.17E-03 6.62E-05 94.35%
S-35 3.79E-04 1.36E-06 99.64% 1-123 3.06E-04 1.02E-04 66.68%
K-42 1.12E-ft2 2.41E-03 78.50% 1-124 1.93E-03 5.73E-04 70.27%
K-43 2.80E-03 4.,ME-04 84.54% 1-125 2.05E-04 7.72E-05 62.39%
Ca-45 6.02E-04 3.43E-06 99.43% 1-126 1.31E-03 2.14E-04 83.63%
Ca-49 7.60E-03 1.64E-03 78.36% 1-129 3.22E-04 4.26E-06 98.68%
$c-47 1.31E-03 5.61E-05 ,95.72% 1-130 3.01E-03 8.48E-04 71.84%
Sc-49 6.38E-03 7.01E-04 89.00% 1-131 1.63E-03 1.66E-04 89.84%
Cr-5i 5.52E-05 2.70E-05 51.03% Xe-120 5.35E-04 2.11E-04 60.64%
Mn-52m 9.68E-03 2.30E-03 76.22% Xe-121 4.93E-03 1.33E-03 72.97%
Fe-52 1.80E-03 3.39E-04 81.19% Xe-122 1.14E-04 5.79E-05 49.27%
Fe-52m 1.69E-02 5.54E-03 67.17% Xe-123 1.69E-03 3.48E-04 79.41%
Fe,55 5.34E-05 2.22E-05 58.44% Xe-125 3.91E-04 1.43E-04 63.45%
Fe-59 1.32E-03 4.10E-04 68.85% Xe-127 3.75E-04 1.43E-04 61.81%
Co-57 1.88E-04 9.74E-05 48.18% Cs-129 2.57E-04 1.49E-04 42.12%

Co-58 6.37E-04 3.78E-04 40.73% Dy-157 1.59E-04 1.18E-04 25.70%
Co-58m 1.89E-04 2.51E-05 86.70% Yb-169 1.06E-03 2.00E-04 81.11%
Co-60 1.58E-03 8.43E-04 46.80% W-178 6.23E-05 3.15E-05 49.49%
Co-60m 5.41E-04 3.34E-05 93.82% Ir-192 1.98E-03 3.39E-04 82.83%
Cu-62 1.04E-02 2.23E-03 78.45% Au-195 4.40E-04 1.15E-04 73.88%
Cu-64 1,04E-03 1.04E-04 89.98% Au-195m 9.81E-04 1.30E-04 86.78%
Cu-67 1.25E-03 6.3712-05 94.92% Au-198 2.70E-03 2.26E-04 91.64%
Ga-66 8.46E-03 2.74E-03 67.59% Hg-195 5.53E-04 1.47E-04 73.42%
Cra-67 3.58E-04 1.23E-04 65.63% Hg-197 5.56E-04 1.0lE-04 81.90%
Ga-68 6.14E-03 1.01E-03 83.52% Hg-197m 1.72E-03 1.16E-04 93.23%
Ga-72 4.78E-03 _.27E-03 73.39% Hg-203 8.59E-04 9.77E-05 88.63%
Se-73 3.48E-03 6.33E-04 81.80% TI-201m 5.98E-04 3.17E-04 47.00%
Se-75 2.60E-04 1.53E-04 40.94% TI-201 4.13E-04 1.16E-04 71'.91%
Kr-81m 5.0(0-04 5.76E-05 88.48% Te-123m 8.63E-04 8.34E-05 90.,34%
Rb-82m 1.78E-03 1.08E-03 39.08% Pt-195m 1.45E-03 1.36E-04 90.59%
Rb-82 1.14E-02 2.73E-03 76.12% Pb-203ml 1.46E-03 3.60E-04 75.26%
Sr-90 1.53E-03 2.20E-05 98.56% Pb-203m 2.33E-03 7.48E-04 67.85%
Y-87 2.42E-04 1.90E.,04 21.27% Pb-203 4.15E-04 1.33E-04 67.92%i
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Table 6. S-values for lungs as a sourceregion and lungs as a targetregion.

Radionuclicle IEGs_ DIFF(%)Radimuclk_ MIRD " EGS4 DIFF(%)M_D

C-11 9.29E-04 9.03E-04 2.81% Y.90m 1.67E-04 1.64E-04 2.04%
C-14 1.06E-04 1.051/-04 0.43% Y-90 1.99E-03 1.821/-03 8.73%
No13 1.16E-03 1.11E-03 3.62% Tc-99m 4.68E-05 4.651/-05 0.63%
O-15 1.68E-03 1.57E-03 6.16% Ru-97 8.821/-05 8.78E-05 0.48%
F-18 6.421/-04 6.31E-04 1.78% In-III 1228E-04 1227E-04 0.73%
Na-22 6.321/-04 6.24E-04 1221% In-ll3m 3.17E-04 3.08E-04 2.72%
Na-_ 1.52E-03 1.47E-03 3.60% In-11lm 1.88E-04 1.83E-04 3.02%
P-32 i,48E-03 1.39E-03 6.15% In-114m 3.22E-04 3.18E-04 1.40%
S-35 1.04E-04 1.03E-04 0.42% 1-123 8.71E-05 8.66E-05 0.59%
K-42 3.07E-03 2.621/-03 14.57% 1-124 5.32E-04 5.00E-04 6.01%
K-43 7.70E-04 7.51E-04 2.48% 1-125 6.06E-05 6.05E-05 0.08%
Ca-45 1.65E-04 1.64E-04 0.66% 1-126 3.60E-04 3.51E-04 2.38%
Ca-49 2.09E-03 1.93E-03 7.34% 1-129 8.83E-05 8.80E-05 0.35%
Sc-47 3.59E-04 3.54E-04 1.39% 11-130 8.30E-04 8.14E.04 1.93%
Sc-49 1.74E-03 1.61E-03 7.47% ii.131 4.48E-04 4.41E-04 1.48%
Cr-51 1.35E-05 1.35E-05 0.02% Xe,17-,D 1.51E-04 1.50E-04 0.64%
Mn-52m 2.66E-03 2.38E-03 10.30% Xe-121 1.351/-03 1.22E-03 10.11%
Fe-52 4.94E-04 4.82E-04 2.34% Xe-122 3.33E-05 3.33E-05 0.19%
Fe-52m 4.63E-03 3.76E-03 18.69% Xe-123 4.671/-04 4.47E-04 4.18%
Fe-55 1.21E-05 1221E-05 0.03% Xe-125 1.!0E-04 1.10E-04 0.60%
Fe-59 3.64E-04 3.61E-04 0.78% Xe-IT/ 1.00"1/-04 1.05E-04 0.68%
Co-57 4.76E-05 4.75E-05 0220% Cs-129 7.33E-05 7.30E-05 0.33%
Co-58 1.75E-04 1.74E-04 0.64% Dy-157 4.49E-05 4.471/-05 0.41%
Co-58m 4.88E-05 4.871/-050.13% Yb-169 2.86E-04 2,85E-04 0.64%
Co-60 4.41E-04 4.39E-04 0.38% W-178 1.47E-05 1.47E-05 0.06%
Co-60m 1.45E-04 1.44E-04 0.51% Ir-192 5.43E-04 5.35E-04 1.46%
Cu-62 2.84E-03 2.49E-03 12.37% Au-195 1.13E-04 1.13E-04 0.29%
Cu-64 2.84E-04 2.79E-04 1.75% Au-195m 2o64E-04 2.62E-04 0.97%
Cu-67 3.43E-04 3.39E-04 1.18% Au-198 7.41E-04 7.22E-04 2.50%

Ga-66 2.32E-03 1.92E-03 17.09% Hg-195 1.45E-04 1.44E-04 0.44%
Ga-67 9.14E-05 9.10E-05 0.42% Hg-197 1.46E-04 1_45E-04 0.44%
Ga-68 1.68E-03 1.56E-03 7.17% HgA97m 4.63E-04 4.58E_4 1.08%
Ga-72 1.32E-03 1224E-03 6.01% Hg-203 2.371/-04 2.35E-04 0.93%
Se-73 9.61E-04 9.23E-04 3.95% T1-201m 1.67E-04 1.65E-04 1.56%
Se-75 8.08E-05 8.061/-05 0.23% TI-201 1.06E-04 1.05E-04 0.48%
Kr.81m 1.40E-04 1.38E-04 1.31% Te-123m 2.38E-04 2.371/-04 0.65%
Rb-82m 5.02E-04 4.93E-04 1.62% Pt-195m 3.86E-04 3.83E-04 0.72%
R!_8'2 3.13E-03 2.68E-03 14.23% Pb-203ml 4.01E-04 3.78E-04 5.60%
Sr-90 4.18E-04 4.11E-04 1.68% Pb-203m 6.48E-04 6.371/-04 1.63%
Y-87 7.48E-05 7.471/-05 0.15% Pb-203 1.20E-04 1.19E-04 1.00%
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Table7. S-valuesfor ovaries as a source regionand ovaries as a target region.

  Uo.ucae MIRD EGS4 DIF_(%) l_onuclide MIRD EGS4 DIFF(%)
C-11 1.05E-01 9.91E-02 5.54% Y-90m 1.55E-02 1.47E-02 , 5.19%
C-14 1.28E-02 1.27E-02 0.61% Y-90 2.4lE-01 1.97E-01 18.38%
N-13 1.3213-01 1.22E-01 7.71% Tc-99m 4.59E.-03 4.54E-03 1.11%
O-15 1.95E-01 1.69E-01 13.32% Ru-97 8.2613-03 8.19E-03 0.88%
F-18 7.02E-02 6.82E-02 2.81% In-lll 1.17E-02 1.15E-02 1.38%
Na-22 6.15E-02 6.00E-02 2.14% In-113m 3.62E-02 3.43E-02 5.19%
Na-24 1.61E-01 1.48E-01 8.41% In-lllm 1.93E-02 1.79E-02 7.25%
P-32 1.79E-01 1.56E-01 12.78% In-114m 3.79E-02 3.72E-02 2.05%
S-35 1.26E-02 1.25E-02 0.60% 1-123 8.47E-03 8.38E-03 1.04%
K-42 3.69E-01 2.57E-01 30.47% 1-124 5.66E-02 4.85E-00 14.34%
K-43 8.62E-02 8.23E-02 4.59% 1-125 5.76E-03 5.75E-03 0.14%
Ca-45 1.99E-00 1.97E-02 0.94% 1-126 4.00E-02 3.82E-02 4.52%
Ca-49 2.37E-01 1.98E-01 16.40% 1-129 1.06E-02 1.06E-02 0.50%
Sc-47 4.26E-02 4.17E-00 2.00% 1-130 8.53E-02 8.19E-00 3.93%
Sc-49 2.1lE-01 1.78E-01 15.65% 1-131 5.13E-02 5.01E-00 2.25%
Ct-51 1.40E-03 1.39E-03 0.03% Xe-120 1.42E4)2 1AOE-02 1.43%
Mn-52m 3.05E-01 2.36E-01 22.78% Xe-121 1.52E-01 1.lTE-01 22.79%
Fe-52 5.42E-00 5.18E-02 4.47% Xe-122 2.87E-03 2,85E-03 0.42%
Fe-52m 5.35E-01 3.22E-01 39.88% Xe-123 5.16E-02 4.67E-02 9.38%
Fe-55 1.46E-03 1.46E-03 0.04% Xe-,125 1.05E-02 1.04E-07, 1.08%
Fe-59 3.63E-02 3.58E-02 1.37% Xe-127 9,96E-03 9.83E-03 1.27%
Co-57 4.73E-03 4.71E-03 0,35% Cs-129 5.90E-03 5.85E-03 0.85%

Co-58 1.44E-00 1.42E-02 1.34% Dy-157 3.08E-03 3.05E-03 1.10%
Co-58m 5.90E-03 5.89E-03 0_19% Yb-169 3.14E-02 3.11E-02 1.00%
CoqS0 3.721=,-02 3.70E-02 0.78% W-178 1.57E-03 1.57E-03 0.09%
Co-60m 1.75E-00 1.73E-00 0.80% Ir-192 5.96E-00 5.82E-02 2.37%
Cu-62 3.36E-01 2.47E-01 26.47% Au-195 1.27E-02 1.26E-02 0.44%

Cu-64 3.30E-0"2. 3.21E-02 2.71% Au-195m 3.04E-02 2.99E-00 1.45%
Cu-67 4.05E-00 3.98E-02 1.71% Au-198 8.66E-00 8.28E-00 4.31%

Ga-66 2.66E-01 1.68E-01 36.84% Hg-195 1.59E-00 1.58E-02 0.76%
Ga-67 9.86E-03 9.79E-03 0.68% Hg-197 1.68E-00 1.67E-02 0.66%
Ga-68 1.96E-01 1.66E-01 15.56% Hg-197m 5.52E-02 5.43E-02 1.56%
Ga-72 1.43E-01 1.23E-01 13.67% Hg-203 2.68E-02 2.64E-00 1.44%
Se-73 1.08E-01 9.82E-02 8.72% TI-201m 1.43E-00 1.36E-02 4.31%
Se-75 6.74E-03 6.71E-03 0.47% TI-201 1.18E-00 1.lTE-02 0.74%
Kr-81m 1.58E-02 1.55E-00 1.98% Te-123m 2.72E-02 2.69E-02 0.98%
Rb-82m 4.06E-02 3.87E-00 4.63% Pt-195m 4.58E-02 4.54E-02 1.04%
Rb-82 3.70E-01 2.58E-01 30.30% Pb-203ml 4.39E-02 3.83E-02 12.88%
Sr-90 5.05E-02 4.93E-02 2.40% Pb-203m 6.48E-00 6.25E-02 3.53%
Y-87 5.41E-03 5.38E-03 0.47% Pb-203 1.19E-02 1.17E-02 1.77%
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Table 8. S-values for pancreas as a source region and pancreas as a target region.

Radionuclide MIRD EGS4 DIFF(%) Radion_lkJe MIRD EGS4 DIFF(%)
C-11 1.52E-02 1.48E-02 2.87% Y-90m 2.62E-03 2.55E-03. 2.33%
C-14 1.75E-03 1.75E-03 0.31% Y-90 3.31E-02 2.97E-02 10.23%
N-13 1.90E-02 1.82E-02 4.12% Te-99m 7.30E-04 7.26E-04 0.49%
O-15 2.76E-02 2.56E-02 7-20% Ru-97 1.38E-03 1.38E-03 0.37%
F-18 1.00E-02 1.03E-02 1.32% In-111 1.98E-03 1.97E-03 0.57%
Na-22 1.0lE-02 9.96E-03 0.91% In-113m 5.18E-03 5.04E-03 2.70%
Na-24 2.46E-02 2.35E-02 4.22% In-lllm 3.02E-03 2.91E-03 3.54%
P-32 2.46E-02 2-28E-02 7.12% In-114m 5.31E-03 5.25E-03 1.02%
S-35 1.72E-03 1.72E-03 0.30% 1-123 1.36E-03 1.36E-03 0.45%
K-42 5.08E-02 4.21E-02 17.10% 1-124 8.60E-03 7.98E-03 7.21%
K-43 1.26E-02 1.23E-02 2.32% 1-125 9.46E-04 9.46E-04 0.06%
Ca-45 2.73E-03 2.72E-03 0.48% 1-126 5.86E-03 5.73E-03 2.28%
Ca-49 3.42E-02 3.12E-02 8.69% 1-129 1.46E-03 1.46E-03 0.25%
Sc-47 5.92E-03 5.86E-03 1.01% 1-130 1.33E-02 1.31E-02 1.85%

Sc-49 2.89E-02 2.64E-02 8.72% 1-131 7.33E-03 7.25E-03 1.10%
Cr-51 2.16E-00 2.16E-00 0.01% Xe-120 2.37E,03 2.36E-03 0.63%
Mn-52m 4.36E-02 3.83E-02 12.21% Xe-121 2.21E-02 1.94E-02 12.01%
Fe-52 8.01E-03 7.83E-03 2.23% Xe-122 5.09E-04 5.08E-94 0.17%
Fe-52m 7.60E-02 5.91E_02 22.34% Xe-123 7.58E-03 7.21E-03 4.87%
Fe-55 2.00E-04 2.00E-00 0.02% Xe-125 1.72E-03 1.72E-03 0.46%
Fe-59 5.82E-03 5.79E-03 0.60% Xe-127 1.65E-03 - 1.64E-03 0.54%
Co-57 7.45E-04 7.44E-04 0.15% Cs-129 1.111_-03 1.11E-03 0.33%
Co-58 2.71E-03 2.69E-03 0.49% Dy-157 6.60E-434 6.58E-00 0.37%
Co-58m 8.09E-00 8.08E-00 0.10% Yb-169 4.60E-03 4.57E-03 0.48%
Co-60 6.88E-03 6.86E-03 0.29% W-178 2.32E-00 2.32E-04 0.00%
Co-60m 2,40E-03 2.39E-03 0.42% Ir-192 8.80E-03 8.70E-03 1.13%
Cu-62 4.69E-02 4.00E-02 14.56% Au-195 1.83E-03 1.82E-03 0.22%
Cu-64 4.67E-03 4.60E-03 1.35% Auo,195m 4.32E-03 4.29E-03 0.71%
Cu-67 5.64E-03 5.60E-03 0.86% Au-198 1.22E-02 1.19E-02 2.24%
Ga-66 3.81E-02 3.03E-02 20.40% Hg-195 2.34E-03 2.33E-03 0.37%
Ga-67 1.47E-03 1.46E-03 0.32% Hg-197 2.37E-03 2.36E-03 0.33%
Ga-68 2.77E-02 2.53E-02 8.44% Hg-197m 7.64E-03 7.58E-03 0.78%
Ga-72 2.13E-02 1.99E-02 6.96% Hg-203 3.86E-03 3.83E-03 0.70%
Se-73 1.57E-02 1.49E-02 4.58% TI-201m 2.59E-03 2.54E-03 1.80%
Se-75 1.24E-03 1.23E-03 0.18% TI-201 1.71E-03 1.70E-03 0.36%
Kr-81m 2.28E-03 2.26E-03 0.96% Te-123m 3.88E-03 3.87E-03 0.48%
Rb-82m 7.76E-03 7.62E-03 1.82% Pt-195m 6.36E-03 6.33E-03 0.52%
Rb*82 5.16E-02 4.30E-02 16.73% Pb-203ml 6.52E-03 6.09E-03 6.63%
Sr-90 6.93E-03 6.84E-03 1.22% Pb-203m 1.04E-02 1.02E-02 1.63%
Y-87 1.14E-03 1.14E-03 0.17% Pb-203 1.90E-03 1.88E-03 0.78%
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Table 9. S-values for the spleen as a source region andthe spleen as a target region.

_ion_H_ MInD EG_ DII_(%) Radionuclide.... MInD, E0_, DIF_(%)
C-II 5.70E-03 5.62E-03 1.41% Y-90m 1.17E-03 1.16E-03 0.91%
C-14 6.08E-04 6.07E-04 0.20% Y-90 1.15E-02 1.09E-02' 5.37%
N-13 7.01E-03 6.88E-03 1.93% Tc-99m 3,08E-04 3.08E-04 0.26%
O-15 1.00E-02 9.66_-03 3.53% Ru-97 6.04E-04 6.03E-04 0.19%
F-18 4.05E-03 4.02_-03 0.76% In-111 8.89E-04 8.87E-04 0.28%
Na..Z2 4.32E-03 4.30E-03 0.48% In-113m 1.92E-03 1.89E-03 1.36%
Na-24 9.83E-03 9.66E-03 1.83% In-I1lm 1.25E-03 1.23E-03 1.48%
P-32 8.54E-03 8.24E-03 3.65% In-114m 1.90E-03 1.88E-03 0.64%
S-35 5.98E-04 5.97E-04 0.19% I-123 5.77E-04 5.76E-O4 0.24%
K-42 1.77E-02 1.62E-02 9.28% 1-124 3.42E-03 3.31E-03 3.23%
K-43 4.76E-03 4.70E-03 1.19% 1-125 4.01E-04 4.01E-04 0.03%
Ca-45 9.49E-04 9.46E-04 0.31% [-126 2.23E-03 2.20E-03 1.15%
Ca-49 1.28E-02 1.23E-02 4.19% 1-129 5.1lE-04 5.1 lE-04 0.16%
Sc-47 2.10E-03 2.09E-03 0.64% 1-130 5.49E-03 5.44E-03 0.87%
Sc-49 1.00E-02 9.61E-03 4.52% 1-131 2.71E-03 2.69E-03 0.67%
Cr-51 8.84E-05 8.83E-05 0.01% Xe-120 1.04E-03 1_04E-03 0.27%

Mn-52m 1.60E-02 1.51E-02 6.09% iXe-121 8.34E-03 7.88E-03 5.83%
Fe-52 3.09E-03 3.06E-03 1.11% Xe.122 2.34E-04 2.34E-04 0.08%
Fe-52m 2.78E-02 2.48E-02 12.11% Xe-123 2.90E-03 2.83E-03 2.25%
Fe-55 6.96E-05 6.96E-05 0.01% Xe-125 7.46E-04 7.44E-04 0.24%
Fe-59 2.45E-03 2.44E-03 0.31% Xe-127 7.21E-04 7.19E-04 0.27%
Co-57 3.1IE-04 3.1 lE-04 0.08% Cs- 129 5.40E-04 5.39E-04 0.13%

Co-58 1.33E-03 1.32E-03 0.23% Dy-157 3.58E-04 3.58E-04 0.14%
Co-58m 2.81E-04 2.81E-04 0.06% Yb-169 1.76E-03 1.75E-03 0.28%
Co-60 3.28E-03 3.27E-03 0.14% W-178 9.06E-05 9.06E-05 0.03%
Co-60m 8.35E-04 8.33E_04 0.25% Iro192 3.39E-03 3.37E-03 0.64%
Cu-62 1.67E-02 1.55E4)2 7.60% Au-195 6.83E-04 6.82E-04 0.13%
Cu-64 1.70E-03 1.69E-03 0.81% Au-195m 1.58E-03 1.58E-03 0.43%
Cu-67 2.01E-03 2.00E-03 0.54% Au-198 4.40E-03 4.35E-03 1.23%

Ga-66 1.40E-02 1.27E-02 10.80% Hg- 195 9.00E-04 8.98E-04 0.20%
Ga-67 5.73E-04 5.72E-04 0.18% Hg-197 8.63E-04 8.61E-04 0.20%
G'a.68 1.00E-02 9.60E-03 4.19% Hg-197m 2.70E-03 2.68E-03 0.50%
Ga-72 8.36E-03 8.10E-03 3.21% Hg-203 1.44E-03 1.44E-03 0.42%
Se-73 5.92E-03 5.80E-03 2.11% TI-201m 1.23E-03 1.23E-03 0.67%
Se-75 5.94E-04 5.94E-04 0.08% TI-201 6.42E-04 6.41E-04 0.21%
Kr-81m 8.47E-04 8.42E-04 0.58% Te-123m 1.43E-03 1.43E-03 0.29%
Rb-82m 3.83E-03 3.80E-03 0.67% Pt-195m 2.2SE-03 2.24E-03 0.33%
Rb-82 1.84E-02 1.69E-02 8.86% Pb-203ml 2.52E-03 2.45E-03 3.04%
Sr-90 2.4 lE-03 2.39E-03 0.79% Pb-203m 4.36E-03 4.33E4)3 0.74%

IY-87 6,00E-04 5,99E-04 0.06% Pb-203 8.01E-04 7.98E-04 0.41%
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Table 10.S-values for stomach contents as a source region and stomach walls as as target

region.

Radionuctide MIRD EGS4 DIFF(%)Radionuclide MIRD EG$4 . DIFF(q_i i i

C-11 2.051/-03 4.60E-04 77.53% Y-90m 4.42I/-04 2,53E-04 42.62%
C-14 2.14E-04 8.36E-07 99.61% Y-90 4.04E-03 5.641/-04 86.00%
N-13 2.51E-03 5.20E-04 79.29% Te-99m 1.16E-04 5.24E-05 54.91%
O-15 3.56E-03 7.21E-04 79.76% Ru-97 2.11E-04 1,14E-04 45.90%
F-18 1.47E-03 4.11E-04 72.03% In-lll 3,28E-00 1.871/4)4 43.17%
Na-22 1.61E-03 7.88E-04 51.08% In-ll3m 6,84E-04 1.30E-04 80.95%
Na-24 3.61E-03 1.39E-03 61.49% In-lllm 4.59E-04 2.00E-04 56.51%
P-32 3.00E-03 2.921/-04 90.26% In-114m 6.69E-04 5.83E-05 91.29%
S-35 2.10E-04 8.07E-07 99.62% 1-123 2.13E-04 i.00E-04 52.96%

K-42 6.24E-03 1.59E-03 74.50% 1-124 1.25E-03 5.03E-04 59.59%
K-43 1.72E-03 4.08E-04 76.24% 1-125 1.43E-04 7.20E-05 49.60%
Ca-45 3.33E-04 2.03E-06 99.39% 1-126 8.03E-04 2.00E-04 75.00%
Ca-49 4.61E-03 1.34E-03 70.80% 1-129 1.80E-00 3.88E-06 97.84%
S¢-47 7.45E.04 5.14E-05 93.10% 1-130 2.02E-03 8.31E-04 58.94%
Sc 49 3.53E-03 4.20E-04 88.09% 1-131 9.70E-00 1.59E-00 83.57%
Cr-51 4.38E-05 2.82E-05 35.58% Xe-120 3.87E-04 2.07E-04 46.37%
Mn-52m 5.73E-03 1.74E-03 69.68% Xe-121 3.01E-03 1.07E-03 64.43%
Fe.52 1.13E.03 3.25E-04 71.26% Xe-122 8.751/-05 5,64E-05 35.57%
Fe-52m 9.92E-03 4.12E-03 58.42% X0-123 1.051/-03 3.10E-00 70.45%
Fe,55 4.09E-05 2.36E-05 42.20% Xe-125 2.79E-04 1.42E-04 49.19%
Fe-59 9.09E-04 4.08E-00 55.14% Xe,-127 2.71E-00 1o43E-00 47.35%
Co-57 1.521/4)4 1.02E-04 32.93% Cs-129 2.09E-00 1.49E-00 28.70%

Co-58 5.271/-04 3.83E-04 27.27% Dy-157 1.43E-00 1.20E-00 15.83%
Co-58m 1.171/4)4 2.67E-05 77.26% Yb-169 6.851/434 2.10E-04 69.28%
Co-60 1.25E-03 8.39E-04 32.85% W-178 5.09E-05 3.38E-05 33.54%
Co-60m 3.15E-04 3.44E-05 89.10% Ir-192 1.24E-03 3.34E-00 73.02%
Cu-62 5.91E-03 1.56E-03 73.66% Au-195 3.03E-04 1.23E-04 59.39%
Cu-64 6.18E-04 9.95E-05 83.90% Au-195m 6D3E-04 1.32E-04 78.16%
Cu-67 7.19E-04 6.08E-05 91.54% Au-198 1.57E-03 2.00E-04 87.25%

Ga-66 5.05E-03 2.10E-03 58.44% Hg-195 3.79E-04 1.54E-04 59.33%
Ga-67 2.59E-04 1.29E-04 50.21% Hg-197 3._i9E-04 1,07E-04 70.16%
Ga-_ 3.56E-03 7.54E-04 78.83% Hg-197m 1.00E-03 1.16E-04 88.39%
Ga-72 3.05E-03 1.13E-03 62.88% Hg-203 5.18E-04 9.66E-05 81.34%
Se-73 2.13E-03 5.64E-04 73.50% TI-201m 4.71E-00 3.i6E-04 32.86%
Se-75 2.13E-00 1.54E-04 27.63% TI-201 2.88E-00 1.24E-04 57.07%
Kr-81m 3.00E-04 5.51E-05 81.60% Te-123m 5.14E-04 8.18E-05 84.06%
Rb-82m 1.46E-03 1.07E-03 26.28% Pt-195m 8.67E-04 1.42E-04 83.65%
Rb-82 6.51E-03 1.91E-03 70.62% Pb-203ml 9.17E-04 3.17E-00 65.49%
Sr-90 8.46E-04 1.31E-05 98.45% Pb-203m 1.61E-03 7.39E-04 54.i 1%
Y-87 2.14E-(M 1.85E-04 13.30% Pb-203 2.90E-04 1.34E-00 53.70%
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Table 11. S-values for testes as a source region and testes as a target region.

Radionuclide MIRD EGS4 DIFF(%) Radionuclide MIRD EGS4 DIFF(%)
C-II 2.48E,92 2.41E-02 2.75% Y-90m ,1.321/-03 4.22E-03 2.22%
C-14 2.85E-03 2.84E-03 0.28% Y-90 5.38E-02 4.86E-02 9.62%
N-13 3.09E-02 2.97E-02 3.97% Tc-99m 1.20E-03 1.19E-03 0.42%
O-15 4,49E-02 4.19E-02 6.81% Ru-97 2.30E-03 2.29E-03 0.35%
F-18 II71E-(F_ 1.68E-02 1.23% In-111 3.29E-03 3.271/-03 0.52%
Na-22 1.65E_!, 1.64E-02 0.85% In-113m 8.45E43 8.24E-03 2.58%
Na-24 4.03E-02 3.86E-02 4.02% In-lllm 4.96E-03 4.79E-03 3,39%
P-32 4.00E-02\ 3.73E-02 6.76% In-114m 8.65E-03 8.57E-03 0.95%
S-35 2.80E-03 2,79E-03 0.29% 1-123 2.24E-03 2.24E-03 0.40%
K-42 8.261/4)2 6,95I/-02 15.90% 1-124 1.41E-02 1.31E-02 6.75%
K-43 2.05E-02 2.01E-02 2.20% 1-125 1.571/-03 1.571/-03 0.06%

..... Ca-45 4.44E-03 4.421/-03 0.45% 1-126 9.58E-03 9,37I/-03 2.17%
Ca-49 5.58E-02 5.13E-02 8.15% 1-129 2.38E-03 2.371/-03 0.25%
Sc-47 9.63E-03 9.54E-03 0.94% 1-130 2.19E-02 2.15I/-02 1.75%
Sc-49 4.70E-02 4.32I/-02 8.23% 1-131 1.20E-02 1.18E-02 1.03%
Ct-51 3.54E-04 3.54E-04 0.00% Xe-120 3,921/-03 3.90E-03 0.61%
Mn-52m 7.10E-02 6.29E-02 11.43% Xe-121 3.61E-02 3.21E-02 11.21%
Fe-52 1.31E-02 1.28E-02. 2.12% Xe-122 8.45E-04 8.44E-04 0.12%
Fe-52m 1.24E-01 9.94E-02 19.86% Xe,-123 1.24E-02 1.18E-02 4,61%
Fe-55 3.26E-04 3.26E-04 0.00% Xe-125 2.85E-03 2.83E-03 0.46%
Fe-59 9.571/-03 9.521/-03 0.55% Xe,-127 2.72E-03 2.71E-03 0.48%
Co-57 1.22E-03 1.221/-03 0.16% Cs-129 1.84E-03 1.84E-03 0.33%

Co-58 4.5iE-03 4.49E-03 0.44% Dy-157 1.1lE-03 1.10E-03 0.27%
Co-58m 1.321/-03 1.31E-03 0.15% Yb-169 7.49E-03 7.45E-03 0.45%
Co-60 1.14E-02 1.13E-02 0.27% W-178 3.78E-04 3.77E-04 0.26%
Co-60m 3.90E-03 3.89E-03 0.41% It- 192 1.44E-02 1.421/-02 1.06%
Cu-62 7.63E-02 6.59E-02 13.63% Au-195 2.97E-03 2.96E-03 0.20%
Cu-64 7.61E-03 7.51E-03 1.26% Au-195m 7.04E-03 7.00E-03 0.65%
Cu-67 9.19E-03 9.11E-03 0.81% Au-198 1.99E-02 1.94E-02 2.13%
C,ra-66 6.21E-02 5.08E-02 18.26% Hg-195 3.82E-03 3.81E-03 0.34%
Ga-67 2.40E-03 2.39E-03 0.29% Hg-197 3.86E-03 3.85E-03 0.31%
Ga-68 4.51E-02 4.15E-02 7.94% Hg-197m 1.24E-02 1.23E-02 0.73%
Cra-72 3.50E-02 3.27E-02 6.49% Hg-203 6.31E-03 6.26E-03 0.67%
Se-73 2.56E-02 2.45E-02 4.38% Tl-201m 4.29E-03 4.22E-03 1.70%
Se-75 2.05E-03 2.05E-03 0.15% Tl-201 2.77E-03 2.77E-03 0.32%
Kr-81m 3o72E-03 3.69E-03 0.89% Te-123m 6.34E-03 6.31E-03 0.44%
Rb-82m 1.29E-02 1.27E-02 1.69% Pt-195m 1.03E-02 1.03E-02 0.49%
Rb-82 8.41E-02 7.09E-02 15.61% Pb-203ml 1.07E-02 1.00E-02 6.24%
Sr-90 1.13E-02 1.1lE-02 1.14% Pb-203m 1.71E-02 1.68E-02 1.52%
Y-87 1.92E-03 1.91E-03 0.16% Pb-203 3.12E-03 3.09E-03 0.74%

i
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Table. 12. S-values for thyroid as a source region and thyroid as a target region.

, Radionuclide MIRD EGS4' DIFF(%) Radionuclide , MIRD "EGs4 DIFF(%_)
C-11 4.55E-02 4.33E..02 4.78% Y-90m 7.25E-03 6.97E-03 3.94%
C-14 5.39E-03 5.35E-03 0.67% Y-90 1.02E-OI 8.64E-02 15.13%
N-13 5.70E-02 5.35E-02 6.21% Te-99m 2.08E-03 2.06E-03 ' 1.15%
O.15 8.36E-02 7.45E-02 10.79% Ru-97 3.86E-03 3.83E-03 0.88%
F-18 3.08E-02 2.99E-02 2.97% In-lll 5.50E-03 5.43E-03 1.36%
Na-22 2.1ME-02 2.78E-02 2.15% In-113m 1.56E-02 1.49E-02 4.58%
Na-24 7.17E-02 6.70E-02 6.53% In-lllm 8.70E-03 8.21E-03 5.55%
P-32 7.57E-02 6.77E-02 10.50% In-114m 1.62E-02 1.58E-02 2.23%
S-35 5.29E.03 5.26E-03 0.64% 1-123 3,88E-03 3.84E-03 1.06%
K-42 1.56E-01 1,18E-01 24.46% 1-124 2.51E-(Y2 2.23E-02 11.21%
K-43 3.75E-02 3.59E-02 4.20% 1-125 2.68E-03 2.68E-03 0.15%
Ca-45 8.41E-03 8.32E-03 1.05% 1-126 1.74E-02 1.67E-02 4.05%
Ca-49 1.03E-0i 8.90E-02 13.18% 1-129 4.49E-03 4.46E-03 0.53%
Sc-47 1.81E-02 1.77E-02 2.20% 1-130 3.84E-02 3.71E-02 3.44%
S¢-49 8.90E-02 7.75E-02 12.87% 1-131 2.2lE-rf2 2.15E-02 2.41%
Cr-51 6.24E-04 6.24E-04 0.00% Xe-120 6.65E-03 6.57E-03 1.19%
Mn-52m 1.3lE-OI 1.07E-01 18.22% Xe,-121 6.60E-ft2 5.41E-02 18.02%
Fe-52 2.37E-ft2 2.28E4)2 4.01% Xe-122 1.39E-03 1.39E-03 0.36%
Fe-52m 2.30E-01 1.59E-01 30.64% Xe-123 2.25E-ft2 2.08E-02 7.51%
Fe-55 6.16E-04 6.16E-04 0.00% Xe-125 4.86E-03 4.81E-03 1.09%
Fe-59 1.66E-02 1.64E-02 1.37% Xe-127 4.63E-03 4.57E-03 1.25%
Co-57 2.14E-03 2.13E-03 0.37% Cs-129 2.95E-03 2.93E-03 0.68%
Co-58 7.18E..03 7.09E-03 1.25% Dy-157 1.65E-03 1.63E-03 0.85%
Co-58m 2.49E-03 2.48E-03 0.20% Yb-169 1.37E-02 1.35E-02 1.07%
Co-60 1.84E,02 1.83E-02 0.73% W-178 6.87E-04 6.87E-04 0.00%
Co-60m 7.37E-03 7.31E-03 0.83% Ir-192 2.61E-02 2.54E-02 2.45%
Cu-62 1.43E-01 1.12E-01 21.31% Au-195 5.49E-03 5.46E-03 0.47%
Cu-64 1.41E4Y2 1.37E-02 2.83% Au-195m 1.30E-02 1.28E-02 1.57%
Cu-67 1.72E-02 1.69E-(Y2 1.86% Au.198 3.70E-02 3.55E-02 4.09%
Ga-66 1.15E-01 8.21E..02 28.39% Hg-195 6.94E-03 6.89E-03 0.75%
Ga-67 4.33E-03 4.30E-03 0.72% Hg-197 7.19E-03 7.14E-03 0.71%
Ga-68 8.40E-ft2 7.33E-02 12.63% Hg-197m 2.34E-02 2.30E-02 1.71%
Ga-72 6.28E-02 5.60E-02 10.87% Hg-203 1.16E-02 1.14E-02 1.54%
Se-73 4.67E4Y2 4.35E-02 6.96% TI-201m 6.95E-03 6.73E-03 3.18%
S¢-75 3.30E-03 3.29E-03 0.42% TI.201 5.10E-03 5.06E-03 0.80%
Kr-81m 6.84E-03 6.69E-03 2.14% Te-123m 1.17E-02 1.16E-02 1.05%
Rb-82m 2.05E-02 1.98E-02 3.37% Pr-195m 1,94E-02 1.92E-02 1.14%
Rb-82, 1.57E-01 1.19E-01 24.24% Pb-203ml 1.93E-02 1.73E-02 10.18%
Sr-90 2.13E-02 2.08E-02 2.64% Pb-203m 2.96E-02 2.87E-02 3.01%
IY-87 2.88E-03 2.88E-03 0.31% Pb-203 5.41E-03 5.32E-03 1.77%
i i i
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Table 13. S-values for kidney cortex as a source region and kidney cortex as a target

region.

Radionuclide MIRD EGS4 DIFF(%) Radionuclide MIRD EGS4 D!FF(%)
C-11 1.01E-02 9.68E-03 4.16% Y.90m 1.48E-03 1.42E-03 3.97%
C-14 1.23E-03 1.22E-03 0.41% Y-90 2.32E-02 2.04E-02 13.83%
N-13 1.27E-02 1.20E-02 6.01% Tc.99m 4.37E-04 4.34E-04' 0.76%
O-15 1.88E-02 1.71E-02 9.99% Ru'97 7.52E-04 7.48E-04 0.63%
F-18 6.74E-03 6.61E-03 1.93% In-111 1.10E-03 1.09E-03 0.96%
Na-22 5.87E-03 5.79E-03 !.47% In-113m 3.471/-03 3.34E-03 3.88%
Na-24 1.54E-02 1.45E-02 6.47% In.lllm 1.85E-03 1.75E-03 5.62%
P.32 1.72E-02 1.57E-02 9.64% In-114m 3.64E-03 3.59E-03 1.40%
S'35 1.21E-03 1.20E-03 0.40% 1-123 8.04E-04 7.98E-04 0.71%
K-42 3.54E-02 2.81E-02 26.24% 1-124 5.42E-03 4.90E-03 10.65%
K-43 8.28E-03 8.01E-03 3.32% 1-125 5.39E-00 5.38E-04 0.10%
Ca-45 1.91E-03 1.90E-03 0.64% 1-126 3.84E-03 3.721/-03 3.33%
Ca-49 2.27E-02 2.02E-02 12.27% 1-129 1.021/-03 1.02E-03 0.34%
Sc-47 4.09E-03 4.03E-03 1.38% 1-130 8.18E-03 7.961/-03 2.86%
Sc-49 2.03E-02 1.81E-02 11.75% 1-131 4.93E-03 4.85E-03 1.55%
Cr-51 1.34E-00 1.34E-04 0.02% Xe-120 1.351/-03 1.34E-03 1.00%
Mn-52m 2.93E-02 2.48E-02 17.89% Xe-121 1.46E-02 1.24E-02 18.02%
Fe-52 5.20E-03 5.04E-03 3.29% Xe-122 2.70E-04 2.69E-04 0.29%
Fe-52m 5.14E-02 3.651/-02 40.58% Xe-123 4.94E-03 4.62E-03 6.96%
Fe-55 1.40E-00 1.40E-04 0.02% Xe-125 1.00E-03 9.93E-04 0.74%
Fe-59 3.46E-03 3.43E-03 0.94% Xe-127 9.48E-04 9.40E-00 0.88%
Co-57 4.47E-04 4.46E-04 0.24% Cs-129 5.64E-04 5.0(0-04 0.61%
Co-58 1.38E-03 1.361/-03 0.91% Dy-157 2.93E-04 2.91E-04 0.77%
Co-58m 5.67E-04 5.661/-04 0.13% Yb-169 3.03E-03 3.01E-03 0.68%
Co-60 3.52E-03 3.50E-03 0.53% W-178 1.521/-04 1.52E-04 0.06%
Co-60m 1.68E-03 1.671/-03 0.55% Ir-192 5.721/-03 5.63E-03 1.64%
Cu-62 3.23E-02 2.66E-02 21.54% Au-195 1.23E-03 1.22E-03 0.30%
Cu-64 3.17E-03 3.11E-03 1.88% Au-195m 2.92E-03 _ 2.89E-03 0.99%
Cu-67 3.89E-03 3.85E-03 1.16% Au-198 8.321/-03 8.06E-03 3.13%
Ga-66 2.56E43:2 1.88E-02 35.87% Hg-195 1.53E-03 1.52E-03 0.52%
Ga-67 9.471/..04 9.43E-04 0.46% Hg-197 1.62E-03 1.61E-03 0.44%
Ga-68 1.89E-02 1.69E-02 11.65% Hg-197m 5.31E-03 5.25E-03 1.06%
Cra-72 1.371/-02 1.24E-02 10.19% Hg-203 2.571/-03 2.54E-03 0.99%
Se-73 1.03E-02 9.661/-03 6.68% Tl-201m 1.36E-03 1.321/-03 3.22%
Se-75 5.87E-04 5.85E-04 0.35% TI.201 1.14E-03 1.13E-03 0.50%
Kr-81m 1.50E-03 i.48E-03 1.37% Te-123m 2.61E-03 2.59E-03 0.67%
Rb-82m 3.83E-03 3.70E-03 3.37% Pt-195m 4.41E-03 4.38E-03 0.70%
Rb-82 3.56E-02 2.83E-02 25.82% Pb-203ml 4.21E-03 3.84E-03 9.62%
Sr-90 4.86E-03 4.78E-03 1.64% Pb-203m 6.18E-03 6.03E-03 2.45%
Y-87 4.68E-04 4.67E-04 0.38% Ph-203 1.1lE-03 1.10E-03 1.26%



Table 14. S-values for kidney cortex as a source region and kidney medulla as a target

region.

RadionuclideMIRD EGs4 DIFFi%)RadionuclideMIRD EGS4 'DIFF(%)
C-11 6.29E-04 6.96E-04 9.58% V-90m 3.90E-04 3.99E-04 2.32%
C-14 0.00E+00 8.48E-07 100.00% Y-90 0.00E4430 4.34E-04 100.00%
N-13 6.30E434 7.48E-04 15.84% Te-99m 8.04E-05 8.10E-05 0.69%
O-15 6.30E-04 8,98E-04 29.79% Ru-97 1.77E-04 1.78E-04 0.45%
F-18 6.31E-04 6.53E-04 3.31% In-III 2.88E-04 2.90E-04 0.61%
Na-22 1.26E-03 1.27E-03 1.14% In-ll3m 1.71E-04 1.92E-04 11.16%
Na-24 2.0(0-03 2.15E-03 7.04% In-lllm 2.93E-04 3.09E-04 5.20%
P-32 0.00E+00 2.39E-04 100.00% In-ll4m 7.73E-05 8.58E-05 9.95%
S-35 0.00E+00 8.19E-07 100.00% 1-123 1.53E-04 1.54E-04 0.63%
K-42 1.53E-04 1.13E-03 86.41% 1-124 6.48E-04 7.28E-04 11.10%
K-43 5.79E-04 6.23E-04 7.08% 1-125 1.08E-04 1.08E-04 0.08%
Ca-45 0.00E+00 2.06E-06 100.00% 1-126 2.84E-04 3.05E-04 6.73%
Ca-49 1,40E-03 1.78E-03 21.55% 1-129 5.29E-06 5.87E-06 9.87%
Sc-47 6.56E-05 7.50E-05 12.56% 1-130 1.27E-03 1.31E-03 2.89%
Sc-49 0.00E+00 3.32E-04 100.00% 1-131 2.34E-04 2.47E-04 5.15%
Ct-51 3.24E-05 3.24E-05 0.01% Xe-120 3.20E-04 3.23E-04 0.72%
Mn-52m 1.37E-03 2.01E-03 31.85% Xe-121 9.90E-04 1.30E-03 24.08%
Fe-52 4.67E-04 4.94E-04 5.57% Xe-122 8.58E-05 8.59E-05 0.16%
Fe-52m 2.07E,03 3.76E-03 44.98% Xe-123 3.94E-04 4.45E4)4 11.46%
Fe-55 1.90E-05 1.90E..05 0.03% Xe,.125 2.18E-04 2.19E-04 0.57%
Fe-59 6.50E-04 6.55E-04 0.83% Xe-127 2.19E-04 2.21E-04 0.63%
Co-57 1.19E-04 1.19E-04 0.15% Cs-129 2.32E4)4 2.32E-04 0.25%

Co-58 5.89E-04 5.91E-04 0.36% Dy-157 1.90E-04 1.90E-04 0.20%
Co-58m 2.14E-05 2.15E-05 0.57% Yb-169 2.86E-04 2.89E-04 1.20%
Co-(K} 1.36E-03 1.37E-03 0.23% W-178 3.46E-05 3.46E-05 0.05%
Co-60m 2.79E-05 2.94E-05 5.20% Ir-192 5.04E-04 5.i9E-04 3.00%
Cu-62 6.18E-04 1.42E-03 56.32% Au-195 1.34E-04 1.35E-04 0.46%
Cu-64 1.31E-04 1.41E-04 7.01% Au-195m 1.63E-04 1.68E-04 2.89%
Cu-67 7.73E-05 8.49E-05 8.96% Au-198 2.48E-04 2.90E-04 14.51%

Ga-66 1.26E-03 2.05E-03 38.48% Hg-195 1.87E4)4 1.89E-04 0.69%
Ga-67 1.49E-04 1.50E-04 0.49% Hg-197 1.14E-04 1.15E-04 1.06%
Cra-68 5.86E-04 8.92E-04 34.27% Hg-197m 1.17E-04 1.26E-04 7.48%
Ga-72 1.42E-03 1.61E-03 11.54% Hg-203 1.46E-04 1.5lE-04 2.83%
Se-73 7.15"E-04 8.19E-04 12.73% TI-201m 4.96E-04 5.02E-04 1.39%
Se-75 2.43E-04 2.44E-04 0.14% TI-201 1.35E-04 1.36E-04 0.71%
Kr-81m 8.13E-05 8.47E-05 4.07% Te-123m 1.20E-04 1.23E-04 2.38%
Rb-82m 1.69E-03 1.71E-03 1.15% Pt-195m 1,40E'04 1.45E-04 3.61%
Rb-82 6.67E-04 1.64E-03 59..36% Pb-203m 1 3.85E-04 4.43E-04 13.06%
iSr-90 0.00E+00 1.33E-05 100.00% Pb-203m 1.13E-03 1.15E-03 2.05%
Y-87 2.99E-04 2.99E-04 0.10% Pb-203 2.10E-04 2.12E-04 1.10%

,
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Table15.S-valuesforkidneycortexasasourceregionandkidneypapillaryasatarget

region.

RadionuclideMIRD' , EGS4 DIFF(%)RadionuclideMIRD EGS4 'DIFF(%)
c-11 3.9m-04 3.9m-04 0.oo%v-_)m 2.39E-042.39E-040.OO%
c-14 0.00E+000.00E+000.OO%V-90 0.00E+O00.00E+000.OO%
N-13 3.91E-04 3.91E-04 0.00% Tc-99m 5.06E-05 5.06E-05 0.00%
,_;_15 3,92Eq)4 3.92E-04 0.00% Ru-97 1.03E-04 1.03E-04 0.00%
F-18 3.92E-_4 3.92E-04 0.00% In-111 1.79E-04 1.79E-04 0.00%
Na-22 8,00E-04 8.00E-04 0.00% In-113m 1.07E-04 1.07E-04 0.00%
Na-24 1.19E-03 1.19E-03 0.00% In-lllm 1.8_E-04 1.83E-04 0.00%
P-32 0.00E+00 0.00E+00 0.00% In-114m 5.39E-05 5.39E-05 0.00%
S-35 0.00E+00 0.00E+00 0.00% 1-123 1.08E-04 1.08E-04 0.00%
K-42 9.74E-05 9.74E-05 0.00% 1-124 4.11E-04 4.11E-04 0.00%
K-43 3.61E-04 3.61E-04 0.00% 1-125 8.86E-05 8.86E'05 0.00%
Ca-45 0.00E+00 0.00E+00 0.00% 1-126 1.84E-04 1.84Eq34 0.00%
Ca-49 8.00E-04 8.00E-04 0.00% 1-129 2.84E-06 2.84E-06 0.00%
Sc-47 4.11E-05 4.11E-05 0.00% 1-130 8.02E-04 8.02E-04 0.0_%
Sc-49 O.00E+O0 0.00E+00 0.00% 1-131 1.46E.04 1.46E-04 0.00%
Cr-51 9.11E-05 9.11E-05 0.00% Xe-120 2_4E-04 2.24E-04 0.00%
Mn-52m 8.70E-04 8.70E-04 0.00% Xe-121 6.16E-04 6.16E-04 0.00%
Fe-52 3.38E-04 3.38E-04 0.00% Xe,.122 6.76E-05 6.76E-05 0.00%
Fe-52m 1.32E-03 1.32E-03 0.00% Xe.123 2.60E-04 2.60E4)4 0.00%
Fe-55 1.17E-04 1.lTE-04 0.00% Xe-125 1.54E-04 1.54E-04 0.00%
Fe-59 4,21E-04 4.21E-04 0,00% Xe-127 1.52E-04 1.52E-04 0.00%
Co-57 3.07E-04 3.07E-04 0.00% Cs-129 1.66E-04 1.66E-04 0.00%
Co-58 4.83E-04 4.83E-04 0.00% Dy.157 1.22E-04 1.22E-04 0.00%
Co-58m 1.32E-04 1.32E-04 0.00% Yb-169 4.14E-04 4.14E-04 0.00%
Co-_ 8.81E-04 8.81E-04 0.00% W-178 1.30E-04 1.30E-04 0.00%
Co-60m 1.56E-04 1.56E-04 0.00% Ir-192 3.45E-04 3.45E-04 0.00%
Cu-62 3,88E-04 3.88E-04 0.00% Au-195 4_26E-04 4.26E-04 0.00%
Cu-64 1.61E-04 1.61E-04 0.00% Au-195m 3.10E-04 3.16E-04 0.00%
Cu-67 8.36E-05 8.36E-05 0.00% Au-198 1.61E-04 1.61E-04 0.00%

Ga-66 8.66E-_ 8.66E-04 0.00% Hg-195 4.33E-04 4.33E-04 0.00%
Ga-67 4.01E-04 4.01E-04 0.00% Hg-197 3.80E-04 3.80E-04 0.00%
Ga-68 3.90E,4)4 3.90E-04 0.00% Hg-197m 3.73E-04 3.73E-04 0.00%
CJa-72 8.68E-04 8.68E-04 0.00% Hg-203 8.92E-05 8.92E-05 0.00%
Se-73 4.41E-04 4.41E-04 0.00% TI-201m 3.08E-04 3.08E-04 0.00%
Se-75 1.46E-04 1.46E-04 0.00% T1-201 4.19E-04 4.19E-04 0.00%
Kr-81m 4.81E-05 4,81E-05 0.00% Te-123m 9.13E-05 9.13E-05 0.00%
Rb-82m 1.07E-03 1.07E-03 0.00% Pt-195m 5.26E-04 5.26E-04 0.00%
Rb-82 4.15E-04 4.15E-04 0.00% Pb-203mI 2.67E-04 2.67E-04 0.00%
Sr-90 0.00E+O0 0.00E+00 0.00% Pb-203m 7.17E-04 7.17E-04 0.00%
Y-87 1.78E-04 1,78E-04 0°00% Pb-203 1.27E-04 1.27E-04 0.00%ii

4O



Table 16. S-values for kidney medulla as a source region and kidney cortex as a target

region.

i

Radionuclide MIRD EGS4 DIFF(%) Radionuclide MIRD EGS4 . DIFF(%)
C-11 3.48E-04 5.63E-04 38.30% Y-90m 2.18E-04 2.48E-04 11.99%
C-14 0.00E+00 2.92E-06 100.00% Y-90 0,00E+00 1.58E-03 100.00%
N-13 3.48E-04 7.25E-04 52.01% Tc-99m 4.52E-05 4.72E-05 4.09%
O-15 3.48E-04 1.28E-03 72.90% Ru-97 1.03E-04 1.05E-04 2.61%
F-18 3.48E-04 4.23E-04 17.58% In-111 1.67E-04 1.73E-04 3.52%
Na-22 6.91E-04 7.41E-04 6.71% In-113m 9.69E-05 1.67E-04 41.84%
Na-24 1.09E-03 1.59E-03 31,24% In-lllm 1.63E-04 2.14E-04 24.03%
P-32 0.00E+00 8.28E-04 100.00% In-114m 4.66E-05 7.59E-05 38.65%
S-35 0.OOE+00 2.82E-06 100.00% 1-123 9.23E-05 9.56E-05 3.46%
K-42 7.99E-05 4.15E-03 98.08% 1-124 3.61E-04 6,52E-04 44.57%
K-43 3.23E-04 4.70E-04 31.27% 1,125 7.14E-05 7.17E-05 0.42%
Ca-45 O.00E+00 7.10E-06 100.00% 1-126 1.62E-04 2.29E-04 29.34%
Ca-49 7.60E-04 2.15E-03 64.66% 1-129 2.98E-06 4.97E-06 40.10%
Sc-47 3.70E-05 6.94E-05 46.73% 1-130 7.10E-04 8.35E-04 14.93%
Sc-49 0.00E+00 1.18E-03 100.00% 1-131 1.32E-04 1.75E-04 24.86%
Cr-51 3.88E-05 3.88E-05 0.04% Xe,120 1.91E-04 1.98E-O4 3.82%
Mn-52m 7.40E-04 3.24E-03 77.15% Xe-121 5.55E-04 1.81E-03 69.26%
Fe-52 2.73E-04 3.63E-04 24.85% Xe-122 5.45E-05 5.50E-05 0.82%
Fe-52m 1.15E-03 8.77E-03 86.93% Xe,-123 2.26E-04 4.01E-04 43.67%
Fe-55 4.12E-05 4.12E-05 0.05% Xe-125 1.31E-04 1.36E-04 3.16%
Fe-59 3.61E-04 3,80E-04 4.94% Xe-127 1.31E-04 1.36E-04 3.51%
Co-57 1.34E-04 1.35E-04 0.46% Cs-129 1.39E-04 1.41E-04 1.33%
C0-58 3.64E-04 3.71E-04 1.95% D_'-157 1.09E-04 1.1GE-04 1.16%
Co-58m 4.63E-05 4.67E-05 0.90% Yb-169 2.28E-04 2.40E-04 4.96%
Co-60 7.46E-04 7.57E-04 1.44% W-178 5.08E-05 5.08E-05 0.11%
Co-60m 5.56E-05 6.08E-05 8.59% Ir-192 2.92E-04 3o45E-04 _'.5.40%
Cu-62 3.42E-04 3.56E-03 90.37% Au-195 1.74E-04 1.761/-041.21%
Cu-64 9.53E-05 1.29E-04 26.03% Au-195m 1.54E-04 1.71E-04 9.73%
Cu-67 5.39E-05 8.01E-05 32.67% Au-198 1.41E-04 2.80E-04 49.74%

C-a-66 7.29E-04 4.24E-03 82.82% Hg-195 1.96E4)4 2.01E-04 2.24%
Ga-67 1.73E-04 1.75E-04 1.44% Hg-197 1.53E-04 1.57E-04 2.66%
Ga-68 3.31E-04 1.43E-03 76.76% Hg,197m 1.52E-04 1.84E-04 17.,60%
Ga-72 7.97E-04 1.50E-0346.95% Hg-203 8.28E-05 9.74E-05 14.98%
Se-73 3_97E434 7.41E-04 46.35% TI-201m 2.77E-04 2.99E-04 7.56%
Se-75 1.37E-04 1.39E.04 0.87% 'H-201 1.72E-04 1.76E-04 1.88%
Kr-81m 4.64E-05 5.83E-05 20.34% Te-123m 7.38E-05 8.39E-05 11.99%
Rb-82m 9.43E-04 1.01E-03 6.79% Pt-195m 2.05E-04 2.23E-04 8.07%
Rb..82 3.69E-04 4.44E-03 91.68% Pb..203ml 2.24E-04 4.28E-04 47.56%
Sr-90 0.00E+00 4.57E-05 100.009_ Pb-203m 6.42E-04 7.26E-04 11.52%
Y-87 1.66E-04 1.67E-04 0.56% Pb-203 1.18E-04 1.26E-04 6.32%i i
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Table 17. S-values of kidney medulla as a source region and kidney medulla as a target

region.

i

Radionuclide MIRD EGS4 DIFF,%) Radionuclide MIRD EGS4 . DIFF(%)
C-11 5.77E-03 5.60E-03 3.07% Y-90m 1.38E-03 1.36E-03 1.74%
C-14 5.67E-04 5.64E-04 0.41% Y-90 1.07E-02 9.44E-03 13.41%
N-13 6.99E-03 6.69E-03 4.49% Te-99m 3.46E-04 3.45E-04 0.45%
O-15 9.78E-03 9.04E-03 8.29% Ru-97 7.40E-04 7.38E-04 0.30%
F-18 4.23E-03 4.17E-03 1.43% In-III 1.07E-03 1.07E-03 0.46%
Na-22 4.95E-03 4.91E-03 0.81% In-113m 1.92E-03 1.86E-03 2.98%
Na-24 1.06E-02 1.02E-02 3.89% In-lllm 1.38E-03 1.34E-03 3.06%
P-32 7.96E-03 7.30E-03 9.06% In-114m 1.84E-03 1.82E-03 1.30%
S-35 5.57E-04 5.55E-04 0.41% 1.123 6.71E-04 6.69E-04 0,40%
K-42 1.66E4)'2 1.34E-02 24.40% 1-124 3.67E-03 3.44E-03 6.76%
K-43 4.86E-03 4.74E-03 2.48% 1-125 4.96E-04 4.96E-04 0.05%
Ca-45 8.85E-04 8.79E-04 0.65% 1-126 2,30E-03 2.24E-03 2.40%
Ca-49 1.29E-02 1.18E-02 9.45% 1-129 4.82E-04 4.80E.04 0.33%
Se-47 2.00E-03 1.98E-03 1.32% 1-130 6.05E-03 5.95E-03 1.67%
Se-49 9.37E-03 8.42E-03 11.25% 1-131 2.69E-03 2.66E-03 1.32%
Ct-51 9.63E-05 9.63E-05 0.01% Xe-120 1.24E-03 1.23E-03 0.49%
Mn-52m 1.59E-02 1.39E-02 14.32% Xe-121 8.49E-03 7.49E-03 13.34%
Fe-52 3.21E-03 3.14E-03 2.30% Xe-122 3.00E-04 3.00E-04 0.12%
Fe-52m 2.74E-O2 2.12E-02 29.55% Xe-123 3.00E-03 2.86E-03 4.89%
Fe-55 6.49E-05 6.48E-05 0.02% Xe-125 8.77E-04 8.73E-04 0.39%
Fe-59 2.77E-03 2.75E-03 0.55% Xe-127 8.51E-04 8.47E-04 0.45%
Co-57 3.50E-04 3.49E-04 0.14% Csu129 6.93E-O4 6.91E-04 0.22%

Co-58 1.66E-03 1.65E-03 0.35% Dy-157 4.70E-O4 4.69E-04 0.22%
Co-58m 2.62E-04 2.62E-04 0.13% Yb-169 1.80E-03 1.79E-03 0.53%
Co-60 4.06E-03 4.05E-03 0.22% W-178 9.39E-05 9.38E-05 0.05%
Co-60m 7.80E-04 7.76E-04 0.54% Ir-192 3.52E-03 3.48E-03 1.22%
Cu_62 1.60E-02 1.34E-02 19.10% Au-195 6.82E-04 6.80E-04 0.25%
Cu-64 1.67E-03 1.64E-03 1.64% Au-195m 1.56E-03 1.55E-03 0.86%
Cu-67 1.92E-03 1.90E-03 1.10% Au-198 4.28E-03 4.17E-03 2.67%

Ga-66 1.40E-02 1.1lE-02 25.83% Hg-195 9.30E-04 9.26E-04 0.39%
Ga-67 5.99E-04 5.97E-04 0.34% Hg-197 8.41E-04 8.37E-04 0.40%
Ga-68 9.75E-03 8.87E-03 9.87% Hg-197m 2.55E-03 2.53E-03 I_03%
Ga-72 8.81E-03 8.24E-03 6.84% Hg-203 ' 1.45E-03 1.44E-03 0.81%
Se-73 6.06E-03 5.79E-03 4.73% TI-201m 1.51E-03 1.50E-03 1.21%
Se-75 7.81E-04 7.80E-04 0.12% "11-201 6.47E-04 6.45E-04 0.41%
Kr-81m 8.63E-04 8.54E-04 1.11% Te-123m 1.43E-03 1.42E-03 0.57%
Rb-82m 4.86E-03 4.81E-03 1.14% Pt-195m 2.14E-03 2.12E-03 0.68%
Rb-82 1.76E-02 1.44E-02 22.65% Pb-203ml 2.64E-03 2.48E-03 6.56%
Sr-90 2.24E-03 2,21E-03 1.66% Pb-203m 4.95E-03 4.88E-03 1.37%
Y-87 8.31E-O4 8.30E-04 0.09% Pb-203 9.27E.04 9.21E-04 0.69%
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Table 18. S-values of kidneymedulla as a source region and kidney papillary as a target

region.

Radionuclide MIRD EGS4 DIFF(%) Radionuclide MIRD EGS4 'DIFF(%)
C-li 9.35E-04 1.26E-03 25.81% Y-90m 5.77E-04 6.21E-04 7.10%
C-14 0.00E+00 4.73E-06 100.00% Y-90 0.00E+00 2.37E-03 100.00%
N-13 9.35E-04 1.49E-03 37.23% Tc-99m 1.17E-04 1.20E-04 2.60%
O-15 9.36E-04 2.33E-03 59.87% Ra-97 2.77E-04 2.81E-04 1.58%
F-18 9.37E-04 1.06E-03 11.41% In-III 4.20E-04 4.30E-04 2.30%
Na-22 1.88E-03 1.96E-03 4.11% In-ll3m 2.50E-04 3.55E-04 29.71%
Na-24 2.95E-03 3.69E-03 19.87% In-lllm 4.36E-04 5.11E-04 14.82%
P-32 0.00E+00 1.23E-03 100.00% In-114m 1.15E-04 1.62E-04 29.35%
S-35 0.00E+00 4.57E-06 100.00% 1-123 1.87E-04 1.92E-04 2.80%
K-42 2.21E-04 6.38E-03 96.54% 1-124 9.38E-04 1.37E-03 31.68%
K-43 8.64E-04 1.09E-03 20.77% 1-125 9.73E-05 9,78E-05 0.50%
Ca-45 G.00E+00 1,15E-05 100.00% 1-126 4,08E-04 5.11E-04 20.15%
Ca-49 2.06E-03 4.14E-03 50.28% 1-129 2.46E-06 5.69E-06 56.84%
Sc-47 9.47E-05 1.47E-04 35.71% 1-130 1.92E-03 2.11E-03 9.07%
Sc-49 0.00E+00 1.77E-03 100.00% 1-131 3.44E-04 4.14E-04 17.01%
Ct-51 1.08E-04 1.08E-04 0.02% Xe-120 4.29E-04 4.40E-04 2.63%
Mn-52m 2.02E-03 5.78E-03 65.05% Xe-121 1.44E-03 3.32E-03 56.65%
Fe-52 7.30E-04 8.68E-04 15.93% Xe,122 8.73E-05 8.80E-05 0.81%
Fe-52m 3.12E-03 1.49E-02 79.10% Xe-123 5.48E-04 8.09E-04 32.29%
Fe-55 1.17E-04 1.17E-04 0.03% Xe-125 2.69E-04 2.76E-04 2,52%
Fe-59 9,91E-04 1.02E-03 2.96% Xe-lT/ 2.77E-04 2.85E-04 2.70%
Co-57 3.70E-04 3.71E-04 0.27% Cs-129 2.76E-04 2.79E-04 1.03%
Co-58 9192E-04 1.00E-03 1.17% Dy-157 2.83E-04 2.85E-04 0.71%
Co-58m 1.32E-04 1.33E-04 0.52% Yb-169 6.19E-04 6.39E-04 3.02%
Co-60 2.05E-03 2.07E-03 0.86% W-178 1.43E-04 1.43E-04 0.06%
Co-60m 1.58E-04 1.66E-04 4.97% Ir-192 7.73E-O4 8.59E-04 9.94%
Cu-62 9.21E-04 5.76E-03 84.02% Au-195 4.86E-04 4.89E-04 0.71%
Cu-64 2.61E-04 3.15E-04 17.06% Au-195m 4.22E.4_ 4.49E-04 6.00%
Cu-67 1.42E-04 1.85E-04 22.96% Au-198 3.74E-04 5.90E-04 36.58%
Ga-66 1.98E-03 7.40E-03 73.26% Hg-195 5.47E-04 5.54E,04 1.29%
Cra-67 4.79E-04 4.83E-04 0.85% Hg-197 4.29E-04 4.35E-04 1.56%
Ga-68 8.93E-04 2.53E-03 64.71% Hg-197m 4.24E-04 4.77E-04 11.04%
Ga-72 2.14E-03 3.21E-03 33.i8% Hg-203 2.14E-04 2.38E-04 9.91%
Se-73 1.06E-03 1.56E-03 32.48% TI-201m 7.37E,434 7.71E-04 4.38%
Se-75 3.48E-04 3.50E-04 0.56% TI-201 4.81E-04 4.87E-04 1.10%
Kr-81m 1.19E-04 1.38E-04 13.96% Te-123m 1.61E-04 1.77E-04 9.22%
Rb-82m 2.56E-03 2.66E-03 3.90% Pt-195m 5.74E-04 6.03E-04 4.83%
Rb-82 9.93E-04 7.14E-03 86.08% Pb-203ml 6.09E-04 9.13E-04 33.27%
Sr-90 0.00E+00 7.41E-05 100.00% Pb-203m 1.73E-03 1.86E-03 6.95%
Y-87 4.49E-04 4.50E-04 0.31% Pb-203 3.02E-04 3.15E-04 4.07%



Table19.S,valuesforkidneypapillaryasasourceregionandkidneycortexasatarget

region.

Radionuclide MIRD .... I_'GS4 DIFFi%) Radionuclide MIRD EGS4 'DIFF(%)
C-11 2.82E-04 2.821/4)4 0.00% Y-90m 1.71E-04 1.71E-04 0.00%
c-14 o.oo_+ooo.oo_.+ooo.oo%Y-9O o.ooE+ooo.oo_.+oo0.oo%
N-la 2.82E-04 2.S2E-04 0.00% Tc-99m 3.47E-05 3.47E-05 0.00%
O-15 2.82E-04 2.82E-04 0.00% Re-97 6.97E-05 6.97E-05 0.00%
F-18 2.83E-04 2.83E-04 0.00% In-lll 1.20E-04 1.20E-04 0.00%
Na-22 5.53E-04 5.53E-04 0.00% In-113m 7.44E-05 7A4E-05 0.00%
Na-24 8.43E-04 8.43E-04 0.00% In-lllm 1.31E-04 1.31E-04 0.00%
JP-32 0.00E+00 G.00E+00 0.00% In-114m 3.34E-05 3.34E-05 0.00%
S-35 0.00E_0 0.OOE+00 0.00% 1-123 6.69E-05 6.69E-05 0.00%
K-42 6.71E-05 6.76E-05 0.73% 1-124 2.85E-04 2.85E-04 0.00%
K-43 2.55E-04 2.55E-04 0.00% 1-125 4.74E-05 4.74E-05 0.00%
Ca-45 0.00E+00 0.00E+00 0.00% 1-126 1.25E-04 1.25E-04 0.00%
Ca-49 5.74E-04 5.74E-04 0.00% 1-129 1.98E-06 1.98E-06 0.00%
Sc-47 2.87E-05 2.87E-05 0.00% 1-130 5.60E-04 5.60E-04 0.00%
Sc-49 0.00E+00 0.00E+00 0.00% 1-131 1.03E-04 1.03E-04 0.00%
Cr-51 3.63E-05 3.63E-05 0.00% Xe-120 1.42E-04 1.42E-04 0.00%
Mn-52m 6.07E-04 6.07E-04 0.00% Xe-121 4_29E.04 4.29E-04 0.00%
Fe-52 2.22E-04 2.22E-04 0.00% Xe-122 3.89E-05 3.89E-05 0.00%
Fe-52m 9.03E-04 9.09E-04 0.65% Xe-123 1.74E-04 1.74E-04 0.00%
Fe-55 4.12E-05 4.12E-05 0.00% Xe-125 9.64E-05 9.64E-05 0.00%
Fe-59 2.79E-04 2.79E-04 0.00% Xe-127 9.69E-05 9.69E-05 0.00%
Co-57 1.24E-04 1_.4E-04 0.00% Cs-129 1.05E-04 1.05E-04 0.00%
Co-58 2.90E-04 2.90E-04 0.00% Dy-157 8.471/-05 8.47E-05 0.00%
Co-58m 4.63E-05 4.63E-05 0.00% Yb-169 1.98E-04 1.98E-04 0.00%
Co-60 5.88E-04 5.88E-04 0.00% W-178 4.91E-05 4.91E-05 0.00%
Co-60m 5.53E-05 5.53E-05 0.00% Ir-192 2.32E-04 2.32E-04 0.00%
Cu-62 2.78E-04 2.78E-04 0.00% Au-195 1.66E-04 1.66E.O4 0.00%
Cu.454 8.32E-05 8.32I/-05 0.00% Au-195m 1.38E-O4 1.38E-04 0.00%
Cn-67 4.47E-05 4.471/-05 0.00% Au-198 1.12E-04 1.12E-04 0.00%

Ga-66 5.70E-04 5.721/-04 0.40% Hg-195 1.80E-04 1.80E-04 0.00%
Ga-67 1.61E-04 1.61E-04 0.00% Hg-197 1.46E-04 1.46E-04 0.00%
G-a-68 2.70E-04 2.70E-04 0.00% Hg-197m 1.45E-04 1.45E-04 0.00%
Ga-72 6.061/-04 6.06E-04 0.00% Hg-203 6.33E-05 6.33E-05 0.00%
Se-73 3.16E-04 3.16E-04 0.00% TI-201m 2.19E-04 2.19E-04 0.00%
Se-75 1.03E-04 1.03E-04 0.00% "I"1-201 1.64E-04 1.64E-04 0.00%
Kr-81m 3.37E-05 3.37E-05 0.00% Te-123m 5.521/-05 5.521/-05 0.00%
Rb-82m 7.36E-04 7.36E-04 0.00% Pt-195m 1.98E-04 1.98E-04 0.00%
Rb-82 2.98E-04 2.98E-04 0.07% Pb-203m 1 1.73E-04 1.73E-04 0.00%
Sr-90 0.00E+00 0.00E+00 0.00% Pb-203m 4.85E-04 4.85E-04 0.00%
Y-87 1.28E-04 1.28E-lM 0.00% Pb-203 8.96E-05 8.96E-05 0.00%
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Table 20. S-values of kidney papillary as a source region and kidney medulla as a target

region. :,,

m

Radionuclide MIRD EGS4 DIFF(_%) MIRD EGS4 '
C-11 9.94E-04 1,18E-03 15.55% Y-90m 6.30E-04 6.55E-04 3.82%
C-14 0.00E+00 2.55E.:06 100.00% Y-90 0.00E+00 1.37E-03 100.00%
N-13 9.94E-04 1.31E-03 24.15% Te-99m 1.32E-04 1.34E-04 1.26%
O-15 9.95E-04 1.80E-03 44.67% Ru-97 3.35E-04 3.37E-04 0.71%
F-18 9.96E.4)4 1.06E-03 6.13% In-lll 5.11E-04 5.16E-04 1.03%
Na.22 2.08E-03 2.13E-03 2.05% In-ll3m 2.85E-04 3.44E-04 17.21%
Na-24 3.32E-03 3.74E-03 11,21% In-lllm 4.70E-04 5.13E-04 8.43%
P-32 0.00E+00 7.08E-04 100.00% In-114m 1.42E-04 1.67E-04 15.35%
S-35 0.00E+00 2.47E-06 i00.00% 1-123 2.70E-04 2.72E-04 1.06%
K-42 2.51E-04 3.84E-03 93.47% I..124 1.07E-93 1.32E-03 19.04%
K-43 9.39E-04 1.07E-03 11.85% 1-125 2.13E-04 2,13E-04 0,12%
Ca-45 0.00E+00 6.22E-06 100.00% 1-126 4.75E-04 5.33E-04 10,79%
Ca-49 2.31E-03 3.51E-03 34.23% 1-129 9.42E-06 1.12E-05 15.63%
Sc-47 1.06E-04 1.34E-04 21.12% 1-130 2.09E-03 2.20E-03 4.85%
Sc-49 0.00E+00 1.02E-03 100.00% 1-131 3.80E-04 4.19E-04 9.11%
Ct-51 4.47E-05 4.47E-05 0.03% Xe-120 5.58E-04 5.64E4J4 1.14%
Mn-52m 2.23E-03 4.41E-03 49.46% Xe,-121 1.63E-03 2.73E-03 40.13%
Fe-52 7.37E-04 8.14E-04 9.47% Xe-122 1.55E-04 1.55E-04 0.25%
Fe-52m 3.47E-03 1.02E-02 66.18% Xe-123 6.59E-04 8.09E-04 18.53%
Fe-55 !.90E-05 1.91E-05 0.09% Xe-125 3.78E-04 3.82E-04 0.98%
Fe-59 1.13E-03 1.15E-03 1.43% Xe-127 3.7"/E-04 3.81E-04 1.09%

Co-57 1.68E-04 1.69E.04 0.32% Cs-129 3_89E-04 3.91E-04 0.41%
Co-58 9.82E-04 9.88E-04 0.64% Dy-157 3.09E-04 3.10E-04 0.36%
Ca-58m 2.14E-05 2.17E-05 1.70% Yb-169 4.26E-04 4.36E-04 2.39%
C0450 2.34E-03 2.35E-03 0.41% W-178 4.24E-05 4.25E-05 0.11%
Co-60m 2,97E-05 3.43E-05 13.24% Ir-192 8AOE-04 8.56E-04 5.41%
Cu-62 9.76E-04 3.80E-03 74.29% Au-195 1.72E-04 1.74E-04 1.07%
Cu-64 1.99E-04 2.28E-04 12.83% Au-195m 2.41E-04 2.56E-04 5.69%
Cu-67 1.22E-04 1.45E-04 15.85% Au-198 3.9"/E-04 5.16E-04 23.14%

Ga-66 2.08E-03 5.20E-03 59.97% Hg-195 2.69E-04 2.73E-04 1.43%
Ga-67 2.06E-04 2.08E-04 1.06% Hg- 197 1.44E-04 1.48E-04 2.47%
Ga-68 9.26E-04 1.87E-03 50.48%Hg-197m 1.52E-04 1.81E-04 15.72%
Ga-72 2.39E-03 3.00E-03 20.47% Hg-203 2.40E-04 2.53E-04 5.03%
Se-73 1.14E-03 1.43E-0320.29% TI-201m 8.01E-04 8.21E-04 2.33%
Se-75 4.06E-04 4.07E-04 0.26% TI-201 1.76E-04 1.79E-04 1.61%
Kr-81m 1.40E-04 1.51E-04 6.89% Te-123m 2.06E-04 2.15E-04 4.09%
Rb-82m 2.85E-03 2.91E-03 2.03% Pt-195m 1.72E-04 1.88E-04 8.37%
Rb-82 1.06E-03 4.65E-03 77.15%Pb-203ml 6.59E-04 8.34E-04 20.98%
Sr-90 O.OOE+O0 4.00E-05 100.00% Pb-203m 1.95E-03 2.02E-03 3.59%
Y-87 5.01E-04 5.02E-04 0.16% Pb-203 3.43E-04 3.50E-04 1.98%



Table 21. S-values of kidney papillary as a source region and kidney papillary as a target

region.

i

Radionuclide MIRD EGS4 DIFF(%) R_limuclide MIRD EGS4 , Diii%)l

C-I I 2.94E-02 2.82E4)2 4.20% Y-90m 4.64E-03 4.47E-03 3.66%
C-14 3.50E-03 3.48E-03 0.48% Y-90 6.60E-02 5.69E-02 13.90%
N-13 3.69E-ft2 3.47E.4Y2 5.85% Te-99m 1.35E-03 1.34E-03 0.82%
O-15 5.41E-02 4.87E-02 10.01% Ru-97 2.49E-03 2.47E-03 0.63%
F-18 1.99E-02 1.94E-02 2.14% In-III 3,54E-03 3.51E-03 0.98%
Na-22 1.83E-02 1_80E-02 i.55% In-113m 1.0lE-02 9.69E-03 3.96%
Na-24 4.65E-02 4.37E-02 6.13% In-lllm 5.59E-03 5.30E-03 5.28%
P-32 4.91E-02 4.43E-02 9.74% In.ll4m 1.05E-02 1.03E-02 1.60%
S-35 3.44E-03 3.42E-03 0,47% 1-123 2.51E-03 2.49E-03 0.75%
K-42 1.0lE-01 7.36E-02 27.28% 1-124 1.63E-02 1.46E-02 10.36%
K--43 2.42E-02 2.34E-02 3.48% 1-125 1.75E-03 1.75E-03 0.10%
Ca-45 5.45E-03 5.41E-03 0.74% 1-126 1.13E-02 1.09E-02 3.42%
Ca-49 6.64E-02 5.83E-02 12.15% 1-129 2.91E-03 2.90E-03 0.39%
Se-47 1.17E4)2 1.15E.02 1.58% 1-130 2.48E-02 2.40E-02 2.88%
Sc-49 5.78E-02 5.09E-02 11.87% 1-131 1.43E-02 1.40E-02 1.74%
Cr-51 4.02E-04 4.02E-04 0.02% Xe,-120 4.29E-03 4.25E-03 1.01%
Mn-52m 8.51E-02 7.0SE-02 17.17% Xe-121 4.28E-02 3.55E-02 17.16%
Fe-52 1.53E-02 1.48E-02 3.37% Xe,122 9.01E-04 8.99E-04 0.28%
Fe-52m 1.49E-01 6,08E-02 59.20% Xe,123 1.46E-02 1.36E-02 6.94%
Fe-55 4.00E-04 4.0(0-04 0.03% Xe,-125 3.14E-03 3.12E-03 0.78%
Fe-59 1.08E-02 1.06E-02 1.00% Xe-127 2.98E-03 2.96E-03 0.91%
Co-57 1.39E-03 1.38E-03 0.25% Cs-129 1.89E-03 1.88E-03 0.57%

Co-58 4.58E-03 4.54E-03 0.90% Dy-157 1.04E-03 1.03E-03 0.70%
Co-58m 1.62E-03 1.61E-03 0.15% Yb-169 8.87E-03 8.80E-03 0.77%
Co-60 1.19E-02 1.19E-02 0.52% W-178 4.48E-04 4.47E-04 0.07%
Co-60m 4.79E-03 4.76E-03 0.63% Ir-192 1.68E-02 1.65E-02 1.80%
Cu-62 9.26E-02 7.37E-02 20.41% Au-195 3.57E-03 3.55E-03 0.34%
Cu-64 9.15E-03 8.95E-03 2.10% Au-195m 8.44E-03 8.35E-03 1.13%
Cu-67 1.12E-02 1.10E-02 1.34% Au-198 2.40E-(Y2 2.32E-02 3.33%

Ga-66 7.43E-02 3.67E-02 50.53% Hg-195 4.50E-03 4.48E-03 0.57%
Ga-67 2.80E-03 2.78E-03 0.51% Hg-197 4.67E-03 4.65E-03 0.51%
Ga-68 5.44E-02 4.80E-02 11.67% Hg-197m 1.52E-02 1.50E-O2 1.22%
Ga-72 4.08E-02 3.66E-02 10.10% Hg-203 7.49E-03 7.41E-03 '1.11%
Se-73 3.02E-02 2.82E-02 6.53% TI-201m 4.43E-03 4.30E-03 2.93%
Se,-75 2.11E-03 2.10E-03 0.33% 11-201 3.32E-03 3.30E-03 0.57%
Kr-81m 4.43E-03 4.36E-03 1.53% "le-123m 7.59E-03 7.54E-03 0.76%
Rb-82m 1.31E-02 1.27E-02 3.03% Pt-195m 1.26E-02 1.25E-02 0.81%
Rb-82 1.02E-01 7.65E-02 25.10% Pb-203ml 1.25E-02 1.13E-02 9.44%
Sr-90 1.38E-02 1.36E-02 1.89% Pb-203m 1.91E-02 1.86E-02 2.53%
Y-87 1.82E-03 1.82E-03 0.29% Pb-203 3.49E-03 3.45E-03 1.30%
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INTRODUCTION

The importance of evaluating absorbed fractions of energy for small volumes is based

on the need for better dosimetry associated with regions of the body that can be considered

of special interest in nuclear medicine. These regions may be localized tumors or isolated

regions which contain a known amount of radioactive material. Absorbed dose calculations

for small volumes require the use of electron transport codes which are capable of

evaluating their energy deposition patterns. Small volumes are considered in this paper to

be regions which have a mean chord length from a fraction to several times the range of the

maximum energy electron emitted by the radionuclide.

In this study, Spheres of different radii were used in which a radionuclide was

uniformly distributed' These spheres can be representative of many small regions and/or

can be combined to provide an estimate of the absorbed dose to a specific region of the

human body. The purpose of this paper is to report calculations of absorbed fractions of

energy for spheres of different radii for selected radionuclides by using two methodologies.

The first methodology considers the average energy of the beta spectrum to be

representative of the radionuclide. The second method considers the entire beta spectrum.

Given a specific radionuclide, results obtained from both methodolog_ies are compared to

assess their differences for any sphere size with a specific surface-to-volume ratio.

METHODOLOGY

Figure 1 shows a schematic representation of a tissue sphere of radius 2R0 subdivided

into 100 concentric subregions or shells with thickness AR(AR = 2R0/100). The source

region was defined analytically by a sphere of radius RO. Monoenergetic electrons were

generated uniformly and isotropicaUy throughout the source region. Absorbed fractions for

electron energies were calculated for every shell of the sphere. Six different spheressizes

were used and a complete set of electron absorbed fractions was generated for each sphere

size. The radii (RO) of the source regions of the tissue spheres were 2.0, 1.0, 0.5, 0.25,

0.125 and 0.1 cm. The kinetic energies of the monoenergetic electrons were 0.05, 0.25,

0.5, 1.0, 1.5, 2.0, and 4.0 MeV. The absorbed fractions for zero kinetic energy represent

the mathematical limit of the absorbed fractions; consequently, for shells inside the source

region, the limiting absorbed fraction is given by the volume fraction of the source region.

For regions outside the source region, the limiting absorbed fraction is zero.

To calculate the absorbed fractions of energy, the Monte Carlo code Electron-Gamma

Shower (EGS4) was used in this research (1). The code is capable of simulating the
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transport of electrons and photons in any clement, compound Or mixture. In this research,

the material inwhich electrons and photons were transported was tissue. The elemental

composition of tissue was based on the data given by MIRD Pamphlet No. 5 Revised (2).

The lower cutoff energies for electrons and photons were 10 keV and 1 keV, respectively.

Photons or electrons with energies below these cutoffs were not transported and the

remaining energy was assumed to be deposited locally.

The results obtained using the EGS4 code for monoenergctic electrons were used to
,

calculate absorbed fractions of energy for actual spectra of various radionuclides.

Information on radionuclides was obtained _from the National Nuclear Data Center

(Brookhaven National Laboratory) using the computer code RADLST (3). The spectra are

given in the form of a histograms based on "group intensifies". Each group intensity is

given by the average energy of the "bin" corresponding to the width of each element of the

histogram.

The energy deposited in each annular region of the sphere, El, is calculated directly

using the following equation:

T"
(_i-- T _ _(i,T)dT,

(1)

where dI(T)/dT is the differential energy probability distribution of the spectrum, T is the

electron kinetic energy, and (l)(i,T)is the, absorbed fraction of energy in the ith shell of the

sphere. The above equation can beapproximated by summing over energy groups:

n

Ei ' _T/Ij¢ i ,

J (2)

where Oiis the absorbed fraction for shell index i, and Ij is the group intensity at the mean

energy Tj. The sum of the energy group decay intensities Ij is normalized to unity.

The average electron energy, T, for a B-decaying radionuclide is given by:
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T= T ,

(3)

where equation (3) can be approximated by

T *. _IjTj .
J (4)

The absorbed fraction, _i, calculated by using the average electron energy, T, is

obtained by interpolating between the values of absorbed fractions for monoenergetic

electrons; consexluenfly, the absorbed fraction of the average electron energy is

and the value of _i(T'-)must be calculated for every shell of the sphere to obtain an absorbed

fraction profile. The energy deposited in the i_ shell under the above assumptions can be
J

approximated by: ' ,,

l_i - T *i (T---). , (6)

However, the energy deposited from the actual beta-decay spectra in the ith shell is

given in equation(1). From equation (I), a weighted absorbed fraction for a given

radionuclide can be obtained by using the average energy to calculate the actual energy

deposited in the ith shell. The weighted absorbed fraction, _i, is then obtained by

weighting the individual absorbed fractions of average group energies _i(Tj); i.e,

ljTj i(Tj)
J

(_i --

EIjTj

J (7)

or

ijTj i(Tj)
t

j
_i =

T (8)
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By comparing 01 and 0i(T), it is possible to assess the differences between the two

methods for absorbeddose calculations.

RESULTS

Using the absorbedfractionsfor monoenergeticelectronsand the spectra for selected

radionuclides, absorbed fractions were calculated for specific radionuclides by using
0

equation (5) and (8) for the two methodologies, respectively. As an example, figures 2 and

3 show the absorbedfraction profiles for 72Gafor sourceregions with radii ROof 2.0 cm

and 0.1 cre, respectively. The spectral profile is based on equation (8) and the average
energyprofile is based on equation (5).

Figure 2 shows that the use of the average energy of the spectrum provides an

overestimateof the actualabsorbedfraction in the sourceregion when comparedwith that

obtainedusing the entirebeta spectrum.Conversely,the use of the averageenergyprovides

anunderestimateof the total absorbedfraction outsidethe sourceregion. However,Figure

3showsthatastheradiusofthesourceregiondecreases,therelationbetweentheabsorbed

fractionsbasedupontheaverageandspectralbetaenergiesreverse.

Thetotalabsorbedfractioninsourceregion,OS,wasevaluatedbyaddingtheindividual

absorbedfractionsofshellsinsidesourceregion(i=1,2,...50):

50

i=1 (9)

In the same manner, the total absorbed fraction in the target region, _rr,was calculated for

shells outside the source region (i=51,52... 100):

100

=
i=51 (10)

Table 1 presents a comparisonof the total absorbed fractions for selectedradionuclides

in source regions of radii of 0.1 0.5, 1.0, and 2.0 cm, respectively. Here, the absorbed

fraction of energy obtained by using the average energy of the spectrum (equation .5)is

compared with the absorbed fraction obtained by considering the entire beta spectrum

(equation 8). Table 1 indicates clearly the importance of considering the beta spectrum as
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opposedtousingtheaveragebetaenergyindosirnctriccalculationsduetothedifferencesin

calculatedabsorbedfractions.Theuseofaverageenergiesgenerallyleadstoovcr-estirnatcs

oftheabsorbedfractionforthesourceregions;however,incaseswherethesourceregion

becomessmaller,thisrelationshipseemstoreverse(forexample1-124andNa-24inTable

I).Therefore,theabsorbedfractionis'dependentonthespectralshapeofthebetaemitter.

Figures4 through7 show thetotalabsorbedfractioninthesourceregion,basedon

bothmethods,asa functionoftheradionuclide'saveragebetaenergyfor.spheresof

differentsizes.Inthesefigures,theabsorbedfractionvaluesforaparticularradionuclide

arcconnectedby a verticalline.Thislineisintendedonlytoidentifythepairsofdata

pointsandnottoindicatetheerrorsassociatedwiththeMonte Carlocalculations.From

thesefigures,itispossibletoapproximatelyassess,undereithermethodology,the

absorbedfractionsofanyradionuclidegivenitsaveragebetaenergy.

Figure8 showsanotherresultofthisstudyinwhicharelationbetweenthesurface-to-

volumeratioandtotalabsorbedfractionofenergyinthesourceregionisgivenforseveral

radionuclides.Usingthesep10ts,orthedatagiveninTableI,aninterpolationprocedure

canbeappliedtocalculatetheactualabsorbedfractionsforany sourceregionforvarious

radionuclidesbyknowingtheappropriatesurface-to-volumeratio.Therelationassociated

withthesurface-to-volumeratioisindependentofgeometricalconsiderationswiththe

conditionthattheregionmust bc convex;therefore,suchplotscan be usedforany

gcomeu'icalconfiguration.Inotherwords,iftwo convexregionscomposed oftissue

materialhavethesame surface-to-volumeratio,thentheseregionsmusthavethesame

absorbedfractionfora givenradionuclide.

SUMMARY OF RESULTS

Forvolumeswithradiion theorderofseveraltimesthemaximum electronrange,the

useofaverageelectronenergyofthebetaspectrumgivesisa goodapproximationtothe

absorbedfractionwhen comparedtoresultsobtainedusingtheemissionspectrumofthe

radionuclide.When thevolumeofthesourceregionbecomesontheorderoftherangeof

themostenergeticbetaparticle,theaverageenergyelectronabsorbedfractionprovidesa

conservativeover-estimationoftheactualabsoxbedfractionofenergy.However,when the

volumeofthesourceregionisa fractionoftherangeofthemostenergeticbetaparticle,the

useofaverageelectronenergycanover-estimateorunder-estimatetheactualabsorbed

fractiondependingonthesoftnessorhardnessoftheemissionspectrumoftheradionuclidc

(forexample150,PANa,32pgiveninTableI).The factorsassociatedwiththedifference
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between both methods are the spectral shape and maximum electron energy of the
radionuclide.

As stated above, Figure 8 shows absorbed fractions in the source region for various

radionuclides as a function of surface-to-volume ratio. This plot can be used to obtain

estimates of absorbed fractions in the source region for any convex geometrical
arrangement with a specific surface-to-volume ratio containirlg a specific radionuclide. The

only restriction associated with this plot is that the region must be convex and the

radioactive material must be uniformly distributed in the source region.
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TABLE 1

Total Absorbed Fraction in the Source Region for Different Sphere Sizes Using Either the

Emission Spectrum and Average Energy for Selected Radionuclides

i iiiiiii i

Sphere Size
0.1 cm 0.25 cm 0.5 cm 1.0 cm 2.0 cm

Radionuclide a b a b a b a b , a b

Xe-133 0.68 0.85 0.85 0.93 0.92 0.97 0.96 0.98 0.98 0.99
Mo-99 0.14 0.13 0.32 0.47 0.55 0.71 0.74 0.85 0.87 0.92
In-11 1 0.53 0.81 0.76 0.,92 0.87 0.96 0.94 0.98 0.97 0.99
In-114 0.05 0.00 0.15 0.10 0.31 0.37 0:54 0.64 0.74 0.81
C-11 0,15 0.14 0.37 0.50 0.62 0.72 0.80 0.86 0.89 0.93
Xe-120 0.15 0.13 0.39 0.47 0.63 0.7'1 0.80 0.85 0.90 0.92
Xe-121 0.03 0.03 0.09 0.08 0.19 0.17 0.38 0.42 0.62 0.68
Xe-123 0.06 0.02 0.18 0.15 0.39 0.45 0.63 0.70 0.80 0.84
I- 1 24 0.04 0.01 0.13 0.09 0.29 0.31 0.49 0.58 0.71 0.78
Xe-125 0.61 0.98 0.80 0.99 0.80 1.00 0.95 1.00 0.97 1.00
I- 1 26 0.20 0.22 0.42 0.60 0.64 0.79 0.80 0.89 0.90 0.94
I- 1 29 0.91 0.95 0.96 0.98 0.98 0.99 0.99 1.00 1.00 1.00
I 1 30 0.22 0.25 0.45 0.63 0.66 0.81 0.82 0.90 0.90 0.95
I-131 0.37 0.58 0.64 0.81 0.80 0.90 0.90 0.95 0.95 0.98
N-13 0.10 0.10 0.27 0.31 0.51 0.59 0.72 0.79 0.85 0.89
C-14 0.90 0.94 0.96 0.98 0.98 0.99 0.99 0.99 1.00 1.00
F-18 0.29 0.33 0.58 0.69 0.76 0.84 0.88 0.92 0.94 0.96
O-15 0.05 0.01 0.16 0.12 0.34 0.41 0.58 0.67 0.77 0.83
Na-24 0.08 0.05 0.21 0.21 0.42 0.51 0.64 0.74 0.80 0.86
P-32 0.06 0.01 0.17 0.13 0.35 0.43 0.59 0.68 0.78 0.83
S-35 0.89 0.94 0.96 0.98 0.98 0.99 0.99 0.99 0.99 1.00
CI-38 0.03 0.03 0.07 0.07 0.14 0.13 0.24 030 0.43 0.58
K-42 0.03 0.03 0.08 0.07 0.16 r 0.15 0.30 0.35 0.53 0.62
K-43 0.20 0.21 0.43 0.58 0.65 0.78 0.81 0.89 0.90 0.94
Ca-45 0.78 0.89 0.90 0.95 0.95 0.98 0.97 0.99 0.99 0.99
Sc-47 0.43 0.64 0.69 0.84 0.84 0.92 0.92 0.96 0.96 0.98
Ca-49 0.05 0.01 0.13 0.09 0.28 0.31 0.49 0.59 0.71 0.78
Sc-49 0.05 0.01 0.13 0.09 0;27 0.30 0.48 0.58 0.70 0.78
Fe-59 0.54 0.78 0,77 0.91 0.88 0.95 0.94 0.98 0.97 0 99
Co-61 0.11 0.10 0.27 0.36 0.51 0.63 0.72 0.81 0.85 0 90
Ga-66 0.03 0.03 0.06 0.06 0.11 0.11 0.21 0.24 0.43 0 51
Ga-72 0.12 0.10 0.25 0.30 0.41 0.59 0.58 0.78 0.75 0 89
Se-73 0.08 0.06 0.23 0.23 0.46 0.53 0.69 0.75 0.83 0 87
Sr-90 0.38 0.56 0.66 0.80 0.82 0.90 0.91 0.95 0.95 0 97
Y-90 0.04 0.03 0.12 0.10 0.24 0.26 0.43 0.53 0.67 0.75
Tc-99m 0.55 0.76 0.79 0.89 0.90 0.95 0.95 0.97 0.97 0.99

a: specu'almethod
b: average ¢n_gy method
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FIGURE 1. Schematicrepresentationof thesphericalgeometryusedforcomparisonof
absorbedfractioncalculationmethodologies.
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FIGURE 2. Absorbed fraction profile for Ga-72 for a source region with radius
of 2.0 cm.
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FIGURE3. AbsorbedfractionprofileforGa-72for,asourceregionwithradius
of 0.1 cm.
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FIGURE4. Absorbedfraction in sourceregion of a sphereof 2.0 cm radius for different
radionuclides.
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FIGURE 5. Absorbed fraction in source region of a sphere of 1.0 cm radius for different
radionuclides.
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FIGURE6. Absorbed fraction in source region of a sphere of 0.5 cm radius for different
radionuclides.
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FIGURE7. Absorbed fraction in source region of a sphere of 0.1cm radius for different
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FIGURE 8. Absorbed fraction in source region as a function of surface to volume ratio for
different radionuclides.
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Absorbed Dose Calculations to Blood and Blood Vessels for

Internally Deposited Radionuclides

i

J
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A number ofradionuclidesarcusedforpurposesof medicalimaging,radiation

therapy,and in vivodeterminationof kineticfactorsformodeling.Use of these

radionuclidesoftendeliverslargedosestocertainregionsandorgansofthebody.When

thematerialisinjectedintravenously,thereisthepossibilityofdeliveringlargodosesto

bloodvessels.Therehavebccnseveralsimplifiedatmmptstocstirnatcthedosetotheblood

and thevesselwall.For example,Cloudcrand Watson (])investigatedtheabsorbed

fractionfornon-penetratingradiationduotoafewselectedradionuclidesintheblood.Hui

andPoston(2)attemptedtomodelthemajorfeaturesofthecirculatorysysteminanadult

human butfocussedprimarilyonphotonabsorbedfractions.Explicitcalculationsofd0scs

tothesurfacemca ofthevesselandtothebloodcontainingthecmi'ttcrarcnotavailablein

theliterature.The purposeofthispaperistoreportcalculationsofabsorbeddosestothe

bloodandtothesurfaceofthebloodvesselwallsofthecirculatorysystemforselected

radionuclides.

Thevascularsystemisimportantfortheintegrityandfunctionofalltissues.Moreover,

damagetothebloodvesselsmay initiate,promoteorprecipitatevarioustypesofdamagein

many organs.The mainfunctionsofthevascularsystemarctosupplynutrients,oxygen,

andtoremovemetabolicproducts'Damage inducedby irradiationofthevascularsystem

may bcexpressedfromseveralmonthstoyearsafterexposure.Latechangesinblood

vesselsobscrvcdafterirradiationincludeareductioninnumberofendothelialcells,wall

thickeningandfocalocclusionwithsubsequentdecrease,inbloodflow.Thesechangesmay

bcimportantinthedevelopmentofdamagetoothertissues.

Estimatedabsorbeddosestotheorgansofthebodyfromradionuclidesdistributedin

theblood dependson theassumptionsusedinthecalculations.For non-penetrating

radiationsintheblood,theabsorbedfractionofcn_gy hasnotbccnexaminedindctail.

When consideringradionuclidescarriedinthebloodstream,theabsorbedfractiondepends

onthegeometryofthecirculatorysystem.Inlargebloodvessels,thesclf-absorbe.dfraction

fornon-penetratingradiationapproachesunity,andlittleoftheenergyreachestheorgan

throughwhichthebloodflows.The amountofenergyreachingtheorgandependsonthe

distributionofthebloodandthesizeofthebloodvessels;otherfactorsalsomustbctaken

intoaccount.First,theradiusofthevesselmustbcconsidered;second,theconcentration

oftheradionuclideintheblood;third,thetypesofradiationandtheirspectralshapes;and

fourth,theexposuretimewhichisdeterminedbytherateofinjection,bloodflow,retention

time, cfc.

65

-



The circulatorysystem comprises ali structuresconcerned with the transportation of

body fluids from one region of the body to another. The structurescomprising the biood-

vascular system arc the heart,which by contractionforcesblood throughthe blood vessels;
arteries, which conduct blood from the heart to tissues with their smaller branches called

arterioles;veins, which conduct blood from tissues toward the heart with their smaller

branchescalled venuleS;and capillaries,extremelysmall vessels which connect arteries and
veins.

)

Figure 1 shows the average percentage distribution of blood in a resting man (3), and

Table 1presents representative dimensions of blood vessels in the circulatory system (4).

As Figure 1 shows, only about 5 % of the total amount of blood in the body is in the

capillaries; however, this blood is exposed to a large surface area which facilitates the

transferof oxygen, carbon dioxide, nutrientsand electrolytes throughtheir walls.

METHODOLOGY

With the advent of Monte Carlo codes capable of simulating electron transport, it is

possible to assess the energy deposition patterns of electrons. The code Electron Gamma

Shower (EGS4) was used in this research because it is versatile and allows the

manipulation of three-dimensional geometries (5). The EGS4 code is a general purpose

package for the simulation of electrons (+ or -) and photons in any element, compound or

mixture. Data and cross sections are created by the preprocessor PEGS4 using cross

sections for elements 1 through 100.

The code has shown to be acceptable tbr the energy range of 1 keV to 1 GeV for

photons and 10 kev to 1 GeV for electrons. The code can be used to simulate closely ali

electron interactions in matter such as Bremsstrahlung, backscatter, and knock-on

electrons, which are transported if their energies am above a certain threshold. Electron

transport was simulated by assuming that electrons are moved through the material in

discrete steps. The electron step sizewas restrictednot to exceed a maximumfraction of

energy loss previously established. This fraction has the variable name ESTEPE in the

EGS4 system code and was set equal to 1%.The lower cutoff energies were set to 10 keV

and 1 keV for electrons and photons, respectively. Blood and blood vessel walls were

considered to be tissue equivalent; thus, ali transport calculations were made for tissue

equivalent material (4).

In general it is possible to assume that a blood vessel (arteries and veins) can be

represented by a long annular cylinder, although actually the vessel' nearly resembles an
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elongated circular cone. In these calculations it was assumed that the inner radius of the

cylinder was RO and the outer radius was 2R0. The cylinder was subdivided arbitrarily into

I00annularregionswith_thicknessAR (i.e.,2R0/100).A crosssectionofthecylinderis

shown inFigure2.The innerregionofthecylinder,thelumen,ofradiusRO willcontain

thebloodstreamwithauniformdistributionofradioactivematerial.The regionbetween

RO and2R0 representsthewallofthebloodvessel.Radiationscrossingtheboundaryat

2R0 werefollowedbecauseinteractions,suchasbackscatter,would allowthereturnof

energytotheregionsofinterest.However, energydepositedintheregiongreaterthan

2R0 was calculatedbutwas notusedinthesedoseestimates.Absorbedfractionsof

energywerecalculatedforselectedmonocnergeticphotonsandelectronsgeneratedinthe

sourceregion(bloodstream)foreachsubregionofthecylinderasshown inFigure3.The

radiiof thedifferentbloodvesselswere 0.02,0.1,0.5and 1.0cre.Calculationsfor

I00,000historiesweremade from whichthemean absorbedfractionofenergytoeach

annularregionwas determinedforbothelectronsandphotons.Sincethedistancebetween

thelargebloodvesselsisrelativelylargecomparedtotherangeofbetaparticles,itis

possibletoassumethatlittleoftheenergy,lostfromthesevessels,isabsorbedbyother

vessels.

The dosedeliveredtoithregionofthecylinderwithmassmiisgivenby:

ei
D i= m---_1 (I)

whereeiistheenergydepositedhiithshell.

The energy deposited, ei, in the ith shell can be calculated using the following equation:

ei= 1.602x 10"13_R_XQ Z_bi,jYjEj [J],
(2)

where _R02 is the cross sectional areaof the lumen or inner cylinder in which the blood

stream flows, AX is the length of the cylinder in which energy is deposited, Q is the

number of transformations per cm 3 in the source region (blood), ¢_ij is the absorbed

fraction for type of radiation j and the ith shell of the cylinder, Yj is the yield per

transformation for radiation type j and Ej (MEV) is the energy for radiation type j. The mass

of region i with length AX is:

m i = p_(R_- R 2.I)AX [g]. (3)

where p is the density of the material.
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The nuclear and atomic radiations associated with the radioactive decay of a

radionuclide were calculated by using the computer code RADLST (6), this code also gives

a_,an option the 1_:spectrum of each radionuclide which is broken into several energy bins.

Thus, the beta spectrum for a particular radionuclide was represented by a histogram rather

than as a continuum and was used in equation (2). The total number of transformations in

the inner radius RO is _R02AXQ.

Consequently, the dose Di delivered to the ith shell of the cylinder is given by:

1.602x 10" 13xR_AXQ_i,jYjEj
D i = J [Gy]

eq. (4) consequently can be_expressed as:

Di J

-ff- p(Ri2. Ri2.0 tBq J" (5)

Equation (5) gives the dose per unit transformation per em 3 which is representative of the

radionuclide used. Therefore, the dose profile can be calculated by using equation (5) for

every ith shell of the cylinder.

RESULTS

Table 2 gives average absorbed doses to the blood per transformation per cm 3 for

several radionuclides commonly u_ed in medical imaging and radiation therapy for different

blood vessel radii. As an example, the abso_ dose profile for 90y, 90Sr' 11C and 133Xe

are shown in Figure 4 for a blood vessel radius of 0.02 cre. Figure 5 shows a plot of the

data given in Table 2 for several radionuclides on which an interpolation method can be

used to assess the average dose (Gy cm3/Bq see) to the blood for different blood vessel

radii. The abso_ dose to capillaries was obtained by extrapolation from 0.02 cm radius,

using the assumption that as the radius of the blood vessel tends to zero the absorbed dose

to the blood will approach zero.

Table 3 gives the absorbed dose (Gy cm3/Bq see) to the surface of the blood vessel

wall (i.e., the surface of the inner cylinder with radius RO), Figure 6 shows a plot of the

data given in Table 3, and again an interpolation method can be used to assess the surface

dose to the blood vessel wall for other radii. The surface dose is assumed to be the average

of the absorbed doses obtained for the last region in the source (blood) and the fh-st region
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in the blood vessel w_. The usefulness of the data obtained for the different radionuclides

varies according to the application. Individual organ doses can be assessed by definin_

their vascular system and the amount of blood in different blood vessel sizes.

As an example, let 3.7x107 Bq (1,0 mCi ) of 90y be uniformly distributed in the blood

of the circulatory system. Assuming no biological elimination of th_ material from the body

(non-dynamic problem), the total number of transformations is 1.23x1013. The average

amount of blood in a Reference Man can be given as 5200 ml (4); assuming that the

number of transformations per unit volume remains constant throughout the circulatory

system, this will give a total number of transformation per cubic centimeter of 2.37x109 .

By using an interpolation method, it is possible to calculate the dose to the blood and to the

surface of the blood vessel wall for the different blood vessels of the circulatory system

given in Table 1. Table 4 gives the doses to the blood in different regions of the circulatory

system and Table 5 gives the doses delivered to the surface of the blood vessel walls. As

can be seen in Table 4, the blood in the aorta will receive an average absorbed dose of 31.6

rad and the wall of the aorta will receive a maximum absorbed dose of 16.7 rad. The

average absorbed dose to the blood will be the absorbed doses in every vessel weighted by

the amount of blood contained in each. For this specific ease, the average absorbed dose to
the blood is 27.2 rad.

It is important to notice that the total number of transformation which occurred in the

blood are dependent on the half life of the radionuclide and other physiological and

metabolic parameters. So far, it has been assumed that the total number of transformations

per cm3, Q (Bq sec/cm3), is a constant which is not dependent of the point of intake. The

parameter Q in real life is dependent on time and is analogous to the retention fimctioti t_sed

in internal dosimetry calculations. It must be emphasized that a dynamic model of the

circulatory system is necessary for future work in nuclear medicine.

CONCLUSIONS

The methodology described above can be applied to any radionuclide of interest in

nuclear medicine and will provide estimates of the absorbed doses to the blood and blood

vessels of the circulatory system for different medical procedures such as tumor therapy

using radiolabeled antibodies. The results shown in figures 4 and 5 can be used in dynamic

processes of blo<xicirculation by determining the total number of transformations per unit

volume in different regions of the circulatory system.
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FIGURE1. Distributionof bloodvolumein restingman.
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FIGURE 2. Cross section of a cylinder used to simulatea blood vessel. The inner

cylinderwith radius ROrepresentsthe source regionwhich is the blood. The cylinderis

divided into 100 inner cylinders to calculate absorbed fraction profilesthroughout

the sourceregionandthe wall.
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FIGURE3. Modelof a bloodvesselusedto obtainabsorbedfractionprofiles.Thesource

regioncontainsa uniformdistributionof radioactivematerial.
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0.02 cm radius.
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TABLE 1

RepresentativeValues of BloodVesselsfor tile CirculatorySystem(4)
I III

Adult Arterial Syste mi I

Sex Thicknessof Diameterof
,,

. wall (mm) lumen (cm)
Aorta:
Ascending male 1.63 2.50

female 1.48 2.50
Descending male 1.2 0 2.50

female 1.11 2.50
Abdominals male 1.1 4 0.90 - 1.80

female 1.08 0.90-1.80
Arteries:
Commonlilac male 0.93 0.90-1.80

female 0.89 0.90-1.8 0
Commoncarotid male 0.91 0.67

female 0.81 0.67
Small arteries both 0.80 0.40

and lower

Arterioles: both 201lm 16-30 lim
Capillaries: both 1lira 8-10 lim

Adult Venous System
' Sex Thicknessof Diameterof

wall (mm) lumen (cre)
i il i _!iml I _1 IIIIIII -

-Venae cavae:

Superior male 1.50 3.00
female 1.50 3.00

Inferior male 1,50 3.00
female 1.50 3.00

Veins male 0.50 0.50
female 0.50 0.50

Venules both 2 lim 20 lim,i

Adult Pulmonary System
ii ,,_

Sex Thicknessof Diameterof
wall (mm)_ lumen (cm)

Arteries maie 1.27 ......... ;__40
female 0.96 2.40

i i,,ii i iiiii

,./,7
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TABLE 2

AverageAbsorbedDoseto Bloodfor DifferentSizesof BloodVessels

_ i.i ,,.,i i i i | i i l... ,, -- i

AverageAbsorbedDoseto Blood

, (Gycm3/eclssc}
Radiusof BloodVessel

Radionuclide .... (cre) . ,_ __

o.o2 ,,'0.10 o.s0 ..... 1.oo
N-13 1.05E-11 4.26E-11 7.23E-11 7.82E-11

C-11 '_ 1.36E-11 3_.98E-11 5o88E-11 6.28E-11

C-14 7.29E-12 7.82E-12 7,94E-12 7.96E-12

F-18 1.75E-11 3.28E-11 4.29E-'g I 4.73E-11

O-15 7.84E-12 4.41E-11 9.89E-11 1.11E-10

Na-24 9.40E-12 4.29E-11 8.70E 11 1.04E-10

P-32 8.16E-12 4.29E-11 9.26E-11 1.02E-10
Fe-55 7.49E-13 8.56E-13 8.95E-13 9.00E-13

Kr-81m 6.71E-12 8.62E-12 9.64E-12 1.01E-11

Sr-90 1.62E-11 2.60E.11 3.03E-11 3.08E-11

Y-90 8.45E-12 4.22E-11 1.16E,10 1:35E-10

Tc-99m 2.07E-12 2.39E-12 2.74E-12 3.08E-12

Mo-99 1..21E-11 3.68E-11 5.81E-11 6.17E-11

1-123 3.69E-12 4.29E-12 , 5.04E-12 5.86E-12

1-124 2.49E-12 1.17E.11 2.96E-11 3.69E-11 r

1"125 2.67E'12 2.83E'12 3.39E'12 4.12E'12

1-126 _ 6.10E'13 '1.20E'12 2.46E'12 3.65E'12

I" 1 30 1.42E'11 3.30E'11 5.07E'11 5.96E'11

I" 131 1 .61E'I 1 2.64E'11 3.22E'11 3.40E'11

In-111 4.10E-12 5.31E-12 6.98E-12 8.61E-12

In-114 8.07E-12 4.18E-11 9.88E-11 1.11E-10
i

Xe-127 4.00E-12 4.91E-12 6.11E-12 7.33E-12

Xe-131 1.83E-11 2.17E-11 2.28E-11 2.32E-11

Xe..133 1.77E-11 2.08E-11 2.19E-11 2.22E-11

Xe-133m 2.02E-11 2.76E-11 3.05E-11 3 11E-11

TI-200 2.37E-12 4.72E-12 9.48E-12 1.37E-11

TI-201 2.12E-12 4.80E-12 8.44E-12 1.14E-11

T!:202 1.57E-12 2.83E-1.2 4.64E-12 6.14E-12
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TABLE 3
, ,, :

Absorbed Dose to theSurfaceof theBloodVesselWall forDifferentSizesof Blood
..... Vessels. ......

AbsorbedDosetotheSurfaceoftheBloodVessel

,, , (Gycm3/BcI sec), ,

Radiusof BloodVessel

Radionuclide (cm)
0.02 0.10 0.50 1.00,mi

N-13 7,19E-12 2.77E-11 3.79E-1 1 4.06E-11

C.11 8.59E-12 2.46E-11 3.04E-11 3.27E.11

C-14 3.80E.12 3.93E-12 4.02E-12 3.96E-12i,

F-18 9.95E-12 1.88E-11 2.23E-11 2.55E'11

O-15 5.93E..12 3.09E-11 5.40E-11 5.81E-11

Na-24 6.64E-12 2.87E-11 4.88E-11 5.88E-11

P-32 6.03E-12 2.98E-11 5.01E-11 5.28E-11

Fe-55 3.95E-13 4.34E-13 4.51E-13 4.54E-13

Kr-81m 3.64E-12 4.52E-12 4.99E-12 5.30E-12

Sr-90 8.98E-12 1.43E-11 1.52E-11 1.58E-11

Y-90 6.13E-12 2.98E-11 6.79E-11 7.10E-11

Tc-99m 1.1OE-12 1.23E-12 i.48E-12 1.73E-12

Mo-99 7.62E-12 2.32E-11 3.02E-11 3.17E-11

1-123 1.96E-12 2.22E-12 2.79E-12 3.26E-12

1-124 1.75E-12 8.06E-12 1.74E-11 2.06E-11

1-125 1.36E-12 1.45E-12 1.94E-12 2.28E-12

1-126 3.41E-13 7,30E-13 1.50E-12 2.26E-12

1-130 8.43E-12 1.99E-11 2.73E-11 3.32E-11

1-131 8.95E-12 1.47E-11 1.65E-11 1.78E-11

In-1 11 2.20E'12 2.84E-12 3.95E-12 4,96E-12

In-114 5 91E-12 2.94E-11 5147E-11 5.77E-11

Xe-127 2.13E-12 2o58E-12 3,39E-12 4.15E-12

Xe-131 9.83E-12 1.11E-11 1.17E-11 1.17E-11

Xe-13_ 9.38E-12 1.07E-11 1.11E.11 1.12E-11

Xe-133m 1.10E-11 1.47E-11 1.54E-11 1.59E-11

TI-200 1.33E-12 2.85E-12 5 73E-12 8.75E-12

TI-201 1.27E-12 2.89E-12 4.86E-12 6.76E-12

TI-202 8.75E-13 1.64E-1 2 2.65E-12 3.65E-12
iii i ii
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TABLE 4

AverageAbsorbedDoseto BloodrfOr Different Blood Vesselsinthe CirculatorySystem

Radionuclide:Y-90 Bloodamount Radius Dose Dose

1.23 xl013 dis. (ml) (cm) (Gy cm3tBcI see) (Gy)I

Arterial System
Aorta 140 1.0000 1.34E-10 3.17E-01

Arteries 420 0.5000 1.22E.10 2.88E-01
Arterioles 70 0.0025 1.51E-11 3.56E-02
Capillaries 280 0.0010 6.10E-12 1.44E-02

VenousSystem
VenaeCavae 300 1,5000 1.43 E- 10 3.37E-01

Veins 2600 0.2500 1.17E-10 2o77E-01
Vent_les 300 0.0020 1.21 E- 11 2.86E-02

PulmonarySystem
Arteries 200 1.2000 1.38E-10 3.26E-01

Veins 230 0.2500 1.17E-10 2.77E-01

Capillaries 1 00 0.0010 6.10E-12 1.44E-02
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TABLE 5

AbsorbedDoseto theSurfaceof theBloodVesselWall for DifferentBloodVesselsin the
Circulatory System

i

Radionuclide:Y-90 Bloodamount Radius Dose

1.23 xl 013 dis. ( m I ) (cm ) (Gy cm3/BcI secI ! Gy)
Arterial System

Aorta 140 1.0000 7.10E-11 1.68E-01
Arteries 420 0.5000 6.31E-11 1.49E-01

Arterioles 70 0.0025 7.68E-12 1.82E-02.
Capillaries 280 0.0010 3.11 E-12 7.36E-03

VenousSystem
VenaeCavae 300 1.5000 7.71E-11 1.82E-01

Veins 2600 0.2500 6.01E-11 1.42E-01
Venuoles 300 0.0020 6.17E-12 1.46E-02

PulmonarySystem
Arteries 200 1.2000 7.36E-11 1.74E-01

Veins 230 0.2500 6.01 E-11 1.42E-01
Capillaries 100 0.0010 3.11E-12 7.36E;03_
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A PRELIMINARY MODEL OF THE CIRCLULATING BLOOD FOR USE IN

ABSORBED FRACTION CALCULATIONS



/t

INTRODUCTION

In recent years, there has been an increase in the number of rfidiopharmaceuticals used in

nuclear medicine. Radionuclides were used to label leukocytes, platelets, and erythrocytes for

imaging procedures. These radionuclides are confined primarily to the blood, have short half-lives,

and irradiate the body as they move through the circulatory system. Marcus et al. (1) reported that
¢

tens of thousands of patients have bce_ diagnosed using newly approved indium-111 labeled

leukocyte imaging procedures. T_e rapid growth in the number of procedures and the number of

radionuclides available for such studies emphasizes the need for estimates of the absorbed doses to

tissues and organs of the body as well as the doses to the "blood" itself. A Task Group has been

established by the MIRD committee of the Society of Nuclear Medicine to attack tahisproblem (2).

No model is available at present which descri)" concentrations of radionuclides in different body

organs, such as the "face,", which are fed primarily from the blood pool.
,*

This is not a new problem. Since 1970, estimates of the radiation dose to various body

organs due to radionuclides in the circulating blood were reported (3). In 1974, McEwan estimated

the dose to blood monoenergetic electron, beta radiation, and low energy photon sources uniformly

distributed in blood (4). In this work, blood vessels were approximated by infinite fight circular

cylinders ranging in radius from 0.0004 cm (capillaries) to 1.75 cm (heart), and absorbed fractions

of energy for twenty beta-emitting radionuclides were calculated by numerica! integration, van

Reenen et ai. (S, 6) measured the distribution of indium-I 1l-labeled blood platelets in normal

patients by whole body counting and scintillation-camera computer-assisted imaging. Using the

data, radiation absorbed dose in different body organs when indium-111 was present in blood

platelets was estimated. Robertson et al. (7) reported dose estimates for indium.111 and

indium- 113m labeled blood platelets. Al) of these calculations were based on very simple models

which considered the blood either as a "source" re#on or a "target" region. Prior to the research

described here there has been no model available which could Ix)used to calculate the absorbed

doses to tissues and organs of the body as well as the "blood" itself.
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The goal of this research has been to design a preliminary but reasonably accurate blood

model that canbe used to obtain absorbed dose information for body organs and "blood" itself for

radionuclides in the circulatory system. Unlike other approaches, regions in the blood model have

sizes and shapes similar to the human circulatory system, Only major organs that contain large

amounts of blood were included in the design. This model has been incorporated into the MIRD

phantom (8), which is widely accepted for radiation dose calculations.

DEVELOPMENT OF A_BLOOD MODEL

An initial effort has been made toward the development of a very simple, static model of the

circulating blood. It is assumed that, in this static model, there is always a constant amount of

blood in different regions throughout the body. Also, it is assumed that rapid distribution kinetics

over the ftrst five minutes can be neglected. In actual practice, the radionuclides, after being tagged

to the blood and injected tO the patients, take time to circulate throt_ghout the whole body. No

attempt was made to model this and it was assumed that there was a constant concentration of

radionuclides in blood throughout the body. For simplicity, only major organs which contain a

large fraction of blood will be included in this preliminary model. As more necessary data are

accumulated, more sophistication may be added to ).hemodel.

Initial data, on which the model was based, were selected from the Report of Reference

Man (9) and an evaluation of available data on blood volume and disu'ibution in the circulatory

system. Preliminary parameters for the blood model was developed by the MIRD Task Group

(10). Data were available, from several sources (3, 4, 11, 12, 13, 14), for a hypothetical male_

weighing about 63 kg and having a total blood volume in the range 5000 to 5100 ml. A total blood

volume of 5200 ml was selected as being appropriate for a 70 kg adult. This value was in

agreement with the data selected for the Reference Man.

The Report on Reference Man (9) also presented data on the total blood volume in most

organs of the body. These data were used to select those organs which should be, included
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explicitly in the model. In addition, these data provided important guidance on those organs or

regions of the body which could be combined into a single region in the model. Organs included in

the blood model were the brain, heart, kidneys, liver, lungs, and the spleen. Special regions, ,

created in the simplified model, included the extremities, face, intestinal region, aorta and vena

cava, and the "remainder". Table 1 gives the total blood volume assumed to be in each organ or

region of the model. i

Thoseorgansnamed specifically in Table 1 were included in the MIRD adult human

phantom (8) and described mathematically by exluations in a computer code called ALGAM (15).

The dimensions and coordinate system of the phantom are shown in Figure 1. Ali other regions

were designed especially for use in the model of the circulating blood. A short description of each

of these regions is given below. Ali equations will follow the coordinate system as in Figure 1.

Unless otherwise stated, numerical values in ali following equations are in eta.

ExTremities: The extremities are right circular cylinders, 1.0 cm in diameter, located just to the

inside of the existing arm and leg bones. For example, cylinders representing the arm regions lie

between the existing arm bone and the ribs and run parallel to the bone region. Each arm region has

a length of 69.0 cm while each leg region was 79.8 cm in length. The arm regions were moved

forward 2.5 cm along the Y-axis to eliminate overlapping with the ribs.

Face R_gion: A region representing the "face" was created because of high blood flow through the

region and data indicating that significant radioactivity was present in the region during some

diagnostic procedures. The face region was assumed to be a region on the lower two-thirds of the

head (i.e., 70.0 < z < 85.5). Thisregion was formed by a plane which cut vertically through the

elliptical cylinder of the head at y = -7.0. Care was taken in the definition of the face region to

assure that there was no overlap between this region and the skull, skin and thyroid.
,

Intestinal Region; The intestinal region was assumed to be located in the lower trunk constrained

between z = 0.0 and z - 27.0. For simplicity, the region was assumed to be represented by an

elliptical cylinder with essentially the same dimensions as the trunk. However, the skin was not
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included in the region. The semi-major axis of the elliptical cylinder wasassumed to be 19.8 cm

and the semi-minor axis was 9.8 cm. The center of this region, a circular cylinder with the height

of 11.5 cm and a radius of 2.5 cm, was removed to bring the volume in line with the design

pa_'ameters. Care was taken that the intestinal region did not overlap with ,the aorta and vena cava

region. Several organs included in the intestinal region were the bladder, ovaries, uterus, pelvis,

small intestine, upper (ULI) and Ibwer (LLI) large intestine.

Aorta and Vena Cava: This region was described by a right circular cylinder with a radius of 2.5

cm located between z ffi15.5 and 44.8. Care was taken to eliminate overlapping with the liver and

heart source organs. The uterus', which belongs to the intestinal region, also is excluded.

Rfmainder Re,on: The "remainder" was assumed to be the total body, nfinus all other organs and

regions mentioned above. This region was included to account for the essentially uniform

distribution of a large fraction (16.3 %) of the total blood volume in tile body. Organs included in

the "remainder" region are.the stomach, adrenals, genitalia, skeleton, testes, thyroid, pancreas, skin

and body tissue. Assuming blood is uniformly distributed throughout the remainder region and a

total blood volume of 5200 ml, the fraction of the blood volume for each organ included in the

remainder was calculated. The calculation shows that the fraction of total body blood per gram is

3.74 x 10-6 per gram of tissue and 2.48 x 10-6 per gram of bone. These values, for fraction of

blood per gram of tissue or bone, also were used to ,calculate blood volumes for organs in the

intestinal region.

Other organs in the model were updated with new data which were available. For instance,

Coffey et al. (16) proposed a new model for the heart, which includes heart walls and heart

chambers instead of a solid heart, and a modified lung. Equations describing these improved

organs were included in this model toprovide a more accurate model for the circulatory system.

The above established blood model was incorporated into the MIRD phantom (8). The

MIRD phantom consists of three different media: lung, tissue and bone which have different

compositions and properties. Some of the organs in the blood model, such as aorta and vena cava,
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and the extremities, contain blood only, and were not the same as either of the three media.

However, the density of blood is 1.058 g/cm 3 (9) which is about the same as that of the tissue,

0.987 g/cm3. Therefore, for simplicity these regions were assumed to have similar properties as

thetissue_',_'__--!
- .

I

APPLICATION OF MIRD TECHNIQU E TO THE BLOOD MODEL P ,

The widely accepted technique recommended by the Medical Internal Radiation Dose

(MIRD) Committee of the Society of Nuclear Medieinewas used for radiation dose calculation for

radionuclides in the circulating blood. The basic equation of this technique (17) is:

_'h ZiAi_i(rk<"rh) .
D(rk<--rh) = = Ah EiAi_i(rke--rh) (1)

mk

where D(rkc--r h) is the mean absorbed dose (in rad) in a target region rk from radionuclides

distributed uniformly in a source region rh, ._h(gCi-hr) is the cumulated activity in source region

rh, Ai is the mean energy emitted per unit cumulated activity (in g-rad/I.tCi-hr) for radiation of a

particular type and energy, _i(rk<---rh) is the absorbed fraction (dimensionless) foc target region rk

for i th radiation emitted in the source region rh, _i(rk<---rh)is the specificabsorbed fraction (in g-1)

and mk is the mass of target region.

The MIRD technique requires some modifications when applied to the blood model for

radiation dose calculations. In the past, radionuclides were assumed to be distributed in a single

source region and calculations were made for a large r_,urnberOf target regions (8). However, in

this blood model, radionuclides were assumed to be uniformly distributed in the blood which

circulates throughout the whole body. There are eleven specific source regions as well as a region ; _

called the "remainder". Only a fraction of circulating blood is in each body region, and for

non-penetrating radiations, only blood in a body region would deposit energy in that particular

region. Therefore, for non-penetrating radiations, the absorbed fraction for a body region when
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bloodisthesourceregionisequaltofractionofbloodinthatparticularregion.Inequationform:

q)i(rk<----blood)= Ix bloodfractioninrk (2)

and
bloodfractioninrk

q)i(rke--blood)= . (3)
m k

• i

In thismodel,thecirculatingbloodnotonlyservesasa sourceregion,butalsoasoneof

the target regions. To calculate the energy &posited in the blood, it is assumed that, when there is
,

energy depositio n,

energy deposited in the blood of a region mass of blood in that region
= . (4)

energy deposited in the region mass of that re;4on

For penetrating radiation, the above equationsapply to every interaction in every region.

For non-penetrating radiation, to apply the above assumption on the ratio of energy deposition, the

' absorbed fraction can be expressed as:
",,

mass of blood in rk
_i(blood in rke--blood) - _i(rk<---blood) x (5)

mk

mass of blood in rk
#i(blood<---blood)= Yk _i(rk#'blood)x (6)

mk

whereas the specific absorbed fraction can be expressed as:

#i(blood<---blood) (bloodfractioninrk )2
• i(blood<---blood) = = Ek . (7)

total blood mass mk

For penetrating radiations, the Monte-Carlo code ALGAM (15) was modified for use in



calculations of absorbed and specific absorbed fractions for different organs for monoenergetic

photon sources. A source routine, based on the blood model, was incorporated into ALGAM to

specify the radionuclide distribution. Given _the source distribution and initial photon energy, a

large number (100,000) of photon histories were traced in every calculation. Each photon may

undergo photoelectric effect, Compton scattering or pair-production interactions in different body

regions. For each interaction occurring as part of a photon history, the energy deposited in a

specific body region of the MIRD phantom is calculated. The original code had no provision for

.......calculating energy deposited in the blood nor for the specifically designed regions in the bloodJ

model. So, the existing routines in the Code were expanded, based on the assumptions of equation

(4), and were used to calculate, for each interaction, the amount of energy deposited in blood.

When ali source photon histories were compiled, the information On accumulated energy deposited

in each region was used to calculate absorbed and specific absorbed fractions. Calculations were

performed of absorbed and specific absorbed fractions for twelve monoenergetic photon sources

ranging from 0.01 to 4.0 MeV. This interval covers the energies for photons emitted by most

radionuclides of interest.

RESULTS AND DISCUSSION

Using the model described above, computer calculations of the absorbed fractions of
i

energy were performed for twelve monoenergetic photon energies ranging from 0.01 to 4:0 MeV.

In each calculation 100,000 photon histories were traced. Table 2 presents absorbed fractions for

the twelve monoenergetic photon sources uniformly distributed in the cLreulating blood. Only data

for organs of clinical importance are listed. Data for other minor organs were obtained but were not

included here. The coefficients of variation of the absorbed fractions for different organs also are

listed. It has been reported that a coefficient of variation greater then 20 % indicates considerable

uncertainty in the estimate of absorbed fractions by the Monte Carlo technique (8).

It was assumed that blrod has similar composition and properties as the tissue medium of
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the MIRD phantom for simplicity in calculation. However, if the elemental composition of blood

canbeestablishedand a cross-sectionsetcanbeassembled,bloodcanbe consideredasa new

medium infutureworktoprovideamoreaccuratemodel.Moreover,theratioofenergydeposited

inbloodinanorgantoenergydepositedinanorganwas assumedtobeequaltotheratioofmassof

bloodinanorgantomassoftheorgan.More dataonphysicalpropertiesofthebloodwillenable

one to verify or modify the assumption tOimprove the model to obtain more accurate results.

It must be emphasized that this blood model is a simple and preliminary model. Only major

organs and a remainder region are included. It was assumed that there is a uniform distribution of

blood in the remainder region. However, data of blood volume for minor organs included inthe

remainder region are available (9). Therefore, more sophistication can be added to improve the

model if desired. Besides, parameters of the blood model and of organs in the blood model can be

updated as more biological data _me available.

Finally, the intial effort had been directed.to set up a preliminary. static model. It is

assumed in this blood model that there is a uniform distribution of radionuclides in the blood

throughout the body. It is desirable to include the consideration of metabolism of blood and to set

upatime-dependentbloodmodeltoprovidemoreaccurateresults.
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TABLE i. BLOOD MODEL PARAMETERS

ORGAN/REGION BLOOD VOL. % OF

(ml) TOTAL

BRAIN 2 60 5.0

HEART 500 9.6

KIDNEYS 70 I .3

LIVER 280 5.4

LUNGS 520 10.0

SPLEEN 90 1.7

ARMS 520 I0.0

LEGS 780 15.0

FACE 220 4.2

INTESTINAL REGION 700 13.5

AORTA & VENA CAVA 410 7.9

REMAINDER 850 16.3

TOTAL IN BODY 5200 100.0
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TABLE 2. ABSORBED FRACTIONS OF ENERGY FOR SELECTED

ORGANS, SOURCE REGION IS BLOOD

ENERGY (MEV)

TARGET REGION 0.010 0.015 0.020

BRAIN 5.0E-02( I)* 4.6E-02(I) 4.2E'02(l)

UTERUS 4.0E-04(16) 6.3E-04(12) 8.2E-04(I0)

KIDNEYS 1.2E-02(3) !.lE-02(3) 7.9E-03(3)

LIVER 5.4E-02(i) 5.2E-02(i) 5.1E-02(I)

LUNGS 1.0E-01(i) 8.3E-02(I) 6.3E-02(i)

RED MARROW 6.7E-03(2) 9,3E-03(2) 1.4E-02(i)

OVARIES 5.0E-05 (44) 5. IE-05 (41) I. IE-04 (24)

SPLEEN 1.6E-02(3) 1.4E-02(3) 1.0E-02(3)

TESTES i. 7E-04 (24) i. 6E-04 (24) 9.7E-05 (28)

THYROID 4.3E-04(15) 6.4E-04(12) , 9.0E-04(9)

HEART WALL 1.7E-02(2) 1.8E-02(2) 1.8E-02(2)

FACE 3.7E-02(2) 3.0E-02(2) 2.2E-02( 2)

BLOOD 4. IE-01 (**) 3. IE-01 (**) 2.2E-01 (**)

TOTAL BODY I. 0E+00 (**) 9.8E-01 (**) 9.4E-01 (**)

ENERGY (MEV)

TARGET REGION 0.030 0. 050 0.i00

BRAIN 2.7E-02(2) 1.4E-02(2) 9.3E-03(2)

UTERUS 9.7E-04(7) 7.2E-04(6) 5.3E-04(6)
KIDNEYS 5.2E-03(3) 3.2E-03(3) 2.3E-03(3)

LIVER 4.4E-02(i) 2.9E-02(I) 2.0E-02(i)

LUNGS 3.7E-02(I) 1.9E-02(I) 1.2E-02(I)

RED MARROW 2.3E-02(i) 2.5E-02(I) 1.4E-02(i)

OVARIES 9.7E-04 (19) 7.2E-05 (16) 5. IE-04 (17)

SPLEEN 6.2E'03(3) 2.9E-03(4) 2.0E-03(4)

TESTES 1.5E-04 (18) I.IE-04 (16) 6.9E-05 (16)

THYROID 6.7E-04(8) 3.0E-04(9) 2.1E-04(I0)

HEART WALL 1.3E-02(2) 7.4E-03(2) 4.8E-03(2)

FACE I.IE-02(2) 4.2E-03(3) 2.6E-03(3)

BLOOD 1.3E-01(**) 6.8E-02(I) 4.5E-02(I)

TOTAL BODY 8.2E-01 (**) 5.9E-01 (**)3.9E-01 (**)

* -- COEFFICIENTS OF VARIATION IN PERCENT.

** - COEFFICIENTS OF VARIATION LESS THAN 0.5 %.
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TABLE 2. (CONTINUED)

ENERGY (MEV)

TARGET _REGION 0. 200 0. 500 I. 000
i

BRAIN 9.4E-03( 2)* 9.4E-03(2) 9.0E-03(3)
UTERUS 4,2E-04 (8) 3.9E-04 (i0) 3.0E-04 (13)

KIDNEYS 2.3E-03(4) 2.4E-03(4) 2.2E-03(5)

LIVER 1.9E-02(I) 1.8E-02(2) 1.8E-02(2)

LUNGS I.IE-02(2) I.IE-02(2) 9.7E-03(2)

RED MARROW 8.8E-03(I) 7.5E-03(i) 6.9E-03(2)

OVARIES 7.4E-05 (18) 3. IE-05 (33) 4.0E-05 (37)

SPLEEN 1.9E-03(4) 1.9E-03(5) 1.9E-,,03(6)

TESTES 8u 9E-05 (18) 5.6E-05 (27) 8.9E-05 (25)

THYROID 1.4E-04 (13) 2.3E-04 (14) 1.8E-04 (18)

HEART WALL 4.5E _03(3) 4.5E-03(3) 4.2E-03(4)

FACE 2.8E-03(3) 3.0E-03(4) 3o0E-03(4)

BLOOD 4.3E-02(I) 4.4E-02(i) 4.1E-02(I)

TOTAL BODY 3.5E-01(**) 3.5E-01(**) 3.3E-01(**)

,r,

ENERGY (MEV)

TARGET REGION 1.500 2.000 4.000

BRAIN 8.4E-03(3) 7.4E-03(3) 6.4E-03(3)

UTERUS 4.0E-04 (12) 3.2E-04 (14) 2.9E-04 (15)

KIDNEYS 1.8E-03(6) 1.9E'03(6) 1.6E-03(7)

LIVER 1.6E-02(2) 1.4E-02(2) 1.2E-02(2)

LUNGS 9.1E-03(3) 8.2E-03(3) 6,7E-03(3)

RED MARROW 6.4E-03(2) 6.0E-03(2) 5.2E-03(2)
OVARIES 3.9E-05 (38) 1.8E-05 (48) 3.9E-05 (40)

SPLEEN 1.7E-03(6) 1.5E-03(7) I.IE-03(8)

TESTES I. IE-04 (22) 9.2E-05 (27) 6.8E-05 (31)

THYROID 1.7E-04 (19) i. 6E-04 (21) I. IE-04 (25)

HEART wALL 4.3E-03(4) 3 7E'03(4) 3.0E-03(5)_ ,

FACE 2.6E-03(5) 2.4E-03(5) 1.9E-03(6)

BLOOD ?.8E-02(I) 3.5E-02(I) 2.9E-02(I)

TOTAL BODY 3.1E-01(**) 2.9E-01(**) 2.4E-01(**)

* -- COEFFICIENTS OF VARIATION IN PERCENT.

_* -COEFFICIENTS OF VARIATION LESS THAN 0.5 %.
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A REVISED MODEL OF THE GALL BLADDER FOR

ABSORBED FRACTION CALCULATIONS
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INTRODUCTION

Short lived radiopharmaceuticals, that are now injected in millicurie quantities in nuclear

medicine for rapid-sequence imaging of the brain, heart, and abdominal organs, are selected

frequently on the basis of their rapid clearance from the bloodstream and as a rule this clearance is

achieved at the expense of the urinary tract (Mc70). Therefore, there is a need to develop a more

accurate dosimetric model of the gall bladder which consists of the wall and content regions, and to

modify the parameters and mathematical equations to describe these regions in the existing computer

code ALGAM. Such a model will be useful in producing more accurate dose estimates for those

radionuclides present in the contents of the gall bladder.

The improved model of the gall bladder was incorporated into an existing computer code

developed at Oak Ridge National Laboratory by Warner ct al. (Wa68) which included additions

by Hui (Hu85). This code featured the mathematical phantom used for previous MIRD

calculations, with the addition of a model of the circulating blood as a target region. Using the

Monte Carlo technique, the modified code was used to obtain absorbed fractions of energy _'or

monoenergetic photons.

In addition, a gall bladder model was incorporated into the phantom and the appropriate

dose calculations were performed. This model designed by Cristy et al. (Cr87), included both the

"walls" and the "contents" of the organ. The previous version of the computer code did not include

a specification for the gall bladder. The model will be discussed briefly and results of dose

calculations will be presented.

THE MIRD TECHNIQUE

The widely accepted technique recommended by the Medical Internal Radiation Dose

(MIRD) Committee of the Society of Nuclear Medicine was used for radiation dose calculations for

radionuclides in the gall bladder. The basic equation of this technique is:
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/_'h Y-iAi¢i(rk_rh)
D(rkc'-rh) = = '_'h Y_iAi_i(rk<-'rh) (i)

mk

where D(rk_--r h) is the mean absorbed dose (in rad) in a target region rk from radionuclides

distributed uniformly in a source region rh, ,_,h(I.tCi-hr) is the cumulated activity in source region

rh, Ai is the mean energy emitted per unit cumulated activity (in g-rad/pCi-hr) for radiation of a

particular type and energy, _i(rk_rh) is the absorbed fraction of energy (dimensionless) for targeti

region rk for ith radiation emitted in the source region rh, mk is the mass of target region, and

cl)i(rk_rh) is called the specific absorbed fraction (in g-1). The absorbed fraction has a numerical

value between zero and one; while the specific absorbed fraction is bounded between zero and the

reciprocal of the source region mass, mk.

Radiations are classified into two types; penetrating and non-penetrating. Photons having

energies greater than or equal to 10 keV are penetrating, whereas electrons, beta particles and

photons with energies less than 10 kev are non-penetrating.

For non-penetrating radiation, it is assumed that, because of the short range of the

radiation, ali the energy emitted is deposited in the source region (Sn75). Then, if the source and

target are the same

_i (ric_ rh) = _i (ric_ rh) / mk = 1/m k

and when the source and target are different,

_i (rkr"" rh) = _i (rkr" rh) / mk = 0.

Exceptions to the above rules are organs with walls in which the contents are assumed to contain the

source. In these estimations, the value of _i (rkr" rh) is taken as 1 / 2 m h, where mh is the mass

of the source region (i.e., the contents).

Since for penetrating radiation, not ali the emitted energy is deposited in any single organ or

region of the body, the absorbed fraction of energy and the specific absorbed fraction are bounded

by the following relations:

0 < ¢_i(rk_ rh) < 1.
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The absorbed fraction for body regions for different photon source energies are computed by the

Monte Carlo procedure.

MODEL FOR THE GALL BLADDER

General Description

The gall bladder is pear shaped and lies in a fossa in the inferior side of the fight lobe of the

liver (St59). It is about 10 cm in length, 3-5 cm in diameter and has a capacity of about 50 cubic

centimeters.

The constricted portion or neck is bent and attached closely to the peritoneal covering of

the organ. Its expanded portion offundus is directed anteriorly and lies near the end of the 9th

costal cartilage.

The Cystic duct, 3 to 4 cna. long, leads from the gallbladder to the hepatic duct, with

which it unites to form the common bile duct. The common bile duct contains a spiral valve, a fold

which serves to keep the duct open.

The gall bladder serves as a reservoir of bile and renders it more concentrated. Acute

inflammation of the gait bladder obstructs the cystic duct thus preventing reflux of bile into it from

the hepatic duct. Occasionally, in radioisotope tracer st_ldies, an intrahepatic gall bladder is

responsible for producing a defect in the radiocolloid image of the right hepatic lobe.

Model for the Gall BL]der and Contents

The mathematical model for the gall bladder was designed by Cristy et al. (Cr87). It is

represented by the frustum of a cone capped with a hemisphere and is defined as a walled organ.

The Reference Man data gives the mass of the gall bladder as 10 grams (ICRP75). The walls are

specified as follows:

_Hemispherical Part:
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X12 + Y12 + Z12 _< 2.12 and

Xi2 + Vl 2 + ZI2 > 4 and Z! <0.

Conical Part:

XI2 + Y12 _< (2.12-0.2275 Z!)2 and

XI2 + YI 2 > (2.0 - 0.2275 ZI )2 and 0_< ZI< 8.
i

The contents are specified as follows:

Hemisvherical Part:

X12 + Y12 + Z12 < 4 and Z 1 < 0.

Conical Dart:-

X12 + y!2 < (2-0.2275Z 1)2 and 0<Z!<8

The equations given above in (X l, Y 1,Z1)'coordinates are related to the standaa'd Cartesion

(X,Y,Z)-coordinate system by the following rotation-translation equations:

X l = 0.9615 ( X + 4.5 ) - 0.2748 ( Z- 30 )

Y1 = -0.574 ( X + 4.5 ) + 0.9779 ( Y + 3.2 ) - 0.2008 ( Z - 30 )

Z! = 0.2687 ( X + 415 ) + 0.2090 ( Y + 3.2 ) + 0.9403 ( Z - 30 ).

Volume of the walls is taken to be 10.1 cm 3, volume of the contents is 53.6 cm 3 and total volume

of the gall bladder is 63.7 cm3.

CALCULATIONAL PROCEDURE

Initially, absorbed fractions of energy (AF) were determined by making use of an existing

Monte. Carlo code (Wa68). The code has been designed to take account of (1) the geometrical shape

of the body and of the major internal organs, (2) the different densities and compositions of the

various tissues of the body, and (3) the multiple scattering of photons in the body to provide a more
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accurate estimate of the AF, or dose. lt should be noted that, at the present time, the code does not

take account of the secondary electrons and positrons that are produced. Generally, the electron

ranges are small compared with the dimensions of most organs, and the absorbed dose will not

change abruptly with distance except at a boundary between organs where composition and density

change or at the boundary of the source organ. The Monte Carlo method takes account of the above

factors in as much detail as possible, but excessive detail necessarily increases the time for each

computer calculation. Since the technique is a sampling method, the results always involve some

statistical uncertainty which varies inversely with the square root of the sample size. Calculations

for estimating absorbed fractions are made typically with 100,000 photon histories and, in some

cases, 500,000 histories can be worthwhile and practical. However, above such a level, further

calculations are not cost efficient. For the purposes of this research, 100,000 photon histories were

compiled for each source region. Source regions included the three regions of the kidney as well as

the gall bladder. Calculations of the absorbed fractions of energy were performed for energies

ranging from 0.01 MeV to 4.0 MeV. Organs of specific interest include stomach and liver which are

closest to the gall bladder and would comparatively receive a higher dose.

RESULTS AND DISCUSSION

The model of the gall bladder was incorporated into au exsisting program and calculations

were performed for photon energies ranging from 0.01 to 4.0 MeV. The liver is located next to the

gall bladder and, as such, would receive the highest dose from a source in the gall bladder.

Absorbed fractions for 12 photon energies are shown in Table 1 for the source in the gall bladder.

In general, these data indicate that the absorbed fraction increases rapidly as the photon energy

increases, then at higher energy it decreases once more. These results compare favorably with the

results of Cristy et al. (Cr87). However, in the calculations reported here, the fttree-region kidney

was used.
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TABLE 1. ABSORBED FRACTION OF PHOTON ENERGY

SOURCE = GALL BLADDER CONTENTS
o

m

ENERGY (MEV)

TARGET REGION 0.010 0.015 0.020

G. I. Stomach 0.00 0.00 4.8E-05(17)
G. I. ULI 0.00 2.3E-04(9) 3.8E-03(4)
Liver 4.8E-08(11) * 8.1E-03(2) 5.1E-02(1)
Kidneys (Pap) 0.00 0.00 1.3E-08(24)
Kidneys (Cor) 0.00 1.3E-06(37) 1.6E-04(12)
Kidneys (Med) 0.00 2.8E-09(42) 1.6E-04(13)
Kidneys 0.00 1.3E-06(26) 3.6E-04(9)
GallBladder 5.6E-05( 9) 1.0E-02( 3) 2.2E-02( 2)
Total Body 9.8E-01(**) 9.8E-01(**) 9.8E..01 (**)

ENERGY (MEV)

TARGET REGION 0.030 0.050 0.100

G. I. Stomach 1.0E-03(6) 2.4E-03(3) 2.1E-03(3)
G. I. ULI 1.3E-02(2) 1.3E-02(1) 8.6E-03(1)
Liver 1.2E-01 ( 1) 1.1E-01 (1) 7.4E-02 ( 1)
Kidneys (Pap) 5.1E-04(9) 8.8E-04(5) 6.9E-04(5)
Kidneys (Cor) 1.8E-03(5) 3.3E-03(3) 2.8E-03(2)
Kidneys (Med) 1.7E-03(5) 3.1E-03(3) 2.7E-03(3)
Kidneys 4.2E-03(4) 7.6E-03(1) 6.0E-03(2)
Gall Bladder 1.8E-02(1) 7.7E-03(1) 4.3E-03(2)
Total Body 0.98 (**) 7.0E-01 (**) 5.3E-01(**)

* -- COEFFICIENTS OF VARIATION IN PERCENT

** - COEFFICIENTS OF VARIATION LESS THAN 0.5 %.
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TABLE 1. (CONTINUED)

ENERGY (MEV)

TARGET REGION 0,200 0.500 ' 1.000

G. I. Stomach 1.7E-03(3) * 1.7E-03(4) 1.7E-03(5)
G. I. ULI 7.5E-03(2) 6.7E-03(8) 6.3E-03(3)
Liver 6.5E-02( 1) 6.2E-02( 1) 5.6E-02( 1)
Kidneys (Pap) 6.9E-04(6) 6.6E-04(7) 4.8E-04(9)
Kidneys (Cor) 2.4E-03(3) 2.0E-03(4) 2.0E-03(5)
Kidneys (Med) 2.3E-03(3) 2.1E-03(4) 1.9E-03(5)
Kidneys 5.4E-03( 2) 4.8E-03( 3) 4.5E-03( 3)
GallBladder 4.1E-03(2) 4.3E-03(3) 3.8E-03(3)
Total Body 4.8E-01 (**) 4.7E-01 (**) 4.3E-01 (**)

ENERGY (!VIEV)

TARGET REGION 1;500 2.000 4.000

G. I. Stomach 1.5E-03(6) 1.4E-03(6) 1.1E-03(8)
G. I. ULI 5.4E-03( 3) 5.2E-03( 3) 4.2E-03( 4)
Liver 4.9E-02(1) 4.7E-02(1) 3.6E-02(1)
Kidneys (Pap) 4.8E-04(10) 5.4E-04(10) 4.2E-04(14)
Kidneys (Cor) 2.0E-03(5) 1.8E-03(5) 1.5E-03(6)
Kidneys (Med) 1.6E-03(5) 1.5E-03(6) 1.4E-03(7)
Kidneys 4.2E-03(4) 3.9E-03(4) 3.3E-03(4)
Gall Bladder 3.5E-03(4) 3.1E-03(4) 2.4E-03(5)
Total Body 4.0E-01(**) 3.8E-01 (**) 3.lE-01(**)

* -- COEFFICIENTS OF VARIATION IN PERCENT

** - COEFFICIENTS OF VARIATION LESS THAN 0.5 %.
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A REVISED MODEL OF THE KIDNEYS FOR THE CALCULATION OF

ABSORBED FRACTION OF VARIOUS PHOTON ENERGIES
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INTRODUCTION

The. basic equation of the technique recommended by the Medical Internal Radiation Dose

(MIRD) Committee ofthe Society of Nuclear Medicine for radiation dose calculation (1) is:

_,h _Aiq)i(rk("rh)
D(rk_rh)= = _,hY.iAi_i(rk<'-rh) (I)

mk

Where D(rk<----rh)isthemean absorbeddose(inrad)ina targetregionrk from radionuclides

distributeduniformlyina sourceregionrh,_.h(l.tCi-hr)isthecumulatedactivityinsourceregion

rh,Aiisthemean energyemittedperunitcumulatedactivity(ing-rad/_tCi-hr)forradiationofa

particulartypeandenergy,¢_i(rk<---rh)istheabsorbedfraction(dimensionless)fortargetregionrk

forithradiationemittedinthesourceregionrh,_i(rk<---rh)isthespecificabsorbedfraction(ing-I)

andm k isthemassoftargetregion.Forpenetratingradiations,whicharephotonshavingenergies

greaterthanorequalto10keV,theabsorbedfractionhasanumericalvaluebetweenzeroandone.

Majororgansinthehuman bodyaremodeledanddescribedmathematicallyintheexisting

MIRD phantom(2).The dimensions,shapeandcoordinatesystemdescribingthisphantomare

shown inFigure1..Theoveralldimensionsofthephantomanditsmajororgansarebasedon the

ReferenceMan (3).The phantomconsistsbasicallyofthreemediumsofdifferentcompositions:

skeleton,lungtissueandbodytissue,havingdensityof1.48,0.295and0.986g/cre3,respcctivly.

Based on thisphantom,Syndcrctal.appliedMonte Carlotechniquesand calculatedabsorbed

fractionsofenergyforphotonsofdifferentenergiesfordifferentorgans.Inthesecalculations,

radiationdoseaveragedovereachtargetorganwas calculatedassuminga uniformdistributionof

radionuclideina sourceorgan(2).However,insituationswhen thesourceradionuclidewas not

reasonablydistributeduniformlyinthesourceorgan,more spatialdetailwas needed.Therefore,

modelsoforgansaresubjecttorevisionfromtimetotimeduetotheneedtospecifyregionswithin

a tissueinmore detail,aswellastoreflectaccuratelythetissuedistributionofa particular

radionuclidewithinananatomicstructure.Forexample,theassumptionofuniformdistributionin
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the sOurce organ could lead to inaccuracies when calculating _he kidney dose from a radionuclide/
\

deposited only in kidney cortex (2). The kidney is considered to be a relatively "radiosensitive"

organ, yet the iddncys are frequently the organs receiving high level of radioactivity and, therefore,

the largest radiation dose. Short lived radiopharmaceuticals, tllat are now injected in ;7,. •ml,alCUrle

quantities in nuc,lear medicine for rapid-sequence imaging of the brain, heart, and a_._ominal

organs, are selected fr_uenfly on the basis of their rapid clearance from the bloodstream and as ai

rule this clearance is achieved at the expense of the urinary tract (4). Therefore, there is a need to

improve the present model of kidneys to provide better estimation of radiation dose.

The purpose of this research was to develop a more accurate dosimetric model of the

kidneys which consists of important anatomical regions. In this mode!,, the source regions were the

cortex, medulla and the papillae, while the target regions were these regions as weil as the other

organs of the body. The parameters and mathematical equations describing these regions are

incorporated into the existing _ phantom for absorbed fraction calculations. Such a model will

be useful in producing more accurate dose estimates for those radionuclides deposited in the

kidneys.

DESCRIPTION OF THE KIDNEYS

Adult hun,an kidneys are considered as identical paired structures of reddish-brown organs

lying against the posterior wall of the abdominal cavity, near ",he level of the last thoracic vertebrae

and the rust lumbar vertebrae (5). The right kidney is pressed down by the liver and, therefore is

somewhat lower than the left. "lhc kidneys, resembling a pair of lima beans rarned on the fiat side,

are embedded in fat which acips to support them. In the middle of each kidney surface is a concave

indentation, the hilum, thro,agh which blood vessels, i_.'mphvessels, and nerves enter and from

which the ureter emerges. Tough, white fibers form a capsule around the kidney. Sheets of

connective tissue help to keep the kidneys in position. Since the kidneys touch the diaphragm, they

necessarily move wit_ it when rite air is drawn into the lungs.
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A longitudinal cut in the kidney discloses its internal structure,consisting of the outer

granular portion, or the cortex, and the striated innerportion, or the medulla. The medulla consists

of cone shaped pyramids. Each pair of pyramids is separated by columns (the renal columns)

extending from the cortex into the medulla as far as the inner opening (the renal sinus) near the

hilum. In the central portion of the renal sinus is a cavity (the renal pelvis) which is the expanded

end of the ureter and includes cup-shaped tissues (calyces) that enclose the ends (papillae) of the

pyramids. Microscopic examinatioKishows each kidney to be composed of more than a million

units called nepb_ons. Each nephron consists of a renal corpuscle (corpuscle of Malpighi) and a

tubule. The corpuscle is a cluster of looped capillaries (a glomerus) enclosed by the renal capsule

(Bowm m's capsule); it contains two convoluted parts (between which is a loop - the loop of

Henle), one of which leads into a straight collecting duct. The straight collecting ducts give the

medullaofthekidneyitsstriatedappearance;theotherpartsofthenephronaremainlyinthecortex.

Thekidneysproduceurinebyseparatingwaterandmineralsfromtheblood(carriedalong

withtheaffcrcn:arteriesoftherenalarterytotheloopedcapillariesofthecorpuscles),whileleaving

thebloodcellsinthecapiUaries.Thefluidthustakenoutthebloodtravelstotherenalpelvis

throughthetubules.Duringthepassage,99percentofthelostfluidisreabsorbcdintotheblood

surroundingthetubules,includingsomeglucose,potassium,andcalcium.About1400mlofurinc

isexcreteddaily,theamountvaryingwiththediet,wateringestionandloss,andthedegreeof

physicalactivityoftheindividual(3).Nerveimpulsesstimulatingthearteriesandveinstothe

kidneysaffectthesecretionofurine.Hormonesinthebloodinfluencethereabsorbingactionofthc

tubulesandaffecttheamountofwater,salts,andothersubstancesexcreted.

A REVISED MODEL FOR THE KIDNEYS

Basedontheabovedescription,arevisedmodelofthekidneyshasbeendeveloped.The

dimensionsandthelocationofthewholekidneysarebasedontheexistingMIRD phantom.Thc

kidneyswereassumedtobealkkeandequalinvolume;thecombinedweightofthebothkidncys
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was 302.4 g (6). The model of a kidney is shown in Figure 2. Each kidney i.; modeled as an

ellipsoid of _miaxes 4.5, 2.0 and 5 cm, with a small part truncated 2 cm from the origin of the

ellipsoid perpendicular to the X-axis.

As shown in Figure 2, instead of having the whole kidney as a single source or target

region, this model consists of three main regions: the cortex, the medulla and the papillae, as the

source as well as the target regions. For the purpose of illustration, in Figure 2, part of the kidney

is truncated along the XY plane and XZ plane to show the three regions of the kidneys. These three

sections of the kidney, simulated for computational purposes, are defined as follows:

p_pillae: the papillae consists of the innermost region of the kidney. It is defined by an ellipsoid of

semiaxes 2.5, 0.5 and 3 eta. As mentioned before, part of the ellipsoid is truncated, as shown in

Figure 2.

Medulla: the medulla consists of the layer in between the papillae and the cortex region. The

thickness of the layer is 1 eta. It is defined by an ellipsoid of semiaxes 3.5, 1.5 and 4 cm., but

excluding the papillae region. Similar to the pip_llae region, part of the ellipsoid is truncated, as

shown in Figure 2.

Cortex: the cortex contains of the outermost band of tissue of the kidney. It is defined as the region

of the whole kidney, excluding both the papillae and the medulla regions.

For the purpose of dose calculation, it is assumed that these three regions of kidneys are of same

composition and density, same as the body tissue of density 0.986 g/cm3.

PROCEDURE

Calculations of absorbed fractions can be done using an existing computer code, ALGAM,

developed at Oak Ridge National Laboratory by Warner et al (7). The MIRD phantom, which

describes major human organs of clinical interest, was featured in ALGAM. The code was further

expanded by Hui (8) by incorporating a model of the circulating blood and a model of the heart and

lungs developed by Coffey et al (9). A source routine, based on the improved model of the
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kidneys, was incorporated into the modified code to specify the radionuclide distribution. The

existingroutinesforcalculatingenergydcpostioninthecodeweremodified,basedontheimproved

kidneymodel,toincorporatecortex,medullaandpapiUacastargetregions.UsingtheMonte Carlo

technique,themodifiedcodewas usedtoobtainabsorbedfractionsofenergyformonocncrgetic

photonsfordifferentregionsofkidneysassourceorgans.

Given thesourcedistributionand initialphotonenergy,a largenumber (100,000)of0

photonhistoriesweretracedineverycalculation.Eachphotonmay undergophotoelectriceffect,

Compton scatteringorpair..productioninteractionsindifferentbodyregions.The codehasbccn

designedtotakeaccountofthegeometricalshapeofthebodyandofthemajorir,ternalorgans,the

differentdensitiesandcompositionsofthevarioustissuesofthebody,andthemultiplescattering

ofphotonsinthebody toprovidea more accurateestimateoftheenergydeposited.For each

interactionoccurringaspartofaphotonhistory,theenergydepositedina specificbodyregionof

the MIRD phantom is calculated. It should bc noted that, at the present time, the code does not take

account of the secondary electrons and positrons that arc produced. Generally, the electron ranges

arcsmallcomparedwiththediametersofmostorgans,and theabsorbeddosewillnotchange

abruptlywithdistanceexceptataboundarybetweenorganswherecompositionanddensitychange

orattheboundaryofthesourceorgan.

When allsourcephotonhistorieswcrccompiled,theinformationonaccumulatedenergy

depositedineach regionwas used tocalculateabsorbedand specificabsorbedfractions.

Calculationswcrcperformedofabsorbedandspecificabsorbedfractionsfortwelvemonocncrgctic

photonsourcesrangingfrom0.01to4.0MeV. Thisintervalcoverstheenergiesforphotons

emittedbymostradionuclidesofinterest.

RESULTS AND DISCUSSION

Absorbedfractionsofmajororgansfordifferentphotonenergiesrxcshown inTablesi,2

and 3,forthecortex,medullaandthepapillae,respectively,asthesourceorgan.At 0.010MeV
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essentially ali the photon energy is deposited in the source organ. As energy increases the absorbed

fraction decreases following roughly the attenuation coefficient relation. This is as would be
I

expected for ali three regions for the kidneys. At lower energies (0.010 MeV) the coefficient of

variation, in most cases, does not exceed more than 10%. Snyder accepted any results for which

the coefficient of variation was less than 20% and advised that those results with a coefficient of

variation in the range of 20% to 50% be used with caution (2). For the purpose.of this research a

coefficient of variation not exceeding 30% was considered acceptable. Absorbed fractions with

coefficient of variation greater than 30% are not listed in Tables 1, 2 and 3.

From Tables 1, 2 and 3, the absorbed fractions of the cortex, medulla and papillae varies

greatly, depending whether the source region is cortex, medulla or papillae. This indicates that, for

dose estimates to the kidneys, a three-region model provides more accurate results than a

homogeneous kidney model. Table 4 shows the specific absorbed fractions of energy for both

kidneys ax the target region and for different regions of kidney as source regions. The specific

absorbed fractions varies significantly, del_nding on whether the radionuclide is present in the

cortex, medulla or papillae region. This further illustrates that more spatial information is needed

when the source radionulcid¢ was not distributed reasonably uniformly in the somx:e region. For

target organs that are far away from the kidneys, such as the the brain, absorbed fractions remain

more or less the same, independent of whether the radionuclide is in the cortex, medulla or papillae.

A homogeneous kidney model may be adequate for these orga.,_s.
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TABLE I. ABSORBED FRACTIONS OF ENERGY FOR SELECTED

ORGANS, SOURCE REGION IS CORTEX

ENERGY (MEV)

TARGET REGION 0.010 0.015 0.020

BRAIN

UTERUS

KIDNEYS 9.0E-01 (**) 7.4E-01 (**) 5.7E-0'I (**)

CORTEX 8.4E-01 (**) 6.2E-01 (**) 4.4E-01 (**)
MEDULLA 5.5E-02( i)* I.IE-01(I) 1.2E-01(I)

PAPILLAE 1.3E-03(9) 7.9E-03(3) 1.4E-02(2)

LIVER 3.4E-04(17) 3.7E-03(5) 1.2E-02(3)

LUNGS 3.9E- 04 (13 )

RED MARROW 7.0E-05(17) 1.4E-03(5) 5.8E-03(2)
OVARIES

SPLEEN 3.3E-04(17) 3.1E-03(5) 7.4E-03(3)

HEART WALL 1.6E-04(19)

BLOOD 2.2E-01 (**) I. 9E-01 (**) I. 6E-01 (**)

TOTAL BODY I. 0E+00 (**) 9.9E-01 (**) 9.6E-01 (**)

ENERGY (MEV)

TARGET REGION 0.030 0.050 0.i00

BRAIN 4.0E-05 (28)

UTERUS 7.4E-05 (23) 1.2E-04 (12) 2.3E-04 (9)

KIDNEYS 3.2E-01(**) 1.3E-01(i) 7.3E-02(I)

CORTEX 2.1E-01(**) 7.7E-02(I) 4.2E-02(i)

MEDULLA 9.5E-02(I) 4.5E-02(I) 2.5E-02(i)
PAPILLAE 1.7E-02(2) 1.0E-02(2) 5.6E-03(2)

LIVER 2.7E-02(i) 3.4E-02(i) 2.9E-02(I)

LUNGS 1.8E-03(5) 3.2E-03(3) 3.2E-03(3)
RED MARROW 2.0E-02(I) 3.2E-02(i) 2.1E-02(I)

OVARIES 1.7E-05 (28) 3.8E-05 (18)

SPLEEN 1.2E-02(2) 1.0E-02(2) 7.1E-03(2)
HEART WALL 5.5E-04(8) 1.2E-03( 4) 1.4E-03(4)

BLOOD i. IE-01 (**) 6.6E-02 (**) 4.6E-02 (**)

TOTAL BODY 8.5E-01 (**) 6.3E-01 (**) 4.5E-01 (**)

* -- COEFFICIENTS OF VARIATION IN PERCENT.

** - COEFFICIENTS OF VARIATION LESS THAN 0.5%.
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TABLE i. (CONTINUED)

ENERGY (MEV)

TARGET REGION 0.200 0.500 1.000

BRAIN 4.4E-05(27) 9.0E-05(21) I.IE-0.4(20)

UTERUS I. 8E-04 (I0) 1.7E-04 (13) I. 9E-04 (15)

KIDNEYS _ 7.3S-02(I) 7.7E-02(I) 7.1E-02(i)

CORTEX 4.4E-02(i) 4.6E-02(I) 4.3E-02(i)

MEDULLA 2.5E-02(2-) 2.6E-02(i) 2.3E-02(2)

PAPILLAE 5.3E-03(2) 5.5E-03(3) 5.3E-03(3)

LIVER 2.7E-02(i) 2.6E-02(I) 2.5E-02(I)

LUNGS 3.1E-03(3) 3.1E-03(3) 3.2E-03(4)

RED MARROW 1.4E-02(I) I.IE-02(I) 1.0E-02(2)

OVARIES I. 6E-05 (25) 3.4E-05 (29)

SPLEEN 6.7E-03(2) 6.3E-03(3) 5.9E'03(3)

HEART WALL 1.4E-03(4) 1.5E-03(5) 1.3E-03(6)

BLOOD 4.5E-02(**) 4.6E-02(I) 4.3E-02(I)

TOTAL BODY 4.2E-01 (**) 4.2E-01 (**) 4.0E-01 (**)

ENERGY (MEV)

TARGET REGION 1.500 2.000 4.000

BRAIN 1.2E-04 (21) 1.8E-04 (17) 1.8E-04 (18)

UTERUS I. 9E-04 (16) 2.3E-04 (16) 2.3E-04 (16)

KIDNEYS 6.5E-02( i) 5.9E-02( I) 4.9E-02( i)

CORTEX 3.9E-02( i) 3.5E-02( i) 3.0E-02( 2)
MEDULLA 2.2E-02( 2) 2.0E-02( 2) 1.6E,02( 2)

PAPILLAE 4.8E-03( 4) 4.0E-03( 4) 3.3E-03( 5)

LIVER 2.2E'02( 2) 2.2E-02( 2) 1.8E-02( 2)

LUNGS 3.3E-03( 4) 3.1E-03( 4) 2.7E-03( 5)
RED MARROW 9.8E--03( 2) 9.2E-03( 2) 8.0E-03( 2)

OVARIES

SPLEEN 5.5E-03( 3) 5.3E-03( 3) 4.1E-03( 4)
HEART WALL 1.3E-03( 6) 1.3E-03( 7) 1.2E-03( 8)

BLOOD 4.0E-02( I) 3 8E-02( I) 3 2E-02( I)

TOTAL BODY 3 BE-01(**) 3.6E-01(**) 3.1E-01(**)

* -- COEFFICIENTS OF VARIATION IN PERCENT.

** - COEFFICIENTS OF VARIATION LESS THAN 0.5%.
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TABLE 2. ABSORBED Fr<ACTIONS OF ENERGY FOR SELECTED
ORGANS, SOURCE REGION IS MEDULLA

ENERGY (MEV)

TARGET REGION 0.010 0.015 0.020

BRAIN

UTERUS

KIDNEYS 9.8E-01 (**) 8.8E-01 (**) 7.2E-0'I (**)

CORTEX 6.9E-02(i) 1.3E-01(I) 1.5E-01(I)

MEDULLA 8.7E-01 (**) 6.8E-01 (**) 5.0E-01 (**)

PAPILLAE 3.7E-02(2) 6.9E-02(I) 7.5E-02(I)
LIVER 1.6E-03(7) 7.7E-03(3)

LUNGS 2.9E-04(15)

RED MARROW 1.4E-03(5) 6.2E-03(2)

OVARIES

SPLEEN 1.4E-03(8) 4.4E-03(4)

HEART WALL I.IE-04(23)

BLOOD 2.4E-01 (**) 2.2E-01 (**) i. 9E-01 (**)

TOTAL BODY 1.0E+00(**) 9.9E-01(**) 9 7E-01(**)

ENERGY (MEV)

TARGET REGION 0.030 0.050 0.I00

BRAIN 2.7E-05 (28)

UTERUS I.IE-04(16) 1.8E-04(I0)

KIDNEYS 4.3E-01 (**) 1.7E-01 (**) 9.4E-02 (i)

CORTEX 1.2E-01(I) 5.6E-02(i) 3.1E-02(I)

MEDULLA 2.6E-01(**) 9.4E-02(I) 5.0E-02(I)

PAPILLAE 5.5E-02(I) 2.4E-02 (I) 1.2E-02(i)

LIVER 2.1E-02(2) 3.1E-02(I) 2.7E-02(i)

LUNGS 1.3E-03(6) 2.8E-03(3) 3.1E-03(3)

RED MARROW 2_2E-02(I) 3.5E-02(I) _ 2.3E-02(i)

OVARIES 2.2E-05 (27) 3.7E-05 (19)

SPLEEN 8.1E-03(2) 8.8E-03(2) 6.0E-03(2)

HEART WALL 5.1E-04(8) I.IE-03(5) 1.4E-03(4)

BLOOD 1.3E-01(**) 7.5E-02(**) 5.1E-02(_*)

TOTAL BODY 8.6E-01 (**) 6.5E-01 (**) 4.7E-01 (**)

* -- COEFFICIENTS OF VARIATION IN PERCENT.

** - COEFFICIENTS OF VARIATION LESS THAN 0.5%.
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TABLE 2. (CONTINUED)

ENERGY (MEV)

TARGET REGION 0.200 0.500 1.000

BRAIN 8.4E-05 _23) i. 3E-04 (18)

UTERUS I. 9E-04 (Ii) 1.8E-04 (12) 2.2E-04 (14)
KIDNEYS 9.5E-02(i) 9.9E-02(i) 9.1E-02(I)

CORTEX 3.0E-02(i) 3.1E-02(I) 2.8E-02(I)

MEDULLA 5.2E-02(i) 5.5E-02(I) 5.0E-02(I)

PAPILLAE 1.3E-02(2) 1.3E-02(2) 1.2E-02(2)

LIVER 2.5E-02(i) 2.5E-02(I) 2.3E-02(2)

LUNGS _ 2.9E-03(3) 3.0E-03(3) 2.9E-03(4)

RED MARROW 1.5E-02(i) 1.2E-02(I) I.IE-02(I)

OVARIES 3. IE-05 (22) 2.8E-05 (30)

SPLEEN 6.0E-03(2) 5.3E-03(3) 5.0E-03(3)

HEART WALL 1.3E-03(4) 1.3E-03(5) 1.2E-03(6)

BLOOD 4.9E-02(**) 5.0E-02(i) 4.7E-02(I)

TOTAL BODY 4.3E-01(**) 4.3E-01(**) 4.1E-01(**)

ENERGY (MEV)

TARGET REGION 1.500 2.000 4.000

BRAIN 2.2E-04 (16) I. 8E-04 (17) 2.3E-04 (17)

UTERUS i. 9E-04 (16) 2 2E-04 (16) 2.7E-04 (16)
KIDNEYS 8.3E-02(I) 7.2E-02(I) 6c2E-02(I)

CORTEX 2.6E-02( 2) 2.5E-02( 2) 1.9E-02( 2)

MEDULLA 4.6E-02( i) 4.2E-02( I) 3.5E-02( I)

PAPILLAE I.IE-02( 2) 1.0E-02( 3) 8.5E-03( 3)

LIVER 2.2E-02( 2) 2.1E-02( 2) 1.7E'02( 2)

LUNGS 3.0E-03( 4) 3.0E-03( 4) 2.6E-03( 5)

RED MARROW I.IE-02( 2) 1.0E-02( 2) 8.6E-03( 2)

OVARIES

SPLEEN 4.5E-03( 4) 4.4E-03( 4) 3.5E-03( 5)

HEART WALL 1.2E-03( 6) 1.3E-03( 7) I.IE-03( 7)

BLOOD 4.4E-02( i) 4.1E-02( I) 3.5E-02( I)
TOTAL BODY 3.9E-01 (**) 3.7E-01 (**) 3. IE-01 (**)

* -- COEFFICIENTS OF VARIATION IN PERCENT.

** - COEFFICIENTS OF VARIATION LESS THAN 0.5%.
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TABLE 3. _ABSORBED FRACTIONS OF ENERGY FOR SELECTED

ORGANS, SOURCE REGION IS PAPILLAE

ENERGY (MEV)

TARGET REGION 0.010 0.015 0.020
- ,.

BRAIN

UTERUS

KIDNEYS 9.6E-01 (**) _ 8.9E-01 (**) 7.5E-0'I (**)

CORTEX 4.7E-03(4) 3.2E-02(2) 6.1E-02(I)
MEDULLA 1.2E-01(I) 2.4E-01(i) 2.6E-01(**)

PAPILLAE 8.3E-01 (**) 6.3E-01 (**) 4.3E-01 (**)

LIVER 8.9E-04 (I0) 4. IE-03 (4)

LUNGS 2.5E-04 (16)

RED MARROW 5.5E-05(29) 1.5E-03(5) 7.2E-03(2)
OVARIES

SPLEEN 1.0E-03(9) _3.8E-03(4)

HEART ':ALL 8.6E-05(26)

BLOOD 2.4E-01 (**) 2.2E-01 (**) I. 9E-01 (**)

TOTAL BODY I. 0E+00 (**) 9.9E-01 (**) 9.7E-01 (**)

ENERGY (MEV)

TARGET REGION 0. 030 0. 050 0. 100

BRAIN

UTERUS I. 2E-04 (14) 2. IE-04 (i0)

KIDNEYS 4.6E-01 (**) i. 9E-01 (**) 1.0E-01 (**)

CORTEX 7.2E-02(I) 4.3E-02(I) 2.5E-02(I)

MEDULLA 1.9E-01(**) 8.4E-02(i) 4.5E-02(i)

PAPILLAE 2.0E-01(**) 6.2E-02(I) 3.3E-02(i)

LIVER 1.4E-02(2) 2.2E-02(i) 2.1E-02(I)

LUNGS 1.2E-03(6) 2.6E-03(3) 2.9E-03(3)

RED MARROW 2.3E-02(I) 3.9E-02(I) 2.5E-02(i)

OVARIES 1.7E-05 (28) 2.2E-05 (24)

SPLEEN 8.7E-03(2) 9.4E-03(2) 6.8E-03(2)
HEART WALL 5.2E-04(8) 1.2E-03(4) 1.4E-03(4)

BLOOD 1.4E-01 (**) 7.8E-02 (**) 5.3E-02 (**)

TOTAL BODY 8.7E-01 (**) 6.6E-01 (**) 4.7E-01 (**)

* -- COEFFICIENTS OF VARIATION IN PERCENT.

** - COEFFICIENTS OF VARIATION LESS THAN 0.5%. _
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TABLE 3 (CONTINUED)

ENERGY (MEV)

TARGET REGION 0.200 0.500 1.000

BRAIN 5.5E-05 (27) 4.0E-05 (28) 7.8E-05 (23)

UTERUS 1.8E-04(I0) 1.9E-04 (13) 2.5E-0'4(13)

KIDNEYS 1.0E-01( I) I.IE-01( I) 9.8E 02( i)

CORTEX 2.3E-02( I) 2.4E-02( I) 2.1E-02( 2)

MEDULLA 4.5E-02( I) 4.6E-02( I) 4.3E-02( i)

PAPILLAE 3.5E-02( I) 3:8E-02( i) 3.4E-02( I)
LIVER 1.9E-02( i) 1.9E-02( 2) 1.8E-02( 2)

LUNGS 2.8E-03(3) 2.9E-03(3) 2 8E-03(4)

RED MARROW 1.7E-02(i) 1.3E-02(I) 1.2E-02(i)
OVARIES 2.9E-05 (23,)

SPLEEN 6.2E-03(2) 6.1E-03(3) 5.7E-03(3)

HEART WALL 1.4E-03(4) 1.4E-03(5) 1.5E-03(6)

BLOOD 5.1E-02(**) 5.2E-02(i) 4.8E-02(i)
TOTAL BODY 4.4E-01(**) 4.4E-01(**) 4.2E-01(**)

J

ENERGY (MEV)

TARGET REGION 1.500 2.000 4.000

BRAIN 1.7E-04 (18) I. 9E-04 (18) 2.3E-04 (17)

UTERUS 2.0E-04 (15) 2.1E-04 (15) i. 6E-04 (19)

KIDNEYS 9.1E-02(I) 8.4E-02(I) 6.8E-02(i)

CORTEX 2.0E-02(2) 1.8E-02(2) 1.4E-02(2)

MEDULLA 3.9E-02(i) 3.6E-02(I) 2.9E-02(2)

PAPILLAE 3.2E-02(I) 2.9E-02(i) 2.4E-02(2)

LIVER 1.7E-02(2) 1.7E-02(2) 1.4E-02(2)

LUNGS 3.0E-03(4) 2.8E-03(4) 2.6E-03(5)
RED MARROW l.lE-02(2) I.IE-02(2) 9.6E-03(2)
OVARIES

SPLEEN 5.1E-03(3) 5.2E-03(4) 3 9E-03(4)

HEART WALL 1.4E-03(6) 1.3E-03(7) I.IE-03(7)

BLOOD 4.6E-05(I) 4.3E-02(i) 3.5E-02( I)
TOTAL BODY 3.9E-01(**) 3.7E-01(**) 3 IE-01(**)

* -- COEFFICIENTS OF VARIATION IN PERCENT.

** - COEFFICIENTS OF VARIATION LESS THAN 0.5%.
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TABLE 4. COMPARISON OF SPECIFIC ABSORBED FRACTIONS OF

ENERGY FOR BOTH KIDNEYS AS TARGET ORGAN.

SOURCE REGION

ENERGY CORTEX MEDULLA PAP ILLAE

0.010 2 9E-03 3.2E-03 3.2E-03

0. 015 2 .4E-03 2 .9E-03 3 .0E-03

0. 020 _ I. 9E-03 2.4E-03 2 .5E-03

0. 030 I. IE-03 I. 4E-03 1.5E-03

0. 050 4.4E-04 5.7E-04 6.3E-04

0 .i00 2.4E-04 3. IE-04 3.4E-04

0.200 2.4E-04 3. IE-04 3.4E-04

0.500 2.6E-04 3.3E-04 3.6E'04

I. 000 2.3E-04 3.0E-04 3.2E-04

1 .500 2 .IE-04 2 .7E-04 3 .0E-04

2 .000 i. 9E-04 2 .6E.04 2 .8E-04

4 .000 i. 6E-04 2. IE-04 2 .2E-04
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An Approach to Hot Particle Dosimetry Using a

Monte Carlo Transport Code
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INTRODUCTION

Hot particles were first identified in the early 1960's at some of the

original operating nuclear plants. However, hot particles did not gain

wide attention u_til the 1980's. In the early 1980's, Portland General

Electric's Trojan plant had a si0nificant fuel failure' caused =by

baffle-jetting and many small radioactive particles were discovered on

workers. In October of 1985, a 433 mrad/hr particle was detected on a

workers' clothing at San Onofre Nuclear Generating Station, Unit 3

(Warnock et al. 1987). Another incident in 1985 occurred at the McGuire

nuclear plant where eight skin contaminations from activated cobalt

particles were reported. The estimated dose received from these

particlesranged from 1.06 to 10.6 rem' (Bray et al. 1987).

These and other incidents have led to an increasing concern over the

identification and control of hot particles (USNRC1986a, USNRC 1987).

Health physics programs have been developed at essentially ali facilities

to minimize hot particle control problems and facilkate hot particle

identification. Usually, these programs are site specific and are directed

towards an extensive list of possible contaminants derived from

particuEaroperations at each facility. Emphasis has been placed on the

detection of hot particles at several check points to ensure exposures are

identified quickly. In addition, most facilities have taken steps to reduce

the sources of hot particles.

Federal regulations regarding exposure of the skin represent one of

the main areas of controversy in the hot particle issue. The Nuclear
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Regulatory Commission currently limits the exposure of extremities to

18.75 rem Per quarter and the skin of the whole body is limited to 7.5 rem

per quarter (USNRC 19861:). Although there has been a great deal of

discussion as to the regul_,corydefinition of extremities and the skin,

these limits assume that the exposure is uniform, over a reasonably large

area. Hot particles, in contrast, deliver extremely high doses to a very

small area of skin. Many experts feel that the above limits are too

restrictive in the case of hot particles. Even though the dose from a hot

particle is very high, the actual injury to an exposed individual may be

negligible, and, in many cases, undetectable. Therefore, the limits

specified in the federal regulations are much too restrictive when applied

to the assessment of hot particle incidents.

More recently, the National Council on Radiation Protection and

Measurements (NCRP) has issued their report on hot particles on the skin

(NCRP 1989). The NCRP has focussedon preventingdeep ulcerationof the

skin and has recommended a limit based upon the total number of beta

particles emitted from the radionuclide(s) present in the hot particle.

Exposure to the skin by a hot particle of a size less than 1 mm in diameter

should be limited to 101° beta particles emitted from the contaminant. If

one beta particle is emitted per disintegration, this recommended limit

may be expressed as a time integral of activity equal to 75 i_Ci h. lt is

interesting to note that the NCRP specifically avoided the specification of

the area or depth of assessment of the dose equivalent due to hot

particles (NCRP 1989).

Many variables must be evaluated to assess properly the potential
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damage from hot particles. The dose delivered is dependent on the

biological endpoint, the size, composition, and activity of the particle,

location of the particle on the worker, and the residence time. NCRP

recognized these variables and took them into account in their

recommended limit. The NCRP assumed that acute deep ulceration

occurred at a thresholddose of approximately230,000 rads when the dose

was evaluated at a depth of 100 I_m directly under the hot particle. The

NCRP-recommended 75 _Ci h value was based upon this threshold, a small,

unspecifiedarea, and, apparently,a depthof 100 km (NCRP 1989).

The purpose of our research was evaluate the current methods used in

industry to assess doses from hot particles and to compare the results

obtained to those obtained using an electron i:ransportcode° A Monte Carlo

photon-electron transport code, which can b_, used to model the physical

process of energy depositionby electrons in tissue, was used to determine

the actual behavior of hot particle beta radiation in the skin. A

comparison was made between the results from these transport

calculations and those obtained using the computer code VARSKIN and

Loevinger's folmulation. These latter approaches represent current

methods of dose assessment. In addition, our goal was to evaluate the

need for changes to current methodologies for handling hot particle

exposure incidents.
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CODE DESCRIPTIONS

A. LOPOINT

A computer code, LOPOINT, was used to calculate the skin dose

from contamination deposited on the surface of the skin. The code,

written by the authors, utilized a widely accepted method derived by

Loevinger for determining dose distributions due to beta radiation

sources. Loevinger measured dose distributions from planar sources and

derived empirical equations for point, infinite plane, and finite plane

sources (Loevinger 1956, Bartlett 1987).

The code LOPOINT uses the following equation in the calculation of dose

from a point source"

- (_) e ] +_c _ (3)
(_)2

Where: J(x)= beta skin dose rate at point x (rad/hr)/l_Ci;

x = distance from point source (g/cm2);

k = 0.17 v3 Eave a (rad/hr)/mCi -- for tissue;

i8.6

(Eo-0.036)1'37 Eavc,

c = 2.20 e°'38 Eo.!

a = [3c2 - (c 2 - 1) el"1 ;

n = fractional abundance of beta with Eo (per

disintegration);

Eo = maximum beta energy (MEV);
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Eave= average beta energy (MEV); and

E ave,= average beta energy for an allowed spectrum
,.

(MEV).

Loevinger's empirical formula can be used for hot particle dose
=

assessment by invoking the reciprocal dose theorem. The theorem states,
,,

"...the dose to a point from a circular plane source is equal to the dose to

the circular plane from a point source, provided that both sources are of

equal activity and inside a uniform absorbing material" (Bartlett 1987). '

VARSKIN

The computercode VARSKIN also was used in this study since this

code is widely used and accepted as the standard in the nuclear power

industry for hot particle evaluations. VARSKIN can be used to calculate

the radiation dose due to skin contamination from beta emitting

radionuclides at any depth below the surface of the skin. The user may

evaluate the dose from point sources, disk sources of any radius, and

infinite planar sources (where the radius of the source is greater than the

maxinlum range of the beta particle). The user selects the radionuclides

comprising the source from a predetermined list, the activity of the

source, the duration of the exposure,and the depth of interest (Traub et al.

1987).

In this code, the dose due to a point source is calculated at 26

locations ali at depth d below the skin surface. These points extend

horizontally from the axis of the source to a distance R and are spaced
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with a square root distribution. The points are packed tighjy in the

center of the exposed basal layer. The space b_tween the points increases

with distance from the axis of the source to radius R. Figure 1 illustrates

the simplest geometry, the point source. In this figure, Rm is the
, ,

effective range , of the beta particle in the skin and is equal to 1.8 times

X Qo, where Xgo is the 90-percentile range for a given I_eta particle.

Within a distance Xgo, ali particles have.deposited 90% of their total

energy. The radius, R, is calculated using the following formula'

The dose received at each of the 26 points is a function of the parameters

defined above and the energy spectrum of the beta radiation.

The code accesses tabular data that were originally developed by

Berger for the distribution of absorbed energy around point sources of

beta emitting radionuclides in water (Berger 1971).

Next, the dose,_ to each of the 26 points are averaged over the skin

area determined by a circle with radius R at depth d. The equation is as

follows"

2 _ dose(r) r dr
Average Dose = . (2)

.xR2

The disk source geometry is illustrated in Figure 2. In this case,

the exposed area of the basal layer is divided into two regions. The first
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region contains the points within the range of the source radiations. The

cells in this region view the source as an infinite planar source. The dose

is calculated to 26 points in this region from an infinite planar source.

The second region is called the "edge". The dose is calculated to 26 points

in this region using the same method as for a point source. The dose to

the points in both regions is averaged over the circular, areas using

equation 2. The limits of integration, differentiating between the two

regions, are' chosen in the VARSKIN program depending on the range of the

particles and the radius of the disk source.
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Figure 1. Point Source Geometry
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Figure 2. Disk Source Geometry
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EGS4

EGS4 is a Monte Carlo code that can be used to simulate the

radiation transport of electrons or photons in any element, compound, or

mixture, lt was used in this research to follow charged particles (beta
,,

radiation) which were transported in random steps through regions

simulating the skin. As the particle is transpqrted, several physical

processes are followed; Bremsstrahlung production, positron annihilation

in flight and at rest, Moliere multiple scattering, Moiler (e'e') and Bhabha

(e+e ") scattering, continuous energy loss applied to charged particle

tracks between discrete interactions, pair production, Compton

scattering, Raleigh scattering, and the photoelectric effect.

Two user-written subroutines are incorporated' HOWFAR and

AUSGAB. HOWFAR is used to establish the specific geometry for the

problem. AUSGAB is used to tabulate energy losses within the geometrical

regions specified in FIOWFAR.

The two input files used in EGS4 are MEDIA and PATCLE. MEDIA is a

fixed data file containing cross sections for tissue down to an energy of 1

keV. PATCLE is a variable input file which specifies the cut-off energies

for electrons and photons, the number of electrons, energy of the

electrons, the pathlength step size, and the radius of the source.

EGS4 was used to calculate the average dose at different depths

below the surface of the skin for a fixed volume. The beta particles were

considered to be monoenergetic electrons with an energy equivalent to the

average beta energy of the radionuclide of interest. A geometry was

designed for EGS4 with the fcllowing parameters, so that a comparison
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could be made with the results obtained =from VARSKIN and LOPOINT, The

volume created for EGS4 was a cylinder with a height of 400 I_m and a

variable radius. There were three variations used for the radius; the

radius specified by VARSKIN for ali cell damage, the continuous slowing

down distance as specified by Attix (Attix 1986), and 0.5642 cm which

corresponds to a circular area of 1 cm 2. The cylinder was divided into

400 layers, 1 I_m thick; the small volume constructed _,_proximately

represented a planar area. Figure 3 shows the geometry created for EGS4.

METHODS

To calculate the skin dose received from hot particles, the

composition and activity of the source must be determined. Once the

radiation characteristics have been identified, appropriate beta dose

equations and computer codes can be applied to calculate the dose to the

basal layer at any specified depth and over any area.

After reviewing the literature, a list of typical components of hot

particles was constructed. The radionuclides, evaluated in our study, are

listed in Table 1. This tabulation is not a complete list of ali isotopes

that have been detected in hot particles, rather it contains the most

prominent components encountered in both fuel and stellite particles.

,i
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Table 1. Hot Particle Radionuclides ,,

Radionuclide Eave (MEV) Emax (MEV)

Sr-89 0.593 1.470

Sr-90 0.196 0.544

Nb-95 0.046 0.930

Ce-144 0.081 0.320

Co-60 0.094 1.478

Zr-95 0.115 1.130

Ce-141 0.144 0.580

Co-58 0.201 0.474

1-131 0.180 0.810

Ba-140 0.282 1.010

Cs,137 0.195 1.167

La-140 0.490 2.200

Y-90 0.931 2.245

Pr-144 1.225 2.984

Pm-147 0.062 2.450
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The three computer codes LOPOINT, VARSKIN, and EGS4 were

used to calculate the average dose at various depths below the

surface of the skin. The three codes utilized different methods in the

calculations. To compare the results from each code," similar

geometries were constructed.

LOPOINT was used to calculate the dose rate to' a point

using Loevinger's empirical dose distribution equation. This code was

writteri by the authors. The user specified the radionuclide, number

of betas emitted per disintegration, maximum particle energy,

average particle energy, hypothetical energy ratio (Eave/Eave,), and

the fractional abundance. Then, LOPOINT was used to calculate the

dose to individual points or a range of points.

VARSKIN was used to calculate the dose to the I 26 points
,,

mentioned in the previous section. The points were determined in the

program depending on the range of the beta radiation and the size of

the source. The dose was computed fur the 26 points using equation 2.

EGS4 can be used to calculate the dose to a volume and a

cylindrical geometry was constructed for use in this code. Th_ height

of the cylinder was 400 I_m and the cylinder was divided in steps of 1

I_m. The radius of tile cylinder was either 0.5642 cm _r Rmax cm. The

resulting elemental volume was a thin layer that approximated a

planar area.
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A. Comparison One - LOPOINT vs. VARSKIN at Current

Regulatory Specifications

For the first comparison, VARSKIN was used as a control. The code

was used to dictate the geometry to be utilized by EGS4 and distances for

LOPOINT. The output of VARSKIN lists the dose equivalent averaged over

an area of 1 cm2, the dose averaged over a circle with radius R, and the

dose at 26 poin{_, horizontally outward from the axis of the source.

The 26 points were used to calculate the distance from the source

using the Pythagorean theorem. LOPOINT was used to calculate the dose at

the same distances frorn the source. The dose at each of the points was

averaged over 1 cm2 at a depth of 70 I_m for comparison with VARSKIN.

The isotopes evaluated were Co-60, Sr-89, and Pr-144 with average beta

energies of 0.094 MeV, 0.593 MeV, and 1.225 MeV, respectively. These

isotopes were chosen because their energies encompassed the typical

energy range of hot particles. The average doses from the two codes were

normalized to the results for VARSKIN because this code is the current

method used by the NRC and industry to evaluate hot particles for

regulatory compliance.

B. Comparison Two - VARSKIN vs. EGS4 for Various Depths

VARSKIN and EGS4 were used to calculate the average dose from a

point source at the following depths; 10 l_m, 50 I_m, 70 I_m, 100 l_m, 150

p.m, 200 I_m, 250 I_m, 300 I_m, and 400 I_m. The hot particle was

assumed to be a point source with an integrated activity of 1 _Ci-sec.
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Beta particles were transported in EGS4 as monoenergetic electrons

having the average energy of the radionuclide. The depths were chosen to
/

account for fluctuations in the basal layer depth in different regions of

the body (ICRP 1975). The codes were used to calculate the dose over two

different areas. The first area was 1 cm2, the depth used to demonstrate

regulatory compliance. The second was an area with a radius of Rmax,

determined by the 90-percentile distance for electrons, Three isotopes

were evaluated; Co-60, Sr-89, and Pr-144.

Since EGS4 is a M0n*.eCarlo code, it was necessary to establish the

number of particle histories required to reduce the calculational error to

less than one percent of the energy deposited in the elemental volume. In

the second comparison, the number of histories introduced into EGS4

directly correspondedto the activity of the hot particle assuming that one

beta particle was emitted per disintegration. For the remaining

evaluations, only 10,000 histories were required to obtain reliable

results.

C. Comparison Three - Dose as a Function of Average Beta

Particle Energy

The next comparison was designed to determine the dependence of

the average dose on the average energy of the beta particle at various

depths below the surface of the skin. EGS4 was used to calculate the

average dose at the followingdepths; 40 pm, 50 I_m, 150 _m, and 300 _m.

These depths corresponded to the average depth of the basal layer

determined for the head and trunk, arms and legs, dorsal hand and foot, and
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voral hand and foot, respectively (Konishi and Yashizawa 1985). The depth

of 70 I_m also was evaluated because it is the current average depth of

the basal layer recognized by the ICRP and the NRC. Ali isotopes listed in

Table 1 were evaluated in this comparison using the average energy of the

beta radiations.

After evaluating the results from this comparison, it was

determined that VARSKIN could be used to calculate the dose to points

outside the range of the particle. The range is approximately equal to the

average path length an electron travels. For beta particles with energy

greater than 10 keV, the range calculated assuming the c0ntin_ous

slowing down approximation (CSDA) is a useful measure of average

electron penetration distance, therefore the CSDA range is a better

representation of the actual particle pathlength (Turner 1986). In this

comparison the average dose at the different depths was calculated over 1

cm2 and _(CSDA) 2 cm2.

The input file for EGS4 was the only parameter that was changed in

this comparison. The radius used in EGS4 was either the CSDA range or

0.5642 cre. Table 2 contains the CSDA path lengths of the radionuclides

evaluated assuming the average beta particle energy.

D. Comparison Four- Dose as a Function of Averaging Area

This comparison investigated the dependence of the average area on

the resulting dose using EGS4. Three radionuclides were investigated;

Sr-89, Pr-144, and Co-60. The radius of the cylindrical geometry input

into EGS4 was changed to allow evaluation of the dose ,_ver several areas.
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The following areas were investigated; 0.25 cm2, 1 cm2, 2 cm2, _(Rmax)2

cm 2, and _(CSDA) 2 cm2. Currently, the Federal regulations require the

dose be_determined to an area of 1 cm2 at a depth of 70 I_m.

i
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Table 2. CSDA Mean Path Length

Radionuclide CSDA Range (cre)

Sr-90 2.174E-01

Sr-89 4,224E-02

Nb-95 3.609E-03

Ce,144 1.011E-02

Co-60 1.250E-02

Zr-95 1.767E-02

Ce-141 2.563E-02

Co-58 4.396E,02

I-1 31 3.685E-02 -

Ba-140 7.471E-02

Cs-137 4.191E-02

La-140 1.673E-01

Y-90 3.911E-01

Pr-144 5.382E-01

Pm-147 6.099E-03
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E. Comparison Five - Dose as a Functionof Disk Size

The final relationship studied was the effect of disk size on the

average dose at the following depths; 40 I_m, 50 l_m, 70 km, 150 I_m,

and 300 I_m. The following disk radii were evaluated; 0.0001 cm,

0.0005 cm, 0.001 cre, 0.005 crn, 0.01 cre, 0.05 cre, 0.1 cre, and 1.0 cm,

for the same radionuclides,i.e., S¢,89, Pr-144, and Co-60.

RESULTS

To facilitate a comparison in terms of the absorbed dose per unit

activity, i.e., rad/l_Ci, for ali the investigations in this research, the total

number of disintegrations introduced into the computer codes was

assumed to be equivalent to a 1 _Ci source on the skin for a period of One

second. The dose estimate for higher activity sources is a simple

multiple of the normalized absorbed dose per unit activity (rad/i_Ci) and

the exposure period in seconds, and, Since the quality factor for beta

radiation is unity, the results can be interpreted in units of rem/_Ci.

A. Comparison One - LOPOINT vs. VARSKIN at Current

Regulatory Specifications

Industry currently uses Loevinger's beta dose rate equations or

the computer code VARSKIN to calculate the dose from hot particles.

First, a comparison was made between LOPOINT and VARSKIN at a depth of

70 km and an area of 1 cm 2. A point source was chosen for the

comparison with an activity of 1 I_Ci (i.e., 3.7 x 104 dPs). The results from

both computer codes were normalized to the output from VARSKIN because
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it is the code utilized by the NRC for such assessments. Since the

assumed exposure corresponded to 1 I_Ci-sec, ali dose estimates were

small. For example, for a 1 I_Ci point source of 6°Co, the VARSKIN

estimate was 0.002 rem, while the LOPOINT estimate was 0.004 rem. For

89Sr, the estimates were 0.005 rem and 0.009 rem, and for 144pr, the

estimates were 0.005 rem and 0.008 rem, respectively. "l:hese results

agree with a similar investigation using Loevinger equations and VARSKIN _

to assess the dose delivered from fuel fragments (Bray et al. 1987). For

cases in which the distances of interest are beyond one-half the range of

the beta radiation, it has been reported that the differences reach more

than a factor Of ten (NCRP 1989).

B. Comparison Two - VARSKIN vs. EGS4 for Various

Depths

In the second comparison, VARSKIN and EGS4 were used to

calculate the average doses for two areas, 1 cm2 and _;(Rmax)2 cm 2, at

various depths. The _(Rrna×)2 areas were 0.0099 cm 2 , 0.93 cm2 , and 4.58

cm2 for Co-60, Sr-89, and Pr-1441 respectively. Figures 4 through 9

compare the absorbed doses as a function of depth for these three

isotopes. In these figures, the dose decreases with increasing depth for

both areas over which the dose was averaged. Close to the skin surface,

the doses obtained with VARSKIN tended to be higher than those from

EGS4. At depths of 70 I_m, the two codes were in agreement within +35%.

For depths greater than 100 _m, the difference decreased to :1:15%.
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C. Comparison Three - Dose as a Function of Average Beta

Particle Energy

The next comparison studied the dependence of the average

dose at various depths on the average energy of the beta particle. EGS4

was used to calculate the dose averaged over areas of 1 cm2 and

_(CSDA) 2 cm2. Figure 10 illustrates the dose averaged over 1 cm2 and

_(CSDA) 2 cm2 at a depth of 70 _m as a function of particle energy.

The dose per unit activity decreased as the energy of particle increased

for an area of 1 cm2. The dose averaged over the CSDA range remained

constant for energies greater than 100 keV because the CSDA range

(see Table 2) also increased with particle energy. The curves for other

depths in tissue had similar shapes, these data are tabulated in Table

3.

D. Comparison Four- Dose as a Function of Averaging Area

The fourth comparison investigated the effect of the area over

which the dose was averaged on the dose at several depths. Figures 11

through 13 show the relationship between the area over which the dose

is averaged and the dose for Co-60, Sr-89, and Pr-144 at the average
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depths of the basal layer. The dose decreased for ali three radionuclides

evaluated with increasing area over which the dose was averaged, at

each specified depth.

Table 3. Dose as a Function of Average Basal Layer Depth

Area=_(CSDA) = cm=, Dose. (rad/l_Ci)
Nuclide Eeve(Mev) 40 I_m 501_m 701_m 1501_m 300 I_m

Nb-95 0.046 0.000 0.000 0.000 0.000 0.000
Pm-147 0.062 20.180 5.470 0.000 0.000 0.000
Ce-144 0.081 13_840 6.570 5.310 0.000 0.000
Co-60 0.097 8.494 7.500 4.536 0.000 0.000
Zr-95 0.115 4.150 3.680 2.960 0.152 0.000
Ce-141 0.144 2.990 2.810 2.370 0.999 0.000
I-1 31 0.180 0.840 0.800 0.740 0.469 0.031
Cs-137 0.195 0.810 0.760 0.710 0.486 0.094
Sr-90 0.200 0.800 0.750 0.700 0.520 0.121
Co-58 0.201 0.800 0.750 0.700 0.527 0.127
Ba-140 0.282 0.230 0.210 0.200 0.150 0.101
La-140 0.490 0.050 0.040 0.040 0.032 0.030
Sr-89 0.5£,3 0.030 0.030 0.030 0.021 0.019
Y-90 0.931 0.008 0.009 0.007 0.006 0.007
Pr-144 1.225 0.004 0.004 0.005 0.004 0.004
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Area=l cm 2, Dose (rad/pCi) '
Nuclide Eave (Mev)40 pm 50 pm 70 pm 150 pm 300 pm

Nb-95 0.046 0.000 0.000 0.000 0,000 0.000
Pm-147 0.062 0.002 0.001 0.000 0.000 0.000
Ce-144 0_081 0.005 0.004 0.001 0.000 0.000
Co-60 0.,097 0.005 0.004 0.003 0.000 0.000
Zr-95 0.115 0.005 0.005 0.004 0.002' 0.000
Ce-141 0.144 0.005 0.004 0.004 0.001 0.000
I-1 31 0.180 0.005 0.005 0.004 0.003 0.000
Cs-137 0.195 0.005 0.005 0.004 0.003 0.000
Sr-90 0.200 0.005 0.005 0.004 0.003 0.001
Co-58 0.201 0.005 0.004 0.004 0.003 0.001
Ba-140 0.282 0.004 0.004 0.004 0.003 0.002
La-140 0.490 0.005 0.004 0.004 0.003 0.003
Sr-89 0.583 0.005 0.004 0.004 0.003 0.003
Y-90 0.931 0.005 0.004 0.004 0.004 0.004
Pr- 144 1.225 0.004 0.004 0.005 0.004 0.004
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Figure 10. Average Dose as a Function of Energy at a Depth of 70 km
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CONCLUSIONS

The two most prominent methods utilizedto determine the dose

received from hot particlesare Loevinger'sequation and the computer

code VARSKIN. Resultsobtainedwith VARSKIN currentlyare accepted by

the NRC for hot particleexposureassessments. Comparisonof LOPOINT

and VARSKIN revealed that the delivered dose obtained with LOPOINT is

greater than the VARSKIN estimateby a factor of 1.5 to 2.2. The lowest

energy isotopeevaluated, Co-60 (0.097 MEV), showed the greatest

increase of a factor of 2.2 and the highestenergy isotope, Pr-144 (1.225

MEV), showed an increase over VARSKIN of a factor of 1.6. These results

are not inconsistentwith those reported previously(Bray 1987, NCRP

1989 ). Base on these results, it is recommended that Loevinger's

equation shouldbe used only as a rough app.roxirnationof the dose

delivered by a hotparticle.

To model more realistically the actual behavior of beta particles in

tissue, EGS4 was used to calculate the dose at several different depths

and areas. Figures 4 through 9 show that the VARSKIN results are higher

than those obtained with EGS4 at very shallow depths, but as the depth

increases there is good agreement between the two codes.

The next comparison investigated the average dose as a function of

incident particle energy. The dose was averaged over two areas with the

following radii; 0.5642 cm (area = 1 cm2) and CSDA-range cm (area =

_(CSDA) 2 cm2). Figure 10 shows the relationship obtained in this

comparison. For the area representing a 1 cm2 area, it can be seen that
i
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as the particle energy increases, the average dose decreases at a i

specified depth. After evaluating the data, it can be concluded that the

average dose to a 1 cm2 area increases with increasing particle energy

and increasing depth. For the area representing _(CSDA)2 cm2, it should

be noticed that as the particle energy increases the CSDA-range also

increases. Therefore, the average dose approaches a constant value of the

dose which depends on the particle energy and the depth of investigation.

The fourth part of this research evaluated the dependence of dose

on the area over which the dose was averaged. Dose is defined as energy

deposited per unit mass (or unit volume). From this simple relationship,:

it can be concluded that if the energydeposited is constant, and the

volumeincreases, then the average dose must decrease. Figure 11 through

13 demonstrate this relationship.

The final comparison investigated the effect of disk size on the

average dose to the exposed basal I_yerl Hot particles deliver a high dose

to a small area. As the disk size increases the exposure becomes more

uniform and more closely represents an infinite planar source. Figures 14

through 16 demonstrate this relationship. As the disk size was increased,

the dose averaged over 1 cm2 decreased.

The method recommended by the NRC, VARSKIN, provides estimates

of the absorbed dose which are higher than those obtained using the EGS4

code. In this research, EGS4 was used to simulate the actual behavior of

beta particles interacting in the skin, to provide a more realistic dose

delivered the basal layer of the skin. After comparing the two computer

codes, it was concluded that VARSKIN is not only convenient and quick in
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assessing doses, but the dose estimates obtained from VARSKIN are very

applicable to current industry needs. With the many variables that are
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present in a skin dose calculation, the accuracy of the estimate ranges

from :1:25 to +50%. At this time, these differences in dose estimations

do not warrant alterations in the current regulations and methodologies.

t,,
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A LOOK AT GENERAL CAVITY THEORY THROUGH A CODE

INCORPORATING MONTE CARLO TECHNIQUES
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INTRODUCTION

Measurement of the absorbed dose in a medium exposed to ionizing radiation requires

the introduction of a radiation sensitive device into that medium (Burlin, 1968). Usually,

thisdeviceiscomposed ofa materialdifferentfromthemedium intermsofatomic

numberanddensityandisreferredtoasa "cavity".Becauseofdifferencesbetweenthe

two materials,patternsofenergydepositioninthemedium willdifferfromthoseinthe

cavity.Cavitytheoryisusedtorelatetheabsorbeddoseina cavitytothatinthe

surroundingrnediurn.

A dosimeterrespondstotheabsorbeddoseinsideitssensitivevolume.Usually,the

sensitivevolumeissurroundedby a containerofsome sortwhichprotectsitfromthe

outsideelements,includinglight.When theprimaryradiationfieldiscomposedmostly

ofindirectlyionizingradiation,thiswallalsoservesasthemedium inwhichtheradiation

may interacttocreatethesecondarychargedparticleswhichreachthesensitivevolume.

Ifthewallisatleastasthickasthemaximum secondarycharged-particlerange,the

responseofadosimeterwillbearesultonlyfromsecondarychargedparticlesorigin_,ting

bothinthewallandinthesensitivevolumeitself.Ifthewallandthesensitivevolume

areofthesame composition,chargedparticleequilibrium(CPE) may existinthe

sensitivevolume(Ogunleyectal.,1980).Chargedparticleequilibriumbeingdefinedas

thestateinwhich,foreverychargedparticleofa giventypeand energyleavingthe

volume,thereisa_identicalchargedparticleofthesameenergyentering(Attix,1986).

When thematerialsarenotthesame,however,thedoseinthesensitivevolume,or

cavity,dependsontherelativefluenceofchalgedparticlesoriginatinginthewall.Ifthe

dosimeterissmall,withrespecttotherangeofthese_:ondarychargedparticles,thedose

tothesensitivevolumemay beas._umedtobecausedsolelybyparticlesoriginatinginthe
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wall, and thus the sensitive volume does not pemub the charged particle flux crossing it.

The original Bragg - Gray cavity theory, along with modifications by Spencer and Affix,

apply to this situation (Spencer ct al., 195S). In most cases, however, Currentdosimeters

do not meet the assumptions made in these the.odes. T.E. Burlin was the first to address

the problem of a larger sensitive volume or cavity (Burlin, 1966; Burlin, 1.968). The

main difference between the Burlin theory and the Bragg ct al. theories is the parameter d,

Tiffs parameter is a weighting factor which eliminates the cavity size restriction and, thus,

is a critical variable. This parameter is dimensionless _'td depends on the depth of

penetration in the cavity of the electrons produced in the wall. Burlin assumed the

electron attenuation to be exponential. This assumption and the weighting factor, d, were

investigated and tested in this research using a Monte Carloel_tron transport code.

Cavity theory is used to determine the absorbed do_e in a matarial which differs in

composition to that of the dosimetex's sensitive volume. Knowing the absorbed doses in

different materials is extremely important. First, the sensitive volume of a dosimeter is

not tissue, and does not match it perfectly. This alone is reason enough to test the

validity of cavity theory. There arc also researchers, engineers, and scientists who have

the need to know the absorbed dose in other materials for their own research or

applications. Since the only way at present to determine the dose in a different material is

'.ouse a dosimeter and relate the measured dose to that within the material, Monte Carlo

techniques have been used tc _imulate the irradiation of various materials. The computer

code EGS4 (Nelson ct al., 1985, ORNL, 1986) uses Monte Carlo techniques to simulate

the randomness of radiation interactions and can be used to transport photons and

electrons with great spatial detail in an}, material or compound. Utilizing this code, the

e_nergydeposited, and thus the dose, may Ix; estimated in any material or compound
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withoutusing a dosimeter. The goal of this researchwill be to calculatedoses in selected

materials including some commonly used dosimeter materials and to compare these

results to values given by cavity theory.

in surnmary, this research will involve the applicationof modem computer techniques

to the study of cavity theory. Although a numberof modifications to the original theory

have been proposed, this investigation will focus on those modifications suggested by

Burlin (Burlin, 1966)' The specific objectives of this research are as follows: 1) set up

the appropriate geometries inside a suitable Monte Carlo radiation transport code, 2)
i

follow a sufficient number of photon histories through selected wall materials to obtain

results with a statistical significance, 3) track energy depositions throughout the cavity

and wall, and 4) analyze the results and compare them to published theoretical values.

BACKGROUND

Therelation between the absorbeddose deposited in two different media is not a new

problem. In 1910, W.H. Bragg qualitatively discussed the problem (Bragg, 1910).

However, it wasn't until 1929 that L.H. Gray made quantitative statements concerning

cavity ionization theory (Gray, 1929, 1936). He proved that a gas - filled cavity did r.ot

perturbthe electronspectrumff the cavity was small enough with respect to the range of
.

the electrons. Many investigations have studied the original Bragg - Gray theory and

have suggested modifications. The most important of these are those of Spencer and

Attix, and Burlin (Spencer andAttix, 1955, Burlin, 1966). The following discussion

focusses only on modifications to the theory suggested by Burlin.

T.E. Burlin (1966) is credited with deriving an expression which could account for

larger cavity sizes. Most dosimeters are too large and do not comply with the cavity size
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restrictionsoftheearliertheories.A theoryrelatingabsorbeddoseina walltothatofa

cavity,ordosimeter,ofanysizeallowedformoretheaccurateestimatesofdosesinany

media.Affix(1986)iUustratcsthedifferenceincavitysizesinFig.1. Inthisfigure,

thereisahomogeneousmedium w withauniform7rayirradiation.Alithreecavities

containa medium g and areshown as: a)small(applicableforBragg-.Gray,and

Spencer-Atdx),b)intermediate,andc)largecomparedtotherangesofthesecondary

electronspresent(Affix,1986).

Theabsorbeddoseinthesmallcavityisalmostcompletelydeliveredbysecondary

electronscompletelycrossingthecavitysuchasel.Intheintermediatesizedcavity,the

absorbeddoseispartlydue tosecondaryelectronssuchase],butalsofromelectrons

whichoriginateinthecavityandstopinthewallsuchasc2,electronswhichoriginatein

°Dw

, _ _ el ___

_ _ _ w

g e2

a. b. c.

Fig.1 The cavity-sizetransitioninBurlintheory(AdaptedfromAffix,1986).

the wall and stop in the cavity such as e3, and from electrons which start and stop inside

the cavity such as e4. If the cavity is large, with respect to the range of the secondary

electrons, it should be clear that the majority of the absorbed dose would come from
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electrons such as e4 which start and stop inside the cavity. The following list of

assumptions made by Burlin hl his 1966 paper were assembled by Attix (1986); ,these

assumptions simplify the theory:

I.) The mediaw andgarchomogeneousthroughout,butarcnot

necessarilyofthesamematerial.

2.) A homogeneous?-myfieldexistseverywherethroughoutw andg.

(Thismeansthatnoy-rayattenuationcorrectionismade inthetheory

forthepresenceofthecavity.)

3.) Charged-particleequilibrium(CPE)existsatallpointsinw andg that

arcfartherthanthemaximum electronrangefrom theca_dtyboundary.

4.) Theequilibriumspectraofsecondaryelectronsgeneratedinw andg are

thesame.

5.) The fluenceofelectronsenteringfromthewallisattenuated

exponentiallyasitpassesthroughthemedium g,withoutchangingthe

spectraldistribution.

6.) Thefluenceofelectronsthatoriginateinthecavitybuildsuptoan

equilibriumvalueexponentiallyasafunctionofdistanceintothecavity,

accordingtothesarncattenuationcoefficient_thatappliestothe

incomingelectrons.

Initssimplestform,thes,bsorbcddoseratio,accordingtotheBurlintheory,may bc

writtenasfollows:

f _ Dg = d + (l-d) Eq.2.11
Dw tmgwJ [(ge/p)wJ '
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where: ,,

f = ratio of absorbed dose in the cavity to that in the wall;

Dg = ' absorbed dose in the cavity;
t

Dw = absorbeddoseinthe wail;

, d = weightingfactorfordifferentcavitysizes;

mSg - average mass collision stopping power for the cavity;

mSw = average mass collision stopping power for the wall;

(laen/P)g - average mass energy - absorption coefficient for the cavity;

(tten/P)w = average mass energy - absorption coefficient for the wall.
'1

The parameter d is the critical variable in this equation because it eliminates the cavity size

restriction. It can be seen that d approaches zero for large cavities and unity for smaller
,,

ones. Other studies have investigated different cavity sizes and their effects on dose and

have shown limited variation in f (Kearsley, 1984, Horowitz, 1986).

One of the assumptions Burlin made was that the secondary electrons would be

attenuated exponentially, and d represents this assumption. He defined d as the mean of

¢,w/C,w¢in the cavity as expressed in Eq. 2 (Attix, 1986):

d = _ e-Bl dl.__ = _ 1 - e-13L
_" f- • ISL ' Eq. 2.12

ew J0¢wdi

where: 1 = distance of any point in cavity from wall (crn);
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L = mean chord length (cm); and

1_= attenuation coefficient (cre-l).

The other parameters have been defined previously. The parameter L may be defined as

4 rimes the volume divided by its surface area, for convex cavities and diffuse (i.e.,

isotropic) electron fields (Attix, 1986). The attenuation coefficient, [3,was defined by

Burlin for air filled cavities as:

13 = 16p , Eq. 2.13

_l'max- 0.036) 1'4

where: p = airdensity(g/cre3);

Tmax=maximum valueofthestarting_rayenergies(MEV)..

Inalaterpaper,Burlinctal.defined13as(Burlinctal.,1969):

exp (-13R)= 0.01 , Eq. 2.14

whereR istherangeobtainedfromthecontinuousslowingdown approximation(RCSDA)

ing-cre'2.Thisparameter,8,wasmodifiedwhen detailedexperimentswerecarriedout

with different materials.

This study focussed exclusively on a cavity the size of a standard TLD chip

(Harshaw/Filtrol, 1988), which in Burlin's theory is considered to be a medium cavity.

For such a cavity, the parameter d was calculated using the above equation as, d =

0.514. The expression obtained for LiF was (Paliwal, Almond, 1975):
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14 (cm2/g) Eq. 2.15
- El.O9max

where Ema_ is the maximum electron energy in MeV. This expression was obtained by
u

the method of linear regression which was app!ied to fit the data of Emax. It should be

noted that even today there is controversy surrounding this parameter (Paliwal and

Almond, 1975).

The Burlin theory along with the Bragg - Gray and Spencer - Attix theories ali ignore

electron scattering. Experiments by Ogunleye et al. (1980) seem to show that the Burlin

theory comes very close to approximating the doses in various media. There have been

many theories and published papers challenging the Burlin theory and its related

parameters. Theories trying to match the data produced by Ogunleye et al. also have been

published, but the simplicity of Burlin's theory and its seemingly close approximation of

doses in different media warrant further study as to the accuracy of the actual doses.

EGS4 AND CAVITY THEORY

The Monte Carlo code used in this study is called EGS4 (Electron Gamma Shower

4). "l%eEGS4 system of computer codes is a general purpose package for the Monte

Carlo simulation of the coupled transport of electrons and photons in an arbitrary

geometry for particles with energies above a few keV. The code can be used to follow

detailed interactions including; Bremsstrahlung production, positron annihilation, Moliere

and Bhabha scattering, continuous energy loss applied to charged particle tracks between

discrete interactions, along with pair production, Compton scattering, and the

photoelectric effect (ORNL, 1986). Transport of electrons or photons can be simulated
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in any element, compound, or mixture. Cross sections for materials of interest are

prepared using the data preparation package, PEGS4, which includes Cross section

tables for elements 1 through 100. The geometry for any given problem is specified by

the user -written subroutine HOW'FAR. The user scores and_outputs information in the

user - written subroutine AUSGAB. Input parameters such as cutoff energies, photon

energies, and wall thicknesses are read from the main program, MAINEGS4.

MAINEGS4 contains a data file called PATCLE, which also contains some user input

parameters, such as photon energy, number of histories, and step size. A flow chart of

EGS4 maybe seen in Fig. 2.

This code was modified to include a thermoluminescent dosimetry (TLD) chip cavity

and a surrounding wall as thick as the maximum range of the secondary charged

particles. A monocncrgetic photon field was introduced on one side of the wall and

energy deposition was tracked and recorded throughout the wall and cavity. Fig. 3

shows the geometry used in the EGS4 calculations. This is a cross sectional view,

actually the wall completely surrounds the TLD chip cavity shown in the middle of the

configuration.

Energy deposition in these regions was divided by the mass of the wall and cavity,

respectively, to obtain absorbed doses. The cavity to wall absorbed dose ratio was

obtained for four different photon energies ranging from 0.5 MeV to 1.5 MeV and five

different materials: aluminum, copper, carbon, lead, and a tissue equivalent (A-150)

plastic.
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Fig. 2 Flow chart of EGS4 (Adapted from ORNL, 1986)
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Fig.3 CrosssectionofthewallandcavityinsideoftheMonteCarlocode,
EGS4
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PROCEDURE

As mentionedabove,acavityandwallweredefinedintheMonte Carlocode,EGS4,

inthreedimensions.The parametersforthecavitywerethesizeofastandardHarshaw

TLD chipwithdimensions3.1x 3.1x0.89 mm. The cavitywas assumedtobe

composedofLiF,thesame compositionasthecommonly usedHarshawTLD - I00.

Thiscavitywas dividedinto20 layersandthenrbelayersweredividedinto20 x 20

cubesusingarraysinthesubroutineAUSGAB forpurposesofdeterminingthelocations

ofenergydeposition.Figure4 showsacrosssectionofthegeometryinsideofEGS4

withthearraysinpiace.The layersshown wereusedtodeterminetheaverageenergy

depositioninthewallandcavity.The wallboundarieswereasthickasthemaximum
,

rangeofthesecondarychargedparticles.A numberofstepsweretakentoarriveatthis

distance.

First, it was assumed that, at photon energies of < 0.5 MeV, the majority of the

interactions were due tO the photoelectric effect and thus the maximum kinetic energy,

Tmax, of the resulting electron could be the same as the original photon. For photons > 1

MeV, Compton scattering was assume.xi to be the main contributor, and thus the
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•Fig. 4 Two dimensionalview of the layers created by geometricarraysused by
EGS4.

i

maximum ldnetic energy, Tmax, of the resulting electron can be obtained from Eq. 3.1

(Attix, 1986):

2 (hv)2
T = . Eq. 3.1

max 2 hv + 0.511 (MEV)

Using Tta,x, the continuous slowing down approximationranges (RCSDA) were found for

, the corresponding materials and energies (Attix, 1986). At this point, these ranges were

convened into the maximum penetration depth, tta,x, which is the distance beyond which

no particles are observed to penetrate, using values calculated by Spencer (Attix, 1986).

For the purposes described here, this distance is the maximum range of the secondary

charged particles. Since there were no correction factors availablefor A-150 plastic, the

RCSDAwas used in place of tmax. Since A-150 has a low effective atomic number, tmax is
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comparabletoRCSDA (Attix,1986).Table1showstheresultsoftheabovestepsforthe

energies and materials used in this study. These parameters also were entered into the

Table 1 Maximum Penetration Depth, tmw of Different Materials for.Photon
Energies 0.5 to 1,5 MeV

(MEV) tmax (em)
PhotonEnergy T max ' Al 'C Cu Pb A-150

0.50 0.500 0.0731 0.0902 0.0219 0.0178 0.1757
1.00 0.800 0.1360 0.1694 0.0412 0.0294 0.3300
1.25 1,038 0.1876 0.2352 0.0573 0.0411 0,4066
1,50 1.282 0.2436 0.3034 0.0734 0.0520 0.5915

i i

main program, MAINEGS4, and the surrounding wall, as with the cavity, was described

in 20 layers and further by a 20 x 20 per layer array which formed cubes, for precise

energy deposition tracking (see Fig. 4).

One hundred thousand (100,000) photon histories were followed in each case to

achieve high statistic_ accuracy. The energy deposited in every cube for ali 100,000

photons was printed out along with a layer by layer energy deposition summary at the

end of each case. It should be noted that because photons are _being used here with

relatively small thicknesses, part of the energy was carried through the configuration and

escaped without depositing significant amounts of energy. In a real exposure, a similar

loss of total energy would Occur and, therefore, this result was expected. The absorbed

dose is defined as energy deposited per unit mass, so the energy deposited in each region

was divided by the product of the cubical dimension, in tnt 3, and the respective material

density, in g/cm3, to obtain the absorbed doses (in units of MeV/g).
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Theresultingvalueswereplottedasafunctionofthicknesstogivea,'doseprofile"

throughthematerialrepresentingthewallandt],¢Li]:chip(thecavity),Theseprofiles

arcshowninFigures5-9 formonoanergeticphotonswithinitialenergyof1.25MeV.

Inallcases,thecavityisrcprcscnt_byastandardLiFTI.,Dchipandthewallmaterials

arcaluminum,carbon,A-i50tissueaquivalentplastic,copper,andlead,respecti__ly.In

thesep: .;_,itisassumedthatthephotonsarcincidentonthewallfromtheleftsideof

thefigure.Thesefiguresarctypicalforallfourphotonenergiesinvestigated.Each

figurewasnormalizedtounitybasedonthehighestdoseinthefrontwail.Thatis,the

highestdose,inthefrontwail,wasobtianedanda31othervaluesinthedoseprofilewere...

normalizedtothisvalue.Calculatedvaluesarctabulatedfor0.5,1.0,1.25,and1.5MeV
,,,

uonoenergcticphotons,forallfourwallmateriMs,inAppendixA.
t
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RESULTS

The Monte Carlo resu!_,.w_.ie Used to calculate values of f as defined in equation 1.

These results were _ values of which were ascomp_i_,_ t theortelcal f calculated part of

this investigation.. First, equation 2 was used to calculate the parameter d. In this

calculation values of the parameters L and 13were needed. For convex cavid_ and

isotropic electron fields, the mean chord length, L, is equal to 4 times the volume divided

by the surface area of the cavity. Values of 13were be obtained using equation 5. Values

of the mass collision stopping powers and the mass energy-absorption coefficients were

obtained by interpolation from tables for the appropriate energies (Attix, 1986). A

comparison of the Monte Carlo and theoretical values of f is shown in Table 1.

Table 1 Quantitative Comparison of f Values for various media; Monte Carlo

vs. Theory

f Values
Photon Aluminum Carbon Copper Lead A - 150
E(MeV) Theory M.C. Theory M.C. Theory M.C. Theory M.C. Theory M.C.

0.50 0.984 0.96 0.926 0.87 1.00 3.3 0,856 3.5 0.834 0,48
1.00 0.987 0.99 0.923 0.93 1.08 3.3 1.270 3.5 0.823 0.56
1.25 0.990 0.99 0.923 0.92 1.09 3.1 1.280 3.5 0.826 0.66
1.50 0.992 0.99 0.924 0.89 1.11 3.3 1.280 3.6 0.826 0,82

The results in the table above show some agreement with the pr_cted 'values, e.g.,
J

the values for aluminum correlate with theory. The slight variations fall well within the

range for possible statistical differences. For the low Z materials, however, it was

observed that, at low energies, Monte Carlo values had a slightly wider variation on the

low side; for A - 150 plastic this variation is exaggerated. The f-values for carbon also
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show some agreement with the theoretical calculations. These materials have relatively

low Z numbers and densities. However, for higher density and higher Zmaterails, the

,Monte Carlo Values are significantlyhigher (about a factor of 3, for copper) than the

predicted values. Sin_lar statements can be made for the lead wall. These differences

are believed to be caused by the much higher backscatter from the wall into the cavity

associated with the denser, heavier elements. Figure 10 shows the backscatter of Co - 60

photons in an Al - LiF - A1 configuration. This is represented by the small diagonal line

at the bottom, fight portion of the LiF cavity. Compare this to the much larger

backscatter curve in Fig. 11, which represents a Pb - LiF - Pb configuration. This extra

energy deposition would significantly increase the absorbed dose in the cavity, thus

making the f value higher.

CONCLUSIONS

The goals of this project were to produce a Monte Carlo computer code with suitable

geometries, run a sufficient number of photon histories for statistical significance, track

energy depositions throughout the cavity and wall, and analyze the results and compare to

theory. The first of these goals was accomplished by modifying an existing code, called

EGS4. This code was developed at the Stanford Linear Accelerator Center (SLAC) and

incorporates Monte Carlo techniques to transport and track photons and electrons. The

code can be used to follow detailed photon and electron interactions, including

Bremsstrahlung production, positron annihilation, Moliere multiple scattering, Moiler (e-

J e') and Bhabha (e+ e+) scattering, continuous energy loss applied to charged particle

tracks between discrete interactions, along with pair production, Compton and Rayleigh
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Horowitz, 1986).
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scattering, and the photoelectric effect. A subroutine, HOWFAR, was written which

defined a three-dimensional cube and a three-dimensional cavity inside of the cube. The

cavity was the size of a standard TLD chip and was defined as LiF. The cube, or wall,

was redefined for five different materials including aluminum, carbon, A - 150 tissue

equivalent plastic, copper, and lead. The wall thickness for each material waS defined as

the maximum secondary charged particle range for reasons explained in the text.

One hundred thousand photon histories were run for each case ensuring good

statistics. These photons were tracked using a user written subroutine called AUSGAB.
i

In this subroutine, the geometries, wall and cavity, were both broken down into 20 x 20

x 20 arrays. This was done forpreeise tracking of the energy deposition in both regions.

The energy depositions were printed out for each material over a range of energies from

0.5 to 1.5 MeV.

These energy depositions were divided by the respective masses to obtain doses

which could be compared to the theoretical absorbed dose values. The absorbed doses

were actually compared to theory by using a ratio of cavity dose to wall dose represented

by the parameter f. It was found that for low Z materials, cavity theory yielded

reasonably accurate doses, however, for higher Z materials, cavity theory overestimated

the absorbed doses. By using the results found here, other studies could be initiated

defining the relationship between severely mismatched media.

The Burlin theory, as mentioned earlier, does not take into consideration any electron

scattering. This as yet unknown exponential backscatter coefficient, 'b_,t),will have to be

explored for better interpretations of cavity doses (Horowitz et al., 1986). The Burlin

expression should be considered reasonably accurate only in the case of moderately

mismatched cavity/medium interfaces where backscattering and other interface effects
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play a relatively insignificant role (Horowitz ct al., 1986).
', j,

The much higher backscatter in the heavier elements and the lack of consideration for

this factor in the theory, would seem to lend confidence to the hypothesis proposed

herein. That is, the reason for the significant differences inr values for heavy elements is

due to backscatter. This, however, has not been Pr0ven and deserves fm'ther'study, lt is

the opinion of thisauthor that Burlin cavity theory, and its subsequent modifications, be

used with caution when estimating a dose in a material with a severely different media

than that of the sensitive volume inside the dosimeter. In light of the results andprobable

explanation found and described in this report, it is felt that this study has been a

complete success which will prompt new investigations leading to the development of a

system which will interpret doses in any media for any energy with minimal error.
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ALUMINUM:
0.5 MeV:

Energy Energy
Wall l.a3,er Deposited (MEV) Cavity La_fer Deposit_. (MEV)

1 22.00 I 1 16_87

2 45.65 ] 2 17.433 51,86 3 15.94
4 49.23 4 13.28
5 42.42 5 15.44
6 44.62 6 16.71
7 9.44 7 17.27
8 0.07 8 16.42
9 0.02 9 17.99
10 0.25 10 19.81
11 0.16 11 16.44
12 0.19 12 16.76
13 0.17 13 17.07
14 8.90 14 16.96
15 44.1A 15 16.92
16 42.61 16 15.72
17 41.93 17 14.44
18 43.85 18 15.88
19 43.52 19 14.57
20 41.78 20 16.33

1 MeV:
1 33.47 1 32.79
2 71.00 2 28.90
3 96.66 3 27.93
4 112.04 4 31.41
5 115.08 5 30.36
6 119.20 6 33.12
7 132.64 7 33.66
8 69.56 8 34.44
9 0.57 9 30.39
10 0.53 10 33.92
11 0.42 11 34.37
12 0.88 12 31.40
13 65.77 13 33.39
14 123.62 14 29.29
15 121.11 15 29.22
16 ' 125.52 16 30.09
17 130.1.0 17 31.50
18 125.29 18 31,.88
19 120.90 19 30.63
20 97.21 20 30.98
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1.25 MeV:
1 47.46 1 41.24
2 102.15 2 39.14
3 152.08 3 39.59
4 177.94 4 36.21
5 197.60 5 38.32
6 206.19 6 38.47
7 202.18 7 40.51
8 209.55 8 39.42
9 16.89 9 35.96
10 0.97 10 37.91
11 1.79 11 36.68
12 16.50 12 37.39
13 191.03 13 35.07
14 184.60 14 34.44
15 188.30 15 35.96
16 208.19 16 36.13
17 199.03 17 36.28
18 196.75 18 36.98
19 188.12 19 36.66
20 152.74 20 36.72

1.5 MeV:
1 57.81 1 43.23
2 140.49 2 42.73
3 206.25 3 43.82
4 249.27 4 42.96
5 286.60 5 45.67
6 293.55 6 44.84
7 294.14 7 43.45
8 276.55 8 41.67
9 128.93 9 41.71
10 3.21 10 42.28
11 3.68 11 40.84
12 137.68 12 42.11
13 290.95 13 41.59
14 273.23 14 40.44
15 286.5I 15 40.70
16 278.26 16 40.47
17 253.24 17 45.61
18 253.48 18 41.66
19 247.91 19 42.68
20 234.70 20 44.71

192



CARBON
0.5 MeV:

1 21.58 1 13.91
2 39.82 2 13,58
3 42.16 3 16.39
4 43.91 4 17.17
5 48.65 5 15.32
6 47,03 6 15.00
7 34.46 7 15.45
8 0.10 8 15.60
9 0.08 9 14.17
10 0,06 10 13.71
11 0.21 11 14.54
12 0.29 12 14.60
13 0.44 13 15.76
14 29.92 14 15.09
15 41,89 15 14.74
16 38.86 16 15.51
17 42.26 17 15.51
18 44.76 18 15.43
19 43.64 19 13.84
20 42.31 20 12.48

1 MeV:
1 41.87 1 28.26
2 76.34 2 29.70
3 104.26 3 26.30
4 128.87 4 25.96
5 126.25 5 25.40
6 133.29 6 30.47
7 134.14 7 28,35
8 123,90 8 28.29
9 0.88 9 30.03
10 0.18 10 30.88
11 0.66 11 29.64
12 1.52 12 29.50
13 123.84 13 29.12
14 138.31 14 30.12
15 134,62 15 27.62
16 131.78 16 28.39
17 138.45 17 28.44
18 133.27 18 26.56
19 127,54 19 26.90
20 111.16 20 25.15
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1.25 MeV:
1 56.28 1 32.00
2 106.88 2 35.04
3 139.87 3 33.90
4 189.89 4 35.84
5 207.99 5 30.43
6 203.00 6 33.37
7 204.87 7 33.49
8 208.65 8 34.13 ,
9 83.12 9 35.27
10 1.88 10 29.98
11 2.26 11 30.71
12 93.48 12 30.15
13 211.32 13 30.54
14 205.10 14 31.20
15 212.01 15 28.04
16 213.51 16 30.08
17 205.74 17 34.84
18 203.31 18 32.67
19 211.45 19 30.93
20 203.55 20 30.02

1.5 MeV:
1 73.94 1 39.15
2 147.26 2 37.08
3 201.35 3 36.46
4 258.69 4 36.54
5 268.21 5 35.57
6 300.07 6 36.38
7 298.27 7 33.92
8 295.06 8 32.08
9 216.81 9 38.47
10 3.38 10 35.57
11 4.22 11 37.60
12 205.50 12 33,44
13 279.70 13 35.80
14 317.73 14 32.91
15 298.71 15 38.04
16 280.60 16 34.03
17 285.09 17 35.08
18 287.79 18 32.27
19 294.72 19 32.00
20 271.34 20 37.95
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A- 150:
......0.5 MeV:

1 16.31 1 7.75
2 31.47 2 7.74
3 35.53 3 9.07
4 41.88 4 8.12
5 38.71 5 7.69
6 42.53 6 8.67
7 45.66 7 7.83 .
8 39.57 8 7.48
9 0.23 9 8.58
10 0.35 10 9.12
11 0.37 11 8.17
12 0.09 12 7.89
13 39.02 13 7.62
14 41.08 14 7.46
15 39.34 15 7.16
16 40.30 16 7.68
17 38.75 17 8.34
18 37.66 18 9'11
19 41.33 7.9 9.02
20 41.22 20 8.26

1 MeV:
1 22.64 1 14.10
2 62.66 2 13.19
3 87.43 3 14.17
4 111.75 4 12.69
5 116.34 5 14.24
6 119.95 6 13.41
7 115.35 7 13.85
8 122.84 8 14.47
9 98.43 9 14.69
10 1.97 10 13.92
11 1.97 11 15.15
12 105.54 12 14.40
13 128.16 13 15.70
14 121.90 14 14.94
15 123.90 15 14.66
16 118.86 16 15.65
17 126.82 17 14.74
18 122.56 18 14.59
19 125.19 19 14.51
20 127.28 20 14.89
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1.25 MeV:
1 33.07 1 17.89
2 87.27 2 18.81
3 126.16 3 18.44
4 147,66 4 19.31
5 164.49 5 17.96
6 182.61 6 18.93
7 179.50 7 17.92
8 185.87 8 17.73

9 188.07 9 16.52
10 13.88 10 18.78
11 12.99 11 16.66
12 185.15 12 16.58
13 177.42 13 18.64
14 187.20 14 17.30
15 186.73 15 17.50
16 192.19 16 18.47
17 180.45 17 16.50
18 187.65 18 17.01
19 179.52 19 16.87
20 161.74 20 17.64

1.5 Mev:
1 55.53 1 17.39
2 131.33 2 17.67
3 185.13 3 16.97
4 241.98 4 17.76
5 256.20 5 16.76
6 273.23 6 17.28
7 285.40 7 16.65
8 292.74 8 15.93
9 307.26 9 16.98
10 115.70 10 17.34
11 121.94 11 16.58
12 288.73 12 17.88
13 289..21 13 18.55
14 295.37 14 16.95
15 290,92 15 16.82
16 295.01 16 16.73
17 287. e._, 17 18.41
18 287.82 18 19.23
19 292.90 19 17.75
20 273.56 20 16.53
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COPPER:
0.5 MeV:

1 66.35 1 54.80
2 87.63 2 58.85
3 86.89 3 57.68
4 27.32 4 56.92
5 0.50 5 60.07
6 0.27 6 57.33
7 0.18 7 60.17
8 0.34 8 55.62
9 0.32 9 59.50
10 0.22 10 58.41
11 0.24 11 60.13
12 0.32 12 60.37
13 0.45 13 60.78
14 0.58 14 58.39
15 0.19 15 55.65
16 0.52 16 60,66
17 25.16 17 56.91
18 89.70 18 54.53
19 95.41 19 56.82
20 86.53 "20 54.98

1 MeV:
1 91.29 1 99.86
2 169.94 2 104.60
3 182.24 3 103.18
4 196.30 4 98.80
5 170.79 5 95.50
6 0.'20 6 100.62
7 0.77 7 108.72
8 1.07 8 100.74
9 0.22 9 98.62
10 0.39 10 104.78
11 0.94 11 102.40
12 0.69 12 99.49
13 0.58 13 108.75
14 1.19 14 110.44
15 1.00 15 105,79
16 164.43 16 101.10
17 197.60 17 109.68
18 198.77 18 108.00
19 191.50 19 103.70
20 166.66 20 98.19
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1.25 MeV:
1 119.28 1 129.78
2 225.64 2 133.29
3 265.70 3 129.82
4 297.80 4 122.13
5 294.10 5 120.63
6 187.11 6 117.68
7 0.97 7 116.93
8 1.60 8 120.46,
9 0.70 9 120.19
10 1.32 10 118.19
11 0.76 11 113.39
12 0.90 12 111.27
13 1.11 13 119.01
14 2.27 14 123.67
15 166.89 15 124.09
16 273.49 16 113.63
17 275.72 17 117.10
18 274.61 18 118.19
19 266.52 19 113.12
20 212.00 20 117.29

1.5 MeV:
1 132.25 1 143.70
2 279.47 2 139.59
3 347.01 3 143.49
4 375.07 4 136.01
5 370.62 5 132.47
6 377.63 6 145.48
7 87.12 7 141.58
8 1.80 8 143.52
9 1.35 9 141.80
10 1.68 10 139.98
11 2.21 11 135.75
12 1.71 12 141.72
13 3.07 13 127.13
14 74.66 14 129.38
15 359.21 15 126.86
16 373.27 16 142.85
17 385.30 17 139.61
18 350.73 18 146.12
19 333.66 19 139.78
20 298.84 20 130.26
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LEAD:

0.5 MeV:
1 298.67 1 192.78
2 401.66 2 145.72
3 340.86 3 153.12
4 1.05 4 172.39
5 0.96 5 196.05
6 0.61 6 218.28
7 1.40 7 230.61
8 1.40 8 249.24
9 0.19 9 260.31
10 0.34 10 269.47
11 O.81 11 269.37
12 0.92 12 264.41
13 0.88 13 274.64
14 1.34 14 261.06
15 1.73 15 253.04
16 2.26 16 263.59
17 0.85 17 261.56
18 415.36 18 261.51
19 502.58 19 258.48
20 410.28 20 271.3.8

1 MeV:
1 193.92 1 190.04
2 295.58 2 177.50
3 326.14 3 153.10
4 325.37 4 164.56
5 3.73 5 149.73
6 1.98 6 136.92
7 2.41 7 137.41
8 1.91 8 149.74
9 1.57 9 156.76
!0 1.81 10 154115
11 1.64 11 160.38
12 3.14 12 168.59
13 1.25 13 154.52
14 0.81 14 161.77
15 1.89 15 165.55
16 2.23 16 174.12
17 349.31 17 176.32
18 410.67 18 181.15
19 411.85 19 186.44
20 320.25 20 186.21
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1.25 MeV:
1 194.32 1 183.86
2 350.98 2 180.16
3 415.89 3 178.84
4 394.08 4 168.05
5 299.83 5 163.67
6 3.82 6 163.95
7 2o91 7 154.75
8 4.89 8 148.17 '
9 3.40 9 164.94
10 3.65 10 166.02
11 3.91 11 162.45
12 6.00 12 161.04
13 4.08 13 167.21
14 4.13 14 163.38
15 2.97 15 160.60
16 305.90 16 175.14
17 437.64 17 170.97
18 435.57 18 163.08
19 415.55 19 172.00
20 334.52 20 178.14

1.5 MeV:
1 220.65 1 211.67
2 425.32 2 206.26
3 484.18 3 197.98
4 490.87 4 186.24
5 487.50 5 168.41
6 186.01 6 160.41
7 5.21 7 165.36
8 5.51 8 175.75
9 6.17 9 168.82
10 4.69 10 183.67
11 6.62 11 204.51
12 8.39 12 202.21
13 7.71 13 197.94
14 5.36 14 198.91
15 167.89 15 185.87
16 435.53 16 194.87
17 484.81 17 187.34
18 499.08 18 198.09
19 522.47 19 182.49
20 371.89 20 177.44
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INTRODUCTION

Electron radiations, administrated both internally and externally, have become

increasingly popular for use in radiation treatment of cancer. Beta emitting nuclides are

often used in medicine for theraI_utic purpose. The nuclides can be injected into a patient

in the form of labeled compounds or earlbe used as applicators. Uses of electrons or beta-

emitting radionuclides is preferred because these radiations exhibit a rapid dose fall-off

distal to the treatment volume, thus providing protection to vital healthy, tissue. The

delivery of radioactive materials to tumor sites using radiolabeled monoclonal antibodies is

currently being considered for the treatment of malignant tumors. Beta-emitting

radioisotopes can now be attached to proteins that can, with great specificity, bind to tumor

cell surfaces. Therefore, a new dimension of therapeutic application of beta emitting

nuclides is under development, which necessitate a precise and fast dose calculation. Thus,

it is now especially important to be able to calculate the dose distribution in small regions

with embedded beta-ray sources.

As far as homogeneous media are concerned, dose calculations are facilitated by the

use of beta dose point kernels (BDPK) for the media. To solve the problems of routine

dosimetry for heterogeneous media, it is impractical to employ realistic and, in principle,

accurate, but tedious Monte Carlo methods. Simpler empirical or semiempirical methods,

providing rather fast estimates but of limited accuracy, may be acceptable. Small scale

dosimetry, utilizing the results from Monte Carlo calculations and performing

straightforward dose calculation, is able to provide rapid estimates of absorbed dose with

appropriate accuracy.

In many instances, internal dose assessment has resorted to Monte Carlo

calculations to analyze the details of source-target relations and radiation dose. However,

such an approach is not always practical, which can be time-consuming and wasteful of

computer resources, especially in implementing the approximation encountered in medical

internal dosimetry. Considering the feasibility of realistic treatments of beta and electron

interactions within tissue, a different approach should be investigated. Small Scale

Dosimetry, which incorporates the "once-through" Monte Carlo approach, can be used to

analyze the energy deposition in the neighborhood of isotropic point sources, and to make

straightforward analytical calculations of absorbeddose. This method makes it possible to

calculate absorbed-dose distributions for either homogeneous or inhomogeneous sources

by doing simple integrals over point-source distributions. Several computer codes have
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beendevclop_ to process thedatabaseof onergydepositionhistoriesand to hnplernent the

absorbeddose calculationsbyusing point kernelalgorithm. Conceivably,the Small Seal;,,

Dosimetry approachmay be extended to be applicable for heterogeneous target tissue ,,

compositions,a_ long as the biological data and physiological informationof thatorganor
tissue arcwell understood.

METHODOLOGY

There are three major steps in the assessment of radiation absorbeddoses to small

volumes or regions of the body. First, it is necessary to establish the fundamental.

understanding of interactions between beta radiation and human tissue. The energy

deposition in concentric tissue rings is studied. As shown in Fig.1 is the target tissue

domain used for energy deposition study, which has radius equal to 1.2 times the Rcsda

(Continuous Slowing Down Approximation Range) and subdivided into 100 concentric

shells. A Monte Carlo transportcode EGS-4 (Electron Gamma Shower) is used to trace

the electron histories and score the energy deposition in each shell. The calculation of

Absorbed Fraction (AF), Specific Absorbed Fraction (SAF) and Scaled Dose Kernel (

F(r/R)) are performedfollowing Eq. 1, 2 and 3 to establish the data base of monoenergetic
electrons,which will be applied for subsequent absorbeddose calculations.

AF =energydepositedin targetregion
energy emittedin sourceregion Eq. 1

SAF=_= AF
mass of target Eq.2

F( r/R_ ) = 5E(r)/_
8r/1%_ Eq.3

where

bE(r)is the energy depositionin a shell with distancer from the centerof sphere;

EOis the averageenergyof electron or beta-particle;

dr is the thicknessof each concentricring; and

Rcsdais the Continuous Slowing Down Approximationrange.
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Fig. 1. The tissue sphere with 100 concentric rings used in the energy
deposition study. Monte Carlo method is used to trace the electron
transportationin each skeletal muscle shall.

Secondly, the advent of rat_olabeled monoclonal antibodies (MAB's) has elicited

much interest in the possibility of developing cancer cell specific radiopharmaceuticalsfor

therapeuticpurpose. In the context of radioimmunotherapy of cancer, there is a need for

continued improvement of +tosimetryof radionuclides localized in tumors. Therefore,

instead of using monoenergeu,:electrons as the sources, beta radiations fromradionuclides

with spectral energy emission will be the focus of study. Composite scaled dose kernel,

F(r/R), will _ generated for the following radionuclides: P-32, Y-90, Cu-67 and I-131,

which arc ',hepotential candidates for tumor treatment. Dose profile for each radionuclides

will be performed tostudy filetherapeutic effect of administrationof these radionuclides.

At last, ab,ecr,bed dos calculation will be performed by selecting thyroid, ovary and

kidney as the target organs and using P-32, Y-90, Cu-67 and 1-131 as source

radionuclides. Math,.,maticaldescnption of the target organs as used by MIRD Committee

(Snyder at el. 1969) is employed to del'mc the target domain. Scaled dose kernels obtained

from procedure (3) is utilized to calculate the absorbed dose by administratingof these four

radionuclides in the selectedorgans. Then, the absorbed dose is calculated by the equation

Doce= E.,, F( r / Rcsd.)
4 11:r2 p Resda Eq.4
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where

F(r/Rcsda) is the scaled dose kernel of that given energy;

r is the distance fi'om source to target;

p is the density of target material.

The isodose profiles at different plane of interest are plotted to represent the results of
absorbed dose calculations.

CURRENT PROGRESS

The proposed procedure discussed above have completely fulfilled. A FORTRAN

program has been generated to process the database of monocnergetic electrons and

produce scaled dose kernel of any radionuclide by giving the atomic number, end-point

energy and branching ratio of that radionuclide. As shown in Fig.2 and Fig.3 are the

scaled dose kernel profiles for P-32 and Y-90 in skeletal muscle (ICRP1975).

*_.._....%.., .. Scaled distance is a fraction of Rcsda
1"_ ....1,._....... of exid-point e,ncrgy = 1.71 MeV +

f'.. t '_ I I
0.8 .+.................!--.N...........................+............ +......... t ................."+"

f+..........I i....................................I t t
°+T r ..._ r ;...........i................T

o,i:::::::::t::::__::::::::::::::::::::::::::::0.2

0t ,, I i, .....................
0 0.2 0.4 0.6 0.8 1 1.2

Scaled distance

Fig. 2. The scaled dose kernel profile of P-32 in skeletal muscle.The Rcsda
associated with 1.71 MeV electron in skeletal muscle is about 0.794 cre.
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Fig. 3. The scaled dose kernel profile of Y-90 in skeletal muscle.The Rcsda
associated with 2.273 MeV electron in skeletal muscle is about 1.107cm.

The absorbed dose distribution in thyroid by uniformly administrating 1 Bq of P-32

is plotted by a series of isodose contour lines, as shown in Fig.4. The 100% dose point or

the maximum dose point in this plot is equal to 3.743E-2 MeV/g. From this plot, the

capability of small scale dosimetry is clearly stated and the dose calculation algorithm of

, small scale dosimetry is sufficiently accurate to analyze the dose distribution of human

organ when deposited with radionuclide.
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Fig. 4. The isodose contour lines of thyroid by administrating 1 Bq of P-32.
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INTRODUCTION

The study of the toxicity of bone-seeking radionuclides has shown that the soft

tissues within spaces in trabecular bone are especially vulnerable to malignant changes

induced by radiation. There are three cell populations associated with this soft tissue that

are suspect to carcinogenic risk. These are (1) haematopoietic marrow, (2) osteogenic

tissue, particularly on the endosteal surfaces, and (3) the reticulo-endothelial tissues in the

trabecular spaces (ICRp, 1968). Dosimetry for the haematopoietic marrow and the reticulo-

endothelial tissues can be considered together since the relevant dose is the mean absorbed

dose to the soft tissues in the trabecular cavities. The relevant dose to the osteogenic tissue

is the mean dose to a layer of cells of 10 I.tm thickness lining the marrow cavities (Sissons

1970, Vaughan 1970). Thus, the relevant dose to calculate when Considering the effects of
radionuclides in bone are the mean absorbed dose to the marrow " "cavmes, and the mean

absorbed dose to a 10 ban thick endosteal layer of cells lining the marrow cavities.

Radionuclides that are deposited in the bone ("bone-seekers") are separated into two

categories. Radionuclides that are taken up in high concentrations in the bone where active

mineralization is taking piace are known as "volume seekers". These radionuclides also are

distributed diffusely in low concentrations throughout the bone mineral. The ICRP, in

their most recent model, assumed uniform concentration of a volume-seeker throughout

mineral bone (ICRP 79).

Radionuclides of concern in this situation are ealciurn, radium, strontium, and

barium. These are alkaline earth elements and it was thought originally that they would

replace the calcium in the bone mineral. This maybe true after a short period of time, but

there areirnportant differences in how these chemical analogs behave in the skeleton. Their

metabolic behavior is different and so is their pattern of distribution. This is seen at least a
i
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short time after the radionuclide reaches the blood stream, such as, for the radionuclide Ca-

45. This radionuclide is shown to be taken up immediately after injection and is

concentrated on al! bone surfaces. Within days after injection it is diffusely distributed

throughout mineral bone.

The other category of bone-seekers is known msthe "surface, seekers". Tlaese are

radionuclides that concentrate on bone surfaces, but do not distribute throughout the

mineral. The ICRP model assumes these radionuclides remain on the bone surfaces for

extended periods (ICRP 79). Radionuclides of concern in this case are plutonium,

americium, thorium, cerium, californium, and yttrium. Variations in the way these

radionuclides are distributed have important implications for assessment of the radiation

dose they will deliver to the sensitive tissues. Ali of these are surface seekers, but do not

distribute themselves on the surfaces in the same manner. Of these radionuclides,

plutonium and americium present the greatest practical hazard in the workplace.

Many approaches have been made to the assessment of dose to bone and its

radiosensitive cells. Ali theoretical approaches involve physical assumptions and

approximations which are necessary to obtain expressions capable of numerical solution.
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BACKGROUND

Two types of structures are found in the skeleton: (1) hard cortical bone found in

the shafts of long bones and the plates of flat bones, and (2) trabecular, spongy or

cancellous bone contained in the ends of long bones, in the thin-walled vertebrae and

between the plates of the flat bones. Thre_ types of bone cells arc recognized: osteoblasts,)

osteocytes, and ostexxflasts. These cells pca'form five functions in the bone. They produce

the protein in the bone, stimulate the minerali'zation of the protein in bone, maintain the

bone tissue, resorb bone, and play an active role in mineral physiology. The bone itself

serves at least four 'unctions: (1) facilitates mobility and stability, due to muscular

attachments, (2) protects vital organs - central nervous system, heart, lungs, liver, and to

some extent the female genital system, (3) serves as a storehouse for essesential minerals,

such as calcium, and wastes such as lead and plutonium, (4) encloses heamatopoitic tissue,

bone marrow.

Cortical bone consists of a mineralized matrix made up era mosaic of small units

called osteons. These are from 200 to 400 _tm in diameter and through them run the

Haversian canals carrying nutrients from the arteries. These arteries feed the bone cells, the

osteocytes, that reside in small lacunae in the surrounding matrix, connected to the nutrient

artery and to each other by extremely fine canaliculi. The ttaversian canals are from 20 to

100 I.tm in diameter and are themselves lined with cells, the osteoblasts and the osteoclasts,

which can build up or resorb the bone matrix, respectively. These cells, the nutrient

arteries and the osteocytes together are the soft tissue component of cortical bone; they

maintain the bone and damage to them may result in bone death.

Trabecular bone consists of a fine network of interlacing thin lamella of hard bone

which forms a system of interconnecting cavities of various sizes and shapes. The

lamellae, or trabeculae, include some osteocytes but, having a thickness of only 100 I.tm,

they do not normally need blood vessels to nurture them as in the osteons of cortical bone.

The surface of the trabeculae, the endosteal surfaces, are lined with osteoblasts, osteoclasts

and their precursors whose function is bone growth and remodeling. Behind them are

primitive bone cells, the osteoprogenitor cells, from which the osteoblasts and osteoclasts

develop. The cavities in the trabecular network contain the bone marrow consisting of the

red and white cells and their precursors and the stromal cells and their precursors.
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The detailed structure of bone varies from bone to bone in both man and animals and

indeed varies within a ,_inglebone. Whereas the trabeculae do not vary greatly in thickness,

the marrow cavi des often vary greatly from bone to bone.

OBJECTIVES

This proposal describes an approach to dosimetry of the bone usL,lg a Monte Carlo

transport code. This code can be used to determine effectively the energy deposited in the

bone marrow, the trabeculae, and the cells on bone surfaces, the endosteal layer. To

accomplish this assessment, a precise model is needed. Because the structure of the

trabecular bone is complex, it cannot be described by simple geometric shapes. Previous

work done by Chen and Poston i1982) describe a distribution function of the trabeculae

throughout a cros s section of bone. This distribution function is based on the mean cavity

size that contains the red marrow. The objectives of this proposal can be summarized as

follows:

1. Generate a bone model using a trabecular distribution function and compare this

computer generated picture with that of an actual bone.

2. Effectively use the Monte Carlo computer code Electron Gamma Shower (EGS4) to

estimate absorbed fractions of energy deposited in the bone marrow, trabeculae, and the

endosteal layer of the bone.

3. Calculate S-factors for several different radionuclides of interest in the dosimetry of
bone.

4. Compare the results with other techniques to assess the accuracy of the bone model

developed.
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Marrow

FigureI.Possibletracklengthsthroughacrosssectionoftrabecularbone.F

FigureIshowsaenlargedsectionofboneforwhichthepathsoftheparticleswillbc

followed.The pathoftheparticlemay traversethestructuresasshown,i.e.bone,

cndostcallayer,man'ow,cfc.However,thisisnothheonlyoption.Itisalsoshownthata

particlemay traversethroughthetrabcclacandnevercrossthemarrowcavity,thus

reducingthedosetothattissue.
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METHODOLOGY

The following steps outline the proposed procedure for bone dosimetry using the

EGS4 Monte Carlo transport code.

(1) Since the specific absorbed fraction, _(r,E), is an essential element in internal dose

estimation, it must be estimated as accuratelyy as possible. This will be done using a

Monte Carlo transport code, Electron Gamma Shower (EGS4), to generate the specific

absorbed fractions within the tissues of the bone. The database will cover those

radionuclides which are bone-seeking [_--emitters including P-32, Ca-45, Sr-89, Sr-90,

and Y-90.

The EGS4 code system can be used to simulate the coupled transport of electrons

and photons in an arbitrary geometry for particles ranging in energy from a few keV to

several TeV. EGS4 can be used to follow each particle throughout the tissue of interest. A

preliminary evaluation shows that 50,000 histories must be followed to show satisfactory

results with acceptable uncertainties.

(2) Table 1 (Chen and Poston 1982) shows the physical characteristics of bone at different

locations throughout the skeleton. It is difficult to calculate the absorbed dose in

trabeculae, marrow or the endosteal layer without knowing the geometry or location of the

marrow cavities. Chen and Poston (1982) introduced a function that describes the

distribution of marrow throughout a cross section of bone. The distance traveled by a

charged particle through marrow is given by the chord length rather than the cavity size.

The chord length distribution function, PO), may be expressed such that:

P(1)=lexp-(1)M2

where: M = The most probable chord length which is approximately equal to the mean

cavity size divided by two.

' 1 = chord length, 0 < 1 < lm.

214



Using the data in Table 1, the distribution function given above, and the computer graphics

package "DISSPLA", a computer generated picture of the bone will be produced. A

comparison between the computer generated picture and a actual picture of a cross-section

of bone will demonstrate the accuracy of the distribution function.

(3) Use the Monte Carlo Transport Code (EOS4) to calculate the specific absorbed
,

fractions of energy for monocnergenic electrons over a range of energies.
,

(4) Using the specific absorbed fractions, calculate S-f_tors for selected radionuclides.

(5) Verify results of energy deposited, specific absorbed fractions, and S-factor

calculations and compare results with other techniques.

The method described will enable more precise calculations of the absorbed dose

for particles of any range crossing the irregular and interpenetrating systems of bone

trabeculae, marrow cavities, and the endosteal layer. This method may be compared to

earlier methods with very simple geometries.
,,
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Table 1. Physical ch_Tacteristics of bone at different location throughout the skeleton.
t

Botte RedMarrow ' Bone Mass Trabecular Tmbeculae Yellow Mean
Region Marrow

1.028 g/cm^3 (g) Mass 1.92g/cm^3 0.983 g/cm^3 Cavity
Size

Mass Vol Mass Vol Mass Vol (mm)•
I ii i ii i

Arms:

Upper 28.5 27.7 474 20 94.8 49.38 9.5 9.7 0.84

Lower 520 I 15 78 39.27 389 395.7 0.84
Clavicle 24 23.3 ' 49.2 6 2.95 1.54 8 8.1 0.8

i i

Legs:

Upper 57 55.4 2036 33 671.8 349.9 '' 19 19 0.84
4

Lower 1588 25 397206.7 461 469 0.84
7

Pelvis 543 528.2 177 25 44.25 184.1 181 184.1 0.58

Ribs 153 148.8 688 6 40.25 204.5 201 204.5 0.72
i

Scalpulae 72 70 206 6 12.36 24.4 24 24.4 0.8
i i

Skull:

Cranium 178.5 173.6 557 5 27.85 60.5 59.5 60.5 0.72

Mm_dible 18 17.5 439 5 21,95 6. i 6 6.1 0.72
ii

Spine:

Upper 51 49.6 130 75 97.5 17.3 17 17.3 0.99

Middle 211.5 205.7 533 75 399.8 71.7 70.5 71.7 0.99

Lower 163.5 159 87.8 66 57.95 55.4 54.4 55.4 0.99
,,

,
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INTRODUCTION

Within both the fields of nuclear medicine and radiation protection, there is the need

to assess the activity concenu'ation of inhaled radioactive material in the different regions of

the respiratory system. Co far, i, has been shown that the lung, together with the gonads,

breast, and red bone marrow, a,'e the more radiosensitive organs within the human body

(NCRP 1987). In addition, the lung is one of the more difficult organs to model in that its

dynamic behavior requires simultaneous simulation of physical, biolo'gical, and

biochemical processes.

Physical processes account for the deposition of aerosol particles within the irregular

diameters and lengths of the tracheobronchial tree. Biological processes include the

mechanical clearance and epithelial absorption resulting in the removM of deposited material

from the inner regions of the lung to the circulatory system. These occur in a competition

with alveolar absorption of inhaled material.

The use of compartmental analysis has shown to be a simple, yet powerful,

mathematical tool in assessing the distribution and retentioi_ of radioactive material in the

different regions of the respiratory system..Therefore, biokinetic assessment of retention

functions for inhaled aerosols are commonly used to calculate abmrt:_ doses to target cells

at risk following the inhalation cf alpha- and beta-emitting radionuclides. Moreover,

dynamic modeling of the distribution and retention of inhaled aerosols in the lung might

also be applied inassessing iungburdens of other industrial chemical pollutants.

So far, modeling of the lung has been based on an analytic solution of linear chains

of compartments representing the main three physiological regions of the respiratory

system (ICRP 1979). In this analysis, the transfer rates between compartments are

assumed to be constant. This simplified representation of the respiratory system, however,

does not take into account the full range of biological processes which govern the

translocation of material within the lung. These processes are more correctly represented as

time-varyi'ng functions involving _ parameters.

At present, a task group of the ICRP has undertaken an extensive revision of the

ICRP Lung Model for use in radiation protection guidance. In this new model, new

experimental values are considered for clearance rates, solubility rates, and deposition

fractions for a variety of inhaled materials. These parameters are time dependent and, as a

result, steady-state solutions to the system can be extremely difficult to obtain. As a result,

the task group chose to simplify their system by subdividing the main regions of the new

lung model into additional compartments. This process results in, once again, a linear
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chain of compartments with dme-independenttransfer rates. Although this approximation

does assure a stable system, it does not reflect the real dynamical behavior of the biological

and physico-chemical processes of material translocation in the human lung.

In this research task, a detailed assessment of the new ICRP Lung Model will be

made in which ali transfer rates in the model will be treated, not as constants, but as time-

varying parameters. A dynamic simulation of the lung model will be accomplished using

the computer code SAAM (Simulation Analysis and Modeling) developed by Berman and

Weiss (1978). Comparisons will subsequently be'made of both lung and organ committed
0

dose equivalents following the inhalation of radioactive material as given by both the

present and the proposed implementation of this new ICRP Lung Model.

THE NEW ICRP LUNG MODEL

Four main factors have to be considered in modeling the lung. These factors include:

(1) breathing rates and volumes of inhaled air in the different regions of the lung during

complete breathing cycles; (2) the fraction of inhaled aerosols deposited in the different

regions of the lung through the physical processes of i,aertial impaction, sedimentation, and

diffusion; (3) biological clearance processes such as taechanical mucociliary transport of

inhaled dust in the tracheobronchial tree, and phagocytosis by alveolar macrophages; and

(4) the absorption of soluble (and sometimes "insoluble") material to blood from the

extrathoracic, tracheobronchial, and pulmonary regions.

Following this approach, a Task Group of the ICRP has proposed a new

compartmental distribution to represent the respiratory system as shown in Fig. 1 (Johnson

1989). It consists of three main regions of interest: a extrathoracie region, a fast-clearing

thoracic regions, and a slow-clearing thoracic region. The extrathoracic region includes and

represents the clearance and deposition of materials in the nose, mouth, pharynx, and

larynx. In this region, material is cleared by mucociliary transport, sneezing, nose wiping

and blowing, and dissolution (for soluble particles). Most of the information on nasal

deposition comes from experimental work. Mathematical modeling of particle deposition is

complicated by the irregular geometry of nasal and mouth passageways (Guilmette ct. al

1989) and the resulting uncertainties in aerosol flow patterns (Bowes and Yu 1989).

The two thoracic compartments representing the tracheobronchial (T-B) and

parenchymal-nodular (P-N) regions are called the fast and sh.w translocation

compartments, respectively. The fast translocation compartment includes airways 13-16of

the tracheobronchial region. In this region, radioactive inhaled material is deposited by the

physical processes 'of impaction, sedimentation, and diffusion (Hoffmann and Martoneen
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1989). At the same time, radioactive material is absorbed to the blood and cleared to the

gastrointestinal tract by solubility transport of material through the bronchial epithelium,

and by mechanical mucociliary transport by the combined action of mucus-secreting cells,

and bronchial glands and ciliated cells. These processes are mathematically represented by

exponential time-varying functions illustrated as B(t) and Gr(t) inFig. 1.

In the slow translocation compartment representing airways 17-23

(bronchioles, alveolar sacs, and thoracic lymph nodes), radioactive material is slowly

cleared by Competitive processes of mechanical transport and solubilization (Cuddihy and

Yeh 1988). Mechanical nonabsorptive processes are controlled by alveolar macrophages.

These cells move freely on the epithelium and phagocytize, transport, and detoxify

depositedmaterialtheycontact.Solubilizationmechanismsinvolvesdissolution.Particles

thatdissolveinthealveolarfluidcandiffusethroughtheepitheliumandinterstitiuminto

thelymphorblood,andthosetranslocatedandtrappedininterstitialsitesmay beabsorbed.

Once again,theseprocessesaresimulatedbytheexponentialtime-varyingfunctionsthat

arerepresentedinFig.I as Gs(t)andB(O.
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Figure 1. Compartmental distribution of the proposed new ICRP Lung Model.
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When ali these biological and physicochemical factors are taken into lccount, the

activity of inhaled material distributed in the different lung regions is given by the

numerical solution of a mass balance equation describing the comparmaental distributions of

Fig. 1. Therefore, the concentration of radioactive material in each compartment is given

by the solution of a set of coupled, differential equations:

dqE.r (t) , I

dt I(t)DF"T" [ B(t) + GET(t ) + XR]qF,.T(t)

dqT.a(0
' O sdt = I(t) T-B+ G (t)qT.n (t) - [ B(t) + Gr(t) + XR]qT-B (t) ........... (1)

dqp.N (t)
dt = i(t)Dp-N" [ B(t) + Gs (t) + LR ]qr'-N(t)

where:

q_T (0, qT-B(t), qP-N(t) are the activities of arl inhaled radionuclide
in the different regions of the lung.

(t) = Rate of inhalation of activity of the radionuclide.

B(t) =_A i e-xit with A i and k i constants is a solubility function
l=l

calculated from experimental fitting processes.

DE-T, DT-B, DP-N are the total d.eposition fractions of inhaled material

in the different regions of the lung.

Gs (t) = Slow clearance rate function (same form as B(t) ).

GE-T (t), Gf (t) = Extrathoracic and fast clearance rates.

CURRENT PROGRESS

Presently, a FORTRAN program is being developed for assessing the total deposition

fraction of inhaled and exhaled aerosols of varying aerodynamic diameters for the different

regions of the lung. This program will consider values of breathing frequencies and tidal

volumes, reported by Hoffman and Martoneen (1989), for a 20-year-old at different levels

of physical activity. Deposition fractions of inhaled material in the extrathoracic region are

assumed for an individual working at a light activity level with a breathing frequency of 15

breath/min and a breathing flow rate of 15 liter/min. Therefore, the fraction of inhaled
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material deposited in the nasopharingeal region is first intended to be calculated from the

following equation (ICRP 1966):

DE-T = -0.62 + 0.475 log (Da2 Qa),
where

Da = aerodynamic diameter of theparticle

O.a= breathing flow ram direr/rain).

At the same time, these deposition fractions will be compared with the experimental results

of Bowes and Yu (1989) which are represented by the following relationship:

, &DF - 0.153 + 0.0422

where

DF = deposition fraction

da - mass median aerodynamic diameter.

Deposition fractions in the tracheobronchial and pulmonary regions are calculated under the

assumption that the solution of the Navier-Stokes equations is in the region of linearity, the

settling velocity of an aerosol particle follows Stoke's law. Moreover, it is also assumed

that settling velocities are corrected for slip when inertial impaction and sedimentation

processes are considered. Therefore, deposition fractions at the dE'ferent generations of the

tracheobronchial and pulmonary regions are calculated as:

F = 1-(1-I)(I-S)(1-D),

where

F=Total deposition fraction

I= impaction deposition probability

Sf sedimentation deposition probability

D= diffusion deposition probability.

Since values of I, S, and D are dependent upon parameters such as the gravity and

branching angles of the airways, as well as the diameters lengths of the airways.

_,'i!io_:/:_hometriccalculations of the tracheobronchial tree reported by Weibel (1963) have ,

been improved in the design of this program by the substitution of values reported by
f
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Phalen ct. al (1985) for generations (0-15) and by Dunnill (1962) for generations (16-22).

As aresult,theprogramwillbedesignedacco_tc ofanychangeinparametervalues.

Concurrentwiththisprogramdevelopment,thecomputercodeSAAM (Simulation

AnalysisandModeling)isbeingtestedinthesimulationand acquisitionofnumerical

solutionsofthemassbalanceequationsshownintheprevioussection.At thispoint,the

codehasdemonstratedexcellentagreementbetweenanalyticalandnumericalsolutionsfor

thecaseoflinearchainsofcompartmentswithconstanttransferrates.

The stabilityoflineardynamicalequationslikeEq.Iwilldependontheexistenceofa

steady-statesoiutionofthesystem;thismeans thatifthesystemisperturb_lfromthe

equilibriumstateby animpulsiveorperiodicinputfunction(suddenorperiodicinhalation

ofradioactivematerial),thenthesystemwillreturntothesameoranotherequilibriumstate

asthetimetendstowardinfinity.InattemptingtosolvethedynamicsystemofEq.1,the

steady-statesolutionbecomesimportant,sincethegeneralsolutionforthetime-varying

casecanalwaysbedecomposedintothezero-inputresponseandthezero-stateresponse:

q(t) fO(t;t o , qo' O) +cp(t; to , O, u)
where q(t) - is the vector of solutions in the different regions of the lung

q o - is the vector of initial conditions of the system
u = is the vector of inputs of the system.

q)(t ; to , q o ' u) = is the transition solution of the system and depends on the temporal
integration of the compartmental matrix and the initial conditions.

Since a system's steady-state is a particular solution of the zero-input response, the

first step in the numerical selution of a dynamical system like Eq. 1 is to find the steady-

state solution of the system to guaranty the stability of the solutions. At this point, SAAM

has been tested by calculating the steady-state solution of a two-compartmental distribution

representing the metabolism of an arbitrary compound in a turnover study. Simulation of

an experiment in the steady-state is carried out by the injection of compound X as a bolus

in plasma. Blood samples are collected every hour after injection. The objective is to

estimate the steady-state mass distribution among the compartments in a proposed two

linear chain of compartments. Figure 5.2 shows a comparison of the simulated solution

calculated by SAAM and the experimental blood sample readings. Fitting of the numerical

solution with the experimental points was carried out by the use of the optimization and

least-squares subroutines of SAAM. The error between the numerical solution and the

experimental measures was reduced to be less than 2%. Figures 5.3 and 5.4 show a

comparison between the numerical transient solutions calculated from another SAAM
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model code and thesteady-state solution within the differeat compartments. They also

show how the transient solutions always tend toward the steady-state solution at infinite

times, presuming the system remains stable.
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INTRODUCTION

In 1964 the Society of Nuclear Medicine formed a committee to fulf'fll the needs of the

nuclear medicine community to determine the radiation absorbed dose to patients who are

administered radiopharmaceuticals. The objectives of the Medical Internal RadiationDose
t

(MIRD) Committee were to provide the best possible estimates of the absorbed dose to the "'_"

patients resulting from the diagnostic or therapeutic use of internally administered

radiopharmaceuticals. Data required to achieve these objectives were:

1) radiological parameters;

2) anatomical and physiological data for patients of various ages and physiognomies, and

3) metabolic distribution data for radiopharmaceuticals.

Uncertainties associated with these data will be propagated in absorbed dose

calculations. Although, relevant radiological transformation characteristics of radionuclides

are well known, uncertainties in physiological aspects, such as variance in organ

morphology and metabolic aspects, e.g., variance inorgan uptakes, contribute the greatest

sources of errors.

In 1978 a reference heterogeneous phantom was described by MIRD in Pamphlet 5

Revised (Snyder ct. al. 1978). This mathematical phantom was used as a model upon

which internal absorbed dose calculations were based. The phantom provided an

approximately correct anatomical representation of the h_man body based on ICRP
Publication 23 (1975) which described a reference man. The c,rgans in the phantom were

described geometrically by mathematical equations. Several revisions and improvements

have been made to represent populations of different ages and gender (Cristy ct. al. 1987).
,

New nuclear medicine procedures, such as positron-emission tomography and other

imaging techniques, radiation therapy procedures, and blood-flow studies require precise a-

p.iori estimates of absorbed dose to specific organs or precisely defined tissue regions.

Consequently, inadequacies in the description of these regions will contribute to errors in

absorbed dose calculations. Therefore, certain organs and regions must be more accurately

described.
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, OBJECTIVES

At the present time, a basic variable is used in nuclear mcdicin_ procedures to assess the

energypcrunitmassgiventoanorganortissueofthehuman bodyforeitherexternalbeam

lhcrapyorinternallydepositedradionuclides.Thisvariableistheaverageabsorbeddose;

whichconveysonlyinformationconcerningthewholetissueortissuesbasedon auniform

distributionoftheradionuclide.However,itdoesnotconveyinformationrelatedtothe

spatialdosedistributioninsidea tissue,northedosestootherhealthytissuesnearthe

regionofinterest.Moreover,theeffectivenessofa procedureisnotsimplybasedon

averageabsorbeddosesbutalsoon thespatialdistributionofenergyduetodifferenttypes

ofradiations(relatedtotheLinearEnergyTransfer,LET).

Absorbeddosecalculationsforinternallydepositedradionuclidesarebasedon a

mathematicalphantomwhichisa grossrepresentationofareferenceman. Today'snuclear

mcdicineproc_lurcsrequirebetterestimatesofabsorbeddosesforthehuman body.These

estimatesareofextremeimportanceduetothesensitivityofcertainregions(suchasthe

brain)forthecorrectplanninganddeliveryofabsorbeddoses.Thecorrectvisualizationor

representationofregionsofthehuman bodywillprovideamore accurateestimateofthe

absorbeddoseanditsdistributionthroughoutanorganortissue.Thisrepresentationis

basedupon improvedmodelingofan organortissueinthehuman body and alsoan

estimateofthedistributionoftheradionuclidethroughtheregionitself.

Takingtheaboveintoconsideration,anew differentialvolumephantomwasdesigned

tostudythepossibilitiesof generatingnew informationconcerningdose volume

distributionsandradionuclidedistributioninthehuman body (dynamicprocessesare

included).Thisnew phantom isconstructedbasedon physiological,anatomicaland

metabolicvariable.sobtainedfromanindividualpatientwhichgeneratesa specificphantom

thatsimulatesonly:Jncspecificpatient.SuchdataisobtainablefromMRI studiesand

easilyreconstructedtobeusedasgeometricalinputfornew calculations.

Thisnew phantomrequiredfurtherworktoconsolidatetheconcept.A varietyoftests

wcrcmade toassessthefeasibilityoftheoriginalidea.

First Test,:

The lh'st step made was to use of the old mathematical phantom described in MIRD

Pamphlet 5 Revised and translated into a non-mathematical representation, then the data
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was superimposed into a three-dimensional boxel arrangement which provided the location

or region of the boxel with respect to an organ or tissue of the body.

Second Test:

This test consisted in extracting information on regions and tissues of the phantom

which were defined by the user. The information extracted was the average absorbed dose,

isodose curves, the spatial absorbed dose, the dose volume distribution and blood-tissue

dose ratio. These variables arc not the only ones used but many other can be extracted such

as LET spectra distribution ( if more than one type of radiation is used.)

Several other tests are now being carded out and results are still not available for

commentary and discussion.

METHODOLOGY

_Themathematical phantom used in MIRD Pamphlet 5 Revised was reconstructed into a

non-mathematical form. Figure I shows a representation of cross sections of the

mathematical phantom by the planes z = 0, I, 2, 3, 4, 5, 6, 7, 8, 9, "I0 and 11 cre. These

rlon'mathematical representations of a phantom were used to reconstruct a three-

dimensional representation of the phantom shown in Figure 2. This anatomical

representation was then coupled with the Monte Carlo transport code Electron Gamma

Shower (EGS4) to assess energy deposition patterns in different regions of the human

body.

The identification of regions or tissues in this new mathematical phantom are left to the

user. It is possible to assess the dose volume histogram of any region by selecting in the

physical boundaries of the region. As an example, Figure 3 shows the main results of the

variance of energy deposition throughout the liver itself containing a uniform distribution of

99mTc. This pictorial result conveys merc information concerning the tissue than just

having the average absorbed dose. As an example, Figure 4 shows the isodose contours

superimposed with the different organs; the source region was defined as the cortex of the

kidney and the radionuclide used was 99mTc_ Similar results were obtained in a three-

dimensional representation.
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Task 1:

The first task consists of construction of the phantom using MPI images obtained from

an specific patient. The images should b¢ processedin such a form that they c_ be used

for Monte Carlo transport. The implementation of such images should require the use of
digitizers to locate regionsof the body in which the radionuclideis concentrated. This will

allow the assessment of theradionuclidedistributioninside different organs of the body, as

wall as calculation of retention times and other metabolic parameters. This' process is

tedious and rcquh"cslarge blocks of computer time to process;however, once done it is a

single step to obtain absorbeddoses forthe regionsof interestin the human body.

Task2:

The second task consists of the determination of regionsof the human body which are

of importancefor medicalprocedures(e.g.,the brain).Then it is neccsssaryto=determine

thedifferentphysiologicaland metabolicparametersto b¢ usedin the phantom. The
objectiveis to locate theradionuclidedistributionthroughoutthe phantomitself and,

therefore, assess the distribution in different regions"and tissues of the body. This will

aUow the correct sampling of the radionuclide distribution rather than just assuming a

uniform distribution. Having located and excluded the regionsof interest, the code EGS4

wiUbe used to asses energy deposition patterns in the body (as shown in figures 3 and 4).

The results obtained wiUallow a complete state of the art treatmentplanning for abnormal

regions of the human body.
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Figure 1. Schematic representation of the mathematical phantom. The cross sections were
used to generate a non-mathematical phantom to be used in transport calculations.
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Figure 2. Consolidationof two dimensional cross sections to generate a threedimensional
view of the non-mathematicalphantom.This configurationwas used to obtain

informationof different regionsand tissues of the human body.
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Figure 4. Superposition of a dose contour and a cross section of the phantom at z= 35.0
cm. "lhcsourceregionwas thecortexofthekidneyswithauniformdistributionof
99mTc. This plot allows the visualization of the isodose curves supcrposcd with the

different regions and organs of the phantom.
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