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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, usuaily, the
medium of interest is the hurnan 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 Radiation 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 untii the nuclide is eliminated from the body or until its residence time in the body
exceeds the mean life of the nuclide. Organs of the body are considered to be
compartments inio which nuclides move in and out. The net movement of the nuclide
(including radioactive decay) from a compartment is described by a system of first-order
. differential equations. The solutions to these equations include constants that 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 transformations can be alpha, beta, or gamma radiation. These
radiations travel varying distances from the site of their creation before an interaction takes
place. 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 by 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 initial 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
sources within organs with a small mass and a large surface area.

Consequently, a systematic compilation of absorbed fractions for both beta particles
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 transport 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 proccdui'es (Akabani and Poston 1990b). Reports for
both electron absorbed fractions and the revised S-values are contained in the
Compreh=nsive Report which accompanies this renewal proposal.

In conjunction with this work, revisions were also made to the head and neck region,
the gall bladder (Patel et. al 1991a), and the kidney (Patel et. al 1991b) of the MIRD
phantom . In the revised kidney model, three 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 cylinders of
radius 0.02 to 1.0 cm. 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 within
- the circulatory system. Estimates of the average absorbed dose to blood and tiie 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 curreni
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



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 one to two graduate 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, 3 total of 13 graduate
students 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 nearing graduation (2 MS), and § 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-neighbor
distributions of free radicals produced within electron and alpha pafticle tracks. For
completeness, a summary of each study is contained in the Comprehensive Report. A list
of all students participating in DOE-sponsored research is given below.

List of Particioating Graduate Student

Graduated

T. Edmond Hui, "A Preliminary Model of the Circulating Blood for use in Radiation Dose
Calculations, " Thesis, Texas A&M University, 1986.
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Texas A&M University, 1990.
Completing Research

Joseph Liu, "Internal Beta Dose Caiculations Using a Point Kernel Algorithm," Thesis,
Texas A&M University, 1991. .




Todd A. Shearer, "Assessment of the Dose to Bone Using a Monte Carlo Transport Code,"
Thesis, Texas A&M University, 1991.

| Beginning Research
Oscar Hernandez (MS)
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REEVALUATION OF S-VALUES CONSIDERING
| - ELECTRON TRANSPORT
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In 1964 the Society of Nuclear Medicine formed the Medical Internal Radiation Dose
Committee (MIRD) to fulfill the needs of thé nuclear medicine community to determine the
radiation absorbed dose to patients who are administered radiopharrﬁaéeuticals. 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 adminisfered ,
radicpharmaceuticals. Data required to achieve those objectives were: |

1) radiological parameters,

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

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 metaholic aspects, e.g., variance in oréan ﬁptakes, 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
anafomical representation of th: human body based on ICRP Publication 23 (2)
which describes a Reference Man. The organs in the phaniom are 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 MIRD phantom was used to calculate specific absorbed fractions for
monoenergetic 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 ph§ton interactions or radioactive emissions was not
considered; however, under the MIRD methodology, conservative assumptions were used
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 transformatjons is éssumed to be the inverse of the masé 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 spec.iﬁc absorbed
fraction for the contents. |

MIRD Pamphi~t No. 11 (3) presented absorbed doses todiffe;ent target organs and
regions per 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 ihc MIRD methodology overestimate the dose to source organs and underestimate the
dose to adjacent organs. Furthermore, they are nbt 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 MIRD 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,
elcétron absorbed fractions were calculated for organs and r.egiods in which S-values were

considered, in the past, 1o 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 thyrold gland, and reglons at interfaces or in which
there is a change of dcnsny, i.e,, the lung. |

| The code EGS4 was chosen for use in this work because of its versatility and easy
manipulation of three dimensional regions. This transport code allows the calculation of
electron absorbed fractions for regions or organs. Furthermore the EGS4 code can be used
to evaluate to the fullest extend the net contribﬁtion of energy deposition due to electrons in
complex arrangements or geometries. Lower energy cutoffs for photons and electrons of 1
keV and 10 keV, respectively, were established to allow transport of bremsstrahlung
radiation generated by electron interactions. Electrons and photons with energies below

| &ek respective lower cutoff energies will deposit their energy locally.

The EGS4 code was merged with the mathematical phantom and absorbed fractions for

| monoenergetic electrons were calculated for the selected source regions. Moreover, specific
absorbed fractions for monoenergenc photons presented by Pamphlet No. 5 Revised were
compared with those obtained using the E(GS4 system code to assess the differences
between transport and non-transport of electrons. |

Absorbed fractions for monoenergetic electrons are used in the same manner in which

photon absorbed fractions are used for calculating internal doses. Together, these absorbed
fractions provide a complete data base on which absorbed doses can be calculated without
the need of severe conservative assumptions. As afesult, a new set of revised S-values
were calcuIated to improve internal dose assessment for several source-target combinations

for a variety of radionuclides commonly used in nuclear medicine.
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COMPARISON OF EGS4 AND ALGAM COMPUTER CODES

ALGAM is a computer code which has been used to calculate the specific absorbed
fraction (@) of energy for photons in a Reference Man (5). Thxs code was widely ussd by
the MIRD Committee to calculate specific absorbed fraction- for different source-target
organ combinations. Both ALGAM and EGS4 codes used the same mathematical
pnantom. Due to the fact that ALGAM does not consider electron transport, to compare: the
two “codcs the energy cutoff for electrons in EGS4 was set equal to the energy of the
photons being transported. In this way, electrons generated by photon interactions were
not transported and, for each eiectron produced by a photon interaction, the energy was
assumed to be deposited at the poinu of interaction. The source and target region of the
mathematical phantom selected for comparison of the two codes was the thyroid. Figures 1
shows a comparison of specific absorbed fractions for photons for ALGAM and EGS4 in
which no electron transport was considered; Figure 1 chows that 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 EGS4 Lower vahics of specific absorbed fractions were obtained by using
the EGS4 code because electrons generated by photon interactions escaped the thyroid
giand and deposited energy outside of the region. Figure 3 shows the percent differences of
the specitic absorbed fraction of energy for the thyroid between electron and non-electron
transpor: raodalities.

Based on the above results, in the calculation of revised S-values, the ALGAM data for
phoron specific absorbed fractions were combined with the results obtained from the EGS4
code for monoenergetic electrons. As can be seen from Figure 3, this procedure is
appropriate for photon energies below 1 MeV, the region of interest in diagnostic nuclear
medicine. Abuve 1 MeV, the errors associated with ignoring electron transport are minimal

except at a photon energy of 4 MeV.
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The reader is reminded that electrons generated by radioactive decay of a radionuclide in
the source regions of the body are of great importance in the dose calculation and are
included in the calculation of S-values. These improved calculations take intc consideration
the transport of electrons across interfaces between organs. Thus, the revised S-values
provide better estimates of the absorbed dose to both the source organs and to organs lying
in the near vicinity of the source organ. The procedure described above ignores only a very

small portion of the total photon absorbesi energy.

ABSORBED FRACTIONS FOR ELECTRONS

Several regions were considered for the calculation of the absorbed fractions of energy
for electrons. These source-target combinations are given in Table 1. Electrons were
generated homogeneously in the source regions. The kinetic energies uséd for the
calculation of absorbed fractions for electrons ranged from 0.25 td 4 McV. The value of the
absorbed fraction (¢) for a zero kinetic erergy is taken as t.hé 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, Figvre 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 assumes that the absorbed fraction of cnergy 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 fraction in the bladder wall never approaches the value of

0.5, the usual assumption for such cases.

P
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EVALUATION OF S-VALUES
- S-values can be calculated by using the following equation:

S(rye—1p) = CY EY O (re—r1p)
' i

where mk is the mass of the target organ or tissue rk; E; is the mean energy of radiation
type i; Yi is the yield of radiation type i per transformation; ®@i(rx— ) is the specific
absorbed fraction of energy of radiation type i for the target-source combination; and C is a
constai't, the value of which depends on the units of the included quantities. The MIRD
methodology considered the specific absorbed fraction for electrons to be zero if the source
is not equal the target, and 1/mk if source is also the target. For organs with walls, the
specific absorbed fraction for the wall was considered to be one half the specific absorbed
of the contents (1/[2 mp]).

Now using the capabilities of the EGS4 code, it was possible to overridg the MIRD
assumptions and calculate directly specific absorbed fractions for 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
absorbed fractions for photons were obtained from MIRD Pamphlet No. 5 Revised ahd
combined with absorbed fractions for electrons calculated as part of this work. A linear
interpolation method was used to estimate absorbed fractions for both photons and .
electrons given their average energy.

Estimates of S-values, using electron absorbed fractions, were calculated for 80
radionuclides commonly used in nuclear medicine. The decay data for each radionuclide
were obtained by using the computer code RADLST (6). The code RADLST can be used
to obtain data on a specific radionuclide which includes 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, Tables 2 and 3 give S-values for the thyroid and bladder wail,
respectively. These Tables give a comparison between the S-values calculated using the
standard MIRD methodology and S-values obtained using the absofbcd fractions of
“electrons calculated with the EGS4 code. The percent difference colﬁmn given in Tables 2
and 3 can be used to assess the difference between the two xﬁethodologies. Appendix A
gives a complete set of tables of S-values for the different source-target combinations used

in this research.
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CONCLUSIONS
The reevaluated S-values obtained using specific absorbed fractions f. - monoenergetic
electrons supersede those obtained previously using the MIRD methodology and should be
| used to calculate absorbed doses in nuclear medicine prd;:edurcs. 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 radiétion, the average energy of the beta spectra was used to
calculate the specific absorbgd‘fracti‘on (®). This procedure is still an approximation
because it does not consider the actual spectrum to estimate the specific absorbed fraction.
The results show large differerces between both methodologies for régions with walls,
such as the bladder and the stomach, and regions which have subdivisions, such as the

- kidney.
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FIGURE 1. Specific absorbed fraction of photon energy in the thyroid gland. Comparison
of ALGAM and EGS4 codes for the thyroid as a source and target organ. There was no
electron transport in EGS4.
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FIGURE 2. Comparison between Specific Absorbed Fraction (SAF) with and without

electron transport using the EGS4 code. The thyroid is the source and target organ. For

high energy photons there is a lower SAF than that calculated without electron transport
due to electrons are escaping from the thyroid.
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TABLE 1

Source-Target Combinations Used in This Study

- SOURCE TARGET
1 Bladder cont. : Bladder waill
2 Upper large .intestine cont.  Upper large intestine wall
3 Gallbladder cont. Gallbladder wall
4 Heart cont. Heart wall .
5 Lower large intestine cont.  Lower large intestine wall
6 Lungs Lungs.
7 Ovaries Ovaries
8 Pancreas Pancreas
9 Spleen Spleen /
10 Stomach cont. Stomach wall
11 Testes Testes
1-2 Thyroid Thyroid

Kidney cortex
Kidney cortex
Kidney cortex
Kidney medulla
Kidney medulla
Kidi:ey medulla
Kidney papillary
Kidney papillary
Kidney papillary

Kidney cortex
Kidney medulla
Kidney papillary
Kidney cortex

“Kidney medulla

Kidney papillary
kidney cortex
Kidney medulla
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TABLE 2

S-values for the Thyroid as a Source and 1'arget Region

Radionuclide MIRD EGS4 DIFF(%) Radionuclide MIRD EGS4 DIFF(%)
c-11 4.55E-02 4.33E-02 4.78% Y-90m 7.25E-08 6.97E-03  3.94%
C-14 5.30E-03 5.35E-03 0.67% Y-90 1.02E-01 8.64E-02  15.13%
N-13 5,70E-02 5.35E-02 6.21% Tc-99m 2.08E-03 2.06E-03 1.15%
0-15 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-111m 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%
8-35 5.20E-03 5.26E-03 0.64% |-123 3.88E-03 3.84E-03 1.06%
K-42 1.56E-01 1.18E-01 24.46% |-124 2.51E-02 2.27E-02 11.21%
K-43 3.75E-02 3.59E-02 4.20% |-125 2.68E-03 2.68E-03 0.15%
Ca-45 8.41E-03 8.32E-03 1.05% 1-126 1.74E-02 1.87E-02  4.05%
Ca-49 1.03E-01 8.90E-02 13.18% |-129 4.49E-03 4.46E-03 0.53%
Sc-47 1.81E-02 1.77E-02 2.20% |-130 3.84E-02 3.71E-02 3.44%
Sc-49 8.90E-02 7.75E-02 12.87% {-131 2.21E-02 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 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 2.40E-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%
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-201m 6.95E-03 6.73E-03 3.18%
Se-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% Pt-195m 1.94E-02 1.92E-02 1.14%
Rb-82 1.57E-01 1.19E-01 24.24% Pb-203m1  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

Radionuclide MIRD EGS4 . DIFF(%) Radionuclide MIRD EGS4 DIFF(%)
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%
N-13 3.18E-03 9.62E-04 69.70% Tc-99m - 1.52E-04 7.40E-05 51.32%
0O-15 4.47E-03 1.58E-03 64.86% Ru-97 2.88E-04 1.71E-04 40.83%
F-18 1.89E-03 6.47E-04 65.75% In-111 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-111m 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%
§-35 2.59E-04 3.00E-06 98.84% |-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 2.23E-04 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% |-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 21.00% 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 41.82%
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 B8.90E-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 r0.24% Hg-203 6.55E-04 1.47E-04 77.56%
89-73 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% 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-203m1 1.18E-03 5.69E-04 51.66%
Sr-90 1.06E-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%
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AFPPENDIX A
REVISED S-VALUES

Table 1. S-values for the bladder contents as a source region and bladder wall as a target

region.
[Radionuclide  MIRD £G84 __ DIFF(%){Radionuclide MIRD EGS4 _ DIFF(%)
C-11 261E-03 795E-04 %9.51% |Y-90m S90E-04 3.77E-04 36.10%
C-14 2,64E-04 4.00E-06 98.48% |Y-90 499E-03 1.74E-03 65.06%
N-13 '3,18E-03  9.62E-04  69.70% |Tc-99m 1.52E-04  740E-05 51.32%
O-15 447E-03  158E-03 64.66% |Ru-97 2.88E-04 1.71E-4 40.63%
F-18 1.89E-03  647E-04 65.75% |in-111 445E-04  2,7SE-04 38.20%
Na-22 2.12E-03  1.14E-03 45.98% |In-113m 8.67E-04  233E-04 73.13%
Na-24 464E-03  222E-03 52.09% |In-111m 6.02E-04 3.15E-04 47.67%
P-32 3.71E-03  9.04E-04 75.61% |In-114m 841E-04 1.12E-04 86.68%
S-35 2.59E-4  3.00E-06 98.84% |I-123 291E-04 . 1.54E-04 47.08%
K-42 773E-03  381E-03 50.74% [I-124 1.62E-03  8.92E-04 44.80%
K43 2.18E-03  6.76E-04 69.03% {I-125 2,09E-04 122E-04 41.63%
Ca45 4,12E-04 9.00E-06 97.82% |I-126 1.03E-03  3.33E-04 67.61%
Ca49 5.81E-03  2.70E-03 53.51% |I-129 223E-04 7.00E-06 96.86%
Sc47 9.26E-04 9.70E-05 89.52% |I-130 2.63E-03 125E-03 5243%
Sc49 436E-03  1.30E-03 70.19% |I-131 122E-03 2.60E-04 78.76%
Cr-51 8.90E-)5 7.00E-05 21.35% |Xe-120 530E-04 3.14E-04 40.75%
Mn-52m 7.22E-03  3.71E-03 48.66% |Xc-121 3.82E-03  2.09E-03 45.29%
Fe-52 147E-03  542E-04 63.15% |Xe-122 1.29E-04  9.10E-05 29.46%
Fe-52m 124502  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 2.16E-04 43.31%
Fe-59 LISE-03  572E-04 51.32% |Xe-127 3.70E-04  2.16E-04 41.62%
Co-57 3.0SE-04 243E-04 20.33% |Cs-129 298E-04 226E-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 890E-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 1.1SE-04  9.40E-05 18.26%
Co-60m 4,54E-04 112E-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 S41E-04  3.20E-04 40.85%
Cu-64 8.15E-04 2.02E-04 75.21% |Au-195m 8.5TE-04  2.90E-04 66.16%
Cu-67 9.11E-04 121E-04 86.72% |Au-198 197E-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 S93E-04 285E-04 51.94%
Ga-68 448E-03 1.73E-03 61.29% |Hg-197m 1.38E-03  3.17E-04 77.08%
Ga-72 3.90E-03 1.94E-03 50.24% |Hg-203 6.55E-04 147E-04 77.56%
Se-73 2,71E-03 1.00E-03 62.99% |T1-201m 6.37E-04 4.61E-04 27.63%
Se-75 292E-04 220E-04 24.66% |T1-201 . 5.18E-04  3.18E-04 38.61%
Kr-81m 3.80E-04 8.80E-05 76.84% |Te-123m 6.57E-04 132E-04 7991%
Rb-82m 1.97E-03  1.54E-03 21.70% |Pt-195m 1.286-03 4.01E-04 68.70%
Rb-82 8.12E-03  429E-03 47.10% |Pb-203m1 1.18E-03  5.69E-04 51.66%
Sr-90 1.0SE-03  S5.60E-05 94.64% |Pb-203m 2.09E-03 1.08E-03 4847%
Y-87 3.06E-04 2.72E-04 11.11% |Pb-203 3.82E-04 1.96E-04 48.69% |
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Table 2. S-values for the upper large intestines as a source region and upper large intestines
wall as a target region.

Radionuclide  MIRD EGS4  DIFF(%)|Radionuclide MIRD  EGS4  DIFF(%)
c-11 2.18E-03 4.01E-04 81.65% |Y-90m 423E-04 2.12E-04 4991%
C-14 240E-04 9.17E-07 99.62% |Y-90 4.53E-03 6.27E-04 86.18%
N-13 270E-03 4.70E-04 82.61% |Tc-99m 1.1SE-04  4.33E-05 62.34%
O-15 3.88E-03 691E-04 82.18% |Ru-97 207E-04 9.81E-05 52.55%
F-18 1L.53E-03  343E-04 77.59% |In-111 3.16E-04 1.57E-04 50.39%
Na-22 1.58E-03  6.59E-04 58.35% |In-113m 737E-04 1.15E-04 84.39%
Na-24 3.,70E-03 121E-03 67.25% |In-111m 461E-04 1.70E-04 63.09%
pP-32 3.37E-03  3.29E-04 90.24% |In-114m 7137E-04  S5.13E-05 93.04%
S-35 2.36E-04  8.86E-07 99.62% |I-123 2.10E-04 ~ 8.31E-05 60.43%
K-42 6.98E-03  1.72E-03 75.38% |I-124 128E-03 447E-04 65.11%
K-43 1.82E-03  3.50E-04 80.75% |I-125 140E-04 6.01E-05 56.99%
Ca45 3.74E-04 223E-06 99.40% |I-126 - 848E-04 1.72E-04 79.70%
Ca-49 492E-03 125E-03 74.56% [I-1%? 201E-04 3.30E-06 98.36% |
Sc-47 8.24E-04 447E-0S 94.58% |I-130 2.04E-03  7.00E-04 65.68%
Sc-49 3.96E-03 4.70E-04 88.15% |I-131 1.0SE-03  1.35E-04 87.12%
Cr-51 301E-05 2.15E-05 44.82% |Xe-120 3.74E-04  1.72E-04 53.87%
Mn-52m 6.19E-03  1.69E-03 72.70% |Xe-121 3.19E03 1.01E-03 68.40%
Fe-52 1.18E-03  2.75E-04 76.71% |Xe-122 8.12E-05 4.63E-05 43.03%
Fe-52m 1.08E-02  4.18E-03 61.21% |Xe-123 1.10E-03  2.74E-04 75.13%
Fe-55 3.64E05 170E-05 53.31% |Xe-125 271E-04 1.17TE-04 56.87%
Fe-59 9.08E-04  345E-04 62.03% {Xe-127 2.62E-04 1.18E-04 55.06%
Co-57 1.35E-04  7.86E-05 41.73% |Cs-129 1.89E-04 121E-04 35.62%
Co-58 4.78E-04  3.16E-04 33.77% |Dy-157 1.24E-04  9.90E-05 20.44%
Co-58m 1.21E-04 192E-05 84.13% |Yb-169 6.99E-04 1.66E-04 76.21%
Co-60 L17E-03  7.06E-04 39.47% |W-178 442E05 251E-05 43.35%
Co-60m 341E-04 255E-05 92.53% |Ir-192 129E-03 2.78E-04 78.50%
Cu-62 6.52E-03  1.60E-03 75.42% |Au-195 295E-04 9.25E-05 68.62%
Cu-64 6.65E-04 8.27E-05S 87.56% |Au-195m 6.33E-04 1.04E-04 83.52%
Cu-67 7.90E-04  5.11E-05 93.54% |Au-198 1.71E<03  1.77E-04 89.65%
Ga-66 5.43E-03  2.08E-03 61.68% |Hg-195 3.72E-04 1.20E-04 67.87%
Ga-67 245E-04 9.89E-05 59.65% |Hg-197 3.64E-04 8.0SE-05 77.86%
Ga-68 3.80E-03  7.33E-04 81.14% |Hg-197m 1.09E-03  9.08E-05 91.64%
Ga-T2 3.17E-03  1.01E-03 68.04% |Hg-203 5.54E-04 8.07E-05 85.42%
Se-73 2.26E-03 - 5.02E-04 77.77% |T1-201m 437E-04  2.63E-04 39.78%
Se-75 1.94E-04  128E-04 34.06% |T1-201 2,78E-04  9.32E-05 66.43%
Kr-81m 3.22E-04 4.69E-05 85.40% |Te-123m 5.53E-04 6.80E-05 87.70%
Rb-82m 1.33E-03  9.02E-04 32.26% |Pt-195m 9.21E-04 1.07E-04 88.39%
Rb-82 7.18E-03  198E-03 72.43% {Pb-203ml1  9.59E-04  2.84E-04 70.36%
Sr-90 9.50E-04  1.44E-05 98.49% |Pb-203m 1.60E-03  6.24E-04 61.06%
Y-87 1.87E-04 _ 1.55E-04 17.05% |Pb-203 2.86E-04 1.11E-04 61.13%
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Table 3. S-values for different radionuclides for the gallbladder contents as a source region
and gallbladder wall as a target region.

Radionuclide MIRD EGS4 __ DIFF(%)|Radionuclidle MIRD EGS4 - DIFF(%)
C-11 830E-03 2.66E-03 68.01% |Y-90m 146E-03  8.16E-04 43.92%
C-14 948E-04  2.10E-05 97.78% |Y-90 LL79E-02  9.54E-03 46.70%
N-13 1.03E-02  4.04E-03 60.95% |Tc-99m 4.06E-04  134E-04 67.00%
015 . 1.50E(2  7.17E-03 52.21% |Ru-97 7.12E-04 299E-04 58.01%
F-18 5.72E-03  147E-03 74.39% |In-111 = 1,11E-03  5.14E-04 53.57%
Na-2 S.54E-03  2.18E-03 60.58% |In-113m 2.83E-03  821E-04 70.96%
Na-24 1.33E-02  6.55E-03 50.83% |In-111m 1.67E-03  8.58E-04 48.62%
P-32 1.33E-02  5.66E-03 57.49% |In-114m 290E-03  3.59E-04 87.60%
S-35 9.32E-04  2.00E-05 97.85% |I-123 8.05E-04 ' 3.23E-04 59.88%
K-42 2.75E-02  1.64E-02 40.40% |I-124 474E-03  281E-03 40.76%
K43 6.87E-03  1.96E-03 71.47% |I-125 S98E-04  2.8SE-04 52.34%
Ca45 148E-03  5.10E-05 96.55% {1-126 322E-03 9.79E-04 69.63%
Ca49 1.85E-02  1.03E-02 44.06% |I-129 7.928-04  230E-05 97.10%
Sc-47 3.22E-03 3.28E-04 89.8(/% {I-130 7.35E-03  2.84E-03 61.38%
Sc-49 L57E-02  7.52E-03 51.95% |I-131 4.00E-03  6.63E-04 83.43%
Cr-51 3.25E-04 = 2.56E-04 21.23% |Xe-120 140E-03  6.51E-04 53.47%
Mn-52m 237E-02  145E-02 38.84% |Xe-121 1.21E-02 = 731E-03 39.45%
Fe-52 4.54E-03 1.53E-03 66.17% |Xe-122 337E-04 2.02E-04 40.06%
Fe-52m 4,13E-02 2.71E-02 34.37% |Xe-123 ~ 419E-03  1.87E-03 55.41%
~ |Fe-55 4,14E-04  3.38E-04 18.36% |Xe-125 1.03E-03  446E-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 - 108E-03  8.62E-04 20.26% |Cs-129 7.14E-04  4.60E-04 35.57%
Co-58 1.83E-03  1.24E-03 32.50% |Dy-157 399E-04  3.06E-04 23.31%
Co-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 446E-04  3.70E-04 17.04%
Co-60m L.70E-03  4.84E-04 71.51% |Ir-192 493E-03 123E-03 75.09%
Cu-62 2.55E-02  1.53E-02 39.74% }Au-195 200E-03 1.22E-03 39.26%
Cu-64 2.77E-03  6.71E-04 75.78% {Au-195m 298E-03 9.92E-04 66.73%
Cu-67 3.17E-03  4.04E-04 87.26% |Au-198 6.65E-03  146E-03 78.04%
Ga-66 2.09E-02 1.37E-02 34.75% |Hg-195 220E-03  123E-03 44.10%
Ga-67 1.70E-03  1.14E-03  32.98% |Hg-197 220E-03 1.10E-03 49.77%
Ga-68 1.51E-02  7.84E-03 48.13% |Hg-197m 5.02E-03  1.28E-03 74.46%
Ga-T2 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% |T1-201m 145E-03  9.09E-04 37.40%
Se-75 6.11E-04 3.57E-04 41.57% |T1-201 191E-03  1.20E-03 37.08%
Xr-81m 1.22E-03  2.01E-04 83.47% |Te-123m 217E-03  3.18E-04 85.37%
Rb-82m 427E-03  293E-03 31.36% |Pt-195m 473E-03 1.62E-03 65.79%
Rb-82 2.80E-02  1.72E-02 38.50% |Pb-203m1 361E-03 197E-03 45.57%
Sr-90 3.75E-03  3.26E-04 91.31% |Pb-203m S5.64E-03  2.21E-03 60.88%
Y-87 5.61E-04  442E-04 21.21% |Pb-203 1.00E-03  3.59E-04 64.21%
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Table 4. S-values for the heart contents as a source region and heart walls as a target

region.
Radionuclide  MIRD EGS4 __ DIFF(%){Radionuclide  MIRD EGS4 . DIFF(%)
C-11 1.24E-03  3.25E-04 73.74% |Y-90m 292E-04  184E-04 37.01%
C-14 122E-04  5.19E-07 99.58% |Y-90 231E-03 298E-04 87.10%
N-13 1.50E-03  3.56E-04 76.28% |Tc-99m 749E-05  3.83E-05 48.84%
0-15 2.10E-03  4.62E-04 78.05% |Ru-97 1.36E-04  8.04E-05 40.81%
F-18 9.04E-04 2.99E-04 66.96% |In-111 2.15E-04 1.33E-04 37.81%
Na-22 1.05E-03 5.82E-04 44.73% {In-113m 4.08E-04 9.06E-05 77.81%
Na-24 225E-03 9.70E-04 56.84% |In-111m 292E-04 142E-04 51.16%
pP-32 1.72E-03  1.56E-04 = 90.93% {In-114m 390E-04 4.00E-05° 89.73%
S-35 1.20E-04  5.02E-07 99.58% {I-123 1.35E-04 - 7.01E-05 48.02%
K42 3.59E-03  7.68E-04 78.62% |I-124 7.76E-04  346E-04 55.38%
K43 1.04E-03 292E-04 71.95% {I-125 8.73E-05 4.66E-05 46.55%
Ca45 191E-04 126E-06 99.34% |I-126 487E-04 142E-04 70.85%
Ca49 2.75E-03 8.57E-04 68.80% [I-129 1.04E-04  2.65E-06 97.44%
Sc47 434E-04  3.69E-05 91.50% |I-130 1.29E-03  6.07E-04 52.99%
Sc-49 2.02E-03 2.23E-04 88.96% |I-131 5.80E-04 1.16E-04 80.05%
Cr-51 2.60E-05 = 1.71E-05 34.38% |Xe-120 2.50E-04 147E-04 41.17%
Mn-52m 342E-03 1.07E-03 68.80% |Xe-121 1.82E-03  6.67E-04 63.26%
Fe-52 6.94E-04 231E-04 66.63% |Xe-122 5.60E-05 3.82E-05 31.84%
Fe-52m S5.90E-03  2.22E-03 62.33% |Xe-123 6.38E-04  2.13E-04 66.68%
Fe-55 2.18E-05 = L.19E-05 45.47% |Xe-125 1.79E-04  1.00E-04 43.97%
Fe-59 591E-04  3.04E-04 - 48.54% |Xe-127 1.75E-04 1L.OIE-04 42.04%
Co-57 9.14E-05 6.27E-05 31.42% |Cs-129 1.39E-C4  1.05E-04 24.62%
Co-58 3.60E-04 2.78E-04 22.83% |Dy-157 1.01E-04  8.83E-05 12.80%
Co-58m 6.53E-05  1.34E-05 79.49% |Yb-169 4,14E-04 142E-04 65.71%
Co-60 8.61E-04 6.26E-04 27.29% |W-178 2.80E-05 191E-05 33.83%
Co-60m L79E-04 1.78E-05 90.03% |Ir-192 7.60E-04 242E-04 68.14%
Cu-62 345E-03 847E-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.S1E-05 76.01%
Cu-67 4.19E-04 4.22E-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 2.07E-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-72 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% |T1-201m 3.20E-04  231E-04 27.78%
Se-75 147E-04  1L.13E-04 22.98% |TI-201 1.67E-04  732E-05 56.25%
Kr-81m 1.80E-04  3.99E-05 77.80% |Te-123m 5.05E-04 5.74E-05 81.17%
Rb-82m 1.01E-03  7.90E-04 21.79% |Pt-195m 496E-04 B8.06E-05 83.75%
Rb-82 3.80E-03  1.00E-03 73.56% |[Pb-203m1 5.66E-04 2.19E-04 61.34%
Sr-90 4.85E-04  8.13E-06 98.32% |Pb-203m 1.04E-03  S44E-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 vregio‘n and lower large intestine wall
as a target region. |

Radionuclide  MIRD EGS4 _ DIFF(%)|Radionuclide  MIRD EGS4 _  DIFF(%)
c-11 3.39E-03  5.02E-04 85.18% |Y-90m . S5.99E-04 257E-04 57.09%
C-14 3.86E-04 141E-06 99.64% |Y-90 729E-03  946E-04 87.02%
N-13 421E-03 595E-04 85.87% |Tc-99m 1.67E-04  5.13E-05 69.24%
O-15 6.11E-03 G 1SE-04 84.70% |Ru-97 296E-04 121E-04 59.02%
F-18 2.33E-03 . 4.:2E-04 81.93% {In-111 447E-04 191E-04 57.32%
Na-22 2.28E-03  7.96E-04 65.13% |In-113m 1.15E-03  145E-04 87.37%
Na-24 5.52E-03 148E-03 73.17% |In-111m 6.81E-04  2,09E-04 69.26%
pP-32 542E-03 4.83E-04 91.09% |In-114m L17E-03  6.62E-05 94.35%
S-35 3.79E-04 1.36E-06 99.64% |I-123 3.06E-04 ' 1.02E-04 66.68%
K-42 1.12E-02  241E-03 78.50% {I-124 1938-03  S5.73E-04 70.27%
K43 2.80E-03 = 4.34E-04 84.54% [I-125 2.05SE-04 7.72E-05 62.39% |-
Ca45 6.02E-04  343E-06 99.43% |I-126 1.31E-03  2.14E-04 83.63%
Ca-49 7.60E-03  1.64E-03 78.36% [I-129 322E-04 4.26E-06 98.68%
Sc-47 1.31E-03  5.61E-05 95.72% |I-130 3.01E-03 848E-04 71.84%
Sc-49 6.38E-03  7.01E-04 89.00% |I-131 1.63E-03  1.66E-04 89.84%
|Cr-51 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 493E-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  348E-04 79.41%
Fe-55 5.34E-05  2.22E-05 58.44% |Xe-125 391E-04 143E-04 63.45%
Fe-59 1.32E-03  4.10E-04 68.85% |Xe-127 3.75E-04  143E-04 61.81%
Co-57 1.886-04  9.74E-05 48.18% |Cs-129. 2.57E-04  149E-04 42.12%
Co-58 6.37TE-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 1.062-03  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 541E-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 440E-04 1.15E-04 73.88%
Cu-64 1.04E-03  1.04E-04 89.98% 1Au-195m 9.81E-04 1.30E-04 86.78%
Cu-67 1.25E-03  6.37E-05 94.92% !Au-i98 270E-03  2.26E-04 91.64%
Ga-66 8.46E-03  2.74E-03 67.59% |Hg-195 5.53E-04 147E-04 73.42%
Ga-67 3.58E-04 1.23E-04 65.63% |Hg-197 5.56E-04  1.01E-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  1.27E-03 73.39% |Hg-203 8.59E-04 9.77E-05 88.63%
Se-73 3.48E-03  6.33E-04 81.80% |T1-201m 598E-04  3.17E-04 47.00%
Se-75 2.60E-04  1.53E-04 40.94% |T1-201 4.13E-04 1.16E-04 71.91%
Kr-§1m 5.00E-G4 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 145E-03  1.36E-04 90.59%
Rb-82 1.14E-02  2.73E-03 = 76.12% |Pb-203m1 146E-03  3.60E-04 75.26%
Sr-90 1.53E-03  2.20E-05 98.56% |Pb-203m 2.33E-03  748E-04 67.85%
Y-87 242E-04  1.90E-04 21.27% |Pb-203 4.15E-04  1.33E-04 67.92%
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Table 6. S-values for lungs as a source region and lungs as a target region.

Radionuclide _ MIRD EGS4 __ DIFF(%)|Radionuclide MIRD EGS4  DIFF(%)
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 105E-04 043% |Y-90 1.99E-03  1.82E-03 8.73%
N-13 L16E-03 - 1.11E-03 3.62% |Tc-99m 468E-05 4.65E-05 0.63%
o-15 1.68E-03  1.57E-03 6.16% |Ru-97 8.82E-05 8.78E-05 0.48%
F-18 6.42E-04 631E-04 1.78% |In-111 128E-04 127E-04 0.73%
Na-22 6.32E-04 6.24E-04 121% |In-113m 3.17E-04  3.08E-04 2.72%
Na-4 L52E-03 147E-03 3.60% |In-111m 1.88E-04  183E-04 3.02%
P-32 148E-03 139E-03 6.15% {In-114m 3.22E-04  3.18E-04 1.40%
S-35 - LO4E-04 1.03E-04 042% |I-123 8.71E-05  8.66E-05 0.59%
K-42 3.07E-03  2.62E-03 14.57% |I-124 532E-04 = 5.00E-04 6.01%
K-43 7.70E-04  7.51E-04 248% |[I-125 6.06E-05 6.05SE-05 0.08%
Ca45 1.65E-04 1.64E-04 0.66% |I-126 3.60E-04 351E-04 2.38%
Ca-49 2.09E-03 193E-03 7.34% |I-129 8.83E-05 8.80E-05 0.35%
Sc-47 3.59E-C4  3.54E-04 1.39% {I-130 8.30E-04 8.14E-04 1.93%
Sc-49 1.74E-03  161E-03 747% |I-131 448E-04 441E-04 148%
Cr-51 1.35E-05  135E-05 0.02% |Xe-120 1.51E-04  1.50E-04 0.64%
Mn-52m 2.66E-03 | 2.38E-03 10.30% {Xe-121 1.35E-03  122E-03 10.11%
Fe-52 494E-04  482E-04 2.34% [Xe-122 333E-05 3.33E-05 0.19%
Fe-52m 4,63E-03  3.76E-03 18.69% |Xe-123 4.67E-04 447E-04 4.18%
Fe-55 121E-05 121E-05 0.03% [Xe-125 1.10E-04  L10E-04 0.60%
Fe-59 3.64E-04  361E-04 0.78% [Xe-127 =  1.06E-04 1.05E-04 0.68%
Co-57 4,76E-05 4.75E-05 0.20% |Cs-129 = 7.33E-05S  7.30E-05 0.33%
Co-58 1.75E-04  1.74E-04 0.64% |Dy-157 449E-05 447E-05 041%
Co-58m 4.88E-05 487E-05 0.13% |Yb-169 2.86E-04 28SE-04 0.64%
Co-60 441E-04 439E-04 0.38% |W-178 147E-05 147E-05 0.06%
Co-60m 145E-04 144E-04 0.51% |Ir-192 S43E-04 535E-04 1.46%
Cu-62 . 284E-03 249E-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 264E-04 262E-04 097%
Cu-67 343E-04 339E-04 1.18% |Au-198 741E-04 = 722E-04 2.50%
Ga-66 2.32E-03 192E-03 17.09% |Hg-195 145E-04  144E-04 0.44%
Ga-67 - 9.14E-05  9.1CE-05 042% [Hg-197 146E-04  145E-04 044%
Ga-68 L.68E-03  1.56E-03 7.17% |Hg-197m 4.63E-04 4.58E-04 1.08%
Ga-12 1.32E-03  1.24E-03 6.01% |Hg-203 237E-04 235E-04 0.93%
Se-73 9.61E-04 923E-04 3.95% |TI-201m 1.67TE-04  1.65E-04 1.56%
Se-75 8.08E-05 8.06E-05 0.23% |TI1-201 1.06E-04  1.05E-04 0.48%
Kr-81m 1.40E-04  138E-04 1.31% |Te-123m 238E-04 . 237E-04 0.65%
Rb-82m 5.02E-04 493E-04 1.62% |Pt-195m 3.86E-04 3.83E-04 0.72%
Rb-82 ~  3.13E-03 268E-03 14.23% |Pb-203m1 401E-04 3.78E-04 5.60%
Sr-90 4.18E-04 4.11E-04 1.68% |Pb-203m 648E-04  6.37E-04 1.63%
Y-87 148E-05 _747E-05 _ 0.15% |Pb-203 1.20E-04  1.19E-04 1.00%
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Table 7. S-values for ovaries as a source region and ovaries as a target region.

Radionuclide  MIRD EGS4  DIFF(%)|Radionuclide MIRD EGS4  DIFF(%)
C-11 1.0SE-01  991E-02 5.54% |Y-90m 1.55E-02 147E-02 , 5.19%
C-14 1.28E-02 127E-02 0.61% |Y-90 241E01 197E-01 18.38%
N-13 - 132E-01  122E-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 8.26E-03  8.19E-03 0.88%
F-18 . 7.02E-02  6.82E-02  2.81% |In-111 1.17E-02  1.15E-02 1.38%
Na-2 6.15E-02  6.02E-02 2.14% [In-113m 3.62E-02 343E-02 5.19%
Na-24 - 1.61E-01  148E-01 8.41% |In-111m 193E-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% |I-123 847E-03  8.38E-03 1.04%
K-42 3.69E-01 2.57E-01 30.47% [I-124 5.66E-02 . 4.85E-02 14.34%
K43 8.62E-02 8.23E-02 4.59% [I-125 5.76E-03  5.75E-03  0.14%
Ca45 1.99E-02 197E-02 0.94% |I-126 4.00E-02 3.82E-02 4.52%
Ca49 2.37E-01 198E-01 16.40% |I-129 1.06E-02  1.06E-02 0.50%
Sc-47 426E-02 4.17E-02 2.02% |I-130 8.53E-02  8.19E-02 3.93%
Sc-49 2.11E-01  1.78E-01 15.65% }I-131 5.13E-02 5.01E-02 225%
Cr-51 - 140E-03  1.39E-03 0.03% |Xe-120 142E-02  140E-02 143%
Mn-52m 3.05E-01  2.36E-01 22.78% |Xe-121 1.52E-01  1.176-01 22.79%
Fe-52 542E-02 S5.18E-02  447% |Xe-122 2.87E-03 28S5E-03 042%
Fe-52m 5.35E-01  3.22E-01 39.88% |Xe-123 5.16E-02  4067E-02 9.38%
Fe-55 146E-03  146E-03 0.04% |Xe-125 1.05E-02 1.(4E-0z 1.08%
Fe-59 3.63E-02 3.58E-02 1.37% |Xe-127 9.96E-03 9.83E-03 1.27%
Co-57 473E-03 4.71E-03 0.35% |Cs-129 5.90E-03 5.85E-03 0.85%
Co-58 1.44E-02 142E-02 1.34% |Dy-157 3.08E-03  3.05E-03 1.10%
Co-58m 590E-03  5.89E-03 0.19% }Yb-169 3.14E-02 3.11E-02 1.00%
Co-60 3.72E-02  3.70E-02 . 0.78% |W-178 1.57E-03  1.57E-03 0.09%
Co-60m 1.7SE-02  1.73E-02 0.80% |Ir-192 S96E-02  5.82E-02 237%
Cu-62 3.36E-01 247E-01 26.47% |Au-195 1.27E-02  1.26E-02 0.44%
Cu-64 3.30E-02 321E-02 2.71% }Au-195m 3.04E-02 299E-02 145%
Cu-67 4,05E-02 398E-02 1.71% |Au-198 8.66E-02 8.28E-02 4.31%
Ga-66 2.66E-01  1.68E-01 36.84% |Hg-195 1.59E-02  1.58E-02 0.76%
Ga-67 9.86E-03  9.79E-03 0.68% |Hg-197 1.68E-02  1.67E-02 0.66%
Ga-68 1.96E-01  1.66E-01 15.56% |Hg-197m 5.52E-02 543E-02 1.56%
Ga-72 143E-01 1.23E-01 13.67% {Hg-203 2.68E-02 2.64E-02 1.44%
|Se-73 1.08E-01  9.82E-02 8.72% |TI-201m 143E-02  136E-02 4.31%
Se-75 6.74E-03  6.71E-03 0.47% |TI-201 1.18E-02 1.17E-02 0.74%
Kr-81m 1.58E-02  1.55E-02 1.98% |Te-123m 272E-02  2.69E-02 0.98% |
Rb-82m 4.06E-02 3.87E-02 4.63% |Pt-195m 458E-02 4.54E-02 1.04%
Rb-82 3.70E-01  2.58E-01 30.30% |Pb-203m1  4.39E-02  3.83E-02 12.88%
Sr-90 5.05E-02 493E-02 2.40% |{Pb-203m 648E-02  6.25E-02 3.53%
Y-87 541E-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 pancréas as a source region and pancreas as a target region.

Radionuclidle  MIRD ‘EGS4 __DIFF(%)|Radionuclide  MIRD EGS4 _ DIFF(%)
1C-11 1.52E-02 148E-02 2.87% |Y-90m 2.62E-03  2.55E-03 , 2.33%
|C-14 1.75E-03  1.7SE-03 0.31% |Y-90 331E-02 297E-02 10.23%

N-13 1.90E-02  1.82E-02 4.12% |Tc-99m 730E-04 726E-04 049%

O-15 -2, J6E-02  2.56E-02 7.20% |Ru-97 1.38E-03  1.38E-03 0.37%

F-18 1.04E-02 1.03E-02 1.32% |In-111 198E-03 197E-03 0.57%

Na-22 1.0O1E-02 9.96E-03 091% |In-113m 5.18E-03  5.04E-03 2.70%

Na-24 246E-02  235E-02 4.22% |In-111m 3.02E-03 291E-03 3.54%

P-32 246E-02  228E-02 7.12% }In-114m 5.31E-03 525E-03 1.02%

S-35 1.72E-03 ~ 1.72E-03  0.30% |I-123 1.36E-03  1.36E-03 045%

K42 5.08E-02 421E-02 17.10% |I-124 8.60E-03 . 798E-03 7.21%

K43 126E-02  1.23E-02 2.32% |I-125 946E-04 946E-04 0.06%

Ca-45 2.73E-03  2.72E-03 0.48% |I-126 5.86E-03  5.73E-03 2.28%

Ca49 342E-02 3.12E-02 8.69% [I-129 146E-03  146E-03 0.25%

Sc-47 S92E-03 5.86E-03 1.01% |{I-130 1.33E-02 131E-02 1.85%

Sc-49 2.89E-02 2.64E-02 8.72% |I-131 7.33E-03 7.25E-03 1.10%

Cr-51 2.16E-04  2.16E-04 0.01% |Xe-120 237E-03  236E-03 0.63%

Mn-52m 436E-02 3.83E-02 12.21% |Xe-121 221E-02 194E-02 12.01%

Fe-52 8.01E-03  7.83E-03 2.23% |Xe-122 5.09E-04 S5.08E-04 0.17%

Fe-52m 7T.60E-02  591E-02 22.34% |Xe-123 7.58E-03 7.21E-03 4.87%

Fe-55 2.00E-04 2.00E-04 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 74S5E-04  T44E-04 0.15% |Cs-129 1.11E-03  1L.11E-03 0.33%

Co-58 2.71E-03  2.69E-03 0.49% [Dy-157 6.60E-04  6.58E-04 0.37%

Co-58m 8.09E-04  8.08E-04 0.10% |Yb-169 4.60E-03 4.57E-03 048%

Co-60 6.88E-03  6.86E-03 0.29% [W-178 232E-04 232E-04 0.04%

Co-60m 240E-03  2.39E-03 042% |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% |Au-195m 432E-03 4.29E-03 0.71%

Cu-67 - 5.64E-03  5.60E-03 0.86% |Au-198 122E-02  1.19E-02 2.24%

Ga-66 3.81E-02 3.03E-02 20.40% |Hg-195 2.34E-03  233E-03 0.37%

Ga-67 147E-03  146E-03 0.32% |Hg-197 237E-03  236E-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  199E-02 6.96% |Hg-203 3.86E-03  3.83E-03 0.70%

Se-73 L.57E-02  149E-02 4.58% |T1-20lm 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-03 048%

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-203m1  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 and the spleen s a target region.

EGS4

DFE%)

Radionuclide  MIRD DIFF(%) |Radionuclide  MIRD EGS4
C-11 5.70E-03  5.62E-03 141% |Y-90m L17E-03  116E-03  091%
C-14 6.08E-04  6.07E-04 020% |Y-90 - L.1SE-02  1.09E-02 5.37%
N-13 701E-03  6.88E-03 193% |Tc-99m 3.08E-04  3.08E-04 0.26%
O-15 - 100E-02 - 9.665-03  3.53% |Ru-97 6.04E-04  6.03E-04 0.19%
|F-18 405E-03  4.02c:-03 0.76% |In-111 8.89E-04  8.87E-04 0.28%
Na-22 432E-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-111m 1.25E-03  1.23E-03 1.48%
P-32 8.54E-03  8.24E-03 3.65% |n-114m 1.90E-03  1.88E-03 0.64%
S-35 598E-04 S59TE-04 0.19% {I-123 S.7TE-04  5.76E-04 0.24%
K42 1.77E-02  1.62E-02 9.28% |I-14 342E-03 . 3.31E-03 323%
K43 4,76E-03 - 4.70E-03 1.19% {I-125 4.01E-04  4.01E-04 0.03%
Ca45 949E-04  9.46E-04 031% |I-126 223E-03 220E-03  115%
Ca49 128E-02  1.23E-02 4.19% |I-129 5.11E04  S.11E-04 0.16%
Sc-47 2.10E-03  2.09E-03 0.64% |I-130 S49E-03  5.44E-03 0.87%
Sc-49- 1.00E-02- 9.61E-03 452% |I-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  027%
Mn-52m 1.60E-02  1.51E-02 6.09% |Xe-121 8.34E-03  7.88E-03 5.83%
Fe-52 3.09E-03  3.06E-03 1.11% [Xe-122 2.34E-04  234E-04 0.08%
Fe-52m’ 278E-02  248E-02 12.11% |Xe-123 290E-03  2.83E-03 2.25%
Fe-55 6.96E-05  6.96E-05 0.01% |Xe-125 T46E-04  7.44E-04 0.24%
Fe-59 245E-03  2.44E-03 031% |Xe-127 7.21E-04  7.19E-04 0.27%
Co-57 3.11E-04  3.11E-04 0.08% [Cs-129 S40E-04  5.39E-04 0.13%
Co-58 - 133E-03  1.32E-03 0.23% |Dy-157 3.58E-04  3.58E-04 0.14%
Co-58m 281E-04 281E-(4 0.06% |Yb-169 1.76E-03  1.75E-03 0.28%
Co-60 328E-03  3.27E-03 0.14% [W-178 9.06E-05  9.06E-05 0.03%
Co-60m 8.35E-04  8.33E-4 0.25% |Ir-192 3.39E-03  3.37E-03 0.64%
Cu-62 167E-02  1.55E-02 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 201E-03  2.00E-03 0.54% |Au-198 440E-03  4.35E-03 1.23%
Ga-66. 140E-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%
Ga-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-03 321% |Hg-203 1.44E-03  1.44E-03 0.42%
Se-73 592E-03  5.80E-03 2.11% |T1-201m 1.23E-03  1.23E-03 0.67%
Se-75 S94E-04  5.94E-04 0.08% |TI-201 6.42E-04 6.41E-04 0.21%
Kr-81m 847E-04  842E-04 0.58% - |Te-123m 143E-03  143E-03. 0.29%
Rb-82m 3.83E-03  3.80E-03 0.67% |Pt-195m 2.25E-03  2.24E-03 0.33%
Rb-82 1.84E-02  1.69E-02 8.86% |Pb-203m1l 2.52E-03  2.45E-03 3.04%
Sr-90 241E-03  2.39E-03 0.79% [Pb-203m 4.36E-03  4.33E-03 0.74%
Y-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. '

Radionuclide MIRD EGS4 __ DIFF(%)|Radionuclide  MIRD EGS4 . DIFF(%)
C-11 2.05E-03 4.60E-04 77.53% |Y-90m 442E-04 253E-04 42.62%
C-14 2.14E-04 8.36E-07 99.61% |Y-90 4.04E-03  S.64E-04 86.04%
N-13 2.51E-03  5.20E-04 79.29% |Tc-99m 1.16E-04  524E-05 54.91%
0O-15 3.56E-03  7.21E-04 79.76% [Ru-97 2.11E-04 ' 1.14E-04 45.90%
F-18 147E-03  4.11E-04 72.03% |In-111 3,28E-04 187E-04 43.17%
Na-2 1.61E-03  7.88E-04 51.08% }In-113m 6.84E-04  130E-04 80.95%
Na-24 - 3.61E-03  1.39E-03 61.49% {In-111m 4.59E-04 200E-04 56.51%
P-32 3.00E-03 292E-04 90.26% {In-114m 6.69E-04  5.83E-05 91.29%
S-35 2.10E-04 8.07E-07 99.62% |I1-123 2.13E-04 ° 1.00E-04 52.96%
K42 6.24E-03  1.59E-03 74.50% {I-124 1.25E-03  5.03E-04 59.59%
K43 1.72E-03  4.08E-04 76.24% |I-125 143E-04  720E-05 49.60%
Ca4S 3.33E-04 2.03E-06 99.39% |I-126 8.03E-04  2.00E-04 75.04%
Ca49 4.61E-03  1.34E-03 70.80% |I-129 1.80E-04  3.88E-06 97.84%
Sc-47 745E-04  5.14E-05 93.10% {I-130 2.02E-03 831E-04 58.94%
Sc 49 3.53E-03 4.20E-04 88.09% |I-131 9.70E-04  1.59E-04 83.57% |
Cr-51 . 438E-05  2.82E-05 35.58% |Xe-120 3.87E-04 207E-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 L13E-03  3.25E-04 . 71.26% |Xe-122 8.75E-05  S5.64E-05 35.57%
Fe-52m 9.92E-03 4.12E-03 58.42% |Xe-123 1.0SE-03  3.10E-04 70.45%
Fe-55 4.09E-05 2.36E-05 42.20% }|Xe-125 2.79E-04 142E-04 49.19%
Fe-59 9.09E-04 4.08E-04 55.14% |Xe-127 2.71E-04  143E-04 47.35%
Co-57 1.52E-04 1.02E-04 32.93% |Cs-129 2.09E-04 149E-04 28.70%
Co-58 5.2TE-04  3.83E-04 27.27% |Dy-157 143E-04 120E-04 15.83%
Co-58m L.17E-04  2.67E-05 77.26% |Yb-169 6.85E-04  2.10E-04 69.28%
Co-60 1.25E-03  8.39E-04 32.85% |W-178 5S.09E-05 3.38E-05 33.54%
.| Co-60m 3.15E-04  344E-05 89.10% |Ir-192 1.24E-03  3.34E-04 73.02%
Cu-62 591E-03  1.56E-03 73.66% |Au-195 3.03E-04 1.23E-04 59.39%
Cu-64 6.18E-04 9.9SE-05 83.90% |Au-195m 6.03E-04 1.32E-04 78.16%
Cu-67 7.19E-04  6.08E-05 91.54% |Au-198 1.5S7E-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 3.59E-04  107E-04 70.16%
Ga-68 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% |T1-201m 4.71E-04  3.i6E-04 32.86%
Se-75 2.13E-04 1.54E-04 27.63% |TI-201 2.88E-04  124E-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 146E-03  1.07E-03 26.28% |Pt-195m 8.67E-04  142E-04 83.65%
Rb-82 6.51E-03  191E-03 70.62% [Pb-203m1 9.17E-04  3.17E-04 65.49%
Sr-90 8.46E-04  1.31E-05 98.45% |Pb-203m 1.61E-03  7.39E-04 54.11%
Y-87 2.14E-04  185E-04 13.30% |Pb-203 2.90E-04  1.34E-04 53.70%
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Table 11. S-values for testes as a source region and testes as a target region.

Radionuclidle MIRD EGS4 __ DIFF(%)|Radionuclide MIRD __EGS4 __ DIFF(%)
C-11 248E92  241E-02 2.75% |Y-90m 432E-03 422E-03 2.22%
C-14 2.85E-03 2.834E-03 0.28% |Y-90 5.38E-02  4.86E-02 9.62%
N-13 3.09E-02 297E-02 = 3.97% |Tc-99m 120E-03  1.19E-03 ' 042%
0-15 449E-02 4.19E-02 6.81% |Ru-97 230E-03  229B-03 0.35%
F-18 - L71E-02 1.68E-02 1.23% [In-111 3.29E-03  327E-03 0.52% |
Na-22 - L65E-0) 1.64E-02 0.85% |In-113m  845E-(3  8.24E-03 2.53%
" |Na-24 4.03E-02  386E-02 4.02% |In-111m 496E-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% |I-123 224E-03  2.24E-03 0.40%
K42 8.26E-02  6.95E-02 15.90% |I-124 - 141E-02  131E-02 6.75%
K43 2.05E-02  2.01E-02 2.20% [I-125 1.57E-03  1.57E-03  0.06%
Ca45 4.44E-03 442E-03 045% |I-126 9.58E-03 ' 937E-03 2.17%
Ca49 5.58E-02  S5.13E-02 8.15% |[I-129 238E-03  237E-03 025%
Sc-47 9.63E-03  9.54E-03 0.94% |I-130 ~219E-02  215E-02 1.75%
Sc-49 470E-02 4.32E-02 8.23% |I-131 120E-02  1.18E-02 1.03%
Cr-51 3.54E-04 . 3.54E-04 0.00% |Xe-120 392E-03 3.90E-03 0.61%
Mn-52m 7.10E-02  6.29E-02 11.43% |Xe-121 361E-02 321E-02 11.21%
Fe-52 1.31E-02  128E-02. 2.12% |Xe-122 845E-04 844E-04 0.12%
Fe-52m 1.24E-01 9.94E-02 19.86% |Xe-123 124E-02  1.18E-02 4.61%
Fe-55 3.26E-04 326E-04 0.00% |Xe-125 285E-03  2.83E-03 0.46%
Fe-59 9.57E-03 9.52E-03  0.55% |Xe-127 272E-03 2.71E-03 048%
Co-57 1.22E-03 122E-03 0.16% |Cs-129 1.84E-03  1.84E-03 0.33%
Co-58 451E-03 449E-03 0.44% |Dy-157 1.11E-03 = 1.10E-03 0.27%
Co-58m 1.32E-03  1.31E-03 0.15% |Yb-169 7T49E-03  74SE-03 045%
Co-60 L14E-02  1.13E-02 0.27% |W-178 3.78E-04 3.77E-04 0.26%
Co-60m 390E-03 3.89E-03 041% |Ir-192 144E-02 142E-02 1.06%
Cu-62 763E-02  6.59E-02 13.63% |Au-195 297E-03  296E-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  194E-02 2.13%
Ga-66 6.21E-02  S5.08E-02 18.26% |Hg-195 3.82E-03  381E-03 0.34%
Ga-67 240E-03  2.39E-03 0.29% |Hg-197 3.86E-03 3.85E-03 031%
Ga-68 4.51E-02 4.15E-02 7.94% |[Hg-197m 124E-02  123E-02 0.73%
Ga-T2 3.50E-02 327E-02 6.49% |Hg-203 6.31E-03  6.26E-03 0.67%
Se-73 2.56E-02 245E-02 4.38% |[T1-201m 429E-03 422E-03 1.70%
Se-75 2,05E-03 2.0SE-03 0.15% |TI-201 277E-03 2.77E-03  0.32%
Kr-81m 3.72E-03  3.69E-03 0.89% |Te-123m 6.34E-03  631E-03 044%
Rb-82m 1.29E-02  127E-02 1.69% [Pt-195m 1.03E-02  1.03E-02 049%
Rb-82 841E-02 7.09E-02 15.61% |Pb-203m1 107E-02  1.00E-02 6.24%
Sr-90 L13E-02 1.11E-02 1.14% [Pb-203m 1.71E-02  1.68E-02 1.52%
Y-87 1.92E-03 _ 191E-03  0.16% |Pb-203 3.12E-03 _ 3.09E-03  0.74%
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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  697E-03 3.94%
C-14 5.39E-03 = 535E-03 - 0.67% |Y-90 1.02E-01  8.64E-02 15.13%
N-13 S.70E-02  535E-02 6.21% |Tc-99m 2.08E-03 2.06E-03 ' 1.15%
O-15 8.36E-02 745E-02 10.79% |Ru-97 3.86E-03 3.83E-03 0.88%
F-18 3.08E-02 299E-02 297% |In-111 5.50E-03 = 543E-03 1.36%
Na-22 2.84E-02 2.78E-02 2.15% |In-113m 1.56E-02 149E-02 4.58%
Na-24 - T17E-02  6.70E-02 6.53% |In-111m 8.70E-03  8.21E-03 5.55%
P-32 1.57TE-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-123 3.88E-03 3.84E-03 1.06%
K-42 1.56E-01  1.18E-01 . 24.46% |I-124 251E-02  223E-02 11.21%
K43 3.75E-02  3.59E-02 4.20% |I-125 2.68E-03  2.68E-03 0.15%
Ca-45 841E-03  8.32E-03 1.05% |I-126 1.74E-02  1.67E-02 4.05%
Ca49 1.03E-01  8.90E-02 13.18% |I-129 449E-03 446E-03 0.53%
Sc-47 - 1.81E-02  L77E-02 2.20% |I-130 384E-02 3.71E-02 344%
Sc-49 8.90E-02  7.75E-02 12.87% |I-131 221E62  2.15E-02 241%
Cr-51 6.24E-04 6.24E-04 0.00% |Xe-120 6.65E-03  6.57E-03 1.19%
Mn-52m 1L.31E-01  1.07E-01 18.22% |Xe-121 6.60E-02  541E-02 18.02%
Fe-52 237E-02 2.28E-02 4.01% |Xe-122 139E-03 139E-03 0.36%
Fe-52m 2.30E-01  1.59E-01 30.64% |Xe-123 225E-02 2.08E-02 17.51%
Fe-55 6.16E-04  6.16E-04 0.00% |Xe-125 486E-03 481E-03 1.09%
Fe-59 1.66E-02  1.64E-02 1.37% |Xe-127 463E-03 4.57E-03 125%
Co-57 2,14E-03  2.13E-03 0.37% |Cs-129 295E-03 293E-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 249E-03  248E-03 0.20% |Yb-169 137E-02 135E-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  731E-03 0.83% |Ir-192 261E-02 2.54E-02 245%
Cu-62 143E-01  1.12E-01 21.31% |Au-195 549E-03  546E-03 047%
Cu-64 141E-02 137E-02 2.83% [Au-195m 130E-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 1.1SE-01  8.21E-02 ' 28.39% |Hg-195 © 694E-03  6.89E-03 0.75%
Ga-67 433E-03 430E-03 0.72% |Hg-197 7T.19E-03° 7.14E-03 0.71%
Ga-68 8.40E-02  7.33E-02 12.63% |Hg-197m 234E-02 230E-02 1.71%
Ga-T2 6.28E-02  5.60E-02 10.87% |Hg-203 1.16E-02  1.14E-02 1.54%
Se-73 467E-02 435E-02 6.96% |TI-20lm 6.95E-03 6.73E-03  3.18%
Se-75 3.30E-03  3.29E-03 042% |TI-201 5.10E-03  5.06E-03 0.80%
Kr-81m 6.84E-03  6.69E-03  2.14% |Te-123m 1.17E02  1.16E-02 1.05%
Rb-82m 2.0SE-02 198E-02 3.37% [Pt-195m 194E-02°  192E-02 1.14%
Rb-82 ' L57E-01  1.19E-01 24.24% |Pb-203m1  193E-02 173E-02 10.18%
Sr-90 2.13E-02  2.08E-02 2.64% |Pb-203m 296E-02 2.87E-02 3.01%
Y-87 2.88E-03  2.88E-03 0.31% |Pb-203 S41E-03  532E-03  1.77%
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Table 13. S-values for kidney cortex as a source region and kidney cortex as a target

38

region.
Radionuclide  MIRD EGS4 - DIFF(%)|Radionuclide MIRD EGS4  DIFF(%)
Cc-11 . 1.01E-02 9.68E-03 4.16% |Y-90m 148E-03 142E-03 397% |
C-14 123E-03 122E-03 041% |Y-90 232E-02 2,04B-02 13.83%
N-13 127E-02  120E-02 6.01% {Tc-99m 437E-04  4.34E-04 ' 0.76%
O-15 1.88E-02  1.71E-02 - 9.99% |Ru-97 7.52E-04 748E-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-03 147% |In-113m 347E-03  3.34E-03 3.88%
Na-24 1.54E-02 145E-02 647% |In-111m 1.85E-03  1.75E-03 5.62%
P-32 1.72E-02  1.57E-02 9.64% |In-114m 364E-03 3.59E-03 140%
S-35 1.21E-03 1.20E-03 040% |I-123 8.04E-04 798E-04 0.71%
K-42 3.54E-02 - 2.81E-02 26.24% |I-124 542E-03 490E-03 10.65%
K43 8.28E-03  8.01E-03 3.32% {I-125 . 539E-04 538E-04 0.10%
Ca45 191E-03  190E-03 .0.64% }I-126 3.84E-03 ~ 3.72E-03 3.33%
Ca49 227E-02  202E-02 12.27% |I-129 1.02E-03  1.02E-03 0.34%
Sc-47 4,09E-03. 4.03E-03 1.38% }I-130 8.18E-03  7.96E-03 2.86%
Sc-49 2,03E-02 181E-02 11.75% |I-131 493E-03 485E-03 1.55%
Cr-51 1.M4E-04 134E-04 0.02% |Xe-120 1.3SE-03  1.34E-03 1.04%
Mn-52m 293E-02  248E-02 17.89% |Xe-121 146E-02 1.24E-02 18.02%
Fe-52 © 5.20E-03  5.4E-03 329% |Xe-122 2.70E-04  2.69E-04 0.29%
Fe-52m 5.14E-02  3.65E-02 40.58% |Xe-123 494E-03 4.62E-03 6.96%
Fe-55 140E-04 1.40E-04 0.02% [Xe-125 1.00E-03 993E-04 0.74%
Fe-59 346E-03 343E-03 094% |Xe-127 948E-04 940E-04 0.88%
Co-57 44TE-04 446E-04 0.24% |Cs-129 564E-04 S560E-04 0.61%
Co-58 1.38E-03  1.36E-03 0.91% |Dy-157 293E-04 291E-04 0.77%
Co-58in 5.67E-04  5.66E-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 1.52E-04 1.52E-04 0.06%
Co-60m 1.68E-03  1.67E-03 0.55% |Ir-192 5.72E-03 = 5.63E-03 1.64%
Cu-62 323E-02 2.66E-02 21.54% |Au-195 123E-03 122E-03 0.30%
Cu-64 3.17E-03  3.11E-03 1.88% |Au-195m 292E-03 289E-03 0.99%
Cu-67 3.89E-03 = 3.8SE-03 1.16% |Au-198 8.32E-03  8.06E-03 3.13%
Ga-66 2.56E-02  1.38E-02 35.87% |Hg-195 1.53E-03 - 1.52E-03 0.52%
Ga-67 947E-04 943E-04 046% |Hg-197 1.62E-03 161E-03 044%
Ga-68 1.89E-02  1.69E-02 11.65% [Hg-197m 531E-03 525E-03 1.06%
Ga-72 1376502  1.24E-02 10.19% |Hg-203 2.57TE-03  254E-03 0.99%
Se-73 1.03E-02 9.66E-03 6.68% |T1-201m 1.36E-03 132E-03 3.22%
Se-75 5.87E-04 5.85E-04 0.35% |T1-201 1.14E-03  1.13E-03 0.50%
Kr-81m 1.50E-03 1.48E-03  1.37% |Te-123m 261E-03  259E-03 0.67%
Rb-82m 3.83E-03  3.70E-03 3.37% |Pt-195m = 441E-03 438E-03 0.70%
Rb-82 3.56E-02  283E-02 25.82% |Pb-203m1l 421E-03 3.84E-03 9.62%
Sr-90 486E-03 4.78E-03 1.64% |Pb-203m 6.188-03 6.03E-03 245%
Y-87 4.68E-04 4.67E-04  0.38% |Pb-203 1.11E-03  1.10E-03  1.26%




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

- region.
Radionuclide ~ MIRD EGS4  DIFF(%)|Radionuclide MIRD EGS4 ' DIFF(%)|
C-11 6.20E-04 696E-04 9.58% |Y-90m 3.90E-04 399E-04 2.32%
C-14 0.00E+00  8.48E-07 100.00%|Y-90 0.00E+00  4.34E-04 100.00%
N-13 6.30E-04 7.48E-04 15.84% |Tc-99m 8.04E-05 8.10E-05 0.69%
0-15 6.30E-04 8.98E-04 29.79% |Ru-97 1.776-04 1.78E-04 0.45%
F-18 6.31E-04 6.53E-04 331% |In-111 2.88E-04 290E-04 0.61%
Na-22 1.26E-03 1.27E-03 © 1.14% |In-113m 1.71E-04 192E-04 11.16%
|Na-24 2.00E-03  2.15E-03 = 7.04% |In-111m 293E-04 3.09E-04 5.20%
P-32 0.00E+00  2.39E-04 100.00%|In-114m 7.73E-05 8.58E-05 9.95%
S-35 0.00E+00  8.19E-07 100.00%{I-123 © 1.53C-04 ' 1.54E-04 0.63%
K42 1.53E-04 1.13E-03 86.41% |I-124 648E-04  728E-04 11.10%
K43 5.79E-04 6.23E-04 7.08% [I-125 1.08E-04  1.08E-04  0.08%
Ca45 0.00E+00  2.06E-06 100.00%|1-126 2.84E-04 3.05E-04 6.73%
Ca49 1.40E-03  1.78E-03 21.55% {I-129 . 529E-06 S5S87E-06 9.87%
Sc-47 6.56E-05  7.50E-05 12.56% |I-130 127E-03 131E-03 2.89%
Sc-49 0.00E+00  3.32E-04 100.00%|1-131 234E-04 247E-04 5.15%
Cr-51° 3.24E05 3.24E-05 0.01% |Xe-120 3.20E-04 323E-4 0.72%
Mn-52m 1.37E-03  2.01E-03 31.85% |Xe-121 990E-04 130E-03 24.08%
Fe-52 467TE-04 494E-04 557% |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 445E-04 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 221E-04 0.63%
Co-57 1.19E-04 1L.19E4 0.15% {Cs-129 232E-04 232E-04 0.25%
Co-58 5.80E-04 S91E-04 0.36% |Dy-157 190E-04 190E-04 0.20%
Co-58m . 2.14E-05 2.15E-05 0.57% |Yb-169 286E-04 = 289E-04 120%
Co-60 1.36E-03  1.37E-03 0.23% |W-178 346E-05 346E-05 0.05%
Co-60m 2.79E-05 294E-05 5.20% |Ir-192 504E-04 5.19E-04 3.00%
Cu-62 6.18E-04  1.42E-03 56.32% |Au-195 1.34E-04 135E-04 046%
Cu-64 1.31E-04 141E-04 7.01% |Au-195m 1.63E-04 168E-04 2.89%
Cu-67 7.73E-05 8.49E-05 8.96% |Au-198 248E-04 290E-04 14.51%
Ga-66 1.26E-03  2.05E-03 38.48% |Hg-195 1.87E-04 1.89E-04 0.69%
Ga-67 149E-04 1.50E-04 049% |Hg-197 1.14E-04 1.15E-04 1.06%
Ga-68 S5.86E-04 8.92E-04 34.27% |Hg-197m 1.17E-04  1.26E-04 7.48%
Ga-T2 142E-03  161E-03 11.54% |Hg-203 146E-04 151E-04 283%
Se-73 7.15E-04  8.1SE-04 12.73% |T1-201m 496E-04 5.02E-04 1.39%
Se-75 243E-04 244E-04 0.14% |T1-201 135E-04 136E-04 0.71%
Kr-81m 8.13E-05 847E-05 4.07% |Te-123m 120E-04 123E-04 2.38%
Rb-82m 1.69E-03  1.71E-03  1.15% |Pt-195m 1.40E-04 145E-04 3.61%
Rb-82 6.67E-04  1.64E-03 59.36% |Pb-203m1  3.85E-04 443E-04 13.06%
Sr-90 0.00E+00  1.33E-05 100.00%|Pb-203m 1.13E-03  1.15E-03 2.05%
Y-87 2.99E-04 299E-04 0.10% |Pb-203 2.10E-04 2.12E-04 1.10%
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Table 15. S-values for kidney cortex as a source region and kidney papillary as a target

region.
Radionuclide MIRD EGS4 _ DIFF(%)|Radionuclide MIRD EGS4 - DIFF(%)
C-11 391E-04 391E-04 0.00% !Y-%0m 239E-04  239E-04 0.00%
C-14 0.00E+00 0.00E+00 0.00% |Y-90 0.00E+00 0.00E+00 0.00%
N-13 391E-04 391E-04 0.00% |Tc-99m 5.06E-05  5.06E-05 0.00%
15 3.92E-04 3.92E-04 0.00% |Ru-97 103E-04  1.03E-04 0.00%
F-18 392E-04 3.92E-04 0.00% |In-111 1.79E-04  1.79E-04 " 0.00%
Na-2 8.00E-04 8.00E-04 0.00% |In-113m 107E-04 1.07E-04 0.00%
Na-24 1.19E-03  1.19E-03° 0.00% {In-111m 1.8sE-04  1.83E-04 0.00%
P-32 0.00E+00 0.00E+00  0.00% |In-114m 5.39E-05 S5.39E-05 0.00%
S-35 0.00E+00 9.00E+00 0.00% |I-123 1.08E-04 ~ 1.08E-04 0.00%
K-42 9.74E-05 9.74E-05 0.00% |I-124 “4.11E-04 4.11E-04 0.00%
K43 3.61E-04 3.61E-04 0.00% [I-125 8.86E-0S 8.86E-05 0.00%
Ca-45 0.00E+00 0.00E+00 0.00% |I-126 1.84E-04  1.84E-04 0.00%
Ca49 8.00E-04 8.00E-04 0.00% |I-129 2.84E-056 2.84E-06 0.00%
Sc47 411E-05 4.11E-05 0.00% |I-130 8.02E-04 8.02E-04 0.00%
Sc49 0.00E+00 0.00E+00 0.00% }I-131 146E.:04 146E-04 0.00%
Cr-51 9.11E-05 9.11E-05 = 0.00% |Xe-120 224E-04  224E-04 0.00%
Mn-52m 8.70E-04 8.70E-04 0.00% jXe-121 6.16E-04  6.16E-04 0.00%
Fe-52 338E-04 3.38E-04 0.00% |Xe-122 6.76E-05S  6.76E-05  0.00%
Fe-52m 1.32E-03 1.32E-03 0.00% |Xe-123 2.60E-04 2.60E-04 0.00%
Fe-55 L17E-04 1.17E-04 0.00% |Xe-125 1.54E-04 1.54E-04 0.00%
Fe-59 421E-04 4.21E-4 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 483E-04 4.83E-04 0.00% |Dy-157 1.22E-04 122E-04 0.00%
Co-58m 1.32E-04  1.32E-04 0.00% |Yb-169 414E-04 4,14E-04 0.00%
Co-60 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 345E-04 345E-04 0.00%
Cu-62 388E-04 3.88E-04 0.00% |Au-195 426E-04 426E-04 0.00%
Cu-64 1.61E-04 1.61E-04 0.00% |Au-195m 3.16E-04 3.16E-04 0.00%
Cu-67 8.36E-05 8.36E-05 0.00% |Au-198 1.61E-04 161E-04 0.00%
Ga-66 8.66E-04  8.66E-04 0.00% |Hg-195 433E-04 4.33E-04 0.00%
Ga-67 401E-04 4.01E-04 0.00% |Hg-197 3.80E-C4 3.80E-04 0.00%
Ga-68 390E-04 3.90E-04 0.00% |Hg-197m 3.73E-04  3.73E-04  0.00%
Ga-72 8.68E-04 8.68E-04 0.00% |Hg-203 8.92E-05 892E-05 0.00%
Se-73 441E-04 441E-04 0.00% |T1-201m 3.08E-04 3.08E-04 0.00%
Se-75 146E-04 146E-04 0.00% |TI-201 4.19E-04 4.19E-04 0.00%
Kr-81m 481E-05 481E-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 526E-04 526E-04 0.00%
Rb-82 4,15E-04 4.15E-04 0.00% |[Pb-203m1l 267E-04 267E-04 0.00%
Sr-90 0.00E+00 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%




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

Radionuclide  MIRD EGS4 _ DIFF(%)|Radionuclide MIRD EGS4 . DIFF(%)
C-11 3.48E-04  5.63E-04 38.30% |Y-90m 2.18E-04 248E-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 348E-04 7.25E-04 52.01% |Tc-99m 4.52E-05 4.72E-05 4.09%
O-15 348E-04 1.28E-03 72.90% |Ru-97 1.O3E-04  1.05E-04 2.61%
F-18 348E-04 4.23E-04 17.58% |In-111 1.67E-04  1.73E-04 3.52%
Na-22 . 691E-04 741E-04 6.71% {In-113m 9.69E-05 1.67E-04 41.84%
Na-24 1.09E-03  1.59E-03 31.24% |In-111m 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 0.00E+00  2.82E-06 100.00%{I-123 9.23E-05 °~ 9.56E-05 3.46%
K-42 7.99E-05 4.15E-03 98.08% |I-124 361E-04  6.52E-04 44.57%
K-43 3.23E-04 4.70E-04 31.27% |I 125 7.14E-0S  7.17E-05 0.42%
Ca-45 0.00E+00  7.10E-06 100.00%|I-126 1.62E-04  2.29E-04 29.34%
Ca49 7.60E-04  2.15E-03 64.66% |I-129 298E-06 4.97E-06 40.10%
Sc-47 * 3.70E-05  6.94E-05 46.73% {I-130 7.10E-04  8.35E-04 14.93%
Sc-49 0.00E+00  1.18E-03 100.00%{I1-131 1.32E-04 1.75E-04 24.86%
Cr-51 3.88E-05 3.88E-05 0.04% |Xe-120 191E-04 198E-04 3.82%
Mn-52m 7T40E-04  3.24E-03 77.15% |Xe-121 5.55E-04 1.81E-03 69.26%
Fe-52 2.73E-04  2.63E-04 24.85% |Xe-122 545E-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  580E-04 4.94% [Xe-127 1.31E-04  1.36E-04 3.51%
Co-57 1L.34E-04  135E-04 046% [Cs-129 1.39E-04 141E-04 133%
Co-58 3.64E-04 371E-04 195% |Dy-157 1.09E-04 1.10E-04 1.16%
Co-58m 4.63E-05 4.67E-05 0.90% |Yb-169 2.28E-04 240E-04 4.96%
Co-60 7T46E-04  757E-04 144% |W-178 S.O8E-05 S.08E-05 0.11%
Co-60m 5.56E-05  6.08E-05 8.59% |Ir-192 292E-04 345E-04 15.40%
Cu-62 342E-04  3.56E-03 90.37% |Au-195 1.74E-04 1.76E-04 1.21%
Cu-64 9.53E-05 129E-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 141E-04 2.80E-04 49.74%
Ga-66 7.29E-04  4.24E-03 82.82% |Hg-195 1.96E-04  2.01E-04 2.24%
Ga-67 L73E-04 175E-04 1.44% |Hg-197 1.53E-04 1.57TE-04 2.66%
Ga-68 3.31E-04  143E-03 76.76% |Hg-197m 1.52E-04  1.84E-04 17.60%
Ga-T2 797E-04  1.50E-03 46.95% |Hg-203 8.28E-05  9.74E-05 14.98%
Se-73 397E-04 741E-04 46.35% |T1-201m 2.77E-04  2.99E-04  7.56%
Se-75 1.37E-04 139E-04 0.87% |TI1-201 1.72E-04  1.76E-04 1.88%
Kr-81m 4.64E-05  S.83E-05 20.34% |Te-123m 7.38E-05 8.39E-05 11.99%
Rb-82m 943E-04 101E-03 6.79% [Pt-195m 2.05E-04 2.23E-04 8.07%
Rb-82 3.69E-04 4.44E-03 91.68% |Pb-203m1  2.24E-04 4.28E-04 47.56%
Sr-90 0.00E+00  4.57E-05 100.00%|Pb-203m 6.42E-04  7.26E-04 11.52%
Y-87 1.66E-04 _ 167E-04 0.56% |Pb-203 1.18E-04  1.26E-04  6.32%
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Table 17. S-values of kidney medulla as a source region and kidney medulla as a target
region. ‘

Radionuclidle MIRD EGS4 __ DIFF(%)|Radionuclide MIRD EGS4 ' DIFF(%)
C-11 5.77E-03  S5.60E-03° 3.07% |Y-90m 1.38E-03  1.36E-03 1.74%
C-14 S.67TE-04 5.64E-04 041% |Y-90 1.07E-02  944E-03 1341%
N-13 6.99E-03  6.69E-03 4.49% |Tc-99m 346E-04 345E-04 045%
O-15 9.78E-03  9.04E-03 8.29% |Ru-97 T40E-04  7.38E-04 0.30%
F-18 423E-03 4.17E-03 1.43% |In-111 1.07E-03  1.07E-03  0.46%
Na-2 495E-03 491E-03 0.81% |In-113m 1.92E-03  1.86E-03 2.98%
Na-24 1.06E-02  1.02E-02 3.89% |[In-11lm 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 S.STE-04  5.55E-04 041% |I-123 6.71E-04 ' 6.6YE-04 0.40%
K-42 1.66E-02  1.34E-02 24.40% |I-124 3.67E-03  344E-03 6.76%
K-43 4.86E-03 4.74E-03 2.48% |I-125 496E-04 496E-04 0.05%
Ca45 8.85E-04 8.79E-04 0.65% |I-126 230E-03  224E-03 240%
Ca49 1.29E-02  1.18E-02 9.45% |[I-129 482E-04 4.80E-04 0.33%
Sc-47 2.00E-03 198E-03 1.32% [I-130 6.0SE-03  595E-03 1.67%
Sc-49 9.37E-03  8.42E-03 11.25% |I-131 2.69E-03°  2.66E-03 1.32%
Cr-51 9.63E-05 9.63E-05 0.01% |Xe-120 1.24E-03  1.23E-03 049%
Mn-52m 1.59E-02  1.39E-02 14.32% |Xe-121 849E-03  749E-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 2.74E02  2.12E-02 29.55% |Xe-123 3.00E-03 2.86E-03 4.89%
Fe-55 6.49E-05 648E-0S 0.02% {Xe-125 8.77E-04  8.73E-04 0.39%
Fe-59 277E-03  2.75E-03 0.55% |Xe-127 8.51E-04 B47E-04 045%
Co-57 3.50E-04 3.49E-04 0.14% |Cs-129 6.93E-04 691E-04 022%
Co-58 1.66E-03  1.65E-03 0.35% |Dy-157 470E-04  4.69E-04 0.22%
Co-58m 2.62E-04 2.62E-04 0.13% |Yb-169 180E-03  1.79E-03 0.53%
Co-60 4,06E-03  4.0SE-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  348E-03 1.22%
Cu-62 1.L60E-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 428E-03 4.17E-03 2.67%
Ga-66 1.40E-02  1.11E-02 25.83% |Hg-195 9.30E-04 9.26E-04 0.39%
Ga-67 5.99E-04 597E-04 0.34% |Hg-197 841E-04 837E-04 040%
Ga-68 9.75E-03  8.87E-03 9.87% |Hg-197m 255E-03 253E-03 1.03%
Ga-T2 8.81E-03  8.24E-03 6.84% |Hg-203 =~  145E-03 144E-03 081%
Se-73 6.06E-03  5.79E-03 4.73% |T1-201m 1.51E-03  1.50E-03 1.21%
Se-75 7.81E-04  7.80E-04 0.12% |TI-201 647E-04  645E-04 041%
Kr-81m 8.63E-04  8.54E-04 1.11% |Te-123m 143E-03  142E-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-203m1l 2.64E-03  248E-03 6.56%
Sr-90 2.24E-03  2.21E-03 1.66% |Pb-203m 495E-03 4.88E-03 137%
Y-87 8.31E-04  8.30E-04 _ 0.09% |Pb-203 9.27E-04 _ 9.21E-04 0.65%
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Table 18. S-values of kidney medulla as a source region and kidney papillary as a target

region. -
Radionuclide MIRD EGS4  DIFF(%){Radionuclide MIRD EGS4 ' DIFF(%)
C-11 9.3SE-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 149E-03 37.23% |Tc-99m 1L17E-04 1.20E-04 2.60%
0-15 9.36E-04 2.33E-03 59.87% |Ru-97 2.77E-04 281E-04 1.58%
F-18 9.37E-04 1.06E-03 11.41% {In-111 420E-4 430E-4 2.30%
Na-2 '1.88E-03 196E-03 4.11% |In-113m 2.50E-04 355E-04 29.71%
Na-24 295E-03 3.69E-03 19.87% |In-111m 436E-04 S5.11E-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 4.5TE-06 100.00%}{1-123 1.87E-04  192E-04 2.80%
K42 221E-04 638E-03 96.54% |I-124 9.38E-04 1.37E-03 31.68%
K-43 8.64E-04  1.09E-03 20.77% |I-125 9.73E-05 978E-05 0.50%
Ca45 0.00E+00 1.15E-05 100.00%{I-126 408E-04 5.11E-04 20.15%
Ca49 2,06E-03  4.14E-03 -~ 50.28% (I-129 246E-06 S.69E-06 56.84%
Sc-47 947E-05 147E-04 35.71% |I-130 1.92E-03  2.11E-03 9.07%
Sc-49 ~ 0.00E+00 1.77E-03 100.00%|I-131 344E-04 4.14E-4 17.01%
Cr-51 1.08E-04 - 1.08E-04 0.02% ]Xe-120 429E-04 . 440E-04 263%
Mn-52m 202E-03 5.78E-03 65.05% |Xe-121 144E-03  3.32E-03 56.65%
Fe-52 7.30E-04 8.68E-04 1593% |Xe-122 8.73E-05 8.80E-05 0.81%
Fe-52m 3.12E-03 1.49E-02 79.10% |Xe-123 . 548E-04  8.09E-04 32.29%
Fe-55 1L.17E-04 1.17E-04 0.03% |Xe-125 = 269E-04 276E-04 2.52%
Fe-59 991E-04 1.02E-03 2.96% |Xe-127 2.77E-04  2.85E-04 2.70%
Co-57 3.70E-04 3.71E-04 0.27% |Cs-129 276E-04 279E-04 1.03%
Co-58 9.92E-4 1.00E-03 1.17% |Dy-157 283E-04 285E-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 205E-03 207E-03 0.86% |W-178 143E-04 143E-04 0.06%
Co-60m 1.58E-04 1.66E-04 497% |Ir-192 7.73E-04 8.59E-04 9.94%
Cu-62 9.21E-04 5.76E-03 84.02% |Au-195 486E-04 489E-04 0.71%
Cu-64 2.61E-04 3.15E-04 17.06% |Au-195m 422E-04 449E-04 6.00%
Cu-67 1.42E-04 1.85E-04 22.96% [Au-198 3.74E-04  590E-04 36.58%
Ga-66 1.98E-03  740E-03 73.26% |Hg-195 54T7E-04 S5.54E-04 129%
Ga-67 479E-04 4.83E-04 0.85% |Hg-197 429E-04 4.35E-04 1.56%
Ga-68 8.93E-04 253E-03 64.71% |Hg-197m 424E-04 477E-04 11.04%
Ga-72 2.14E-03  3.21E-03 33.18% |Hg-203 2.14E-04 238E-04 991%
Se-73 1.0OGE-03  1.56E-03 32.48% {T1-201m 737E-04 7.71E-04 4.38%
Se-75 3J48E-04 3.50E-04 0.56% |T1-201 481E-04 487E-04 1.10%
Kr-81m 1.19E-04 1.38E-04 13.96% |Te-123m 1.61E-04 1.77TE-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 993E-04  7.14E-03 86.08% {Pb-203m1 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 449E-04  4.50E-04 0.31% [Pb-203 3.02E-04 3.15E-04 4.07%
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Table 19. S-values for kidney papillary as a sourcé region and kidney cortex as a target
| ' region. |

‘|Radionuclide  MIRD EGS4 _ DIFF(%)|Radionuclide  MIRD EGS4 ' DIFF(%)
C-11 2.82E-04 2.82E-04 0.00% |Y-90m 1.71IE-04  1.71E-04  0.00%
C-14 0.00E+00 0.00E+00 * 0.00% |Y-90 0.00E+00 0.00E+00 0.00%
N-13 - 2.82E-04 2.82E-04 0.00% |Tc-99m 347E-05 347E-05 0.00%
O-15 2.82E-04 2.82E-04 0.00% |Ru-97 6.97E-05 6.97E-05  0.00%
F-18 2.83E-04 2.83E-04 0.00% |In-111 1.20E-04  1.20E-04 .0.00%
Na-22 - S553E-04 5.53E-04 0.00% |In-113m T44E-05  T44E-05 0.00%
Na-24 8.43E-04 843E-04 0.00% |In-111m 1.31E-04  131E-04 0.00%
P-32 0.00E+00 0.00E+00 0.00% |In-114m 3.34E-05 3.34E-05 0.00%
8-35 0.00E:-00 0.00E+00 0.00% |I-123 6.69E-05 ~ 6.69E-05  0.00%
K42 6.71E-05 6.76E-05 0.73% |I-124 2.85E-04 2.85E-04 0.00%
K-43 2.55E-04 2.55E-04 0.00% |I-125 474E-05 4.74E-05 0.00%
Ca45 0.00E+00 0.00E+00 0.00% |I-126 1.25E-04 125E-04 0.00%
Ca49 5.74E-04  5.74E-04 0.00% [I-129 198E-06 198E-06 0.00%
Sc47 2.87E-05 2.87E-05 0.00% [I-130 © S560E-04 5.60E-04 0.00%
Sc-49 0.00E+00 0.00E+00 0.00% }I-131 1.03E-04 1.03E-04 0.00% |
Cr-51 3.63E-05  3.63E-05 0.00% |Xe-120 142E-04 142E-04 0.00%
Mn-52m 6.07E-04 6.07E-04 0.00% |Xe-121 429E-04 429E-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 279E-04  2.79E-04 0.00% |Xe-127 9.69E-05 9.69E-05  0.00%
Co-57 1.24E-04 124E-04 0.00% |Cs-129 1.05E-04  1.05E-04 0.00%
Co-58 2.90E-04 290E-04 0.00% |Dy-157 847E-05 847E-05 0.00%
Co-58m 4.63E-05 4.63E-05 0.00% |Yb-169 198E-04 198E-04 0.00%
Co-60 5.88E-04 5.88E-04 0.00% {W-178 491E-05 491E-05 0.00%
Co-60m 5.53E-05 5.53E-05 C.00% |Ir-192 232E-04 232E-04 0.00%
Cu-62 2.78E-04 2.78E-04 0.00% |[Au-195 1.66E-04  1.66E-04  0.00%
Cu-64 8.32E-05 8.32E-05 0.00% |Au-195m 1.38E-04 ' 1.38E-04 0.00%
Cu-67 44TE-0S 447E-05 0.00% |Au-198 1.12E-04  1.12E-04 0.00%
Ga-66 5.70E-04  5.72E-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 146E-04  146E-04 0.00%
Ga-68 2.70E-04 2.70E-04 0.00% |Hg-197m 145E-04  145E-04 0.00%
Ga-72 6.06E-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% |T1-201m 2.19E-04 2.19E-04  0.00%
Se-75 1.03E-04 1.03E-04 . 0.00% |T1-201 1.L64E-04 1.64E-04 0.00%
Kr-8im 3.37E-05 3.37E-05 0.00% |Te-123m 5.52E-05 5.52E-05 0.00%
Rb-82m 7.36E-04  7.36E-04 0.00% |Pt-195m 198E-04 198E-04 0.00%
Rb-82 298E-04 298E-04 0.07% |Pb-203ml 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-04  0.00% |Pb-203 8.96E-05  8.96E-05 _ 0.00%




Table 20. S-values of kidney papillary as a source region and kidney medulla as a target

region.

Radionuclide  MIRD EGS4  DIFF(%){Radionuclide  MIRD EGS4 ' DIFF(%)
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 994E-04  131E-03 24.15% |Tc-99m 1.32E-04 1.34E-04 1.26%
O-15 9.95E-04  1.80E-03 44.67% |Ru-97 335E-04 337E-04 0.71%
F-18 '~ 996E-04 1.06E-03 6.13% |In-111 5.11E-04  5.16E-04 1.03%
Na-22 208E-03  2.13E-03 2.05% |In-113m 2.85E-04 344E-04 1721%
Na-24 3.32E-03 3.74E-03 11.21% |In-111m 470E-04 S5.13E-04 843%
P-32 0.00E+00  7.08E-04 100.00%}In-114m 142E-04 1.67E-04 15.35%
S-35 0.00E+00  247E-06 100.00%[I-123 2.70E-04 = 2.72E-04 1.06%
K42 251E-04  3.84E-03 9347% |I-124 1.07E-03  132E-03 19.04%
K-43 9.39E-04  1.07E-03° 11.85% {I-125 2.13E-04  2.13E-04 0.12%
Ca4S 0.00E+00  6.22E-06 100.00%|I-126 475E-04  5.33E-04 10.79%
Ca49 2.31E-03  3.51E-03 34.23% |I-129 942E-06 1.12E-05 15.63%
Sc47 LO6E-04  1.34E-04 21.12% |I-130 2.09E-03 220E-03 4.85%
Sc-49 0.00E+00  1.02E-03 100.00%jI-131 3.80E-04 4.19E-04 9.11%
Cr-51 44TE-05 447E-05 0.03% |Xe-120 S.58E-04  S5.64E-04 1.14%
Mn-52m 223E-03 441E-03 49.46% |Xe-121 1.63E-03  2.73E-03 40.13%
Fe-52 7.37E-04  8.14E-04 947% |Xe-122 1.55E-04 155E-04 0.25%
Fe-52m 347E-03  1.02E-02 66.18% |Xe-123 6.59E-04  B8.09E-04 18.53%
Fe-55 1.90E-05  191E-05 0.09% }Xe-125 3.78E-04 3.82E-04 098%
Fe-59 L13E-03  LISE-03 143% |Xe-127 377E-04  381E-04 1.09%
Co-57 L68E-04 | 1.69E-04 0.32% |Cs-129 389E-04 391E-04 041%
Co-58 9.82E-04  9.88E-04 0.64% |Dy-157 3.09E-04 3.10E-4 0.36%
Co-58m 2.14E-05 2.17E-05 1.70% |Yb-169 426E-04 436E-04 2.39%
Co-60 2.34E-03  235E-03 041% |W-178 424E-05 425E-05 0.11%
Co-60m 297E-05  343E-05 13.24% |Ir-192 8.10E-04  8.56E-04 541%
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 241E-04  2.56E-04 5.69%
Cu-67 1.22E-04  145E-04 ~15.85% |Au-198 397E-04 5.16E-04 23.14%
Ga-66 2.08E-03  5.20E-03 59.97% |Hg-195 2.69E-04 2.73E-04 143%
Ga-67 2.06E-04  208E-04 1.06% |Hg-197 144E-04 148E-04 247%
Ga-68 9.26E-04  1.87E-03 50.48% {Hg-197m  1.52E-04 181E-04 15.72%
Ga-72 239E-03  3.00E-03 20.47% |Hg-203 240E-04 253E-04 5.03%
Se-73 1.14E-03  143E-03 20.29% |T1-201m 8.01E-04 821E-04 233%
Se-75 4.06E-04 4.07E-04 0.26% |TI-201 1.76E-04  1.79E-04 1.61%
Kr-81m 140E-04  1.51E-04 6.89% {Te-123m 2.06E-04 2.15E-04 4.09%
Rb-82m 2.85E-03 291E-03 2.03% |Pt-195m 1.72E-04  188E-04 8.37%
Rb-82 1.06E-03  4.65E-03 77.15% {Pb-203m1 6.59E-04  8.34E-04 20.98%
Sr-90 0.00E+00  4.00E-05 100.00%|Pb-203m 195E-03  2.02E-03 3.59%
Y-87 S.01E-04  5.02E-04 0.16% |Pb-203 343E-04 350E-04 1.98%




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

Radionuclide . MIRD EGS4 _ DIFF(%)|Radionuclide  MIRD EGS4 . DIFF(%)
C-11 2.94E-02 2.82E-02 4.20% |Y-90m 464E-03 447E-03 3.66%
C-14 3.50E-03 348E-03 0.48% |Y-90 6.60E-02  5.69E-02 13.90%
N-13 3.69E-02 347E-02 5.85% |Tc-99m 135E-03 1.34E-03 0.82%
O-15 541E-02 4.87E-02 10.01% [Ru-97 ~ 249E-03 247E-03  0.63%
F-18 1.99E-02 1.94E-02 2.14% |In-111 3.54E-03  3.51E-03 0.98%
Na- 1.83E-02. 1.80E-02 = 1.55% }In-113m 101E-02  9.69E-03 3.96%
Na-24 465E-02 4.37E-02 6.13% |In-11lm 5.59E-03  5.30E-03 5.28%
P-32 491E-02 443E-02 9.74% |In-114m 1.05E-02 1.03E-02 1.60%
S-35 344E-03 342E-03 047% |I-123 . 251E-03 © 249E-03 0.75%
K-42 1.01E-01  7.36E-02 27.28% |I-124 -+ 1.63E-02 146E-02 10.36%
K43 242E-02 234E-02 3.48% |[I-125 1.7SE-03  1.75E-03  0.10%
Ca-45 545E-03 541E-03 0.74% |[I-126 1.13E-02  109E-02 342%
Ca49 6.64E-02  S.B3E-02 12.15% |I-129 291E-03 - 290E-03 0.39%
Sc-47 1.17E-02  1.15E-02 1.58% |[I-130 - 248E-02 240E-02 2.88%
Sc-49 5.78E-02  5.09E-02 11.87% [I-131 143E-02 . 140E-02 1.74%
Cr-51 4.02E-04 4.02E-04 0.02% |Xe-120 429E-03 4.25E-03  1.01%
Mn-52m 8.51E-02 7.05E-02 17.17% |Xe-121 ~ 4.28E-02 3.55E-02 17.16%
Fe-52 1.53E-02  148E-02 3.37% |Xe-122 9.01E-04  8.99E-04 0.28%
Fe-52m 149E-01° 6.08E-02 59.20% {Xe-123 146E-02  136E-02 6.94%
- |Fe-55 4.00E-04 4.00E-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 298E-03  296E-03 091%
Co-57 1.39E-03  1.38E-03 0.25% |Cs-129 189E-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 448E-04 447E-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 3.57TE-03  3.55E-03 0.34%
Cu-64 9.15E-03 89SE-03 2.10% |Au-195m 844E-03  8.35E-03 1.13%
Cu-67 L12E-02 1.10E-02 1.34% |Au-198 240E-02  232E-02 3.33%
Ga-66 743E-02  3.67E-02 50.53% |Hg-195 450E-03 448E-03 0.57%
Ga-67 2.80E-03  2.78E-03 0.51% |Hg-197 467E-03  4.65E-03 0.51%
Ga-68 544E-02 4.80E-02 11.67% |Hg-197m 1.52E-02  1.50E-02 1.22%
Ga-72 4,08E-02  3.66E-02 10.10% |Hg-203 T49E-03  741E-03 '1.11%
Se-73 3.02E-02  2.82E-02  6.53% |T1-201m 443E-03 430E-03 293%
Se-75 2.11E-03  2.10E-03  0.33% |I1-201 3.32E-03  3.30E-03 0.57%
Kr-81m 443E-03 436E-03 1.53% |Te-123m 7.59E-03  7.54E-03 0.76%
|Rb-82m 1.31E-02 127E-02 3.03% |Pt-195m 1.26E-02  125E-02 0.81%
Rb-82 1.02E-01  7.65E-02 25.10% {Pb-203m1 1.25E-02 " 1.13E-02 9.44%
Sr-90 1.38E-02  1.36E-02 1.89% |Pb-203m 191E-02  1.86E-02 2.53%
Y-87 1.82E-03  1.82E-03  0.29% |Pb-203 349E-03  345E-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, éphercs of different radii were used in which a radionuclide was
uniformly distributed. These sphcres‘ 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 spectruxh to be
representative of the radionuclide. The second method considers the entire beta spectrum.
Given a specific radionuclide, results obtained from both methodologies are compared to
assess their differences for any sphere size with a specific surface-tq-volumé ratio.

METHODOLOGY

Figure 1 shows a schematic representation of a tissue sphere of radius 2R subdivided
into 100 concentric subregions or shells with thickness AR (AR = 2R(/100). The source
region was defined analytically by a sphere of radius Rg. Monoenergetic electrons were -
generated uniformly and isotropically throughout the source region. Absorbed fractions for
electron energies were calculated for every shell of the sphere. Six different spheres. sizes
were used and a complete set of electron absorbed fractions was generated for each sphere
size. The radii (Rg) 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, 0.235,
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 eIectrqns and photons in ahy element, compound or mixture. In this research,
the material in which 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 cnergy was assumed to be deposited locally. ‘

The results obtained using the EGS4 code for monoenergetic 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 intensities". Each group intensity is
given by the average energy of the "bin" cornespondmg to the width of each element of the
hlstogram |

Thc energy dcposued in each annular rcglon of the sphere, €;, is calculated directly
using the following equation:

g, -J dIm 2D g6,mar,
; M

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

electron kinetic energy, and ¢(i,T) is the absorbed fraction of energy in the ith shell of the
sphere. The above equation can be approximated by summing over energy groups:

n
&= ) Ti9; ,
j

where ¢j is the absorbed fraction for shell index i, and Ijis 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, fora B-decaying radionuclide is given by:

49



0 | | 3)
where equation (3) can be approximated by

T = ZIjTj .
: (4)

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

obtained by interpolating between the values of absorbed fractions for monoenergetic
electrons; consequently, the absorbed fraction of the average electron energy is

;I’T") ' 5)

and the value of ¢;(T) must be calculated for every shell of the sphere to obtain an absorbed

fraction profile. The energy deposited in the ith shell under the above assumptions can be
approximated by: | |

0, =0,

8i=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 (1), 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, o, is then obtained by
weighting the individual absorbed fractions of average group energies ¢i(Tj); i.e, |

Z I; T; ¢(T;)

¢ = -
| Z LT
j ¢))
or
Z I; T; ¢{(T;)
- |
o — - ) ®
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By comparing 9; and ¢;(T), it is possible to assess the differences between the two
methods for absorbed dose calculations.

RESULTS

Using the absorbed fractions for monoenergetic electrons and the spectra for selected
radionuclides, absorbed fractions were calculated for specific radionuclides by using
equation (5) and (8) for the two methodologies, respectively. As an example, figures 2 and
3 show the absorbed fraction profiles fdr 72Ga for source regions with radii Ro of 2.0 cm
and 0.1 cm, respectively. The spectral profile is based on equation (8) and the average
energy profile is based on equation (5). |

Figure 2 shows that the use of the average energy of the spectrum provides an
overestimate of the actual absorbed fraction in the source region when compared with that
obtained using the entire beta spectrum. Conversely, the use of the average energy provides
an underestimate of the total absorbed fraction outside the source region. However, Figure
3 shows that as the radius of the source region decreases, thc relation between the absorbed

fractions based upon the average and spectral beta energies reverse.

The total absorbed fraction in source region, tbs, was evaluated by adding the individual
absorbed fractions of shells inside source region (i=1,2,...50):

50
Ps = 24’1
‘ i=1

In the same manner, the total absorbe fraction in the target region, ¢, was calculated for
shells outside the source region (i=51,52...100):

®

100

¢T= 2%-

i=51 (10)

Table 1 presents a comparison of the total absorbed fractions for selected radionuclides
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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opposed to using the average beta energy in dosimetric calculations due to the differences in
calculated absorbed fractions. The use of average energies generally leads to over-estimates
of the absorbed fraction for the source regions; however, in cases where the source region
becomes smaller, this relationship seems to reverse (for example I-124 and Na-24 in Table
1). Therefore, the absorbed fraction is“dépendent on the spectral shape of the beta emitter.

Figures 4 through 7 show the total absorbed fraction in the source region, based on
both methods, as a function of the radionuclide's average beta energy for spheres of
different sizes. In these figures, the absorbed fraction values for a particular radionuclide
are connected by a vertical line. This line is intended only to identify the pairs of data
points and not to indicate the errors associated with the Monte Carlo calculations. From
these figures, it is possible to approximately assess, under either methodology, the
absorbed fractions of any radionuclide given its average beta energy.

Figure 8 shows another result of this study in which a relation between the surface-to-
volume ratio and total absorbed fraction of energy in the source region is given for several
radionuclides. Using these plots, or the data given in Table 1, an interpolation procedure
can be applied to calculate the actua! absorbed fractions for any source region for various
radionuclides by knowing the appropriate surface-to-volume ratio. The relation associated .
with the surface-to-volume ratio is independent of geometrical considerations with the
condition that the region must be convex; therefore, such plots can be used for ahy |
geometrical configuration. In other words, if two convex regions cdmposed of tissue
material have the same surface to-volume ratio, then these regions must have the same
absorbed fraction for a glven radionuclide. ‘

SUMMARY OF RESULTS

For volumes with radii on the order of several times the maximum electron range, the
use of averégc electron energy of the beta spectrum gives is a good approximation to the
- absorbed fraction when compared to results obtained using the emission spectrum of the
radionuclide. When the volume of the source region becomes on the order of the range of
the most energetic beta particle, the average energy electron absorbed fraction provides a
conservative over-estimation of the actual absorbed fraction of energy. However, when the
‘volume of the source region is a fraction of the range of the most energetic beta particle, the
use of average electron energy can over-estimate or under-estimate the actual absorbed
fraction depending on the softness or hardness of the emission spectrum of the radionuclide
(for example 150, 24Na, 32p given in Table 1). The factors associated with the difference
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between both mcthods 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 containing 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 reglon
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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
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FIGURE 1, Schematic representation of the spherical geometry used for comparison of
absorbed fraction calculation methodologies.
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Absorbed Dose‘Calc‘ulations to Blood and Blood Vessels for
Internally Deposited Radionuclides



A number of radionuclides are used for purposes of medical imaging, radiation
therapy, and in vivo determination of kinetic factors for modeling. Use of these
radionuclides often delivers large doses to certain regions and organs of the body. When
the material is injected imravenously, there is the possibility of delivering large doses to
blood vessels. There have been several simplified attempts to estimate the dose to the blood
and the vessel wall. For example, Cloutier and Watson (1) investigated the absorbed
fraction for non-penetrating radiation due to a few selected radionuclides in the blood. Hui
and Poston (2) attempted to model the major features of the circulatory system in an adult
human but focussed primarily on phbton absorbed fractions. Explicit calculations of doses |
to the surface area of the vessel and to the blood containing the emitter are not available in
the literature. The purpose of this paper is to report calculations of absorbed doses to the
‘blood and to the surface of the blood vessel walls of the circulat'ox"y system for selected
radionuclides. ‘ o |

The vascular system is important for the integrity and function of all tissues. Moreover,
damage to the blood vessels may initiate, promote or precipitéte various types of damage in
many organs. The main functions of the vascular system are to supply nutrients, oxygen,
and to remove metabolic products. Damage induced by irradiation of the vascular system
may be expressed from several months to years after exposure. Late changes in blood
vessels observed after irradiation include a reduction in number of endothelial cells, wall
thickening and focal occlusion with subsequent decrease in blood flow. These changes may
be important in the development of damage to other tissues.

Estimated absorbed doses to the organs of the body from radionuclides distributed in
"the blood depends on the assumptions used in the calculations. For non-penetrating
radiations in the blood, the absorbed fraction of energy has not been examined in detail.
When considering radionuclides carried in the blood stream, the absorbed fraction depends
. on the geometry of the circulatory system. In large blood vessels, the self-absorbed fraction
for non-penetrating radiation approaches unity, and little of the energy reaches the organ
through which the blood flows. The amount of energy reaching the organ depends on the
distribution of the blood and the size of the blood vessels; other factors also must be taken
into account. First, the radius of the vessel must be considered; second, the concentration
of the radionuclide in the blood; third, the types of radiation and their spectral shapes; and
fourth, the exposure time which is determined by the rate of injection, blood flow, retention
time, etc.
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The circulatory system comprises all structures concerned with the transportation of
body fluids from one region of the body to another. The structures comprising the blood-
vascular system are the heart, which by contraction forces blood through the 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
branches called venules; and capillaxieé, extremely small vessels which connect arteries and

veins,

Figure 1 shows the average percentage distribution of blood in a resting man (3), and
Table 1 presents representative dimensions of ‘blt)od 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
transfer of oﬁcygen, carbon dioxide, nutrients and electrolytes through their walls.

METHODOLOGY

With the advent of Monte Carlo codes capable of simulating electron trahsport, 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 acccptablc for 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 all
electron interactions in matter such as Bremsstrahlung, backscatter, and knock-on
electrons, which are transported if their energies are above a certain threshold. Electron
- transport was simulated by assuming that electrons are moved through the material in
discrete steps. The electron step size was restricted not to exceed a maximum fraction 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 10keV
and 1 keV for electrons and photons, respectively. Blood and blood vessel walls were
considered to be tissue equivalent; thus, all 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 Rg and the outer radius was 2R, The cylinder was subdivided arbitrarily into
100 annular regions with thickness AR (i.e., 2R(/100). A cross section of the cylinder is
shown in Figure 2. The inner region of the cylinder, the lumen, of radius Rg will contain
the blood stream with a uniform distribution of radioactive material. The region between
R and 2R represents the wall of the blood vessel. Radiations crossing the boundary at
2R were followed because interactions, such as backscatter, would allow the return of
energy to the regions of interest. However, energy deposited in the region greater than
2R was calculated but was not used in these dose estimates. Absorbed f'ractions of
energy were calculated for selected monoenergenc photons and electrons generated in the
source rcglon (blood stream) for each subregion of the cylinder as shown in Figure 3. The
radii of the different blood vessels were 0.02, 0.1, 0.5 and 1.0 cm. Calculations for
100,000 histories were made from which the mean absorbed fraction of energy to each
annular region was determined for both electrons and photons. Since the distance between
the large blood vessels is relatively large compared to the range of beta particles, it is
possible to assume that little of the energy, lost from these vessels, is absorbed by other
vessels.

The dose delivered to ith region of the cylinder with mass m; is given by:

=& ‘ |
Pt | ()
where €; is the energy deposited i ith shell. -

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

&= 1.602x10 " rR{AXQ ;¢i.jY' ip U @)

where mR? is the cross sectional area of 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 cm3 in the source region (blood), o; j is the absorbed
fraction for type of radiation j and the ith shell of the cylinder, Yjis the yield per

transformation for radiation type j and E; (MeV) is the energy for radiation type j. The mass
of region i with length AX is:

mi=prRE-REDAX (gl | ©)
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
as an option the B* 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 Rg is ®Rg2AXQ.

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

1.602x10'131tR5AXQ$¢i, YE;

- D;= [Gy]

1.0x10_3p1t(Ri2- Riz,l)AX | (4)
eq. (4) consequently can bc‘expressed as:
1.602x1071°R3Y 0. Y E:
D; _ § 32114)1" ! [Gy cm?|
—_l = S sec
Q  pRE-RZ) qsec ] s)

Equation (5) gives the dose per unit transformation per cm3 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 cm3 for
several radionuclides commonly used in medical imaging and radiation therapy for different
blood vessel radii. As an example, the absorbed dose profile for %Y, %0Sr, 11C and 133Xe
are shown in Figure 4 for a blood vessel radius of 0.02 cm. 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 sec) to the blood for different blood vessel
radii. The absorbed dose to capillaries was obtained by extrapolation from 0.02 ¢m 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 sec) to the surface of the blood vessel
wall (i.e., the surface of the inner cylinder with radius Rg). 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 first region
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" in the blood vessel wall. The usefulness of the data obtained for the different radionuclides
varies according to the application. Individual organ doses can be assessed by defining
their vascular system and the amount of blood in different blood vessel sizes.

As an example, let 3.7x107 Bq ( 1.0 mCi ) of %0Y be uniformly distributed in the blood
of the circulatory system. Assuming no biological elimination of the 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 mi (4); assuming that the
number of transformations per unit volume remains constant throughout the circulatory
system, this wiil give a total number of transformation per cubic centimeter of 2.37x10 .
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 case, 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 function ased
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 bload circulation by determining the total number of transformations per unit
volume in different regions of the circulatory system.
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FIGURE 2. Cross section of a cylinder used to simulate a blood vessel. The inner
cylinder with radius Rg represents the source region which is the blood. The cylinder is

divided into 100 inner cylinders to calculate absorbed fraction profiles throughout
the source region and the wall.
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FIGURE 3. Model of a blood vessel used to obtain absorbed fraction profiles. The source
~ region contains a uniform distribution of radioactive material. '
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TABLE 1

Representative Values of Blood Vessels for the Circulatory System (4)

Adult Arterial System

Sex Thickness of Diameter of
wall (mm) lumen (cm)

Aorta:
Ascending  male 1.63 - 2.50
. ’ female 1.48 - 2.50
Descending male 1. . 2,50
. female 1.11 - 2.50
Abdominals male 1.14 0.90-1.80 .
. o female 1.08 0.90-1.80
Arteries:
Common iliac male . ~0.93 0.90-1.80
female 0.89 0.90-1.80
Common carotid male 0.91 0.67
: female - 0.81 0.67
Small arteries - both 0.80 0 40
| | and lower ~
Arterioles: both 20um 16-30 um
Capillaries: both ium 8-10 um
Adult Venous System ‘
Sex Thickness of Diameter of
‘ wall (mm) lumen (cm)
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 um 20 um |

Adult Pulmonary System

Sex Thickness of Diameter of

wall (mm)  lumen (cm)
Arteries male 1.27 2.40
female 0.96 2.40

~
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TABLE 2

Average Absorbed Dose to Blood for Different Sizes of Blood Vessels

Average Absorbed Dose to Blood
(Gy cm3/Bg sec)
Radius of Blood Vessel
Radionuclide __(cm) .
0.02 0.10 0.50 __1.00
N-13 1.05E-11 4.26E-11 ~ 7.23E-11  7.82E-11
C-11 1.36E-11  3.98E-11  5.88E-11  6.28E-11
C-i4 7.29E-12  7.82E-i2  7.94E-12  7.96E-12
F-18 1.75E-11. 3.28E-11  4.29E-i|  4.73E-11
0-15 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
I-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
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
1-130 1.42E-11  3.30E-11 5.07E-11  5.96E-11
1-131 1.61E-11  2.64E-11  3.22E-11  3.40E-11
In-111 4.10E-12 6.31E-12 6.98E-12 8.61E-12
In-114 8.07E-12  4.18E-11  9.88E-11  1.11E-10
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
T1-202 1.57E-12  2.83E-12 4.64E-12  6.14E-12
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TABLE 3

Absorbed Dose to the Surface of the Blood Vessel Wall for Ditferent Sizes of Blood

Vessels.
Absorbed Dose to the Surface of the Blood Vessel
(Gy cm3/Bqg sec)
‘ | Radius of Blood Vessel
Radionuclide | (cm)
o 0.02 0.10 ' 0.50 1.00
N-13 7.19E-12  2.77E-11  3.79E-11  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-12
F-18 9.95E-12 1.88E-11 2.23E-11  2.55E-11
0-15 ' 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  1.10E-12 1.23E-12 1.48E-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-i1  1.65E-11  1.78E-11
In-111 2.20E-12 2.84E-12 3.95E-12 4.96E-12
In-114 5.91E-12 2.94E-11  5.47E-11 ' 5.77E-11
Xe-127 2.13E-12 2.58E-12 - 3.39E-12 4.15E-12
Xe-131 9.83E-12 1.11E-11  1.17E-11  1.17E-11
Xe-133 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
T1-201 1.27E-12  2.89E-12 4.86E-12  6.76E-12
T1-202 8.75E-13  1.64E-12  2.65E-12 _ 3.65E-12
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TABLE 4

Average Absorbed Dose to Biood for Different Blood Véssels in the Circulatory System

v‘Radionuclide: Y-90 Blood amount Radius

Dose

Dose
1.23 x1013 dis. (ml) (cm) (Gy cm3/Bq sec)  (Gy)
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 1.561E-11 . 3.56E-02
Capillaries 280 0.0010 6.10E-12 1.44E-02
- Venous System ‘
Venae Cavae 300 1.5000 1.43E-10 3.37E-01
Veins - 2600 0.2500 1.17E-10 2.77E-01
Venuoles 300 0.0020 1."21-E-/11 2.86E-02
Pulmonary System
Arteries 200 1.2000 1.38E-10 3.26E-01
Veins 230 0.2500 1.17E-10 2.77E-01
Capiliaries - 100 0.0010 6.10E-12 1.44E-02
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TABLE 5

Absorbed Dose to the Surface of the Blood Vessel Wall for Different Blood Vessels in the
' Circulatory System

‘ Radlonuclide:.Y-So Blood amount  Radius Dose Dose

1.23 x1013 dis. (ml) {(cm) (Gy.cm3/Bq sec) {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-0C
Capillaries 280 - 0.0010 3.11E-12 7.36E-03
Venous System
Venae Cavae 300 1.5000 7. 7T1E-11 1.82E-01
Veins 2600 0.2500 6.01E-11 1.42E-01
Venuoles 300 0.0020 6.17E-12. 1.46E-02
Pulmonary System .
Arteries 200 1.2000 7.36E-11 1.74E-01
Veins 230 - 0.2500 6.01E-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
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INTRODUCTION |

In recent years, there has becn an increase in.the number'i;)f ;éﬂiopharmac‘cuticals used in
nuclear medicine. Radionuclides werc used to label leukocytes, ;Jlatclet‘s,. and erythrocytes for
imaging procedures.‘ These radionﬁclides are conﬁﬁed 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 thbusands of patients have beer. diagnosed using newly approved inc{ium-lll labeled
leukocyte imaging procedures. The rapid growth in the number of procedures and the number of
radionuclides available for such studies emphasizes the need for estimates of ﬂle absorbed doses to
~ tissues and organs of the body as well as the doscs to the "blood" itself. A Task Group has been
established by the MIRD committee of the Society of Nuclear Medicine to attack this probiem ).
No model is available at present which déscriF 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 right 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 al. (5, 6) measured the distribution of indium-111-labeled blood platelets in normal
patients by whole body counting and scinﬁllation-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. All of these calculations were based on very simple models
which considered the blood either as a "sourcc” region or a "target” region. Prior to the research
described here there has been no model available which could be 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 can be used to obtain absorbed dose information for body organs and "blood" itself for
| radionhélides in the circulatory system. Unlike other approaches, regions in the blood model have
sizes and shapes similar to the huma‘n‘circulatory system. Only majof organs that contain large
amounts of blood ‘werc included in the design. This model has been incorporatéd into the MIRD

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

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 first five minutes can be neglected. In actual practicé, the radionuclides, after being tagged
to the blood and injected to the patients, take time to circulate throughout the whole body. No
éttempt 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 the model.

Initial data, on which the model was b}xscd, were selected from the Report of Reference
Man (9) and an evaluation of available data on blood yolume and distribution 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 2 hypothetical male,
weighing about 63 kg and having a iotal blocd 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
régions of the body whicli 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. ’ |

" Those organs named specifically in Table 1 were included in the MIRD adult human
phantbm‘ (8) and described mathemaﬁéally by equations in a computer code called ALGAM (I5).
The diménsions and coordinate system of the phantom are shown in Figure 1. All 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. All equations will follow the coordinate system as in Figure 1.
Unless otherwise stated, numerical values in all following equations are in cm.
Extremities: 'ihe extremities are right circular cylinders, 1.0 cm in diameter, located just to the
inside of the existing arm and leg bones. For examplé, 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 iength. The arm regions were moved
forward 2.5 cm along the Y-axis to eliminate overlapping with the ribs. | .
Face Region: 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 i'egion during some
diagnostic procedures. The face région was assumed to be a region on the lower two-thirds of the
head (i.e., 70.0 < z < 85.5). This region 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 iméstinal 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 cylindcr was assumed to be 19.8 cm
and the serni-minor axis wars 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 de51gn
parameters. Care was taken that the intestinal regron did not ovcrlap with the aorta and vena cava
region. Severai organs included in the intestinal region were the bladder, ovaries, uterus, pelvis,
small intestine, upper (ULI) and lower (LLI) large mtestme | |
__ngd_\an_a_ga& This rcglon was described by a right circular cylinder with a radius of 2.5
cm located betweenrz = 15.5 and 44.8. Care was taken to eliminate overlapping with the liver and
heart lsource organs. The uterus, which belongs‘to the intestinal region, also is excluded.
B_eLn_am_dgr_&qm The "remainder" was assumed to be the total body, minus 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 the 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 lO“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.
Othér organs in the model were updated with new data which were available. For instarrce,

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 imnproved
organs were included in this model to provide 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, contam blood only, and were not the same as either of the three media.
However, the dcns:ty of blood is 1.058 g/cm3 (9) whlch is about the same as that of the tlssue,
- 0.987 g/em3, Thergfore, for simplicity these regions were assumed to have similar properties as

the tissue m&;ﬁimﬂ%yj» :f -

APPLICATION OF MIRD TECHNIQUE TO THE BLOOD MODEL .

The wxdely accepted technique recommcnded by the Meshcal Intemal Radlatlon Dose
(MIRD) Commlttee of the Society of Nuclear Medicine was used for radiation dose calculation for
radionuclides in the circulating blood. The basic equation of this technique (17) is:

A Zididi(rceh)

D(rxé-p) = = Ap Zidi®i(rxeTn) | (1)
| mg |

where D(rk(;rh) is the mean absorbed dose (in rad) in a target region ry from radionuclides
distributed uniformly in a source region rp,, A, (LCi-hr) is the cumulated activity in source region
Th, 4j is the mean energy emitted per unit cumulated activity (in g-rad/pCi-hr) for radiation of a
particular type and energy, ¢j(rk¢p) is the absorbed fraction (dimensionless) for target region ry
for ith radiation emitted in the source region 1y, ®;(rj¢—1y,) is the specific absorbed fraction (in g-1)
and my 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, radionuclidés were assumed to be distributed in a single
source region and calculations were made for a large x.m“x;shxbcr of target regioﬁs (8). However, in
this blood model, radionuclides were assumed to be \hnifm“wy distributed in the blood which
circulates throughout the whole body. There are eleven specific source regions as well as a region
called the "remﬁinder". Only a fraction of circulating blood is in each body region, and for

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

region. Therefore, for non-penetrating radiations, the absorbed fraction for a body region when
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blood is the source region is equal to fraction of blood in that particular region. In equation form:

¢i(rk‘—6100d) = 1 x blood fraction in ry | 2
and o |
‘ blood fraction inry | , |
®;(riblood) = | . | »

“In this model, the circulating blood not only serves asa source region, but also as one of

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

energy deposition,
energy deposited in the blood of aregion = mass of blood in that region
= : @)
energy deposited in the region * mass of that region

For penetrating radiation, the above equations apply to every interaction in every region. -
For non-penetrating radiation, to apply the above assumption on the ratio of enei‘gy deposition, the

absorbed fraction can be expressed as:

mass of blood in r ,
¢j(blood in ryeblood) = ¢;(rxeblood) x ‘ (5)
. mg
mass of blood in ri
9j(blood¢blood) = Tk ¢;(rk«blood) x (6)
mi C

whereas the specific absorbed fraction can be exprevssed as:

¢;j(bloodeblood) (blood fraction in 1y )2
®;(bloodblood) = =Ty : @)
total blood mass my ,

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

o
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~ calculations of absorbed and specific absbrbed 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 |

} vcalculati‘ng energy déposited in the blood nor for the specifically designed regions in the blood

ﬂiodel. So, the existing routines in the code were expanded, based on the assumptions of equation
(4), and were used to calcdlatc‘, for each interaction, the amount of energy deposited in blood.
When all source photon historics were compiled, the information on éécumulated energy deposited
in each region was used to calculate absorbéd and specific absorbed fractions. Calculations were
performed of ab‘sorbed 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
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 distx'ibuted in the circulating biood. Only data
for organs of clinical importance are listed. Data for‘othcr minor organs were obtained but were not
included heré. The coefficients of variation of the absorbed fractions for different organs also are
listed. I‘t‘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 blr.od has similar composition and properties as the tissue medium of
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the MIRD phantom for sifnplicity in calculation. However, if the elemental composition of blood
can be established and a cross-section set can be assembled, blood can be considered as a new
medium in future work to provide a more accurate model. Moreover, the ratio of energy deposited
in blood in an orgzin b energy deposited in an organ was assumed to be equal to the ‘r‘ati‘o of rhass of
blood in an organ to mass of the organ. More data‘on physical properties of the blood will enable
one to verify or modify the assumption to improve ‘thc model to obtain more accurate resuits. |
It must be emphasized that this blood model is a simple and preliminary model. Only major
organs and a remainder region aré included. It was assumed that there is a uniform distribution of
blood in the remainder region. However, data of blood volume fqr minor organs included in the
remainder region are available (9). Thérefore, more sophistication can be added to improve the
model if desired. Besides, parameters of the blood model and of orga’hs in the blood model can be
updatcd as more biological data become available. |
| Finally, the intial effort had been directed.to set up a preliminary static model. Tt 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

up a time-dependent blood model to provide more accurate results.
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TABLE 1. BLOOD MODEL PARAMETERS

ORGAN/REGION BLOOD VOL. % OF

(ml) ' TOTAL
BRAIN o 260 5.0
HEART | 500 9.6
KIDNEYS 70 1.3
LIVER ‘ 280 5.4
LUNGS 520 ©10.0
SPLEEN . 90 1.7
 ARMS 520 10.0
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)

.9E-01 (**)

TARGET REGION 0.010 0.015 0.020
BRAIN 5.0E-02( 1)* 4.6E-02( 1) 4.2E-02( 1)
UTERUS 4.0E-04 (16) 6.3E-04(12) 8.2E-04(10)
KIDNEYS 1.2E-02¢( 3) 1.1E-02( 3) 7.9E-03( 3)
LIVER 5.4E-02( 1) 5.2E-02( 1) 5.1E-02( 1)
LUNGS 1.0E-01( 1) 8.3E-02( 1) 6.3E-02( 1)
RED MARROW 6.7E-03( 2) 9.3E-03( 2) 1.4E-02( 1)
OVARIES 5.0E-05(44) 5.1E-05(41) . 1.1E-04(24)
SPLEEN 1.6E-02( 3) 1.4E-02( 3) 1.0E-02( 3)
'TESTES 1.78-04 (24) 1.6E-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 4,1E-01 (**) 3.1E-01 (**) 2.2E-01 (**)
TOTAL BODY 1.0E+00 (**) 9.8E-01 (**) 9,.4E-01 (**)

ENERGY (MEV) ‘

TARGET REGION 0.030 0.050 0.100
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( 1) 2.9E-02( 1) 2.0E-02( 1)
LUNGS 3.7E-02( 1) 1.9E-02( 1) 1.2E-02( 1)
RED MARROW 2.3E-02( 1) 2.5E-02( 1) 1.4E-02( 1)
~ OVARIES 9.7E-04(19) 7.2E-05(16) 5.1E-04(17)
SPLEEN 6.2E-03( 3) 2.9E-03( 4) 2.0E~-03( 4)
TESTES 1.5E-04(18) 1.1E-04(156) 6.9E-05(16)
THYROID "~ 6.7E-04( 8) 3.0E~-04( 9) 2.1E-04(10)
HEART WALL 1.3E-02( 2) 7.4E-03( 2) 4.8E-03( 2)
FACE 1.1E~02( 2) 4.2E-03( 3) 2.6E-03( 3)
BLOOD 1.3E-01 (**) 6.8E-02( 1) 4.5E-02( 1)
TOTAL BODY 8.2E-01 (**) 5 3.9E-01 (**)

* —-— COEFFICIENTS OF VARIATION IN PERCENT.

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

TARGET‘REGION

ENERGY (MEV)

0.200 - 0.500 1.000
BRAIN 9.4E-03( 2)* 9.4E-03( 2)  9.0E-03( 3)
UTERUS 4,2E-04( 8) 3.9E-04(10) 3.0E-04(13)
KIDNEYS 2.3E-03( 4) 2.4E-03( 4) 2.2E-03( 5)
'LIVER 1.9E-02( 1) 1.8E-02( 2) 1.8E-02( 2)
LUNGS 1.1E-02( 2) 1.1E-02( 2) 9.78~-03( 2)
RED MARROW 8.8E-03( 1) 7.5E-03( 1) 6.9E~03( 2)
OVARIES 7.4E-05(18) 3.1E-05(33). 4.0E-05(37)
.SPLEEN 1.9E~-03( 4) 1.9E-03( 5) = 1.9E~03( 6)
TESTES 8.9E-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) 3.0E-03( 4)
BLOOD 4 ,3E-02( 1) 4 ,4E-02( 1) 4,1E-02( 1)
TOTAL BODY 3.5E-01(**) . 3.5E-01(**) 3.3E-01(*%*)
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) 1.1E-03.( 8)
TESTES 1.1E-04 (22) 9.2E-05(27) 6.8E~05(31)
THYROID .. 1.7E-04 (193) 1.6E-04(21) 1.1E-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 2.8E-02( 1) 3.5E-02( 1) 2.9E-02( 1)
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 et 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 for
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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Ap, TiAidi(rkeTh)
D(rge1p) = = Ap ZjAi®@j(rkerh) (1)
my

where D(rg¢-ry,) is the mean absorbed dose (in rad) in a target region ry from radionuclides
distributed uniformly in a source region ry,, Ap(LCi-hr) is the cumulated activity in source region
Th, 4j is the mean energy emitted per unit cumulated activity (in g-rad/puCi-hr) for radiation of a
particular type and energy, ¢;(rx¢r}) is the absorbed fraction of energy (dimensjonless) for target
region ry for ith radiation emitted in the source region Th, Mk is the mass of target region, and
®;(re1y,) 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, my.

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, all the energy emitted is deposited in the source region (Sn75). Then, if the source and
target are the same

Q; (rye—1p) = O; (pe—r1) /my = 1/my
and when the source and target are different,

D, (rye—1p) = O;(re—1p,) /my = 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 ®; (ry¢—ry) is taken as 1/2 my, where my, is the mass
of the source region (i.e., the contents).

Since for penetrating radiation, not all 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(— I'h) < 1.
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The absorbed fraction for body rcgionS for different photon source energies are computed by the

Monte Carlo procedure.

MODEL FOR THE GALL BLADDER
G | Descripti
The gall bladder is pear shaped and lies in a fossa in the inferior side of the right 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 of fundus is directed anteriorly and lies near the end of the 9th
costal cartilage.

The Cystic duct, 3 to 4 cm. 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 biie and renders it more concentrated. Acute
inflammation of the gali bladder obstructs the cystic duct thus preventing reflux of bile into it from
the hepatic duct. Occasionally, in radioisotope tracer smdies, an intrahepatic gall bladder is
responsible for producing a defect in the radiocolloid image of the right hepatic lobe.

Model for the Gail Bladder 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:

99



X12 + Y12 + le < 2.12 and

Xi2 + Y2 + 22 > | 4 and Z; <0.
X2 + Y2 < (2.12-02275Z,)2 and
X2 + Y2 >  (20-02275Z;)2 and 0<Zi<S8.

The contents are specified as follows:
X2+ Y2+ 22 < 4 and Z, < 0.
Conical part;
X2+ Y2 < (2-02275Zy)2 and 0<Z;<8
The equations given above in (Xy, Yy, Z)-coordinates are related to the standard Cartesion
(X,Y,Z)-coordirate system by the following rotation-translation equations:
X =09615(X+4.5)-02748(Z-30)
Y, =-0574 (X +45)+09779(Y +3.2)-0.2008 (Z - 30)
Z;=0.2687 (X +4.5)+0.2090 (Y +3.2) +0.9403 (Z - 30).
Volume of the walls is taken to be 10.1 cm3, volume of the contents is 53.6 cm3 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. It 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 uﬁcenainty which varies inversely with the square root of the sample size. Calculations
for estimating absorbed fractions are made ‘tyi)ica]ly 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 an 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 biadder.
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 tluee-rcgion kidney

was used.
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TABLE 1. ABSORBED FRACTION OF PHOTON ENERGY

SOURCE = GALL BLADDER CONTENTS

ENERGY (MEV)
TARGET REGION 0.010 0.015 0.020
G. I Stomach 0.00 0.00 4.8E-05(17)
G. L 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)
Gall Bladder 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. 1. Stomach 1.0E-03( 6) 2.4E-03( 3) 2.1E-03( 3)
G. L 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 098  (*) 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. L. 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)
Gall Bladder 4.1E-03( 2) 4.3E-03( 3) 3.8E-03( 3)
Total Body 4.8E-01(**) 4.7E-01(*%) 4.3E-01(*%)

ENERGY (MEV)

TARGET REGION 1.500 2.000 4.000

G. L. 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 49E-02( 1) 47E-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(**) 3.1E-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 of the Society of Nuclear Medicine for radiation dose calculation (/) is: - ‘
Ap ZiAii(rkem)

D(rk¢-rh) = = Ap ZiAi®j(rge-th) | (1
‘ mg o

where D(rg¢r1p,) is the mean absorbed dose (in rad) in a target' region ry from radionuclides
~ distributed uniformly in a source region ry,, Ap(1Ci-hr) is the cumulated activity in source region
Th, 4j is the mean energy emitted per unit cumulated activity (in g-rad/uCi-hr) for radiation of a
particular type and energy, ¢j(rx¢1y,) is the absorbed fraction (dimensionless) for target region rj.
for ith radiation emitted in the source region rh, @;(rge1},) is the specific absorbed fraction (in g-1)
and my is the mass of target region. For penetrating radiations, which are photons having energies
greater than or equal to 10 keV, the absorbed fraction has a numerical value between zero and one.
Major organs in the human body are modeled and described mathematically in the existing:
MIRD ph_ahtom (2). The dimensions, shape and coordinate system describing this phantom are
shown in Figure 1. The overall dimensions of the phantomn and its major organs are based on the
Reference Man (3). The phantom consists basically of three mediums of different compositions:
skeleton, lung tissue and body tissue, having density of 1.48, 0.295 and 0.986 g/cm3, respectivly.
Based on this phantom, Synder et al. applied Monte Carlo techniques and calqplated absorbed
fractions of energy for photons of different energies for different organs. In the;e calculations,
radiation dose averaged ovér each target organ was calculated assuming a uniform distribution of
radionuclide in a source organ (2). However, in situations when the source radionuclide was not
reasonably distributed uniformly in the source organ, more spatial detail was needed. Therefore,
models of organs are subject to revision from time to time due to the need to specify regions within
a tissue in more detail, as well as to reflect accurately the tissue distribution of a particular

radionuclide within an anatomic structure. For example, the assumption of uniform distribution in
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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 kidneys are frequently the organs rccei\;ing high level of radioactivity and, therefore,
 the largest radiation dose. Short lived radiopharmaceuticals, that are now injected in millicurie
quantities in nuclear medicine for rapid-sequence imaging of the brain, heart, and abdeminal
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 (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 model, the source regions were the
cortex, medulla and the papillze, while the target regions were these regions as well as the other
organs of the body. The parameters and mathematical equations describing these regions are
incorporated into the existing MIRD 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 KIDAEYS

Adult huran kidneys are considered as identical paired structures of reddish-brown organs
lying against the posterior wall of the abdominal cavity, near the level of the last thoracic vertebrae
and the first lumbar vertebrae (5). The right kidnev is pressed down by the liver and, therefore is
somewhat lower than the left. The kidneys, resembling a pair of lima beans turned on the flat side,
are embedded in fat which ixeips to support them. In the middle of each kidney surface is a concave
indentation, the hilum, throngh which blood vessels, 1ymph vessels, and nerves enter and from
which the ureter emerges. Tough, white fibers form a capsule around the kidney. Shects of
connective tissue help to keep the kidneys in position. Since the kidneys touch the diaphragm, they

necessarily move with it when the 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 inner portion, or the medulla. The medulla consists
of cone shaped pyramids. Each pair of pyramids is separated by columns (the zenal 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 examination siiows each kidney to be composed of more than a million
units calied nephzons. 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
(Bowmn's capsule); it contains two cfmvoluted parts (between which is a loop - the loop of
Henle), one of which leads into a straight collecting duct. The suaight collcctiﬁg ducts give the
meculla of the kidney its striated appearance; the other parts of the nephron are mainly in the cortex.

The kidneys produce urine by separating water and minerals from the blood (carried along
with the afferen’, arteries of the renal artery to the looped capillaries of the corpuscles), while leaving
the blood cells in the capillaries. The fluid thus taken out the blood travels to the renal pelvis
through the tubuies. During the passage, 99 per cent of the lost fluid iS reabsorbed into the blood
surrounding the tubules, including some glucose, potassium, and calcium. About 1400 ml of urine
is excreted daily, the amount varying with the diet, water ingestion and loss, and the degree of
physical .activity of the individual (3).‘ Nerve impulses stimulating the arteries and veins to the
kidneys affect the secretion of urine. Hormones in the blood influence the reabsorbing action of the

tubules and affect the amount of water, salts, and other substances excreted.

A REVISED MODEL FOR THE KIDNEYS
Based on the above description, a revised model of the kidneys has been developed. The
dimensions and the location of the whole kidneys are based on the existing MIRD phantom. The

kidneys were assumed to be alike and equal in volume; the combined weight of the both kidneys
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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 semiaxes 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 illusﬁation, 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: |
Papillae: the papillae consists of the innermost region of the kidney. It is defined by an ellipsoid of
semiaxes 2.5, 0.5 and 3 cm. As mentioned before, part of the ellipsoid is truncated, as shown in
Figurc 2. |
Medulla: the medulla consists of the layer in between the papillae and the cortex region. The
thickness of the layer is 1 cm. It is defined by an ellipsoid of semiaxes 3.5, 1.5 and 4 cm,, but
excluding the papillae region. Similar to the pipallae 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 ame 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 medel 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
existing routines for calculating energy depostion in the code were modified, based on the improved
kidney model, to incorporate cortex, medulla and papillae as target regions. Using the Monte Carlo
technique, the modified code was used to obtain absorbed fractions of energy for monoenergetic
photons for different regions of kidneys as source organs.

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. The code has been
designed to take account of the geometrical shape of the body and of the major internal organs, the
different densities and compositions of the various tissues of the body, and the multiple scattering
of photons in the body to provide a more accurate estimate of the éncrgy deposited. For each
interaction occurring as part of a photon history, the energy deposited in a specific body region of
the MIRD phantom is calculated. It should be noted that, at the present time, the code does not take
account of the secdndary electrons and positrons that are produced. Generally, the electron ranges
are small compared with the diameters 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.

When all 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
Absorbed fractions of major organs for different photon energies «re shown in Tables 1, 2

and 3, for the cortex, medulla and the papillae, respectively, as the source organ. At 0.010 MeV
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essentially all 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
expected for all 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 fmctions 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 as. the target region and for different regions of kidney as source regions. The specific
absorbed fractions varies significantly, depending 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 radionulcide was not distributed reasonably uniformly in the source region. For
target orgahs 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 orgars.
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TABLE 1.

SOURCE REGION IS CORTEX

ABSORBED FRACTIONS OF ENERGY FOR SELECTED
ORGANS,

ENERGY (MEV)

0.010

TARGET REGION 0.015 0.020
BRAIN
UTERUS ,
KIDNEYS 9.0E-01(**)  7.4E-01(**)  5,7E-01(**)

CORTEX 8.4E-01(**)  6.2E-01(**)  4.4E-01(**)
MEDULLA 5.5E-02( 1)* 1.1E-01( 1) 1.2E-01( 1)
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(**)  1.9E-01(**)  1.6E-01(**)
TOTAL BODY 1.0E+00 (**)  9.9E-01(**)  9.6E-01(**)
ENERGY (MEV)

TARGET REGION 0.030 0.050 0.100
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( 1) 7.3E-02( 1)

CORTEX 2.1E-01(**)  7.7E-02( 1) 4.2E-02( 1)

MEDULLA 9.5E-02( 1)  4.5E-02( 1) 2.5E-02( 1)

PAPILLAE 1.7E-02( 2). 1.0E-02( 2) 5.6E-03( 2)
LIVER 2.7E-02( 1)  3.4E-02( 1) 2.9E-02( 1)
LUNGS 1.8E-03( 5)  3.2E-03( 3) 3.2E-03( 3)
RED MARROW 2.0E-02( 1)  3.2E-02( 1)  2.1E-02( 1)
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 1.1E-01(**)  6.6E-02(**)  4.6E-02 (**)
TOTAL BODY 8.SE-01(**) 6 4.5E-01 (**)

L3E-01 (**)

* —— COEFFICIENTS OF VARIATION IN PERCENT.

** - COEFFICIENTS OF VARIATION LESS THAN 0.5%.

114



- TABLE 1. (CONTINUED)

TARGET REGION

ENERGY (MEV)

0.200 0.500 1.000
BRAIN 4.4E-05(27) 9.0E-05(21) 1.1E-04(20)
UTERUS 1.8E-04(10) 1.7E-04(13) 1.9E-04(15)
KIDNEYS 7.38-02( 1) 7.7E~02( 1) 7.1E-02( 1)
' CORTEX 4.4E-02( 1) 4.6E-02( 1) 4.3E-02( 1)
MEDULLA 2.5E-02( 1) 2.6E-02( 1) 2.3E-02( 2)
PAPILLAE 5.3E-03( 2) 5.5E-03( 3) 5.3E-03( 3)
LIVER 2.7E-02( 1) 2.6E-02( 1) 2.5E-02( 1)
LUNGS 3.1E-03( 3) 3.1E-03( 3) 3.2E-03( 4)
RED MARROW 1.4E-02( 1) . 1.1E-02( 1) 1.0E-02( 2)
OVARIES 1.6E-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( 1) 4.3E-02( 1)
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 1.9E-04(16) 2.3E-04(16) 2.3E-04(16)
KIDNEYS 6.5E-02( 1) 5.9E-02( 1) 4.9E-02( 1)

CORTEX 3.9E-02( 1) 3.5E-02( 1) 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( 1) 3.8E-02( 1) 3.2E-02( 1)
TOTAL BODY 3.8E-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 FRACTIONS 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-01(**)

CORTEX 6.98-02( 1) 1.3E-01( 1) 1.5E-01( 1)

MEDULLA 8.7E-01(**)  6.8E-01(**)  5.0E-01(**)

PAPILLAE 3.7E-02( 2) 6.9E-02( 1)  7.5E-02( 1)
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 1.1E-04(23)
BLOOD 2.4E-01(**)  2.2E-01(**)  1,9E-01(*¥)
TOTAL BODY 1.0E+00(**)  9.9E-01(**)  9.7E-01(**)

ENERGY (MEV)

TARGET REGION 0.030 0.050 0.100
BRAIN | | 2.7E-05(28)
UTERUS 1.1E-04(16) = 1.8E-04(10)
KIDNEYS 4,3E-01(**)  1.7E-01(**)  9.4E-02( 1)

CORTEX 1.2E-01( 1) 5.6E-02( 1)  3.1E-02( 1)
- MEDULLA 2.6E-01(**)  9.4E-02( 1) 5.0E-02( 1)

PAPILLAE 5.5E-02( 1) 2.4E-02( 1)  1.2E-02( 1)
LIVER 2.1E-02( 2) 3.1E-02( 1) 2.7E-02( 1)
LUNGS 1.3E-03( 6) 2.8E-03( 3) 3.1E-03( 3)
RED MARROW 2.2E-02( 1) 3.5E-02( 1)  2.3E-02( 1)
OVARIFS 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) 1.1E-03( 5) 1.4E-03( 4)
BLOOD 1.3E-01(**)  7.5E-02(**)  5.1E-02(**)
TOTAL BODY 8.6E-01(**) ~ §.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) 1.3E-04(18)
UTERUS 1.9E-04(11) 1.8E-04(12) 2.2E-04(14)
KIDNEYS 9.5E-02( 1) 9.9E-02( 1) 9.1E-02( 1)

CORTEX 3.0E-02( 1) 3.1E-02( 1) 2.8E-02( 1)

MEDULLA 5.2E«02( 1) 5.5E-02( 1) 5.0E-02( 1)

PAPILLAE 1.3E-02( 2) 1.3E-02( 2) 1.2E-02( 2)
LIVER 2.5E~02( 1) 2.5E-02( 1) 2.3E-02( 2)
LUNGS 2.9E-03( 3) 3.0E-03( 3) 2.9E-03( 4)
RED MARROW 1.5E~-02( 1) 1.2E-02( 1) 1.1E-02¢( 1)
OVARIES 3.1E-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( 1) 4.7E-02( 1)
TOTAL BODY 4,3E-01 (**) 4.3E-01(**) 4,1E-QL (**)

ENERGY (MEV)

TARGET REGION 1.500 2.000 4.000
BRAIN 2.2E-04 (16) 1.8E-04(17) 2.3E-04(17)
UTERUS 1.9E-04(16) 2.2E-04(16) 2.7E-04(16)
KIDNEYS ~ 8.3E-02( 1) 7.7E-02( 1) 6.2E-02( 1)

CORTEX 2.6E-02( 2) 2.5E-02( 2) 1.9E-02( 2)

MEDULLA 4.6E-02( 1) 4.2E-02( 1) 3.5E-02( 1)

PAPILLAE 1.1E-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 1.1E-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) 1.1E-03( 7)
BLOOD 4.4E-02( 1) 4,1E-02( 1) 3.5E-02( 1)
TOTAL BODY 3.9E-01 (**) 3.7E=01 (**) 3.1E-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

TARGET REGION

ENERGY (MEV)

0.010 0.015 0.020
BRAIN
UTERUS '
KIDNEYS 9.6E-01 (**) 8.9E~01 (**) 7.5E-01 (**)
CORTEX 4.7E-03( 4) 3.2E-02( 2) 6.1E-02( 1)
MEDULLA 1.2E-01( 1) 2.4E-01( 1) 2.6E-01(**)
PAPILLAE 8.3E-01(**) 6.3E-01(**) 4,.3E~01 (**)
LIVER 8.9E-04 (10) 4,.1E-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(**)  1,9E-01(**)
TOTAL BODY 1.0E+00 (**) 9.9E-01 (**) 9.7E=-01 (**)
ENERGY (MEV)
TARGET REGION 0.030 0.050 0.100
BRAIN
UTERUS : 1.2E-04(14) 2.1E~04(10)
KIDNEYS 4,6E-01(**)  1,9E-01(**) 1.0E-01 (**)
CORTEX 7.2E-02( 1) 4,3E-02( 1) 2.5E-02( 1)
MEDULLA 1.9E-01(**) 8.4E-02( 1) 4,5E-02( 1)
PAPILLAE 2.0E-01 (*¥*) 6.2E-02( 1) 3.3E-02( 1)
LIVER 1.4E-02( 2) 2.2E-02( 1) 2.1E-02( 1)
LUNGS 1.2E-03( 6) 2.6E-03( 3) 2.9E-03( 3)
RED MARROW 2.3E-02( 1) . 3.9E-02( 1) 2.5E-02( 1)
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(10) 1.9E-04(13) 2.5E-04(13)
KIDNEYS 1.0E-01( 1) 1.1E-01( 1) 9.8E-02( 1)

CORTEX 2.3E-02( 1) 2.4E-02( 1) 2.1E-02( 2)
MEDULLA 4 ,5E-02( 1) 4.6E-02( 1) 4.3E-02( 1)

~ PAPILLAE 3.5E-02( 1) 3.8E-02( 1) 3.4E-02( 1)
LIVER . 1.9E-02( 1) 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( 1) 1.3E-02( 1) 1.2E-02( 1)
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( 1) 4,8E-02( 1)

'TOTAL BODY 4 ,4E-01 (**) 4.4E-01 (**) 4 ,2E-01 (**)

ENERGY (MEV)

TARGET REGION 1.500 2.000 4,000
BRAIN 1.7E-04(18) 1.9E-04(18) 2.3E-04(17)
UTERUS 2.0E-04(15) 2.1E-04(15) 1.6E~04(19)
KIDNEYS 9.1E-02( 1) 8.4E-02( 1) 6.8E-02( 1)

CORTEX 2.0E-02( 2) 1.8E-02( 2) 1.4E-02( 2)
MEDULLA 3.9E-02( 1) 3.6E-02( 1) 2.9E-02( 2)
PAPILLAE 3.2E-02( 1) 2.9E-02( 1) 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 1.1E-02( 2) 1.1E-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) 1.1E-03( 7)
BLOOD 4,.6E-05( 1) 4,3E-02( 1) 3.5E-02( 1)
TOTAL BODY 3.9E-01 (**) 3.7E-01 (**) 3.1E-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 PAPILLAE
0.010 2.9E-03 3.2E-03 3.2E-03
0.015 '2.4E-03 2.9E-03 3.0E-03
0.020 1.9E-03 2.4E-03 2.5E-03
0.030 1.1E-03 1.4E-03 1.5E-03
0.050 4.4E-04  5.7E-04 6.3E-04
0.100 . 2.4E-04 3.1E-04 3.4E-04
0.200  2.4E-04 3.1E-04 3.4E-04
0.500 2.6E-04 3.3E-04 3.6E-04
1.000 2.3E-04 3.0E-04 3.2E-04
1.500 2.1E-04  2.7E-04 3.0E-04
2.000 1.9E~04 2.6E-04 2.8E-04
4.000 1.6E~04 2.1E-04 2.2E-04
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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 aftention until the 1980's. In the early 1980's, Portland General
Electric's Trojan plant had a significant 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
particles ranged 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 all facilities
to minimize hot particle control problems and facilitate hot particle
identification. Usually, these programs are site specific and are directed
towards an extensive list of possible contaminants derived from
particular operations at each facilty. 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 tvo
18.75 rem per quarter and the skin of the whole body is limited to 7.5 rem
per quarter (USNRC 1986b). Although there has been a great deal of
discussion as to the regulutory definition of extremities and the skin,
these litnits assume that the exposure is uniform, over & reasoﬁably large
area. Hot particles, in contrast, deliver extrerhely 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 ihdividual may be
negligible, and, in many cases, undetectable. Theréfore, 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 focussed on preventing deep ulceration of 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 1010 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 uCi h. It 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

123



damage from hot particles. The dose deiivered is dependent on the
biological endpoint, t‘he sfze, cbmposition, 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 threshold dose of appfoximafely 230,(500 rads when the dose

was evaluated at a depih of 100 um directly under the hot particle. The

NCRP-recommended 75 ‘uCi h value was based upon this threshoid, a small,
unspecified area, and, apparently, a depth of 100 um (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 iransport code. A Monte Carlo
photon-electron transport code, which can be used to model the physical
process of energy deposition by 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 formulation. 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 radviat‘ion
sources. Loevinger measured dose distributions from planar sources and
derived empirical equations for point, infinite plane, aind finite plane
sources (Loevinger 1956, Bartlett 1987).

The code LOPOINT uses the following equation in the calculation of dose

from a point source:

kn VK o122 122
J(x) = c{l- e |+vxe'c }. 3
(x) (vx)? { [1-6 ] } 3)

Where: J(X)= beta skin dose rate at point x (rad/hr)/uCi;
x = distance from point source (g/cm?2);
k = 0.17 V3 E, . a (rad/hr)/mCi -- for tissue;

ave

i8.6 | Eave 2
v = 2- cm
(50-0.036)”7_( Be? 9

¢ = 2.20 e "0.38 Eo:

a = [3c2-(c2-1)eft;

of tissue ;

n = fractional abundance of beta with E, (per
disintegration);
E;, = maximum beta energy (MeV);
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E.e= average beta energy (MeV); and

E,ve+= average beta energy for an allowed spectrum

(MeV).

Loevinger's empiricai 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 computer code 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 sou‘rces (where the radius of the source is greater than the
maxinium range of the beta particle). The user selects the radicnuclides
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 all 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 tigh.ly in the
center of the exboséd basal layer. The space between 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, R, is the
effective rarylge* of the beta particle in the skin and is equa! to ‘1.8 times

X9, Where Xg, is the 90-percentile range for a given beta particle.
Within a distance Xg,, all particles have‘deposited 90% of their tofal

energy. The radius, R, is calculated using the following formula:

R=@R2- d?. 1)

The dose receivéd 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 (Berg'er 1971).

Next, the doses to each of the 26 poihts are averaged over the skin
area determined by a circle with radius R at depth d. The equation is és

follows:

R .
2 nj dose(r) rdr
0

Average Dose = - 2)

’ '1cR2

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 thé range of the source radiations. The
cells in this re'g'ion view the source as an i‘nﬁnite planar source. The dose
is calculated to 26 points in this region from an infinite planér source.
The second region is called the "edge". The ddse is calculated to 26 points
“in this region using the same method as for a pbiht source. The dose to
the points in both regions is averaged over the circular - areas using
eqvuation‘ 2. The limits of ihtegration,‘differéntiating betwéen the two

regions, are‘choSen‘ in the VARSKIN program depénding on the range of the |

particles and the radius of the disk source.
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Skin Surface : Source

Rm=18*X
‘ 90

Axis of Point Source

Figure 1. Point Source Geometry
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Region 1
: Region 2

Axis of Point Source

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, compotnd, or
mixture. It was used in this research to follow charged particlés (beta
radiation) whiéh w.ére tranéported in random steps through regions
simulatingv the skin. As the particle is transported, several physicél
processes are followed; Bremsstrah‘lung production, positron annihilation
in flight and at rest, Moliere multiple scattering, Moller (e"e-) and Bhabha
~ (e*e”) scattering, continuous energy loss applied to charged . particle
tracks between diScrete interactions, pair pfoduction, Compton
écattering, 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 geométrical
regions specified in HOWFAR.

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 dépths
below the surface of the skin for a fixed volume. The beta particles were
considered to b‘e monoenergetic eiectrons 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 cylindér with a height of 400 um and a
variable radius. There were three variations used for the radius; the
‘ ‘radlus specified by VARSKIN for all 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' cm2, The cylinder was divided into |
400 layers, 1 um thick; the small volume constructed &)proximately

represented a planar area. Figure 3 shows the geometry created for EGS4.

METHODS 4
Td calculat_e the skin dose received from hot partlcles the
composition and activity of the source must be determmed. 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 all isotopes
that have been detected in hot particles, rather it contains the most

prominent components encountered in both fuel and étellite particles.
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400 um

Figure 3. EGS4 Geometry
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Table 1. Hot Particle Radionuclides

Radionuclide Eave (MBY)  Epax (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
2r-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

134



| The three computer codes LOPOINT, VARSKIN, and EGS4 were
used to calculate the averalge‘ 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 conétructed. |
LOPOINT was used to calculate the dose rate to a point
using Loevinger's emﬁirical dose distribution equation. This code was
writteri by the authors. The user specified the radionuclide, number
of betas emifted per disintegration, maximum particle energy,

average particle energy, hypothetical energy ratio (Eéve/Eave.), and

the fractional abundance. Then, LOPOINT was used to calculate the
dose to individual points or a range of pomts

VARSKIN was used to calculate the dose to the 26 points
mentioned in the previous sébtion. The poihts 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 pomts 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. Thea height
of the cylinder was 400 um and the cylinder was divided in steps of 1

um. The radius of tile cylinder was either 0.5642 cm r R 5, cm. The

resulting elemental volume was a thin Iayer‘ that approximated a

planar area.
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A. Comparison Cne - 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 poinis horiZontally‘ outward from fhe axis of the source.

The 26 points were used to calculate the distance frem the source
using the Pythagorean theorem. LOPOINT was used to calculate the dose at
the same distances from the source. The dose at each of the points was
averaged over 1 cm? at a depth of 70 um 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

reguiatory compliance.

B. Comparisorn 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 um, 50 um, 70 um, 100 um, 150
um, 200 um, 250 um, 300 um, and 400 um. The hot particle was

assumed to be a point source with an integrated activity of 1 uCi-sec.

136



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 ihe 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 cm?, the depth used to demonstrate

regulatory compliance. The second was an area with a radjus of Rp,,4,

determined by the 90-percentile distance for electrons. Three isotopes
were evaluated; Co-60, Sr-89, and Pr-144.

Since EGS4 is a Monte Carlo code, 'it was necessary to establish the
number of particie histories required to reduce the calculational error to
less than one percent of the energy deposited in the Aelemental volume. In
the second comparison, the number of histories introduced into EGS4
directly corresponded to 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 following depths; 40 um, 50 um, 150 um, and 300 um.
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 um élso was evaluated because it is the current average depth of
the basal layer recognized by the ICRP and the NRC. All 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 continuous
slowing down approximation (CSDA) is a useful measure of average
electron pénetration 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
cm? and n(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 cm. Table 2 contains the CSDA path lengths of the radionuclides

evaluated assuming the average beta particle energy.

D. Compariéon Four - Dose as a Function of Averaging Area

This comparison investigated the dependence of the average area on
the resulting dose using AEGS4. 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 nver several areas.
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The following areas were investigated; 0.25 cm?2, 1 cm?2, 2 cm?, n(Ry,4)?
cm?2, and n(CSDA)2 cm2. Currently, the Federal regulations require the

dose be determined to an area of 1.cm?at a depth of 70 um.
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Table 2. CSDA Mean Path Length

Radionuclide CSDA Range (cm)

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
1-131 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 Function of Disk Size

The final relationship studied was the effect of disk size on the -
average dose at the foilowing depths; 40 um, 50 um, 70 um, 150 um,
- and 300 um. The following disk radii were evaluated; 0.0001 cm,‘
0.0005 cm, 0.001 cm, 0.005 cm, 0.01 cm, 0.05 cm, 0.1 cm, and 1.0 cm,

for the same radionuclides, i.e., Sv-89, Pr-144, and Co-60.

RESULTS

To facilit,até a comparispn in terms of the absorbed dose per unit
activity, i.é.. rad/uCi, for all the inveétigations in th.is research, the total
number of disintegrations introduced into the computer codes was
assumed to be equivalen‘t to a 1 uCi source on the skin for a period of one
second. The.dose estimate for higher activity sources is a simple
multi'ple of the normalized absorbed dose per unit activity (rad/uCi) and
the exposure period in seconds, and, sjnce the quality factor for beta

radiation is unity, the results can be interpreted in units of rem/uCi.‘

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 um and an area of 1 cm2. = A pbint source was chosen for the
comparison with an activity of 1 uCi (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 uCi-sec, all dose estimates were

small. For example, for a 1 pCi point source of 69Co, the VARSKIN
‘estimate‘was 0.002 rem, while the LOPOINT estimate was 0.004 rem. For
893r, the estimates were 0.005 rem and 0.009 rem, and for 144Pr, the
estimates were 0.005 rem and 0.008 rem, respectively. These results
agree with a similar investigation Using Loevinger equations and VARSKIN
to assess the dose delivered from fuel fragments (Bray et al. 1987). For
ca‘ses‘ 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 cm? and T(Rmax)? CM?, at
various depths. The =(R,,,)2 areas were 0.0099 cm2 , 0.93 cm2 , and 4.58

cm? for Co-60, Sr-89, and Pr-144, respectively. Figures 4 through 9
cbmpare the'absorbed doses as a function of depth for these three
isotopes. In these figures, fhe 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 um, fhe two codes were in agreement within +35%.
For depths greater than 100 um, the difference decreased to i15%.‘
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C. Compérison Three - Dose as a Function of Average Beta
‘Particle Energy

The next comparison studiéd the dependence ofAthe 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 cm? and
n(CSDA)? cm2. Figure 10 illustrates the dose averaged over 1 cm? and
'n(CSDA)2 cm? at a depth of 70 um as a function of particle energy. |
The‘ dose per unit activity decreaséd as the energy of particle increased
for an area of 1 cm2. The dose averaged over fhe CSDA range remained
constant for energies greater than 100 keV because the CSDA range
(see Table 2) also increased w.ith‘ parﬁcle 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 Iéyer. The dose decreased for all 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=n(CSDA)2 cm?, Dose  (rad/uCi)
Nuclide  E,q(Mev) 40 pm 50um 70pum 150um 300 pm

Nb-95 0.046 0.000 ©.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 4536 0.000 0.000
Zr-95 0.115 4.150 3.680 2960 0.152 0.000
Ce-141 0.144 2.990 2810 2370 0.999 0.000
1-131 0.180 0.84C 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 0.93t 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=1 cm?, Dose (rad/uCi)
Nuclide Eave (Mev) 40 um 50 uym 70 pm 150 um 300 um

Nb-85 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
1-131 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
¥-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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CONCLUSIONS

The two most prominent methodsv utilized to determine the dose
received from hot particles are Loevinger's equation and the computer
code VARSKIN. Results obtained with VARSKIN currently are accepted by
the NRC for hot particle exposure assesérﬁents. Comparison of LOPOINT
and VARSKIN revealed that the delivered dose obtained with LOPOINT is
greater than the VARSKIN estimate by a factor of 1.5t0 2.2. The lowest
energy isotope evaluated, Co-60 (0.097 MeV), showed the greatest
increase of a factor of 2.2 and the highest energy isotope, Pr-144 (1.225
MeV), showed an increase over VARSKIN of a factor of 1.6. These results
are not inconsistent with thos_e reported previously (Bray 1987, NCRP
1989 ). Base on these results, it is recommended that Loevinger's
equation should be used only as a rough approximation of the dose
delivered by a hot particle. o |

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 c¢cm (area = 1 ¢m2) and CSDA-range cm (érea =
n(CSDA)2 cm?). Figure 10 shows the relationship obtained in this

comparison.  For the area representing a 1 cm? area, it can be seen that
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as the particle energy increases, the average dose decreases at a
specified depth. After e\)aluating 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 m(CSDA)2 cm2, it should |
be noticed that as the particle energy increases the CSDA-range also
increasos. Therefore, the average dose approaches a constant value of the
dose which depends on the particle energy and the depth of investigation.

The fourth parf of this research evaluated the dependence of dose
on the area over which the dose was averaged. Dose is defined as energy
deposited per un‘it mass (or unit volume). From this simple relationship,
it can be concluded that if the energy deposited is consfant, and the
volume ‘increases, then the average dose must decrease. Figure 11 through
13 demonstrate this relationship.

vThe final comparison investigated the effect of disk size on the
average dose to the exposed basal layer. 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 cm? 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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Figure 14. Dose Averaged over 1 cm? as a Function of Disk Size for
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| present in a skin dose calculation, the accuracy of the estimate ranges
from 25 to +50%. At this time, these differences in dose estimations

do not warrant alterations in the current regulations and methodologies.
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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 ex'pbsed to ionizing radiation requires
the introduction of a radiation sensitive device into that medium (Buﬂin, 1968). Usually,
this device is composed of a material differént from the medium in terms of atomic
number and densityvand is referred to as a "cavity". ‘Be‘cause of differences between the
' two materials, péttems of energy dcposiﬁon in the medium will differ from those in the

davity. Cavity theory is used to relate the absorbed dose in a cavity to that in the

- surrounding medium.

A dosimeter responds to the ab~srbed dose inside its scnsitivq volume. Usually, the
sensitive volume is surrounded by a container ‘of some sort which protects it from the
~ outside elements, including light. When the primary radiation field is composed mostly
of indirectly ionizing radiation, this wall also serves as the medium in which the radiation
may interact to create the secondary charged particles which reach the sensitive volume.
If the wall is at least as thick as the maximum secondary charged-particle range, the
response of a dosimeter will be a result only from secondary charged particles originating
both in the wall and in the sensitive volume itself. If the wall and the sensitive volume
are of the same composition, charged particle equilibrium (CPE) may exist in the
sensitive volume (Ogunleye et al., 1980). Charged particle equilibrium being defined as
the state in which, for every charged particle of a given type and energy leaving the
volume, there is an identical charged particle of the same energy entering (Attix, 1986).
When the materials are not the same, however, the dose in the‘ sensitive volume, or
cavity, depends on the relative fluence of charged particles originating in the wall. If the
dosimeter is small, with respect to the range of the secondary charged particles, the dose

to the sensitive volume may be astumed to be caused solely by particles originating in the



wall, and thus the sensiti‘ve‘ volume does not perturb the charged particle flux crossing it.
The original Bragg - Gray cavity theory, along with modifications by Spencer and‘Att‘ix,
apply to ;his situation (Spencer et al., 1955). In most cases, however, current dosimeters
do not meet the assumptions made in these theories. T.E. Burlin was the first to address
the problem of a larger sensitive volume or cévity (Burlin, 1966; Burlin, 1968). The
main difference between the Burlin theory and the Bragg et al. theories is the parameter d.
This parameter is a weighting factor which eliminates the cavity size restriction and, thus,
- is a critical variable. This parameter is dimensionless and depends on the depth of
penctration in the cavity of the electrons produced in the wall. Burlin assumed the
electron attenuationl to be exponential. This assumption and the weighting factor, d, were
investigated and tested in this research using a Monte Carlo electron transport code.
Cavity theory is used to determine the absorbed dose in a material which differs in
composition to that of the dosimeter's sensitive volume. Knowing the absorbed dosés 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 reasen enough to test the
validity of cavity theory. There are 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
t0 use a dosimeter and relate the measured dose to that within the material, Monte Carlo
techniques have been used t¢ simulate the irradiation of various materials. The computer
code EGS4 (Nelson et 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 any material or compound. Utilizing this code, the

energy deposited, and thus the dose, may bc estimated in any material or compound
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without using a dosimeter. The goal of this research will be to calculate doses in selected
ﬁxateﬂals ihcluding some commonly used dosimeter materials and to compare these
results to values given by cévity theory. |

| 'In‘summary, this research will involve the application of modern computer techniques
to the stuciy of cévity theory. Although a number of modifications to the original theory
have been proposed, this investigaﬁon will focus on those modifications suggested by
Burlin (Burlin, 1966). The specific objectives of this resea;'ch are as follows: 1) set up
the appropriate geometries inside a suitable Monte Carlo radiation transport code, 2)
 follow a sufficient number of photon histories through selected wall materials to obtain
results wuh a statistical signiﬂcanée, 3) track energy depositions throughout the cavity

and wall, and 4) analyze the results and compare them to published theoretical values.

BACKGROUND |

Thé relation between the absorbed dose 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. Gfay made quantitative statements concerning
cavity ionization theory (Gray, 1929, 1936). He proved that a gas- filled cavity did r.ot
perturb the electron spectrum if 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 and Attix, 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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restrictions of the earlier theories. A theory relating absorbed dose in a wall to that of a
cavity, or dosimeter, of any size allowed for more the accurate estimates of doses in any
media. Attix (1986) illustrates the difference in cavity sizes in Fig. 1. In this figure,
there is a homogeneous medium w with a uniform y ray irradiation. All three cavities
~ contain a medium g and are shown as: a) small (applicable for Bragg - Gray, and |
Spencer - Attix), b) i.ntcrmcdiate, and c) large compared to the ranges of the secondary .
electrons present (Attix, 1986). | |

The absorbed dose in the small cavity is almost completely delivered by secondary

electrons completely crossing the cavity such as e;. In the intermediate sized cavity, the
absorbed dose is partly due to secondary electrons such as e, but also from electrons

which originate in the cavity and stop in the wall such as e,, electrons which originate in

Fig. 1  The cavity - size transition in Burlin theory (Adapted from Attix; 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 e, which start and stop inside the cavity. The following list of

assumptions made by Burlin in his 1966 paper were assembled by Attix (1986); these

assumptions simplify the theory:

1.)  The media w and g are homogeneous throughout, but are not
necessarily of the same material.

2) A homogeneoué y-ray field exists everywhere throughout w and g.

| (This means that no y-ray attenuation correction is made in the theory
for the presence of the cavity.)
- 3.)  Charged-particle eciuilibrium (CPE) exists at all points in w and g that
are farther than the maximum electron range from the c‘dvify boundary.

4.)  The equilibrium spectra of secondary electrons generated in w and g are
the same.

5.) The fluence of electrons entering from the wall is attenuated
éxpohentially as it passes through thc medium g, without changing the
spectral distribution.

6.)  The fluence of electrons that originate in the cavity builds up to an

eqhilibrium value exponentially as a function of distance into the cavity,
according to the same attenuation coefficient p that applies to the

incoming electrons.

In its simplest form, the absorbed dose ratio, according to the Burlin theory, may be

written as follows:

L)

S / .
g-& = d[’“—_£ + (1-d) [____&(ump) ] , Eq.2.11
w m>w (p'en/p)w
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where:

f =  ratio of absorbed dose in the cavity to that in the wall;
D, =  absorbed dose in the cavity;
D, = absorbed dose in the wall;
d = weighting factor for different cavity sizes;
mdg = ave‘rage' mass collision stopping power for the cavity;
mwow = average mass collision stopi)ing power for the wall;
| (um/p)g = average xﬁass energy - absorption coefficient for the cavity;

(en/P), =  average mass energy - absorption coefficient for the wall.
The parameter d is the critical variable in this equation because it eliminates the cavit); 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 ahd their effects on dose and
have shown limited variation in f (Kearsley, 1984, Hordwitz; 1986).
One of the assumptions Burlin made was that the secondary "clcctron's would be

attenuated exponentially, and d represents this assumption. He defined d as the mean of

/By e in the cavity as expressed in Eq. 2 (Attix, 1986):

— L¢° e Pl dl
d’w 0 v 1- e'm‘
d = — = T = BL , Eq 2.12
@, J o, dl |
0
where: 1 = distance of any point in cavity from wall (cm);
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L = mean chord length (cm); and

B = attenuation coefficient (cm-!).
The other parameters have been deﬁned previously. The parameter L may be defincd as
4 times the volume divided by its surface area, for convex cavities and diffuse (i.e.,
iéotropic) electron fields (Attix, 1986). The attenuation coefficient, B, was defined by

Burlin for air filled cavities as: -

p=—1t2 Eq.2.13
(T max - 0.036]"

where: p = air density (g/cm3);
T nax= maximum value of the starting p ray energies (MeV). .

In a later paper, Burlin et al. defined p as (Burlin et al., 1969):

exp (-BR) =0.01 , Eq.2.14

where R is the range obtained from thc continuous slowing down approximation (Rcgpa)
in g-cm2. This pﬁrameter, B, was modified when detailed experiments were carried out
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 5 |
B=——E1.09 (cm’/g) ‘ Eq. 2.15

max

where E,,, is the maximum electron energy in MeV. This expression was obtained by

thé method of linear regression which was applied to fit the data of E,,. It should be
noted .that even today there is controversy surrounding this parafneter (Paliwal and
Almond, 1975). |

The Burlin theory along with the Bragg - Gray and Spencer - Attix theories all ignore
‘electron scattering. Experiments By ‘Ogunleyc 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 Approximatioh of

doses in different media warrant further study as to the accuracy of the actual doses.

EGS4 AND CAVITY THEORY
The Monte Cax_lb code used in this study is called EGS4 (Electron Gamma Shower |

4). The EGS4 system of computer codes is a genéral 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 betweeﬁ

| discrete interactions, alohg with pair production, Compton sbattering, 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 daia prcﬁaration package, PEGS4, which includes cross section
tables for elements 1 through 100. The geometry for any given problem is speciﬁea by
the user - written subroutine HOWFAR. The user scores and outputs information in the
user - written subroutine AUSGAB. Input parameters such as‘ cutoff chergie‘s, photon
énergies, 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 may be seen in Fig. 2. . |

This code was modified toinclude a theimolumincscem dosimetry (TLD) chip cavity
and a surroxinding wall as thick as the maximum ran‘ge of the secondary charged
particles. A monoenergetic 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 fo 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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Em WALL

Fig.3  Cross section of the wall and cavity inside of the Monte Carlo code,

EGS4

PROCEDURE

As mentioned above, a cavity and wall were defined in the Monte Carlo code, EGS4,
in three dimensions. The parameters for the cavity were the size of a standard Harshaw
TLD chip with dimensions 3.1 x 3.1 x 0.89 mm. The cavity was assumed to be
compbsed of LiF, the same composition as the commonly used Harshaw TLD - 100.
This cavity was divided into 20 layeré and then the 1ayers were divided into 20 x 20
cubes using arrays in the subroutine AUSGAB for purposes of determining the locations
of energy deposition. Figure 4 shows a cross section of the geometry inside of EGS4
with the arrays in place. The layers shown were used to determine the average energy
deposition in the wall and cavity. The wall boundaries were as thick as the maximum
range of the secondary charged particles. A number of steps were taken to arrive at this
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,
Trnax» Of the resulting electron could be the same as the original photon. For photons > 1

MeV, Compton scattering was assumed to be the main contributor, and thus the
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Wall | Cavity Wall

L1 L2 L3... Ll... 120 | 120

Fig.4  Two dimensional view of the layers created by geometric arrays used by
EGS4. :

maximum kinetic energy, T,,,,, Of the resulting electron can be obthined from Eq. 3.1
(Attix, 1986):
2- _ ‘ : ‘ :
Sp— AL . ‘ Eq. 3.1
2hv+0.511 (MeV)

Using T, the continuous slowing down approximation ranges (Rcgpa) were found for
the corresponding materials and energies (Attix, 1986). At this point, these fangcs were
converted into the maximum penetration depth, t,,,,, 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 available for A-150 plastic, the

Respa was used in place of tmax: Since A-150 has a low effective atomic number, t.,. is
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comparable to Rogpy (Attix, 1986). Table 1 shows the results of the above steps for the

enetgies and materials used in this study. These parameters also were entered into the

"\

~ Table 1 Maximum Penetration Depth, ty,,, of Different Materials for Photon

Energies 0.5 to 1.5 MeV
(MeV) tmax (cm)
~ |Photon Energy T max ‘ A-150
0.50 0.500 0075 0. G§6§ 0. ZETQ 0. 61 8 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

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

g energy deposition tracking (see Fig. 4).

One hundred thousand (100,000) photon hlstones were followed in each case to
achieve high statistical accuracy. The energy deposited in every cube for all 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 thicknessgs, part of the energy was carried through the conﬁguratibn and
escaped without depositing significant amounts of energy. In a real exposure, a sinﬁlar
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 enefgy deposited in each region
was divided by the product of the cubical dimension, in cm?, and the respective material

density, in g/cm3, to obtain the absorbed doses (in units of MeV/g).
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The resulting values were plotted as a function of thickness to give a "dose profile"
through the material representing the wall and the LiF chip (the cavity). These profiles
are shown in Flgures 5 - 9 for monoenergetic photons with mmal energy of 1.25 MeV.
In all cases, the cav1ty is represented by a standard LiF TL.D cth and the wall materials
are aluminum, carbon, A-150 tissue equivalent plastic, copper, and lead, respectively. In
these p: 3, itis assuined that the photons are incident on the wall from the left side of
the figure. These figures are typical fot all four photon energies investigated. Each
figure was normalized to unity based on the highest dose in‘ the front wall. That is, the
higbest dose , in the front wall, was obtianed and all other values in the dose profile were
normalized to this value, Calculated values are tabulated for 0.5, 1.0, 1.25, and 1.5 MeV

: monoenm'gctic photons, for all four wall materials, in Appendix A.
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Fig. 5  Dose profile, or energy depositon profile, ia an Al - LiF - A+ . _nfiguration
with the photons entering from the left side of the figure (}. -V photons)
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RESULTS

The Monte Carlo reéu wem used to calculate values of f as defined in equation 1.

These results were compt w.t t thctmetcal values of f which were calculated as part of A

this mvesttgatnon First, equanon 2 was used to calculate the parameter d. In thxs

calculation values of the parameters L and B were needed. For convex caviti¢s 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 B were be obtained using equation 5. Values
of the mass collision stopping powers and the mass energy-absorpuon coefficients were
obtained by interpolation from tables for the appropriate cnergies (Attix, 1986). A

comparison of the Monte Carlo and theoretical values of f is shown in Table 1.

‘ Quantitative Comparison of f Values for various media; Monte Carlo

Table 1
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 10.984 0.96 0.97% 0.87[ 1.00 3.3 [0.856 3.5 |0.834 0.48
1.00 | 0.987 0.99 10923 093 1.08 33 |1270 3.5 ]0.823 0.56
125 10990 099 |0923 0.92] 1.09 3.1 |1.280 3.5 0826 0.66 |
1.50 10992 0.99 10924 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 prc\écticted values, e.g.,
the values for aluminum correlate with theory. The slight variations t‘all 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 matcriéls‘ have relatively
low Z numbers and densities. However, for higher density and hiéhcr Z ‘matefails, the
Monte Carlo values are significantly higher (about a factor of 3, for copper) than the
p;édicted values. Similar statements can be made for the lead wail. These differencés
are belicved 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 - Al configuration. This is represented by the small diagonal line
at the bottom, right 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 sibgnificéntly 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 sfatistical 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 tcchniQués to trahsport 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, Moller (e-

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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scattering, and the photqelécti'ic 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
equivaleni 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 thousénd photon histories were run for each case ensuring goéd
statistics. These photons were tracked usingra user written subroutine called AUSGAB.
In this subroutine, thé geometries, wall and cavity, were both broken down into 20 x 20
x 20 arrays. This was done for precise tracking of the energy deposition in both regions.
The energy depositions were printed out for each material over a rahge of energies from -
0.5 to 1.5 MeV. |

These energy depositions were divided by the respective mééscs to obtain doses
* which could be compared to the theoretical absorbed dose values. The absorbed doses
- were aqtﬁall y compared to theory by using a ratio of éavity 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 niaterials, 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 menﬁoned 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 interbrctations 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 et al., 1986).
The much higher backscatter in the heavier elements and the lack of considei'ation for
this factor in the theory, would seem to lend confidence to the hypothesis proposed

herein. That is, the reason for the s1gmﬁcant differences in f values for heavy elcmcnts is

“due to backscatter. This, however, has not been proven and deserves further study. It is

the opinion of this author that Burlin cavity theory, and its subsequent modifications, be
used with caution when cstimatiné a dose in a material with a severely different media
than that of the sensitive volume inside the dosimeter. In light of the results and probable
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

systcm which will interpret doses in any media for any energy with minimal error.
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ALUMINUM:

0.5 MeV:
Energy : Energy :
Wall I.ayer Deposxted (MeV) Cav1ty Layer Depgsxted (MeV)

1

2 45 65 2 , 17 43
3 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 1 : 16.44
12 0.19 ; 12 16.76
13 ‘ 0.17 13 17.07
14 8.90 14 16.96
15 44.14 - 15 16.92
16 42.61 16 15.72
17 41.93 17 : 1444
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 - 3141
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 o 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
17 130.10 ‘ 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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- 1.25MeV:

1.5 MeV:

BG;GSGESS:S‘OW\IO\MAuww

N e Ao VO NA U AWN —~

47.46
102.15
152.08
177.94
197.60
206.19

- 202.18

209.55
16.89
0.97
1.79
16.50

191.03

184.60

188.30

208.19

199.03

196.75

188.12

152. 14

57.81
140.49
206.25
249.27
286.60

© 293.55

294.14
276.55
128.93
3.21
3.68
137.68
290.95
273.23
286.51
278.26
253.24
253.48
24791
234.70

WOy WN—

10

E e N PR RO oYX IO L AW —~

41.24
39.14
39.59
36.21
38.32
38.47
40.51 -
39.42
35.96
37.91
36.68
37.39
35.07
34.44
35.96
36.13
36.28
36.98
36.66
36.72

43.23
42.73
43.82
42.96
45.67
44.84
43.45
41.67
41.71
42.28
40.84
42.11
41.59
40.44
40.70
40.47
45.61
41.66
42.68
44.71
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CARBON
0.5 MeV:

1 MeV:

S A E P e SV IN AR WN —

Pttt v rE s —R-T- RN R WA NI RY T

21.58
39.82
42.16
43.91
48.65
47.03
34.46

- 0.10

0.08
0.06
0.21
0.29
0.44
29.92
41.89
38.86
42.26
44.76
43.64
42.31

41.87
76.34
104.26
128.87
126.25
133.29
134.14
123.90
0.88
0.18
0.66
1.52
123.84
138.31
134.62
131.78
138.45
133.27
127.54
111.16

193

i< e~ - R RN . ST Ry Sy

et~ e i e el - RN - NV I TRy S

13.91
13.58
16.39
17.17
15.32
15.00
15.45 .
15.60
14.17
13.71
14.54
14.60
15.76
15.09
14.74
15.51
15.51
15.43
13.84
12.48

28.26
29.70
26.30
25.96
25.40
30.47
28.35
28.29
30.03

- 30.88

29.64
29.50
29.12
30.12
27.62
28.39
28.44
26.56
26.90
25.15



1.25MeV:

1.5 MeV:

B e I AP oV UNEWN—

B Ao PN OO N A WN -

56.28
106.88
139.87
189.89
207.99
203.00
204.87
208.65

83.12

1.88
2.26

93.48
211.32
205.10
212.01
213.51
205.74
203.31
211.45
203.55

73.94
147.26
201.35
258.69
268.21
300.07
298.27
295.06
216.81

3.38
4.22
205.50
279.70

317.73
298.71
280.60
285.09
287.79
294.72
271.34

Voo~V H WN—

H e Ao A E PN m VO U B W~

32.00
35.04
33.90
35.84
30.43
33.37
33.49
34.13 .
35.27
29.98
30.71
30.15
30.54
31.20
28.04
30.08
34.84
32.67
30.93
30.02

39.15
37.08
36.46
36.54
35.57
36.38
33.92
32.08
38.47
35.57
37.60
3344
35.80
3291
38.04

. 34.03

35.08
32.27
32.00
37.95

1




A -150:

.. 0.5 MeV:

1 MeV:

H e Ao RN aCOIN N AW~

B e Ao A RN RIE 0PN UNDWN—~

16.31
31.47

35.53

41.88
38.71
42.53
45.66
39.57
0.23
0.35
0.37
0.09
39.02
41.08
39.34
40.30
38.75
37.66
41.33
41.22

22.64
62.66
87.43
111.75
116.34
119.95
115.35
122.84
98.43
1.97

- 1.97

105.54
128.16
121.90
123.90
118.86
126.82
122.56
125.19
127.28

195

el TN R SRR - N RN - YV TRy

S e IR RERR RS PRINUN A WN~

7.75
7.74
9.07
8.12
7.69
8.67
7.83 .
7.48
8.58
9.12
8.17
7.89
7.62
7.46
7.16
7.68
8.34
9.11
9.02
8.26

14.10
13.19
14.17
12.69
14.24
13.41
13.85
14.47
14.69
13.92
15.15
14.40
15.70
14.94
14.66
15.65
14.74
14.59
14.51
14.89



1.25 MeV:

1.5 Mev:

OO~ H W —

33.07
87.27
126.16
147.66
164.49
182.61
179.50
185.87
188.07
13.88
12.99
185.15
177.42
187.20
186.73
192.19
180.45
187.65
179.52
161.74

55.53
131.33
185.13
241.98
256.20
273.23
285.40
292.74
307.26
115.70
121.94
288.73
289.21
295.37
290.92
295.01
287.¢1
287.82
292.90
273.56

OO~ H W —

N TR N R TR =L R RN F- XV R S

17.89
18.81
18.44
19.31
17.96
18.93
17.92
17.73 .
16.52
18.78
16.66
16.58
18.64 .
17.30
17.50
18.47
16.50
17.01
16.87

17.64

17.39
17.67

- 16.97

17.76
16.76
17.28
16.65
15.93
16.98
17.34
16.58
17.88
18.55
16.95
16.82
16.73
18.41
19.23
17.75
16.53

IS0 3G rno "SRl ubhwN~
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COPPER:
0.5 MeV:

1 MeV:

S e IR AR O OCRNAU S W~

SO I ARRR LSOOV UN A WN —

66.35
87.63
86.89
27.32
0.50
0.27
0.18
0.34
0.32
0.22
0.24
0.32
0.45
0.58
0.19
0.52
25.16
89.70
95.41
86.53

91.29
169.94
182.24
196.30
170.79
0.20
0.77
1.07
0.22
0.39
0.94
0.69
0.58
1.19
1.00
164.43
197.60
198.77
191.50
166.66

197
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RO RSV NO A WN—

Rl TN R TR =X R N PSR X

54.80
58.85
57.68
56.92
60.07
57.33
60.17 .
55.62
59.50
58.41

- 60.13

60.37
60.78
58.39
55.65
60.66
56.91
54.53
56.82
54.98

99.86
104.60
103.18
98.80
95.50
100.62
108.72
100.74
98.62
104.78
102.40
99.49
108.75
110.44
105.79
101.10
109.68
108.00
103.70
- 98.19



1.25 MeV:

1.5 MeV:

=S-SR -T- R N NV R S

N A G R VO NO N A WN =

119.28
225.64
265.70
297.80
294.10
187.11
0.97

0.70
1.32
0.76
0.90
1.11
2.27
166.89
273.49
275.72
274.61
266.52
212.00

132.25
279.47
347.01
375.07
370.62
377.63
87.12
1.80
1.35
1.68
2.21
1.71
3.07
74.66
359.21
373.27
385.30
350.73
333.66
298.84

et~ iet-Sr i ri e =L -F RN E- NV RS e

N A PP R R oCRNA N A WN—~

129.78
133.29
129.82

122.13

120.63

- 117.68

116.93
120.46 .
120.19
118.19
113.39
111.27
119.01
123.67
124.09
113.63
117.10
118.19
113.12
117.29

143.70
139.59
143.49
136.01
132.47
145.48
141.58
143.52
141.80
139.98
135.75
141.72
127.13
129.38
126.86
142.85
139.61
146.12
139.78
130.26
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LEAD:
0.5 MeV:

1 MeV:

=i i~Sat-gri g cfod-—S R RN E- NV N NIRES

N R aa o e o N2 vouonsw -

199

S e I A RPN EPORNIAUNLEWN -~

N RO E o EORCEvoNoumaw—

192.78
145.72
153.12

- 172.39

196.05
218.28
230.61 -
249.24
260.31
269.47
269.37
264.41
274.64
261.06 -

1253.04

263.59 .
261.56
261.51
258.48
271.38

190.04

177.50
153.10
164.56
149.73
136.92
137.41
149.74
156.76

- 154.15

160.38 .
168.59
154.52
161.77
165.55
174.12
176.32
181.15
186.44
186.21



1.25 MeV:

1.5 MeV:

S I AR RO —m VXN NE W~

SGES;GKSS:S‘OWQO\MA&NH

194.32
350.98
415.89

394.08

299.83
3.82
2.91
4.89
3.40
3.65
3.91
6.00
4.08
4.13
2.97

305.90

437.64

435.57

415.55

334.52

220.65
425.32

- 484.18

490.87
487.50
186.01
5.21
5.51
6.17
4.69
6.62
8.39
1.71
5.36
167.89
435.53
484.81
499.08
522.47
371.89

VooJAWNEWN -~

et S-S r iy cReg—4'-X- RN N YV NTRY S e

183.86
180.16
178.84
168.05
163.67
163.95
154.75
148.17
164.94
166.02
162.45
161.04
167.21
163.38
160.60
175.14
170.97
163.08
172.00
178.14

211.67
206.26
197.98
186.24
168.41

-160.41

165.36
175.75
168.82
183.67
204.51

202.21

197.94
198.91
185.87
194.87
187.34
198.09
182.49
177.44
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Small - Scale Dosimetry Calculation
for ‘
Internally Deposited Radionuclides
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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 therapéutic purpose. The nuclides can be injected into a patient
in the form of labeled compounds or can be 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 niethods,
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 absorbed dose. 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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" been developéd to process the data base of energy deposition histories and to iinplement the
absorbed dose calculations by using point kernel algoﬁthm. Conceivably, the Small Scal:
Dosimetry approach may be extended to be applicable for heterogeneous target tissue
compositions, as long as the biological data and phys1olog1ca1 information of that organ or
tissue are well understood.

METHODOLOGY

There are three major steps in the assessment of radiation absorbed doses 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 R¢gda
(Continuous Slowing Down Approximation Range) and subdivided into 100 concentric
shells. A Monte Carlo transport code 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 performed following Eq. 1, 2 and 3 to establish the data base of monoenergetic
electrons, which will be applied for subsequent absorbed dose calculations.

_ energy deposited in target region
energy emitted in source region Eq.1

SAF=®=-—-A~AF ___
mass of target Eq.2

F(/Reada ) = 2V ED
Br/Rcsd, Eq.3
where
SE(r) is the energy deposition in a shell with distance r from the center of sphere;
Ep is the average energy of electron or beta-particle;
dr is the thickness of each concentric ring; and

Resda is the Continuous Slowing Down Approximation range.
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Fig. 1. The tissue sphere with 100 concentric rings used in the energy
deposition study. Monte Carlo methed is used to trace the electron
transportation in each skeletal muscle shell.

Secondly, the advent of radiolabeled monoclonal antibodies (MAB's) has elicited
much interest in the possibility of developing cancer cell specific radiopharmaceuticals for
therapeutic purpose. In the context of radioimmunotherapy of cancer, there is a need for
continued improvement of iosimetry of radionuclides localized in tumors. Therefore,
instead of using monoenerget.: electrons as the sources, beta radiations from radionuclides
with spectral energy emission will be the focus of study. Composite scaled dose kernel,
F(r/R), will be generated for the following radionuclides: P-32, Y-90, Cu-67 and I-131,
which are ine potential candidates for tumor treatment. Dose profile for each radionuclides
will be performed to study the therapeutic ei.cct of administration of these radionuclides.

At last, abscrbed dose calculation will be performed by selecting thyroid, ovary and
kidney as the target organs and using P-32, Y-90, Cu-67 and I-131 as source
radionuclides. Mathematical description of the «arget organs as used by MIRD Commitree
(Snyder at 2l. 1969) is employed to define the target domain. Scaled dose kernels obtained
from procedure (3) is utilized to calculate the absorbed dose by administrating of these four
radionuclides in the selected organs. Then, the absorbed dose is calculated by the equation

F(r/Resda )

Dose =E
v 4 T l'z p Rcsda Eq.4
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where
F(r/Rcsda) is the scaled dose kernel of that given energy;
r is the distance from source to target;
p is the density of target material.

The isodose profiles at diffsrent 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 monoenergetic electrons and
produce scaled dose kernel of anv radionuclide by giving the atomic number, end-point
energy and branching ratio of that radionuclide. As shewn in'Fig.Z and Fig.3 are the
scaled dose kernel profiles for P-32 and Y-90 in skeletal muscle ICRP1975).
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Fig. 2. The scaled dose kernel profile of P-32 in skeletal muscle.The Regda
associated with 1.71 MeV electron in skeletal muscle is about 0.794 cm.
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Fig. 3. The scaled dose kernel profile of Y-90 in skeletal muscle.The R¢sda
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 whea deposited with radionuclide.
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Fig. 4. The isodose contour lines of thyroid by administrating 1 Bq of P-32.



ASSESSMENT OF THE DOSE TO BONE
USING A MONTE CARLO TRANSPORT CODE
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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 um thickness lining the marrow cavities (Sissons
1970, Vaughan 1970). Thus, the relevant dose to éalculatc when considering the effects of
radionuclides in bone are the mean absorbed dose to the marrow cavities, and the mean
absorbed dose to a 10 Jum 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 place are known as "volume seckers”. 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 calcium, 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 may be true after a short period of time, but
there areimportant 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 leasta
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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 all bone surfaces. Within days after injection it is diffusely distributed
throughout mineral bone.
The other category of bone-seekers is known as the "surface-seekers". These 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. All 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. All 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. Three types of bone cells are recogniz‘e‘d:‘ osteoblasts,
osteocytes, and osteoclasts. These cells perform five functions in the bone. They produce
the protein in the bone, stimulate the mineralization 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 otgans - 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 of a mosaic of small units
called osteons. These are from 200 to 400 pum 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 Haversian canals are from 20 to
100 um 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 um,
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 ostcoprogcnitor 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 single bone. Whereas the trabeculae do not vary greatly in thlckness,
the marrow cavities often vary greatly from bone to bone.

OBJECTIVES

This proposal describes an approach to dosimetry of the bone. using a Monfe 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 (1982) describe a distribution function of the trabeculae
throughout a cross 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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Figure 1. Possible track lengths through a cross section of trabecular bone.

Figure 1 shows a enlarged section of bone for which the paths of the particles will be
followed. The path of the particle may traverse the structures as shown, i.e. bone,
endosteal layer, marrow, etc. However, this is not the only option. It is also shown that a
particle may traverse through the trabeclae and never cross the marrow cavity, thus
reducing the dose to that tissue.
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METHODOLOGY

The following steps outline the proposed procedure for bone dosimetry using the
EGS4 Monte Carlo transport ccde.

(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 B—emitters including P-32, Ca-45, Sr-89, Sr-90,
and Y-90. - | , Lo

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 geomctry 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, P(l), may be expressed such that:

P(l) = '1\145 exp - (L)

where: M = The most probable chord length which is approximately equal to the mean
cavity size divided by two.
1 = chord length, 0 <1< Im.
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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 plcture of a cross-section
~ of bone will demonstrate the accuracy of the distribution function.

*(3) Use the Monte Carlo Transport Code (EGS4) to calculate the specific absorbed
fractions of energy for monoenergenic electrons over a range of energies. |

(4) Using the specific absorbed fractions, calculate S-factors 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 characteristics of bone at different location throughout the skeleton.

Bone Red Marrow | Bone Mass | Trabecular |  Trabeculae Yellow Mean
Region ‘ ‘ Marrow ‘
- 1.028 g/cmA3 ® Mass 1.92 g/cm?3 | 0.983 g/cm”3 Csai\;i;y
» Mass Vol Mass | Vol | Mass | Vol " (mm)
Arms: ‘ »
Upper 285 | 217 474 20 | 948 | 4938 95 | 97 | 084
‘ Low& 520 15 78 39.27 | 389 | 395.7 0.84
Clavicle 24 23.3 49.2 6 295 | 1.54 8 8.1 0.8
Legs: ‘
Upper 57 554 2036 33 671.8 | 3499 19 19 0.84
Lower 1588 25 397 20.6‘:.7 461 469 0.84
Pelvis 543 528.2 177 25 44251 184.1 | 181 | 184.1 0.58
Ribs 153 148.8 688 6 40.25 | 204.5 ] 201 |} 204.5 0.72
Scalpulae 72 70 206 6 12.36 | 244 24 244 0.8
Skull: |
Cranium 1785 | 173.6 557 5 2785 60.5 | 595 | 60.5 0.72
Mandible | 18 | 17.5 439 5 2195| 61 | 6 | 6. 0.72
Spine:
Upper 51 49.6 130 75 975 ] 173 17 17.3 0.99 -
Middle 2115 | 205.7 533 75, 39981 71.7 | 705 { 71.7 0.99
Lower 163.5 159 87.8 66 5795] 554 | 544 | 554 0.99
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INTRODUCTION

Within both the fields of nuclear medicine and radiation protection, there is the need
1o assess the activity concentration of inhaled radioactive material in the different regions of
the respiratory system. So far, i has been shown that the lung, together with the gonads,
breast, and red bone marrow, are the more radiosensitive organs within the human body
(NCRP 1987). In addition, the lung is une of the more difficult organs to model :n that its
dynamic behavior requires simultaneous simulation of physical, bioldgical, 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 removul 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 retentior. 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 absorbed 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 in assessing lung burdens of other industrial chemical pollutants.

So far, modelixig 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 io 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-varying functions involving pnonlinear 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 time-independent transfer 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 all 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 Médeling) developed by Berman and
Weiss (1978). Comparisons will subsequéntly be made of bqth lung and organ committed
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 inertial impaction, sedimentation, and
diffusion; (3) biological clearance processes such as 1nechanical mucociliary transport of
inhaled dust in the tracheobronchial tree, and phagocytosis by alveolar macrophages; and
(4) the absorptibn 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 extrathoracic 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 et. 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 sliw translocation
compartments, respectively. The fast translocation compartment includes airways 0-16 of
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 miathematically represented by
exponential time-varying functions illustrated as B(t) and Gg(t) in Fig. 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 maicrophages.
These cells move freely on the epithelium and phagocytize, transport, and detoxify
deposited material they contact. Solubilization mechanisms involves dissolution. Particles
that dissolve in the alveolar fluid can diffuse through the epithelium and interstitium into
the lymph or blood, and those translocated and trapped in interstitial sites may be absorbed.
Once again, these processes are simulated by the exponential time-varying functions that
are represented in Fig. 1 as Gg(t) and B(t).
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Figure 1. Compartmental distribution of the proposed new ICRP Lung Model.

222



When all these biological and physicochemical factors are taken into iccount, the
activity of inhaled material distributed in the differs;nt lung regions is given by the
‘numerical solution of a mass balance equation describing the compartmental distributions of
Fig. 1. Therefore, the concentration of radioactive material in each compartment is given
by the solution of a szt of coupled, differential equations:

qF&f( D fODgr- [BO + Gr @ + Arlagr®

dgrz® ' 4 ‘
qT&f ® —ioDrs+G, 4y ® - [BO + G () + Arlarp ®)

dgpp® . ‘
2 ® KO- [BO) + G, 0+ g Japy ©

' where:
qE_T ®,qrp (t) qpy () are the activities of an inhaled radionuclide

in the dlf‘“erent regions of the lung.

I (t) = Rate of inhalation of acnvxty of the radxonuchdc
B(t) ZA e~M! with A;and A; constants is a solubility function

calculated from experimental fitting processes.
De.T,DT.B, Dp.N are the total deposition fractions of inhaled material
in the different regions of the lung.
G; (t) = Slow clearance rate function (same form as B(t) ).
Gg.1 (1), Gt (1) = 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 écrodynamic 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 equatlon (ICRP 1966):

DE.T -0.62 + 0.475 log (D42 Qa), ‘

where ‘

| D, = aerodynamic diameter of the particle
Qa = breathing flow rate (liter/min).

At the same nme, these deposition fractions will be compared w1th the cxpenmental results
of Bowes and Yu (1989) which are represented by the following relatlonshlp

d
“(um)

’

where
DF = deposition fraction
'dq = 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 diferent generations of the
tracheobronchial and pulmonary regions are calculated as:

F = 1- (1-D(1-S)(1-D),
where .
F=Total deposition fraction
I= impaction deposition probability
S= 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.
M hometric calculations of the tracheobronchial tree reported by Weibel (1963) have
been improved in the design of this program by the substitution of values reported by
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Phalen et. al (1985) for generations (0-15) and by Dunnill (1962) for generations (16-22).
As a result, the program will be désigned accommodate of any change in parameter values.
| Concurrent with this program development, the computer code SAAM (Simulation
Analysis and Modeling) is being tested in the simulation and acquisition of numerical
solutions of the mass balance equations shown in the previous section. At this point, the
code has demonstrated excellent agreement between analytical and numerical solutions for
the case of linear chains of compartments with constant transfer rates.

~ The stability of linear dynamical equations like Eq. 1 will depend on the existence of a
steady-state solution of the system; this means that if the system is perturbe& from the
~ equilibrium state by an impulsive or periodic input function (sudden or ‘peribdic inhalation
of radioactive material), then the system will return to the same or another equilibrium state
as the time tends toward infinity. In attempting to solve the dynamic system of Eq. 1, the
strady-state solution becomes important, since the general solution for the time-varying
case can alWays be decomposed into the zero-input response and the zero-state response:

AW =0(t:t.q,,0)+60:t, ,0,u)
where (t) = is the vector of solutions in the different regions of the lung
' q,, = is the vector of initial conditions of the system

u = is the vector of inputs of the system.
¢ (tity, q, » 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 sclution 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 the‘stcady-state solution within the differeiit compartments. They also
show how the transient solutions always tend toward the steady-state solunon at infinite
times, presuming the system remains stable.
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DEVELOPMENT OF A DIFFERENTIAL
VOLUME PHANTOM
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INTRODUCTION

In 1964 the Society of Nuclear Medicine formed a committee to fulfill the needs of the
nuclear medicine commumty to determine the radiation absorbed dose to patients who are
administered radiopharmaceuticals. The objectives of the Medical Internal Radiation Dose
(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
radiopharmaceuﬁcals. 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 in organ uptakes, contribute the greatest
sources of errors. |

- In 1978 a reference heterogeneous phimtom was described by MIRD in Pamphlet 5
Revised (Snyder et. 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 hnman body based on ICRP
Publication 23 (1975) which described a reference man. The crgans 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 et. 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 medicine procedures to assess the
energy per unit mass given to an organ or tissue of the human body for either external beam
therapy or internally deposited radionuclides. This variable is the average absorbed dose;
which conveys only information concerning the whole tissue or tissues based on a uniform
distribution of the radionuclide. However, it does not convey information related to the
spatial dose distribution inside a tissue, nor the doses to other healthy tissues near the
region of interest. Moreover, the effectiveness of a procedure is not simply based on
average absorbed doses but also on the spatial distribution of energy due to different types
of radiations (related to the Linear Energy Transfer, LET).

Absorbed dose calculations for internally deposited radionuclides are based on a
mathematical phantom which is a gross representation of a reference ran. Today's nuclear
medicine procédures require better estimates of absorbed doses for the human body. These
estimates are of extreme importance due to the sensitivity of certain regions (such as the
brain) for the correct planning and delivery of absorbed doses. The correct visualization or
representation of regions of the human body will provide a more accurate estimate of the
absorbed dose and its distribution throughout an organ or tissue. This representation is
based upon improved modeling of an organ or tissue in the human body and also an
estimate of the distribution of the radionuclide through the region itself.

Taking the above into consideration, a new differential volume phantom was designed
to study the possibilities of generating new information concerning dose volume
distributions and radionuclide distribution in the human body (dynamic processes are
included). This new phantom is constructed based on physiological, anatomical and
metabolic variables obtained from an individual patient which generates a specific phantom
that simulates only une specific patient. Such data is obtainable from MRI studies and
easily reconstructed to be used as geometrical input for new calculations.

This new phantom required further work to consolidate the concept. A variety of tests
were made to assess the feasibility of the original idea.

First Test:

The first step made was to use of the old mathematical phantom described in MIRD
Pamphlet S 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 informaticn extracted was the average absorbed dose,
isodose curves, the spatial absorbed dose, the dose volume distribution and blood-tissue
dose ratio. These variables are 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 carried out and results are still not available for
commentary and discussion.

METHODOLOGY

The mathematical phantom used in MIRD Pamphlet 5 Revised was reconstructed into a
non-mathematical form. Figure 1 shows a representation of cross sections of the
matheratical phantom by the planes z=0, 1,2, 3,4, 5,6,7,8,9, 10 and 11 cm. These
non-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 more 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 MRI images obtained from
an specific patient. The images should be processed in such a form that they can be used
for Monte Carlo transport. The implementation of such images should require the use of
digitizers to locate regions of the body in which the radionuclide is concentrated. This will
allow the assessment of the radionuclide distributien inside different organs of the body, as
well as calculation of retention times and other metabolic parameters. This process is
tedious and requires large blocks of computer time to process; however, once done it is a
single step to obtain absorbed doses for the regions of interest in the human body.

Task 2:

The second task consists of the determination of regions of the human body which are
of importance for medical procedures (e.g., the brain). Then it is necesssary to determine
the different physiological and metabolic parameters to be used in the phantom. The
objective is to locate the radionuclide distribution throughout the phantom itself and,
therefore, assess the distribution in different regions' and tissues of the body. This will
allow the correct sampling of the radionuclide distribution rather than just assuming a
uniform distribution. Having located and excluded the regions of interest, the code EGS4
will be used to asses energy deposition patterns in the body (as shown in figures 3 and 4).
The results obtained will allow a complete state of the art treatment planning 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 4. Superposition of a dose contour and a cross section of the phantom at z= 35.0
cm. The source region was the cortex of the kidneys with a uniform distribution of

99mTc. This plot allows the visualization of the isodose curves superposed with the
different regions and organs of the phantom.
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