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The availability of quantitative three-dimensional in vivo data on
radionuclide distributions within the body makes it possible to
calculate the corresponding nonuniform distribution of radiation
absorbed dose in body organs and tissues. This pamphlet empha
sizes the utility of the MIRD schema for such calculations through
the use of radionuclide S values defined at the voxel level. The use
of both dose point-kernels and Monte Carlo simulation methods is
also discussed. PET and SPECT imaging can provide quantitative
activity data in voxels of several millimeters on edge. For smaller
voxel sizes, accurate data cannot be obtained using present imag
ing technology. For submillimeter dimensions, autoradiographic
methods may be used when tissues are obtained through biopsy or
autopsy. Sample S value tabulations for five radionuclides within
cubical voxels of 3 mm and 6 mm on edge are given in the
appendices to this pamphlet. These S values may be used to
construct three-dimensional dose profiles for nonuniform distribu
tions of radioactivity encountered in therapeutic and diagnostic
nuclear medicine. Data are also tabulated for 131Iin 0.1-mm voxels
for use in autoradiography. Two examples illustrating the use of
voxel S values are given, followed by a discussion of the use of
three-dimensional dose distributions in understanding and predict
ing biologic response.
Keywords: voxel S values; MIRD schema; nonuniform;dosimetry;
radionuclide
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Iraditionally,
the MIRD schema (1) has been applied to
nonuniform activity distributions, only to the extent that radio
activity localizes in different source organs. Within each organ
or major component of an organ, the source has been assumed
to be uniformly distributed (2,3). However, there is nothing
intrinsic in the MIRD schema that precludes its extension to
smaller regions (4). The purpose of this article is to introduce
dosimetry tools for nonuniform source distributions using small
suborgan voxel dimensions and to review current methods of
dose calculation using patient-specific imaging data.
Current calculational methods for the dosimetry of nonuniform activity distributions generally use either dose pointkernel convolution techniques or direct Monte Carlo radiation
transport. This pamphlet defines a third concept with applicaReceived Apr. 3, 1998; accepted Apr. 4, 1998.
For correspondence or reprints contact: Wesley E. Bolch, PhD, Department of
Nuclear and Radiological Engineering, 202 NSC, University of Florida, Gainesville, FL
32611-8300.

tions to voxel dosimetry: the voxel S value approach based on
the MIRD schema. Examples are provided wherein voxel S
values are applied to nonuniform activity distributions to assess
isodose contours and dose-volume histograms (DVHs) within
treated tissue regions. Extensions of the approach are applied to
autoradiographic data on radiopharmaceutical localization. The
potential of these techniques to attain improved correlations
with biologic response is also discussed.
SPATIAL LEVELS OF SOURCE-TARGET
REGION DEFINITION
Internal dosimetry calculations can be performed over a
broad range of target dimensions: whole organs, suborgan
regions, small-scale tissue regions, multicellular clusters, single
cells and even subcellular regions. In each case, the MIRD
schema may be applied to estimate the average absorbed dose
for any user-defined source-target geometry. At each spatial
level, three steps are required:
1. The source and target regions of a representative dosimet
rie model must be defined;
2. The activity as a function of time in the source regions
must be quantified or assumed; and
3. Calculations of absorbed fractions of energy and radionu
clide S values must be made for all radiations of interest
and for all source-target region combinations.
Organ Dosimetry
The minimum scale for source region definition in a dosi
metrie model is typically guided by the spatial level at which
the investigator can accurately quantify the activity of the
radiopharmaceutical. Through the late 1970s, activity quantifi
cation was primarily performed via planar imaging in which
regions-of-interest were delineated for whole organs. Conse
quently, the MIRD schema was generally applied at that same
whole-organ level with both source and target regions defined
as individual model organs. As described in MIRD Pamphlet
No. 5 Revised (3), Monte Carlo photon transport was per
formed within a mathematical anthropomorphic model resem
bling reference man (5) so as to assess values of specific
absorbed fractions at the whole-organ level. Within each source
organ, the activity was assumed to be uniformly distributed.
This assumption was embodied in the method by which photon
transport was simulated within the MIRD Pamphlet No. 5
Revised mathematical model. Radionuclide S values were then
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developed for individual organs as published in MIRD Pam
phlet No. 11 (2). At that time, nuclear medicine practice was
primarily diagnostic in nature, and the average absorbed dose to
whole organs was considered sufficient for risk estimation
purposes. To this day, imaging for radiation dosimetry is
usually performed at the whole-organ level (6).
Suborgan Dosimetry

Suborgan dosimetry followed the introduction of commer
cially developed PET imaging in the mid-to-late 1970s and
SPECT in the early 1980s. In neuroimaging studies, for exam
ple, SPECT images have been used to quantify radiopharmaceutical activity within brain substructures such as the cerebral
cortex or caudate nuclei (7-9). These agents may be considered
to distribute nonuniformly within the brain. Correspondingly,
the MIRD schema may be used to assess subregional brain
doses if a dosimetrie model is constructed that specifically
includes these structures as source and target regions [see
Bouchet et al. in a forthcoming issue of TheJournal of Nuclear
Medicine (10)]. Although the activity within the whole brain is
no longer considered to be uniformly distributed, one still
makes the assumption in applying the MIRD schema that the
activity is uniformly distributed within the subregion (cerebral
cortex or caudate nuclei) and that the tissues within that
subregion are homogeneous in composition. Other examples of
suborgan dosimetry include the development of a multichamber
heart model (11,12) and multiregion models of the kidney
(13-15).
Voxel Dosimetry

"Voxel dosimetry" is defined as the calculation of radiation
absorbed dose to tissue regions with dimensions ranging from a
few centimeters to hundreds of micrometers. As the name
implies, voxel dosimetry is generally associated with tomographic imaging or autoradiographic techniques for activity
quantification. This level of dosimetry is of interest in:
1. Radioimmunotherapy (RIT) with radiolabeled monoclo
nal antibodies;
2. Radioiodine therapy of thyroid carcinoma; and
3. Intratumoral injection of therapy radiopharmaceuticals.

In these applications, source regions may be defined as indi
vidual tumors or even regions within a tumor. Both the tumor
and normal tissues acquire nonuniform distributions of activity
from variations in the pharmacokinetics (delivery, uptake,
site-specific binding and clearance) of the radiopharmaceutical.
These nonuniform activity distributions lead to nonuniformities
in the absorbed dose profile within these entities. "Cold spots"
that develop from dose nonuniformity may allow the regrowth
of the tumor from surviving cancer cells; consequently, the
mean absorbed dose to tumor may not be the most useful
parameter for evaluating clinical results (16-18). Calculation of
isodose contours or DVHs within these tissue regions is,
therefore, desirable. The corresponding dose nonuniformity will
depend on the emission spectrum of the radionuclide of interest.
These dose profiles will be most nonuniform for short-range
radiations (alpha-particles and low-energy beta-particles). Xrays and gamma-rays will tend to distribute the dose more
evenly in regions local to the activity deposition.
With the development of PET and SPECT, in vivo quantifi
cation of activity distributions can be performed with resolu
tions adequate for voxel dosimetry at the 3- to 6-mm level.
Attenuation corrections, scattered photon corrections, partial
volume effects and reconstruction algorithms can vary from
system to system and application to application, with a resulting
variation in system spatial resolution. The voxel size will vary
12S

depending on the image matrix size and the camera field of
view. Typically, these modalities allow quantitative activity
data to be acquired in a 64 X 64 or 128 X 128 image matrix,
yielding cubic voxels of ~6 mm or ~3 mm on edge, respec
tively, for a 40-cm field of view.
Multicellular, Cellular and Subcellular Dosimetry

Multicellular, cellular and subcellular dosimetry require ac
tivity quantification at smaller dimensions (tens to hundreds of
micrometers). At present, acquiring the source distribution data
necessary to perform dosimetry at these dimensions directly
from in vivo imaging is not feasible. However, measurements
can be made using tissue specimens acquired through biopsy or
autopsy. Autoradiographic techniques using films or phosphor
plates may then be applied to quantify activity within groups of
cells (multicellular) and, to some extent, within single cells
(using high-resolution film techniques) (19). Several investiga
tors have focused their efforts on dosimetry models for single
cells or cell clusters (20-32). Source regions in these models
include the cell surface, cytoplasm and nucleus. These models
are then used to calculate absorbed fractions and cellular S
values for use within the MIRD schema (31). New ion-beam
spectrometry techniques to map tracer distributions at the
micrometer level have allowed the calculation of dose profiles
at the nuclear level (33). At the subnuclear level, however, the
concept of absorbed dose alone, whether applied as the average
or as part of a distribution (as in microdosimetry), may not be
adequate as a predictor of biologic response (4,34). When the
target is deemed to be the DNA molecule, mechanistic models
of radiation transport and radiation chemistry are frequently
used, whereby direct damage by secondary particles and indi
rect damage by free radical radiolytic products are explicitly
considered (35-38).
Applications to Patient-Specific

Dose Estimates

Patient-specific dose estimates are important when:
1. There is a wide patient-to-patient variation in pharmaco
kinetics of the injected radiopharmaceutical;
2. Organ absorbed doses are large; or
3. Normal organ toxicity is possible.
Diagnostic or treatment-planning dosimetry can provide infor
mation that guides the choice of radiopharmaceutical and
administered activity required to achieve an adequate dose to
tumor without serious normal tissue toxicity. Radiobiologie
information of importance concerning the relative efficacy and
toxicity of internal emitters compared to external-beam therapy
requires information on dose distributions and toxicity on a
patient-by-patient basis. Patient-specific suborgan dosimetry
has become feasible with the development of high-resolution,
three-dimensional anatomic (MRI and CT) and accurate threedimensional physiologic (PET and SPECT) imaging devices,
stereotactic biopsy and methods of dose calculation (Monte
Carlo radiation transport, point-kernel convolution, and the
MIRD schema).
Given voxel-based estimates of the activity distribution and
organ-based anatomy, the MIRD schema can be used to
calculate absorbed dose to the different voxels. Voxel dosimetry
calculations assume a homogeneous tissue composition and a
uniform radionuclide distribution within individual voxels.
Dose-volume histograms within the tumor and normal organs
can be generated by displaying the distribution of target voxel
doses. As with all target regions defined under the MIRD
schema, the dose to the target voxel will, nevertheless, be its
average dose.
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CURRENT METHODS FOR DETERMINING
CUMULATED ACTIVITY

VOXEL

Quantitative SPECT and PET provide means by which the
spatial distribution of activity with time may be determined in
vivo within a source organ or suborgan region. MIRD Pamphlet
No. 16 (6 ) in the next issue of TheJournal of Nuclear Medicine
presents general details concerning quantitative SPECT and
PET imaging. Ideally, voxel dosimetry would use activity per
image voxel as a function of time. One could then integrate the
time-activity curve for each image voxel, thus obtaining a
voxel-specific cumulated activity. Coregistration of serial
SPECT or PET source organ acquisitions for the purpose of
determining individual voxel cumulated activities is technically
demanding. However, activity in subregions (i.e., groups of
voxels) within a source organ can be obtained from:
1. Sequential SPECT or PET imaging; or
2. SPECT or PET imaging performed at a single time point
in conjunction with sequential planar imaging.
In this approach, voxel variations in the biokinetic behavior of
the radiopharmaceutical are ignored. Additional information on
quantitative SPECT and PET imaging may be found in previous
reports (39-45).
In situations in which tissue biopsy or autopsy are possible,
detailed information on activity distributions may be obtained
through the use of autoradiography, implantation of thermolu
minescent dosimeters or combinations of both [a review of
these techniques has been published (46)].
CURRENT

METHODS OF DOSE CALCULATION

Three broad computational approaches are available for
handling nonuniform dosimetry at the voxel level: dose pointkernel convolution, direct Monte Carlo radiation transport and
voxel S values. At present, the dose point-kernel approach is the
most widely used technique, primarily due to the demanding
computational requirements of direct Monte Carlo and the
unavailability of tabulated S values at the voxel level. Several
articles have been published outlining the use of dose pointkernels for nonuniform dose assessment within radionuclide
treatment planning systems (39,40,45,47). Within the past few
years, however, the increased computational power of modern
desktop computers and the widespread availability of transport
codes will most likely increase the use of direct Monte Carlo
transport for voxel dosimetry (48). The third approach, the use
of voxel S values with the MIRD schema, has recently been
suggested (49,50) and is equivalent in concept to the voxel
source kernel approach (51,52).
Here, data sources for both photon and electron dose pointkernels are reviewed, and we include a discussion of the use and
potential limitations of the dose point-kernel approach to voxel
dosimetry. Techniques for performing direct Monte Carlo
radiation transport are then presented. The voxel S value
approach is given in the following section.
Dose Point-Kernels

for Electrons

A dose point-kernel represents the radial distribution of
absorbed dose around an isotropie point source of radiation in
an infinite homogeneous medium (typically water). Dose pointkernels were first calculated for monoenergetic electrons by
Spencer (53,54) using a numerical solution of the transport
equation. These results were subsequently averaged over sev
eral beta-particle energy spectra by a number of investigators
(55-57). Calculations such as these can serve as standards
against which more approximate empirical expressions for dose
distributions may be compared (58-64). Many investigators
have opted to use these empirical expressions because they give

the dose point-kernel as an analytic function rather than as
tabular data, thus facilitating dose computation.
The dose point-kernel results of Spencer are based on the
continuous slowing-down approximation (CSDA); as such,
they neglect statistical fluctuations in energy loss that can
underestimate electron doses at large distances. At shorter
distances, Spencer's results agree with experimentally mea
sured beta-particle dose distributions (65,66). A major advance
in beta-particle dosimetry followed the development of the
ETRAN Monte Carlo code, which thus avoided the need to use
the CSDA (67,65). ETRAN was used to recalculate dose
kernels for monoenergetic electrons (69), and these dose kernel
results were subsequently averaged over the beta spectra for six
radionuclides of interest in RIT (62). As expected, the average
doses at distances far from the source were larger than those
predicted on the basis of Spencer's calculations. In addition,
they were closer to experimental observations.
Several improvements have been made to the ETRAN code
since 1973. In particular, revisions were made to both the
electron stopping powers (70) and bremsstrahlung cross-sec
tions (71), and an error in sampling of the Landau/BlunckLiesegang distribution of energy losses was corrected
(67,72,73). In 1991, dose point-kernels for monoenergetic
electrons were recalculated using these improvements (74).
Other electron transport codes have also been used to generate
dose point-kernels. In 1990, dose point-kernels were published
for monoenergetic electrons and for eight radionuclides of
interest in RIT based on Monte Carlo transport calculations
using the Electron-Gamma Shower (EGS4) code system (75).
In 1992, tabular data were published for dose point-kernels for
monoenergetic electrons from 25 keV to 4 MeV and for 32
beta-particle emitters (76). These calculations were based on
the ACCEPT code, a derivative of the ETRAN code which
incorporates the improvements mentioned above. Dose pointkernels from the ACCEPT code were additionally published in
report form for some 147 beta-emitters (77).
Dose Point-Kernels

for Photons

For radionuclides that also emit photons, the photon contri
bution to the dose should be included in voxel dosimetry
evaluations. For these calculations, the methods originally
presented in MIRD Pamphlet No. 2 (MIRD 2) are frequently
used (78). For a point isotropie photon source in a uniform,
infinite water medium, one may define <Ã®>(\),
the point isotropie
specific absorbed fraction, as the fraction of emitted photon
energy absorbed per unit mass at radial distance x from the
source:
,,

,
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p
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Eq. l

where iÂ¿is the linear photon attenuation coefficient at the
source energy, /j,en is the linear photon energy-absorption
coefficient at the source energy, p is the mass density of the
medium and Benis the energy absorption buildup factor, which
takes into account the contribution of scattered photons to the
energy deposited at /j,x mean-free-paths from the source point.
The buildup factors published in MIRD 2 were obtained by
solving the photon transport equation using the moments
method of Spencer and Fano (79). The buildup factors were
tabulated for 35 values of/AXranging from 0.05 to 20.0 and for
19 photon energies ranging from 15 keV to 3 MeV. In addition,
the values were fit to a lOth-order polynomial for use in
interpolating between values of energy and /nx. Additional
empirical equations using the tabular data of MIRD 2 have also
been published (80,81).
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More recently, the EGS4 code was used to generate photon
dose point-kernels in water for 14 radionuclides of interest in
nuclear medicine (#2). In these calculations, the emission
spectrum of each radionuclide was used directly in the transport
simulations. The computed values of photon dose point-kernels
were subsequently fit to a six-parameter expression for subse
quent use in a radionuclide treatment planning system.
Methods of Applying Dose Point-Kernels

For either monoenergetic particles or for an emission spec
trum for a specific radionuclide, the dose point-kernel repre
sents the mean absorbed dose at a given radial distance per
transition from an isotropie point source located within a
homogeneous, infinite medium. If one considers the activity
within the source region as a three-dimensional grid of point
sources, the absorbed dose at a target point is a superposition of
contributions from all point sources surrounding this target
point (47). This superposition is a time-consuming mathemat
ical process called convolution. Fast Fourier or fast Hartley
transforms may be used to increase the computational speed of
the convolution (45,51,83). The requirement for a medium of
homogeneous composition can be problematic, however, when
patient-specific activity is acquired within regions of the body
with known tissue inhomogeneities. Examples include both
air-tissue interfaces in the lungs or near body surfaces and
bone-tissue interfaces near skeletal regions. In these cases, the
use of point-kernels derived for homogeneous media may lead
to substantial errors in the reported dose distributions (84).
Quantitative SPECT or PET imaging generally yields activity
within voxels with a defined volume and shape (cubical or
parallelepiped). Consequently, the use of dose point-kernels
necessitates decisions as to how the activity is to be distributed
within a source voxel and where the dose is to be reported with
respect to these source voxels. For the source voxels, one may
choose to either collapse the activity to the voxel centroid or
uniformly distribute the activity throughout the source voxel
volume. Target regions may be defined as the voxels within the
image dataset (which may or may not correspond to source
voxels containing activity), the voxel centroids or an indepen
dent set of target points disconnected from the source voxel
array. If one chooses to distribute the activity within the source
voxels and to average the dose across the volume of the target
voxels, one must perform a volume integration over both the
source and target voxels. This six-dimensional integration can
be reduced to a one-dimensional integration through the use of
geometry factors or point-pair distance distributions that are
specific to the source and target geometries (IS,85,86). Unfor
tunately, analytical expressions for geometry factors for cubical
source-target geometries are not readily available. Examples of
the use of dose point-kernels in the assessment of threedimensional dose distributions and their use in RIT treatment
planning may be found in previous reports (39,40,45,87-89).
The methods specific to beta-particle dosimetry have also been
reviewed (90,91).
The popularity of the dose point-kernel approach to voxel
dosimetry lies in its speed of computation relative to Monte
Carlo radiation transport, particularly when used in analytic
form and when applied to point source and point targets. As
noted above, however, the point-kernel approach can lead to
errors within regions of the body associated with tissue-air or
tissue-bone
interfaces. Furthermore, the method does not
account for variations in atomic number throughout a tissue
region that may influence the distribution of dose delivered by
low-energy photons. In situations in which tissue inhomogene
14S

ities must be considered, direct Monte Carlo transport methods
may be used.
Applications of Direct Monte Carlo Radiation Transport

Although several Monte Carlo codes exist that allow the
transport of photons and electrons in user-defined geometries,
two codes are particularly useful for voxel dosimetry applica
tions, primarily due to their ready availability, continuing
developmental support, broad user-group membership and ex
tensive benchmarking. These include Version 4 of the EGS4
transport code system and Version 4B of the Monte Carlo
N-Particle transport code system (MCNP). Both of these codes
may be obtained from the Radiation Safety Information Com
putational Center at the Oak Ridge National Laboratory (Oak
Ridge, TN).
The EGS4 code was originally developed at the Stanford
Linear Accelerator Center for use in computation of electronphoton cascades in high-energy physics. Due to increased
interest in using EGS4 within medical physics and internal
dosimetry applications, the transport capabilities of the code
have been extended to lower particle energies. The EGS4 code
uses a path-segment model for electron transport, whereas
simulation of photon transport is achieved through conventional
Monte Carlo techniques, taking into account the generation and
subsequent transport of all orders of the electron-photon cas
cade. These cascades include the generation of secondary and
higher-order electrons and the generation of bremsstrahlung
photons. In the path-segment model, the numerous Coulomb
collisions between electrons and atoms are not sampled indi
vidually. Instead, each electron track is divided into a moderate
number of segments (<100), and the energy loss in each
segment is sampled from a theoretical energy-loss straggling
distribution that takes into account the combined result of many
inelastic collisions. Each segment is further divided into two or
more subsegments, and the net angular deflection in each
subsegment is sampled from a theoretical multiple-scattering
distribution that takes into account the combined effect of many
elastic collisions. The small energy losses from inelastic colli
sions are treated in the CSDA (with restricted stopping powers),
and large energy losses are sampled individually.
The EGS4 code system permits the treatment of multimaterial media during both electron and photon transport. Conse
quently, explicit treatment of tissue heterogeneities can be
implemented by assigning user-defined tissue compositions
(soft tissue, bone, lung or air) to various geometrical regions.
Within the main program of EGS4, the user is required to
develop specific geometrical routines for extracting information
from the sampled particle histories.
The MCNP code was developed at Los Alamos National
Laboratory for use in shielding and weapon design associated
with the United States nuclear weapons program. The MCNP
code allows the coupled transport of photons and neutrons in
user-defined geometries of arbitrary media. It is a continuousenergy code that uses interpolation within available crosssectional data to obtain cross-sectional information at all ener
gies that are needed during the transport process. In Version 4A
and, most recently, in Version 4B, the Integrated TIGER Series
of electron transport codes (derivatives of the ETRAN code)
have been included, thus allowing simulations of the electronphoton cascade. Both MCNP and EGS4 can be installed on
Unix workstations and personal computer platforms. Further
information about available electron transport codes has been
reported previously (92 ).
Many of the details necessary to implement direct Monte
Carlo radiation transport within a RIT treatment planning
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system have been reviewed (48). This review proposes cou
pling patient-specific imaging data with the EGS4 code to
directly assess three-dimensional
distributions of absorbed
dose. In this method, quantitative SPECT or PET images would
be used to assign values of cumulated activity to imaging
voxels. Next, CT images would be coregistered with the SPECT
or PET voxels, whereby a voxel-specific CT number would be
used to assign both an effective atomic number Z and mass
density p to the tissue in each voxel. It is noted that treating each
voxel as an independent geometry is inefficient because bound
ary-crossing algorithms must be invoked, even during transport
across arrays of voxels with equal values of p and Z. The
solution proposed is to treat all contiguous voxels having
similar Z as a single medium with variable densities, thus
eliminating the need to resample interaction parameters at every
voxel. The method was demonstrated using a voxel version of
the adult MIRD anthropomorphic mathematical model (3 ) and
by showing DVHs generated for selected source and target
organs (48). A similar system of direct Monte Carlo transport in
a voxel geometry was recently reported elsewhere (93). Monte
Carlo photon transport has also been applied to solid tumor
dosimetry (94-96).
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FIGURE 1. Absorbed fractions for monoenergetic electrons within 3-mm
voxels.

Voxel S Values for Cubical Geometries

THE VOXEL S VALUE APPROACH
A third approach to voxel dosimetry allows the application of
the MIRD formalism to quantitative data on nonuniform distri
butions of activity within target organs, suborgan regions and
tumors. As noted above, SPECT and PET imaging allows in
vivo determination of activity at the voxel level (6). Through
the use of sequential scans during the washin, redistribution and
washout phases of the radiopharmaceutical
within a source
organ or region, cumulated activities per image voxel (or groups
of voxels) may be determined. One approach, therefore, is to
provide S values that correspond to the voxel geometry of the
imaging data. As shown in Equation 2 below, the MIRD
schema may be applied in a three-dimensional array summation
to assess the dose to a given target voxel k from N surrounding
source voxels h (including dose contributions from the target
voxel itself, h = 0):

D(voxelk) = 2 Avoxe|hâ€¢
S(voxelk

-voxelh).

Eq. 2

h=0

Evaluation of Equation 2 for all target voxels in the region of
interest thus allows for calculations of isodose contours and
DVHs within that same region.
In this pamphlet, a voxel S value is defined as the mean
absorbed dose to a target voxel per radioactive decay in a source
voxel, both of which are contained in an infinite homogeneous
tissue medium. As a result, the voxel S value approach suffers
from the same restrictions as the dose point-kernel convolution
methods, in that tissue inhomogeneities cannot be accommo
dated. Direct Monte Carlo radiation transport offers a general
ized method for handling tissue inhomogeneities and for assess
ing their influence on the resulting dose distributions.
Nevertheless, the voxel S value approach offers a convenient
and rapid tool for voxel-scale dosimetry studies in a manner
analogous to MIRD calculations at the level of whole organ
dosimetry. More importantly, the use of voxel S values avoids
the need to perform CPU-intensive volume integrations of the
dose point-kernel over both the source and target volumes. In
addition, voxel S values can be readily implemented without the
need for time-consuming efforts required to calculate the dose
from first principles (absorbed fractions, etc.).

The Monte Carlo code EGS4 was used to perform all
simulations of radiation transport and energy deposition. To
ensure minimal dependence on the energy-loss step-size in the
calculations, the PRESTA algorithms were used for each
simulation (97,98). Two sets of calculations were made: one for
6-mm cubical voxels and one for 3-mm cubical voxels. For each
dataset, a cubical array of target voxel regions was established
in which a centrally located source voxel was placed. A total
array of 81 X 81 X 81 voxel regions was considered. A buffer
region was also included beyond the cubical array of target
voxels, to allow for particle backscatter.
To obtain voxel S values, a database of source-to-target voxel
absorbed fractions was first established for monoenergetic
electrons and photons. Electron transport calculations included
the production and subsequent transport of bremsstrahlung
photons in the cubical arrays. In the photon transport calcula
tions, explicit treatment of secondary electron transport was
also included. Transport cross-sections were based on the soft
tissue composition of the Cristy and Eckerman anthropomor
phic mathematical models (99).
Voxel absorbed fractions for monoenergetic electron sources
of energies 0.01, 0.1 and 1 MeV are shown in Figure 1 for voxel
dimensions of 3 mm on edge. The plots are displayed as
individual points, indexed to the source-to-target voxel centerto-center distance, to emphasize the discrete nature of the voxel
S value. For each electron energy, there is a rapid decrease in
the absorbed fraction to distances approximating the CSDA
range of the electron energy. At electron energies of 0.1 and 1
MeV, bremsstrahlung photons continue to contribute to the
absorbed fraction well beyond the electron pathlength, but only
in the range of 10~7-10
. Statistical variations in the absorbed
fraction are noted to increase with increasing source-to-target
voxel distances as the number of bremsstrahlung photons
reaching these distances decrease. Absorbed fractions for mo
noenergetic electrons within 6-mm voxels are shown in Figure
2.
Voxel absorbed fractions for monoenergetic photon sources
of energies 0.01,0.1 and 1 MeV are shown in Figure 3 for the
3-mm voxels. The corresponding data for the 6-mm voxels are
shown in Figure 4. At both voxel sizes, only slight variations in
the absorbed fractions are seen between photon energies of 100
keV and 1 MeV.
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FIGURE 2. Absorbed fractions for monoenergetic electrons within 6-mm
voxels.

Once a database of electron and photon absorbed fractions
has been established for each voxel size of interest, tables of
radionuclide S values may be generated, given the radionuclide
decay scheme data:
voxel),)

S(voxelk <â€”
voxelh) = 2 ^i

mvoxel^

Eq. 3

where AÂ¡is the mean energy of radiation particle i per nuclear
transition, $Â¡(voxelk Â«â€”
voxelh) is the absorbed fraction to
target voxel k per emission of radiation particle i from within
source voxel h, and mvoxelkis the mass of tissue within target
voxel k. In this work, the data of Eckerman et al. (100,101) are
used, in which each beta-particle in the radionuclide decay is
treated as a discrete spectrum of monoenergetic electrons. As
described above, the bremsstrahlung component of the S value
is explicitly included within the Monte Carlo estimate of the
absorbed fraction.
S values for the combined photon/beta-particle emitter 131I
and for the pure beta-particle emitter 32P are shown in Figure 5
for a voxel size of 3 mm. Within the source voxel itself, the S

in-8iPhotons
6.0Source-to-Target
1.0
2.0
3.0
4.0
5.0
Voxel Center-to-Center Distance (cm)
FIGURE 4. Absorbed fractions for monoenergetic photons within 6-mm
voxels.

mGy-MBq -'â€¢sec'1 for 131 I and 1.65
values
are 0.920 for
mGy-MBq^'-sec"1
32P
32T (self-dose). S values for the source
voxel irradiating its nearest neighboring voxel (center-to-center
distance of 3 mm) are 0.0354 mGy-MBq~'-sec~1 for 131I and
0.232 mGy-MBq^'-sec""1 for 32P. The cross-voxel S values
from each nearest neighbor are, thus, 4% and 14% of the
self-voxel dose for 131Iand 32P, respectively. As electrons and
beta-particles deposit their kinetic energy in the surrounding
target voxels, the S value for 13II decreases â€”3.5 orders of
magnitude at a source-to-target voxel distance of â€”0.5cm. An
effective decrease in the rate of change of the voxel S value
with increasing distance is evident beyond â€”0.5cm, at which
the photon component of the emission spectrum becomes the
sole contributor to the S value. For 32P, a decrease of â€”6orders
of magnitude is evident at a distance of 1.2 cm from the source
voxel. Beyond 1.2 cm, the S value for 32P decreases less
drastically as bremsstrahlung photons deposit their energy
within voxels further from the source.
S values for these same radionuclides but for a voxel size of
6S mm
are shown
in Figure
6. Within the source
voxeland
itself,
the
values
are 0.129
mGy-MBq^'-sec'1
for 131I
0.319
mGyMBq~''sec~'
for 32P. The cross-voxel S value from each
nearest neighbor is â€”2%of the self-voxel S value for 131Iand
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FIGURE 3. Absorbed fractions for monoenergetic photons within 3-mm
voxels.
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FIGURE 5. Radionuclide S values for 32P and 131Iwithin 3-mm voxels.

THEJOURNAL
OFNUCLEAR
MEDICINE
â€¢
Vol. 40 â€¢
No. 1 â€¢
January 1999

TABLE 1
S Values (mGy â€¢
MBq~1 â€¢
sec 1)for Phosphorus-32 Within 6-mm

in0IO'1'1IY2igt/5
Voxels*â€¢

S Values for 6-mm

Voxels Determined by Different Calculational Methods and
Under Different Distributions of Radioactivity in the Source

â€¢
P-32o

Voxel

I-131Â°Â°
Source-to-target

distance
(cm)0.0000.6000.8491.0391.2001.3421.470CaseA3.19E-012.53E-023.13E-034.64E-045.
"^-^â€¢*"*â€¢Â«*â€¢******

E-018.90E-036.25E-043.30E-051.88E-061.
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FIGURE 6. Radionuclide S values for 32P and 131Iwithin 6-mm voxels.

â€”8%for 32P, respectively. For distances exceeding 1.0 cm for
131Iand for distances exceeding 2.0 cm for 32P, the S values for
6-mm voxels are comparable to those for 3-mm voxels at
equivalent source-to-target voxel separations.
Voxel S Values for Noncubical Geometries

In some situations, radiopharmaceutical
images may be
acquired for a geometry composed of noncubical voxels. In
these cases, a precalculated database of voxel S values would be
difficult to maintain, which would accommodate all possible
combinations of in-plane pixel resolution and image slice
thickness. In autoradiography studies, noncubical voxels are
almost always obtained in which the slice thickness exceeds the
pixel dimensions. For these situations, voxel S values must be
generated for the particular sample being analyzed or technique
being used. These voxel S values can be generated via Monte
Carlo transport simulations or by dose point-kernel convolution
using volume integration over both the source and target voxel
volumes.
As an example of the use of noncubical voxel S values,
additional simulations for 131I in a voxel array set were made
with each voxel having dimensions of 50 /Â¿mX 50 jum X 1
mm, corresponding to activity dataseis with an in-plane reso
lution of 50 /um and an effective slice thickness of 1 mm. The
computational demands of both smaller voxel dimensions and
the loss of cubical symmetry required a modified transport
geometry. For this S value dataset, the source voxel was located
within the corner of a target voxel array 219 X 219 voxels in the
xy plane (corresponding to the 50 /urn X 50 /am dimensions)
and 9 voxels in the Z plane (corresponding to the 1 mm
dimensions). These voxel S values for 131I are used to assess
isodose contours
section.

in the second example

of the following

Tabulations of Voxel S Values

Tabulations of voxel S values are given in Appendices A-C
of this pamphlet for five radionuclides of interest in nuclear
medicine: 32P, 89Sr, "Â»Y,99mTc and 131I.Appendix A gives S
values for each radionuclide (Tables A1-A5, respectively) for
cubical voxels 6 mm on edge. Appendix B gives corresponding
S values for cubical voxels 3 mm on edge (Tables B1-B5,
respectively). A dataset of voxel S values for potential use in
autoradiography is given in Appendix C for the radionuclide
13"l and for cubical voxels 0.1 mm on edge (Table Cl).
For each table within each Appendix, the voxel S value is
indexed to the integer coordinates of the target voxel in all

Case A, voxel S values for 32Pas given in Appendix A (volume source and
volume target); Case B, voxel S values for 32Pas obtained through dose point
kernel convolution using the data from Ref (76) (volume source and volume
target); Case C, voxel S values for 32Pas obtained by EGS4 simulation (point
source and volume target); Case D, assumption of full energy absorption in
the source voxel (no particle escape).

dimensions (I,J,K). The first entry for (I,J,K) = (0,0,0) indicates
the voxel S value for the source voxel irradiating itself. Voxel
S values are given within an octant of 6 X 6 X 6 voxels, such
that the last entry in each table represents the voxel S value for
the source voxel located at (I,J,K) = (0,0,0) and a target voxel
located at (I,J,K) = (5,5,5). S values for other octants may be
obtained by invoking symmetry arguments (negative indices for
combinations of I,J,K).
These tabulations are considered as examples only. As the
voxel size may change from imaging session to imaging
session, a more extensive tabulation of voxel sizes may be
needed for routine incorporation into existing dosimetry proto
cols. With appropriate increments in the tabulated voxel sizes,
interpolations between voxel sizes can be easily facilitated.
CONSIDERATIONS OF INTRAVOXEL SOURCE DISTRIBUTION

It is instructive to briefly compare the use of dose point
kernels and voxel S values to perform voxel dosimetry calcu
lations, particularly in regard to the choice of how one might
distribute the activity within the source voxel. Consider a single
6-mm source voxel of 32P. Shown in Table 1 are four sets of
voxel S values generated for this radionuclide and for this voxel
size as a function of the source-to-target voxel center-to-center
distance. Case A represents voxel S values for both a volume
source and a volume target as generated through Monte Carlo
particle transport simulation (data from Appendix A). Case B
represents identical data except that these S values were
calculated using:
1. The dose point-kernel data of Cross et al. (76); and
2. Geometry factors calculated explicitly for cubical voxels
6 mm on edge (by a separate Monte Carlo routine).
Very good agreement is seen between these two dataseis,
indicating that one may use either approach to generate a set of
voxel S values. At the larger distances (e.g., 1.342 and 1.470
cm), the S values for Case A are higher than in Case B because
the Monte Carlo simulation method allows one to track bremsstrahlung photons beyond the CSDA range of the beta-particles.
These differences are small, however, when compared in
magnitude to the source voxel S value.
The data shown under Case C represent S values for a point
source of 32P located at the source voxel centroid. As with
Cases A and B, the target region is considered to be the entire
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voxel created under Case C is compensated by a corresponding
underestimate of the cross-dose component from the neighbor
ing voxels. Furthermore, dose calculations under both Cases A
and C approach that given under the assumption of zero particle
escape in the limit of a very uniform activity distribution. As the
degree of activity nonuniformity increases, however, the differ
ences in the individual voxel S values determined under these
varying source-target assumptions increasingly influences final
estimates of target voxel dose.
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FIGURE 7. Radiation absorbed dose to a central source voxel within a
cubical voxel array. The cumulated activity of 32P in the source voxel is
assumed to be 1 MBq-s. The dose to the central voxel is plotted as a function
of the cumulated activity within the 26 surrounding voxels expressed as a
percentage of that within the central voxel. Dose estimates are made under
three assumptions on the source-target geometry (see text).

volume of the target voxel. By collapsing the activity to the
voxel centroid, one increases the self-dose to the source voxel
by â€”41%. The corresponding S values to adjacent voxels
decrease correspondingly as a smaller portion of the betaparticle energy is allowed to escape the source voxel. The
reciprocity theorem states that these S values are identical to
those for a voxel centroid target irradiated by a volumetric
voxel source (702). Finally, Case D represents full energy
absorption within the source voxel in which the S value for the
source voxel irradiating itself is calculated as the quotient of the
mean particle energy emitted per decay (A = 1.159 X 10~'
Gykg-Bq~'-sec~'
for 32P) (101) and the mass of the target
voxel (0.216 g). Case D is typically used currently for handling
"nonpenetrating" radiations within radionuclide therapy treat
ment plans (45,87).
To understand the implication of these S value differences in
performing voxel dosimetry calculations, one must consider:
1. The total contribution to the target voxel dose from the
surrounding voxels; and
2. The degree of nonuniformity in the activity distribution
within the tissue region of interest.
Again, let us consider a simplified case for illustration in which
a single source voxel is surrounded by its 26 nearest neighbor
ing voxels. The cumulated activity in the central source voxel is
assumed to be 1 MBq-sec. Figure 7 plots the dose to this central
voxel as the cumulated activity in each of the neighboring
voxels varies from 0% of that within the central voxel to 100%
of that within the central voxel. These two extremes thus
represent a highly nonuniform activity distribution (i.e., a single
isolated voxel of activity) and a highly uniform activity distri
bution (i.e., no variation in voxel activity across the tissue
region). The horizontal line in Figure 7 indicates the dose to the
source voxel under Case D (no particle escape). The dose values
indicated by circles represent those calculated using S values
for volume sources and volume targets (Case A). The dose
values indicated by squares represent those calculated using S
values for point sources and volume targets (Case C).
This simplified example thus illustrates that, as the activity
distribution becomes increasingly more uniform within the
tissue region, any overestimate of the self-dose to the source
18S

TO CLINICAL DATA

In this section, two illustrative examples are given in which
voxel S values are used to analyze three-dimensional activity
dataseis yielding isodose contours and DVHs. In the first
example, voxel S values for 32P within 6-mm cubical voxels
given in Appendix A are used. The second example uses a
dataset obtained from autoradiography in which activity in
noncubical voxels are assessed. In this case, a specific voxel S
value dataset for 131I was generated for use in the dosimetry
analysis.
Example 1: Bremsstrahlung
from Phosphorus-32

SPECT Image

This particular example uses data from a clinical Phase I
therapeutic trial, in which a patient with nonresectable liver
mÃ©tastasesis treated by direct interstitial injection of 629 MBq
(17 mCi) of colloidal 32P-chromic phosphate into the tumorbearing region under CT guidance. An injection of macroaggregated albumin is given before the therapy injection to block
the vasculature surrounding the tumor; consequently, the activ
ity within the treated region generally clears by physical decay
only. Quantification of the activity distribution within the liver
is obtained through quantitative SPECT imaging of bremsstrahlung photons generated in the slowing-down of the 32P betaparticles. Further details of the imaging methodology have been
published (103,104). Fifteen image slices of 64 X 64 pixels
each were considered in this particular image set, each with a
nominal voxel size of ~6 mm. Figures 8A and 8B show the
original SPECT images for Slices 3 and 10, respectively.
After the conversion of counts per image voxel to values of
cumulated activity per image voxel (103), Equation 2 was
applied to all voxels in the image using the 32P voxel S values
given in Appendix A. The resulting isodose distributions for
Slices 3 and 10 of the 15-slice array are also shown in Figure 8,
A and B, respectively. Slice 3 shows maximum localization of
the activity within the liver tumor, whereas Slice 10 outlines
activity in the adjacent spleen. Figure 8, a and b, gives isodose
contours for 10, 30, 50, 70 and 90% of the maximum voxel
dose, which was estimated to be 415 Gy. In this analysis, a
voxel count threshold was applied to determine those voxels
within the image that were to be used in both volume and
activity determinations. More rigorous methods of isolating
regions of interest within a SPECT dataset are now available
such as the fusion of SPECT and CT images (105).
In addition to isodose contours, one may view three-dimen
sional distributions of absorbed dose by constructing a DVH
that shows relative fractions of the target region that receive
specific ranges of absorbed dose. For example, Figure 9
displays a DVH for the liver in this example problem. Although
the average dose to liver was estimated to be 43.7 Gy, tissue
regions within the liver are shown to have received doses
ranging from 8 Gy to 200 Gy. A very small percentage
(individual tissue voxels) of the liver tissue received doses in
excess of 200 Gy (not shown in Fig. 9). The DVH may also be
displayed as a cumulative distribution as shown in Figure 10 for
both the liver and the spleen. In this plot, the ordinate gives the
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FIGURE 9. DifferentialDVH within the liverof a patient treated with 629 MBq
of 32P-chromic phosphate as determined by quantitative bremsstrahlung
SPECT imaging and 32P voxel S values. Abscissa values are rounded to the
nearest Gy.

15
FIGURE 8. Bremsstrahlung SPECT Â¡magesfrom a 629 MBq injection of
colloidal 32Pchromic phosphate in the liver of patient with nonresectable liver
metastates. (a) SPECT Slice 3, showing maximal localization of activity, (b)
SPECT Slice 10, showing unintended transfer of activity to the spleen.
Relative isodose curves are shown for 10% (yellow), 30% (magenta), 50%
(blue), 70% (red) and 90% (green) of the maximum voxel dose estimated to
be 415 Gy. Pixel locations are indicated for both abscissa and ordinate.

cro-TLDs were removed after the tumor was sectioned on a
microtome, and their light output was measured by conven
tional means. The biologic half-times were assumed to be
identical for all voxels. Activity distributions registered on the
autoradiographic film were converted to idealized cumulated
activity per voxel. The film gray-scale was calibrated with
standards of known cumulated activity. The in-plane resolution
was 50 /AmX 50 jitm for an array size of 256 X 256 voxels per
slice. Figure 11 shows the distribution of activity as determined
by the micro-TLD measurements for the first of five tumor
slices. Dose distributions were subsequently generated using
the three-dimensional array of voxel S values for I3II generated
specifically for this voxel geometry. Isodose contours are also
shown.
To compare the voxel S value approach with the dose
point-kernel approach, this same dataset was subsequently
analyzed a second time using a three-dimensional dose pointkernel. For dose contributions from nonsource voxels, analyti
cal expressions were used for beta-particles (62) and photons
(78). Contributions of self-dose to the source voxel were made
1.00

cumulative fraction of target tissue receiving an absorbed dose
in excess of the corresponding dose value on the abscissa.
Figure 10 shows that tissues within the spleen receive a more
uniform distribution of absorbed dose than tissues within the
liver. The average dose to the spleen was estimated to be 18.6
Gy.

cc 0.80
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Example 2: Autoradiograph of a Mouse Renal Cell
Carcinoma Treated with lodine-131-Labeled Antibody

In this second example, we use data from autoradiographs
taken from an A6H tumor xenograft (mouse renal cell carci
noma) treated with an I3ll-labeled monoclonal antibody. Ac
tivity arrays obtained from three separate autoradiographs were
provided with two additional arrays generated via interpolation.
Correspondingly, a total of five contiguous sections were
available for dosimetry calculations, each spaced by I mm.
Cumulated activity values per voxel were derived from direct
absorbed dose measurements with calibrated micro-TLDs
(Â¡06,107).In this work, micro-TLDs were implanted within the
tumor xenografts before radionuclide administration. The mi-
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FIGURE 10. Cumulative DVH within the liver and spleen of a patient treated
with 629 MBq of 32P-chromic phosphate, as determined by quantitative
bremsstrahlung SPECT imaging and 32P voxel S values.
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FIGURE 11. Distribution of 131Imonoclonal antibody within an A6H tumor
xenograft (mouse renal cell carcinoma) as determined by implanted microTLDs. Relative isodose contours within the tumor are shown as determined
by the MIRD schema using 131Ivoxel S values for voxels 50 Â¡j.mx 50 /xm x

TO BIOLOGIC RESPONSE

Understanding the significance of nonuniform deposition of
energy in model, animal and clinical studies represents an
important area in dosimetry that extends across various tech
niques, including external radiation therapy, brachytherapy and
unsealed source radionuclide therapy. The nonuniformities in
activity deposition and their effect on the resultant absorbed
dose distributions are substantially greater for radionuclide
therapy than for other modalities. These nonuniformities occur
at the organ, suborgan, voxel, multicellular, cellular and subcellular levels. The radiobiologic consequence of such nonuni
formities can have a major impact on the survival of tumor and
normal tissue. It has been proposed that regions of low activity
(cold spots) in the uptake of radiopharmaceuticals in a tumor
ultimately dominate response of that tumor to radionuclide
therapy (17).
The techniques that have been used to quantify the dose
nonuniformities in external beam treatment planning (108,109)
can be used to guide the development of similar methods for
radionuclide therapy. Typical external beam treatment plans are
usually considered "successful" if the dose nonuniformity

across a target volume does not exceed 10% (110). For sealed
source brachytherapy, dose nonuniformity is used intentionally
to localize treatment where critical organs are likely to be in
close proximity to the target volume. For example, the use of
relatively short-range gamma emitters for the treatment of
using point source functions for I3'l (81) and assuming the cervical carcinoma with a Fletcher-Suit applicator allows one
to deliver a treatment boost to the vaginal vault, while reducing
source voxel to be spherical. The dose convolution was facili
the dose to the radiosensitive bladder wall and rectum to one
tated through the use of fast Hartley transforms (47). First, the
half or one third the target volume radiation dose (111). The
estimated activity within each noncubical voxel was redistrib
DVH is a useful tool for defining a figure-of-merit for the
uted across the tumor so as to correspond to voxels 0.1 mm on
radiobiologically significant dose to target volumes and sur
edge. For each voxel, the activity was assigned to the voxel
rounding critical structures. The DVH displays the dose varia
centroid. Table 2 shows the maximum and average voxel dose
tions in discrete volume elements of the tissues (112). A sample
per slice, the latter calculated for all voxels receiving doses in DVH for radionuclide therapy of the liver was shown in Figure
excess of 3 Gy. The maximum voxel doses agree within 4% and 9. Ideally, 100% of the target volume should receive the total
the average voxel doses agree within 6%. In this example, the prescribed dose and the surrounding normal tissue volume
dose point-kernel approach yielded maximum voxel doses
should receive only a small fraction ofthat dose (<10%). This
within 10% of those estimated by application of the voxel S ideal is rarely encountered in treatment planning for external
values. This increase is a direct result of the differences by beam therapy, brachytherapy, or radionuclide therapy. The
which activity is assumed to be distributed within the source
comparison of DVHs for target tissues and normal critical
voxels. In the point-kernel approach, locating the activity at the structures has been shown to be an important graphical method
voxel centroid allows for less escape of low-energy electrons;
to estimate the probability of success for radiation therapy
treatment plans (112). Additionally, the simple arithmetic sum
consequently, the local voxel dose is higher than that calculated
of dose multiplied by target mass (or integral dose) expressed in
assuming the activity is uniformly distributed within the source
Gykg has been used for several decades by radiation oncolo
voxel.
gists to predict the toxicity for critical normal structures (111).
To compare rival treatment plans in three-dimensional exter
nal beam therapy, figures of merit such as the tumor control
TABLE 2
Comparison of the Maximum and Average Voxel Dose in the
probability (TCP) and the normal tissue complications proba
Nonuniform Distribution of lodine-131 Activity of Example 2 as
bility (NTCP) can be used in conjunction with the DVH (113).
Given by the MIRD Schema Using lodine-131 Voxel S Values
Biophysical models used to estimate quantities such as TCP and
(50 /j.m x 50 /um x 1 mm Voxels) and a Dose-Point Kernel
NTCP are still investigational (114-116). For a given value of
Convolution for an Equivalent Distribution of Activity Within
tissue response probability (i.e., TCP or NTCP), the fractional
100-/n.m Voxels
irradiated volume of these structures is plotted against the
corresponding tissue absorbed dose. In the liver, for example,
Maximumvoxel dose (Gy)
Averagevoxel dose (Gy)
the
risk of complications at a constant dose decreases as the
DPK-FHT
DPK-FHT
Slice no.
Voxel S
Voxel S
volume of organ irradiated decreases (117). Higher radiation
doses have similar probabilities of complication when the
1234513.714.413.913.212.814.315.214.714.512.54.934.784.724.624.944.864.944.854.814.62
volume of organ irradiation is correspondingly reduced. This
concept has been shown to be useful in explaining the apparent
high tolerance (100-120 Gy average dose) of the liver to 90Y

1 mm in dimension. Curves are shown for 10% (yellow), 30% (magenta),
50% (blue), 70% (red) and 90% (green) of the maximum voxel dose
estimated to be 14.4 Gy. Pixel locations are indicated for both abscissa and
ordinate.

DPK-FHT = Dose Point Kernel-Fast Hartley Transform
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microsphere radionuclide therapy (118). In this case, the
microsphere distribution was shown to be highly nonuniform.
This nonuniformity of dose deposition results in a small fraction
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of the liver volume being irradiated to high dose with a resultant
smaller associated risk of complication. Nominally, the normal
tolerance dose complication probability (5%) at similar exter
nal-beam dose rates for the liver is in the range of 35-45 Gy
(113). In addition, the nonuniformiry questions concerning
radionuclide therapy are further complicated by reports in the
literature of order of magnitude variations in tumor doses
observed in cohorts of patients undergoing the same type of
unsealed source therapy (119) and in different tumors in the
same patient (119) and dose-volume nonuniformity throughout
individual tumors (118).
Finally, as in three-dimensional external beam therapy, these
figures of merit may lead to treatment planning optimization
(120) for radionuclide therapy. Conceptually, the physician
prescribes the dose necessary for tumor control and also assigns
an acceptable level of normal tissue toxicity or NTCP. The set
of treatment parameters is then varied to arrive at an optimum
treatment plan, the so-called "inverse planning process" (108).
For three-dimensional external beam therapy, these parameters
may include the beam energy, field size, block design, number
of fields and points of entry. For radionuclide therapy, inverse
planning for specific disease types may include parameters such
as the radionuclide type, administered activity and type and
mass of antibody or other carrier molecule, each matched to the
patient marrow reserve and/or patient-specific pharmacokinetics in the target and critical organs. Nominally, this treatment
strategy is already a part of good medical practice, but it is
envisioned that these optimization processes will become more
formalized through the use of computerized treatment planning
systems (91). The voxel S value approach presented in this
work is a useful dosimetrie tool that can be readily implemented
in such systems.
DISCUSSION AND CONCLUSION
A variety of methods have been reviewed that facilitate the
calculation of three-dimensional profiles of absorbed dose for
nonuniform distributions of activity within targeted and nontargeted tissue regions. Dosimetry calculations for tissue regions
of dimensions ranging from millimeters to hundreds of mi
crometers represent one of the levels of internal dosimetry of

greatest potential for advancing patient-specific dose estimates.
Three broad tools that can be used for voxel dosimetry
calculations have been discussed: dose point-kernel convolution
methods, direct Monte Carlo radiation transport and voxel S
values. Voxel S values (as defined here) and dose point-kernels
may be used only when tissue inhomogeneities do not substan
tially affect the dose calculations. Direct Monte Carlo radiation
transport offers a method for handling regional changes in
tissue composition and density. This document also emphasizes
that nonuniform distributions of activity can be accommodated
within the MIRD schema, provided:
1. The activity distribution can be quantitatively measured at
the voxel level; and
2. Tabulations of radionuclide S values for identical voxel
dimensions are available.
The tabulations of voxel S values given in Appendices A-C
are specified for voxel sizes of 6 mm, 3 mm and 0.1 mm in a
homogeneous soft tissue medium and are thus only representa
tive of a larger dataset needed for routine clinical use. A
database of monoenergetic electron and photon absorbed frac
tions for voxels ranging from 1 to 10 mm, for example, could be
generated. This database could then be weighted across the
emission spectrum of any radionuclide of interest to generate
voxel S values. Interpolations between tabulated voxel sizes
could then be used to create look-up tables of voxel S values
unique to the clinical application at hand.
The voxel S value approach offers an accurate and compu
tationally efficient tool to be used with the MIRD schema for
calculating absorbed dose from nonuniform source distributions
within homogeneous media. Examples are provided that illus
trate its use in clinical applications. Future applications of this
method have the potential for improving the prediction of
biologic response to tissues subject to nonuniform distributions
of absorbed dose.
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APPENDIX

A

TABLE A1
S Values (mGy â€¢
MBq 1â€¢
sec 1)for Phosphorus-32 Within Cubical Voxels of 6 mm

value3.19E-012.53E-025.54E-065.27E-071.83E-072.30E-072.53E-023.13E-031.94E-066.07E-071.77E-071.37E-075.54E-061.94E-068.17
value1.94E-061.09E-066.67E-074.21
value2.51
value1.83E-071.77E-072.51 value1.17E-071.62E
I000000000000000000000000000000000000111111111111J000000111111222222333333444444555555000000

E-072.46E-072.09E-071.16E-071.56E-078.68E-081.17E-071.62E-071.22E-078
E-071.99E-079.51
E-072.46E-071.62E-076.07E-075.19E-074.21
E-081.78E-071.77E-072.41

E-072.46E-071.91
E-072.96E-071.91
E-071.59E-071.29E-072.51
E-071.12E-071.77E-072.41

E-072.46E-072.09E-071.16E-071.56E-078.68E-0
E-072.46E-071.91
E-071.59E-071.29E-071.37E-071.21

E-071.16E-071.23E-071.02E-078.13E-089.51
E-071.62E-071.12E-071.29E-078.84E-085.54E-061.94E-068.17E-073.58E-072.51
E-072.96E-071.91
E-071.12E-073.58E-074.21

-081.59E-071.56E-071.02E-077.62E-085.70E-081
E
E-072.34E-072.52E-071.16E-078.17E-082.65E-072.96E-072.52E-073.17E-071
-071.99E-079.51
E

-081.78E-072.30E-071.37E-071.17E-071.23E-071.78E-075.08E-082.53E-023.13E-031.94E-066.07E-071.77E-071.37E-073.13E-034.64E
E
E-071.17E-071.94E-061.09E-066.67E-074.21

E-072.46E-071.62E-078.17E-076.67E-072.44E-072.34E-072.09E-071.22E-073.58E-074.21

E-072.34E-072.52E-071.16E-078.17E-08I222222222222333333333333333333333333333333333333J4444
E-071.62E-071.12E-071.29E-078.84E-08I555555

-071.21E-07I111111111111111111111111222222222222222222222222J222222333333444444555555000000111111222222333333K0
E
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TABLE A2
S Values (mGy â€¢
MBq~1 â€¢
sec"1) for Strontium-89 Within Cubical Voxels of 6 mm

value9.40E-081.30E-079.37E
value1.86E-071.90E-071.67E-079.09E-081.19E-076.94E-089.40E-081.30E-079.37E-086.39E-08
value1.46E-071.31E-071.86E-071.60E-077.29E-081.48E-071.3
I000000000000000000000000000000000000111111111111J000000111111222222333333444444555555000000111
value2.85E-011.96E-021.90E-063.99E-071.46E-071.80E-071.96E-022.13E-039.72E-074.74E-071.31E-071.08E-071.90E-069.72E-076.25E-072.73E-071.86E-079.4
value9.72E-077.35E-075.03E-073.27E-071.90E-071.30E-074.74E-074.15E-073.27E-072.39E-071.47E-078.59E-081.31E-071.83E

E-088.59E-086.39E-083.39E-

E-084.74E-074.15E-073.27E-072.39E-071.47E-078.59E-082.73E-073.27E-071.83E-072.06E-079

E-084.99E-084.64E-083.05E-

E-081.46E-071.31E-071.86E-071.60E-077.29E-081.48E-071.80E-071.08E-079.40E-089.41
E-081.90E-069.72E-076.25E-072.73E-071.86E-079.40E-089.72E-077.35E-075.03E-073.27E-071.90E-071.30E-076.25E-075.03E

E-081.48E-074.15E-081.96E-022.13E-039.72E-074.74E-071.31E-071.08E-072.13E-032.79E-047.35E-074.15E-071.83E-079.75E-08I111111111111111111111111

-081.48E-074.15E-081.
E

-079.75E-081.30E-078.59E-089.76E-086.41
OSE
E-088.59E-086.39E-083.39E-086.16E-084.64E-08I4444444444444444444444444444444444445

E-08I555555555555555555555555J222222333333444444

MIRD PAMPHLET
No. 17 â€¢
Bolch et al.

23S

TABLE A3
S Values (mGy â€¢
MBq~1 â€¢
sec~1) for Yttrium-90 Within Cubical Voxels of 6 mm

I000000000000000000000000000000000000111111111111J000000111111222222333333444444555555000000111111K01
value3.46E-013.95E-022.13E-045.01
value6.36E-052.36E-055.37E-069.64E-074.33E-072.64E-073.61
value4.55E-074.33E-073.58E-072.37E-072.69E-071.75E-072.19E-072.64E-07
value3.61
value2.19E-072.64E
E-074.37E-074.55E-073.07E-071.91

E-063.61
-074.66E-073.95E-027.57E-036.36E-053.61
E

E-072.46E-Ã›74.37E-074.58E-074.33E-073.46E-0

E-062.47E-069.64E-075.01

E-064.37E-072.71E-072.13E-046.36E-057.71E-061.16E-064.55E-072.19E-075.01E-063.61E-061.16E-064.61
E-073.46E-072.04E-074.37E-074.58E-074.33E-073.46E-072.92E-072.15E-072.71

-063.61E-061.16E-064.61E-073.07E-072.17E-073.61
E

E-072.26E-072.64E-072.04E-072.15E-071.93E-072.13E-046.36E-057.71
E-062.47E-069.64E-075.01

E-073.07E-072.17E-073.61

-073.46E-072.04E-071.16E-069.64E-075.08E-073.74E-072.37E-071.67E-074.
E

E-074.37E-074.55E-073.07E-071.91

E-072.92E-072.69E-071.90E-071.52E-071.34E-0

E-061.16E-064.55E-072.19E-076.36E-052.36E-055.37E-069.64E-074.33E-072.64E-077.71
E-072.46E-074.66E-072.71

E-075.01
E-072.19E-072.17E-072.46E-071.12E-073.95E-027.57E-036.36E-053.61
E-073.74E-074.87E-072.62E-071.29E-073.07E-073.46E-072.37E-072.62E-071

E-065.37E-061.51

E-072.19E-072.17E-072.46E-071.12E-072.71
E-065.08E-073.58E-072.48E-071.16E-069.64E-075.08E-073.74E-072.37E-071.67E-07I2222222222223333
E-064.37E-072.71

E-077.57E-031.74E-032.36E-052.47E-064.58E-072.26E-07I111111111111111111111111222222222222222222222222J222222333333
E-072.26E-072.64E-072.04E-072.15E-071.93E-0
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TABLE A4
S Values (mGy â€¢
MBq~1 â€¢
sec"1) for Technetium-99 Within Cubical Voxels of 6 mm

I000000000000000000000000000000000000111111111111J000000111111222222333333444444555555000000111
value1.20E-022.31
value3.11E-052.53E-051.76E-051.06E-057.04E-065.20E-061.54E-051.37E-051.06E-058.05E-066.12E-064.50Evalue7.93E-067.04E-066.55E-065.56E-064.55E-063.65E-065.65E-065.20E-064.80E
value1.02E-059.02E-067.93E-066.34E-064.78E-063.78
value5.65E-065.20E-064.
E-044.00E-051.75E-051.02E-056.03E-062.31E-048.32E-053.11E-051

.54E-059.02E-066.14E-064.00E-053.11E-051.99E-051.21E-057.93E-065.65E-061.75E-051.54E-051.21E-058.84E-066.34E-064.69E-061.02E

E-063.70E-066.14E-066.19E-065.20E-064.50E-063.70E-063.43E-064.00E-053.11E-051.99E-051.21E-057.93E-0

E-064.55E-064.04E-063.40E-062.86E-063.78E-063.70

E-048.32E-053.11E-051.54E-059.02E-066.14E-068.32E-055.42E-052.53E-051.37E-058.47E-066.19E-06I11111111111111111111111122222
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TABLE AS
S Values (mGy â€¢
MBq 1â€¢
sec"1) for lodine-131 Within Cubical Voxels of 6 mm
S value

K

S value

K

S value

S value

S value

00000000000000000000000000000000000011111111111100000011111122222233333344444455555500000011111101234501234501234501234501234501234501234501

E-051.86E-051.54E-051.28E-059.29E-061.66E-051.52E-051.32E-051.20E-059

E-051.52E-054.46E-054.06E-053.09E-052.21

E-051.68E-051.37E-051.08E-052.24E-052.11
E-051.68E-051.35E-052.65E-052.56E-052.11

E-051.86E-051.54E-051.28E-059.29E-061.82E-0
E-053.49E-052.24E-051.66E-055.13E-054.46E-053.49E-052.43E-051.82E-051.28E-052.80E-052.65E-052.24E-051.82E-051.58E-051.09
E-051.68E-051.37E-051.08E-051.61E-051.75E-051.52E-051.35E-051.08E-058.86E-061.14E-049.24E-055.6

-051.68E-051.35E-053.49E-053.09E-052.64E-051.98E-051.54E-051.20E-052.
E

E-053.49E-052.24E-051.66E-059.24E-057.34E-055.07E-053.09E-052.11

E-051.66E-051.28E-051.09E-059.75E-062.90E-033.25E-049.24E-054.46E-052.65E-051.61
E-051.98E-051.50E-051.24E-051.02E-051.82E-051.68E-051.54E-051.24E-051

E-051.52E-055.61

E-055.07E-053.60E-052.64E-051.86E-051.32E-053.49E-053.09E-052.64E-051.98E-051.54E-051.20E-0522
E-051.66E-051.28E-051.09E-059.75E-061.61

E-053.25E-041.54E-047.34E-054.06E-052.56E-051.75E-0511111111111111111111111122222222222222222222222222222233333344
E-051.75E-051.52E-051.35E-051.08E-058.86E-0
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APPENDIX

B

TABLE B1
S Values (mGy â€¢
MBq~1 â€¢
sec 1)for Phosphorus-32 Within Cubical Voxels of 3 mm

I000000000000000000000000000000000000111111111111J000000111111222222333333444444555555000000111
value1.65E+002.32E-016.78E-033.92E-051.15E-067.45E-072.32E-016.20E-022.88E-031.82E-051.40E-061.17E-066.78E-032.88E-031.81E-0
value2.88E-031.24E-037.17E-052.03E-061.17E-067.23E-071.82E-058.49E-062.03E-061.07E-066.88E-074.76Evalue1.09E-061.17E-061.08E-069.16E-074.99E-075.72E-076.54E-077.23E-073.34E
value1.15E-061.40E-061.09E-061.16E-061.11E-065.7
value6.54E-077.23E-073.

E-077.23E-074.76E-074.70E-072.55E-076.78E-032.88E-031.81E-043.12E-061.09E-066.54E-072.88E-031.24E-0

E-074.16E-07

E-077.45E-071.17E-066.54E-075.36E-075.74E-072.49

E-077.23E-074.76E-074.70E-072.55E-07I5555555555

E-07I111111111111111111111111222222222222222222222222J222222333333444444555555000000111111222222333333K01234501
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TABLE B2
S Values (mGy â€¢
MBq"1 â€¢
sec"1) for Strontium-89 Within Cubical Voxels of 3 mm

value1.55E+001.93E-013.62E-031.22E-057.99E-075.58E-071.93E-014.60E-021.42E-035.28E-061.12E-069.07E-073.62E-031.42E-037.5
value1.42E-035.85E-042.74E-051.10E-069.24E-075.53E-075.28E-062.18E-061.10E-068.30E-075.39E-073.
value8.20E-079.24E-078.73E-077.45E-073.89E-074.42E-075.12E-075.53E-07
value7.99E-071.12E-068.20E-079.29E-078.90E-0
value5.12E-075.53E
I000000000000000000000000000000000000111111111111J000000111111222222333333444444555555000000111111K01

E-071.67E-074.22E-

E-072.72E-071.79E-

E-078.90E-074.93E-073.89E-074.98E-071.35E-0

E-072.72E-071.79E-075.58E-079.07E-075.12E-0

E-074.15E-073.59E-075.63E-074.47E-072.71

E-071.67E-07I444444444444444444444444444444444444555555555555J00
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TABLE B3
S Values (mGy â€¢
MBq ~1â€¢
secT1) for Yttrium-90 Within Cubical Voxels of 3 mm

value1.61E+002.76E-012.26E-021.31E-032.78E-051.34E-052.76E-019.76E-021.28E-027.65E-042.47E-051.29E-052.26E-021.28E-022.47E-0
value1.28E-027.38E-031.41E-037.35E-051.84E-058.77E-067.65E-044.25E-047.35E-052.10E-051.22E-054.66Evalue1.98E-051.84E-051.47E-059.44E-063.96E-061.45E-069.57E-068.77E-065.95E
value2.78E-052.47E-051.98E-051.37E-057.14E-062.40
I000000000000000000000000000000000000111111111111J000000111111222222333333444444555555000000111
value9.57E-068.77E-065.

-074.88E-072.40E-061.97
E

-077.68E-074.59E-076.72
E

14E-058.77E-064.66E-061.97E-067.40E-072.26E-021.28E-022.47E-031.23E-041.98E-059.57E-061.28E-027.38E

-077.14E-065.94E-063.96E-062.28E-069.13E-077.68E
E

E-077.68E-074.59E-071.34E-051.29E-059.57E-065.45

E-075.45E-064.66E-063.38E-061.56E-068.51

E-074.88E-07I444444444444444444444444444444444444555555555555J0000001
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TABLE B4
S Values (mGy â€¢
MBq1 â€¢
sec"1) for Technetium-99m Within Cubical Voxels of 3 mm

value1.26E-041.03E-046.46E-054.26E-052.89E-051.95E-056.09E-055.27E-054.26E-053.12E-052.40E-051.75E-053.80E-05
value2.94E-052.89E-052.52E-052.08E-051.77E-051.43E-052.10E-051.95E-051.96E-051.6
value4.43E-053.80E-052.94E-052.43E-051.81
value2.10E-051.95E
value9.02E-021.53E-031.63E-046.36E-054.43E-052.67E-051.53E-033.49E-041.26E-046.09E-053.80E-052.26E-051.63E-041.26E-047.57
I0000000000000000000000000000000000001111111J00000011111122222233333344444455555500000011111

E-051.46E-053.80E-053.44E-052.89E-052.40E-051.84E

E-051.75E-051.68E-

E-051.13E-051.07E-

E-051.84E-051.77E-051.60E-051.25E-051.20E-051.46E

-046.46E-054.26E-052.89E-051.95E-057.57E-056.46E-055.19E-053.62E-052.52E-051.96E-054.57E-054.26E-053.62E-052
OSE
E-051.59E-051.54E-052.43E-052.40E-052.08E-051.59E-051.60E-051.22E-051.91

E-051.46E-051.29E-052.26E-052.17E-051.95E-051.75E

E-051.75E-051.68E-051.54E-051.22E-051.07E-05I4444444444444444444444444444444

E-05I555555555555555555555555J222222333333
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TABLE B5
S Values (mGy â€¢
MBq~1 â€¢
sec"1) for lodine-131 Within Cubical Voxels of 3 mm

I000000000000000000000000000000000000111111111111J000000111111222222333333444444555555000000111
value9.20E-013.54E-024.75E-041.78E-041.15E-046.93E-053.54E-023.25E-033.73E-041.77E-041.06E-046.97E-054.75E-043.73E-042.33E-04
value3.73E-043.05E-042.07E-041.33E-048.66E-055.61
value9.28E-058.66E-057.59E-056.29E-054.90E-053.89E-055.95E-055.61
value1.15E-041.06E-049.28E-057.12E-055.31
value5.95E-055.61

-055.41
E
E-054.65E-053.89E-053.0

E-053.92E-051.06E-049.80E-058.66E-056.79E-054.95
E-051.77E-041.53E-041.33E-049.96E-056.79E-054.82E-051.06E-049.80E-058.66E-056.79E-054.95E-054.42E-0

E-055.41
E-054.65E-053.89E-053.07E-051.78E-041.77E-041.32E-041.02E-047.12E-054.94E

-052.71
E
E-053.17E-053.24E-053.0

E-055.61
E-054.82E-054.42E-053.24E-054.75E-043.73E-042.33E-041.32E-049.28E-055.95E-053.73E-043.05E-042.07E-0
E-053.64E-055.31

E-052.63E-05

E-054.95E-054.90E-054.61

E-053.98E-053.31
E-053.92E-056.93E-056.97E-055.95E-054.94E-053.92E-053.17E-053.54E-023.25E-033.73E-041.77E-041.06E-046.97E-053.25E-038.29E-04
E-053.92E-054.42E-053.89E-053.64E-053.31

E-052.33E-042.07E-041.40E-041.05E-047.59E-055.41

E-052.71
E-056.93E-056.97E-055.95E-054.94E-053.92E-053.17

E-053.64E-054.94E-054.82E-054.65E-054.19E-053.64E-052.90E-05I444444444444
E-051.32E-041.33E-041.05E-049.16E-056.29E-054.65E-05I222212222222333333333333333333333333333333

E-055.61
E-054.82E-054.42E-053.24E-05I555555555555555555

E-05I111111111111111111111111222222222222222222222222J222222333333444444555555000000111111222222333333K01234501
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C

TABLE C
S Values (mGy â€¢
MBq~n â€¢
sec"1) for lodine-131 for Cubical Voxels of 0.1 mm

value3.10E+035.40E+028.49E+013.56E+011.78E+014.46E+001.78E+001.48E+001.20E+001.03E+005.39E+022.31
value1.27E+001.14E+001.01E+008.62E-017.17E-011.49E+001.47E+001.40E+001.33E+001.24E+001.15E+009.95E-018.8
value3.26E+012.98E+012.23E+011.21
value8.04E-017.06E-016.12E-015.20E-014.06E-018.48E
value1.67E+001.65E+0
I00000000000000000000000000000000000000000000000000000000000000000J0000000000111111111122222

E+013.88E+001.85E+001.50E

001.30E+001.11E+009.24E-011.61E+011.40E+018.84E+003.90E+002.00E+001.63E+001
+

E+026.35E+013.26E+011.58E+013.80E+001.72E+001.42E+001.22E+001.03E+008.49E+016.30E+013.94E+012.48E+011.03E+012.58E
-017.45E-016.28E-011.23E+001.22E+001.18E+001.16E+001.
E

E-018.39E-017.34E-01

+009.40E-018.59E-017.48E-016.43E-015.26E-011.06E+001.
OSE

001.65E+001.39E+001.17E+009.96E-013.57E+013.24E+012.49E+011.38E+014.42E+001.90E+001.56E+001.35E+001.13E+009.32E-011.80E+011.60E+01
+
+001.00E+009.66E-018.95E-018.14E-017.13E-016.06E-015.30E-014.10E-015.40E+022.31
OSE

E+026.31
E+013.24E+011.58E+013.85E+001.73E+001.45E+001.21E+001.04E+002.31

E-015.11
E-013.93E-013.54E+01
E-011.44E+001.44E+001.38E+001.31E+001.22E+001.12E+009.92E-018.96E-017.44E-01

E+021.32E+025.17E+012.96E+011.39E+013.30E+001.72E+001.43E+001.20E+001.01E+006.33E+015.18E+013.58E+012

+008.49E-012.60E+002.42E+001.99E+001.74E+001.53E
ODE
E+013.87E+001.86E+0

E-011.04E+001.02E+009.95E-019.64E-018.80E-01I111112222222222222222222222222
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value8.74E-018.03E-017.48E-016.56E-015.60E-014.75E-013.74E-011.81E+011.58E+011.03E+014.52E+002.09E+001.64E+001
value1.37E+001.36E+001.26E+001.17E+001.08E+009.72E-018.58E-017.44E-016.29E-011.20
value7.68E-011.89E+001.84E+001.75E+001.60E
value4.57E-013.74E-012.78E

001.44E+001.29E+001.16E+001.03E+008.98E-017.53E-011.5
+

E+003.33E+001.91

E+001.29E+001.12E+009.75

E+001.61
E+001.38E+001.19E+001.02E+008.40E-014.56E+003.83E+002.61

E+001.20E+001.07E+009.63E-018.34E-016.90E-011.43E+00
E+001.94E+001.64E+001.44E+001.27E+001.11E+009.66E-017.96E-011.92E+001.86E+001.72E+001.60E+001.45E+001.31

E+009.71
E-018.99E-018.19E-017.43E-016.40E-015.37E-014.37E-018.83E-018.76E-018.70E-018.02E-0
001.28E
+
001.20E+001.11
+
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E+001.15E+001.01
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+

.30E+001.31
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+

E-011.64E+001.61E+001.57E+001.45E+001.33E+001.23E+001.08E+009.46E-018.45E-017.02E-011.39E+00I444444444444444
009.52E-017.99E-012.60E+002.40E+002.00E+001.72E
+
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