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Summary of Research Accomplishments

Abstracts of Published Journal Articles

1. AP Shah, WE Bolch, DA Rajon, PW Patton, and DW Jokisch, “A paired-image radiation
transport (PIRT) model for skeletal dosimetry” J Nucl Med 46 344-353 (2005).

Toxicity of the hematopoietically active bone marrow continues to be a primary limitation in
radionuclide therapies of cancer. Improved techniques for patient-specific skeletal dosimetry
are thus crucial to the development of dose-response relationships needed to optimize these
therapies (i.e., avoid both marrow toxicity and tumor under-dosing). Current clinical methods of
skeletal dose assessment rely heavily on a single set of bone and marrow cavity chord-length
distributions in which particle energy deposition is tracked within an infinite extent of trabecular
spongiosa, with no allowance for particle escape to cortical bone. In the present study, we
introduce a paired-image radiation transport (PIRT) model which can provide a more realistic 3D
geometry for particle transport of the skeletal site at both microscopic and macroscopic levels of
its histology. Methods: Ex-vivo CT scans were acquired of the lumbar vertebra and right
proximal femur excised from a 66-year male cadaver (BMI of 22.7 kg m?). For both skeletal
sites, regions of trabecular spongiosa and cortical bone were identified and segmented.
Physical sections of interior spongiosa were then taken and subjected to NMR microscopy.
Voxels within the resulting NMR microimages were segmented and labeled into regions of bone
trabeculae, endosteum, active marrow, and inactive marrow. The PIRT methodology was then
implemented within the EGSnrc radiation transport code whereby electrons of various initial
energies are simultaneously tracked within both the ex-vivo CT macroimage and the NMR
microimage of the skeletal site. Results: At electron initial energies greater than 50 — 200 keV,
a divergence in absorbed fractions to active marrow are noted between PIRT model simulations
and those estimated under infinite spongiosa transport techniques. Calculations of radionuclide
S values under both methodologies imply that current chord-based models used in clinical
skeletal dosimetry can over-estimate dose to active bone marrow in these two skeletal sites by
~4% to 23% for low-energy beta emitters (**P, "Er, and '"Lu), by ~4% to 25% for
intermediate-energy beta emitters (**Sm, '®°Re, and #Sr), and by ~11% to 30% for high-energy
beta emitters (**P, '®Re, and *°Y). Conclusion: The PIRT methodology allows for detailed
modeling of the 3D macrostructure of individual marrow-containing bones within the skeleton
thus permitting improved estimates of absorbed fractions and radionuclide S values for
intermediate-to-high beta emitters.

2. AP Shah, WE Bolch, DA Rajon, PW Patton, and DW Jokisch, “Beta-particle energy loss
to cortical bone via paired-image radiation transport (PIRT): Corrections to clinical models
of skeletal tissue dose” Med Phys 32 1354-1366 (2005).

Current methods of skeletal dose assessment in both medical physics (radionuclide therapy)
and health physics (dose reconstruction and risk assessment) rely heavily on a single set of
bone and marrow cavity chord-length distributions in which particle energy deposition is tracked
within an infinite extent of trabecular spongiosa, with no allowance for particle escape to cortical
bone. In the present study, we introduce a paired-image radiation transport (PIRT) model which
can provide a more realistic 3D geometry for particle transport of the skeletal site at both
microscopic and macroscopic levels of its histology. Methods: Ex-vivo CT scans were
acquired of the pelvis, cranial cap, and individual ribs excised from a 66-year male cadaver (BMI
of 22.7 kg m?). For both skeletal sites, regions of trabecular spongiosa and cortical bone were
identified and segmented. Physical sections of interior spongiosa were then taken and
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subjected to uCT imaging. Voxels within the resulting nCT microimages were segmented and
labeled into regions of bone trabeculae, endosteum, active marrow, and inactive marrow. The
PIRT methodology was then implemented within the EGSnrc radiation transport code whereby
electrons of various initial energies are simultaneously tracked within both the ex-vivo CT
macroimage and the uCT microimage of the skeletal site. Results: At electron initial energies
greater than 50 — 200 keV, a divergence in absorbed fractions to active marrow are noted
between PIRT model simulations and those estimated under infinite spongiosa transport
techniques. Calculations of radionuclide S values under both methodologies imply that current
chord-based models used in clinical skeletal dosimetry can over-estimate dose to active bone
marrow in these skeletal sites by ~2% to 28% for low-energy beta emitters (*P, "*°Er, and
""Lu), by ~4% to 48% for intermediate-energy beta emitters ('°*Sm, '®Re, and #°Sr), and by
~14% to 76% for high-energy beta emitters (**P, "Re, and *°Y). Conclusion: The PIRT
methodology allows for detailed modeling of the 3D macrostructure of individual marrow-
containing bones within the skeleton thus permitting improved estimates of absorbed fractions
and radionuclide S values for intermediate-to-high beta emitters.

3. AP Shah, DA Rajon, PW Patton, DW Jokisch, and WE Bolch, “A comparison of skeletal
chord-length distributions in the adult male” Health Phys 89 (3): 199-215 (2005).

In radiation protection, skeletal dose estimates are required for the tissues of the
hematopoietically active bone marrow and the osteogenic cells of the trabecular and cortical
endosteum. Similarly, skeletal radiation dose estimates are required in therapy nuclear
medicine in order to develop dose-response functions for myelotoxicity where active bone
marrow is generally the dose-limiting organ in cancer radioimmunotherapy. At the present time,
skeletal dose models in both radiation protection and medical dosimetry are fundamentally
reliant on a single set of chord-length distribution measurements performed at the University of
Leeds in the late 1970s for a 44-year male subject. These distributions describe the relative
frequency at which linear pathlengths are seen across both the marrow cavities and bone
trabeculae in seven individual bone sites: vertebrae (cervical and lumbar), proximal femur (head
and neck), ribs, cranium (parietal bone), and pelvis (iliac crest). In the present study, we
present an alternative set of chord-length distribution data acquired within a total of 14 skeletal
sites of a 66-year male subject. The UF distributions are assembled via 3D image processing of
microCT scans of physical sections of trabecular spongiosa at each skeletal site. In addition, a
tri-linear interpolation Marching Cube algorithm is employed to smooth the digital surfaces of the
bone trabeculae while chord-length measurements are performed. A review of mean chord
lengths indicate that larger marrow cavities are noted on average in the UF individual for the
cervical vertebrae (1038 vs. 910 um), lumbar vertebrae (1479 vs. 1233 um), ilium (1508 vs. 904
um), and parietal bone (812 vs. 389 um), while smaller marrow cavities are noted in the UF
individual for the femoral head (1043 um vs. 1157 um), the femoral neck (1454 um versus 1655
um), and the ribs (1630 um vs. 1703 um). The mean chord-lengths for the bone trabeculae
show close agreement for both individuals in the ilium (~240 um) and cervical vertebrae (~280
um). Thicker trabeculae were seen on average in the UF individual for the femoral head (ratio
of 1.50), femoral neck (ratio 1.10), lumbar vertebrae (ratio of 1.29), and ribs (ratio 1.14), while
thinner trabeculae were seen on average in the UF individual for the parietal bone of the
cranium (ratio of 0.92). In two bone sites, prominent discrepancies in chord distribution shape
were noted between the Leeds 44-year male and the UF 66-year male: (1) the bone trabeculae
in the ribs and (2) the marrow cavities and bone trabeculae within the cranium.

Final Report — DOE NEER Grant (DE-FG07-021D14327) Page 3
Wesley E. Bolch (PI)



4. CJ Watchman, WE Bolch, PW Patton, DA Rajon, and G Sgouros, “Absorbed fractions for
alpha particles in tissues of trabecular bone — considerations of marrow cellularity” (J Nucl
Med)

Introduction: Alpha particles are of current interest for radionuclide therapies due to their short
range and high rates of energy deposition to target tissues. When detailed histological data are
not available to identify source and target tissues for alpha-particle therapy, the MIRD dosimetry
schema may be employed, particularly for administrations at high specific activity. Values of
absorbed fraction needed under the MIRD schema are generally available only from skeletal
models presented in ICRP Publication 30. The ICRP 30 alpha-particle absorbed fractions,
however, are designed to conservatively estimate energy deposition to target tissues as needed
for radiological protection, and are given with no consideration for their variations with alpha
emission energy, skeletal site, or marrow cellularity — all features of potentially high importance
in alpha-emitter radionuclide therapy. Methods: In this study, a radiation transport model (3D-
CBIST) is presented which combines (1) chord-based techniques for tracking alpha particles
across bone trabeculae, endosteum, and marrow cavities, and (2) a spatial model of the marrow
tissues which explicitly considers the presence of marrow adipose tissue across a broad range
of marrow cellularities. Chord-length distributions are taken from studies performed at the
University of Leeds at seven skeletal sites within a single 44-year male subject, and are
identical to those used currently for clinical dose estimates for beta-emitters in the skeleton.
Results: ICRP 30 alpha-particle absorbed fractions are found to significantly over-estimate
energy deposition to active marrow given by the 3D-CBIST model for all source regions. A
single exception is for high-energy alpha particles emitted from the bone surfaces irradiating
marrow at high cellularity. These deviations become more and more prominent as marrow
cellularity decreases further from 100%. In contrast, the ICRP 30 bone model significantly
under-estimates energy deposition to skeletal endosteum as predicted under the 3D-CBIST
model. Exceptions are noted for ¢(TBE<TBE) and ¢(TBE<—TBS) at high energies (>5 MeV and
>6.5 MeV, respectively), and for o(TBE<—TBV) at low energies (i.e., 3 MeV for ribs and cervical
vertebra). For active marrow sources, the ICRP 30 model predicts no energy deposition to
trabecular endosteum; however, our calculations indicate that a few percent of the alpha energy
emitted within the TAM is deposited in TBE at an amount that is influenced modestly by marrow
cellularity. Conclusion: Improvements in patient-specific dosimetry of skeletal tissues require
explicit consideration of not only tissue mass changes with marrow cellularity (i.e., active
marrow), but their corresponding changes in values of the absorbed fraction. The data given in
this study will provide a more firm basis for application of the MIRD schema to patient-specific
dosimetry in newly developing therapies using alpha-particle emitters.

5. AP Shah, DW Jokisch, CJ Watchman, DA Rajon, PW Patton, and WE Bolch, “Chord-
based versus voxel-based methods of electron transport in the skeletal tissues” Med Phys
32 (10) 3151-3159 (2005).

Anatomic models needed for internal dose assessment have traditionally been developed using
mathematical surface equations to define organ boundaries, shapes, and their positions within
the body. Many researchers, however, are now advocating the use of tomographic models
created from segmented patient CT or MR scans. In the skeleton, however, the tissue
structures of the bone trabeculae, marrow cavities, and endosteal layer are exceedingly small
and of complex shape, and thus do not lend themselves easily to either stylistic representations
or in-vivo CT imaging. Historically, the problem of modeling the skeletal tissues has been
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addressed through the development of chord-based methods of radiation particle transport, as
given by studies at the University of Leeds using a 44-year male subject. We have proposed an
alternative approach to skeletal dosimetry in which excised sections of marrow-intact cadaver
spongiosa are imaged directly via microCT scanning. The cadaver selected for initial
investigation of this technique was a 66-year male subject of nominal body mass index (22.7 kg
m?). The objectives of the present study were to compare chord-based versus voxel-based
methods of skeletal dosimetry using data from the UF 66-year male subject. Good agreement
between chord-based and voxel-based transport was noted for marrow irradiation by either
bone surface or bone volume sources up to 500 - 1000 keV (depending upon the skeletal site).
In contrast, chord-based models of electron transport yielded consistently lower values of the
self-absorbed fraction to marrow tissues than seen under voxel-based transport at energies
above 100 keV, a feature directly attributed to the inability of chord-based models to account for
non-linear electron trajectories. Significant differences were also noted in the dosimetry of the
endosteal layer (for all source tissues), with chord-based transport predicting a higher fraction of
energy deposition than given by voxel-based transport (average factor of about 1.6). The study
supports future use of voxel-based skeletal models which (1) permit non-linear electron
trajectories across the skeletal tissues, (2) do not rely on mathematical algorithms for treating
the endosteal tissue layer, and (3) do not implicitly assume independence of marrow and bone
trajectories as is the case for chord-based skeletal models.

Abstracts of Journal in Preparation for Submission

6. CJ Watchman and WE Bolch, “Absorbed fractions for alpha particles in tissues of cortical
bone” J Nucl Med (to be submitted).

A chord-based model for charged-particle transport in the cortical bone has been presented that
incorporates microstructural data (individual target energy deposition). The model incorporates
the transverse chord-length distributions obtained by Beddoe for three cortical bone sites. This
data set is limited to three long bone sites for microstructural data. Absorbed fractions obtained
in this model provide an improved data set for alpha emitters and may be used in therapeutic
applications as well has health physics applications. Over the energy range studied, the
effective alpha particle ranges are less than a maximum of ~120 um and thus cross-osteon
irradiation and bone volume escape are negligible. For therapeutic applications, use of these
absorbed fractions, especially the CHS source, may lead to a better estimate of endosteal dose
due to the short-lived nature of the alpha emitters proposed for therapy. In radiation protection
applications, an improved dose estimate will also be achieved since the current ICRP 30 values
are energy independent and values given in the 2003 Eckerman model do not account for the
relative fraction of the haversian cavity associated with the endosteal layer.

7. CJ Watchman and WE Bolch, “Absorbed fractions for electrons in tissues of cortical bone”
J Nucl Med (to be submitted).

A chord-based model for charged-particle transport in the cortical bone has been presented that
incorporates microstructural data (individual target energy deposition) and macrostructural
(particle escape) data. The model incorporates the transverse chord-length distributions
obtained by Beddoe for three cortical bone sites. This data set is limited to three long bone
sites for microstructural data. The primary limitation of this model with respect to electrons lies
in the assumption of linear pathlengths in cortical bone. Electrons as they travel through a
medium undergo angular deflections that result in different amounts of energy along their tracks
when compared to our CSDA range methodology. While the cortical model of Bouchet and
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Bolch does take these nonlinear pathlengths into account, this model also does not allow for
irradiation of neighboring osteons, and thus neither model fully accounts for all factors relevant
for high-energy emitters in the cortical bone microstructure. It is recommended that perhaps
microCT images of cortical bone may be used in future to construct a more accurate transport
geometry for cortical bone similar to that providing by the PIRT model for trabecular bone.
Absorbed fractions obtained in this model provide an improved data set that may be used in
therapeutic applications as well has health physics applications. With respect to electrons, this
method more effectively accounts for electron escape from the diaphysis of the long bones.
For therapeutic applications, use of absorbed fractions, especially the CHS source, should lead
to a better estimate of endosteal dose due to the short-lived nature of the alpha emitters
proposed for therapy. In radiation protection applications, an improved dose estimate will also
be achieved since the ICRP 30 model presents only two absorbed fraction values and values
given in the 2003 Eckerman model do not account for the relative fraction of the haversian
cavity associated with the endosteal layer.

8. CJ Watchman and WE Bolch, “Age and Individual Variability in Alpha-Particle Absorbed
Fractions to the Skeletal Tissues” Med Phys (to be submitted).

Introduction: A previous study of a-particle absorbed fractions using chord distribution data
from the ICRP reference male (Leeds 44-year male) demonstrated their dependence on marrow
cellularity, skeletal site, and particle energy. In this study, we extend our analysis to include a
series of 6 adults and 2 pediatric subjects. Currently, there are no published values of a-particle
absorbed fractions in the skeletal tissues that account marrow cellularity by skeletal site.
Methods: Using the 3D-CBIST computer code published by Watchman et al. [JNM 46 1171-
1185 (2005)], absorbed fractions were calculated for the Leeds 1.7-y male (5 bone sites) and 9-
y male (6 bone sites) in the iliac crest and ribs. Lumbar vertebrae sites were also investigated
for a 55-y, 70-y and 85-y female, as well as a 25-y and 66-y male. Each calculation was
performed over the energy range of 3 — 10 MeV for marrow cellularities ranging from 10% to
100%, and for a-emitting radiopharmaceuticals localized to the active marrow (TAM), bone
surfaces (TBS) and bone trabeculae volumes (TBV). Comparisons of absorbed fractions were
made at 100% cellularity and at an age-dependant reference cellularity for active marrow and
endosteum targets. Results: Variations in ¢(active marrow < active marrow) are less than 1%
among the six adults in the lumbar vertebrae at 100% marrow cellularity, but are between 12-
15% for values of ¢(endosteum «— active marrow). While observable differences were seen a-
particle absorbed fractions as a function of age at 100% cellularity, significantly higher age
variations were seen when age-dependent marrow cellularity was explicitly considered during
particle transport. For example, at an energy of 7 MeV, the ratio of ¢(active marrow < active
marrow) and ¢(endosteum «— active marrow) in the iliac crest of the 1.7-y to their corresponding
values in the 66-y male are 1.87 and 0.32, respectively. Conclusion: The largest source of
uncertainty in patient-specific a-particle dosimetry in molecular radiotherapy continues to be the
neglect of marrow cellularity in the assignment of absorbed fractions to the skeletal tissues. The
assumption of unity for values of ¢(TAM«<TAM) as given in existing skeletal dosimetry models
can lead to significant errors in marrow dose assessment, particularly in older patients with high
skeletal fat fractions and high a-particle energies (5 to 9 MeV).

9. CJ Watchman and WE Bolch, “Derivation of Skeletal Masses within the Current ICRP Age
Series: Considerations of a 10-um and a 50-um Endosteum ” Phys Med Biol (to be
submitted).
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Dosimetry calculations in skeletal tissues are routinely performed using tissue masses provided
in publications from the International Commission on Radiological Protection. These values
include gross tissue masses as a function of age, and are not generally broken down by
individual skeletal site. Recent studies have demonstrated site-specific variations in absorbed
fraction calculations. Consequently, site-specific bone tissue masses are required to properly
determine skeletal-averaged absorbed fractions and specific absorbed fractions. Assignment of
values for these reference masses is based upon several different data sources. These
sources are not necessarily be consistent with one another. To asses the validity and
limitations of the ICRP values, a methodology has been developed, using data from the various
ICRP publications, to determine bone-site-specific skeletal tissue masses for the entire ICRP
age series. Active marrow masses have been calculated and differences have been shown with
respect to ICRP Publication 70 and ICRP Publication 89 values. Mineral bone and endosteal
masses have also been calculated and shown to follow similar growth patterns. A series of
tables are provided with age-dependant and bone-site-specific masses for all members of the
ICRP age series other than the newborn.

10. CJ Watchman and WE Bolch, “Alpha Particle Absorbed Fractions in the Skeletal Tissues:
Consideration of a 50-um Endosteum Target” Phys Med Biol (to be submitted).

In response to the increasing body of evidence that irradiation of osteoprogenitor cells within a
distance of 50 um from bone surfaces is relevant to bone cancer induction, this study into the
dosimetry consequences of this tissue definition has been presented. This study has shown
results for absorbed fractions calculated using 3D-CBIST for a 50 um endosteum target.
Results obtained for both the UF 66-y male subject and five third lumbar vertebrae from the
University of Leeds were presented. Data obtained in this study has demonstrated significant
differences in alpha particle absorbed fractions for the TBEs, in comparison to the TBE; as a
function of bone site, individual, marrow cellularity and changes endosteum thickness. Results
from this study also show that using the current definition of endosteum results in over-
estimates of the total dose to sensitive tissues with respect to bone cancer induction. Further
research is warranted in better describing the spatial distribution of osteoprogenitor tissues
within the marrow cavities.

11. CJ Watchman and WE Bolch, “Spatial distribution of CD34+ primitive hematopoietic
cells and blood vessels with in the marrow cavities of trabecular bone” Phys Med Biol (to
be submitted).

Data has been presented that contradicts the homogenous distribution of hematopoietic
progenitor cells within the marrow cavities of trabecular bone. These results indicate that the
current disparity between dose calculations and clinical response in molecular radiotherapy may
be due in part to incorrectly estimating the dose to the most radiosensitive cells in bone marrow.
A weighting method has been presented which will allow for incorporation of the PHC frequency
data into current dosimetry methods. Use of this data in dosimetry modeling may result in
improved dose-response relationships. Further work is warranted due to the spatial limitations
resulting from the use of bone marrow core biopsies. Development of 3D models that allow for
multiple whole marrow cavities may further improve our knowledge of the location of PHC and
the marrow vasculature. Potentially greater delineation of cell types is possible if additional
immunohistochemical agents are used to directly differentiate between cell types, i.e. using
CD34 and CD38 to distinguish between HSC (CD38") and other progenitor cells (CD38").
Additional investigation is also merited in looking at how pathology may change the spatial
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distribution of PHC in the marrow. Improved description of each cell type, with respect to
normal and pathological bone marrow, along the hematopoietic lineage may allow for other
weighting schemes that further improve dose-response relationships with respect to marrow
toxicity and clinical effect.

List of Presentations Given at Scientific Meetings

1. DA Rajon, AP Shah’, CJ Watchman’, JM Brindle, and WE Bolch, “Chord length
distribution measurements through polygonal representations of trabecular bone samples”,
2002 Annual Meeting of the Health Physics Society, Tampa, Florida, June 16-20, 2002
[Supplement to Health Phys. 82 (6) S128 (2002)].

2. D Rajon’, A Shah’, C Watchman’, J Brindle’, and W Bolch, “Polygonal representation of
trabecular bone samples for chord length distribution measurements”, 2002 Annual
Meeting of the American Association of Medical Physicists, Montreal, Canada, July 14-18,
2002.

3. CJ Watchman’, AP Shah’, JM Brindle’, DA Rajon, and WE Bolch “A 3D chord length based
model of alpha particle dosimetry in bone marrow”, 2003 Annual Meeting of the Health
Physics Society, San Diego, California, July 20-24, 2003. [Supplement to Health Phys. 84
(6) S197-198 (2003)].

4. AP Shah, DA Rajon, PW Patton, RW Howell, WE Bolch, “Skeletal dosimetry: establishment
of dose gradients for cellular components across the marrow cavity”, 2003 Annual Meeting
of the American Association for Physicists in Medicine, San Diego, California, August 10-
14, 2003. [Supplement of Medical Phys. 30 (6): 1400 (2003)].

5. CW_ Watchman and WE Bolch, “Absorbed fractions for skeletal dosimetry of alpha
particles”, 2004 Annual Meeting of the American Association of Physicists in Medicine,
Pittsburgh, Pennsylvania, July 25-29, 2004. [Supplement to Med Phys 31 (6): 1756-1757
(2004)].

6. WE Bolch , Amish Shah, James Brindle, Phillip Patton, Derek Jokisch, and George
Sgouros, “A reference skeletal dosimetry model of the adult male radionuclide therapy
patient based on 3D microimaging and radiation transport”, 2004 Annual Meeting of the
European Association of Nuclear Medicine, 1% International Symposium on Radionuclide
Therapy and Radiopharmaceutical Dosimetry”, Helsinki, Finland, September 4-8, 2004.

7. WE Bolch and AP Shah’, “Skeletal dose estimates via a Paired-Image Radiation Transport
(PIRT) model”, Transactions of the 2004 Winter Meeting of the American Nuclear Society,
Washington, DC, November 14-18, 2004.

8. CJ Watchman', and WE Bolch, “Age and individual variability of absorbed fractions for
alpha particle emissions in the tissues of trabeculae bone” 2005 Annual Meeting of the
Society of Nuclear Medicine, Toronto, Canada, June 19-22, 2005. [Supplement to J Nucl
Med 46 (5): 341-342 (2005)].
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9. WE Bolch, “An-imaged based skeletal reference model of the adult male radionuclide
therapy patient”, 2005 Annual Meeting of the Society of Nuclear Medicine, Toronto, Canada,
June 19-22, 2005. [Supplement to J Nucl Med 46 (5): 193-194 (2005)]

10. KN Kielar’, D Hasenauer, AP Shah*, and WE Bolch, “A skeletal reference dosimetry model
for the adult female”, 2005 Annual Meeting of the Health Physics Society, Spokane,
Washington, July 10-14, 2005. [Supplement to Health Phys 89 (1): S20 (2005)].

11. D Hasenauer, CW Watchman’, AP Shah’, and WE Bolch, “Skeletal reference models for
pediatric patients”, 2005 Annual Meeting of the Health Physics Society, Spokane,
Washington, July 10-14, 2005. [Supplement to Health Phys 89 (1): S56 (2005)].
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Journal Articles — Published



A Paired-Image Radiation Transport Model for

Skeletal Dosimetry

Amish P. Shah, PhD!; Wesley E. Bolch, PhD'?; Didier A. Rajon, PhD?; Phillip W. Patton, PhD*; and

Derek W. Jokisch, PhD?

!Department of Biomedical Engineering, University of Florida, Gainesville, Florida; Department of Nuclear and Radiological
Engineering, University of Florida, Gainesville, Florida; ’Deparment of Neurosurgery, University of Florida, Gainesville, Florida;
“Department of Health Physics, University of Nevada—Las Vegas, Las Vegas, Nevada; and Department of Physics and Astronomy,

Francis Marion University, Florence, South Carolina

Toxicity of the hematopoietically active bone marrow continues
to be a primary limitation in radionuclide therapies of cancer.
Improved techniques for patient-specific skeletal dosimetry are
thus crucial to the development of dose—response relationships
needed to optimize these therapies (i.e., avoid both marrow
toxicity and tumor underdosing). Current clinical methods of
skeletal dose assessment rely heavily on a single set of bone
and marrow cavity chord-length distributions in which particle
energy deposition is tracked within an infinite extent of trabec-
ular spongiosa, with no allowance for particle escape to cortical
bone. In the present study, we introduce a paired-image radia-
tion transport (PIRT) model that can provide a more realistic
3-dimensional geometry for particle transport of the skeletal site
at both microscopic and macroscopic levels of its histology.
Methods: Ex vivo CT scans were acquired of the lumbar ver-
tebra and right proximal femur excised from a 66-y male ca-
daver (body mass index, 22.7 kg m~2). For both skeletal sites,
regions of trabecular spongiosa and cortical bone were identi-
fied and segmented. Physical sections of interior spongiosa
were then taken and subjected to nuclear magnetic resonance
(NMR) microscopy. Voxels within the resulting NMR microim-
ages were segmented and labeled into regions of bone trabec-
ulae, endosteum, active marrow, and inactive marrow. The PIRT
methodology was then implemented within the EGSnrc radia-
tion transport code, whereby electrons of various initial energies
are simultaneously tracked within both the ex vivo CT macro-
image and the NMR microimage of the skeletal site. Results: At
electron initial energies greater than 50-200 keV, a divergence
in absorbed fractions to active marrow is noted between PIRT
model simulations and those estimated under infinite spongiosa
transport techniques. Calculations of radionuclide S values un-
der both methodologies imply that current chord-based models
used in clinical skeletal dosimetry can overestimate dose to
active bone marrow in these 2 skeletal sites by ~4%-23% for
low-energy B-emitters (3P, 18°Er, and 77Lu), by ~4%-25% for
intermediate-energy B-emitters (1%3Sm, 186Re, and 8°Sr), and by
~11%-30% for high-energy B-emitters (*°P, '8Re, and °0Y).
Conclusion: The PIRT methodology allows for detailed model-
ing of the 3D macrostructure of individual marrow-containing

Received Jul. 6, 2004; revision accepted Sep. 13, 2004.

For correspondence or reprints contact: Wesley E. Bolch, PhD, Advanced
Laboratory for Radiation Dosimetry Studies, Department of Nuclear and Ra-
diological Engineering, University of Florida, Gainesville, FL 32611-8300.
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bones within the skeleton, thus permitting improved estimates
of absorbed fractions and radionuclide S values for intermedi-
ate-to-high p-emitters.

Key Words: skeletal dosimetry; marrow dose; nuclear magnetic
resonance microscopy; radionuclide S value; absorbed fraction

J Nucl Med 2005; 46:344-353

The skeletal system represents one of the more complex
challenges in internal dosimetry. This distributed organ,
with its wide variety of bone sizes and configurations,
encompasses the hematopoietic tissues of the active (red)
bone marrow as well as the osteogenic tissues of the en-
dosteum, both of which are relevant targets for short-term
deterministic and long-term probabilistic radiation effects.
Of primary importance is the 3-dimensional (3D) micro-
scopic architecture of the bone trabeculae, which separate
and define the marrow cavities. For short-ranged radiations
(a-particles and lower-energy [B-particles), knowledge of
this 3D microstructure is necessary and sufficient for accu-
rate computation of particle transport through these skeletal
tissues. For longer-ranged radiations (such as intermediate-
to high-energy B-particles), further consideration should be
given to the 3D macrostructure of the skeletal site, including
the location and extent of cortical bone into which escaping
particles may penetrate.

The vast majority of initial studies in skeletal dosimetry
were conducted at the University of Leeds by Spiers and his
students (/—6). Spiers was the first to recognize that the
anisotropic structure of trabecular bone required a unique
method for characterizing the trabecular geometry as
needed for accurate skeletal dosimetry of B-emitters (2,4).
Consequently, he and his students constructed an optical
bone-scanning system that measured linear chord-length
distributions across 2-dimensional radiographs of excised
bone tissue slices. Using these frequency distributions of
linear chord lengths through both bone trabeculae and mar-
row cavities, the fraction of a particle’s kinetic energy
deposited in each tissue type was estimated. Spiers and his
students obtained chord-length distributions in the lumbar
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vertebrae for several subjects, as well as at several skeletal
sites of a 1.7-y child (5 sites), a 9-y child (5 sites), and a
44-y man (7 sites) (7—10). In many ways, the chord-length
distribution data measured for the 44-y man has served to
define many of the skeletal attributes of Reference Man as
defined by the International Commission on Radiological
Protection (ICRP) (/1,12). Furthermore, all skeletal dosim-
etry models published and presently used in clinical dose
assessment are fundamentally reliant on this single set of
adult chord-length distributions (/3-17).

In this technique, radiation particles are effectively trans-
ported within an infinite region of trabecular spongiosa
(defined as the combined tissues of the bone trabeculae,
endosteum, and marrow cavities). Models of skeletal do-
simetry used in current clinical practice, such as the Ecker-
man and Stabin model (/6) of MIRDOSE3 and its successor
codes (I/8), belong to a class of models called CBIST
(Chord-Based Infinite Spongiosa Transport) and do not
account for particle escape to cortical bone. Consequently,
absorbed fractions to skeletal tissues are potentially overes-
timated in CBIST models for higher-energy [3-emitters.

One of the first attempts to account for energy loss to
cortical bone was made by Spiers’ doctoral student J.R.
Whitwell (9,10). She introduced a trabecular equilibrium
factor, Q,.p, to account for the finite extent of the spongiosa.
This correction factor was determined for several radionu-
clides of interest in radiation protection and for each of the
7 skeletal sites for which chord-length distributions were
obtained in the 44-y male subject. For %Y, the highest
correction noted by Whitwell was for the parietal bone
(Quap = 0.672), whereas the lowest was for the head of the
femur (Q.;, = 0.980). Nevertheless, these values of Q.
were determined using simplified geometries for both spon-
giosa and cortical bone (e.g., planes and spheres).

In a more recent study by Patton et al. (/9), nuclear
magnetic resonance (NMR) microscopy was applied to the
study of the 3D microstructure of bone trabeculae within the
femoral and humeral heads of 3 subjects: a 51-y man, an
82-y woman, and a 89-y woman. To account for energy lost
to cortical bone, an ex vivo CT scan of the excised femoral
or humeral head was obtained before spongiosa sectioning.
From spatial measurements on the CT images, a spheric
region of spongiosa was constructed surrounded by a
spheric shell of cortical bone. Electrons of various initial
energies were thus transported (via the ESG4 radiation
transport code) simultaneously within the NMR microimage
(constructed of voxels of bone and marrow) and within a
stylized model of the femoral or humeral head. Compari-
sons were subsequently made between energy-weighted ab-
sorbed fractions to active marrow under particle transport in
either (a) an infinite extent of spongiosa or (b) the stylized
model of the bone site. Patton et al. demonstrated that,
without explicit consideration of energy loss to cortical
bone, radionuclide S values for 32P and *°Y could potentially
overestimate active marrow dose by 6% and 11%, respec-
tively, in the femoral head—values that exceeded the 2%
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corrections predicted by Whitwell. This tendency to over-
estimate dose to active marrow under infinite spongiosa
transport had also been demonstrated by Jokisch et al. (20)
for the thoracic vertebra, in which the physical extent of the
vertebral spongiosa was delineated in a stylized model of
the vertebral body (e.g., truncated circular cylinder). Due to
their geometric complexity, however, no attempt was made
to include the vertebral processes in the stylized vertebral
model (which account for up to ~25% of vertebral spon-
giosa).

In the present study, we significantly extend the skeletal
modeling approach originally explored by Jokisch et al. (20)
and Patton et al. (/9) to fully account for the 3D macro-
structural dimensions of skeletal sites within which dose
estimates are desired. A Paired-Image Radiation Transport
or PIRT model for skeletal dosimetry is introduced, in
which radiation particles are tracked simultaneously within
2 different segmented digital images: (a) an ex vivo CT
image of the entire skeletal site outlining regions of trabec-
ular spongiosa, cortical bone, and surrounding tissues and
(b) an ex vivo NMR microscopy image of the interior bone
trabeculae and marrow cavity microstructure representative
of that found in spongiosa volumes of the larger CT image.
The PIRT model is demonstrated within 2 skeletal sites
obtained from a single male cadaver: the L4 vertebra and
the right proximal femur. In addition, representative site-
specific S values are calculated and compared with those
obtained under particle transport within infinite regions of
spongiosa for a variety of radionuclides of interest in skel-
etal imaging and therapy.

MATERIALS AND METHODS

Cadaver Selection

Candidate subjects for study were obtained through the State of
Florida Anatomic Board located on the University of Florida (UF)
campus. Cadaver selection criteria included (a) an age between 50
and 75 y (representative of typical radionuclide therapy patients),
(b) a body mass index (BMI) of 18.5-25 kg m~2 (Centers for
Disease Control and Prevention-recommended healthy range), and
(c) a cause of death that would preclude significant skeletal dete-
rioration. The subject identified was a 66-y male, approximately 68
kg in total mass and 173 cm in total height at the time of death
(BMI, 22.7 kg m~?2). The subject died suddenly of complications
associated with cardiomyopathy.

In Vivo CT

Before bone harvesting, the male cadaver was subjected to
whole-body imaging via multislice helical CT at a pitch necessary
to reconstruct contiguous 1-mm axial slices. The images were
acquired on a Siemens Sensation 16 unit within the Department of
Radiology at UF Shands Hospital. Image reconstruction was per-
formed with a bone filter at an in-plane pixel resolution of 977 X
977 p.m. The CT image sets were then transferred to workstations
within the Advanced Laboratory for Radiation Dosimetry Studies
(ALRADS) in the UF Department of Nuclear and Radiological
Engineering for image processing and data storage. The in vivo CT
scans provided image data for (a) selecting the anatomic region
from which the bone site would be harvested and (b) constructing
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3D anatomic models of skeletal sites where bone harvesting (and
thus ex vivo CT) might be incomplete (e.g., facial bones of the
skull).

Bone Harvesting and Ex Vivo CT

After detailed review of the whole-body in vivo CT images,
bone harvesting was conducted. Thirteen major skeletal sites were
taken from the male cadaver, including the entire vertebral column
and both proximal femora. Once each skeletal site was excised, it
was cleaned of excess tissue, bagged, labeled, and stored frozen
until ex vivo CT could be scheduled. After harvest, ex vivo CT
was conducted at higher resolution (1.0-mm slice thickness with an
in-plane resolution of 0.3 X 0.3 mm) than permitted for in vivo
scans. The ex vivo CT scans provided image data for (a) identi-
fying the location and extent of trabecular spongiosa to be sec-
tioned for NMR microscopy, (b) quantifying volumes of trabecular
spongiosa and cortical bone within the bone site, and (c) construct-
ing 3D anatomic models of the bone site for subsequent PIRT
simulations.

After detailed review of the ex vivo CT scans, physical sections
of trabecular spongiosa were taken from each bone site. Sections
represented as large a region of spongiosa as possible, given the
constraints of the bone shape and the NMR imaging system (e.g.,
cuboidal samples taken from a spherically shaped femoral head).
Marrow-intact sections of spongiosa were bagged, labeled, and
kept frozen until NMR microimaging sessions could be arranged.
For the lumbar vertebra, 2 cuboidal sections (roughly, 1.25 X
1.25 X 2.5 cm on edge) were cut from the vertebral body repre-
senting ~24% of the total vertebral body spongiosa. For the right
proximal femur, 4 cuboidal sections were cut from the femoral
head (~20% of total spongiosa within the head) and 4 sections
were cut from the femoral neck (~16% of the total spongiosa
within the neck).

Image Segmentation of Spongiosa and Cortical Bone
Regions

To create tomographic anatomic models for use in internal
dosimetry, radiation transport codes must be able to decipher the
boundaries of each tissue region for which an independent dose
assessment is to be made. Limitations of CT image acquisition can
result in an overlap of gray-scale values for tissues of interest, thus
precluding the use of simple automated methods of boundary
definition. In the present study, the program CT_Contours was
adopted for use in segmenting spongiosa and cortical bone within
each ex vivo CT image set (27). This program is based on Inter-
active Data Language version 5.5 and can output labeled contour
files in a variety of formats, including binary files for EGSnrc (22)
and ASCII text for MCNP (23). CT_Contours displays the current
CT information as well as a color overlay of the contours being
edited. The contours can be created using a variety of tools,
including basic thresholding, pixel growing, voxel growing, region
growing, and manual segmentation. The voxels contained in the
individual contours are filled with the desired segmentation value,
generating volumes of voxels with identical tag values. In the
present study, these volumes represent individual regions of either
trabecular spongiosa or cortical bone within the skeletal site.
CT_Contours was written to have the option of displaying the
images using 15 different filters, including gaussian smoothing
(3X3,5X5,0r7 X 7), median (3 X 3,5 X 5, 0r7 X 7), Roberts
edge detection, Sobel edge detection, Prewitt edge detection, iso-
tropic edge detection, histogram equalization, adaptive histogram
equalization, sharpening, and Kuwahara (3 X 3 or 5 X 5) filtering.

346

By altering regions of a separate contour dataset, the desired
segmentation can be performed. CT_Contours was designed so
that ROI creation or modification can be performed in the trans-
verse, sagittal, or coronal plane.

NMR Microscopy of Trabecular Spongiosa

NMR microscopy of trabecular bone for the purposes of skeletal
dosimetry has been discussed previously (20,24-27). NMR imag-
ing requires physical sectioning of the excised sample and diges-
tion of the marrow tissues. Samples of trabecular bone sections are
first immersed and suspended within a circulating solution of
sodium hypochlorite for ~3 h. The samples are then rinsed in
water and reimmersed in a new solution. This process is repeated
up to 3 times depending on the size of the sample. Visual inspec-
tion is used to determine the number of repetitions needed. To
ensure that water completely fills all marrow cavities, each sample
is placed in a container filled with Gd-doped water under vacuum.
While immersed, the sample is placed in a smaller container
needed for insertion into the magnet. This imaging container is
then sealed and taken to the Advanced Magnetic Resonance Im-
aging and Spectroscopy facility at the UF McKnight Brain Insti-
tute for NMR microscopy.

NMR microscopy images in the present study were acquired on
a Bruker 40-cm wide-bore imaging spectrometer, operated at a
470-MHz proton resonance frequency (11-T magnetic field
strength). The system is fitted with a small gradient set (for
microimaging), consisting of 3-axes magnetic-field gradients, with
a maximum gradient amplitude of 22 G/cm in all 3 orthogonal
directions. A 35-mm-diameter quadrature birdcage coil of 45-mm
length is used to obtain the best signal-to-noise ratio (SNR). For all
imaging sessions, a 3D RARE (rapid acquisition with relaxation
enhancement) spin-echo pulse sequence is used to obtain fully 3D
images of the samples. Fields of view are typically 3.2 X 3.2 X 3.2
cm with matrix dimensions of 512 X 512 X 512. The resulting
spatial resolution of the 3D images is thus 63 X 63 X 63 pm.
Smaller voxel dimensions can be achieved at UF (~58 wm), but at
the cost of smaller sample sizes and increased imaging time (to
preserve SNR). Postacquisition image processing, including gray-
level thresholding, voxel segmentation, and 3D median filtering,
have been reported previously (24,28). For use in radiation trans-
port simulations, interior ROIs are taken to avoid physical distor-
tions (bone saw tearing) or imaging distortions (NMR aliasing) at
the edges of the sectioned specimen.

Voxel-Based Infinite Spongiosa Transport (VBIST)
Model

After NMR microscopy of our skeletal samples, a series of
VBIST models were created to approximate (via 3D transport) the
results of current CBIST models. First, marrow voxels within the
binary NMR microscopy image are further labeled into voxels of
active (red) marrow and inactive (yellow) marrow at a predeter-
mined value of marrow cellularity. This process has been outlined
previously by Shah et al. and is based on microscopy measure-
ments of the spatial distribution of adipocytes within normal bone
marrow biopsies covering a broad range of marrow cellularities
(25). Skeletal endosteum is further defined as a 10-pm tissue layer
at the bone-marrow interface as previously described by Jokisch et
al. (20). The resulting 4-tissue 3D model of trabecular spongiosa is
coupled to the EGSnrc radiation transport code (22) for electron
and B-particle transport simulations. Source tissues include the
trabecular active marrow (TAM), trabecular bone surfaces (TBS),
and trabecular bone volume (TBV). Bone surface sources are
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FIGURE 1.
vertebra.

Schematic of PIRT model constructed for L4

approximated as a 0.1-pwm layer on the marrow side of the bone-
marrow voxel interface. Target tissues include the TAM and the
trabecular bone endosteum (TBE). Once a given electron reaches
the physical edge of the 3D NMR microscopy image, that particle
is reintroduced to the image at a corresponding location at its
opposing edge. The processes of particle transport within the
image of spongiosa and its reintroduction are continued until all
initial kinetic energy is expended. Particle histories are continued
(50,000-2,000,000) until coefficients of variation on the absorbed
fraction are <1%. It is noted, however, that results given here for
our voxel-based Infinite Spongiosa Transport (IST) model are only
approximate to those given from chord-based IST models. In
previous studies by Jokisch et al. (20,29), the authors question the
sampling independence of the marrow and bone chord-length
distributions within existing CBIST models and suggest a 3D joint
distribution might be more appropriate to describing the full 3D
microarchitecture of particle transport within the spongiosa re-
gions of trabecular bone.

PIRT Model: L4 Vertebra

In contrast to the VBIST model, the PIRT model supplements
the 3D microscopic histology provided by the NMR microscopy
image with the 3D macroscopic histology given in the correspond-
ing ex vivo CT image. The latter provides additional data for

particle transport, including (a) the spatial extent of the trabecular
spongiosa (e.g., vertebral processes and body) and (b) the spatial
extent of the surrounding cortical bone (which laterally encom-
passes the vertebral body, forms the lamina separating the verte-
bral processes, and is absent at the superior and inferior body-disk
interfaces).

A schematic of the PIRT model for the L4 vertebra of the 66-y
man is given in Figure 1. The ex vivo CT image is shown in the
top left, in which segmented regions of spongiosa and cortical
bone surfaces are highlighted in orange and white, respectively.
Two representative transverse slices are shown (top middle and top
right), where regions of spongiosa (orange) and cortical bone (light
blue) are again differentiated. Superimposed over the entire ex
vivo CT image is a 3D array of the replicate cuboidal NMR
microscopy images, each representing the 3D microstructure of the
individual bone trabeculae and marrow cavities. A 3D rendering of
the NMR microimage is thus shown in the bottom left of Figure 1.
Finally, a single transverse slice through the NMR microimage is
shown in the bottom right, displaying individual voxels of bone
(black) and total marrow (white).

In the EGSnrc implementation of the vertebral PIRT model,
individual electrons are tracked simultaneously within the coordi-
nates of the NMR microimage (indicating locations in TBV, TBE,
TAM, or trabecular inactive marrow [TIM]) and the coordinates of
the CT macroimage (indicating locations in spongiosa, cortical
bone volume [CBV], or surrounding tissues—muscle, soft tissue,
or vertebral disks). Elemental compositions and mass densities
assumed within the PIRT model were taken from Report 46 of the
International Commission on Radiation Units and Measurements
(30) (see Table 1). When the particle is shown to leave the
spongiosa of the CT macroimage, tracking within the NMR mi-
croimage is halted and the particle is transported within a homo-
geneous region of cortical bone defined only by the larger voxels
of the ex vivo CT macroimage. Upon particle escape from outer
surface of the bone site, particle tracking is terminated. In cases in
which the particle leaves cortical bone and reenters the interior
spongiosa, particle tracking in the NMR microimage is resumed.
The PIRT model is thus far more anatomically realistic than is the
geometry provided by either the CBIST or VBIST model, espe-
cially for higher-energy, longer-ranged electrons and (-particles.

The principal approximation inherent within the PIRT model is
that the trabecular microstructure given by the physical section of
spongiosa (as imaged via NMR) is uniform across all CT-seg-

TABLE 1
Elemental Tissue Compositions (% by Mass) and Mass Densities Used in Either VBIST
or PIRT Model of Skeletal Dosimetry

Mass density

Tissue or region H C N (6] Trace (g cm™d)
TAM 10.5 41.4 3.4 43.9 0.1P,02S,02C,0.2K,0.1Fe 1.03
TIM 11.5 64.4 0.7 23.1 0.1 Na, 0.1S,0.1C 0.98
TBE 10.5 25.6 2.7 60.2 0.1 Na, 0.2 P,0.3S,02C, 02K 1.03
TBV 3.4 15.5 4.2 43.5 0.1 Na, 0.2 Mg, 10.3 P, 0.3 S, 22.5 Ca 1.92
CBV 3.4 15.5 4.2 43.5 0.1 Na, 0.2 Mg, 10.3 P, 0.3 S, 22.5 Ca 1.92
Surrounding tissues 10.5 25.6 2.7 60.2 0.1 Na, 0.2 P,0.3S,02C, 02K 1.03

TAM = “adult red marrow”; TIM = “adult yellow marrow”; TBE = “adult ICRU-44 soft tissue (male)”; TBV = “adult cortical bone”; CBV =

“adult cortical bone” (Appendix A of ICRU Report 46) (30).
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FIGURE 2.
proximal femur.

Schematic of PIRT model constructed for right

mented regions of spongiosa within the skeletal site. As a result,
the trabecular microstructures of the various vertebral processes
(spinal, superior articular, and transverse) are implicitly assumed
to be approximated by that imaged within the vertebral body. In
cases in which more than one physical section of spongiosa has
been imaged by NMR, the PIRT model can be rerun using differ-
ent NMR microimages. The resulting microimage-specific ab-
sorbed fraction profiles can thus be averaged either uniformly or
weighted by the volume of spongiosa sectioned. Finally, it is noted
that the PIRT model permits explicit consideration of a cortical
bone volume (CBV) as a potential radioactivity source—a feature
not permitted within the CBIST or VBIST model of skeletal dose.

PIRT Model: Proximal Femur

A corresponding schematic of the PIRT model for the right
proximal femur of the 66-y male subject is shown in Figure 2. In
adults, hematopoiesis occurs primarily within the proximal epiph-
ysis of the femur and, thus, the macrostructural model (shown in
the top right of Fig. 2 and given by the ex vivo CT) is terminated
inferiorly at the point where the lesser trochanter merges anatom-
ically with the femoral diaphysis. As with the University of Leeds
chord-length measurements for their 44-y man, the biomechanics
and, thus, the trabecular microstructure are notably different within
the femoral head and femoral neck; consequently, 3D NMR mi-
croscopy images were taken separately from the head and neck
regions of the proximal femur. Representative transverse NMR

image slices are shown in the bottom middle and bottom right of
Figure 2. For each tissue source region in the model (TAM, TBV,
or TBS), 2 different transport simulations are performed—one in
which electrons are started within the spongiosa of the femoral
head (orange voxels of the ex vivo CT transverse slice) and one in
which electrons are started within the spongiosa of the femoral
neck (red voxels of the ex vivo CT transverse slice). In each case,
only the corresponding NMR microscopy image is used within the
PIRT model (head or neck microimage). Final absorbed fraction
results for the entire proximal femur are taken as mass weighted
averages of results from the head-only and neck-only spongiosa
source transport calculations. Table 2 displays the various source
and target tissue masses for both the proximal femur and lumbar
vertebra PIRT dosimetry models (given as the product of their
segmented volume and the reference densities of Table 1). The
bottom row of Table 2 gives values of marrow volume fraction
(MVF) defined as the fraction of all voxels within the NMR
microimage that are assigned to marrow tissues after image thresh-
olding. Here it is noted that the MVF of the femoral head is 64.5%,
whereas it is 75.5% within the femoral neck. The MVF within the
L4 vertebral body, however, was measured at 87%.

RESULTS

Absorbed Fractions to Active Marrow Within L4
Vertebra

Figure 3 displays values of electron-absorbed fraction to
active (red) bone marrow within the L4 vertebra of the 66-y
male subject. Figure 3A corresponds to an assumption of
100% marrow cellularity (no voxels of adipose tissue are
labeled within the NMR microimage), whereas Figure 3B
corresponds to an assumed marrow cellularity of 70% (ref-
erence value in both ICRP Publications 70 and 89 (12,31)).
In each graph, solid lines indicate energy-dependent ab-
sorbed fractions obtained from PIRT model simulations,
whereas dashed lines indicate those derived from VBIST
model simulations. For either model and at both cellulari-
ties, 3 source tissues are considered: TAM (diamonds), TBS
(triangles), and TBV (circles).

At source energies below ~100 keV, the 2 model types
yield essentially equivalent results, as boundary effects at
the spongiosa—cortical bone interface (within the PIRT
model) play a negligible role in modifying the pattern of
energy deposition to active marrow voxels (as seen within
the VBIST model). Model equivalency is noted to extend to

TABLE 2
Tissues Masses Used in PIRT Model (100% Marrow Cellularity)

Tissue region or quantity L4 vertebra Femoral head Femoral neck Proximal femur
TAM (g) 153.3 15.80 26.30 421
TBE (9) 3.2 0.68 1.12 1.8
TBV (9) 117.0 4.55 7.55 121
CBV (9) 74.4 26.6
MVF* (%) 87 64.5 75.5

*MVF = marrow volume fraction: ratio of total marrow voxels to total voxels in binary 3D NMR microscopy images of excised cube of

trabecular spongiosa.
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FIGURE 3. Electron-absorbed fractions to active bone marrow within L4 vertebrae for 3 source tissues: TAM, TBV, and TBS. Data

shown by solid lines are from PIRT model, whereas those given by dashed lines are from VBIST model. Data for A correspond to
100% marrow cellularity, whereas those for B correspond to ICRP 70 reference cellularity of 70% (37).

electrons of ~200-keV initial energy when emitted within
the volume of the bone trabeculae (TBV sources).

As the electron initial energy increases above 100-200
keV, energy deposition to active marrow as predicted under
VBIST model simulations increasingly overpredicts that
given by the more anatomically realistic PIRT model. As
previously noted for chord-based skeletal models under
either CBIST or VBIST simulations, absorbed fractions
asymptotically approach a limited value independent of the
source tissue (/3,15,20). At 100% cellularity, the VBIST
model absorbed fraction to active marrow approaches a
value of 0.76 at high electron energies, whereas it ap-
proaches a limiting value of 0.53 at 70% cellularity (70% of
0.76). Similarly, absorbed fractions to active marrow pre-
dicted under PIRT model simulations also converge in a
source-independent manner, but this convergence value is

energy dependent as more and more electron energy is lost
to the surrounding cortical bone (and potentially surround-
ing tissues). With the PIRT model results serving as the
local standard, percentage errors in the self-absorbed frac-
tion to active marrow given by the VBIST model are 7% at
500 keV, 16% at 1 MeV, and 85% at 4 MeV. Corresponding
percentage errors are 7%, 16%, and 88% for TBS sources
and 7%, 18%, and 89% for TBV sources. These percentage
errors are roughly equivalent at both marrow cellularities.

Absorbed Fractions to Active Marrow Within Proximal
Femur

Figure 4 displays values of electron-absorbed fraction to
active marrow for TAM, TBS, and TBV sources located
within the spongiosa of the right proximal femur of the 66-y
male subject. Figures 4A and 4B correspond to marrow
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FIGURE 4. Electron-absorbed fractions to active bone marrow within proximal femur for 3 source tissues: TAM, TBV, and TBS.

Data shown by solid lines are from PIRT model, whereas those given by dashed lines are from VBIST model. Data for A correspond
to 100% marrow cellularity, whereas those for B correspond to ICRP 70 reference cellularity of 25% (37).
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cellularities of 100% and 25%, respectively, where the latter
is the default cellularity for the upper femur given in ICRP
Publications 70 and 89 (/2,31). In each graph, the individual
absorbed fraction profiles for electron sources in the femoral
head and in the femoral neck have been averaged according
to the total mass of source tissue in the head and neck
regions of the proximal femur, respectively. In Figure 4B,
the ordinate has been expanded to better view differences in
modeling results at high electron energies. At the lowest
energy considered (10 keV), a value of $(TAM<«<TAM) =
0.98 is seen under both VBIST and PIRT simulations.
Patterns of divergence between the 2 modeling ap-
proaches (VBIST vs. PIRT) in the proximal femur are seen
to occur at lower energies compared with those found
within the L4 vertebra (~100 keV for TAM sources, ~50
keV for TBS sources, and ~100 keV for TBV sources).
Furthermore, it is seen that at 4 MeV (the highest energy
considered), full convergence of the absorbed fraction to
active marrow under both VBIST and PIRT model simula-
tions has not yet been reached for the 3 source regions.
Nevertheless, the energy-independent (VBIST) and energy-
dependent (PIRT) patterns of convergence are still evident
at electron initial energies of >1 MeV. With the PIRT
model results serving as the local standard, percentage er-
rors in self-absorbed fraction to active marrow (100% cel-
lularity) given by the VBIST model are 6% at 500 keV, 12%
at 1 MeV, and 31% at 4 MeV. Corresponding percentage
errors are 22%, 27%, and 44% for TBS sources and 12%,
21%, and 44% for TBV sources. These percentage errors
are ~20%—-50% higher when the marrow cellularity of the
proximal femur is reduced to 25% (fat fraction of ~75%).

Absorbed Fractions to Endosteal Tissues

Figure 5 displays values of absorbed fraction to the
trabecular endosteal tissues defined as a 10-pm layer of soft
tissue on the marrow side of the bone—marrow interface

within the NMR microimages. Figure 5A gives results for
TBS, TBV, and TAM electron sources emitted within the
L4 vertebra containing bone marrow at 70% cellularity.
Figure 5B shows data for these same source tissues within
the right proximal femur at 25% marrow cellularity. In both
graphs, the ordinate scale is expanded to a maximum value
of 0.16 to facilitate viewing model differences at higher
energies. At the lowest energy considered (10 keV), a value
of &(TBE<-TBS) = 0.5 is seen under both VBIST and
PIRT simulations.

At each energy for each model, higher absorbed fractions
are noted for electron sources on the trabecular surfaces,
whereas lower absorbed fractions are seen for electron
sources emitted within the active bone marrow. Intermedi-
ate absorbed fractions are shown for bone volume sources
that peak in value at a source energy of ~100 keV in both
skeletal sites. As expected, VBIST model simulations ap-
proach energy- and source-independent convergence values
at high electron initial energies (0.032 in the L4 vertebra,
and 0.045 in the proximal femur), whereas source-indepen-
dent convergence values for the PIRT model are shown to
continually decline with increasing source energy above 1
MeV. This decline is slightly more prominent in the L4
vertebra than seen in the proximal femur and is accountable
in part by cortical bone losses within the vertebral pro-
cesses. In these anatomic regions of the vertebra (which
encompass ~25% of total vertebral spongiosa), the surface-
to-volume ratio of trabecular spongiosa is higher than that
found in the vertebral body and, thus, electron escape to
cortical bone is greater for individual electron emissions.

DISCUSSION

As a further means of comparing the VBIST and PIRT
model results, radionuclide S values were calculated for a
wide range of [-particle emitters of interest in skeletal
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FIGURE 5. Electron-absorbed fractions to trabecular bone endosteum within L4 vertebra (A) and proximal femur (B) for 3 source
tissues: TAM, TBV, and TBS. Data shown by solid lines are from PIRT model, whereas those given by dashed lines are from VBIST
model.
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TABLE 3
Ratio of Radionuclide S Value for Active Marrow (TAM) Target as Given by Voxel-Based VBIST
Model to That Given by PIRT Model

L4 vertebra: 100% cellularity

Proximal femur: 100% cellularity

Eave Emax
Radionuclide (keV) (keV) TAM source TBS source TBV source TAM source TBS source TBV source
33p 77 239 1.01 1.02 1.02 1.02 1.09 1.21
169Er 100 351 1.02 1.04 1.03 1.02 1.08 1.23
7Ly 133 498 1.03 1.05 1.04 1.03 1.09 1.23
153Sm 225 809 1.05 1.06 1.06 1.04 1.10 1.23
185Re 323 1,075 1.08 1.09 1.09 1.06 1.13 1.24
89Sr 583 1,492 1.13 1.14 1.13 1.10 1.18 1.26
32p 695 1,854 1.15 1.16 1.15 1.11 1.19 1.26
188Re 764 2,000 1.17 1.19 1.18 1.12 1.21 1.28
o0y 934 2,282 1.21 1.23 1.22 1.14 1.23 1.30
L4 vertebra: 70% cellularity Proximal femur: 25% cellularity
Eave Emax
Radionuclide (keV) (keV) TAM source TBS source TBV source TAM source TBS source TBV source
33p 77 239 1.01 1.02 1.01 1.00 1.03 1.17
169Er 100 351 1.02 1.04 1.02 1.02 1.05 1.19
1771y 133 498 1.03 1.05 1.04 1.04 1.07 1.21
158Sm 225 809 1.05 1.06 1.06 1.07 1.10 1.22
185Re 323 1,075 1.08 1.09 1.09 1.09 1.13 1.24
89Sr 583 1,492 1.13 1.14 1.14 1.13 1.18 1.25
82p 695 1,854 1.15 1.16 1.16 1.15 1.19 1.26
188Re 764 2,000 1.18 1.19 1.20 1.16 1.21 1.27
90y 934 2,282 1.22 1.23 1.24 1.19 1.24 1.28

tissue imaging and radionuclide therapy. Absorbed fractions
to active bone marrow given in Figures 3A and 3B and
Figures 4A and 4B, along with tissue mass data of Table 2
and B-particle energy spectra from Eckerman et al. (32),
were used to calculate S values under the MIRD schema for
9 different radionuclides. Ratios of the S value based on
VBIST-model absorbed fractions to that using PIRT-model
absorbed fractions are displayed in Table 3 for both skeletal
sites and at both 100% and ICRP reference marrow cellu-
larities. For low-energy B-emitters such as P, '%Er, and
77Lu, absorbed fractions given by the VBIST model simu-
lations overestimate radionuclide S values for TAM, TBS,
and TBV sources by only 1%—-5% in the L4 vertebra. Higher
errors are noted in the proximal femur, particularly for bone
trabeculae volume sources (ratios of 1.17—1.23). For radio-
nuclides at intermediate 3-energies (E,,. of 225-583 keV),
S value ratios range from 1.05 to 1.14 in the L4 vertebra and
from 1.04 to 1.26 in the proximal femur. For radionuclides
in the highest B-energy range (E,. of 695-934 keV), S
value ratios range from 1.15 to 1.24 in the L4 vertebra and
from 1.11 to 1.30 in the proximal femur. It is reasonable to
assume that similar errors are also present in radionuclide S
values derived from chord-based models (/4,16), which, as
in the VBIST simulations of the present study, assume an
infinite region of spongiosa during particle transport.
Before the full development of the PIRT methodology
given here, the UF ALRADS research group had attempted
to correct for energy loss to cortical bone by applying a
stylized model of the skeletal site macrostructure. For ex-
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ample, in the study by Patton et al. (/9), a spheric region of
spongiosa surrounded by a spheric shell of cortical bone
was applied to the femoral heads of 3 different individuals
based on CT image analysis. In that study, it was demon-
strated that infinite spongiosa transport yielded radionuclide
S values for 2P that were ~5%-8% higher than those in
which cortical bone energy loss was accounted for via
stylistic modeling of the femoral head. For the higher-
energy °Y, the infinite spongiosa transport results gave S
values 8%—11% higher. In the present study, however, the
full 3D histologic macrostructure of the proximal femur
(head as well as neck and trochanter regions) is treated
within the PIRT model simulations. Corresponding correc-
tions to infinite spongiosa transport are shown in the present
study (by the PIRT model) to be significantly higher (up to
1.26 for 32P and up to 1.30 for °°Y) than indicated previously
by Patton et al. (/9) for the femoral head. These larger
corrections are attributed to enhanced particle energy loss at
3 spongiosa regions of the PIRT femur model: the femoral
neck, the trochanters, and the bottom interface of the model
(where particles are lost to inactive marrow of the femoral
diaphysis; Fig. 2). These regions of enhanced electron es-
cape were not present within the spheric femoral head
model of the Patton et al. study.

Improved macrostructural modeling of the skeleton via
the PIRT model methodology will potentially lead to im-
provements in correlations between marrow dose estimates
and observed patient myelotoxicity. For example, clinical
studies of the bone pain palliation agents '*Sm-ethylenedi-
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aminetetramethylene phosphonate ('3Sm-EDTMP) (33-35)
and '8Re-hydroxyethylidene diphosphonate ('3*Re-HEDP)
(36-38) have shown patient marrow toxicities that were
lower than expected based on marrow dose estimates from
standard CBIST skeletal dose models (e.g., MIRDOSE2
and MIRDOSE3). Although various studies have been ini-
tiated to explain these discrepancies, including improve-
ments in activity uptake quantification (39,40), the data of
Table 3 indicate that perhaps values of marrow dose were
simply overestimated in these studies, as the standard clin-
ical models do not properly account for particle escape from
marrow-filled regions of spongiosa. For both bone surface
and volume sources, infinite spongiosa transport is shown in
Table 3 to overestimate the femoral marrow self-dose by
10%-22% for '33Sm and 13%—-24% for '8Re, whereas the
vertebral marrow self-dose is overestimated by 6% for
153Sm and 9% for '%Re.

CONCLUSION

A PIRT model for skeletal dosimetry is presented in
which electrons and (3-particles are tracked simultaneously
within 2 different segmented digital images: (a) an ex vivo
CT image of the skeletal site with segmented regions of
trabecular spongiosa, cortical bone, and surrounding tissues
and (b) an ex vivo NMR microscopy image of the interior
bone trabeculae and marrow cavity microstructure represen-
tative of that found within spongiosa regions of the ex vivo
CT image. Example dose calculations under the PIRT meth-
odology within the L4 vertebra and right proximal femur of
an adult 66-y male subject demonstrate a divergence from
standard infinite spongiosa transport (VBIST) methods at
energies as low as 50-200 keV, depending on the source
tissue and skeletal site. Calculations of radionuclide S val-
ues under both methodologies imply that current chord-
based models used in clinical skeletal dosimetry may over-
estimate dose to active bone marrow in these 2 skeletal sites
by ~4%-23% for low-energy B-emitters (**P, '“FEr, and
7Lu), by ~4%-25% for intermediate-energy [-emitters
(133Sm, '#Re, and #°Sr), and by ~11%-30% for high-energy
B-emitters (32P, '88Re, and *°Y). Higher errors are noted for
bone-volume seekers, whereas lower errors are seen for
source emissions within the active bone marrow. Though
the proximal femur and lumbar vertebra are investigated in
the present study, potentially larger errors in skeletal do-
simetry are presumed to exist in skeletal sites with dispro-
portionately smaller volumes of spongiosa (e.g., ribs, cra-
nium, and sternum).

The PIRT methodology supersedes previous stylized
modeling attempts by the UF ALRADS research group to
account for the finite spatial extent of trabecular spongiosa
and the presence of cortical bone. This approach thus ren-
ders obsolete any need for mathematic modeling of the
either simple or complex bone site geometries. Furthermore,
the technique increases the prospects for expanded avail-
ability of reference skeletal dosimetry models for both gen-
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ders and of individuals of varying stature and skeletal size
for use in radionuclide therapy treatment planning of cancer
in which marrow toxicity is of concern.
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Current methods of skeletal dose assessment in both medical pkwgigsnuclide therapyand

health physicgdose reconstruction and risk assessmesly heavily on a single set of bone and
marrow cavity chord-length distributions in which particle energy deposition is tracked within an
infinite extent of trabecular spongiosa, with no allowance for particle escape to cortical bone. In the
present study, we introduce a paired-image radiation tran€ptRT) model which provides a more
realistic three-dimension&BD) geometry for particle transport in the skeletal site at both micro-
scopic and macroscopic levels of its histoloBy vivoCT scans were acquired of the pelvis, cranial

cap, and individual ribs excised from a 66-year male cadé®BH of 22.7 kg ni?). For the three
skeletal sites, regions of trabecular spongiosa and cortical bone were identified and segmented.
Physical sections of interior spongiosa were taken and subjected to microCT imaging. Voxels within
the resulting microCT images were then segmented and labeled as regions of bone trabeculae,
endosteum, active marrow, and inactive marrow through application of image processing algo-
rithms. The PIRT methodology was then implemented withineaeNRrcradiation transport code
whereby electrons of various initial energies are simultaneously tracked within bodx theoCT
macroimage and the CT microimage of the skeletal site. At initial electron energies greater than
50-200 keV, a divergence in absorbed fractions to active marrow are noted between PIRT model
simulations and those estimated under existing techniques of infinite spongiosa transport. Calcula-
tions of radionuclideS values under both methodologies imply that current chord-based models
may overestimate the absorbed dose to active bone marrow in these skeletal sites by 0% to 27% for
low-energy beta emitter6P, %%r, and"’Lu), by ~4% to 49% for intermediate-energy beta
emitters(*>*sm, ¥Re, and®°sr), and by~14% to 76% for high-energy beta emittéréP, 1%Re,

and *°Y). The PIRT methodology allows for detailed modeling of the 3D macrostructure of indi-
vidual marrow-containing bones within the skeleton thus permitting improved estimates of ab-
sorbed fractions and radionuclidvalues for intermediate-to-high energy beta emitters2@5
American Association of Physicists in Medicif®Ol: 10.1118/1.1898463

Key words: skeletal dosimetry, marrow dose, NMR microscopy, radionu8idalue, absorbed
fraction

I. INTRODUCTION beculae and marrow cavities, as well as the macroscopic

Accurate models of absorbed dose to skeletal tissue ardructure of the bone site itselshape and volume of the
needed in both radiation protecti¢e.g., predicting risks for ~trabecular spongiosa and the exterior cortex of cortical
leukemia and bone cancer induction following inhalation of®0n®. For alpha emitters and low-energy beta emitters, only
long-lived bone-seeking radionuclideand in radionuclide the microscopic characterization of the bone site is needed in
therapy(e.g., correlations of marrow absorbed dose and toxthe dosimetry model, as these shorter-ranged particles typi-
icity for radiopharmaceuticals subject to either specific orcally expend their full emission energy within the trabecular
nonspecific skeletal uptakeldeally these models must take spongiosa. For intermediate- to high-energy beta emitters,
into account both the microscopic structure of the bone trahowever, energy loss to the exterior cortical bone is to be
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expected, especially at those skeletal sites with high sporit. MATERIALS AND METHODS
giosa surface-to-volume ratide.g., flat bones such as the
cranium and ribs

Current models of skeletal dosimetry used in both health  ~,4idate subjects for study were obtained through the

physics and medical physics track alpha and beta particlegiate of Florida Anatomical Board located on the University
within the skeleton through an infinite region of trabecular ;¢ Fiorida (UF) campus. Cadaver selection criteria included
spongiosa, thus neglecting effects introduced by the bone’a) an age between 50 and 75 ye@epresentative of typical
three-dimensiondBD) macrostructure. These IST, or infinite ,5dionuclide therapy patients(2) a body mass index of
spongiosa transport, models use as their input eithelin- 18.5-25 kg m? (CDC recommended healthy rar’@e and

ear chord-length distrizbutions measured across the trabecul@g) a cause of death that would preclude significant skeletal
and marrow c?vitieé', or (2) 3D digital images of that geterioration. The subject identified was a 66-year male ap-
microstructuré®® Subsequently, we refer to these two mOd'proximater 68 kg in total mass and 173 cm in total height at
eling approaches as CBIS{chord-based ISTor VBIST  the time of death(BMI of 22.7 kg n2). The subject died

(voxel-based ISY skeletal dosimetry models, respectively. suddenly of complications associated with cardiomyopathy.
The skeletal dosimetry model used in current clinical prac-

tice, the Eckerman and Stabin motlef MmirRDose? and its B. In vivo computed tomography scanning
successor code, belongs to the CBIST model classification.

In the present study, we discuss a new approach to skel- Prior to bone harvesting, the male cadaver was subjected
etal dosimetry using paired-image radiation transfIRT).  to whole-body imaging via multi-slice helical CT at a pitch
In the PIRT skeletal model, radiation particles are trackechecessary to reconstruct contiguous 1 mm axial slices. The
simultaneously within two different segmented digital im- images were acquired on a Siemens Sensation 16 unit within
ages:(1) anex vivoCT image of the skeletal site outlining the Department of Radiology at UF Shands Hospital. Image
regions of trabecular spongiosa and cortical bone,(@hdn  reconstruction was performed with a bone filter at an in-
ex vivo microCT image of the spongiosa microstructure plane pixel resolution of 974mx 977 um. The CT image
(bone trabeculae and marrow caviliel Shahet al,” we  sets were then transferred to workstations within the
compare dosimetry results between VBIST and PIRT modeAdvanced Laboratory for Radiation Dosimetry Studies
transport simulations for electron and beta-particle emitteréALRADS)in the UF Department of Nuclear & Radiological
within the proximal femur and lumbar vertebrae of a 66 Engineering for image processing and data storage.iifhe
-year adult male. In the current study, we extend this comvivo CT scans provided image data in orden(1p select the
parison to include three other skeletal sites with high peranatomical region from which the bone site would be har-
centages of active bone marrow: the pelvis, cranium, andtested, and2) construct 3D anatomic models of skeletal
ribs. sites where bone harvestirignd thusex vivoCT scanning

Microimaging of trabecular spongiosa: NMR microscopy might be incompletde.g., rib cage
vs microCT Our research group has previously reported on
the use of NMR microscopy to obtain 3D microimages of theC. Bone harvesting and  ex vivo computed
trabecular micro-architecture for skeletal dosiméfty.*?  tomography scanning

Optimal images from NMR microscopy require physical  Following detailed review of the whole-body vivo CT
samples of spongiosa be subjected to marrow digestionmages, bone harvesting was conducted. Fourteen major
Marrow digestion is efficient for those skeletal sites with skeletal sites were taken from the male cadaver including the
relatively large and externally accessible marrow cavitieyelvis (pelvis), the cranium(cranial cap, and several ribs
(e.g., femur head/neck and vertebrén contrast, marrow from both the right and left side of the rib cage. Once each
digestion can be incomplete for skeletal sites with inaccesskeletal site was excised, it was cleaned of excess tissue,
sible and relatively small marrow cavitig®.g., cranium, pagged, labeled, and stored frozen uasilvivoCT imaging
sternum, etg. Alternatively, sectioned pieces of trabecular coyld be scheduled. Post-harves, vivo CT imaging was
spongiosa may be imaged directly via NMR as marrow-conducted at the highest resolution permitted based on
intact samples. Problems with this approach, however, insample siz&1.0 mm slice thickness with an in-plane resolu-
clude poor signal-to-noise ratios and corresponding difficultion of 0.65 mmx0.65 mm for the pelvis, 0.23 mm
ties in image segmentation and thresholding. For bothx0.23 mm for the ribs Theex vivoCT scans provided im-
marrow-digested and marrow-intact samples, one must alsgge data fo(1) identifying the location and extent of trabe-
contend with limitations in sample size considering the smalkcular spongiosa to be sectioned for microCT imagi(®);
imaging bore of high-field NMR systems. An attractive al- quantifying both trabecular spongiosa and cortical bone vol-
ternative to NMR microscopy for skeletal dosimetry is theumes within the bone site; ar{@) constructing 3D anatomic
use of microCT imaging of physical samples of models of the bone site for subsequent paired-image radia-
spongiosd®*® MicroCT imaging of marrow-intact samples tion transport simulations.

is an option that requires little sample preparation and thus is Following detailed review of thex vivoCT scans; physi-
achievable at all skeletal sites regardless of the ability taal sections of trabecular spongiosa were taken from each
fully digest the marrow tissues. bone site. Sections representing as large a region of spon-

A. Cadaver selection
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Fic. 1. Schematic of the PIRT model constructed for the pelvis. Regions of sporigites#or) and cortical bonéexteriop are shown in the CT macroimage
(upper righj.

giosa as possible were taken, given the constraints of thacquisition can result in an overlap of grayscale values for
bone shape and the microimaging systéeng., cuboidal tissues of interest, thus precluding the use of simple auto-
samples taken from a spherically shaped femoral headmated methods of boundary definition. In the present study,
Marrow-intact sections of spongiosa were bagged, labeledhe programct conTOURSWas adopted for use in segment-
and kept frozen until microimaging sessions were arrangedng spongiosa and cortical bone within eaehvivoCT im-

For the left parietal bone, two cuboidal sectiofieughly  age set’ This program is based upon Interactive Data Lan-
4.9 cmx 2.8 cmx 1.3 cm on edgewere cut from the cranial  guage(IDL) version 5.5 and can output labeled contour files
section representing 10— of the total spongiosa within the in a variety of formats including binary files fa@GsNRC®
cranial cap. For the left middle rib, four cylindrical sections gng ASCII text formcnp.*® cT conTOURS displays the cur-
were cut(~12% of total spongiosa within the left side of the rent CT information, as well as a color overlay of the con-
rib cage, and six sections were cut from different bones ofy 15 peing edited. The contours can be created using a va-
the pelvis(~25% of the total spongiosa within the entire ety of tools including: basic thresholding, pixel growing,
pe_lv_|s). Th_ese physical se_ct|ons of Frabecular spongiosa Wergqye| growing, region growing, and manual segmentation.
originally intended to be imaged via NMR microscopy, andrpe yoxels contained in the individual contours are filled

thus they were cut at sizes less than those permitted by Miyiy, the desired segmentation tag value, generating volumes

croCT imaging. of voxels with identical tag values. In the present study, seg-
mentation was performed via manual drawing using the fea-
D. Image segmentation of spongiosa and cortical tures ofcT CONTOURSand tablet hardware for the computer,
bone regions which allows for physical drawing of the contour overlay.
To create tomographic anatomic models for use in internafegmentation was performed while continuously controlling
dosimetry, radiation transport codes must be able to deciphéhe contrast window and constantly changing the display of
the boundaries of each tissue region for which an indeperthe images using several different filters, including Gaussian
dent dose assessment is to be made. Limitations of CT imag8Xx 3, 5X5, or 7X7) and median(3x 3, 5X 5, or 7X7)

Medical Physics, Vol. 32, No. 5, May 2005



1357 Shah et al.: Paired-image model of skeletal dosimetry 1357

filters. cT coNTOURSwas designed so that ROI creation or G. Paired image radiation transport ~ (PIRT) model
modification can be performed in either the transverse, sag-
ittal, or coronal plane. The paired-image radiation transport or PIRT model
supplements the 3bnicroscopichistology provided by the
microCT image with the 3Dnacroscopichistology given in
the correspondingx vivoCT image. The latter provides ad-
ditional data for particle transport including) the spatial
extent of the trabecular spongiose.g., ilium, pubis, and

Micro-tomographic imaging of cuboidal samples of spon-ischium bones of the pelyignd(2) the spatial extent of the
giosa was performed on desktop cone-bea@T40 or  surrounding cortical bonéwhich laterally encompasses the
uCT80 scanneréScanco Medical AG, Bassersdorf, Switzer- entire pelvis.
land yielding 3D image data sets at a voxel resolution of A schematic of the PIRT model of the pelvis from the
60 um X 60 um X 60 um. Although a resolution of 3@m  66-year male is given in Fig. 1, where teg vivoCT image
on edge could be obtained at an equivalent sample size, the shown in the upper left. A representative transverse slice is
higher resolution images exceed the maximum allowable bishown in the upper right where regions of spongi¢sa
nary array size of both the image processing and radiatioange and cortical bongblue) are differentiated. Superim-
transport codes. Postacquisition image processing steps ipesed over the entirex vivoCT image is a 3D array of
cluded (1) selection of a volume of interest for radiation replicate cuboidal microCT images each representing the 3D
transport simulation(2) gray-level thresholding(3) voxel  microstructure of the individual bone trabeculae and corre-
segmentation, an@) 3D median filtering, all of which have sponding marrow cavities. A 3D rendering of the microCT
been previously reported in Jokiseh al® and Pattoret al’ image is thus shown in the lower left of Fig. 1. Finally,
transverse and sagittal slices through the microCT image are
shown in the lower right displaying individual voxels of
bone (black and total marrow(white), a pattern inverted
from that within the original microCT image.

In the EGSNRCimplementation of the PIRT model, indi-

Following microCT imaging of our skeletal samples, avidual electrons are tracked simultaneously within the coor-
series of VBIST models were created to approxinfate 3D  dinates of the infinite array of microCT imagésdicating
transport the results of current CBIST models. First, marrow locations in TBV, TBE, TAM, or trabecular inactive
voxels within the binary microCT image are further labeledmarrow—TIM), and the coordinates of the single CT macro-
into voxels of activgred marrow and inactivéyellow) mar-  image(indicating locations in either spongiosa, cortical bone
row at a predetermined value of marrow cellularity. This pro-volume—CBYV, or surrounding tissues—muscle or soft tis-
cess has been outlined previously by Stedhal,'® and is  sue. Elemental compositions and mass densities used within
based upon microscopy measurements of the spatial distribthe PIRT model were taken from ICRU Report é&e Table
tion of adipocytes within normal bone marrow biopsies cov-1).?° When the particle is shown to leave the spongiosa of the
ering a broad range of marrow cellularities. The trabeculaCT macroimage, tracking within the microCT image is
bone endosteuriTBE) is further defined as a 1@m tissue halted and the particle is transported within a homogeneous
layer at the bone—marrow interface as previously describetegion of cortical bone defined only by the larger voxels of
by Jokisch® The resulting four-tissue 3D model of trabecular the ex vivoCT macroimage. Upon particle escape from the
spongiosa is coupled to tlessNRcCradiation transport code outer surface of the bone site, particle tracking is terminated.
for electron(beta particlg transport simulations. Source tis- In cases where the particle leaves cortical bone and re-enters
sues include the trabecular active marrgwM ), trabecular the interior spongiosa, particle tracking within the array of
bone surfacesTBS), and trabecular bone volum@BV). microCT images is resumed. The PIRT model is thus far
TBS sources are approximated as a 0ri layer on the mar- more anatomically realistic than is the geometry provided by
row side of the bone—arrow voxel interface. Target tissueshe VBIST model, especially when accounting for higher-
include both the active marrow and bone endosteum. Once energy, longer-ranged electrons.
given electron reaches the physical edge of the 3D micro- The principle approximation inherent within the PIRT
image, that particle is re-introduced to the image at a corremodel is that the trabecular microstructure given by the
sponding location at its opposing edge. The processes of pgpohysical section of spongios@s imaged via microCJTis
ticle transport within the image of spongiosa and itsuniform across all CT-segmented regions of spongiosa within
reintroduction are continued until all initial kinetic energy is an individual skeletal site. As a result, the trabecular micro-
expended. Particle histories are continu¢dlo 000 to  structures of the various other regions of the pelysbis
2 000 000 until coefficients of variation on the absorbed and ischium are implicitly assumed to be approximated by
fraction are below 1%. VBIST models for the pelvis, cra- that imaged within the ilium. In cases where more than one
nium, and ribs are shown in the bottom rows of Figs. 1-3physical section of spongiosa has been imaged by microCT,
respectively. Elemental compositions and mass densitiethe PIRT model can be re-run using different microimages
used within the VBIST model were taken from ICRU Report representative of different spongiosa regions of the bone site.
46 (see Table)l*° The resulting microimage-specific absorbed fraction profiles

E. Micro-computed tomography of trabecular
spongiosa

F. Voxel-based infinite spongiosa transport (VBIST)
model
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Fic. 2. Schematic of the PIRT model constructed for the cranium. Segmented regions of spongiosa are shown for the frontal, right parietal, lefigbarietal,
occipital bones of the cranial cap.
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can thus be averaged either uniformly or weighted by theTwo representative transverse slices are shofupper
volume of spongiosa sectioned. In the case of the pelvis, thmiddle and upper rightwhere regions of spongiogaccipi-
microstructure of the pubis and ischium can be sampled, utital, frontal, right parietal, left parietand cortical bone are
lized, and the resulting transport data can be averagetths  again differentiated. A 3D rendering of the microCT image
yet performed in the present stydyrinally, it is noted that  of the parietal bone is thus shown in the lower left of Fig. 2.
the PIRT model permits explicit consideration of a cortical Fingjly, one transverse and one coronal slice through the mi-
bone volume(CBV) as a potential radioactivity source for .ocT image are shown in the lower right displaying indi-
active marrow irradiation—a feature not permitted within .44 voxels of bongblack) and total marrow(white).

chord-based models of skeletal dd&BIST). The need for multiple spongiosa sampling sites also oc-

In th|s study, two other bone sﬂes representative of ﬂatC%JrS in the ribs, in which the left and right rib cages each
bones in the human body were subjected to electron transpor

within the PIRT model: the ribs and the cranium. As with thecrorl;tamltV\r/er:]\{erln(thV|d:Jz:r1I nt; ?ﬁnﬁz' o aC(t:rL]Jrraterll)ésamrr)le t::e
pelvis, the cranium and ribs have several regions in Whicﬁ abecular microstructure ot the rib cage, three ribs were cho-

sampling of the trabecular structure can be performed. In thée_n from both the right and I_eft S'd_e' In the present study
case of the cranium, final dosimetry data can be averagedi9- 3, we focus only on a single rib—the middie or sev-
from sampling of the frontal, occipital, left parietal and right €nth rib of the left rib cage. The upper left image in Fig. 3
parietal bones. In the present study, we focus on the microshows the spongiosa regions in the middle portions of both
structure of the left parietal bone as shown in Fig. 2. Thethe left and right rib cage. Differentiation of spongiosa and
upper left corner of Fig. 2 shows thex vivoimage of the cortical bone within the left middle rib are shown in the
cranial cap. Only the outer cortex of the cranium can be seeHpper right. A 3D rendering of the microCT image for the
with the coronal suture, nearly transverse in direction, bemiddle left rib is shown in the lower left of Fig. 3, along with
tween the frontal and parietal bones, and the sagittal sutureansverse and coronal slices displaying individual voxels of
medially placed, between the right and left parietal bonesbone(black and total marrow(white).
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Fic. 3. Schematic of the PIRT model constructed for the ribs.

Table Il displays the various source and target tissuesow volume fraction(MVF)—the fraction of tissue volume
masses for the pelvis, cranium, and left rib cage of the 66assigned to marrow in the segmented microCT image—are
year male subject. Values for cortical bone mass are estgiven at the bottom of Table Il for the left iliurt85.3%, left
mated as the product of the tissue denslty2 g cm® from  parietal bong(60.0%9, and left middle rib(88.8%9, respec-
Table )) and their cortical volumes from either thevivoCT  tively.
image (left rib cageg or ex vivoCT image(pelvis and cra-
nium). Mass estimates for total marrow, bone endosteumy||. RESULTS AND DISCUSSION
and bone trabeculae in each skeletal site are calculated as the i ) .
product of(1) the total spongiosa volume from the CT mac- A. A_bsorbed fractions to active marrow within the

. L h . . pelvis
roimage(in vivo or ex vivo, (2) the tissue volume fraction
taken from the microCT image, an@®) the tissue density Figure 4 displays values of electron absorbed fraction to
(values given in Table)l As an example, values of the mar- active (red bone marrow within the pelvis of the 66-year

TaBLE |. Tissue compositiong%% by masg and mass densities used in both the VBIST and PIRT models of skeletal dosimetry.

Tissue or Regich H C N (e} Trace Mass density cni )
Trabecular active marroWrAM) 10.5 41.4 34 43.9 0.1P,0.2S,0.2Cl, 02K, 0.1 Fe 1.03
Trabecular inactive marroWr M) 11.5 64.4 0.7 23.1 0.1 Na, 0.1 S,0.1Cl 0.98
Trabecular bone endosteUumBE) 10.5 25.6 2.7 60.2 0.1 Na,0.2P,0.3S,0.2Cl, 02K 1.03
Trabecular bone voluméerBV) 3.4 15.5 4.2 43.5 0.1 Na, 0.2 Mg, 10.3 P, 0.3 S, 22.5 Ca 1.92
Cortical bone volume&CBYV) 3.4 15.5 4.2 435 0.1 Na, 0.2 Mg, 10.3 P, 0.3 S, 22,5 Ca 1.92
Surrounding tissues 10.5 25.6 2.7 60.2 0.1 Na, 0.2P,0.3S,0.2Cl, 02K 1.03

*TAM—"adult red marrow,” TIM—"adult yellow marrow,” TBE—"adult ICRU-44 soft tissuenale.” TBV—"adult cortical bone,” CBV—"adult cortical
bone” (Appendix A of ICRU Report 46(ICRU 1992.
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TasLE Il. Tissues masses used in the paired-image radiation tran$p&T) model(100% marrow cellularity,
The marrow volume fractions are taken from the 3D microCT images of excised sections of spongiosa.

Tissue/quantity Pelvis Cranium Left rib cage
Trabecular active marroWwrAM ) 471.40 g 67.80 g 87.42 g
Trabecular bone endosteufiBE) 19.30 g 491¢ 1.49¢g
Trabecular bone volum€rBY) 157.50 g 90.48 g 25.76 g
Cortical bone voluméCBY) 392.50 g 361.95¢g 140.15 g

Marrow volume fractionMVF)? 85.3%(left ilium)  60.0%(left parieta)  88.8%(left seventh rib

“Ratio of total marrow voxels to total voxels within the 3D microCT images of trabecular spongiosa.

male subject. The upper graph corresponds to an assumptiovithin the spongiosa of the cranium of the 66-year male
of 100% marrow cellularityfno voxels of adipose tissue are subject. The upper and lower graphs of Fig. 5 correspond to
labeled within the microCT imagewhile the lower graph marrow cellularities of 100% and 38%, respectively, where
corresponds to an assumed marrow cellularity of 4886  the latter is the default cellularity for the cranium given in
erence adult value in both ICRP Publications 70 and’8¥  ICRP Publications 70 and 89. In the lower graph, the ordi-
In each graph, solid lines indicate energy-dependent almate has been expanded to better view differences in model-
sorbed fractions obtained from PIRT model simulations,ing results at high electron energies. At the lowest energy
while dashed lines indicate those derived from VBIST modelconsidered 10 keV), a value of unity for¢(TAM < TAM)
simulations. For either model and at both cellularities, threes seen under both VBIST and PIRT simulations.
source tissues are considered: active marfdi@amonds, Patterns of divergence between the two modeling ap-
bone surfacegtriangles, and bone trabeculagircles. proaches(VBIST versus PIRT in the cranium are seen to
The two model types yield essentially equivalent resultsoccur at higher energies compared to those found within the
only at electron energies below50 keV where boundary pelvis (~100 keV for TAM and TBS sources Model
effects at the spongiosa-cortical bone interfasgthin the  equivalency is noted to extend to electrons-6200 keV
PIRT mode) play a negligible role in modifying the pattern when emitted within the volume of the bone trabeculae
of energy deposition to active marrow voxéts seen within - (TBV source$. At 100% cellularity, the VBIST model ab-
the VBIST model. Model equivalency is noted to extend to sorbed fraction to active marrow approaches a value of 0.44
electrons of ~80-100 keV initial energy when emitted at high electron energies, while it approaches a limiting value
along the surfaces of the bone trabecUl@8BS sources of 0.17 at 38% cellularity38% of 0.44. Similarly, absorbed
As the electron initial energy increases abovefractions to active marrow predicted under PIRT model
50-100 keV, energy deposition to active marrow as presimulations also converge in a source-independent manner,
dicted under VBIST model simulations increasingly overpre-but again this convergence value is energy dependent. With
dicts that given by the more anatomically realistic PIRTthe PIRT model results serving as the local standard, percent
model. As previously noted for skeletal models under eitheerrors in self-absorbed fraction to active marr@®0% cel-
CBIST or VBIST simulations, absorbed fractions asymptoti-lularity) given by the VBIST model are 18% at 500 keV,
cally approach a limiting value independent of the source88% at 2 MeV, and 200% at 4 MeV. Corresponding percent
tissue>?>%*At 100% cellularity, the VBIST model absorbed errors are 22%, 93%, and 208% for TBS sources, and 21%,
fraction to active marrow approaches a value~60.75 at  93%, and 208% for TBV sources. As shown similarly in the
high electron energies, while it approaches a limiting valuepelvis, these percent errors are roughly equivalent when the
of 0.36 at 48% cellularity48% of 0.75. Similarly, absorbed marrow cellularity of the cranium is reduced to 38%at
fractions to active marrow predicted under PIRT modelfraction of ~62%).
simulations also converge in a source-independent manner,
but this convergence value is noted to be energy-dependent
as more and more electron energy is lost to the surrounding
cortical bone(and potentially surrounding tissye®Vith the ) ) o )
PIRT model results serving as the local standard, percerft: APsorbed fractions to active marrow within the rib
errors in self-absorbed fraction to active marrow given by the-29€
VBIST model are 17% at 500 keV, 34% at 2 MeV, and 70% Figure 6 displays values of electron absorbed fraction to
at 4 MeV. Corresponding percent errors are 8%, 30%, andctive marrow for TAM, TBS, and TBV sources located
68% for TBS sources, and 22%, 36%, and 72% for TBVwithin the spongiosa of the left rib cage of the 66-year male
sources. These percent errors are roughly equivalent at boffubject. The upper and lower graphs of Figure 6 correspond
marrow cellularities. to marrow cellularities of 100% and 70%, respectively,
where the latter is the default cellularity for the ribs given in
ICRP Publications 70 and 89. In each graph, solid lines in-
dicate energy-dependent absorbed fractions obtained from
Figure 5 displays values of electron absorbed fraction td®IRT model simulations, while dashed lines indicate those
active marrow for TAM, TBS, and TBV sources located derived from VBIST model simulations. At the lowest en-

B. Absorbed fractions to active marrow within the
cranium
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Fic. 4. Electron absorbed fractions to active bone marrow within the pelvis for three source tissues—TAM, TBV, and TBS. Data shown by solid lines are from
the PIRT model, while those given by dashed lines are from VBIST simulations. Two marrow cellularities are agauf@o active marrow antb) the

ICRP reference cellularity of 48%.

ergy considered10 keV), a value of (TAM —TAM)=1.0

pected.

eton. At 4 MeV (the highest energy considejedull con-
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(VBIST) and energy-dependePIRT) patterns of conver-
is seen under both VBIST and PIRT simulations, as exgence are still evident at electron initial energies exceeding
1 MeV. At 100% cellularity, the VBIST model absorbed
Patterns of divergence between the two modeling apfraction to active marrow approaches a value~69.82 at
proachegVBIST versus PIRT in the ribs are seen to mirror high electron energies. With the PIRT model results serving
those seen in the craniuthoth flat bones of the axial skel- as the local standard, percent errors in self-absorbed fraction
to active marrow(100% cellularity given by the VBIST
vergence of the absorbed fraction to active marrow undemodel are 21% at 500 keV, 124% at 2 MeV, and 313% at
VBIST model simulations has not yet been reached for thel MeV. Corresponding percent errors are 16%, 136%, and
three source regions. Nevertheless, the energy-independe327% for TBS sources, and 31%, 55%, and 337% for TBV
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Fic. 5. Electron absorbed fractions to active bone marrow within the cranium for three source tissues—TAM, TBV, and TBS. Data shown by solid lines are
from the PIRT model, while those given by dashed lines are from VBIST simulations. Two marrow cellularities are asguh@®d active marrow antb)
the ICRP reference cellularity of 38%.

sources. These percent errors are roughly equivalent whep. Absorbed fractions to endosteal tissues

the marrow cellularity of the rib cage is reduced to 7%

fraction of ~30%). The higher errors in dosimetry for the Figure 7 displays values of absorbed fraction to the trabe-
ribs under VBIST simulations are not unexpected, considereular endosteal tissues defined as g0 layer of soft tissue
ing that this bone site has both a high surface-to-volume ration the marrow-side of the bone—marrow interface within the
of spongiosahigher chance for electron escape to corticalmicroCT images. Figure (@) gives results for TBS, TBY,
bone, as well as a high marrow volume fraction within its and TAM electron sources emitted within the pelvis contain-
spongiosa(lesser chance for energy absorption within theing bone marrow at 48% cellularity. Figuregby and 7c)
bone trabeculge show corresponding values within the cranium and left rib
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Fic. 6. Electron absorbed fractions to active bone marrow within the ribs for three source tissues—TAM, TBV, and TBS. Data shown by solid lines are from
the PIRT model, while those given by dashed lines are from VBIST simulations. Two marrow cellularities are agauf@@% active marrow antb) the

ICRP reference cellularity of 70%.

cage, respectively, also at reference marrow
(38% for cranium and 70% for the ripdn all three

cellularitieslosteal tissue¥’. Consequently, reported in this investigation
graphs, are only the absorbed fraction values at the reference cellu-

the ordinate scale is expanded to a maximum value of 0.10 tlarity for each bone site.

facilitate viewing model differences at higher energies. At

the lowest energy considerddO keV), a value of

At each energy and for each model, higher absorbed frac-

¢(TBE  tions are noted for electron sources on the trabecular sur-

+—TBS)=0.5 is seen under both VBIST and PIRT simula-faces, while lower absorbed fractions are seen for electron
tions (half-space source-target geometry for all bone sites sources emitted within the active bone marrow. Intermediate
Also, changes in the marrow cellularity at each bone siteabsorbed fractions are shown for bone volume sources which

have no direct effect on the absorbed fraction
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; ; . . , As a further means of comparing the VBIST and PIRT
while those given by dashed lines are from VBIST simulations.

model results, radionuclid& values were calculated for a
wide range of beta-particle emitters of interest in skeletal
and rib skeletal sites. Within the cranium, values¢g¢TBE  tissue imaging and radionuclide therapy. Absorbed fractions
+—TBV) peak in value at a source energy-6200 keV. As to active bone marrow given in Figs. 4—6, along with both
expected, VBIST model simulations approach energy- andhe tissue mass data of Table Il and the beta-particle energy
source-independent convergence values at high electron inspectre> were used to calculate radionucliSevalues under

tial energies(0.028 in the pelvis, 0.030 in the cranium, and the MIRD schema for ten different radionuclides. Ratios of
0.015 in the left rib cage while source-independent conver- the S value based on VBIST-model absorbed fractions to
gence values under PIRT are shown to continually declinghose using PIRT-model absorbed fractions are displayed in
with increasing source energy above 1 MeV. This decline isTable Il for all three skeletal sites and at ICRP-reference
more prominent in the cranium and the ribs than seen in thenarrow cellularities. For low-energy beta-emitters such as
pelvis (ratios of 3.0 versus 1.5 at high energieand is ac- 3P, ®%r, and'’"Lu, absorbed fractions given by the VBIST
countable in part by cortical bone losses and particle escapmaodel simulations overestimate radionucli@evalues for
from these two flat bones. TAM, TBS, and TBV sources by only 2% to 11% in the
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A COMPARISON OF SKELETAL CHORD-LENGTH
DISTRIBUTIONS IN THE ADULT MALE

Amish P. Shah,* Didier A. Rajon,T Derek W. Jokisch,* Phillip W. Patton,’
and Wesley E. Bolch**

Abstract—In radiation protection, skeletal dose estimates are
required for the tissues of the hematopoietically active bone
marrow and the osteogenic cells of the trabecular and cortical
endosteum. Similarly, skeletal radiation dose estimates are
required in therapy nuclear medicine in order to develop
dose-response functions for myelotoxicity where active bone
marrow is generally the dose-limiting organ in cancer radio-
immunotherapy. At the present time, skeletal dose models in
both radiation protection and medical dosimetry are funda-
mentally reliant on a single set of chord-length distribution
measurements performed at the University of Leeds in the late
1970’s for a 44-y-old male subject. These distributions describe
the relative frequency at which linear pathlengths are seen
across both the marrow cavities and bone trabeculae in seven
individual bone sites: vertebrae (cervical and lumbar), proxi-
mal femur (head and neck), ribs, cranium (parietal bone), and
pelvis (iliac crest). In the present study, we present an alter-
native set of chord-length distribution data acquired within a
total of 14 skeletal sites of a 66-y-old male subject. The
University of Florida (UF) distributions are assembled via 3D
image processing of microCT scans of physical sections of
trabecular spongiosa at each skeletal site. In addition, a
tri-linear interpolation Marching Cube algorithm is employed
to smooth the digital surfaces of the bone trabeculae while
chord-length measurements are performed. A review of mean
chord lengths indicate that larger marrow cavities are noted
on average in the UF individual for the cervical vertebrae
(1,038 vs. 910 pum), lumbar vertebrae (1,479 vs. 1,233 um),
ilium (1,508 vs. 904 pm), and parietal bone (812 vs. 389 um),
while smaller marrow cavities are noted in the UF individual
for the femoral head (1,043 pm vs. 1,157 pum), the femoral
neck (1,454 pm vs. 1,655 pm), and the ribs (1,630 pm vs. 1,703
pm). The mean chord-lengths for the bone trabeculae show
close agreement for both individuals in the ilium (~240 pm)
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and cervical vertebrae (~280 pum). Thicker trabeculae were
seen on average in the UF individual for the femoral head
(ratio of 1.50), femoral neck (ratio of 1.10), lumbar vertebrae
(ratio of 1.29), and ribs (ratio of 1.14), while thinner trabeculae
were seen on average in the UF individual for the parietal bone
of the cranium (ratio of 0.92). In two bone sites, prominent
discrepancies in chord distribution shape were noted between
the Leeds 44-y-old male and the UF 66-y-old male: (1) the bone
trabeculae in the ribs, and (2) the marrow cavities and bone
trabeculae within the cranium.

Health Phys. 89(3):199-215; 2005

Key words: skeleton; radiation therapy; bone marrow; Refer-
ence Man

INTRODUCTION

THE AcTIVE (red) bone marrow of the trabecular regions of
the adult skeleton, as well as the endosteal tissues
aligning the interior bone surfaces, are important target
tissues in radiation protection (e.g., induction of leuke-
mia and bone cancer, respectively, following long-term
internal exposure). In radioimmunotherapy (RIT) the
active marrow has been identified as the dose-limiting
organ in these treatments, thus placing increased impor-
tance on methods of marrow dosimetry that are patient-
specific (Sgouros 1993; Sgouros et al. 2000). The need to
avoid myelotoxicity in radionuclide therapy can, in many
cases, result in suboptimal therapy of the targeted lesion
by the radioimmunoconjugate.

ICRP skeletal model for the adult male radiation
worker

At present, modeling techniques for estimating skel-
etal tissue dose in both radiation protection and in
therapy nuclear medicine are fundamentally based upon
research conducted by F.W. Spiers and his students at the
University of Leeds in the late 1960’s to late 1970’s
(Spiers 1966; Spiers et al. 1978, 1981). The Leeds
research group developed a novel optical scanning sys-
tem from which chord-length distributions were acquired
in the lumbar vertebrae for several subjects, as well as at
several skeletal sites of a 1.7-y-old child (5 sites), a
9-y-old child (5 sites), and a 44-y-old male (7 sites)
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(Beddoe 1976; Beddoe et al. 1976; Whitwell 1973;
Whitwell and Spiers 1976). These chord-length distribu-
tions were used by Whitwell to derive dose factors
(marrow and endosteal doses per unit skeletal activity
burden) for several radionuclides of interest in radiation
protection (Whitwell 1973; Whitwell and Spiers 1976).
Fig. 1 demonstrates schematically the measurement of
bone and marrow chords at scanning angle 6 across a
representative physical section of trabecular bone.

The skeletal microstructure implicitly embodied
within the current International Commission on Radio-
logical Protection (ICRP) reference male (ICRP 1995,
2002) can be traced to the chord-length distributions
constructed at the University of Leeds for their 44-y-old
male subject. In 1985, the Leeds distributions were used
by Eckerman to determine electron absorbed fractions as
a function of particle energy (Eckerman 1985). These
values were subsequently used to establish fluence-to-
dose response functions for use in photon dosimetry of
the skeleton (Cristy and Eckerman 1987). The Eckerman
electron transport model was later updated in 2000
(Eckerman and Stabin 2000) and in 2002 (Stabin et al.
2002) and is the basis for the skeletal tissue model in both
the MIRDOSE (Stabin 1996) and OLINDA (Stabin and
Sparks 2003) computer codes.

University of Florida (UF) skeletal model for the
adult male radionuclide therapy patient
While the current ICRP skeletal reference model

provides tissue dose estimates adequate for use in
prospective radiation protection, the model can be
considered limited in its ability to provide either

Fig. 1. Schematic demonstrating the acquisition of chord-lengths
across bone trabeculae and marrow cavities at scanning angle 6.
Two chord-lengths are shown for the bone trabeculae (white
arrows) and the marrow cavities (black arrows).

September 2005, Volume 89, Number 3

individual-specific skeletal doses in retrospective dose-
reconstruction studies, or patient-specific skeletal doses
in radionuclide cancer therapy beyond simply total (or
lean) body mass scaling of reference tissue masses.
These limitations include (1) lack of consideration of
energy loss to cortical bone for intermediate-to-high
energy beta sources (Patton et al. 2002b; Shah et al.
2005), (2) reliance on fixed reference values of marrow
cellularity (Cristy 1981; Custer and Ahlfeldt 1932), (3)
use of multiple data sources for skeletal tissue masses
different from those used to establish values of absorbed
fraction (Mechanik 1926; Trotter and Hixon 1974), and
(4) lack of bone site-specific data on spongiosa volumes,
cortical bone volumes, and marrow volume fractions—
data needed for improvements in patient-specific scaling
of reference doses (ICRP 1995).

To address the need for a more comprehensive
model for skeletal tissue dose, we have performed a
variety of in-vivo and ex-vivo CT imaging studies of the
skeleton of a 66-y-old male cadaver—an age more
representative of those considered for radionuclide can-
cer therapy. In addition, sections of trabecular spongiosa
were imaged under micro-computed tomography reveal-
ing high-resolution details of the individual bone marrow
cavities and bone trabeculae in 14 skeletal sites within
the UF 66-y-old adult male radionuclide therapy patient
(AMRTP). In the present study, we evaluate differences
in the trabecular microstructures of these two individuals
through side-by-side comparisons of their marrow cavity
and bone trabeculae chord distributions. A companion
study of dosimetry results (e.g., electron absorbed frac-
tions) between the Leeds 44-y-old male and the UF
66-y-old male at equivalent bone sites of the skeleton is
reported separately (Shah 2004). The UF 66-y-old male
is offered as an alternative to the Leeds individual for use
in medical dosimetry, and can serve as a basis for
patient-specific scaling of skeletal dose estimates. Based
on age considerations alone, however, the Leeds individ-
ual at 44 years of age is still perhaps more representative
of the skeletal structure of the ICRP reference male
defined as between 20 to 30 years of age.

MATERIALS AND METHODS

Bone specimen selection

Candidate subjects for study were obtained through
the State of Florida Anatomical Board located on the UF
campus. Cadaver selection criteria included (1) an age
between 5075 y (representative of typical radionuclide
therapy patients), (2) a body mass index of 18.5-25 kg
m™* (Centers for Disease Control recommended healthy
range) (Heyward and Stolarczyk 1996), and (3) a cause
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of death that would preclude significant skeletal deteri-
oration. The subject identified was a 66-y-old male
approximately 68 kg in total mass and 173 cm in total
height at the time of death (BMI of 22.7 kg m™?). The
subject died suddenly of complications associated with
cardiomyopathy. Over forty bone samples were removed
from the cadaver. After removal, the samples were stored
frozen at —17 °C until imaging sessions could be
scheduled.

Microimaging of trabecular spongiosa
Physical sectioning was performed on all excised

skeletal sites. For example, cuboidal sections of spon-
giosa were cut from the vertebral body of C3, C6, T3, T6,
T11, L2, and L4 to assess the trabecular microstructure of
various regions of the spine. Micro-tomographic imaging
of the samples was performed using desktop cone-beam
CT40 or wCT80 scanners (Scanco Medical AG, Bass-
ersdorf, Switzerland) yielding 3D image data sets at a
voxel resolution of 60 um X 60 wm X 60 wm. Previous
studies by Rajon et al. using mathematical models of
trabecular bone had indicated that accurate estimates of
marrow dose can be achieved at this resolution over a
broad range of electron energies (Rajon et al. 2002).
Post-acquisition image processing steps included (1)
selection of the volume of interest, (2) gray-level thresh-
olding, (3) voxel segmentation, and (4) 3D median
filtering, all of which have been previously reported by
Jokisch et al. (1998) and by Patton et al. (2002a).

Measurement of chord-length distributions

The problems associated with acquiring chord dis-
tributions across digital images were first identified by
Jokisch et al. (2001). The stair-stepped representation of
bone/marrow interfaces within digital images gives rise
to voxel effects when measuring pathlengths across these
regions. Accurate techniques for both the generation
(Rajon and Bolch 2003) and measurement (Rajon et al.
2003) of w-random chords’ through any 3D object were
subsequently explored. These investigators further ad-
dressed issues relating to voxel effects imposed on the
measured chord-length distributions. Rajon et al. showed
that voxel effects increase the frequency of short chords
and consequently reduce the mean chord-length by
~30% at resolutions of ~60 um. These investigators
further expressed the need for a smoother representation
of the bone-marrow interface within the 3D digital
image. The method recommended was an extension of
the Marching Cube (MC) algorithm (Lorensen and Cline
1987) offering a bone-marrow interface surface that is

" w-random chords are those generated across an object or region
from trajectories externally and isotropically incident to the object or
region.

reasonably smooth and continuous. Through the applica-
tion of their Trilinear Interpolation MC (TLI-MC) algo-
rithm at an image resolution of 60 wm, Rajon et al.
showed significant improvements to the true distribution
found within a mathematical simulation model of trabec-
ular bone (Rajon et al. 2003). In the present study, all
chord-length distributions through the 33 spongiosa
physical sections (as taken from the 14 major skeletal
sites) were constructed using the TLI-MC technique.

Averaging of chord-length distributions

In the present study, several bone regions were
sampled in order to determine representative chord-
length distribution for a particular bone site. For exam-
ple, four different bones were sampled within the cra-
nium: left parietal, right parietal, frontal, and occipital
bones. For each cranial bone, physical sections were
imaged under microCT and the resulting images were
used to generate chord-length distributions for that bone
site. To report a single distribution for the cranium of the
UF 66-y-old male, it is necessary to take into account
each of the four separate distributions. Probability den-
sities within each bin of the chord distributions for the
individual cranium bones were averaged based on
weighting schemes defined by the volume of each
physical bone section at each particular skeletal site. This
average distribution was then renormalized across the
entire range of chord lengths. In this study, bone trabec-
ulae and marrow cavity chord distributions were tabu-
lated in 20-pm and 100-wm bin widths, respectively, and
out to a maximum value of 2,000 wm (bone trabeculae)
and 10,000 wm (marrow cavities), values equivalent to
those reported in the Leeds studies.

Reference skeletal sites
In the University of Leeds studies, optical scanning

measurements were performed on contact radiographs of
trabecular bone sections taken from seven skeletal sites
of a 44-y-old male subject. These skeletal sites included
the lumbar vertebra (L3), the cervical vertebra (C4), the
ribs, the iliac crest, the femur head, the femur neck, and
the parietal bone of the cranium. In the present study,
chord-length distributions taken from 3D microCT im-
ages of spongiosa in these same seven skeletal sites
within the UF 66-y-old male are shown for comparison.
For the lumbar vertebra, chord distributions were ob-
tained from vertebral body spongiosa microimages of L2
and L4, whereas chord distributions from C3 and C6
were averaged to report a single distribution for the
cervical vertebrae. The 2™, 7% and 11" ribs from the
right and left rib cage (total of 6) were all averaged to
generate chord-distributions for the ribs of the UF 66-y-
old male. All three bones of the pelvis (ilium, ischium,
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and pubis), and all four bones of the cranium (right and
left parietal bones, frontal bone, and occipital bone) were
averaged to develop the pelvis and cranium chord distri-
butions, respectively. Lastly, both femoral heads and
necks from the right and left proximal epiphysis of the
femur were averaged to construct the femoral head and
neck data. Additionally, several bones sites were sam-
pled in this study from regions not present in the Leeds
data. These include the scapulae (right/left), clavicles
(right/left), humerus (right/left), sacrum, mandible, ster-
num and thoracic vertebra (T3, T6, and T11).

RESULTS

In this study, microCT imaging was used to expand
the original University of Leeds chord-length distribution
data presently available for models of skeletal tissue
dose. Differences in the chord distributions from the
Leeds and UF studies may be attributed to two items.
First, there might exist physical differences in the trabec-
ular microstructure of these two individuals—one a
44-y-old male and one a 66-y-old male. Age-dependent
bone thinning (osteopenia) is just one example. As
cancer patients treated with radionuclide therapy are
generally in the age range of 50 to 75 y, the trabecular
microstructure of the UF 66-y-old individual might better
resemble that of individual patients requiring marrow
dose estimates, particularly for male patients.

Second, differences in the measured chord-length
distributions might exist that are attributable to the
acquisition method. In the case of the Leeds data, the
chord-lengths were measured on 2D physical sections
and by light absorption/transmission timing measure-
ments. Careful selection of cut angles when preparing the
2D physical sections provided justification for reporting
the Leeds chord-length distributions as omni-directional
(i.e., representing the 3D structure). For this present
study, 3D digital images were acquired using microCT
scanning on marrow-intact samples, and chord-length
measurements were acquired using 3D ray-trace tech-
niques within these images. As a result, the method of
chord measurement is very different in the Leeds and UF
studies, and these differences might further contribute to
a divergence of distribution shapes.

Figs. 2 to 7 display normalized chord-length distri-
butions across both bone trabeculae and marrow cavities
in the UF samples as measured through microCT imag-
ing and image analysis. In addition, these figures show
the respective chord distributions for each bone site as
measured by the Leeds optical bone scanner and reported
in Appendix C of Whitwell’s thesis (Whitwell 1973).
Values of mean chord lengths are given in Table 1 for
both the Leeds 44-y-old male and the UF 66-y-old male
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subject. Finally, it is noted that further omni-directional
refinements in the Whitwell distributions were made by
Beddoe (Beddoe 1976); unfortunately, these revised
distributions were never published in numerical format
(e.g., graphical format only). As a result, only the more
approximate distributions by Whitwell have been utilized
in past and current studies of bone dosimetry (Eckerman
1985; Eckerman and Stabin 2000).

DISCUSSION

Femoral head and neck

In Fig. 2a, chord-length distributions across the
marrow cavities of the femoral head and neck are
compared between the Leeds 44-y-old male and the UF
66-y-old male. For both individuals, marrow cavities are
shown to be generally larger in the femoral neck than in
the femoral head. For the femoral head, the chord
distributions of the two individuals have similar shapes,
both peak at a marrow chord-length of ~650 wm, and
both show very similar frequencies for chords exceeding
1,300 wm. In both regions of the femur, the distributions
of the UF 66-y-old male show a higher frequency of
smaller marrow chords as compared to the Leeds 44-y-
old male. We further note that the Leeds femoral head
and neck distributions in Fig. 2a show an upward
excursion within the first 100-300 wm. A continuous
and smooth distribution of marrow chord-lengths is seen
in both femoral regions of the UF 66-y-old male. The
mean marrow chord is 1,043 wm in the femoral head and
1,454 pm in the femoral neck of the UF 66-y-old male
(see Table 1). Comparable averages in the Leeds indi-
vidual are slightly higher at 1,157 wm and 1,655 wm,
respectively.

Corresponding distributions across the bone trabec-
ulae of the femoral head and neck of both individuals are
shown in Fig. 2b. Modest agreement is seen in the
femoral neck data for the two subjects with both distri-
butions peaking in chord frequency at ~180-220 um.
However, a smaller secondary frequency peak is ob-
served at ~30 um in the Leeds distribution. While the
data of Fig. 2b indicate that bone chord-lengths are
comparable in the femoral head and neck of the UF
66-y-old male (mean bone chords of 348 and 347 wm,
respectively), greater differences are noted for bone
chords in these femoral regions of the Leeds 44-y-old
male (mean values of 232 wm and 314 wm, respectively).
For the latter, a very prominent peak in chord frequency
is noted in the Leeds femoral head distribution at ~140

pm.

Cervical and lumbar vertebrae
Fig. 3a compares marrow chord distributions within
the cervical and lumbar vertebrae of both the UF and
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Fig. 2. Normalized, omnidirectional chord-length distributions through the (a) marrow cavities and (b) bone trabeculae
of the femoral head and neck as measured with physical sectioning and automated light microscopy (Whitwell 1973) and via
microCT imaging, image processing, and the trilinear Marching Cube technique for surface smoothing (present study).

Leeds individuals.* In addition, the marrow chord dis-
tribution of the thoracic vertebrae is shown for the UF
subject (a site not reported in the Leeds data). In general,
marrow chord distributions seen in both bone sites are

* In the preparation of Figs. 3a and 3b, it was noted that the tables
of chord distributions across the marrow cavities and trabeculae within
the lumbar vertebra were mislabeled on p. C.5 of Whitwell’s thesis.
This error is easily verified by integrating the normalized probability
density functions for each region and comparing the result to unity.
The labeling error, however, does not seem to have been carried over
to the reported mean chord lengths in Table 5.1 of the thesis or in
Table 2 of Whitwell and Spiers (1976).

reasonably comparable between the two individuals. For
marrow chords in the range of 0-1,000 wm, the UF
distributions rise to a peak frequency (~550 wm for the
CV, ~700 pm for the TV, and ~650 wm for the LV) and
then decline. In contrast, peak distributions are noted
only at extremely low chord-lengths for the Leeds
44-y-old male in both the cervical and lumbar vertebrae.
Mean marrow chord-lengths are 1,038 um (CV) and
1,479 pm (LV) for the UF 66-y-old male, while they are
910 pm (CV) and 1,233 um (LV), respectively, in the
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