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In order to make predictions of radiation dose in patients undergoing targeted radionuclide 

therapy of cancer, an accurate model of skeletal tissues is necessary.  Concerning these tissues, 

the dose-limiting factor in these therapies is the toxicity of the hematopoietically active bone 

marrow.  In addition to acute effects, one must be concerned as well with long-term stochastic 

effects such as radiation-induced leukemia.  Particular cells of interest for both toxicity and 

cancer risk are the hematopoietic stem cells (HSC), found within the active marrow regions of 

the skeleton.  At present, cellular-level dosimetry models are complex, and thus we cannot model 

individual stem cells in an anatomic model of the patient. As a result, one reverts to looking at 

larger tissue regions where these cell populations may reside.  

To provide a more accurate marrow dose assessment, the skeletal dosimetry model must 

also be patient-specific.  That is, it should be designed to match as closely as possible to the 

patient undergoing treatment.  Absorbed dose estimates then can be tailored based on the skeletal 

size and trabecular microstructure of an individual for an accurate prediction of marrow toxicity.  

Thus, not only is it important to accurately model the target tissues of interest in a normal 

patient, it is important to do so for differing levels of marrow health.  
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A skeletal dosimetry model for the adult female was provided for better predictions of 

marrow toxicity in patients undergoing radionuclide therapy.  This work is the first fully 

established gender specific model for these applications, and supersedes previous models in 

scalability of the skeleton and radiation transport methods.  Furthermore, the applicability of 

using bone marrow biopsies was deemed sufficient in prediction of bone marrow health, 

specifically for the hematopoietic stem cell population.  The location and concentration of the 

HSC in bone marrow was found to follow a spatial gradient from the bone trabeculae in 

lymphoma patients.  Interestingly, chemotherapy was not found to effect the HSC population in 

concentration or gradient.  Together, this work will provide more realistic and accurate 

dosimetry in internal radiation therapy of cancer patients.  
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CHAPTER 1 
INTRODUCTION 

The importance of assessing radiation dose was noted within one month of Wilhelm 

Roentgen’s discovery of x-rays, when he reported radiation burns following x-ray exposure.  

Marie Curie also reported similar burns while working with radium, and as early as 1900, the 

need for precautions when working with radiation were well understood (Lombardi, 2006). Since 

then, dose assessment has become an important factor for not only health concerns, but for use in 

accurately treating medical conditions.  All types of radiation therapy with energies high enough 

to pass through the outer layer of bone will provide some complication to the bone marrow, 

especially to those tissues that are hypersensitive to radiation (Lim et al., 1997a).  In particular, 

internal radiation therapy requires special dosimetry concerns since radiation is now completely 

encompassed within bone marrow itself.   

In order to predict the risk of bone cancer, an accurate assessment of absorbed dose to 

skeletal tissues is necessary.  Concerning these tissues, the limiting factor in radiation protection 

is the toxicity of hematopoietically active bone marrow (Sgouros et al., 1993; Siegel et al., 

1990b).  Bone marrow is made up of red (active) marrow including stem cells, progenitors, 

precursors, and mature blood cells, and yellow (inactive) fatty marrow.  Active marrow, fat, and 

trabecular bone comprise the spongiosa, which is encased by dense, cortical bone (Marieb, 

2006).  In adults, hematopoiesis occurs only within the bone marrow of the axial skeleton 

consisting of the skull, vertebral column, sternum, ribs, and the proximal ends of the femur and 

humerus, shown in Figure 1-1 (Vogler, 1988). 

All blood cells develop from pluripotential stem cells, which are stimulated by 

hematopoietic growth factors into committed pathways depicted in Figure 1-2 (DOH, 2006).  It 

is these hematopoietic stem cells that are the radiosensitive cell population and the basis for 
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acute toxicity and cancer risk.  In particular, hematopoietic stem cells and osteoprogenitor cells 

are the primary cells of interest for the risk of inducing leukemia or bone cancer, respectively.  

The endosteum is defined as the connective tissue lining of all trabecular and cortical bone 

surfaces within bone, and is a radiosensitive organ because it is the site of OPC production 

(Gossner et al., 2000; Gossner, 2003).  In all forms of radiation therapy, it is important to know 

the concentration and location of these cells, as well as their response to radiation in order to 

optimize cancer treatment with the risk of inducing new cancers. 

To assess radiation dose, the Medical Internal Radiation Dose (MIRD) Committee is 

responsible for providing fundamental quantities and standard models for radiation protection, 

risk assessment, and treatment planning (Loevinger et al., 1991; Sgouros et al., 2009).  MIRD 

methodologies of absorbed dose requires separate knowledge of the cumulated activity within 

the source and the radionuclide S value (absorbed dose per unit cumulated activity).  Much 

research has been done to asses the cumulated activity within the source, while little has been 

done to make patient-specific assessments of absorbed dose per unit cumulated activity (Juweid 

et al., 1995; Macey et al., 1995; Sgouros, 1993; Sgouros et al., 1996b; Siegel et al., 1990a).  

Furthermore, these dose calculations require known reference values such as the fraction of 

energy deposited in a target tissue and the mass of those target tissues.  This inherently requires 

the proper modeling of source and target tissues, including the radiosensitive cell populations 

within bone marrow.  

In internal radioimmunotherapy, radiolabeled antibodies guide the radioactive element to a 

specific site of interest.  Since these radionuclides localize in bone, they will cause a greater 

damage to endosteal tissues than would conventional radiation therapy (Gossner et al., 2000).  

Bone marrow is continuously in contact with radiation while these particles circulate through the 
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patient’s blood, causing dose to the hematopoietic stem cell population.  Furthermore, the 

endosteum and trabecular bone regions receive a high dose, possibly damaging the 

osteoprogenitor cell population.   This increases the risk for marrow toxicity, leukemia, and bone 

cancer in radioimmunotherapy patients (Lim et al., 1997b).  The spatial distribution of the stem 

cells is now an important factor in yielding a dose estimate that is predictive of marrow toxicity, 

especially if the antibody is a bone surface seeker, shown in Figure 1-3.  

Current radioimmunotherapy procedures used for the treatment of blood cancers such as 

lymphoma may result in a large dose to the bone marrow, especially if there is some amount of 

marrow involvement.  Lymphoma is a cancer of the white blood cells, which circulate through 

the bloodstream and lymphatic system via gravity and muscle compression.  Lymphomas may 

arise in lymph nodes, bone marrow, or other organs such as the spleen, tonsils, appendix, thymus 

and the intestinal Peyer’s patch, and may continue to circulate or may lodge themselves within 

that organ.  Like other cancers, lymphomas divide continuously and do not undergo normal cell 

death.  Consequently, nonfunctional white blood cells build up within affected organs and crowd 

out other functioning normal cells that are meant to nurture the bone marrow environment.  This 

provides the basis for immunosuppresion in marrow-involved lymphomas (Harris et al., 1994; 

Kuppers et al., 1999).  

Radionuclide therapies currently used to treat non-Hodgkin’s lymphoma include 

Tositumomab and Iodine 131 (Bexxar) and Ibritumomab tiuxetan and Yttrium 90 (Zevalin).  Both 

of these therapies rely on man-made antibodies designed to bind to the CD20 antigen on both 

malignant and nonmalignant mature B-lymphocytes, while carrying a radiation component.  Thus, 

this targeted therapy delivers radiation to a specific cell for cell killing.  Apoptosis is induced 

through gamma and beta radiation for Bexxar (Iodine 131) and beta radiation only with Zevalin 
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(Yttrium 90).   Many of these patients will also undergo chemotherapy before, during, or after 

radiation treatment.  The stem cell population may be disturbed to some degree by the radiation 

and chemotherapy and measurement of marrow dosimetry should be adjusted in these cases 

(Siegel et al., 1993).   Accordingly, not only is it important to accurately model the target tissues of 

interest in a normal patient, it is important to do so for differing levels of marrow health.  

Previous analysis has shown that absorbed dose is an accurate measure of hematological 

toxicity, but only if the absorbed dose estimates is specific to the particular patient.  At present, 

the vast majority of skeletal reference models (SRMs) used for these purposes are based on 

studies in the late 1960s and early 1970s at the University of Leeds in which a novel optical 

scanning method was used to obtain linear chord-length distributions across several skeletal sites 

of a single 44-year male subject.  These data form an essential component of the ICRP’s SRM 

published in ICRP Publications 30, 70, and 89.  

Recent work has been done at the University of Florida Bone Imaging and Dosimetry 

Group to more accurately determine the fractional energy deposition in bone for alpha emitters 

and beta emitters as a function of bone site.  Also, complete sets of skeletal macrostructural and 

microstructural data, in a format sufficient for radiation transport simulations, have been 

established for an image-based skeletal reference model for the adult male at an age 

representative of cancer patients undergoing radionuclide therapy (66-year). Relevant tissues of 

the microstructure, such as the bone trabeculae, bone endosteum, and marrow cavities were 

accounted for through image-based techniques.  Skeletal tissue masses, which are important in 

determining radionuclide S values, have been reported to update those summarized in ICRP 

Publications 70 and 89 (ICRP, 1995, 2002).      
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 At present, we cannot model the actual cell populations on the scale of the entire human 

skeleton, and so we revert to using the larger tissue regions instead. Along with being patient 

specific, dose estimates should properly model the tissue of interest.  Radiosensitive tissues, 

particularly the stem cells within the red bone marrow, should be accurately known and modeled.  

The concentration and distribution of stem and progenitor cells within the hematopoietically active 

marrow thus needs to be characterized.  This should be known for both normal and diseased states 

as the stem cell population can change drastically.  A patient specific model is of no use if target or 

source tissues are poorly modeled.  When incorporated into radiation transport techniques, an 

accurate, patient specific, absorbed fraction can be found and used in the S value calculation.   

 It is currently assumed by the International Commission on Radiological Protection 

(ICRP) that target cells of interest for bone marrow dosimetry are uniformly distributed 

throughout the marrow cavities, based on previous studies (Charlton et al., 1996).  Absorbed 

dose is averaged through all regions of bone marrow accordingly.  Also, the number of target 

cells is considered to be proportional to the volume of red bone marrow as proposed by the ICRP 

due to a lack of data.  However, recent studies have shown that a spatial gradient in the mouse 

femur may exist (Cui et al., 1996; Frassoni et al., 1982; Lord and Hendry, 1972).  Moreover, 

studies have also shown a similar spatial gradient in hematopoietic stem and progenitor cells in 

the human iliac crest (Watchman et al., 2007).  It is proposed that the hematopoietic stem and 

progenitor cells are preferentially located closer to the bone trabecular surfaces, and decrease in 

concentration further into the bone marrow cavities.  This could cause significant error in 

calculating the dose estimates using the current dose-response models for internal radionuclide 

therapy since the tissue surrogate (the entire red bone marrow) no longer matches the 

radiosensitive cells of interest. 
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In order to provide an accurate dose assessment in radiation protection, the reference 

skeletal dosimetry model must be patient-specific.  That is, it should be designed to match as 

closely as possible to the individual for both radiation protection and medical treatment.  The 

skeletal tissue doses are then to be used only to establish dose limits based upon an acceptable 

risk or radiation induced effects (stochastic or non-stochastic).  Also, the location of 

radiosensitive cells must be characterized, as well as their relationship in diseased marrow.  

Background information regarding these aspects is provided in chapter two.   

Previous work has been done to give mass estimated for the male model, however, work 

had not been done to assess differences based on gender.  To date, there is no skeletal reference 

female model and the third chapter serves to present a companion skeletal reference model to the 

adult male.  This reference model will be fully scalable for both skeletal size (macrostructure) 

and marrow health (microstructure) due to osteoporotic concerns in the current female 

population. 

The fourth and fifth chapters serve to better understand the concentration and spatial 

gradient of the hematopoietic stem cell in both normal and diseased patients.  Furthermore, 

current methods rely on using patient biopsies as a surrogate for the entire patient marrow, and 

the usefulness of small samples will be discussed.  Finally, the sixth chapter provides insight into 

improvements needed in patient specific models for internal dosimetry. 
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Figure 1-1. Sites of active marrow (red) and inactive marrow (yellow) in the adult (Vogler, 
1988). 
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Figure 1-2.  Hematopoietic stem cell pathway (DOH, 2006). 

 

 

 

 

 

 

 

 

 

Figure 1-3. The marrow cavity encompasses both the orange (deep) and blue (shallow) marrow. 
Bone surface seekers (yellow) provide a higher dose to the radiosensitive stem cell 
population. 
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CHAPTER 2 
BACKGROUND 

Bone Structure and Physiology 

Bone is a living, growing organ made up of two types of tissue:  compact (cortical) and 

spongy (Spongiosa) bone, which differ by density and cellular function.  The entire skeletal 

system consists mainly of bones, but also includes joints, ligaments and cartilage which together 

account for 20% of total body mass.  Cortical bone consists of a central osteonic (haversian) 

canal surrounded by concentric rings (lamellae) of bone matrix, which make up the entire 

Haversian system.  It is within the lamellae that mature bone cells called osteocytes reside, 

although they travel throughout the skeletal system through blood vessels in the canaliculi or 

small channels between the bone matrix (Marieb, 2006).  Cortical bone makes up 80% of total 

bone mass. 

Within the cortical bone and contained within the lining of the periosteum, is the spongy, 

cancellous bone whose lattice structure resembles that of a honeycomb.  Thin bone structures 

called trabeculae are interwoven throughout the spongiosa, housing small, irregular cavities for 

bone marrow.  Although the honeycomb structure may seem random, it is purposefully created 

based on the weight bearing requirements of the particular bone site.  Because it contains the 

bone marrow, the spongy bone is the site of hematopoiesis or development of blood cells from 

hematopoietic stem cells.  The compact and spongy bone regions are shown in Figure 2-1. 

Both the lining of the trabeculae and the lining of the Haversian canals make up the 

endosteum.  Along with the periosteum, this delicate tissue contains osteoblasts and osteoclasts, 

which are the cells responsible for creating and destroying bone, respectively (Figure 2-2).  This 

is the also the location of the osteoprogenitor cell population which mature into osteoblasts. 

Traditional definitions of the endosteum are proposed in ICRP Publication 26, and assume a 
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layer of osteoprogenitor cells located 10 μm from all bone surfaces (ICRP, 1977).  Thus, all new 

bone production starts from the lining of the cortical (periosteum) and trabecular (endosteum) 

bone.   

It is well known that the trabecular bone varies by age (Atkinson, 1965; Snyder et al., 

1993) and bone site (Eckerman et al., 1985; Patton, 2000).  There have also been studies 

indicating that trabecular structure may vary with gender (Patton, 2000; Mosekilde, 1989).  Since 

trabecular structure varies, the location and amount of endosteal tissue does as well.  These 

studies have led to revisions in the current ICRP definition of the endosteum due to its relevance 

in bone cancer induction.  It has been proposed that the cells of concern may reach beyond 10 

μm from both trabecular and cortical bone, and as deep as 50 μm into the marrow cavity.   

Bone is constantly remodeled in order to maintain constant levels of Ca2+ and PO4
3-, and as 

a result of mechanical stress the particular bone site endures.  At birth, osteoclasts are highly 

dominated by osteoblasts, leading to more bone growth than resoption.  However, well into adult 

life, osteoclasts begin to outnumber osteoblasts, leading to less bone production (Calvi et al., 

2003; Zhang et al., 2003).  Osteoporosis is the most common bone disease in the United States 

and is a disorder that causes bone resorption to become much greater than bone formation. Thus, 

marrow cavities seem to get larger as trabeculae have unfilled cavities (Figure 2-3). 

Women have a higher predisposition to osteoporosis, measured through bone mineral 

density (BMD).  A low BMD corresponds to a low mineral content (grams of calcium and other 

bone minerals), which leads to less dense, weaker bones.  Individuals with a t-score (bone 

mineral density compared to average 30 year old) less than 1.0 are considered to have normal 

bone health.  A BMD of 1.0 to 2.5 would indicate an oteopenic individual, and a BMD of greater 

than 2.5 would show one with osteoporosis.   
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Osteoporosis affects women, and its onset and progression depends on both menopausal 

status and skeletal site, among other things.  Studies have shown that women have bone changes 

that vary depending on whether that bone site was axial or appendicular.   It seems that 

appendicular bone mass always decreased, whereas axial bones go through a five phase change 

of (1) buildup of BMD from 20-29 years old, (2) maintenance from 35 until 44 years old, (3) 

mild bone decrease from 40 until 49 years old, (4) rapid bone decrease at 50-54 years old, and 

(5) decelerated bone decrease after 55-59 (Yao et al., 2001). This five-phase change is shown in 

Figure 2-4.  

It was also found that BMD values are consistently higher for men in appendicular bones, 

but the same for both sexes in axial bones until about 50 years old.  After 50 years old, BMD for 

women decreases greatly.  This rapid bone decrease around 50 years old seems to be due to a 

decreased estrogen level postmenopausal and is also shown in Figure 2-4 (Yao et al., 2001).  

Clearly, bone mass and bone mass changes are different by gender, and thus reference 

individuals of both male and female gender need to be established.     

The mass of a skeletal site is strongly affected by Marrow Volume Fraction (MVF), or 

amount of marrow compared to the total skeletal mass.  Osteoporosis changes the MVF, thus 

changing bone mass.  Thus, for patient specific estimates of absorbed dose, marrow masses must 

be made as specific as possible and must include osteoporotic state.  Currently, work is being 

done at the University of Florida to relate the measured BMD in a bone site of a patient to an 

estimate of the MVF of the bone site.  It is hoped to build a dataset of reference individuals with 

varying microstructure that is scalable to a particular patient. 

Hematopoiesis and Target Cells 

All types of blood cells are generated through hematopoiesis in a self-regulated system set 

by demand.  When the need for a particular type of cell increases, cytokines are released that 
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stimulate hematopoietic stem cells to generate new mature blood cells (Sugiyama et al., 2006). 

Stem cells are unspecialized cells that can differentiate (turn into other cells) or self-regenerate 

(produce more stem cells) as shown in Figure 2-5.  Therefore, under normal proliferation, some 

daughter cells remain allowing for an abundant supply of stem cells.  Other daughter cells are 

myeloid or lymphoid progenitor cells, which commit to becoming a specific type of blood cell 

through various differentiation pathways (Figure 2-6). The only cells not generated by demand 

are lymphocytes, which are continually generated and destroyed.  Therefore, lymphopoiesis is 

inefficient when compared to all other forms of hematopoiesis (DOH, 2001). 

Blood cells are divided into three categories:  erythroid, myeloid, and lymphoid.  Erythroid 

cells are the oxygen carrying red blood cells, myeloid cells are varied cells such as granulocytes, 

megakaryocytes and macrophages, and lymphoid cells are T-cells and B-cells  responsible for  

the body’s immune system.  Prenatally, hematopoiesis occurs in the yolk sack, liver, spleen, and 

bone marrow, but only occurs in the bone marrow in normal adults.  Stem cells are rare in adults 

(<1% of all blood cells); however, a single HSC is capable of regenerating the entire 

hematopoietic system (Zhang et al., 2003).  The entire bone marrow microenvironment and 

hematopoiesis is shown in Figure 2-6. 

Because they are the most primitive and least differentiated cells, hematopoietic stem cells 

are the most radiosensitive (Lim et al., 1997a).  Radiation sensitivity is characterized by DNA 

mutations (as opposed to cell death) that occur during the more vulnerable forms of the molecule 

seen during DNA replication in the cell cycle as induced by ionizing radiation or other mutagens.  

The more differentiated a cell is, the less sensitive it is to radiation because the cell is less likely 

to undergo mitosis during periods of potential radiation exposure.  Currently it is assumed that 

HSCs are uniformly distributed throughout the active marrow, which resides in the axial skeleton 
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(skull, vertebral column, sternum, ribs, and the proximal ends of the femur and humerus) of 

adults (ICRP, 1977).  

HSCs are found in bone marrow through markers present on their cell surface that are 

recognized by specific sets of antibodies.  Methods to identify cell type and stage of 

differentiation were first proposed by the 1st International Workshop and Conference on Human 

Leukocyte Differentiation Antigens (HLDA) (Heddy and Swart, 2005).  Through that body, the 

cluster of differentiation (CD) was established in 1982 and is the current protocol used to allow 

cells to be defined based on the molecules present on their surface.  To date, CD34+/CD31- 

(indicating expression of CD34 antigen and suppression of CD31 antigen) is the most well 

known method to immunohistochemically stain CD34 antigen sites present on hematopoietic 

stem and progenitor cells, as well as endothelia cells, while excluding CD31 antigen sites present 

only on the vascular endothelium (Foucar, 2001; Rafii et al., 1994; Kuznetsov et al., 2001). 

Lymphoma 

Lymphoma is a disease of the bone marrow, whereby non-functional lymphocytes (a type 

of white blood cell), originally meant to protect from illness, build up and crowd out other 

nurturing cells.  Many lymphomas arise within the lymph node, but some may originate in the 

spleen, thymus, Peyer’s patches of the intestine, or from within the bone marrow itself.  These 

cancerous cells then circulate in the blood and lymphatic system or reside in those organs, as 

shown in Figure 2-7.  It is believed that these specific leukocytes undergo a malignant change 

sometime during cell division or maturation during circulation.  Because of this, the separation 

between lymphoma and leukemia is becoming an outmoded idea, as both diseases are different 

manifestations of the same malignant cell as reflected in the Revised European American 

Lymphoma (REAL) classification system (Swerdlow et al., 2008; Armitage, 2005).   
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There are two types of lymphomas, differentiated by the presence of Reed-Sternberg cells 

found only in Hodgkin’s lymphoma.  All other lymphomas are termed non-Hodgkin’s lymphoma 

(NHL) and are separated into either B-cell or T-cell lymphoma, dependent upon whether the B-

lymphocytes or T lymphocytes, respectively are infected.  These cells were named via the organ 

responsible for their maturation, which is the bone marrow for B-cells and the thymus for T-

cells.  Lymphomas are then classified using the World Health Organization (WHO) system, 

which includes categories based on the appearance and chromosomal features of the cells 

(Swerdlow et al., 2008).  B-cell lymphomas make up 85% of NHL in the United States and are 

commonly Diffuse Large B-cell lymphoma, Follicular Lymphoma or Mantle Cell Lymphoma.  

Bone marrow involvement is assessed by the amount of malignant lymphocytes found in the 

bone marrow and is usually higher for leukemias than lymphomas (Muller et al., 2005). 

Chemotherapy and Marrow Toxicity 

Chemotherapy is often used in conjunction with radiation therapy to provide systemic 

treatment of cancer cells (Forero and Lobuglio, 2003).  Chemotherapy targets cells that divide 

rapidly, however, normal cells may divide just as fast as cancer cells, leading to less healthy 

tissue sparing.  A common from of chemotherapy for non-Hodgkin’s lymphoma is CHOP-R, a 

mixture of the drugs Cyclophosphamide, Doxorubicin, Vincristine, Prednisone, and an anti 

CD20 monoclonal antibody – Rituximab.  While the drugs help disrupt abnormal growth by 

causing apoptosis, Rituximab targets B cell lymphocytes, through the CD20 antigen which is 

present on their cell surface.  However, these proteins are also found on both normal and 

malignant cells, leading to ill side effects resulting from healthy tissue damage.   

 In all therapeutic regimes for hematological malignancies, some amount of depression in 

the immune system is guaranteed.  Myelosupression is a well-known side effect of cancer 

treatment, whereby the bone marrow activity is severely decreased.  This results in a reduction in 
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the number of red and white blood cells, as well as platelets.  As radiation or chemicals produce 

lesions in DNA such as single/double strand breaks or base alterations, mutagenesis or cell 

killing can occur.  Strictly speaking, cell killing is preferred to mutagenesis, as these aberrations 

cannot be passed on to progeny.      

  In radioimmunotherapy, as the antibody travels to the tumor, it will come into contact 

with all marrow and cause radiation damage to normal cells.  There is also some amount of 

radiation that will cause hematopoietic toxicity in a specific patient.  High “marrow 

involvement”, that is, marrow that has a large amount of abnormal cells within, greatly affects 

radiation dosimetry levels (Martinez-Jaramillo et al., 2004; Madrigal-Velazquez et al., 2006).  

As the antibody travels to the tumor, a higher concentration will stay in the marrow and the 

crossfire from cancerous cells to normal cells will be high.    

Treatments are performed in cycles to allow for increases cell sensitivity with re-

oxygenation, and also to all for recovery from the side effects of marrow toxicity including 

fatigue and infection.  In severe cases, a bone marrow cell transplant may be required to restore 

the depleted blood cell population.  Some diseases that affect the bone marrow itself can also 

result in myelosupression.  Bone marrow failures in hematological diseases including leukemia 

and lymphoma may be the result of inherent defects of the hematopoietic stem and progenitor 

cells or due to damage caused by ionizing radiation, viruses or chemical toxins.  The increasing 

importance of HSCs in marrow health during therapies has brought attention to the stem cell 

niche, specifically the spatial codependence between stem cells and marrow vasculature 

(Taichman, 2005). 

Radionuclide Therapies 

Radiation may be delivered either externally or internally to treat malignant tumors or bone 

marrow cancers. DNA damage is induced by directly or indirectly ionizing individual atoms.  In 
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external beam radiotherapy, the bone marrow as a whole is at risk and thus it is important to 

consider the entire tissue as a radiosensitive target.  Radiation beams are shaped to conform as 

best as possible to the tumor in order to keep radiation dose extremely low in the healthy tissue. 

In internal radiotherapy, or radioimmunotherapy (RIT) radiolabeled antibodies guide the 

radioactive element to a specific site of interest.  If the antibody is a bone surface seeker, such as 

radiopharmaceuticals used for bone pain palliation, the distribution of the stem cells is now 

important in estimating the radiation toxicity level (Kvinnsland et al., 2001).   

 For treatment of non-Hodgkin’s lymphoma, both Bexxar and Zevalin use beta sources to 

deliver radiation to abnormal cells throughout the bone marrow and tumor site.  Monoclonal 

antibodies intended to bind to the CD20 antigen on lymphocytes are conjugated to radioisotopes 

and injected into the bloodstream.  Tumor cells are then killed either by the antibody itself or by 

the crossfire from the radiation.  In Bexxar, Tositumomab is tagged to Iodine 131, which emits 

gamma and beta radiation at approximately 0.6 MeV.  Zevalin uses Ibritumomab Tiuxetan with 

Yttrium 90 which only emits beta radiation at a higher (maximum) energy of 2.3 MeV.  Beta 

particle emission should eliminate tumor cells within 1000-5000 µm from their deposition.  

Gamma particles, if present, allow for more accurate dosimetry through monitoring radiation 

uptake in targeted sites.  

Since February 2002, Zevalin has been approved by the FDA for treatment of relapsed, 

low grade, follicular B-cell NHL that is refractory to Rituximab.  Similarly, Bexxar has been 

approved by the FDA for the treatment of CD20 positive, follicular B-cell, non-Hodgkin’s 

lymphoma (NHL) patients whose disease in unmanageable by Rituximab and who have relapsed 

following chemotherapy since June 2003.   However, Zevalin has been approved for use 

concurrently with therapeutic regimes involving Rituximab.   
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 There has been much debate over whether these RIT procedures should be used in 

conjunction with chemotherapy, as well as their use as frontline treatment (Wiseman et al., 

2001).  Compared to chemotherapy, RIT has the ability to induce apoptosis through radiation 

damage, as well as drugs aimed at targeting the CD20 antigen present on lymphocytes.  This may 

provide a less toxic marrow environment than the untargeted concoction administered in 

chemotherapy.  Clinical trials have shown good prognosis in the use of RIT as primary treatment 

(Kaminski et al., 2005).  The low use of Bexxar and Zevalin may be due to lack of awareness, 

insurance coverage, and unintended conflicts of interest among the range of therapies in local 

practice.  Furthermore, lack of knowledge by referring oncologist unfamiliar with radionuclide 

therapy lends to it lack as frontline therapy. 

Internal Dosimetry Calculations 

Internal radiation dose is calculated according to methods determined by the Medical 

Internal Radiation Dose (MIRD) Committee.  Dose to an organ k is defined as: 
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where h is the source organ, Ah is the cumulated activity or total disintegrations per unit time of 

the radionuclide in the source organ during irradiation, and S(k←h) is the radionuclide S value as 

defined below.  Much work has been done to quantify the cumulated activity but little effort has 

been afforded correct calculation of the radionuclide S value. 
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where mT  is the mass of the target region, Δi is the mean energy emitted per nuclear transition, 

and φ is the absorbed fraction (AF) of energy in the target region for the ith radiation type that 
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originated in the source region.  AFs are the fraction of energy that reaches the target organ from 

which originated in the source organ. 

Dividing the AF by the mass of the target yields the Specific Absorbed Fraction (SAF), 

and now the size of the organ is reflected in the fraction of energy retained.  Regarding the 

radionuclide S value, the SAF is the critical component as it depends on the geometry and 

composition of the two organs, as well as any organs between the two in concern.  The purpose 

of our modeling is to provide better approximation to the AF and mass of the target for more 

accurate clinical dosimetry. 

Previous Methods Detailed 

Radiation Transport using Chord-based Methods 

Current absorbed fraction values used in clinical dosimetry, such as those implemented in 

the MIRDOSE program (Stabin, 1994), are acquired from AFs reported in ICRP Publication 30 

(1979).  These values are outdated for given current technological enhancements, as they are 

energy independent and based on chord length distributions from the Spiers and Whitwell studies 

(Spiers et al., 1978; Whitwell, 1973; Whitwell and Spiers, 1976).  As early as 1960 at the 

University of Leeds in England, Spiers and his students used an optical scanning device to 

measure chord-length distributions of bone marrow spaces from 5 to 7 skeletal sites from 1.7, 9 

and 44 year old males (Beddoe et al., 1976).  Incorporating the path length through anisotropic 

bone or marrow and the frequency of occurrence allows for calculation of the fraction of the 

particles energy deposited in each tissue. Coupling these chord length distribution frequencies 

with range-energy relationships and providing dose conversion values, trabecular bone dosimetry 

models such as Reference Man were born.  

Radionuclides studied in the Spiers era were 14C, 18F, 22Na, 32P, 45Ca, 90Sr, and 90Y, 

because of their application to radiation protection as the role of radiation for medical use was 
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not fully understood.  Thus, the Spiers data included limited values of absorbed fraction for beta 

particles both for energy and location.  For example, any beta particle originating in the bone 

volume would receive a single value regardless of energy, whereas one originating on the bone 

surface would receive either a high or low AF depending on whether it’s energy was less than or 

grater than 0.2 MeV.  Furthermore, the AF was given a value of unity when the source is the 

same as the target (such as marrow to marrow dose) with no response based on energy of the 

source.  

While fitting for the time, chord based models are outdated for current use.  First, chord 

models are only two-dimensional and do not reflect real trabecular microstructure.  Along with 

that, the possibility for radiation sources to deposit their energy in the outer cortical bone is not 

included, hence the term infinite spongiosa transport model.  Other assumptions made in chord-

based models are that beta particles travel in straight paths (which they do not) and that bone and 

marrow distributions are independent of one another. An example of bone and marrow chords 

achieved through random chord length sampling is shown in Figure 2-8.  

Spiers data has been updated by to include the role of adipocytes in the marrow 

(Watchman et al., 2005).  Furthermore, dose to the endosteum has been considered for 

monoenergetic electrons emitted within the bone marrow microenvironment (Eckerman, 1985; 

Eckerman et al., 1985; Eckerman and Stabin, 2000).   Moreover, the importance of 3D modeling 

to account for electron backscatter at bone-marrow interfaces have been addressed (Bouchet and 

Bolch, 1999; Bouchet et al., 2000).  However, these models still implicitly assume straight line 

path lengths for beta particles.  Newer clinical models such as OLINDA have allowed for energy 

variations, but still rely on the Whitwell chord length data (Stabin, 2004).  Overestimations in 

dose due to infinite spongiosa exist in all chord-based models. 
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Radiation Transport using Voxel-based Methods 

To limit the deviation from accurate trabecular bone modeling and overestimations found 

in infinite spongiosa transport, Nuclear Magnetic Resonance (NMR) images have been used to 

provide 3D measurements.  Studies have provided chord-length measurements of voxelized 

images and discussed the difficulty in calculating measurements and the dependency methods 

have in removing voxel effects (Rajon et al., 2000).  Later, EGS-nrc was used to transport 

particles in actual marrow cavities from 3D NMR images (Patton et al., 2002a; Bolch et al., 

1998; Jokisch, 1999).  Significant improvements over assuming an infinite trabecular region 

were made, and this voxel based approach served as a benchmark for future bone dosimetry 

models. 

The work by Shah et al superseded previous models by accounting for radionuclide 

deposition in cortical bone as opposed to an infinite transport model.  Furthermore, mathematical 

models are no longer needed as in previous stylized models because actual patient images are 

used.  This technique also allows for reference data, as these models are fully scalable for patient 

specific absorbed fractions and S values.  In the first part of this work, the first full image-based 

reference skeletal model was presented for an adult male radionuclide therapy patient including 

masses of the trabecular spongiosa and cortical bone for all skeletal sites.  Moreover, absorbed 

fractions and S values were obtained for several radionuclides used in therapeutic regimes (Shah, 

2004).   

Paired-Image Radiation Transport (PIRT) significantly improves previous skeletal 

modeling approaches by incorporating both the ex-vivo CT image of the skeletal site with the 

microstructure from MicroCT images (Shah et al., 2005b).  The digital macrostructure (CT 

image) contains the mass of both the spongiosa and the cortical bone, which was digitally 

segmented.  The microstructure contains the interior of the spongiosa, including the fraction of 
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trabeculae and marrow within.  Using the novel PIRT model, these two images can be combined 

and radiation particles can be tracked.  This is the first voxel model to encompass both 

macrostructure and microstructure to obtain absorbed fractions and is shown in Figure 2-9.   The 

PIRT model developed by Shah et al was used for several skeletal sites containing active marrow 

and S values were calculated and compared to infinite transport models. 

Stem Cell Distributions in Normal Marrow 

The assumption that the stem and progenitor cells within bone marrow is uniformly 

distributed leads to the averaging of dose across marrow cavities. To address these concerns, 

Charlton et al studied the distribution of CD34+ and CD38+ cells to adipocytes.  He postulated 

that if adipocytes are randomly distributed in bone marrow cavities, and stem cells are uniformly 

distributed from adipocytes, then stem cells should be randomly located in marrow.  These 

studies found that there was a uniform distribution of adipocytes and an assumed uniform 

distribution of stem cells (Charlton et al., 1996).  However, studies by Shah et showed a weak or 

no spatial gradient in adipocytes to bone trabeculae in human bone marrow, leading to 

inconclusive evidence of the spatial extent of the hematopoietic stem and progenitor cells (Shah 

et al., 2003).  Charlton did not explicitly study the spatial distribution of stem cells to bone 

trabeculae. 

The first studies to quantify the spatial distribution of stem and progenitor cells to 

trabecular bone were performed by Lord et al.  In this murine model, a definitive spatial 

concentration gradient was noted, where stem and progenitor cells, identified by cytokine 

expression, were found to decrease as a function of depth in the marrow cavity in the marine 

femoral shaft (Lord and Hendry, 1972).  These were the first results indicating that primitive 

cells are preferentially located closer to bone trabeculae, while mature cells tend to extent further 

into marrow cavities.  Thus, using a uniform assumption to assess dose will be incorrect.  
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However, the trabecular microstructure of the mouse is known to be different than the structure 

of human bone, so applications are limited. 

Studies to directly measure the spatial distribution of HSCs to bone trabeculae were then 

made on human marrow (Watchman et al., 2007).  CD34 and CD31 immunohistochemical 

staining was performed on subsequent slides from core biopsy samples of the iliac crest from 

disease-free normocellular human bone marrow.  After slide preparation and imaging on the 

Morphometric microscope, distances to the nearest bone trabecular surface was measured for 

both hematopoietic CD34+ cells and blood vessels.  Also, distances between nearest pairs of 

hematopoietic CD34+ cells and vessel fragments were determined and normalized to marrow 

area.  The data fully supported the hypothesis by Lord that CD34+ HSCs and their progenitors 

follow a spatial gradient with respect to bone trabeculae within human bone marrow.  Also, 

blood vessels seem to follow the same gradient indicating a shared spatial niche with stem cells.  

Distance-dependent weighting factors are provided as an update to the MIRD schema.  

 The most current work at the University of Florida used autopsy methods rather than 

biopsies to assess spatial distributions in larger samples and for several skeletal sites because of 

potential field of view limits (Bourke et al., in press).  CD34 and CD117 immunohistochemical 

staining was performed on autopsy sections from the iliac crest, lumbar vertebrae, and rib of 

disease free, normocellular patients.  Moreover, cellularity was assessed via digital methods to 

provide normalization to hematopoietically active marrow only.  This data shows the same trend 

found in previous studies, that the CD34+ cells decrease as a function of marrow depth.  

Although the same trend was found, differences in the concentrations of cells were found to be 

dependent upon bone site.  Also, the method used to stain tissue was shown to alter the 

concentration of cells while preserving spatial gradient. 
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Stem Cell Distribution in Diseased Marrow 

Recent studies have considered the composition and function of progenitor cells during 

treatment for malignancies specifically diffuse large cell non-Hodgkin’s lymphoma (Martinez-

Jaramillo et al., 2004; Huerta-Zepeda et al., 2000; Madrigal-Velazquez et al., 2006).  Patients 

were identified as being in remission following chemotherapy treatment by hematological 

parameters in blood.  It was shown that lymphoma patients had a 35% reduction in progenitor 

cell concentration when compared to normal.  Interestingly, this reduction in cell population was 

even noted after the patient was in clinical remission.  This study thus proved deficiencies in the 

progenitor population in lymphoma patients during active disease and at the time of complete 

clinical remission. 
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Figure 2-1.  Human compact and spongy bone showing location of osteons and trabeculae (U. S. 
National Institutes of Health).  

 

 

Figure 2-2.  Bone remodeling and resoprtion are possible by osteoblasts and osteoclasts, 
respectively (Marieb, 2006). 
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Figure 2-3.  Osteoporotic versus normal bone (US Department of Health and Human Services).  

 

Figure 2-4.  Bone Mineral Density (BMD) changes with age and gender (Yao et al., 2001). 
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Figure 2-5.  Stem cells may become either other stem cells (expansion) or further specialized 
cells (proliferation) (DOH, 2001). 
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Figure 2-6.  Hematopoietic stem cell differentiation pathways (DOH, 2001). 
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Figure 2-7.  Lymphatic system and lymph circulation (Yoffey and Courtice, 1970) 
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Figure 2-8.  Chord lengths across bone trabeculae (black) and marrow cavities (white) at 
scanning angle ϕ (Shah et al., 2005a). 
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Figure 2-9.  Paired Image Radiation Transport (PIRT) combines macrostructure (skeletal size) 
with microstructure (trabecular structure) for 3D radiation transport. 

 

Figure 2-10.  Schema of future reference models at the University of Florida. 
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CHAPTER 3 
REFERENCE SKELETAL DOSIMETRY MODEL FOR THE ADULT FEMALE 

Introduction 

In order to predict the risk of bone cancer, an accurate assessment of absorbed dose to 

skeletal tissues is necessary.  Concerning these tissues, the limiting factor in radiation protection 

is the toxicity of hematopoietically active bone marrow (Sgouros, 1993; Siegel et al., 2003; 

Siegel et al., 1990b).  Bone marrow is made up of red bone marrow (RBM), which includes the 

hematopoietically active elements, and yellow (inactive) fatty bone marrow (YBM).  In the adult, 

all axial bones contain both active RBM and inactive YBM to a certain degree dependent upon 

the cellularity factor (CF).  The CF is the fraction of active marrow (1-fat fraction) and is 100% 

at birth and decreasing with age.  The RBM and YBM, along with trabecular bone (TB) make up 

the spongiosa.  The outer cortex of all skeletal sites is the cortical bone (CB), and together with 

the TB, the entire mineral bone (MB) is formed. 

In this paper the RBM within spongiosa will be defined as trabecular active marrow 

(TAM) and the YBM will be defined as trabecular inactive marrow (TIM), where all bone 

marrow (TAM + TIM) in regions of spongiosa will be the trabecular marrow (TM). In the adult, 

the appendicular skeleton (long bones) contains only YBM without trabeculae and has a 

corresponding cellularity of zero.  Thus, in the medullary cavities, hematopoietically active or 

inactive marrow will be termed cortical active marrow (CAM) or cortical inactive marrow 

(CIM), which together make up the entire cortical marrow (CM). 

Particular tissues of interest for cancer risks are the hematopoietic stem cells (leukemia) 

and osteoprogenitor cells (bone cancer) of the trabecular endosteum within the red active marrow 

(Kuznetsov et al., 2004; Charlton et al., 1996).  The hematopoietic stem cells (HSC) are assumed 

to be uniformly distributed throughout the TAM , whereas the osteoprogenitor cells (OPC) are 
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thought to be localized to 50 µm regions from the trabecular bone surface (TBS) within the 

spongiosa (Bolch et al., 2007).  This lends itself well to subcategorizing bone marrow by depth.  

Thus, TAM50 and TIM50 are the trabecular shallow active and inactive marrow, respectively, and 

comprise the soft tissues 50 µm from bone surfaces.  All bone marrow (TAM50 + TIM50) within 

50 µm from the surfaces of bone trabeculae then are trabecular shallow marrow (TM50). 

In the adult, the medullary cavities of long bones contain only YBM and have a cellularity 

of zero.  However, OPCs still exist, requiring a separate 50 µm region to denote the 

radiosensitive cell population within the CB.  The cortical shallow active marrow (CAM50) and 

the cortical shallow inactive marrow (CIM50) then include all of the soft tissues from 50 µm from 

CB, and make up the entire cortical shallow marrow (CM50).  The cortical bone in the medullary 

cavities of the long bones is termed CBMC, whereas the cortical bone in the sites containing 

active marrow is termed CBHC, where HC denotes Haversian canals. 

Previous analysis has shown that absorbed dose is an accurate measure of hematological 

toxicity, but only if the absorbed dose estimate is specific to the particular patient (Liu et al., 

1997; Shen et al., 2002; Juweid et al., 1999; O'Donoghue et al., 2002; Sgouros et al., 1997; 

Sgouros et al., 1996a).  At present, the vast majority of skeletal reference models (SRMs) used 

for these purposes are based on studies in the late 1960s and early 1970s at the University of 

Leeds in which a novel optical scanning method was used to obtain linear chord-length 

distributions across several skeletal sites of a single 44-year male subject.  These data form an 

essential component of the ICRP’s SRM published in ICRP Publications 30, 70, and 89 as well 

as clinical dosimetry codes such as MIRDOSE 3.0 and OLINDA 1.0 (Stabin, 1996; Stabin et al., 

2005). 
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MIRD methodologies of absorbed dose, requires separate knowledge of the cumulated 

activity within the source (marrow or bone), and the radionuclide S value (absorbed dose per unit 

cumulated activity).  Much research has been done to asses the cumulated activity within the 

source, while little has been done to make patient-specific assessments of absorbed dose per unit 

cumulated activity (Juweid et al., 1995; Macey et al., 1995; Sgouros et al., 1993; Sgouros et al., 

1996b; Siegel et al., 1990a).  Furthermore, these dose calculations requires known reference 

values such as the fraction of energy deposited in a target tissue and the mass of those target 

tissues.   

While the Leeds data did report chord-length distributions to estimate the fraction of 

energy deposited, the methods used are far outdated given the technological improvements in the 

past few years.   Most importantly, chord models are only two-dimensional and do not reflect 

real trabecular microstructure.  These models also assume that beta particles travel in straight 

paths, which is known to be untrue.  Furthermore, radiation sources cannot deposit their energy 

in the outer cortical bone and instead rely on infinite spongiosa transport.  This causes 

overestimations in dose assessment to active marrow and an unrealistic estimate of marrow 

toxicity (Patton et al., 2002b; Shah et al., 2005a) . 

Skeletal tissue masses were not given for the Leeds 44 year male subject, and thus ICRP 

Publications used a variety of studies to make up for this data (ICRP, 1995, 2002).  Such studies 

include separate databases for total marrow mass (Mechanik, 1926)  and bone marrow masses 

(Mechanik, 1926; Trotter and Hixon, 1974) as well as reference marrow cellularities (Custer, 

1974).  Furthermore, bone trabeculae surface to volume ratios are from other disjointed studies 

(Beddoe et al., 1976).  While novel at the time, these methods and values are outdated, and lead 

to an unrealistic ICRP Reference Man.  Not only do the anatomical sources of absorbed fraction 
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data not match the tissue masses, there are biased variations due to a compilation of many 

independent knowledge bases. 

Recent work has been done at the University of Florida Bone Imaging and Dosimetry 

Group to more accurately determine the fractional energy deposition in bone for alpha emitters 

and beta emitters as a function of bone site (Watchman, 2005).  Also, complete sets of skeletal 

macrostructural and microstructural data, in a format sufficient for radiation transport 

simulations, have been established for an image-based skeletal reference model for the adult 

male at an age representative of cancer patients undergoing radionuclide therapy (Shah et al., 

2005b). Relevant tissues of the microstructure, such as the bone trabeculae, bone endosteum, and 

marrow cavities were accounted for through image-based techniques.  Skeletal tissue masses, 

which are important in determining radionuclide S values, have been reported to update those 

summarized in ICRP Publications 70 and 89.      

These reference skeletal dosimetry models can be used for dose assessment in radiation 

protection or therapeutic medicine.  To provide an accurate dose assessment in, the reference 

skeletal dosimetry model must be patient-specific.  That is, it should be designed to match as 

closely as possible to the average individual in the worker population for radiation protection.  If 

used in therapeutic radionuclide planning, the reference model should match the patient being 

treated, including tissue masses and marrow cellularities.  The skeletal tissue doses are then to be 

used only to establish dose limits based upon an acceptable risk of cancer induction or radiation 

induced effects (stochastic or non-stochastic).   

There are current studies underway to estimate marrow cellularity in patients, including 

non-invasive bone scanning and magnetic resonance imaging techniques (Schick et al., 1995).  

Methods for estimating patient skeletal spongiosa volume and active marrow masses, as well as 
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scaling models have also been provided (Brindle et al., 2006a; Brindle et al., 2006b; Brindle et 

al., 2006c; Pichardo et al., 2007).  Previous studies have updated ICRP Reference Man with 

tissue masses and absorbed fraction data for the male model, however, work had not been done 

to assess differences based on gender.  To date, there is no skeletal reference female model and 

this paper serves to present a companion skeletal reference model to the adult male.  

Materials and Methods 

Female Cadaver Selection 

A female cadaver was selected through the State of Florida Anatomical Board located on 

the University of Florida campus.  The cadaver was selected in order to represent an average, 

healthy female for use in therapeutic medical dosimetry.  Selection criteria included (1) an age 

between 50 -75 years to be representative of a cancer patient, (2) a body-mass index between 

18.5 – 25 kg m-2 (CDC recommended healthy range), and (3) a cause of death presenting a low 

probability of skeletal deterioration.  The subject selected was a 64 year old female, 63 inches 

tall and 135 pounds.  The subject thus had a body-mass index of 23.83 kg m-3 and died of 

respiratory complications.  

In-vivo Macrostructural Image Database 

Several imaging modalities and image processing techniques were required in order to 

provide a complete skeletal database for the reference female model.  First, two whole body in-

vivo images were acquired using a Siemens Sensation 16 multi-slice helical CT in the 

Department of Radiology at Shands Hospital at 1mm slice thickness, shown in Figure 3-1.  In 

order to capture the whole body, the top of the body was imaged first, then the bottom.  These in-

vivo images were used to construct three-dimensional anatomical models of those skeletal sites 

that could not be completely harvested such as the entire rib cage or fully intact cranium.  
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Manual image segmentation of trabecular spongiosa and cortical bone was performed on 

CT_Contours, a program based upon Interactive Data Language (IDL) version 5.5.  Using this 

program, patient anatomy was overlaid with a contour containing volume measurements based 

on the number of voxels manually selected.  These contours provide the basis for the 

tomographic models used in radiation transport codes, as well as the tissue masses.  The total 

voxels of marrow in the digital image of bone site j is the spongiosa volume (SV)j, whereas all 

other bone voxels in that bone site are cortical bone volume (CBV) j.  

An image of the contoured in-vivo ribs is shown in Figure 3-2 and contoured in-vivo 

images of the cranium showing the separation of the left parietal, right parietal, occipital, frontal, 

facial bones, and other bones (sphenoid, ethmoid, temporal) are show in Figures 3-3 and 3-4.  

Furthermore, the images will provide a basis for planning the harvest of skeletal sites.  The 

images were reconstructed using a B80 bone filter at the best possible resolution to capture the 

entire body.  The CT images were stored within the UF Department of Nuclear and Radiological 

Engineering for data storage and image processing.     

The right humeral head was found to be abnormal, possibly due to some sort of accident, 

and was not included in mass estimates.  As shown in Figure 3-5, the cortical bone in the shaft 

seems to extend through to the proximal humeral head.  This deformation did not lead to a doubt 

in the skeletal health of the individual, but merely some sort of injury at some point in the 

subject’s life.  To be safe, the macrostructural and microstructural data from the left (normal) 

humeral head was used in both the right and left volume and mass estimates.  

Ex-vivo Macrostructural Image Database  

Next, skeletal harvesting of those 13 skeletal sites containing the highest percentages of 

active marrow was performed.  These included the cranial cap (parietal, occipital, and frontal 

lobes), clavicles (2), scapulae (2), entire vertebral column (cervical, lumbar, thoracic, and 
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sacrum), ribs (3 from each side), os coxae, proximal humeri (2), proximal femora (2), mandible, 

and sternum.  These sites were cleaned, labeled, bagged, and stored in a freezer until ex-vivo 

micro imaging could be performed.  

High-resolution ex-vivo CT images were acquired from the harvested skeletal sites at 1.0 

mm slice thickness, with the best possible in-plane resolution (limited by sample size).  The field 

of view (FOV) ranged from about 5.0 cm for the ribs and 33.2 cm for the os coxae.  CT data for 

all skeletal sites is given in Table 3-1.  These higher resolution CT images were used to 

determine volumes of both cortical bone and trabecular spongiosa for each skeletal site through 

the program CT_Contours based upon Interactive Data Language (IDL) version 6.0.  

Samples of the ex-vivo contoured images are shown for the femur and lumbar vertebrae in 

Figures 3-6 and 3-7, respectively.  Spongiosa volume, cortical bone volume, and null space are 

signified by red, blue and green, respectively.  The separation of the femoral head and neck is 

shown, and were used distinctly because of known differences in trabecular microstructure as a 

result of weight loading.  These images will also be used to determine the best location in that 

particular bone site to extract a sample for micro imaging.  Eventually, they will provide the 3D 

anatomic macrostructural model for paired-image radiation transport (PIRT) simulations.  Using 

this system, particles can start within the cortical bone (blue) and the fraction of radiation 

entering the spongiosa (red) or escaping (green) will be known.  

MicroCT Microstructural Image Database  

After all ex-vivo CT images were acquired and volumes were determined, physical 

sections of marrow intact trabecular spongiosa were cored from each bone site and imaged via 

microCT.  There were limitations on sample size due to bone shape, cost, and the microCT 

imaging system. The maximum size of each bone cube was used to take advantage of microCTs 

large bore size compared to Nuclear Magnetic Resonance (NMR) imaging.  Thus, only one 
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single sample was taken from each bone, at best representing 80% of the total spongiosa in that 

bone site (vertebral body samples).  This is a clear advantage over the representative 25% 

spongiosa acquired using NMR techniques (Shah et al., 2005b).  Micro CT of the 35 cuboidal 

samples from the 13 major skeletal sites was performed on a desktop cone beam µCT80 scanner 

(Scanco Medical AG, Bassersdorf, Switzerland) at a 30 micron resolution.  This resolution is 

relatively much higher than the previously 60 micron resolution used in the UF reference male 

skeletal database. 

Post-acquisition image processing steps were then performed using gradient assisted 

manual segmentation to determine marrow volume fraction (MVF), and trabecular bone volume 

fraction (TBVF).  Steps to determine the MVF included (1) extraction of a region of interest 

(ROI) to remove cortical bone from the image; (2) applying a median filter to improve the 

signal-to-noise ratio (SNR); (3) determining a threshold to best classify the voxels as either bone 

or marrow; and (4) segmentation of the ROI into a binary image based on the threshold gray-

level value that was chosen.  The thresholding of trabecular spongiosa was performed using 

gradient magnitude techniques (Rajon et al., 2006).  Visual inspection of the image gradient 

magnitude demonstrates the ability to retrieve sample volumes with 1% accuracy at 30-µm voxel 

resolution.  Data for the 35 microCT images are given in Table 3-2. 

Once filtered and segmented, the MVF and TBVF were determined by the ratio of marrow 

voxels to total voxels and bone voxels to total voxels (or 1-MVF), respectively.   Next, MVFs 

were averaged dependent upon bone site and used to report trabecular active and inactive 

marrow masses.  To determine shallow marrow masses in trabecular bone, the shallow marrow 

volume fraction (SMVF) was found by processing the microCT image and summing (1) marrow 

voxels that are adjacent to a bone voxel and (2) 2/3 of the volume of the next bone voxel, divided 



 

56 

by the total voxels in the digital image.  Since microCT images are 30 µm in resolution, this 

leads to the best estimate of the amount of tissue 50 µm from bone surfaces.  MVFs were 

weighted by SV (when available) in each respective site of acquisition to report total bone mass.  

An entire skeletal mass database was established for a female reference dosimetry model, 

including percentages of active marrow for those bone sites that contain active marrow.   

Reference percentages of active marrow by bone site are shown in Figure 3-8. 

Mass Calculations 

Mass estimates required both the macrostructural volume information (contoured ex-vivo 

CT images), microstructural volume information (filtered and segmented microCT spongiosa 

images), and the volume percentage of hematopoietically active versus inactive bone marrow for 

each skeletal site (marrow cellularity).  Marrow cellularity can vary anywhere from 10% to 

100% (no adipose tissue) with age, shown in Figure 3-9. Therefore, this reference individual 

does not have one single value of total active marrow mass, but a range of potential masses 

dependent upon the marrow cellularity chosen.  The reported masses use those cellularities 

provided by ICRP Publication 70, purely as a comparison purpose only.  Current ICRP reference 

cellularities based on bone site and age are shown in Figure 3-10. 

Bone sites containing active marrow 

Masses were calculated for the 13 major bone sites containing active marrow.  Densities 

for all skeletal regions were taken from ICRU 46 (1992) and are in Table 3-3.  For those sites 

where multiple cuboidal samples were taken, the marrow volume fractions were volume 

averaged.  The mass of trabecular active marrow (TAM), trabecular inactive marrow (TIM), 

trabecular marrow (TM), shallow active marrow (TAM50), shallow inactive marrow (TIM50), 

trabecular shallow marrow (TM50), trabecular bone (TB), and cortical bone (CB) at each skeletal 

site are calculated as:  
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( ) ( )( )( )( )RBMTAM CFMVFSVm ρ=
,       (3-1) 

( ) ( )( )( )( )YBMTIM CFMVFSVm ρ−= 1
,       (3-2) 

( ) ( ) ( )TIMTAMTM mmm +=
,        (3-3) 

( ) ( )( )( )( )RBMTAM CFSMVFSVm ρ=
50 ,       (3-4) 

( ) ( )( )( )( )YBMTIM CFSMVFSVm ρ−= 1
50 ,       (3-5)

 

( ) ( ) ( )
505050 TIMTAMTM mmm +=

,        (3-6)
 

( ) ( )( )( )( )MBTB CFTBVFSVm ρ=
,       (3-7) 

( ) ( )( )MBCB CBVm ρ=
,         (3-8) 

where SV is the spongiosa volume, CBV is the cortical bone volume, MVF is the marrow 

volume fraction, TBVF is the trabecular bone volume fraction (1-MVF), SMVF is the shallow 

marrow volume fraction, ρRBM is the density of RBM, ρYBM is the density of YBM, ρMB is the 

density of mineral bone, and CF is the cellularity factor for skeletal site j.  As noted above, in 

most sites the SV came from the high resolution ex-vivo image, whereas others came from the 

in-vivo image.  Marrow volume fractions were averaged in cases where there were more than 

one MicroCT sample acquired for the same bone site. 

Marrow volume fractions were not available for the extremities as these bone sites were 

not harvested and microstructural data were used from a similar bone site. The marrow volume 

fraction of the humerus was used for the proximal and distal ends of the lower arm bones.  For 

the lower leg bones, the marrow volume fraction of the femoral neck was used. 
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Bone sites not containing active marrow 

The shafts of the long bones in adult (femur, tibia, fibula, humerus, radius, and ulna) do not 

contain active marrow or trabeculae and masses were calculated only for cortical inactive 

marrow (CIM), shallow inactive cortical bone (CIM50). Volumes of the CIM and entire cortical 

bone were reported through direct image segmentation. ICRP 70 and 89 report marrow 

cellularity in the “upper half” and “lower half” and not for the entire femur and humerus, so in 

some cases the upper and lower halves were reported individually. 

Masses of the shallow inactive cortical marrow (CIM50) in the shafts of long bones were 

mathematically derived. Concentric cylinder models were used to stylistically model bone site j, 

with a cortical marrow radius and cortical marrow volume (CMV) defined as: 

CMV( ) j = π RMC( )2 LMC( ) j ,        (3-10) 

( ) ( )
( ) jMC

j
jMC L

CMV
R

π
=

,         (3-11)
 

where RMC is the medullary cavity radius, LMC is the medullary cavity length, and CMV is the 

segmented medullary volume from the contour.  

The shallow marrow volume fraction in the medullary cavities (SMVFshaft) is the ratio of 

the volume of the cortical shallow marrow (CMV50) to the volume of the total medullary marrow 

(CMV). CM50 is defined as a 50 µm thick cylindrical shell of marrow at the outermost region of 

the medullary cavity, which includes only and cortical inactive marrow (CIM50) in the adult.  

The SMVFshaft) is calculated as follows: 

( ) ( )
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( )
( )2

2
50

50
1

jMC

jMC

j
jshaft R

mR
CMV
CMV

SMVF
μ−

−==
,     (3-12)

 

 The mass of the CIM, CIM50, and CB for the medullary cavity is then: 
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( ) ( )( )YBMCIM CMVm ρ=
,        (3-13) 

( ) ( )( )( )YBMshaftCIM SMVFCMVm ρ=
50 ,       (3-14) 

( ) ( )( )MBCB CBVm ρ=
,         (3-15) 

where the definitions are the same as above.  Note that long bones may be further divided into 

upper and lower halves by dividing the mass by two.  Again, volume fractions were weighted by 

SV (when available) for each respective site of acquisition to report total bone mass. 

Transport Modeling 

Both sets of images (ex-vivo CT and ex-vivo microCT) were combined under Paired-

Image Radiation Transport (PIRT) via methods described previously by Shah et al (2005).  

Using PIRT, the 3D model of trabecular spongiosa was paired with the patient CT anatomy and 

beta particles were transported via EGSnrc.  Possible tissue sources were the trabecular active 

marrow (TAM), trabecular inactive marrow (TIM), trabecular bone volume (TBV), trabecular 

bone surface (TBS), and cortical bone volume (CBV).  These sources could irradiate tissue 

targets including TAM and the shallow trabecular active marrow (TAM50).  Cellularity was 

varied from 10% to 100% and energy from 0.01 MeV to 10 MeV.  Particles were transported 

until the kinetic energy is zero, and until coefficients of variation in the absorbed fraction are less 

than 1%.   

For the shafts of the long bones, a stylistic model was created in MCNP given the volume 

and lengths acquired from the segmented CT patient data.  Tissue sources can be cortical inactive 

marrow (CIM), cortical bone surface in the medullary cavities (CBSMC) and the CBV.  Particles 

were transported until the source was evenly distributed throughout the bone site volume.  The 

tissue target in the bones not containing active marrow was the cortical shallow inactive marrow 

(CIM50) and Tally 2 identified the energy (MeV) deposited in this region.  
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Absorbed Fractions 

Both the PIRT and MCNP techniques for radiation transport produced absorbed fractions 

using various source to target tissues for each bone site, and are fully dependent upon cellularity 

and energy.  When divided by the mass of the target (and cellularity), the specific absorbed 

fraction (SAF) is determined.  In bone sites where more than one MVF existed, particles were 

transported several times to combine each MVF with the corresponding SV.  These values were 

then weighted by the MVF for each individual AF for one energy-dependent absorbed fraction 

per bone site j as shown below: 

φ TAM ← TAM( ) j =
MVF( )xφ TAM ← TAM( )x

x
∑

MVF( )x
x
∑ ,     (3-16)

 

where φ(TAM←TAM) is the fraction of energy deposited in the TAM from a particle emitting 

radiation from the TAM, and MVFx is the MVF for bone site x.  For bone sources, TBVF was 

used in place of MVF. 

Results 

The University of Florida Reference Female (UFRF) was first matched to a database of 

cadavers to assess whether the cadaver used was similar to the average in terms of spongiosa 

volume, shown in Table 3-4.  Next, the volume of spongiosa and percentage of total was 

compared to the University of Florida Reference Male (UFRF) in Table 3-5.  Volume fractions 

are given in Table 3-6, which were then used to determine bone masses.  Table 3-7 shows the 

percentage of trabecular bone and cortical bone to mineral bone, and is compared among UFRF, 

UFRM and ICRP 89 reference male. Since no ICRP female model exists, a comparison to the 

ICRP Reference Male must be made. To make such a comparison, cellularities were assigned to 

be the reference value, although any value of cellularity can be used.   
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The ratio of total UFRF trabecular bone mass and total cortical bone mass to ICRP 89 total 

masses is used as a method of fair comparison since there is too much variation in specific 

skeletal sites.  Both total marrow masses and shallow marrow masses for active and inactive 

marrow are given for UFRF in Tables 3-8 and 3-9.  Total marrow masses were compared to 

ICRP 89 and UFRM, however, since ICRP does not report shallow marrow masses, UFRF was 

only compared to UFRM for this case.   Table 3-10 lists surface-to-volume (S/V) ratios for 

UFRF, URFM, and ICRP 70 as well as other studies by Beddoe et al and Lloyd et al.  Surface 

areas for trabecular bone regions and all cortical bone regions including both Haversian canals 

and medullary cavities is provided in Table 3-11.      

Fractional mass weights for each source and target region in UFRF are listed in Tables 3-

12 and 3-13.  These values were used to determine skeletal averaged SAFs.  UFRF used 

reference cellularities from ICRP Publication 70 (1995), whereas the ICRP model used 

cellularities from Eckerman & Stabin (2000).  Specific absorbed fraction data for UFRF is given 

in the appendices for any combination of source (TAM, TBS, TBV, TAM50, TIM) and target 

(TAM, TAM50) regions in the entire skeleton containing active marrow for a range of 

cellularities (10% to 100%).  Tables and graphs of SAF for each bone site, given all source-target 

combinations, are given in Appendix A and B, respectively.  Appendix C then contains SAF and 

graphs of all source-target combinations comparing all bone sites independently.  In bone sites 

not containing active marrow (shafts of the long bones), absorbed fraction data is given for 

combinations of sources (CBV, CIM, CBSMC) and target (CIM50) and SAF are tabulated graphed 

in Appendix D.  Finally, Appendix E contains tables and graphs of skeletal averaged SAFs and 

comparisons to models from Stabin and Siegel (2003). 
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Discussion 

Spongiosa Volume and Percentages 

The spongiosa volume and percentage of total for UFRF was first compared to a 

population of database of 20 cadavers, 10 male and 10 female, provided by Brindle et al (2006).  

This database included the UF Reference Male subject.  The spongiosa volumes were averaged 

by skeletal site for female cadavers, male cadavers, and then an average of all cadavers of either 

sex.  Table 3-4 shows the percentage of spongiosa volumes for the skeletal sites containing 

active marrow for UFRF, the average female, the average male, and the average of either sex.  

UF Reference Female seems to match well to the average female with respect to total 

spongiosa volume and percentages of total.  The total spongiosa volume (1535 cm3) is 

remarkably close to the average female (1521 cm3) with a difference less than 1%.  UFRF has 

less spongiosa in the os coxae and more in the sacrum, but overall matches well to the average 

female.  These differences are noted in many bone sites due to normal patient variation.  When 

compared to the average male, total spongiosa volumes are greater in the average male 

population (2221 cm3) and there seems to be more inherent variation in male spongiosa volume.  

In particular, the percentage of spongiosa in the ribs and scapulae vary greatly.  Again, one 

would expect these differences due to natural skeletal variation. 

A comparison of spongiosa volume and percentage of total for UF Reference Male and 

Female are given in Table 3-5.  Although the spongiosa varied, as expected due to patient size, 

the percentage of spongiosa volume for both reference individuals was comparable.  A higher 

percentage of spongiosa volume was seen in the os coxae of UFRF compared to UFRM, and 

lower percentages of spongiosa volume in the femora and humeri.  ICRP 89 does not report 

spongiosa volume explicitly, thus no comparison can be made. 
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Volume Fractions  

Averaged marrow volume fraction (MVF), bone volume fraction (BVF) and shallow 

marrow volume fraction (SMVF) by skeletal site are shown in Table 3-6.  It is noted that the 

MVF are similar for a single bone site except in the cranium and femora.  The cranium has MVF 

variation from 11% marrow in the occipital lobe to about 39% - 43% marrow in the frontal and 

occipital lobes.  An image of the microstructure of the frontal and occipital lobes are given in 

Figure 3-11 and 3-12, respectively.  The femoral neck is 87% marrow, whereas the femoral head 

is 71% marrow.  An image of the microstructure showing the differences between the femoral 

neck and head is given in Figure 3-13 and 3-14, respectively.  Since the microstructure varied 

greatly in these skeletal sites, volume averaging seemed best. 

  For completeness, an image of that bone site with the highest percent of marrow is given.  

The sternum is shown in Figure 3-15, having 99% marrow.  Also, to show the changes in 

microstructure throughout the vertebral column, an image of the 3rd cervical vertebrae (76% 

marrow) and the 5th lumbar vertebrae (91% marrow) are shown in Figure 3-16 and 3-17.  The 

marrow volume fraction increases as you move down the vertebral column. 

Tissue Masses 

Masses for the trabecular spongiosa region, cortical bone region and total mineral bone for 

all skeletal sites (both active and inactive marrow) are in given in Table 3-7.  ICRP reference 

cellularity was used for each bones site.  UFRF has a trabecular bone mass of 968 g, cortical 

bone mass of 4723 g and total mineral bone mass of 5691 g.   Thus, mineral bone is 17% 

trabecular bone and 83% cortical bone.  A comparison to ICRP 89 Reference Male model reveals 

that reference values yield 20% trabecular bone (1100 g) and 80% cortical bone (4400 g).  

Furthermore, trabecular bone makes up 17% of total mineral bone and cortical bone makes up 

the remaining 83% and overestimates trabecular bone mass compared to UFRF (ratio of 0.88).  
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UFRM was 22% trabecular bone (1267 g) and 78% cortical bone (4388 g).  Total mineral bone 

mass was similar in both UFRM (5656 g) and UFRF (5691 g), which is slightly higher than the 

ICRP value (5500 g).  

Compared to both UFRM and ICRP 89, the female model was found to be much lower in 

trabecular bone mass.  Interestingly, the ICRP 89 value is in the middle at 20%, and perhaps 

represents an average for the two.  The percentage of total cortical bone to mineral bone was 

found to be slightly higher for UFRF compared to both male models with a ratio to ICRP of 1.07.  

Thus, the female model seems to have less trabecular bone and more cortical bone when 

compared to males.  This could be a result of the differences in bone resorption by gender and 

the effect of osteoporosis, or simply patient variation in skeletal bone mass. 

Active marrow masses for UFRF are provided in Table 3-8.  UFRF has 1984 g in inactive 

marrow, 686 g in active marrow, for a total marrow mass of 2670 g.  Thus, marrow is 26% active 

and 74% inactive.  It is emphasized again that the mass of UFRF is not bound by cellularity, and 

is given at ICRP 70/89 reference values only for comparison.  Compared to ICRP 89, both the 

active marrow mass (1170 g) and inactive marrow mass (2480 g) yielding 32% active marrow 

and 68% inactive marrow.   Thus, ICRP 89 active and inactive marrow masses are severely 

overestimated for the UFRF with ratios of 0.59 and 0.80, respectively.  UFRM had an active 

marrow mass of 2406 g and an inactive marrow mass of 1170 g.  Thus, this overestimation in 

marrow mass was also noted in the URFM data, although not as significantly (ratio of 0.91 and 

0.97).  This is due to the much lower total marrow mass of 2670 g found in UFRF, compared to 

3650 g in ICRP 89 and 3469 g in UFRM.  Since the active marrow is the region for 

hematopoiesis, this is a red flag for marrow toxicity and cancer risk when using ICRP 89 

reference values to estimate radiation dose in females. 
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UFRF has a shallow marrow mass of 240.8 g, which is 20% shallow active marrow (48 g) 

and 80% shallow inactive marrow (193 g).  These are shown in Table 3-9.  ICRP does not report 

this data, therefore only a comparison to UFRM can be made.  Again, these were calculated at 

reference cellularity, although any cellularity could be chosen.  Shallow active marrow was only 

100 g in UFRM, with 226 g of shallow inactive marrow.  Accordingly, UFRM has 31% of active 

shallow marrow and 69% of inactive shallow marrow, with a total shallow mass of 326.3 g.  

Total shallow active marrow was less in UFRF due to a lower overall active marrow region.  

However, UFRF had a 10% higher inactive component of shallow marrow, leading to dosimetry 

concerns.  This could be simply patient variation, or could signify heightened osteoporosis in 

females due to lower volume of active elements in general.   

Surface to Volume (S/V) Ratios 

Table 3-10 lists S/V ratios of the trabecular microstructure in all skeletal sites in UFRF, 

along with a comparison to UFRM and data from the University of Leeds studies, which provide 

the basis for the ICRP Reference Man model.  The mean S/V ratio was found to be 21.2 

mm2/mm3 across 13 skeletal sites with a standard deviation of 7.2 mm2/mm3.  This value is 

slightly higher than the UFRM model (18.5 mm2/mm3), but within the standard deviation of 4.2 

mm2/mm3.  The Leeds data indicated a smaller ratio of 16.1 ± 4.8 mm2/mm3, while other studies 

in ICRP cited even lower values of 11.2 ± 5.0 mm2/mm3 (Lloyd and Hodges et al).   ICRP 70 

uses a single value of 18 for all bone sites, whereas this data lists S/V ratios for 13 separate 

skeletal sites allowing for a better estimate of the shallow marrow masses.   

Surface Areas 

Table 3-11 lists surface areas in all skeletal sites for both trabecular and cortical bone 

regions.  UFRF was found to have 8.23 m2 of trabecular bone surfaces, 7.38 m2 of cortical bone 

surfaces within regions containing haversian canals, and 0.06 m2 of cortical bone surfaces in the 
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medullary cavities.  This leads to 47% of the total surface area being cortical bone within 

Haversian canal tissues, 0.4% of cortical bone surface in the medullary cavities and 53% of bone 

surface in the trabecular regions.  ICRP does not list bone surface area in the cortical bone of 

medullary cavities, but does list 6.50 m2 of cortical bone surfaces (38%) and 10.50 m2 of 

trabecular bone surfaces (62%).  UFRM had similar values to ICRP with 6.86 m2 of cortical bone 

surfaces in the Haversian canal tissues (37%) and 11.74 m2 of trabecular bone surfaces (63%).  

In the medullary cavities, UFRM had a surface area of 0.17 m2 (0.9%). 

It seems that the surface areas and S/V ratios reveal that UFRF has a higher surface to 

volume ratio and a lower overall trabecular bone surface.  Compared to ICRP, UFRF has a much 

lower (0.78) ratio of trabecular surface area and more cortical bone surface area (1.14).  UFRM 

also had a higher cortical bone surface area than ICRP, but had higher trabecular surface area as 

well.  This could be an inherent difference in the cadaver selected, or a real difference among 

female bone anatomy.  It seems that there is similar cortical bone volume but less trabecular 

spongiosa (both bone and marrow).  Due to overall size differences, this difference must be 

thicker cortical bone and smaller trabeculae and marrow cavities. 

Weighting Factors 

The fractional distribution of tissue masses at reference cellularities for each skeletal site is 

given in Tables 3-12 and 3-13. Bone site weighting factors are provided for the fraction of total 

active marrow (TAM+CAM), total inactive marrow (TIM+CIM), total shallow active marrow 

(TAM50+CAM50) and total inactive shallow marrow (TIM50+CIM50).  For surface sources, the 

fractional distribution of tissue masses are given for the TBS, CBS and total bone surface 

(TBS+CBS).  For volume sources, weighting factors are provided for the TBV, CBV, and total 

bone volume (TBV+CBV).    
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 UFRF had 68.9% of total active marrow (fTAM+fCAM) concentrated in the os coxae (26%), 

thoracic vertebrae (16.2%), lumbar vertebrae (14.5%) and ribs (12.2%).  The same bone sites 

within the ICRP accounted for 79.7% of total active marrow (fTAM): os coxae (33.3%), thoracic 

vertebra (17.4%), lumbar vertebrae (9.8%), and ribs (19.2%). The largest fraction of bone 

trabecular surfaces in the UFRF (fTBS) is from the distal femora (23.9%), proximal tibiae 

(19.1%), os coxae (11.6%), and proximal femora (8.2%).  In ICRP, the TBS mass was most 

concentrated in the thoracic vertebrae (28.2%), lower femora (16.9%), proximal femora (16.7%), 

and the cervical vertebrae (11%).  The fraction of trabecular bone surface in the os coxae was 

only 1.8% in the ICRP values. A great deviation in the os coxae was also found in UFRM, when 

comparing to current ICRP fractions. 

The largest fraction of bone trabeculae mass in the UFRF (fTBV) is found in the distal 

femora (23%), proximal tibiae (18.4%), cranium (16.8%) and proximal femora (7.9%). In the 

ICRP model, most of the TBV mass is found in the thoracic vertebrae (27.6%), with the rest 

located in the lower femora (16.5%), proximal femora (16.3%) and cervical vertebrae (10.7%).   

These values seem to differ greatly in the cranium, with only 2.6% noted in ICRP values.  

Finally, the fraction of cortical bone volume in UFRF was found to be highest in the 

cranium (10.7%), distal femora (9.3%), os coxae (8.7%) and the proximal tibiae (8%).  ICRP 

values of fCBV were found to be highest in the lower femora (20.7%), proximal femora (14%), 

cranium (12.8%), and ribs (12%).  These bone sites comprise 36.7% of the UFRF cortical bone 

volume, and 59.5% of the ICRP cortical bone.  The low fractional mass in UFRF is due to the 

cortical bone being distributed over more regions in the extremities.    
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Specific Absorbed Fractions (SAF) 

SAF for individual bone sites containing active marrow 

SAFs for each individual bone site is provided for two targets - TAM and TAM50 and all 

five sources in Appendix A (tables) and B (graphs).  For this discussion, a single bone site will 

be used since all bone sites followed the same general trend with slight differences in SAF value.  

The SAF for the TAM irradiating either the TAM or the TAM50 for the lumbar vertebrae is 

shown in Figure 3-18 and 3-19, respectively.  Both source target combinations followed the same 

decrease in SAF with energy.  SAF decreases with higher energy since higher energy particles 

will have enough energy to escape the TAM and deposit energy elsewhere.  At low energies and 

at high cellularity (no fatty marrow), the absorbed fraction is at a maximum because all of the 

particles are absorbed in the active marrow.  Conversely, at low energies and low cellularity 

(fatty marrow), the particles are absorbed in the fat and there is a low absorbed fraction to the 

active marrow.  Calculating the SAF requires a division of the mass of the target which depends 

on the cellularity, thus, cellularity trends are switched.  There is a point of convergence where 

cellularity no longer causes dose implication at an intermediate energy (<1 MeV). 

Figure 3-20 and 3-21 shows the SAF for each source irradiating either the TAM or TAM50 

for the lumbar vertebrae.  While trends are similar, there is a difference in the overall value of 

each source-target combination depending on the target.  When the target is the entire active 

marrow, the SAF is highest in the TAM for all energies.  However, when the target is the 

shallow active marrow, the SAF is now highest for the TBS, as this source would cause more 

dose implications to the voxels directly adjacent.  If this is the true location of radiosensitive 

cells, dose would be incorrectly assessed if averaging over the entire marrow cavity.     

  The φ(TAM←TBS) followed the same trend as an active marrow source, but was slightly 

lower in value, shown in Figure 3-20.  This is because there would be less energy deposited in 
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the active marrow for a particle starting in the trabecular bone surface than there would be for 

actually starting in the active marrow.  The φ(TAM←TIM) slightly increases with increasing 

energy and levels off to the same value as active marrow and trabecular bone surface values.  A 

particle would need to have enough energy to leave the inactive marrow in order to deposit 

energy into the active marrow regions.  The φ(TAM←TBV) is the second lowest value and 

follows the same trend as an inactive marrow source.  The lowest SAF is found for a cortical 

bone volume source where the φ(TAM←CBV) increases with increasing energy and then 

decreases at very high energies.  This is because a particle needs to have a significant amount of 

energy to leave the cortical bone volume and deposit energy into the active marrow.  At very 

high energies, the particle leaves the active marrow to deposit dose elsewhere. 

 The SAF for all sources to a TAM50 target follows the same trends with differences only 

in values (Figure 3-21).  For a TAM50 target, the highest SAF is for a TBS source at all energies 

or a TBV source at intermediate energies.  This is because this is closest in proximity to the 

TAM50 since, by definition, this region is 50 microns from the surface of all trabecular bone 

regions.  The SAF is also large for the TAM source, and this is expected as well.  SAF for either 

a TIM or CBV is very low for the shallow active marrow, as most particles cannot escape the 

adipose tissue or cortical bone to deposit energy into the bone trabeculae which are well within 

marrow cavities.     

SAF for all bone sites containing active marrow 

Appendix C lists the SAF data comparing all source-target combinations for all bone sites 

containing active marrow independently.  Figures 3-22 and 3-23 graph the φ(TAM←TAM) and 

φ(TAM← TAM50) for all bone sites, respectively.  The TAM50 target followed the same trends 

as the TAM target.  At low energies, the φ(TAM←TAM) was highest for those bone sites with 
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small marrow cavities (e.g. mandible, cervical vertebrae, sternum, cranium).   At higher energies, 

the same trend was followed except for the mandible.  The φ(TAM←TAM) is decreasing over 

energy because at higher energies more particles leave the marrow regions.  The bone site with 

the lowest φ(TAM←TAM) was the os coxae, where there is a large amount of active marrow 

and large cavities.  

  The φ(TAM←TAM50) was also high for bone sites with low marrow volume fractions 

and more bone volume fractions (e.g. mandible, cranium, cervical vertebrae, scapulae) at low 

energies.  The same trend was followed except for the cranium, which does not decrease as much 

as other bone sites at high energies.  The φ(TAM←TAM50) is decreasing over energy because at 

higher energies more particles leave the shallow marrow regions.  Again, the bone site with the 

lowest φ(TAM←TAM) was the os coxae, where there is a large amount of active marrow and 

large cavities.  

SAF for all bone sites not containing active marrow 

SAF tables and graphs for all source-target combinations in the shafts of long bones are 

given in Appendix D.  The SAF for the CIM irradiating the CIM50, CBSMC, and CBV for all 

skeletal sites, are given in Figures 3-24 through 3-26, respectively.  As expected, 

φ(CIM50←CIM) decreases with energy, as particles can escape the shallow inactive marrow, as 

shown in Figure 3-24.  This seems to become more drastic after 1MeV.  The long bones of the 

arms (radius, ulna) have the largest SAF, with the smallest being the humerus and femur.  This 

seems plausible since these bone sites are larger and contain more marrow space to absorb 

particles, with less being deposited in the shallow regions.  The φ(CBSMC←CIM) also decreases 

with energy, and is shown in Figure 3-25.  As particles gain energy they can escape the cortical 
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bone surface and deposit energy into the shallow cortical marrow.  For this case the ulna and 

radius also had the largest SAF, with the smallest again being the humerus and femur.   

Figure 3-26 plots φ(CBV←CIM), which decreases with energy drastically from 0.1 MeV 

to 1 MeV and then tapers off until 10 MeV.  Due to the low count of particles escaping the 

cortical bone volume, good statistics are not as realizable for this source.  Again the long bones 

of the arms had the largest SAF (radius, ulna), with the humerus and femur having the lowest 

SAF.  SAF from sources emitting from the bone surfaces provide less radiation dose to the 

shallow cortical marrow than would a source starting within the cortical inactive marrow itself.  

This is due to the high density of the cortical bone which is difficult for particles to traverse, and 

those that do will be significantly reduced in energy.   

Skeletal Averaged Absorbed Fractions (AF) 

Current models for marrow dose estimates do not provide specific absorbed fractions by 

bone site, and instead use one value that is averaged over all skeletal sites.  These include models 

used in MIRDOSE 3.0 (Eckerman & Stabin 1994) and OLINDA 1.0 (Stabin and Siegel 2003).  

Furthermore, these models do not use Paired Image Radiation Transport to take advantage of 

true trabecular microstructure, nor do the tissue masses come from the same patient anatomy.  To 

provide a fair comparison, absorbed fractions for each bone site have been averaged over the 

entire skeleton.  To facilitate this, UFRF bone site weighting factors (Table 3-12 and 3-13) were 

used, along with ICRP reference cellularities (Figure 3-10).  Appendix E gives all tables and 

graphs for skeletal averaged UFRF AFs, as well as comparisons to the Stabin and Siegel models 

(2003).   

 The skeletal averaged SAF for UFRF compared to Stabin and Siegel (SS) for a marrow 

source irradiating the total active marrow and for bone sources irradiating the total active marrow 
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are shown in Figures 3-27 and 3-28, respectively.  Under current ICRP assumptions, the total 

active marrow is the surrogate tissue for the hematopoietic stem cell (HSC) population, so this 

will be the estimated dose to that radiosensitive population.  When the marrow itself is a source, 

the UFRF model matches well with the SS model at energies less than 1 MeV.  However, 

beyond this point, SS converges to 0.431, whereas AF continues to decrease until 0.103 for 

UFRF.  This discrepancy has been noted to be due to energy independent modeling approaches 

in the SS model (Shah et al., 2005a).  Also shown in Figure 3-27 is the AF for a TIM source, 

which is not provided in the SS models.  Here it is noted that the decrease in AF for the TAM 

source follows the TIM source past 1 MeV only in the UFRF model, which is to be expected.  

Discrepancies in bone source models irradiating the total marrow are shown in Figure 3-28.  

Both the TBS and TBV sources seem to be a reasonably accurate when comparing UFRF and SS 

models at low energies.  Differences in values are due to tissue definitions, which are described 

below.  The SS model continues to overestimate dose at energies beyond 1 MeV, as explained 

above.  Also shown in Figure 3-28 is the AF to the total marrow from a CBV source for UFRF.   

This was not provided for comparison in the SS models.         

The skeletal averaged SAF for UFRF compared to Stabin and Siegel (SS) for a marrow 

source irradiating the shallow trabecular marrow and for bone sources irradiating the shallow 

trabecular marrow are shown in Figures 3-29 and 3-30, respectively.  Under current ICRP 

assumptions, the shallow trabecular marrow is the surrogate tissue for the osteoprogenitor cell 

(OPC) population, so this will be the estimated dose to that radiosensitive population.  It is noted 

that this region was once termed the endosteum, which was updated from a 10µm region 

adjacent to bone surfaces in the SS model to a 50µm region adjacent to bone surfaces in the 

UFRF modeling approach.  Figure 3-29 shows marrow sources irradiating the shallow active 
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marrow for the UFRF and SS model.  In this case, differences are noted at low energies, whereby 

the UFRF has a higher fraction of energy being deposited in the shallow active marrow.  This is 

due to the updated definition of the endosteum, with a higher volume encompassing a higher AF.  

The same divergence at high energies is again prevalent, as discussed previously.  Again, a TIM 

source for the UFRF is provided.  Bone trabeculae sources irradiating the shallow active marrow 

are shown in Figure 3-30.  Here, similar results are found between UFRF and SS modeling 

approaches for both the TBS and TBV sources as described above.  Differences at low energies 

are explained by the updated tissue definitions that confirm the OPC population.  The SS model 

has a much higher value of AF for a CBV source when compared to the UFRF model. 

Discrepancies between the SAFs include differences in modeling approach (voxel based 

versus chord based), imaging technique (3D MicroCT versus 2D optical scanning), and gender 

differences in macrostructure and microstructure (64y female versus 44y male).  Perhaps one of 

the main differences is the tissue region definition used for both trabecular active marrow and 

shallow trabecular active marrow as described in Shah et al (2003).  This also lends to 

differences in fractional mass weighting factors used in the determination of skeletal averaged 

AFs.   

Effect of Update in Shallow Active Marrow Size 

This reference female model is the first to use the newly proposed definition of the 

endosteum (50 μm from 10 μm), which leads to a larger volume of shallow trabecular active 

marrow.  This should cause a greater number of particles depositing dose into the TAM50, when 

compared to previous models.  However, the mass of the target will be larger, as there are more 

voxels, thus the dose implications may be spread out for a similar SAF.  It was shown that for 

bone sources irradiating the shallow active marrow, the updated definition of the endosteum 
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allows for a much higher dose to the OPC population.  Due to these discrepancies, the new 

definition of shallow active marrow should be used to predict marrow toxicity, as current models 

do not provide an accurate measure of dose to the radiosensitive cell population. 

Conclusion 

A complete skeletal mass database has been given for a reference female model to be used 

to provide a patient specific scalable model for accurate dose assessment in radiation protection 

and medical applications.  No model for a female subject has previously been given, and this 

paper serves to provide a companion skeletal reference model to the adult male.  The mass 

database comes from actual macrostructural patient data (ex-vivo CT) as well as accurate 

trabecular structure (microCT).  Specific absorbed fractions are provided using Paired Image 

Radiation Transport, where the macrostructure and microstructure of the actual, same patient is 

combined.   It is hoped that this model will be used to better assess dose estimates of the female 

population. 
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Table 3-1. Ex-vivo CT data for all skeletal sites. 
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Table 3-2.  MicroCT data for the skeletal sites with active marrow. 
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Table 3-3.  Tissue compositions (% by mass) and mass densities used in skeletal mass 
calculations. 

 
Table 3-4.  Percentage of spongiosa of reference female compared to a database of 20 cadavers. 
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Table 3-5.  Spongiosa volume and percentage of total for UF reference male and female.     
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Table 3-6.  Averaged marrow volume fractions, bone volume fractions and shallow marrow 

volume fractions by skeletal site for UFRF. 
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Table 3-7.  University of Florida Reference Female masses for the trabecular spongiosa, cortical bone, and mineral bone regions for 
all skeletal sites. 
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Table 3-8.  University of Florida Reference Female active marrow masses. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

82

Table 3-9.  Shallow marrow masses for UFRF. 
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Table 3-10.  S/V Ratios. 

 
 
 
 
 
 
 
 
  



 

 

84

Table 3-11.  Surface Areas for UFRF in both trabecular and cortical bone regions. 
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Table 3-12.  Weighting factors for marrow sources for each bone site for UFRF. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

86 

Table 3-13.  Weighting factors for bone surface and volume sources for UFRF. 
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Figure 3-1.  Top in-vivo scan of UF Reference Woman 
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Figure 3-2.  In-vivo contoured image of the ribs in transverse (top), coronal (middle) and sagittal 
(bottom) planes. 
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Figure 3-3.  In-vivo contoured image of the cranium, showing the separation of the lobes:  left 
parietal (orange), right parietal (yellow), occipital (green), facial bones (pink), cortical 
bone (blue) and other bones (red). 
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Figure 3-4.  In-vivo contoured image of the cranium showing the separated lobes:  left parietal 

(orange), right parietal (yellow), and frontal (green). 

 

 
 
Figure 3-5.  Transverse (top) and coronal (bottom) CT images showing the abnormality of the 

right humerus.  The cortical shell of the shaft extends through to the proximal 
humeral head.   
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Figure 3-6.  Transverse (top) and Coronal (bottom) Contoured ex-vivo image of the femur, 
showing the separation of the femoral head and neck 

 

 
 
Figure 3-7.  Transverse (top) and sagital (bottom) contoured ex-vivo image of the lumbar 

vertebrae with cortical bone in blue and spongiosa in red. 
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Figure 3-8. Active marrow distribution as a function of age used as reference values in ICRP 70 
(Cristy, 1981). 
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Figure 3-9.  Cellularity varies by bone site and decreases with age (Custer, 1974) 

 

 
 
Figure 3-10.  Current ICRP 70 reference cellularities based on bone site and age (Cristy, 1981). 
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Figure 3-11.  Microstructure of the frontal lobe (40% marrow). 

 
 

Figure 3-12. Microstructure of the occipital lobe (11% marrow). 

 

 
 
Figure 3-13. Microstructure of the femoral neck (87% marrow). 
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Figure 3-14.  Microstructures of the femoral head (71% marrow). 

 

 
 
Figure 3-15.  Microstructure of the sternum (99% marrow). 

 

 
 
Figure 3-16.  Microstructure of the 3rd cervical vertebrae (76% marrow). 
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Figure 3-17.  Microstructure of the 5th lumbar vertebrae (91% marrow). 
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Figure 3-18. Specific absorbed fraction for the TAM irradiating the TAM for the lumbar 

vertebrae. 
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Figure 3-19.  Specific absorbed fraction for the TAM irradiating the TAM50 for the lumbar 

vertebrae. 
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Figure 3-20.  Specific absorbed fraction for all sources irradiating the TAM for the lumbar 

vertebrae. 
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Figure 3-21.  Specific absorbed fraction for all sources irradiating the TAM50 for the lumbar 

vertebrae. 
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Figure 3-22. Specific absorbed fraction for the TAM irradiating the TAM for all bone sites. 

 

 
 

Figure 3-23.  Specific absorbed fraction for the TAM irradiating the TAM50 for all bone sites. 
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Figure 3-24.  Specific absorbed fraction for the CIM irradiating the CIM50 in the shafts of all 
long bones. 
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Figure 3-25.  Specific absorbed fraction for the CBSMC irradiating the CIM50 in the shafts of all 
long bones. 
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Figure 3-26.  Specific absorbed fraction for the CBV irradiating the CIM50 in the shafts of all 
long bones. 
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Figure 3-27.  Skeletal averaged AF for marrow sources irradiating the TAM for both UFRF and 
Stabin and Siegel (2003). 
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Figure 3-28.  Skeletal averaged AF for bone trabeculae sources irradiating the TAM for both 

UFRF and Stabin and Siegel (2003). 
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Figure 3-29. Skeletal averaged AF for marrow sources irradiating the TAM50 for both UFRF and 
Stabin and Siegel (2003).    
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Figure 3-30. Skeletal averaged AF for bone trabeculae sources irradiating the TAM50 for both 
UFRF and Stabin and Siegel (2003).    
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CHAPTER 4 
COMPARISON OF HUMAN STEM CELL MEASUREMENTS IN BIOPSIES VERSUS 

AUTOPSY SPECIMENS 

Introduction 

Bone marrow biopsies are widely used to assess the health of bone marrow and prediction 

of disease.  Advances in the understanding of blood disorders and their ties to cellular elements 

in bone marrow have vastly increased the use of biopsies in the past decade.  Consequently, bone 

marrow biopsies are taken frequently in both normal and abnormal patients as a part of routine 

diagnosis for conditions in hematology, internal medicine, and oncology.  Bone biopsies are 

valuable not only for diagnosis of cytopenia, myelo- and lymphoproliferative disorders, but also 

for vast problems relating to immunology and hematopoietic regulatory mechanisms (Hoffman 

et al., 1991).     

 Typical bone marrow biopsies are taken from either the anterior or posterior iliac crest, 

with core sizes ranging from 4-8 mm x 10-22 mm depending on the acquisition site and 

procedure followed.  Hematopoietic tissue and trabecular bone account for 40% and 26% by 

volume of the biopsy, respectively, assuming 28% fatty tissue.  The remaining bone marrow 

biopsy is osteoid, sinuses, and edema.  Disease specific processing techniques are applied to the 

biopsy to quantify the degree of hematological disorder through a cellular count such as red 

blood cell quantity in the case of potential anemia or Reed-Sternberg cells in the case of 

Hodgkin’s lymphoma (McPherson and Pincus, 2007).   

 In radioimmunotherapy, the dose limiting organ is the hematopoietically active (red) 

bone marrow and estimates of the absorbed dose require knowledge of the marrow health.  

Moreover, the red marrow is in reality a surrogate for the underlying radiosensitive cell 

populations, namely that of the hematopoietic stem cells.  Thus, a measure of marrow health is 

related to the quantity of hematopoietic stem cells.  In particular, the concentration of CD34+ 
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stem and progenitor cells has been shown to be directly related to the prognosis of therapeutic 

outcome following marrow ablation (Sgouros, 1993).  Recent studies have shown that a spatial 

gradient exists for this stem cell population in human bone marrow, with a higher concentration 

of cells localized near the trabecular bone and decreasing further into the marrow cavities 

(Watchman et al., 2007).  This relationship is seemingly found to exist in both large field 

specimens (autopsies) as well as smaller fields (biopsies).  The spatial distribution itself does not 

prove to have any particular bone site dependence, and thus any bone site should yield the same 

linearly decreasing trend (Bourke et al., in press). 

The first studies to directly measure the spatial distribution of HSCs to bone trabeculae 

were performed at the University of Florida by Watchman et al (2007).  In that study, CD34 and 

CD31 immunohistochemical staining was performed on subsequent slides from core biopsy 

samples of the iliac crest from disease-free normocellular human bone marrow.  The data fully 

supported the hypothesis that CD34+ HSCs and their progenitors follow a spatial gradient with 

respect to bone trabeculae within human bone marrow.  Also, blood vessels seem to follow the 

same gradient indicating a shared spatial niche with stem cells.  Distance-dependent weighting 

factors are provided as an update to the MIRD schema.  

 The most current work at the University of Florida by Bourke et al (2009) used autopsy 

methods rather than biopsies to assess spatial distributions in larger samples and for several 

skeletal sites because of potential field of view limits.  CD34 and CD117 immunohistochemical 

staining was performed on autopsy sections from the iliac crest, lumbar vertebrae, and rib of 

disease free, normocellular patients.  This data shows the same trend found in previous studies, 

that the CD34+ cells decrease as a function of marrow depth.  Also, the method used to stain 

tissue was shown to alter the concentration of cells while preserving spatial gradient. 
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Cellular measurements are often made in small biopsy samples, with hopes that the sample 

is representative of the entire marrow.  Accuracy may be limited by the field of view in a biopsy, 

when compared to a full field autopsy specimen.  Shown in Figure 4-1, a biopsy may only show 

the white portion of the marrow, leading to cell distances being measured to the nearest 

trabeculae in view for total distances of 331, 287, 404, and 365 pixels.  If, however, the full field 

was seen and the pink region of marrow was included, cellular measurements would now 

correctly be 331, 287, 241, and 271 pixels.  This brings to question the validity of using limited 

field biopsy specimens as a surrogate for the entire marrow cavity.  

Artificial cell-to-bone distances by trabeculae lying just outside the processed specimen’s 

field-of-view has been termed a potential ‘edge effect’, and is postulated as a potential limitation 

of the use of biopsies to assess marrow health (Watchman et al., 2007).  This has implications 

not only for cellular distributions, but could lend to inaccuracies in any cell count expressed as a 

percentage of total marrow.  Biopsies are widely used to assess blood disease, but their 

usefulness is solely dependent upon the accuracy of such a measurement technique.  The 

objective of the present study is to directly quantify the difference in hematopoietic stem cells 

concentration and distribution due to areal effects.  The objective is thus to determine whether 

hematopoietic cellular distributions found in biopsy specimens will yield the same result that 

would have been found had a larger tissue field-of-view been used.  Furthermore, any directional 

dependence (anisotropy) in HSC concentration will be discussed through use of simulated 

biopsies taken in vertical or horizontal planes. 

Materials and Methods 

Artificial biopsy sections were taken from previously collected and stained autopsy 

specimens from the L1 vertebrae.  The skeletal site of the autopsy specimen was chosen due to 

its planar symmetry.  Unlike the Iliac crest, autopsies from the L1 vertebrae are 5000μm on end 
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and allows for identical sized masks in both two dimensional planes (Figure 4-2).  This is 

advantageous for assessing anisotropy within bone sites.  Six artificial sections were taken, three 

in the horizontal and three in the vertical plane (Figure 4-3).  Horizontal and vertical planes were 

chosen to study any anisotropy or directional dependence.  Each “simulated biopsy” specimen 

was treated independently, i.e. each was looked at as if there was no other information other than 

what was in that view.  Accordingly, cellularity was measured for each biopsy section separately 

(Figure 4-4). 

Autopsy Collection and Preparation 

Previously acquired post-mortem bone samples from Bourke et al (2009), sectioned and 

fixed in paraffin from the L1 vertebrae of nine recently deceased patients were assembled.  All 

samples were collected within 24 hours of death and were determined to be absent of marrow 

disease under a HIPAA-compliant and IRB-approved protocol.  Autopsy blocks were decalcified 

and embedded in paraffin for preservation.  Sequential sections were collected from each 

specimen at a thickness of 5 mm, and the most intact section was kept.  Table 4-1 summarizes 

the age, gender, and cause of death for each subject in the study.  These sections were then 

manually stained using mouse anti-CD34 (dilution 1:25, QBEND10, DAKOCytomation; 

Carpinteria,CA). CD34 staining of endothelial cells served as an internal control.  

Digital Imaging and Processing 

After staining, the autopsy specimens were imaged at the Optical Microscopy (OM) 

facility of the University of Florida McKnight Brain Institute (MBI).  Image resolution was 

verified via a caliper slide giving a calibration factor of 1.2 pixels/mm. Using these digital 

images, bone trabeculae were digitally segmented using Adobe Photoshop.  Following the 

acquisition of digital autopsy specimens, masks the average width of a clinical biopsy were 

overlaid to achieve a “simulated biopsy” within the full field autopsy specimen.   
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Using 16 previously collected biopsy samples from Watchman et al (2007), the width of a 

typical clinical biopsy was found to be 1.24 mm with a standard deviation of 0.46 mm, or 1489 ± 

550 pixels.  This large variation in biopsy width is to be expected and based on the individual 

procedure used to collect biopsies.  Three sample width measurements were averaged per biopsy 

slide, for a total sample size of 48.  Six “simulated biopsy” masks were overlaid in non-

overlapping regions of each autopsy slide, three in the horizontal plane and three in the vertical 

plane.  In the horizontal plane, sections were in the upper, middle, and lower regions, whereas 

sections were in the left, middle, and right regions in the vertical plane.  An example of both the 

horizontal (yellow) and vertical (purple) middle simulated biopsy sections are shown in Figure 4-

2. 

Measurement of Hematopoietic CD34+ Cells  

 Cells were optically identified using an OM36LED contour microscope (Microscope 

Store, Rock Mount, VA) with a 20X objective as a compromise between field of view and image 

resolution.  SPOT Advanced imaging software (Diagnostic Instruments Inc, Sterling Heights, 

MI) was used to make distance measurements in pixel units.  A CD34+ cell was found in the 

slide under the microscope, and the distance from that corresponding cell to the nearest bone 

trabeculae was measured on the digital image.  Pixel values were then transformed to 

micrometers using a calibration factor of 1.2 pixels/mm.   Histological distance measurements 

were determined for each of the six simulated biopsy, and compared to the cell count and 

concentration in the total autopsy specimen.  Also, the average concentration of the horizontal 

masks and the average of the vertical masks were compared to the total to explore anisotropy.   

Cells were not considered CD34+ unless they exhibited visible membrane expression of 

the antigen, in addition to small, primitive morphology consistent with a HSC.  This is shown in 

Figure 4-5.  When bone trabeculae were obviously missing or were partially separated from the 
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tissue during the sectioning process, distance measurements and trabeculae segmenting were 

made to the boundary of its original anatomical space.  No boundary masks were used, and only 

those cells within each simulated biopsy were counted and compared to the total cellular count in 

the autopsy as a whole.  Sample measurements from cells to nearest bone trabeculae are found in 

Figure 4-1. 

Cellularity Measurement 

Regions of active bone marrow were determined via manual segmentation of adipocytes 

using Adobe Photoshop.  For each simulated biopsy, a 500 mm x 500 mm location within each 

bone site, deemed visually to be representative of the entire marrow space was confirmed.  Three 

sample locations were averaged, when possible.  At the very least, two cellularity measurements 

were sampled for more accurate determination of fat percentage (Figure 4-4).  The resulting 

color image was converted to grayscale, filtered, and converted to a binary black and white 

image, and then pixel counted.  The ratio of the final non-zero pixel count to the original image 

pixel count was used as the precise digital estimate of the amount of total marrow area 

contributed by the adipocytes population, and is termed the marrow cellularity factor (CF). 

Marrow Area Measurement 

In order to determine cellular concentration, the area of marrow must be known.   First, 

bone trabeculae was segmented using Adobe Photoshop.  Shown in Figure 4-6, each specimen’s 

digital image was converted to grayscale, filtered, and then converted to binary black and white 

image.  In this image, white and black signify marrow regions and trabecular regions, 

respectively.  Trabecular surfaces were then expanded in 50 µm increments using an in-house 

edge dilation algorithm developed for use with ImageJ (NIH, Bathesda, MD).  Using this data, 

binned areal measurements were determined for each simulated biopsy through pixel counting of 

the merged dilated trabecular bone image with the total marrow image.  These binned cell counts 
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were normalized to the amount of marrow contributed by each region, yielding cells/mm2 in 50 

µm increments from the bone surface.  For each simulated biopsy s, the average cellular 

concentration is simply the ratio of total number of CD34+ hematopoietic stem and progenitor 

cells (HSPC) to marrow area for that site: 

s

HSPC
sHSPC

s A
N

=ρ
,         (4-1)

 

where N is the number of cells and A is the area.  This was performed for each 50 µm bin, 

substituting the cell count and subsequent area for that bin.  For example, ρ for the first 50 µm 

bin would the number of cells in the first 50 µm from all bone trabeculae, divided by the marrow 

area 50 µm from all bone trabeculae in the simulated biopsy. 

Cellular concentration of hematopoietically active (red) bone marrow regions were 

obtained by multiplying total marrow area contributed by each region by its cellularity factor 

(CF) within the specimen:  

s

HSPC
sHSPC

actives ACF
N
×

=−ρ
,         (4-2)

 

Each specimen’s cellular concentration gradient was weighted by its fractional contribution 

(fs) to the total marrow area measured in that bone site across all specimens.   This leads to two 

fractional contributions dependent upon the measurement made.  For the case of total simulated 

biopsies, fs was weighted to the total marrow of all specimens.  If horizontal and vertical biopsies 

are assessed separately, fs was weighted to the amount of marrow in either all horizontal or all 

vertical biopsies, respectively.  The fractional weights for each case are shown in Table 4-2. 

Specimen-weighted mean cell concentrations and weighted standard deviations of the mean cell 

concentration were also calculated and plotted at each distance interval, in each bone site. 

Specifically,  
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where the fractional weight and areal density are decribed above.
 

The weighted standard deviation is then given as: 
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where n is the number of samples. 

Results 

 The simulated biopsy cellular concentrations were compared to the entire autopsy from 

which they came.  Cellularity, specimen fractional weight for total biopsies, total marrow area, 

active marrow area, and cell counts for each patient are given in Table 4-1.  Specimen fractional 

weights are shown in Table 4-2.  The mean cellular concentration and standard error for both 

simulated biopsies and autopsies in the total and active marrow among all patients are provided 

in Table 4-3.  Mean cellular concentration and standard error for vertical and horizontal biopsies 

in both total and active marrow if given in Table 4-4.  Figure 4-7 shows the concentration of 

cells for the simulated biopsies versus autopsies.  In this case, simulated biopsies are all six 

simulated biopsy cases separately weighted and added together to provide a comparison to the 

autopsy cell count.  Finally, Figure 4-8 is a comparison between the cellular concentration in 

vertical biopsies, horizontal biopsies, and the autopsies. 

Discussion 

Full field Autopsy Measurements  

Mean average CD34+ cell concentration in the total marrow was found to be 12.55 + 2.84 

cells per mm2 among all patients in the total vertebrae autopsy.  In the active marrow, cellular 

concentration was 7.62 + 1.38 cells per mm2.  The cellular concentration was best modeled by a 
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linear curve fit, and was found to have an R2 of 0.848.  Most HSCs were found between found 

between 0 and 250 µm from the bone surfaces (80.4%), and this region contained most of the 

active marrow area (71.3%).   The cellular concentration was essentially equal to the mean up to 

250 µm, and diminished rapidly after this point with no cells found beyond 700 µm. 

Total Simulated Biopsy Measurements 

Each of the six simulated biopsy measurements were compared independently, and the 

mean cellular concentration in both total and active marrow was found to be 7.04 + 0.98 cells per 

mm2 and 10.97 + 1.58 cells per mm2 , respectively.  A linear fit provided an R2 of 0.939.  Again, 

most cells were found in the first 250 µm from the bone surfaces (79.6%), comprising 70.4% of 

the active marrow area.  HSCs dropped off quite rapidly after 300 µm, with no cells past 700 

µm. 

Vertical Small Field Measurements 

CD34+ mean cell concentration in the vertical fields was found to be 7.30 + 1.22 cells per 

mm2 in the total marrow and 11.37 + 1.99 cells per mm2 in the active marrow.  A linear fit was 

performed, with an R2 of 0.911.  As in the previous case, most cells and active marrow were 

within the first 250 µm, with 80.8% and 70.7% respectively.  A drastic linear decrease was noted 

after 300 µm, with no cells past 700 µm. 

Horizontal Small Field Measurements 

Mean cell concentration of HSCs in the horizontal fields were 6.81 + 1.17 cells per mm2  

and 10.45 + 1.88 cells per mm2 in the total and active marrow, respectively. A linear fit provided 

an R2 of 0.920.  In this study, 78.3% of the cells were within the first 250 µm from bone 

trabecular surfaces, and this region accounted for 70% of the active marrow.  The cellular 

concentration was found to be near the mean until 250 µm, where the concentration of cells 

decreased until no cells were found as far as 700 µm into the marrow cavities. 
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Statistical Analysis 

A student’s t-test reveals that there is no statistically significant difference between mean 

cell concentrations in the simulated biopsies and the autopsies in the total marrow (t=1.21, 

p=.24) or in the active marrow (t=1.63, p=0.14) with a 95% confidence level.  There is also no 

difference between the vertical biopsy and the autopsy in the total marrow (t=0.62, p=0.55) or 

active marrow (t=1.16, p=.29).  Furthermore, there was no difference between the mean cell 

concentration in the horizontal biopsy and autopsy in the total marrow (t=1.58, p=0.06) or active 

marrow (t=2.07, p=0.07) with a 95% confidence level.  Lastly, there was no statistically 

significant difference found between the vertical and horizontal biopsies in the total (t=1.51, 

p=0.14) and active marrow (t=0.96, p=0.09). 

Field of View 

The possibility of artifacts when assessing the spatial distribution of stem cells in bone 

marrow is greater at smaller fields of view.  The less marrow viewed in the field of view, the 

greater the chance of inducing an edge effect, and artificially skewing measurements to longer 

distances.  In this study, small field of views are the simulated biopsies, with large views of 

views comprising the full autopsy specimen.  The mean spatial concentration of simulated 

biopsies was compared to the mean cellular concentration of the autopsy from which it came to 

assess the degree of artifact induction.   

Comparing the average spatial concentration of each simulated biopsy to the autopsy from 

which it came yields the same linear decrease as depth into the marrow cavity increases.  In the 

active marrow, mean cellular concentration is somewhat lower in small fields (10.97 cells per 

mm2) than in large fields (12.55 cells per mm2), but are within one standard deviation from the 

mean (1.58 cells per mm2).  The same trend in cellular concentration is noted in the active 

marrow, with small and large fields yielding 7.62 cells per mm2 and 7.04 cells per mm2 , 
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respectively.   Again, both are within the error bars (0.98 cells per mm2), deeming no difference 

between the two.  Identical mean concentrations are not noted since the simulated biopsies did 

not cover the entire autopsy error and were instead measured to have the same average width of 

an actual patient biopsy. 

Although the simulated biopsy yields a slightly smaller mean cellular concentration when 

compared to the autopsy, there is no difference given the error in counts.  It would be expected 

that a smaller area would reveal lower cell counts, however, this data is relative to the amount of 

area in the viewing area.  Because of this normalization to area, cellular concentration is the 

same regardless of field of view.  Furthermore, the same decreasing spatial gradient is noted in 

both cases.  Thus, the small field simulated biopsy can be used to predict the spatial 

concentration within the larger field of view.  This is noted when accounting for both total and 

active marrow.   This lends itself well to determining the accuracy of using biopsies as a 

surrogate of the entire marrow cavity to assess marrow health in both normal and diseased 

patients. 

Anisotropy 

One concern in using biopsies to determine marrow health is the proper location of 

insertion.  To determine whether there is any directional dependence (anisotropy) in cellular 

concentration measurements, vertical and horizontal simulated biopsies were compared 

independently.   Vertical biopsies in the total marrow provided a mean cellular concentration of 

7.30 cells per mm2, whereas vertical biopsies in the total marrow showed a mean of 6.45 cells 

per mm2.  Both are within one standard deviation of the mean:  1.22 cells per mm2 and 1.10 cells 

per mm2 in the vertical and horizontal biopsies, respectively.  In the active marrow, mean spatial 

concentration was 11.37 cells per mm2 in the vertical biopsies and 9.97 cells per mm2 in the 
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horizontal biopsies.  Again, these are within both vertical biopsy error (1.99 cells per mm2) and 

horizontal biopsy error (1.80 cells per mm2). 

Both the vertical and horizontal mean cellular concentrations matched the autopsy from 

which they came, and did not vary amongst each other.  This was noted in both active and total 

marrow.  Moreover, the same decrease in spatial gradient as depth into the marrow cavity 

increases was seen.  This proves that there is no directional dependence among specimens.  It can 

be assumed that a bone marrow biopsy in one direction will yield a similar cellular concentration 

as any other direction and an accurate assessment of marrow health. 

Dose Implications 

 The inclusion of artifacts such as those caused by edge effects would have great 

implications in proper assessment of dose to the red bone marrow.  As proposed by Watchman et 

al (2007), the MIRD dose equation should be modified to include a distance-dependent 

weighting factor as follows: 

( ) ( )∑ ←=←
x

sxxss rRBMSArRBMD ω~ ,      (4-5) 

where A is the cumulated activity with the source, S is the radionuclide S value for marrow depth 

x, and ω is a distance-dependent weighting factor which is the mean fractional mass of red bone 

marrow at marrow depth x.  Had a biopsy not correctly measured the concentration and spatial 

gradient in the red bone marrow, the weighting factor would have been incorrectly measured, 

and the dose to the red bone marrow would be incorrectly assessed.  This can be significant for 

radioimmunotherapy, as low energy particles with short ranges now irradiate a large portion of 

the radiosensitive cell population, leading to increase marrow toxicity. 
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 Conclusion 

 In this study, the mean cellular concentration and spatial gradient of HSCs were 

compared in simulated biopsies and the autopsies from which they came.  Six small field 

simulated biopsies were superimposed on each full field autopsy, and CD34+ measurements 

were made.  These were normalized to the area of either total or active marrow.  The mean 

concentration of HSCs was found to be the same in both simulated biopsies and autopsies, 

signifying the accuracy in using small fields to measure cellular concentration as a surrogate for 

larger field of views.  Furthermore, horizontal and vertical simulated biopsies were compared 

independently to assess anisotropy in cellular measurements.  Again, no difference was found in 

both mean and spatial concentration and thus we conclude that there is no directional 

dependence.  This study has shown that a biopsy should provide an accurate assessment of 

marrow health. 
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Table 4-1.  Pertinent values for each patient in the simulated biopsy study. 

 
Table 4-2.  Specimen fractional weight in total simulated biopsies or horizontal and vertical 

biopsies. 
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Table 4-3.  Cellular concentration for simulated biopsies versus autopsies in active and total 
marrow. 

 
 
 
 
 
 
 
 
 

 
Table 4-4.  Cellular concentration for horizontal versus vertical biopsies in active and total 

marrow. 
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Figure 4-1.  Limitations of cell count in biopsies:  A biopsy may only show the white portion of 
the marrow, leading to cell distances being measured incorrectly. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4-2.  The lumbar vertebrae was chosen due to planar symmetry as compared to the illiac 

crest (Bourke et al., in press). 
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Figure 4-3.  Artificial biopsy sections, 3 in the horizonal plane (yellow) and 3 in the vertical 

plane (purple). 

 
 

Figure 4-4.  Independent cellularity measurements were made for each biopsy (red squares). 

 
 
 
 
 
 
 
 
 
 

 
Figure 4-5.  Stained CD34+ cells in human bone marrow (Bourke et al., in press). 
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Figure 4-6.  Image processing to determine 50µm areal contours from surfaces of bone 
trabeculae (Watchman et al., 2007).
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Figure 4-7.  Spatial gradient of HSCs in the active marrow in simulated biopsies versus autopsies 
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Figure 4-8.  Spatial gradient of HSCs in the active marrow for vertical and horizontal biopsies 

versus autopsies.   
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CHAPTER 5 
EFFECT OF CHEMOTHERAPY ON THE SPATIAL DISTRIBTUION OF STEM CELLS IN 

HUMAN BONE MARROW 

Introduction  

To make predictions of radiation dose in patients undergoing targeted radionuclide therapy 

for cancer, an accurate model of skeletal tissues is necessary.  Concerning these tissues, the dose-

limiting factor in these therapies is toxicity of the hematopoietically active bone marrow 

(Sgouros, 1993; Siegel et al., 1990).  In addition to acute effects, one must also be concerned 

with long-term stochastic effects such as radiation-induced leukemia.  Cells of particular interest 

for both toxicity and cancer risk are the hematopoietic stem cells (HSC), found within the active 

marrow regions of the skeleton (Lim et al., 1997).  At present, cellular-level dosimetry models 

are complex, and thus we cannot model individual stem cells in an anatomic model of the 

patient.  As a result, one reverts to looking at larger tissue regions where these cell populations 

may reside. Regions of bone marrow exclusive of marrow adipocytes thus serve as surrogate 

target tissue for underlying radiosensitive cell populations.   

The current assumption made in internal radiation dosimetry is that the HSC population is 

uniformly distributed throughout the marrow cavities of all skeletal sites (ICRP, 1977).  

Absorbed dose is then averaged through all regions of bone marrow accordingly.  Also, the 

number of target cells is considered to be proportional to the volume of active bone marrow due 

to a lack of measured data.  However, recent studies have shown that a spatial gradient of HSCs 

may exist in human bone marrow (Watchman et al., 2007).  It is proposed that the hematopoietic 

stem and progenitor cells are preferentially located closer to the bone trabecular surfaces, and 

decrease in concentration further into the bone marrow cavities.  This may cause significant 

errors in calculating the marrow dose estimates using the current dose-response models for 
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internal radionuclide therapy since the tissue surrogate (the entire active bone marrow) no longer 

matches the spatial location of the radiosensitive cells of interest.  

 In radioimmunotherapy (RIT), radiolabeled antibodies guide the radioactive element to a 

specific site of interest.  For treatment of Non-Hodgkin’s lymphoma (NHL), beta sources are 

used to deliver radiation to abnormal cells in affected body sites.  In the process of targeting 

tumor cells, radiolabeled antibodies come in contact with marrow elements causing radiation 

damage to diseased and normal cells.  All radiolabeled antibodies cause some amount of bone 

marrow suppression, however the degree of marrow toxicity is difficult to ascertain using current 

methodology. The inability to predict and modify the degree of marrow toxicity adds significant 

clinical complexity to utilizing these agents.  As a general rule however higher “marrow 

involvement” with lymphoma, greatly affects radiation dosimetry levels (Martinez-Jaramillo et 

al., 2004).  As the antibody travels to the tumor, a higher concentration will stay in the marrow 

and the crossfire from cancerous cells to normal cells will be high.  Severe myelotoxicity cases 

as a result of radioimmunotherapy can affect much of the hematopoietic stem cell population.   A 

bone marrow transplant may be required to restore the depleted population in extreme cases.   

Systemic therapy, consisting of traditional cytotoxic agents and more recently 

immunotherapeutic agents such as Rituximab, is the corner stone of front line therapy for non-

Hodgkin’s lymphoma. External beam radiation therapy is sometimes used in select histological 

variants and clinical presentations with radioimmunotherapy commonly used in the setting of 

relapsed or refractory disease.  The most commonly used chemotherapeutic regimen for NHL is 

R-CHOP consisting of Cyclophosphamide, Doxorubicin, Vincristin, and Prednisone, along with 

the anti CD 20 monoclonal antibody, Rituximab.  Rituximab targets B lymphocytes, including 

abnormal lymphocytes, through the CD20 antigen that is present on their cell surface.  While the 
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traditional cytotoxic agents target all rapidly growing cells including the cancerous cells, 

Rituximab more specifically targets cells expressing CD20 such as the NHL cells.  Some degree 

of toxicity to normal marrow cells including stem cells is anticipated in all systemic therapies 

including cytotoxic agents, therapeutic antibodies and RIT.     

To provide a more accurate marrow radiation dose assessment, the skeletal dosimetry 

model must also be patient-specific.  That is, it should be designed to match as closely as 

possible to the patient undergoing treatment.  Patients with relapsed NHL, depending on the 

degree of bone marrow disease involvement and previous therapy, may have variable amounts of 

marrow reserve including numbers of HSC.  Studies have shown hematopoietic alterations in 

patients with diffuse large-cell lymphoma, with as much as a 35% reduction in progenitor cell 

numbers (Huerta-Zepeda et al., 2000; Chavez-Gonzalez et al., 2004).  Current 

radioimmunotherapy procedures used for the treatment of lymphoma may result in a large dose 

to the bone marrow, and will result in increased marrow toxicity if the stem cell population is 

lower than normal.  Additionally, the ability to accurately estimate marrow toxicity from RIT 

will improve our ability to include these agents in clinical protocols utilizing cytotoxic agents 

also. 

There has been much debate over whether RIT procedures should be used in conjunction 

with chemotherapy, as well as their use as frontline treatment (Wiseman et al., 2001; Kaminski 

et al., 2005).  Compared to chemotherapy, RIT has the ability to induce apoptosis through 

radiation damage, a strategy that may prove more effective than current approaches to targeting 

the CD20 antigen present on lymphocytes.   Unfortunately, current internal dosimetry models do 

not account for any difference in stem cell population due to hematopoietic alterations known to 

exist in diseased patients during treatment, increasing the difficulty of predicting marrow 
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toxicity.  While it is known that HSC will be disrupted to some degree in all therapeutic regimes, 

finding the optimal timing based on marrow health is key to successful incorporation of these 

agents treatment regimens.  Thus, not only is it important to accurately model the target tissues 

of interest in a normal patient, it is important to do so for differing levels of marrow health and 

among treatment regimes.  This study serves to better define the HSC population in NHL 

patients at diagnosis and after standard chemotherapy and will help establish a more accurate 

assessment of dose estimates for patients who are candidates for RIT. 

Materials and Methods 

The overall concentration and spatial distribution of CD34+/CD31- hematopoietic stem 

and progenitor cells from pre- and post-chemotherapy lymphoma patients was compared to that 

seen in non-NHL patients.  Patients were screened and confirmed to have had CHOP-R or 

similar treatments, have low or no marrow involvement at diagnosis and in follow up.  Twelve 

patient biopsies pairs - both pre-chemotherapy and post-chemotherapy, were collected, stained 

for CD34/CD31, mapped and compared to previously acquired measurements provided by 

Watchman et al (2007).  Pathology reports of patients in that study included positive screens for 

Hodgkin’s lymphoma, HIV+, seminoma, CNS lymphoma, ITP, and abdominal mass.  Those 

slides were cleared to have no marrow involvement and were all negative for NHL. 

Patient Selection and Slide Preparation 

Twelve previously treated B-cell non-Hodgkin’s lymphoma patients were identified from 

the University of Florida Hematological pathology archives under an approved institutional 

review board protocol.  Eight females and four males were enrolled in the study, with ages 

ranging from 14 to 75 years and confirmed to meet the requirements stated above.  Two bone 

marrow samples, one pre-chemotherapy and one post-chemotherapy, from samples collected as 

part of their routine were masked of identity and evaluated.  All patients were screened for low 
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marrow involvement, similar chemotherapy regimes, disease status and degree of hematological 

toxicity after therapy.  Most patients received CHOP or CHOP-R or other similar regimens as 

specified in Table 5-1.  Post-chemotherapy biopsies were collected when the patient was 

determined to be in complete remission, with the timing since pre-chemotherapy biopsy noted.  

Thus, a total of 24 biopsies were collected:  12 pre-chemotherapy biopsy samples and 12 post-

chemotherapy samples (two per patient).  Patient data is shown in Table 5-1.    

Paraffin blocks were stained for CD34/CD31 using methodology defined in Watchman, et 

al (2007).  As noted, 4mm sections were cut and placed on slides to be dried and freed of all 

paraffin.  Co-staining was preformed, using CD34 antibody  (QBend/10 clone prediluted from 

Ventana) and CD31 antibody (Dako Corp) at a dilution of 1:20.  Antigen presence was visually 

determined using detection kits.  Slides were then dehydrated and permanently mounted for 

further use.    

Digital Imaging and Processing 

After CD34/CD31 staining, slides were imaged at the University of Florida Molecular 

Pathology Core using an Aperio ScanScope CS system to provide a digital image of each 

specimen.  Slides were submitted with all identifying marks masked, and viewed via Spectrum 

software.  Using Aperio ImageScope, a region of interest was defined and resolution was 

verified.  Digital images were then stored locally and adjusted based on memory and field of 

view limitations. A sample co-stained biopsy is shown in Figure 5-1. 

Measurement of Hematopoietic CD34+ Cells  

Cells were optically identified using an OM36LED contour microscope (Microscope Store, 

Rock Mount, VA) with a 20x objective as a compromise between field of view and image 

resolution.  SPOT Advanced imaging software (Diagnostic Instruments Inc, Sterling Heights, 

MI) was used to make distance measurements in pixel units.  A CD34+/CD31- (red) cell was 
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found in the slide under the microscope, and the distance from that corresponding cell to the 

nearest bone trabeculae was measured on the digital image.  Pixel values were then transformed 

to micrometers using a calibration factor of 1.2 pixels/mm.   Histological distance measurements 

were determined for each patient both before and after chemotherapy and compared to the mean 

cell count and concentration gradient in previously acquired non-NHL marrow.   

Cellularity Measurement 

Regions of active bone marrow were determined via manual segmentation of adipocytes 

using Adobe Photoshop.  For each biopsy, a 500 mm x 500 mm location within each bone site 

deemed visually to be representative of the entire marrow space was confirmed.  Three sample 

locations were averaged for each biopsy.  The resulting color image was converted to grayscale, 

filtered, converted to a binary black and white image, and then pixel counted.  The ratio of the 

final non-zero pixel count to the original image pixel count was used as the precise digital 

estimate of the amount of total marrow area contributed by the adipocytes population, and is 

termed the marrow cellularity factor (CF). 

Marrow Area Measurement 

In order to determine cellular concentration, the area of marrow must be known.   First, 

bone trabeculae was segmented using Adobe Photoshop.  Shown in Figure 5-2, each specimen’s 

digital image was converted to grayscale, filtered, and then converted to a binary black and white 

image.  In this image, white and black signify marrow regions and trabecular regions, 

respectively.  Trabecular surfaces were then expanded in 50 mm increments using an in-house 

edge dilation algorithm developed for use with ImageJ (NIH, Bethesda, MD).  Using this data, 

binned areal measurements were determined for each simulated biopsy through pixel counting of 

the merged dilated trabecular bone image with the total marrow image.  These binned cell counts 

were normalized to the amount of marrow contributed by each region, yielding cells/mm2 in 50 
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µm increments from the bone surface.  For each biopsy s, the average cellular concentration is 

simply the ratio of total number of CD34+ hematopoietic stem and progenitor cells (HSPC) to 

marrow area for that site: 

s

HSPC
sHSPC

s A
N

=ρ
,          (5-1)

 

where N is the number of cells and A is the area.  This was performed for each 50µm bin, 

substituting the cell count and subsequent area for that bin.  For example, ρ for the first 50µm bin 

would the number of cells in the first 50µm from all bone trabeculae, divided by the marrow area 

50µm from all bone trabeculae in the simulated biopsy. 

Cellular concentration of hematopoietically active (red) bone marrow regions were 

obtained by multiplying total marrow area contributed by each region by its cellularity factor 

(CF) within the specimen:  
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Each specimen’s cellular concentration gradient was weighted by its fractional contribution 

(fs) to the total marrow area measured in that bone site across all specimens. Specimen-weighted 

mean cell concentrations and weighted standard deviations of the mean cell concentration were 

also calculated and plotted at each distance interval, in each bone site. Specifically,  
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where n is the number of samples. 
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Results 

Table 5-1 lists the cellularity, specimen fractional weight, total and active marrow areas, 

and total cell count for each patient both pre and post-chemotherapy.  Mean cellular 

concentrations are given in Table 5-2, along data used in the statistical analysis.  Figure 5-3 plots 

the spatial gradient of HSCs to compare chemotherapy regime and disease states to non-NHL 

marrow provided in Watchman et al.  Figure 5-4 shows the percent change in HSPC 

concentration depending on the time between biopsies, and Figure 5-5 shows the cellularity 

changes for each patient. 

Mean Cellular Concentration 

In the pre-chemotherapy total marrow, HSPC concentration ranged from 0.46 cells per 

mm2 in patient 2 to 16.05 cells per mm2 in patient 11.  Post-chemotherapy showed similar 

variation, with 1.25 cells per mm2 in patient 4 and 13.76 cells per mm2 in patient 12.  In the 

active marrow, pre-chemotherapy HSPC concentration ranged from 0.99 cells per mm2 in patient 

2 to 41.47 cells per mm2 in patient 11.  Cellular concentrations in the active marrow for post-

chemotherapy biopsies ranged from 1.48 cells per mm2 in patient 4 and 26.61 cells per mm2 in 

patient 12. 

The mean concentration of HSCs in the total marrow among all 12 patients was found to 

be 5.08 ± 1.13 cells per mm2 pre-chemotherapy and 5.72 ± 0.93 cells per mm2 post-

chemotherapy.  Non-NHL marrow using similar slide preparation and staining methods reports 

9.03 ± 1.47 cells per mm2.  In the active marrow, pre-chemotherapy specimens yield 10.18 ± 

2.81 cells per mm2 and post-chemotherapy specimens yield 11.37 ± 2.28 cells per mm2.  There is 

no reported cell concentration in active marrow for the non-NHL marrow. 
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Statistical Analysis 

A student’s t-test reveals that there is a statistically significant difference between both 

non-NHL marrow and pre-chemotherapy marrow (t=7.38, p=0) and post-chemotherapy marrow 

(t=6.592, p=0) with a 95% confidence level.  However, there is no statistically significant 

difference between pre and post-chemotherapy marrow for both total marrow (t=1.515, 

p=0.1372) and active marrow (t=0.1342, p=0.2686). 

Spatial Gradient 

As shown in Figure 5-3, the CD34+/CD31- cells decreased in concentration as depth into 

the marrow cavity increased.  Specifically, the first 50 µm of diseased marrow comprised 17% of 

the total bone marrow, and this region contained 42.6% of the HSC population in pre-

chemotherapy patients and 46.6% of the HSC population in post-chemotherapy patients.  Nearly 

all cells (88.4% pre-chemotherapy and 87.08% post-chemotherapy) were found within the first 

200 µm of total marrow.  No CD34+/CD31- cells were found beyond 600 µm of bone trabeculae 

in diseased marrow.  Previously documented non-NHL marrow was best fit to a linearly 

decreasing trend (R2=0.935).  Both pre and post-chemotherapy data were best fit to an 

exponentially decreasing model (R2=0.988 and R2=0.990, respectively).   

Discussion 

The data presented in Figure 5-3 confirms previous findings of a spatial gradient in human 

bone marrow for NHL patients.  In both pre and post-chemotherapy lymphoma patients, a higher 

concentration of cells is seen close to the bone trabeculae, which decreases with depth into the 

marrow cavities.  Thus, a larger proportion of cells are prudentially located in the first 50 µm 

from bone surfaces, and a more specialized surrogate for marrow toxicity would be to assume a 

spatial gradient instead of a single value.  Furthermore, red bone marrow dose should not be 

simply averaged over marrow cavities as is currently assumed, and should instead be weighted 
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by the fractional weight of HSPC present as noted by Watchman et al (2007).  This would 

provide a more accurate prediction of marrow toxicity than is currently performed. 

Comparison to non-NHL Marrow 

The mean cellular concentration of the 12 pre-chemotherapy lymphoma patients in this 

study was found to be less than the non-NHL marrow (5.08 versus 9.03 cells per mm2, 

respectively).  This result was statistically significant with 95% confidence, signifying a real 

decrease in the average HSC population in NHL patients when compared to non-NHL.  The 

same spatial gradient was seen in non-NHL, however more pronounced and following an 

exponential instead of linear fit.  It seems there may be a higher population of stem cells in post-

chemotherapy diseased marrow within the first 50µm from bone surfaces when compared to 

non-NHL, although the reason for this is not fully understood.   It is speculated that this may be 

HSC translocation and repopulation of the bone marrow niche during hematopoietic recovery. 

Possible decreases in progenitor cell counts due to malignant lymphoma has been 

confirmed in studies as far back as 2000 (Huerta-Zepeda et al., 2000).  In that study, the 

composition and function of the hematopoietic microenvironment was found to be compromised 

in the presence of diffuse large-cell lymphoma.  Specifically, a 35% reduction in progenitor cell 

numbers was found.  In the present study, a 44% reduction in hematopoietic stem and progenitor 

cells is noted.  While the presence of deficiencies in the hematopoietic system is noted in 

lymphoma patients, the reason for this is still not fully understood. 

Further studies were made to determine whether the alterations in the hematopoietic 

microenvironment were due to an intrinsic defect in the progenitor cell compartment of 

lymphoma patients, or to an altered microenvironment altogether.  It was found that the 

expansion ability of the hematopoietic progenitor cells to produce new cells capable of forming 

hematopoietic colonies was limited in lymphoma patients (Martinez-Jaramillo et al., 2004).  
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Interestingly, most patients showed normal hematological parameters even though they had 

reduced progenitor cell numbers.  It is speculated that while the expansion process is deficient, 

proliferation is not and normal numbers of mature blood cells can be maintained.  This may 

suggest an intrinsic deficiency in the hematopoietic stem cells themselves in lymphoma or 

possibly the presence of a paraneoplastic mechanism causing depression of HSC during the 

development of lymphoma.  Moreover, recent studies have also indicated that molecular 

alterations are present in hematopoietic precursers, mature cells, as well as primitive HSCs, some 

of which may be morphologically recognizable (Madrigal-Velazquez et al., 2006; Chavez-

Gonzalez et al., 2004).  Still other studies have shown a possible microenvironment defect as 

well as the well established inherent flaw in expansion potential (Soligo et al., 1998). 

Effect of Chemotherapy 

 Chemotherapy was found to have no affect on the mean concentration of HSCs, and there 

was no statistical difference when comparing pre and post-chemotherapy biopsies among the 12 

patients.  Thus, it is believed that chemotherapy regime did not affect the stem cell population 

when averaged over all patients.  Previous studies by Huerta et al (2000) also found that 

hematopoietic alterations were still present in patients at complete clinical remission after 

chemotherapy. 

It has been shown that a large heterogeneity exists in the response of progenitor cell 

growth after chemotherapy.  In studies by Martinez-Jaramillo et al (2004), of 24 patients, 8 

patients had reduced progenitor cell numbers, 11 showed an increase in progenitor cells, and 5 

showed no difference.  There was no correlation found, however, between the change in 

progenitor cell number and clinical outcome.  In the present study, a decrease in the HSC 

population post-chemotherapy occurred only in patients 4, 6, 9, and 11.  All 8 other patients had 

higher HSC counts after chemotherapy, thus a similar heterogeneity was found.  It has also been 
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noted that after 18 months of chemotherapy and clinical remission, normal progenitor cell 

proliferation and expansion is expected leading to an indication of normal hematopoietic 

function (Yao et al., 2000). 

Timing Effect 

The percent change in average areal concentration versus the timing between pre and post-

chemotherapy patients is shown in Figure 5-4.  Positive values indicate a higher number of cells 

post-chemotherapy.  It appears that there is a greater change in the number of stem cells per area 

when the time between both pre and post chemotherapy is small.   There was a decrease in HSCs 

post-chemotherapy in patients 4, 6, 9, and 11.  An increase in HSCs post-chemotherapy was seen 

for Patients 2, 3, 5, 7, 8, 10 and 12.    However, no consistent trend has been found to suggest a 

reason for such changes in HSC population.  Similar heterogeneity post-chemotherapy has been 

previously found, and marrow only seems to return to normal after 18 months of clinical 

remission (Martinez-Jaramillo et al., 2004; Yao et al., 2000).    

Effect on Cellularity 

Cellularity is used to determine the amount of fat in the marrow, where 100% cellularity 

indicates purely active marrow and 0% cellularity indicates entirely fatty marrow.  Bone marrow 

cellularity has been noted to increase as a result of damage to the hematopoietic 

microenvironment (Jensen et al., 1990; Orazi et al., 1992).  Thus, patients with lymphoma seem 

to have a higher fat content (lower cellularity) than that found in normal marrow at diagnosis, 

which increases with treatment.  However, studies have shown that this decrease in fat content 

and subsequent increase in hematopoietic tissue subsides once the patient is in remission, and a 

higher cellularity indicates a normal hematopoietic microenvironment (Moulopoulos and 

Dimopoulos, 1997).  
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In the present study, cellularity was found to be lower than the normal value of 48% 

(Cristy, 1981) for 6 of 12 patients pre-chemotherapy.  Fat fraction ranged from 30.6% for patient 

7 to 80.4% for patient 8.  As expected, cellularity increased or stayed the same post-

chemotherapy for 10 of 12 patients, as shown in Figure 5-5.  Interestingly, the two patients who 

did not have an increase in hematopoietic tissue post-chemotherapy were patients 3 and 8 whom 

both had experimental (non CHOP) treatments. 

Dose Implications 

Radioimmunotherapy guarantees some amount of marrow toxicity since there is no 

specific marker to target only diseased cells.  If the radiopharmaceutical is uniformly distributed 

throughout the marrow, absorbed dose would accurately be measured by averaging the dose over 

marrow cavities, as all radiosensitive cells would receive the same radiation dose.  This is what is 

implicitly assumed in current dosimetry methods to predict marrow toxicity.  However, 

radiopharmaceuticals that localize on bone surfaces (non-uniform distributions) would result in 

higher marrow toxicity, as this is the preferential location of the radiosensitive cell population.  

In this case, absorbed dose should not simply be averaged over the marrow cavities, but should 

instead to weighted by the amount of cells at individual locations throughout bone marrow, as 

proposed by Watchman et al (2007). 

Lymphoma patients have shown to have less radiosensitive cells in the red bone marrow 

overall when compared to non-NHL marrow, with no changes in HSC population due to 

chemotherapy.  This signifies that (1) marrow toxicity may be inherently higher in NHL patients 

simply due to hematopoietic alterations, and (2) chemotherapy does not seem to affect the 

hematopoietic environment negatively and does not seem to result in marrow toxicity as a 

function of HSC death.  For radioimmunotherapy, the timing or nature of previous chemotherapy 

regimens appears to be less important to numbers of HSC although the numbers of more 
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differentiated progenitors were not evaluated in our study.  However, care should be taken in 

general when predicting absorbed dose in lymphoma patients, as current methods do not assume 

preferential location or a lower concentration of the radiosensitive cell population. 

Conclusion  

This paper serves to determine the mean concentration and spatial gradient in NHL 

patients to provide a better prediction of marrow toxicity.  The effect of chemotherapy on the 

bone marrow was also explored due to its common use with radioimmunotherapy.  Twelve 

patients with diffuse, non-Hodgkin’s lymphoma undergoing chemotherapy were studied both 

before and after treatment.  It was found that the mean concentration of HSCs was lower in NHL 

patients when compared to marrow from patients without NHL, and did follow a spatial gradient 

whereby cell concentration decreased with depth into marrow cavities.  Chemotherapy was 

found to have no negative effect on the HSC population.  Thus, current procedures used to 

predict marrow toxicity should be updated to include a spatial gradient and inherently lower HSC 

concentration.  It is hoped that this will help better estimate marrow toxicity in diseased marrow 
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Table 5-1.  Pertinent data for all 12 patients, in both pre and post-chemotherapy biopsies. 
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Table 5-2.  Mean cellular concentration and error for both normocellular and diseased marrow. 
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Figure 5-1.  Co-stained biopsy showing CD34+/CD31- (red) hematopoietic stem and progenitor 

cells and CD34+/CD31+ (brown) endothelial tissue. 
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Figure 5-2.  Binary digital images of total marrow (white) and trabeculae (black) are combined 
and trabeculae are expanded to determine area of marrow in 50 µm bins (Watchman 
et al., 2007). 
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Figure 5-3.  CD34+ cell concentration as a function of depth into marrow cavities. 
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Figure 5-4.  Change in HSC concentration as a function of time between biopsies. 
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Figure 5-5.  Cellularity changes before and after chemotherapy. 
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 

Conclusions 

To predict the risk of bone cancer, an accurate assessment of skeletal tissues is necessary.  

This requires both a patient specific model of the active marrow, as well as proper modeling of 

the location and concentration of radiosensitive cells.  The individual patients skeletal structure 

must be known on a macrostructural scale (correct skeletal size) and a microstructural size 

(trabecular structure).  Furthermore, the osteoprogenitor cell and hematopoietic stem cell 

populations must be accurately known for realistic absorbed dose estimates.  In 

radioimmunotherapy, little work has been done to determine these factors.  Also, there are no 

models to date that assess the differences in gender for patient specific assessments of radiation 

absorbed dose. 

 Current ICRP models used to predict radiation dose and toxicity rely on a Reference Man 

model that is outdated and unsalable.  Skeletal factors such as marrow masses and cellularities 

come from several independent sources dating back to 1926 (Custer, 1974; Trotter and Hixon, 

1974; Mechanik, 1926).  Moreover, absorbed fractions are based on 2D optical scanning 

methods of only seven bone sites (Whitwell, 1973).  Perhaps the most striking problem is the 

inability of scaling to tailor absorbed fractions and S values to specific patients.  Recent work has 

also shown that ICRP tissue definitions for the endosteum may be incorrect, and may require 

increasing the size of the radiosensitive region from 10 µm to 50 µm (Bolch et al., 2007).   

Furthermore, studies have identified a spatial gradient in the hematopoietic stem cell leading to 

inaccuracies in current dose estimates which rely on methodologies that average absorbed dose 

over marrow cavities (Watchman et al., 2007).  These methods also assume normal bone marrow 
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in terms of the concentration and location of stem cells, which is unrealistic of patients 

undergoing radioimmunotherapy.   

 Chapter 3 provides a complete skeletal mass database for a reference female model to be 

used to provide a patient specific scalable model for accurate dose assessment in radiation 

protection and medical applications.  No model for a female subject has previously been given, 

and this paper serves to provide a companion skeletal reference model to the adult male.  The 

mass database comes from actual macrostructural patient data (ex-vivo CT) as well as accurate 

trabecular structure (microCT).  Specific absorbed fractions are provided using Paired Image 

Radiation Transport, where the macrostructure and microstructure of the actual, same patient is 

combined (Shah et al., 2005b).   Hopefully, this model will be used to better assess dose 

estimates of the female population. 

Biopsies are widely used to assess blood disease, and their usefulness for predicting 

marrow health was explored in Chapter 4.   In that study, it was determined whether 

hematopoietic cellular distributions found in biopsy specimens would yield the same result that 

would have been found had a larger field of view been used.  Also, possible directional 

dependence (anisotropy) in the hematopoietic stem cell concentration was discussed.  The mean 

concentration of HSCs was found to be the same in both simulated biopsies and autopsies, 

signifying the accuracy in using small fields to measure cellular concentration as a surrogate for 

larger field of views.  Furthermore, no anisotropy was found, signifying that a biopsy should 

provide an accurate assessment of marrow health. 

Chapter 5 served to determine the mean concentration and spatial gradient in lymphoma 

patients to provide a better prediction of marrow toxicity.  The effect of chemotherapy on the 

bone marrow was also explored due to its common use with radioimmunotherapy.  It was found 
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that the mean concentration of HSCs was lower in lymphoma patients when compared to 

normocellular marrow, and did follow a spatial gradient whereby cell concentration decreased 

with depth into marrow cavities.  Chemotherapy was found to have no negative effect on the 

HSC population.  Thus, current procedures used to predict marrow toxicity should be updated to 

include a spatial gradient and inherently lower HSC concentration.  It is hoped that this would 

help better estimate marrow toxicity in diseased marrow. 

Future Work 

This dissertation enhances work already performed in the ALRADS group at the 

University of Florida, and allows room for further applications.  Specifically, improvements in 

the skeletal database can be made by adding more reference individuals of varying skeletal 

health through use of PIRT for 3D radiation transport.  Also, reference S values can be 

determined for the reference female model for several radionuclides of interest in current 

therapeutic regimes.  Then, clinical applications through scalability are achievable.  Lastly, 

cellular measurements can be improved for faster and more realistic determinations of 

concentrations and gradients. 

 Improvements in Skeletal Database 

The current skeletal database of UF reference individuals now consists of a male and 

female cancer patient, but needs to be expanded to include more individuals of varying skeletal 

health.  The trabecular microstructure is known to change with age, thus to accurately predict 

absorbed dose for an individual, age related changes should available in our database (Atkinson, 

1965).  Perhaps more prevalent is the known changes in trabeculae with osteoporosis, signifying 

the need for individuals with varying skeletal health (Berne, 1993).  Studies have also shown 

changes in bone mineral density with menstruation status, with a markedly larger population of 

women with osteoporosis post-menopause (Yao et al., 2001).  Thus, it is proposed that future 
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reference individuals for women are assembled based on menopausal status instead of age.  

Building a library of trabecular microstructures and skeletal macrostructures, one will be able to 

“mix and match” images for more patient specific scaling.  Work is currently underway in the 

ALRADS group for younger reference subjects including pediatric patients.  Furthermore, new 

methods of modeling such as ‘hybrid’ phantoms that combine both the realistic anatomy of voxel 

phantoms and flexibility of stylized phantoms are realized. 

Reference S Values for UFRF 

Current methods of assessing absorbed dose require knowledge of the cumulated activity 

and radionuclide S value through the MIRD schema.  The S value is the dose received by they 

target organ per disintegration in the source, and depends on the absorbed fraction, mass of the 

target tissue, and the mean energy emitted for the radionuclide used in therapy.  These values 

should be assembled for the reference female model for several radionuclides used in current 

therapeutic regimes.  Possible radionuclides to be used should include P-33, Sm-153, Sr-89, P-

32, Y-90, and I-131.  After averaging over all skeletal sites, S values should be compared to 

those currently in use.       

Improvements in Cellular Measurements 

To alleviate the time to count CD34+ cells, fluorescent staining should be used to eliminate 

use of visually defining positive cells in the microscope.  Using this method, several stains can 

be applied at once to decrease the chance of falsely selecting a co-stained (brown) cell as a stem 

cell (red).  With sufficient code writing, this will also allow for automation in measurements 

from cells to the nearest bone trabeculae.  Most notably, work should be performed to develop 

3D models of bone marrow to reduce errors induced by edge effects.  The use of fiducially 

markers, novel imaging techniques, and software development should be explored to co-register 

the z plane in biopsies.  Moreover, more patients should be enrolled for both normal and diseased 
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patients to increase reliability and allow for age and gender assessments of the hematopoietic 

stem cell lines.   Variation in spatial gradient with bone site is recognized, but further 

investigations would more conclusively evaluate any bone site dependence (Bourke et al., in 

press). Lastly, the osteoprogenitor cell population should be studied to better define the region of 

the endosteum for better predictions of cancer risk. 

Scalability and Clinical Applications 

The absorbed fractions, masses, and S values from this work lends itself well to better 

estimates of absorbed dose in clinical applications, but only if the models are conveniently 

scalable.  Studies have been made to predict and scale spongiosa volumes and masses and using 

statistical methods (Brindle et al., 2006b; Brindle et al., 2006c; Pichardo et al., 2007).  However, 

these methods are not feasible on a large scale and software development is necessary.  Using 

image based software, a quick pelvic CT scan of a radionuclide therapy patient could estimate 

patient specific S values almost immediately.  Furthermore, image based measurements of 

marrow cellularity will allow for active marrow to be known in that radioimmunotherapy patient 

for a better prediction of marrow toxicity. 
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APPENDIX A 
TABLES OF SPECIFIC ABSORBED FRACTION 

This appendix tabulates values of Specific Absorbed Fraction (SAF) for UFRF for any 
combination of source (TAM, TBS, TBV, TAM50, TIM) and target (TAM, TAM50) regions in 
the entire skeleton containing active marrow for a range of cellularities (10% to 100%).  
Absorbed Fraction (AF) values were normalized to the mass of the target (and cellularity) to 
report SAF.  For the TAM irradiating the TAM, marrow cellularity is varied.  For all sources 
irradiating the TAM or TAM50, ICRP reference cellularity is used.   

 
Table A-1.  UFRF absorbed fraction for all sources irradiating the active marrow in the cranium. 

 
 
 
 
 
 
 
 

Table A-2.  UFRF absorbed fraction for all sources irradiating the shallow active marrow in the 
cranium. 
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Table A-3.  UFRF absorbed fraction for all sources irradiating the active marrow in the clavicles. 
 

Table A-4.  UFRF absorbed fraction for all sources irradiating the shallow active marrow in the 
clavicles. 
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Table A-5.  UFRF absorbed fraction for all sources irradiating the active marrow in the 
mandible. 

 

Table A-6.  UFRF absorbed fraction for all sources irradiating the shallow active marrow in the 
mandible. 
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Table A-7.  UFRF absorbed fraction for all sources irradiating the active marrow in the scapulae. 
 

Table A-8.  UFRF absorbed fraction for all sources irradiating the shallow active marrow in the 
scapulae. 
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Table A-9.  UFRF absorbed fraction for all sources irradiating the active marrow in the sternum. 
 

Table A-10.  UFRF absorbed fraction for all sources irradiating the shallow active marrow in the 
sternum. 
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Table A-11.  UFRF absorbed fraction for all sources irradiating the active marrow in the ribs. 
 

Table A-12.  UFRF absorbed fraction for all sources irradiating the shallow active marrow in the 
ribs. 
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Table A-13.  UFRF absorbed fraction for all sources irradiating the active marrow in the cervical 
vertebrae. 

 

Table A-14.  UFRF absorbed fraction for all sources irradiating the shallow active marrow in the 
cervical vertebrae. 
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Table A-15.  UFRF absorbed fraction for all sources irradiating the active marrow in the thoracic 
vertebrae. 

 

Table A-16.  UFRF absorbed fraction for all sources irradiating the shallow active marrow in the 
thoracic vertebrae. 
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Table A-17.  UFRF absorbed fraction for all sources irradiating the active marrow in the lumbar 
vertebrae. 

 

Table A-18.  UFRF absorbed fraction for all sources irradiating the shallow active marrow in the 
lumbar vertebrae. 
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Table A-19.  UFRF absorbed fraction for all sources irradiating the active marrow in the sacrum. 
 

Table A-20.  UFRF absorbed fraction for all sources irradiating the shallow active marrow in the 
sacrum. 
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Table A-21.  UFRF absorbed fraction for all sources irradiating the active marrow in the ossa 
coxae. 

 

Table A-22.  UFRF absorbed fraction for all sources irradiating the shallow active marrow in the 
ossa coxae. 
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Table A-23.  UFRF absorbed fraction for all sources irradiating the active marrow in the 
proximal humeri. 

 

Table A-24.  UFRF absorbed fraction for all sources irradiating the shallow active marrow in the 
proximal humeri. 
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Table A-25.  UFRF absorbed fraction for all sources irradiating the active marrow in the 
proximal femora. 

 

Table A-26.  UFRF absorbed fraction for all sources irradiating the shallow active marrow in the 
proximal femora. 
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APPENDIX B 
GRAPHS OF SPECIFIC ABORBED FRACTION 

This appendix graphs Specific Absorbed Fraction (SAF) data for UFRF for any 
combination of source (TAM, TBS, TBV, TAM50, TIM) and target (TAM, TAM50) regions in 
the entire skeleton containing active marrow for a range of cellularities (10% to 100%). 
Absorbed Fraction (AF) values were normalized to the mass of the target (and cellularity) to 
report SAF.  For the TAM irradiating the TAM, marrow cellularity is varied.  For all sources 
irradiating the TAM or TAM50, ICRP reference cellularity is used.   

 
Figure B-1.  Specific absorbed fraction for the TAM irradiating the TAM for the cranium. 
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Figure B-2.  Specific absorbed fraction for all sources irradiating the TAM for the cranium. 
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Figure B-3.  Specific absorbed fraction for the TAM irradiating the TAM50 for the cranium. 
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Figure B-4.  Specific absorbed fraction for all sources irradiating the TAM50 for the cranium.  
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Figure B-5.  Specific absorbed fraction for the TAM irradiating the TAM for the mandible. 
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Figure B-6.  Specific absorbed fraction for all sources irradiating the TAM for the mandible. 
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Figure B-7.  Specific absorbed fraction for the TAM irradiating the TAM50 for the mandible. 
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Figure B-8.  Specific absorbed fraction for all sources irradiating the TAM50 for the mandible. 



 

176 

 

 
 
Figure B-9.  Specific absorbed fraction for the TAM irradiating the TAM for the scapulae. 
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Figure B-10.  Specific absorbed fraction for all sources irradiating the TAM for the scapulae. 
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Figure B-11.  Specific absorbed fraction for the TAM irradiating the TAM50 for the scapulae. 
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Figure B-12.  Specific absorbed fraction for all sources irradiating the TAM50 for the scapulae. 
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Figure B-13.  Specific absorbed fraction for the TAM irradiating the TAM for the clavicles. 
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Figure B-14.  Specific absorbed fraction for all sources irradiating the TAM for the clavicles. 
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Figure B-15.  Specific absorbed fraction for the TAM irradiating the TAM50 for the clavicles. 
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Figure B-16.  Specific absorbed fraction for all sources irradiating the TAM50 for the clavicles. 
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Figure B-17.  Specific absorbed fraction for the TAM irradiating the TAM for the sternum. 
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 Figure B-18.  Specific absorbed fraction for all sources irradiating the TAM for the sternum. 
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Figure B-19.  Specific absorbed fraction for the TAM irradiating the TAM50 for the sternum. 
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Figure B-20.  Specific absorbed fraction for all sources irradiating the TAM50 for the sternum. 
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Figure B-21.  Specific absorbed fraction for the TAM irradiating the TAM for the ribs. 
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Figure B-22.  Specific absorbed fraction for all sources irradiating the TAM for the ribs. 
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Figure B-23.  Specific absorbed fraction for the TAM irradiating the TAM50 for the ribs. 
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Figure B-24.  Specific absorbed fraction for all sources irradiating the TAM50 for the ribs. 
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Figure B-25.  Specific absorbed fraction for the TAM irradiating the TAM for the cervical 
vertebrae. 
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Figure B-26.  Specific absorbed fraction for all sources irradiating the TAM for the cervical 
vertebrae. 
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Figure B-27.  Specific absorbed fraction for the TAM irradiating the TAM50 for the cervical 
vertebrae. 
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Figure B-28.  Specific absorbed fraction for all sources irradiating the TAM50 for the cervical 
vertebrae. 
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Figure B-29.  Specific absorbed fraction for the TAM irradiating the TAM for the thoracic 
vertebrae. 



 

197 

 

 
 

Figure B-30.  Specific absorbed fraction for all sources irradiating the TAM for the thoracic 
vertebrae. 
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Figure B-31.  Specific absorbed fraction for the TAM irradiating the TAM50 for the thoracic 
vertebrae. 
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Figure B-32.  Specific absorbed fraction for all sources irradiating the TAM50 for the thoracic 
vertebrae. 
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Figure B-33.  Specific absorbed fraction for the TAM irradiating the TAM for the lumbar 
vertebrae. 
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Figure B-34.  Specific absorbed fraction for all sources irradiating the TAM for the lumbar 
vertebrae. 
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Figure B-35.  Specific absorbed fraction for the TAM irradiating the TAM50 for the lumbar 
vertebrae. 



 

203 

 

 
 

Figure B-36.  Specific absorbed fraction for all sources irradiating the TAM50 for the lumbar 
vertebrae. 



 

204 

 

 
 

Figure B-37.  Specific absorbed fraction for the TAM irradiating the TAM for the sacrum.  
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Figure B-38.  Specific absorbed fraction for all sources irradiating the TAM for the sacrum. 
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Figure B-39.  Specific absorbed fraction for the TAM irradiating the TAM50 for the sacrum. 



 

207 

 

 
 

Figure B-40.  Specific absorbed fraction for all sources irradiating the TAM50 for the sacrum. 
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Figure B-41.  Specific absorbed fraction for the TAM irradiating the TAM for the os coxae.  
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Figure B-42.  Specific absorbed fraction for all sources irradiating the TAM for the os coxae. 
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Figure B-43.  Specific absorbed fraction for the TAM irradiating the TAM50 for the os coxae. 
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Figure B-44.  Specific absorbed fraction for all sources irradiating the TAM50 for the os coxae. 
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Figure B-45.  Specific absorbed fraction for the TAM irradiating the TAM for the proximal 
humeri. 
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Figure B-46.  Specific absorbed fraction for all sources irradiating the TAM for the proximal 
humeri. 
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Figure B-47.  Specific absorbed fraction for the TAM irradiating the TAM50 for the proximal 
humeri. 
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Figure B-48.  Specific absorbed fraction for all sources irradiating the TAM50 for the proximal 
humeri. 
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Figure B-49.  Specific absorbed fraction for the TAM irradiating the TAM for the proximal 
femora. 
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Figure B-50.  Specific absorbed fraction for all sources irradiating the TAM for the proximal 
femora. 
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Figure B-51.  Specific absorbed fraction for the TAM irradiating the TAM50 for the proximal 
femora. 
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Figure B-52.  Specific absorbed fraction for all sources irradiating the TAM50 for the proximal 
femora. 
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APPENDIX C 
SPECIFIC ABSORBED FRACTIONS FOR ALL BONE SITES 

Specific Absorbed Fraction (SAF) data for UFRF is given for any combination of source 
(TAM, TBS, TBV, TAM50, TIM) and target (TAM, TAM50) regions in the entire skeleton 
containing active marrow.  ICRP reference cellularity for each bone site was used.   

 
 

Figure C-1.  Specific absorbed fraction for the TAM irradiating the TAM for all bone sites. 

 
 

Figure C-2.  Specific absorbed fraction for the TAM irradiating the TAM50 for all bone sites. 
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Figure C-3.  Specific absorbed fraction for the TBS irradiating the TAM for all bone sites. 

 

 
 

Figure C-4.  Specific absorbed fraction for the TBS irradiating the TAM50 for all bone sites. 
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Figure C-5.  Specific absorbed fraction for the TBV irradiating the TAM for all bone sites. 

 

 
 

Figure C-6.  Specific absorbed fraction for the TBV irradiating the TAM50 for all bone sites. 
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Figure C-7.  Specific absorbed fraction for the CBV irradiating the TAM for all bone sites. 

 

 
 

Figure C-8.  Specific absorbed fraction for the CBV irradiating the TAM50 for all bone sites. 
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Figure C-9.  Specific absorbed fraction for the TIM irradiating the TAM for all bone sites. 

 

 
 

Figure C-10.  Specific absorbed fraction for the TIM irradiating the TAM50 for all bone sites. 
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APPENDIX D 
SPECIFIC ABSORBED FRACTIONS FOR LONG BONES 

This appendix provides Specific Absorbed Fraction (SAF) data in bone sites not containing 
active marrow for combinations of sources (CBV, CIM, CBSMC) and target (CIM50) regions.  For 
the shafts of the long bones of the adult, cellularity is 0%.  Absorbed fractions are divided by the 
mass of the shaft of the long bones to report SAF. 

 
Table D-1.  Specific absorbed fractions in the shafts of the leg bones. 
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Table D-2.  Specific absorbed fractions in the shafts of the arm bones. 
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Figure D-1.  Specific absorbed fraction for the CIM irradiating the CIM50 in the shafts of all long 
bones. 
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Figure D-2.  Specific absorbed fraction for the CBSMC irradiating the CIM50 in the shafts of all 
long bones. 
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Figure D-3.  Specific absorbed fraction for the CBV irradiating the CIM50 in the shafts of all long 
bones. 
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APPENDIX E 
SKELETAL AVERAGED ABSORBED FRACTIONS 

Skeletal averaged Absorbed Fraction (AF) data for UFRF is given for any combination of 

source (TAM, TBS, TBV, TAM50, TIM) and target (TAM, TAM50) regions in the entire skeleton 

containing active marrow.  Bone site weighting factors were used to average AF for each skeletal 

site.  Values of AF at ICRP reference cellularity were then compared to values from Stabin and 

Siegel (2003). 

Table E-1.  UFRF skeletal averaged absorbed fraction (AF) for various sources irradiating the 
trabecular active marrow. 
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Table E-2.  UFRF skeletal averaged absorbed fraction (AF) for various sources irradiating the 
shallow trabecular active marrow. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table E-3.  UFRF skeletal averaged specific absorbed fraction (SAF) for various sources 
irradiating the trabecular active marrow. 
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Table E-4.  UFRF skeletal specific averaged absorbed fraction (SAF) for various sources 
irradiating the shallow trabecular active marrow. 
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Figure E-1.  Skeletal averaged AF for marrow sources irradiating the TAM for both UFRF and 
Stabin and Siegel (2003).    
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Figure E-2. Skeletal averaged AF for trabecular bone sources irradiating the TAM for both 
UFRF and Stabin and Siegel (2003).    



 

235 

 

 
Figure E-3. Skeletal averaged AF for marrow sources irradiating the TAM50 for both UFRF and 

Stabin and Siegel (2003).    



 

236 

 

 

Figure E-4. Skeletal averaged AF for trabecular bone sources irradiating the TAM50 for both 
UFRF and Stabin and Siegel (2003).    
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