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Abstract 
The ICRP are proposing changes to the assumed targets for the induction of bone cancer and leukaemias 
as described by Harrison et al in an accompanying article.  This study of radiation targets in the skeleton 
finds that the endosteum of the long bone medullary cavities is not an important target, especially in the 
adult, as it supports a very low stem cell population associated with high adiposity, whereas the 
periosteum has a strong mesenchymal stem cell population throughout lifetime.  Quiescent stem cells are 
found to be preferentially located close to the trabecular bone surface in the osteoblastic niche, whereas 
progenitors of stem cells prefer to reside in perivascular niches.  Evidence is given in support of the 
suggestion that the absence of excess bone-cancer in atomic bomb survivors may be related to the 
extremely low prevalence of Paget’s disease in Japan.  The hypoxic conditions of the endosteum adjacent 
to quiescent bone surfaces provide a radioprotective stem cell microenvironment by a factor of 2-3 fold, 
whereas greater radiosensitivity is prevalent in the young and individuals with benign diseases of bone.  
Increasing the volume of the bone cancer target from a 10 µm thick endosteum to a 50 µm peripheral 
marrow layer will result in an approximately three-fold decline in the mean dose from alpha-emitters in 
bone.  These new observations are shown to go some way in explaining the low incidences for leukaemia 
and especially bone cancer in radium dial painters, Thorotrast patients and Mayak nuclear workers. 
 
1. Introduction 
 
The two major types of multipotent stem cells found in the skeleton are haematopoietic stem cells (HSC), 
which form blood and immune cells; and mesenchymal stem cells (MSC), which normally form bone, 
cartilage, fat and stromal cells. MSCs support haematopoiesis but unlike HSCs do not exhibit all stem-cell 
criteria as they have more limited self-renewal and cannot regenerate a whole tissue. Jiang et al (2002; 
2007) claimed to show the existence of multipotent adult progenitor cells (MAPCs) in bone marrow, 
which can differentiate not only into mesenchymal lineage cells, but most, if not all, somatic cell types, 
including HSCs (Serafini et al 2007). MAPCs appear to be present in higher frequency near bone growth 
plates, and near the endosteum (Jiang et al 2004).  

Of the many stem cells found in bone marrow, there is the potential for radiation-induced cancer-
stem cells arising from ectopic cells occupying stem cell niches, a regulatory microenvironment in which 
stem cells reside (Schofield 1978, Reya et al 2001).  Cancer stem cells are a rare population of 
clonogenic, undifferentiated tumour cells that produce and maintain a new tumour, differentiating into all 
the non-tumorigenic cell types of the tumour.  The concept of the cancer-stem cell was first developed in 
leukaemia, but has also been characterized in some solid cancers, including bone tumours of 
mesenchymal lineage (Hope et al 2004, Gibbs et al 2005).  

The risks of bone cancer and leukaemia contribute to the total risk of cancer and hereditary 
disease as estimated by the committed effective dose.  This parameter makes use of tissue weighting 
factors, which includes the unchanging values of 0.12 and 0.01 for red bone marrow and bone surface 
(ICRP Recommendations, In preparation).  The long-time ICRP “target” tissue for radiogenic bone cancer 
is the 10 µm thick “endosteal layer” (ICRP 30 1979), in trabecular and cortical bone.  The proposed 
changes in target assumptions are to change the depth of the endosteal layer target adjacent to bone 
surface from 10 µm to 50 µm thick, which will be referred to as the 50-µm-marrow target or “peripheral 
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marrow” (Harrison et al, in preparation).  All endosteal surfaces in trabecular bone and medullary cavity 
surfaces in cortical bone are considered targets, henceforth excluding Haversian canals.  The whole red 
marrow (including the 50 µm marrow layer) is historically and continues to be the ICRP’s target tissue for 
calculating dose and risk of radiation-induced leukaemias.  

This paper accesses contemporary knowledge on stem cells and their niches, and radionuclide 
uptake studies in humans, and discusses how this information influences the choice of skeletal targets for 
radiation-induced leukaemia and bone cancer.  The age-dependent sites of skeletal radionuclide 
deposition and location of the stem and progenitor cells are shown to change the target dose and risk 
especially for short-range radiations, particularly alpha-particles emitted by bone-surface and bone-
volume seeking compounds.  Some consideration has been given to the major changes in dose to targets 
that can be expected on the adoption of the ICRP proposals and the consequential effect on the relative 
biological effectiveness (RBE) and predicted risk of radiation-induced leukaemia and bone cancer.  In 
view of this, factors are identified, such as the prevalence of pre-existing lesions in populations, the 
microenvironmental niches of stem cells, the influence of the radioprotective and hypoxic endosteum, and 
their expected influence on the assessment of skeletal dosimetry and risk of radiogenic neoplasms.  
 
2. Age, cellularity and skeletal targets 
 
There is merit in selecting skeletal targets and dosimetric methods that are applicable to all ages of human 
development.  An assessment of non-leukaemia excess mortality by BEIR V (1990) estimated children 
were around 10 times more sensitive to radiation than middle-aged adults: leukaemias exhibited much 
less variation with age.  ICRP in Publication 56 (1989) extended radiation dosimetry from adults to 
children and infants, and later adding the embryo/foetus (ICRP 88 2001).  Unlike some soft tissue organs, 
skeletal development not only changes its dimensions but also undergoes profound age-related changes in 
its physiology and morphology.  

During the third month after conception, a primary ossification center is formed within the 
hyaline cartilage models from which ossification proceeds toward the ends of the bones.  Longitudinal 
growth of bone occurs from the physis or growth plate, and appositional growth takes place from the 
periosteum with corresponding endosteal resorption to increase the size of the marrow cavity. This 
growth is active in the infant, and peaks in the adolescent. Bone cancer incidence shows a similar trend. 
The endosteum and periosteum, line the outer and inner bone surfaces respectively, provide a continuous 
supply of osteoprogenitor cells or new osteoblasts for repair, turnover or growth of bone.  Bone cancers 
and haematological malignancies most frequently originate from active red marrow locations in trabecular 
bone, e.g. proximal/distal ends of long bones as these volumes contain the largest fraction of the bone 
surface and endosteum. 

The proportions of trabecular bone and cortical bone vary with age, commencing with all 
mineralized cartilage/bone being cancellous in the foetus and newborn.  In adults, cortical bone 
dominants, comprising 80% of skeletal mass (Table 1).  The turnover of trabecular bone, and hence the 
remodelling and proliferative activity, is highest in the newborn, 300% y-1, and decreases to about 10% y-1 
in young adults, then increases to 19% y-1 in 70 y old.  The turnover of trabecular bone in an adult is 
about five times more rapid that of cortical bone.  The bone surface area per unit bone volume, another 
indicator of proliferative capacity, is 4.0-4.5 times higher in the newborn compared to adults. 

The marrow of the foetus, until just before birth, is entirely haematopoietic marrow, but is 
replaced by apidocytes as the individual ages, dropping to an average skeletal cellularity of 46% at 70 
years old (Table 1). The marrow of long bone cavities lacks cellularity and haematopoiesis from around 
20 years onwards, due to haematopoietic marrow being replaced by adipocytes (Ellis 1961, Cristy 1981).  
The number of osteoblastic stem cells, osteoblastic progenitors and osteoblasts in marrow markedly 
decreases with age after skeletal maturation (Nishida et al 1999, Muschler et al 2001).  Osteoblast and 
MSC concentrations have been observed to be inversely associated to the adiposity of marrow (Moerman 
et al 2004). There is evidence that the rate of bone turnover is proportional to the marrow cellularity of a 
particular bone or portion of bone.  ICRP turnover times for trabecular and cortical bone of young adults 
are 3.7 and 23 years (Table 1), respectively, with cortical bone generally exhibiting far higher adiposity 
levels, and hence lower proliferative capacity, than trabecular bone.   
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Table 1. Age-dependent skeletal parameters 
 

 Newborn Adult 
(35 y) 

Aged 
adult 
(70 y) 

References 

Cellularity of skeletal marrow  ~100 % 59 % 46 % Richardson and Dubeau 
2003, Cristy 1981 

Trabecular bone mass as 
percent total bone  

100 % 21 % a17.5 % 
 

ICRP 70 1995, a Popovic 
et al (In preparation)  

Total bone surface area 
(mm2 mm-3) 

25 6.2 5.6 
 

ICRP 70 1995, b Beddoe 
et al 1976  

Trabecular bone surface 
area as percent total bone 
surface 

100 % 62 %  Not 
availabl
e 

ICRP 70 1995 
 

c Trabecular (Trab) and 
cortical (Cort) bone 
remodelling rates (% y-1)  

300 Trab 
 
 

10 Trab 
2 Cort 

19 Trab 
3 Cort 

ICRP 70 1995, Popovic et 
al (In preparation) for 70 y 

Percentage of trabecular cavity 
volume for 10 and 50 µm 
target thickness  

9%, 10 µm 
38%, 50 µm 

4%, 10 µm 
17%, 50 µm 

Not 
available 

Richardson and Dubeau 
2003 

a Assuming a spherical trabecular cavity. 
b Assuming trabecular bone surface area of infant is 1.38 times (mean value of four bones) that at 35 y (18 mm2 
mm-3).  
c Average of the resorption and formation rates, rather than the addition.  

 

 
MSCs are found in periosteum regardless of age (De Bari et al 2001).  The periosteal and cortical 
endosteal surface, both make up a small proportion (each ~4.4%) of the total bone surfaces in the adult 
skeleton (Weiss 1988).  The periosteal diameter appears to increase for most bones throughout a lifetime 
(Epker and Frost 1966).  In young bones the periosteum is thick and very vascular, presumably providing 
abundant perivascular niches for MSCs.  The periosteal modeling rates, and therefore the proliferative 
activity, do decline in aged adults (Lieberman et al 2003). 
 

 
Table 2. Characteristics of spontaneous leukaemias a 

 Acute myeloid 
leukaemia (AML) 

Chronic myeloid 
leukaemia (CML) 

Acute 
lymphocytic 
leukaemia (ALL) 

b Chronic 
lymphocytic 
leukaemia (CLL) 

Spontaneous 
incidence 

Most common 
acute leukaemia in 
adults. 

Occurs in middle 
aged and elderly 
adults. 

Majority of 
childhood 
leukaemias  

CLL is very 
uncommon under 
45 years of age. 

Stem and progenitor 
cells  

HSC, myeloid 
progenitors. c 

HSC, granulocyte-
macrophage 
progenitor. 
Usually 
Philadelphia 
chromosome 
translocation.c 

HSC, lymphoid 
progenitors. 
Majority B cell 
lineage. c 
 

HSC, lymphoid 
progenitors. 
Great majority B 
cell lineage 

a Ries et al (2007). 
b CLL is not associated with radiation. 
c Jamieson et al (2004); Philadelphia chromosome is also found in adults with ALL, occasionally in AML. 
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To summarize, the endosteum of the cortical medullary cavity is not an important radiation target.  This is 
due to, firstly, cortical bone having an insignificant volume in the young; secondly, cortical bone has a 
relatively slow turnover; and thirdly, that in adults cortical bone dominates but generally supports small 
MSC and HSC stem cell populations within the medullary endosteum.  The periosteum is a more 
important radiation target than medullary endosteum, as it has a significant bone surface area and MSC 
population throughout human development, especially in the young with the highest radiation risk. 

 
 
Table 3. Incidence a of  spontaneous and radiation-induced leukaemias in the UK and Denmark  

 AML CML ALL CLL 
b Spontaneous 27 % 9 % 9 % 55 % 
b Low-LET radiation 53 % 22 % 25 % 0 % 
c Thorotrast (high-LET) 80 % 15 % 5 % 0 % 
a Percent sum of AML, CML, ALL and CLL incidences, assuming 0% radiation-induced CLL 

b NRPB (2003), their table 2.1 (spontaneous, England and Wales) and table 5.3 (low-LET, UK) based on BEIR V 
risk model. 
c Visfeldt and Andersson (1995), Danish patients. 

 

 
3. Leukaemias induction and ICRP’s targets 
 
3.1. Sporadic and radiation-induced leukaemias 
 
Leukaemia is the most common childhood cancer (Table 2), representing ~31% of cancer cases in US 
children under 15 years of age (Smith et al 1999).  In U.S. adults over 65 years old, leukaemia has ~12 
times higher incidence but makes up only about one-fortieth of all cancers reported (Ries et al 2007).  
Acute myeloid leukaemia (AML), chronic myeloid leukaemia (CML) and chronic lymphocytic leukaemia 
(CLL) are cancers primarily of old age.  Acute lymphocytic leukaemia (ALL) occurs mainly in childhood: 
developed countries have a higher incidence of ALL.  Significant excesses of all types of leukaemia, 
excluding CLL, have been reported for different public and occupational populations exposed to ionizing 
radiation, including low dose exposures of children (Brenner et al 2003).  A NRPB (2003) advisory group 
estimated the incidence of different types of cancers for the UK population, finding that although myeloid 
leukaemias made up just over a third of spontaneous leukaemias, radiation-induced myeloid leukaemias, 
especially AML, were over-represented compared to their lymphoid counterparts (Table 3). Thorotrast-
administered patients irradiated with high-LET 232Th alpha-radiation exhibit even greater AML 
domination (~4/5ths of leukaemias), with erythroleukaemias prominent.  A high incidence of the 
preleukaemic, myelodysplasic syndrome or MDS and bone marrow fibrosis are other Thorotrast 
characteristics (Visfeldt and Andersson 1995).  

The largest case-controlled studies of childhood cancers associated with obstetric x-rays is the 
Oxford survey which indicates, in common with other smaller case-control studies, a proportional 
increase in risk of ~40% for childhood cancer, and similarly for excess leukaemias associated with 
prenatal irradiation, mean dose 10-20 mGy (Bithell and Stewart 1975; Doll and Wakeford 1997).  There 
is strong evidence for radiation-induced leukaemia in children or adults exposed to the radiation dose 
from atomic bombs dominated by low-LET high-energy gamma rays (Preston et al 1994). The evidence 
for lymphoma and multiple myeloma in atomic bomb survivors was weaker or non-existent. Leukemia 
excesses are also associated with the higher doses prescribed in radiotherapy for cancer (Boice et al 1987; 
Curtis et al 1994) and x-ray treatment of ankylosing spondylitis (Weiss et al 1994).  A curvilinear dose 
response for leukaemias (comparatively lower risk at low doses) occurs below ~1 Gy for these low-LET 
studies of medical irradiation and Japanese atomic-bomb survivors, with cell sterilization at high doses 
starting around 3 Gy (Little et al 1999, NRPB 2003).  

Large numbers of HSCs and peripheral blood progenitors, including osteogenic progenitors 
(Muschler et al 2003), enter the blood and return to bone marrow after a short period (Kiel et al 2005).  
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Whole body irradiation of atomic-bomb survivors, gives rise to higher excess relative risk of leukemia 
than for partial-body external beam dose to treat cervical cancer and uterine cancer patients (Boice et al 
1987, Curtis et al 1994, NRPB 2003).  Shuryak et al (2006) contend that the lower leukaemogenic risk for 
partial-irradiation is due to HSCs migrating through the blood stream, from low dose niches in bone 
marrow and spleen to repopulate high dose sites where stem cells have been inactivated. 

Studies of radiation workers are valuable in assessing risks associated low dose and low dose rate 
exposures.  The largest international combined study of nuclear industry workers by Cardis et al (1995) 
was based on a cohort of over 95,000 workers in the USA, Canada and the UK.  The review of these 
occupational exposures by BEIR VII (2006) concluded that although the risk estimates for leukaemia 
varied considerably, they were consistent with those on which current radiation protection 
recommendations are based. 

German patients, mostly adults, during the 1940s and 50s were treated with multiple injections of 
alpha-emitting and bone-seeking 224Ra for various conditions (Nekolla et al 2005 Wick and Nekolla 
2005). Excess leukaemias occurred at low doses of 224Ra to ankylosing spondylitis patients, but for high 
dose studies of radium alpha-emitters, including radium dial painters (Harrison and Muirhead 2003), 
leukaemias occur at much lower incidences than expected (see Discussion).  

Thorotrast, a thorium dioxide colloid containing 232Th and its progeny, was injected mainly into 
adults as a radiographic contrast medium in the 1930s and 40s.  The alpha-radiation exposure of the liver, 
spleen and bone marrow was long term and probably homogeneous to these organs and tissues.  Harrison 
and Muirhead (2003) compared the risk of radiation-induced leukaemia in patients that received 
Thorotrast alpha-irradiation with A-bomb survivors that were exposed to high-energy gamma rays.  These 
two populations indicate for that haematopoietic malignancies were 10 times lower than expected if the 
ICRP value of 20 is employed as the alpha-radiation weighting factor (van Kaick and Wesch 2005).  
Although the Thorotrast dosimetry has large uncertainties in assumed organ and intra-organ distribution, 
self-absorption of alpha activity within Thorotrast colloid, ‘wasted dose’ to growing tumour and other 
factors. 
 
3.2. Stem cells and progenitor cells at risk 
 
Pluripotent HSCs are precursor cells that give rise to all blood types of the myeloid and lymphoid 
lineages.  CML, but also AML and ALL have been shown to be maintained by cancer stem cells  
(Reya et al 2001).  Acute and chronic leukaemia (Table 2) is characterized by unregulated growth of 
blood cells and their precursors, with acute leukaemia involving relatively immature cells (blasts) 
compared to the more mature cell types of chronic leukaemias.  Research is ongoing to determine the role 
of stem cells and progenitors in acquiring de novo self-renewal and subsequent cancerous state.  The HSC 
is the initial target cell for AML with subsequent mutations in progenitors necessary for full 
transformation (Hope et al 2004).  CML cases usually present in a chronic phase before progressing after 
about three years on average, to an acute form of leukaemia.  A normal HSC is transformed into a 
leukaemia stem cell, however CML blast crisis occurs in the granulocyte-macrophage progenitor cells 
that acquire self-renewal capability (Jamieson et al 2004). 

In general, the experimental evidence is that HSCs and other primitive haematopoietic progenitor 
cell types have their highest concentrations in the vicinity of bone surfaces (Lord 1990; Nagasawa 2006).  
Less primitive progenitors migrate towards the vascular sinusoids, which in mice are located in the centre 
of murine femur, whereas in humans, capillaries and sinusoids are distributed throughout trabecular 
marrow.  Perivascular niches provide the differentiated progenitors with the nutrients and vascular access 
needed to replenishment the blood system (Kopp et al 2005).  

The major site of haematopoiesis is within bone marrow during human development from the 
latter half of gestation, infants, and children and throughout adulthood (ICRP 70, 1995).  HSCs are found 
in every medullary cavity, especially those in trabecular bone with high cellularity.  Quiescent HSCs 
reside in a so-called osteoblastic niche in close contact with supporting cells in the niche, e.g., osteoblasts 
and endothelial cells, which are provided by MSCs, whereas the reticular cells influence the intermediate 
progenitor cells (Arai et al 2005, Yin and Li, 2006).  Kiel et al (2005) found only 14% of bone marrow 
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HSCs associated with endosteum in mice, while most HSCs were in contact with sinusoidal endothelium. 
This study provides justification for ICRP’s choice of the whole red marrow as the leukaemogenic target. 
 
4. Bone cancer induction and ICRP’s targets 
 
4.1. Sporadic and radiation-induced bone cancers 
 
Sarcomas of the bone and cartilage are relatively rare comprising about 0.2% of all malignancies in the 
US population, but a higher magnitude (~6%) of childhood cancers, and similar rates in other developed 
countries (Gurney et al 1999, Ghadirian et al 2001, Ries et al 2007).  Osteosarcomas, an osteoblastic 
neoplasm, are the commonest form of sporadic or radiation-induced bone cancer in a population, but 
particularly common in children (Tables 4, 5).  A risk factor for osteosarcoma is the rapid bone growth in 
adolescence.  The intramedullary form of osteosarcoma is most prevalent (~75%), periosteal forms 4-
10%, and the intracortical osteosarcoma is rare <1%: remainder more defined by histopathology than site  
(Murphey et al 1997).  Spiers and Beddoe (1983) found the frequency of occurrence of sporadic and 
radiation-associated osteogenic sarcomas in the long bones of humans to be associated with the trabecular 
surface area: much less so for cortical surfaces.  The percentage of spontaneous primary bone tumours in 
long bones sited in the cortical midshaft is about 10, 10, 14% for osteosarcomas, chondrosarcomas and 
malignant fibrous histiocytoma (MFH), respectively, but drops to 2-6% for post-irradiation bone 
sarcomas, including those 226Ra-induced (Pool et al 1983, Huvos 1991, Unni 1996).  

Chrondrosarcomas, derived from a cartilage progenitor, are the spontaneous bone cancers most 
frequent in adults, however they occur about five times less commonly as a fraction of radiation-induced 
bone cancers (Table 5).  Almost half of the radiation-induced osteosarcomas are of the fibroblastic or 
fibrohistiocytic type (Gössner 1999).  Fibrosarcomas and malignant fibrous histiocytoma are about three 
times more prevalent as a radiation-induced tumour rather than a sporadic tumour.  Fibrosarcomas are 
rare in children. 

Unlike leukaemia, bone sarcomas are rarely induced at low radiation doses (Brenner et al 2003).  
Two epidemiological studies were carried out on ankylosing spondylitis patients from the same district 
treated with 224Ra, which enabled comparison of the affects of relatively high doses to bone surface (≥9 
Gy) with those of lower doses (Wick and Nekolla 2005).  The most severe form of late effect were bone 
tumours, especially osteosarcomas.  Bone tumours, especially fibrosarcoma/ MFH were also elevated in 
the low dose study, but the most striking observation was the elevated leukaemias.  A significant increase 
in bone-cancer mortality has not been observed in children and adults exposed to atomic bombs (Brenner 
et al 2003, Preston et al 2007).  A statistically significant increase in bone cancer risk with decreasing age 
at exposure was derived for patients, children and adults, treated with high doses of 224Ra (Nekolla et al 
2005).  In patients treated for tuberculosis and other diseases by a preparation containing 224Ra, the 
incidence of bone sarcoma was markedly higher the younger the age of injection, being about 14 times 
higher in the 1-5 year olds, compared to adults >20 years old (Spiess 1969).  Children receiving 
radiotherapy had an increase risk of bone sarcomas, above doses of 10 Gy (Tucker et al 1987).  The mean 
period from the treated first cancer to the secondary bone cancer was around 10 years.  Again, no 
increased risk was associated with skeletal doses less than 10 Gy, similar to adult, radium-dial painters, 
where evidence suggests that osteosarcomas never developed under the same threshold dose (BEIR IV 
1988). A comparable threshold seems to exist for Mayak workers exposed to plutonium (Shilnikova et al 
2003). 

 
4.2. Benign tumours and stem/progenitor cells at risk 

 
Lloyd and Henning (1983), and others before them, observed after a radium intake the formation of 
mainly acellular, fibrotic layer, 8-50 µm thick, on the bone surface in the neighbourhood of a bone 
tumour and identified this as a microenvironment suited to radiation-induced bone cancers.  In light of 
this, and perhaps the range of bone-seeking alpha-emitters, Lloyd and Henning (1983), supported by 
Gössner (2003), proposed a 50 µm thick layer adjacent to the bone surface as the radiation target for the 
induction of bone cancer.  Fibrosarcomas and MFH are the most frequent type of radiation-induced bone 
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tumours in adults, but are less common arising spontaneously (rows 1, 2, 4; Table 5) Gössner (1999) 
made the case that pre-existing lesions (e.g., Paget’s disease, bone infarct, fibrous dysplasia) and 
radiation-induced bone lesions (e.g., radiation osteitis), and associated fibrosis, may be an important 
prerequisite for the malignant transformation to bone sarcomas of fibroblastic and fibrohistiocytic origin.  
This observation was made on the evidence that radium-induced bone tumours (row 3, Table 5) showed 
the same spectrum of tumours types as individuals with pre-existing bone lesions. For example, 
Schajowicz et al (1983) observed a high fraction (27%) of malignant bone tumours of fibrosarcomas and 
MFHs in patients with Paget’s disease (row 4, Table 5).  This distribution of bone cancer types is similar 
to those of adults that received an internal uptake of radium alpha-emitters (Gössner 1999) or external 
beam radiotherapy (rows 3 & 5, Table 5).  The irradiated volume common to both studies is the peripheral 
marrow, supporting the premise that this is a relevant target for radiation-induced bone cancer.  

Paget’s disease of bone (osteitis deformans) is very common in some elderly Caucasian 
populations, as in Europe and U.S.; it is less common in Scandanavia, and extremely rare in Asia and 
Africa (Hashimoto et al 2006).  It is characterized, similar to radiation osteitis, by abnormal and rapid 
osseous remodeling.  In most countries, Paget’s disease is estimated to occur in 0.1 % to 5% of 
individuals. Paget’s disease of bone is rarely found in adults under 45 years old and becomes more 
common with age. It is more frequent among men than women (Cooper et al 2006).  It is a benign 
condition with the potential for malignant transformation.  There is an approximately 10-fold higher risk 
in those with Paget’s disease than the general population in developing bone sarcomas (Wick et al 1981, 
Ghadirian et al 2001).  In Japan, spontaneous bone cancer rates, including those in childhood, are 
relatively low when compared to international values (Parkin et al 1993).  Guo et al (1999) noted that 
there are low incidences of osteosarcoma in Japanese and Chinese aged over 50 years, which could be 
associated with the lack of Paget’s disease. 

A significant increase in bone-cancer mortality has been seen in the radium dial painters in 
Europe and the U.S.A., the same has not been observed in atomic bomb survivors (Brenner et al 2003).  
One reason may be that the mean dose in the exposed group of atomic bomb survivors is 200 mSv, and 
that the radiation-induction of sarcomas commonly exhibits dose threshold characteristics.  Could another 
factor be related to the extremely low prevalence of Paget’s disease in Japan, estimated at just 2.8 cases 
per million capita (Hashimoto et al 2006)?  Follow-up studies of patients administered Thorotrast (van 
Kaick and Wesch 2005, Mori et al 2005) have exhibited excess bone cancers, at significantly higher 
incidences (p<0.05) in at least 4 of the 6 countries studied.  Further analysis may provide the opportunity 
to determine if irradiated adults from countries where Paget’s disease of bone is very common, i.e., 
Germany, Portugal and the U.S.A., have a higher predilection to develop excess bone sarcomas than 
citizens from countries where the disease is uncommon or extremely rare, i.e., Denmark, Sweden and 
Japan.  

Pre-existing lesions of bone are more common in adults, whereas benign tumours are more 
common in children.  Around half of spontaneous bone tumours in the U.S.A. children are non-malignant 
(Unni 1996), although the transformation from benign to malignant form is rare.  Children receiving 
radiotherapy developed malignant bone cancers of a similar type to those arising in a population 
spontaneously, but with deficit of Ewing’s sarcoma, (rows 1, 6; Table 5), with a few bone sarcomas of 
fibroblastic and fibrohistiocytic origin (Tucker et al 1987), which are relatively common among the 
radiation-induced bone cancers of adults. 

Lloyd et al (1999) considered the average skeletal dose the appropriate parameter associated with 
risk, however Harrison et al (In preparation) did not find this parameter to be a useful predictor of 
elevated bone cancer effects.  The bone volume is the location of bone cells surrounded by matrix, i.e., 
osteocytes, which appear not to be an important target for malignant transformation (ICRP 11, 1968), as 
they are terminally differentiated, in low densities (5-10 cells cm-3) and do not normally divide (lifespan 
>15 years) (Muschler et al 2003).  

Human MSCs that differentiate into connective tissue cells with osteogenic and chrondrogenic 
potential are derived from cells resident in the outer cambian layer of the periosteum, on trabeculae bone 
surfaces, within Haversian canals of cortical bone, or in the bone marrow space, and other 
musculoskeletal locations (Muschler et al 2003).  MSCs play an important role in the development of 
fibrosis.  Unlike HSCs, MSCs probably provide their own niche support cells: MSCs surround the 
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vasculature in association with endothelial cells (Bianco et al 2001).  MSCs are associated with, and may 
be derived from, pericytes that interact with the endothelial cell walls of small blood vessels (Muschler et 
al 2003). The peripheral marrow target does not represent MSCs that reside in other perivascular niches 
occurring more axially in the bone marrow.  An advantage of the larger 50 µm peripheral marrow target, 
beyond being the site of pre-existing fibrotic lesions in bone, is that this target thickness adjacent to the 
bone surface possibly encompasses the radiation dose to MSCs and their support cells associated with 
both the endosteum and the peritrabecular sinusoids.  

 
 
Table 4. Characteristics of different types of bone tumoursa 

 
 

Osteosarcoma Chondrosarcoma Fibrosarcoma b Ewing’s sarcoma 

Spontaneous 
incidence 

Children, commonest. 
Aged adults, 2nd 
most common. 

Children, rare. 
Aged adults, 
commonest. 

Children, almost 
unknown. 
Aged adults, rare. 

2nd most common 
in children. 

Stem and 
progenitor cells 

MSC, osteoblastic 
progenitors 

MSC, cartilage 
progenitors 

MSC, stromal 
progenitors 

Neural crest origin 

Skeletal location Metaphysis of long 
bones 

Pelvis, leg bone 
and arm bone. 

Metaphysis or 
diaphysis of long 
bones 

Extremities and 
central axis 

Bone type Intramedullary 
common, also 
periosteal. 
Intracortical, rare. 

Intramedullary Intramedullary and 
periosteal 

Intramedullary and 
periosteal 

a Gurney et al (1999).  
b Not associated with radiation. 

 
Table 5. Occurrence of different types of spontaneous and radiation-induced bone tumours 

 Osteosarcoma Chondrosarco
ma 

Fibrosarcoma/
MFH 

Ewing’s 
sarcoma 

Number 

Spontaneous, 
all population, 
and (0-20 
years old) 

41 %,  
(61%) 

25 %, 
(4%) 

8 %, 
(4%) 

12 %, 
(28%) 

5,676 a 

224Ra, 226-228Ra, 
mainly adults 

59 % 7 % 30 % 0 % 92 c 

Paget’s 
disease, adults 

63 % 8 % 27 % 0 % 62 b 

External 
radiation, 
mainly adults 

63 % 4 % 33 % 0 % 246 d 

External 
radiation of 
children 

69 % 17 % 5 % 5 % 64 e 

a Includes “other” malignant bone tumours, 14%, (3%) by Unni (1996). 
b Schajowicz et al (1983). 
c Reported by Gössner (1999). 
d Combined studies by Huvos (1991) and Unni (1996) 
e Bone cancers developed after radiotherapy treatment of childhood cancer (Tucker et al 1987). 

 
 
5. Oxygen effect and radioprotection of stem cells 

 

AECL-CW-121134-CONF-003

http://en.wikipedia.org/wiki/Blood_vessels


Radiation skeletal stem cell targets  16/07/2008 9   

Thoday and Read (1947) described the ‘oxygen effect’ as causing biological systems to be less sensitive 
to radiation at lower levels of O2 than well-oxygenated tissues.  The oxygen enhancement ration (OER) 
value is defined as the ratio of radiation-induced measurements of cell death or other means, when O2 is 
present, to that when it is not.  Radiosensitivity varies most rapidly with oxygen tensions below about 2% 
O2 or 2 kPa. Ling et al (1981), irradiated cultured Chinese hamster cells with x-rays of peak potential,    
50 kVp, the OER value for this low-LET radiation, was 2.62 in air (21% O2).  Richardson (In press) 
utilized the experimental measurements of radiation sensitivity versus O2 tension data presented by Ling 
et al (1981) and Barendsen et al (1966), to evaluate the increase of the maximum OER value with 
increasing alpha-particle energy, and decreasing LET.  The maximum OER value is 1.3 for 4.0 MeV 
alpha particles from 232Th decay, compared to a maximum OER of 1.7 for 224Ra alpha particles of         
5.7 MeV.  

The preferred microenvironments of differentiated and undifferentiated cells in bone marrow are 
radically different regarding oxygen tension and consumption levels.  Stem cells remain quiescent, with 
long lifespan, in a hypoxic environment and they and their generally shorter-lived progenitors proliferate 
under higher oxygen pressures.  Hypoxia protects stem cells from reactive oxygen species, ROS and 
consequential DNA damage and apoptosis (Arai et al 2005, Moore and Lemischka 2006).  The expansion 
and plasticity capabilities of MSCs, for example, are enhanced under hypoxic conditions found in close 
proximity to the bone surface rather than normoxic conditions elsewhere in marrow (Grayson et al 2006). 
The acknowledgement that marrow stem cells are found in the radioprotective microenvironment of the 
endosteum goes some way, by about a factor of two, in explaining the current overestimate of radiation 
risk of bone cancer in particular, and to a lesser extent leukaemia, to stem cells residing in the hypoxic 
environment adjacent to bone in individuals exposed to bone-seeking alpha-emitters, such as the radium 
dial-painters.  

 
6. Discussion 

 
ICRP currently employs biokinetic bone models for actinides, alkaline earths and other elemental models 
that have significant uptake, retention and clearance from bone (ICRP 67, 1993).  The ICRP bone models 
consist of compartments for cortical and trabecular components of both bone and marrow.  Trabecular 
and cortical bone can each be represented by up to three compartments, bone surface, and bone volume, 
the latter sometimes divided into exchangeable and non-exchangeable components.  About 38% of 
skeletal bone surfaces are located in cortical bone and for most bone-surface seeking radionuclides, the 
same proportion, e.g. Pu, or slightly more deposits in cortical bone (Leggett et al 1985).  The major part 
of the cortical bone surface lines Haversian canals, which are therefore an important deposition site and 
radiation source.  The Haversian canal has its own MSCs located in the endosteal layer, and its own 
vasculature. If the ICRP 50 µm layer adjacent to bone were applied to the Haversian canal, the whole 
canal would be a target as it is only about 40 µm in diameter (ICRP 70, 1995).  It is now proposed to 
eliminate this portion of the cortical bone surface as an ICRP target (Harrison et al in press).  The only 
cortical surface remaining is the medullary endosteum, principally of the long bones, however, as 
established earlier this is absent in the fetus and newborn.  Although present in the adult skeleton, the 
adipocyte-dominanted medullary cavities have a low stem cell population.  In essence, cortical bone 
surfaces no longer are represented as an ICRP bone cancer target.  

The age-dependent dosimetry of haematopoietic marrow rather than red marrow was first carried 
out employing analytical methods (Richardson et al 1991), whereas more sophisticated Monte Carlo 
simulations enable alpha- and beta- radiation dosimetric analyses of the skeleton, both in the quiescent 
(Eckerman and Stabin 2000, Richardson and Dubeau 2003, Watchman et al 2005) and remodelling state 
(Richardson et al 2007).  The absorbed dose to haematopoietic marrow and adipocytes will be similar in 
value for most radionuclides and compounds. For a minority, the haematopoietic marrow and adipocyte 
dose can differ markedly, and be at variance with the average dose to homogeneous red marrow. This 
dose variation can occur for short-range radiations and radionuclides of elements or compounds that have 
higher activities in either adipocytes e.g. radon (high gaseous solubility), carbon, or alternatively, higher 
activities in haematopoietic tissue, such as Pu (Leggett 1985) and the lean tissue seekers, potassium and 
polonium.  A representative dose for whole skeleton by short range irradiation of leukaemogenic and 
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bone cancer targets can be obtained by summing dose to these targets in various bones, weighted by a 
factor involving the trabecular or cortical bone’s cellularity (Richardson et al 1991), an indicator of 
proliferative capacity.  If this weighting process is applied to the proposed ICRP target, the cortical 
medullary endosteum, in essence, has virtually no influence on the radiation dose to the bone cancer 
target at any age.  

The former ICRP target, the 10 µm thin endosteum may be a questionable size for a target as a 
measure of radiation dose and risk, because of the non-targeted ‘bystander effect’ and genetic instability 
(Brooks 2004; Kadhim et al 2004). Cell-to-cell signalling regulates, in part, cell growth, differentiation 
and apoptosis.  It is conceivable, for example, that radiation has an influence on the niche cells that 
regulate stem cell fates by producing signaling molecules, the extracellular matrix, and cell adhesion 
molecules (Arai et al 2005).  Therefore the irradiation of the support cells (described earlier) of stem- or 
progenitor-cells may provoke long-range detrimental biological effects due to disruption of the support 
cell’s communication.   

Increasing the bone cancer target layer from 10 to 50 µm will affect the alpha particle dose to the 
target from activity located in trabecular bone or marrow (Richardson et al 2007). Nie and Richardson (In 
preparation) simulated this using the Monte Carlo transport code MCNPX (Los Alamos National 
Laboratory, NM). Significant changes in dose to the bone cancer target result depending on whether the 
radionuclide uptake was in bone surface, bone volume or marrow.  

This is due to the limited maximum range of alpha particles in soft tissue, e.g. 10 µm for 144Nd, 
1.8 MeV particles and 90 µm for 212Po, 8.8 MeV (Figures 1a, b). Alpha-particle activity was modeled as 
uniform sources in bone volume, bone surface and bone marrow. The ICRP’s decision to move to a 50 
µm marrow layer results in moderate increase in dose for alpha-emitters homogeneously deposited in 
marrow as the influence of the marrow cavity edge-effect in lowering the dose is diminished compared to 
the narrower endosteal target. The ratio of the 50 µm:10 µm target layer dose for 232Th, 226Ra, 224Ra, 239Pu 
(4.0, 4.8, 5.2, 5.7 MeV, respectively) in bone marrow is around 1.34 (Figure 1a).  

Conversely, homogeneous activity located in bone volume (Figure 1b), and particularly bone 
surface, gives rise to a major change in dose.  The ratio comparing peripheral marrow to endosteum dose 
from 226Ra, 224Ra and 239Pu in the bone surface is around 1 to 3.4, and 1 to 4.3 for 232Th. The theoretical 
lowest value of the 50 µm:10 µm dose ratio for activity in bone is close to 1/5th,  which is found for the 
radionuclides , e.g., 144Nd, whose alpha-particle range is the same as, or less than the width of the 
endosteum.  Therefore, the ICRP proposals will effectively result in lowering of the alpha-particle dose, 
which lessens the predicted induction of bone cancer (and conversely, increases the RBE more in line 
with ICRP recommendations) by bone-volume and bone-surface seeking alpha-emitters e.g., 226Ra, 224Ra 
and 239Pu, employing the 50-µm target over the 10 µm one. The same is true for the shorter-range beta-
emitters, such as 14C 49 keV with a mean range of 40 µm in water. Alpha-emitters deposited in marrow, 
e.g. Thorotrast, result in a relatively small increase in dose to the bone cancer target. Another advantage 
of the 50 µm target for alpha-emitters in bone (beyond increasing alpha-particle RBE) is that this is thick 
enough to capture most energy from a far wider range of alpha-particle energies leading to a greater 
conformity in their absorbed fractions.   

One possible means to better match leukemogenic target dose by alpha particles to the excess 
cancer risk is to apportion weight to dual targets, namely a) the 50 µm thick peripheral marrow, 
encompassing the endosteum and osteoblastic niche and b) the “central” marrow, containing most 
perivascular niches, constituting the bone marrow volume minus the peripheral marrow volume.  A 10 
µm thick endosteum takes up only about 4% of the trabecular cavity volume, however this rises to ~9% 
for a 50 µm thick layer (Table 1).  These values are derived assuming the dimensions and morphology of 
a “spherical” trabecular cavity, as evaluated by Richardson and Dubeau (2003).   Biasing the marrow 
region doses in the manner described has a greater influence on the leukemogenic radiation target dose of 
infants and children compared to adults, because the 50-µm thick peripheral marrow takes up about 38% 
of the trabecular cavity volume (Table 1).  

 
 
 
 

AECL-CW-121134-CONF-003



Radiation skeletal stem cell targets  16/07/2008 11   

1.0

1.1

1.2

1.3

1.4

0 2 4 6 8 10
Alpha particle energy (MeV)

(a)

D
os

e 
ra

tio
, 5

0µ
m

:1
0µ

m
Bone 
marrow

 
 

0.1

0.2

0.3

0.4

0.5

0.6

0 2 4 6 8 10
Alpha particle energy (Mev)

(b)

D
os

e 
ra

tio
, 5

0µ
m

:1
0µ

m

Bone 
surface

Bone 
volume

 
Figure 1a, b. Ratio of the dose to 50 µm peripheral marrow compared to 10 µm endosteal layer 

for selected alpha particles of low to high energies and range with homogeneous activity located in a) 
trabecular bone surface or bone volume and b) bone marrow. 
 

Fractional weighting of the peripheral and central marrow regions could be chosen based on the 
calculated leukemogenic target dose and risk and the corresponding excess leukaemias observed in 
epidemiological studies.  The proposed ICRP target of average dose to trabecular red bone marrow in 
effect weighs the peripheral and central marrow regions by a ratio of about 1:10.  However, taking 
account of the radioprotection of the hypoxic endosteum, the weighting could be modified to say, 1:20 
and 1:30 for adults exposed to high-and low-LET irradiation.  This places less emphasis on the dose to the 
peripheral marrow and for bone-seeking alpha-emitters, e.g., 226Ra, would lessen the overall dose to the 
leukemogenic target and go some way to explaining the virtual lack of excess leukaemias in radium 
studies (Spiers et al 1983; BEIR IV 1988). Modified weighting of dual non-overlapping, marrow targets 
does not greatly change the leukemogenic dose and risk assessment for homogeneous irradiation of whole 
marrow by external or internal sources, e.g., atomic bomb gamma rays or Thorotrast.  
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 The implied involvement of Paget’s disease in radiogenic bone cancer suggests that the initial 
induction of a benign lesion then its transformation to a malignant one.  Although, radiation induced 
cancer is generally considered to be a stochastic process, the initial induction of a noncancer lesion by 
irradiation could be a nonstochastic process with a threshold dose.  Studies of A-bomb survivors 
demonstrated a graded dose response for noncancers, e.g., heart disease, with a fairly clear indication of 
elevated risks in doses in excess of 0.5 Sv (Preston et al 2003).  Similar to radiation-induced cataracts, 
alpha particle irradiation of the skeleton appears to have had a deterministic effect by inducing premature 
aging of these patients bone, and probably the depletion of stem cells in marrow, increased mutations of 
the remainder stem cells and consequential aging.  The average age of female radium-dial painters at first 
exposure is just 20±5 years old (Rowland et al 1983).  It is not therefore unexpected for a deterministic 
followed by a stochastic health effect that the appearance times of the 226,228Ra-induced sarcomas are long, 
on average 27±14 years, and that latent period is shortened for higher doses.  At low doses, the aging 
effect is small and the induction effect might be greater than the human life span.  

Stem cells are found in many organs, and their niches, e.g., crypt of intestinal villi, may also 
provide hypoxic environments (Moore and Lemischka 2006). This protective effect and their morphology 
will have radical effects on the dosimetry, e.g., bulge stem cells sited on hair follicles located below the 
present ICRP target for skin, the basal layer. The ICRP’s original choice of radiation target for bone 
cancer was cells lining the periosteal and endosteal (including Haversian canals) bone surfaces (ICRP 11, 
1968).  The ICRP’s proposed peripheral marrow target is in the main based on the site of pre-existing and 
radiogenically induced lesions, but also incorporates the endosteal niche, home to quiescent stem cells 
and supporting cells. Firstly, observation is made here that the prevalence of radiation-induced bone 
cancers is associated with the frequency of Paget’s disease, and its extreme rarity in the Japanese could 
help explain the lack of excess bone cancer in atomic bomb survivors. Preleukaemic MDS found in 
Thorotrast patients, may also be evidence for radiation-associated progression in pathogenesis from non-
malignant to malignant form.   Secondly, it has been also noted that quiescent stem cells in bone marrow 
reside in hypoxic niches located in the endosteum layer and have a degree of radioprotection, around two 
to three fold. Thirdly, another substantial decrease in the predictor of bone and haematopoietic cancers 
from alpha-emitters in bone will result from the approximately three-fold decline in the mean dose (and 
conversely increase in RBE) to the 50 µm peripheral marrow layer, compared to the previous 10 µm thick 
endosteum. These two factors, hypoxic stem cell niche and extended bone cancer target, go a good way to 
rectifying the mismatch between past radiation dosimetry and epidemiological observations of a paucity 
of radiation-induced leukaemias and bone cancers in radium dial painters, Thorotrast patients and Mayak 
nuclear workers exposed to marrow- and bone-seeking alpha emitters.  There is still much unknown about 
the relationship of benign lesions and malignant tumours with stem cells, including cancer-stem cells, a 
better understanding of which will lead to improvements in radiation dosimetry and risk assessments.  
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