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ABSTRACT

Epidemiological surveys on man and results from animal experiments have

shown that two tissues associated with the skeleton are of primary concern with

respect to cancer induction by ionizing radiation. These are the cells on or

near endosteal surfaces of bone, from which osteosarcomas are thought to arise,

and hematopoietic bone marrow, which is associated with leukemia. The complex

geometry of the soft tissue-bone intermixture makes calculations of absorbed

dose to these target regions a difficult problem. In the case of photon or neu-

tron radiations, charged particle equilibrium may not exist in the vicinity of

soft tissue-bone mineral interface. In this paper a general study of tue

dosimetry of radionuclides within the skeleton is presented. Dosimetric data

consistent with the MIRD schema aad reflecting the physical and anatomical

parameters defining the energy deposition are tabulated for the relevant target

regions.

INTRODUCTION

Calculation of absorbed dose in the tissues of the skeleton is a complex

problem because charged particle equilibrium may not exist within the vicinity

of soft tissue-bone mineral interfaces. Treatment of this problem has been ham-

pered by difficulties in modeling the microscopic-intricate intermixture of soft

tissue and bone. Most estimates of absorbed dose in organs of the body from

photon radiation are based on transport calculations made for a mathematical

analogue of the body with a homogeneous representation of the skeleton (1-3).

While the homogeneous skeleton is adequate for transport considerations (i.e.,

appropriate scatter and absorption properties are assigned), the accompanying

assumption of charged particle (electronic) equilibrium is often not satisfied



in skeletal tissues. The transport of energy by secondary electrons must be

considsred in deriving realistic estimates of absorbed dose in soft tissues

close to bone mineral, in particular the active marrow.

This problem was first studied in 1949 by Spiers (4) and later by Spiers

and others (5-9) using simple geometrical models (e.g., thin slabs, cylinders,

and spherical cavities) to approximate the interface geometry. These studies

demonstrated that for photon energies less than about 200 keV, electronic

equilibrium does not exist and electrons liberated in mineral regions may con-

tribute significantly to the absorbed dose in soft-tissue regions of the skele-

ton. Snyder et al. encountered the intractable geometry of trabecular bone in

their Monte Carlo studies of photon transport and elected to formulate their

calculation of absorbed dose in marrow in a conservative manner (1). They par-

titioned the total energy deposition in the homogeneous skeleton among various

skeletal tissues, including active marrow, using skeletal mass fractions. The

potential tor an overestimate of absorbed dose in the active marrow was noted

(see pp. 20 of Ref. 1):

"... it is assumed that the marrow absorbs energy per gram as efficiently
as does bone. This assumption is not grossly wrong at energies of 200 keV
or core, but is increasingly inaccurate at energies below 100 keV. Thj
effect is to somewhat overestimate the dose to marrow and to somewhat
underestimate the dose to bone. This difficulty results from the failure
to find ways to program the intricate mixture of bone and marrow spaces in
a more realistic fashion."

The potential overestimate has been considered by Rosenstein (3), Kramer (10),

Ashton and Spiers (11), and Kerr (12), who indicate that for photon energies

less than 100 keV the error is 300% or more. Rosenstein and Kramer apply an

energy-dependent correction factor to values computed using the homogeneous

skeleton. The correction factor assumes electronic equilibrium (marrow is con-

sidered to be a small cavity in the homogeneous skeleton) and includes con-

sideration of the enhancement due to photoelectrons from bone, as indicated by

Spiers (13). No computational approach existed which formulated the absorbed

dose to the skeletal tissues at risk in terms of the relevant physical and ana-

tomical variables defining the energy deposition.

The problems in formulating the absorbed dose in the active marrow from

photon radiation are similar to those encountered in the dosimetry of beta

emitters incorporated in bone. For beta emitters Spiers and co-workers reduced

the intractable three dimensional geometry to one dimension through, use of meas-

ured distributions of chord-lengths in trabeculae and marrow cavities of trabec-

ular bone (14—16). Clearly this approach to the geometry can be applied to

secondary electrons liberated by photon interactions in the skeleton.



THE DISTRIBUTION OF CELLS AND TISSUES OF THE SKELETON AT RISK

The skeleton is a complex structure composed of bone, yellow or fatty mar-

row, red or active marrow, and assorted connective tissues. Throughout the dis-

cussion, "bone" refers to the .skeletal mineral and adjacent cells and fluid

remaining when the skeleton is stripped of its cartilage, periarticclar tissue,

and marrow. Bone can be divided into two categories, structural bone and meta-

bolic bone. "Structural" refers to th;? mechanical function of the skeleton,

while 'taetabolic" refers to the role the bone mineral plays in regulating the

extracellular calcium levels, particularly in blood plasma.

In the mature skeleton, two bone types are reasonably distinct in terms of

appearance as well as retention of bone seekers (17-19). Cortical bone is the

hard, compact bone found largely in the shafts of the long bones. Trabecular

bone, sometimes referred to as cancellous bone, is the soit, spongy bone com-

posed of a lattice-work of fragile appearance and located at the interior of the

flat bones and the ends of the long bones. In general, cortical and trabecular

bone may be distinguished in terms of their surface-to-volune ratios, which are

usually about 4 times larger for trabecular bone. Cortical bone constitutes

about four-fifths, or about 4 kg, of the skeletal mineral in the mature skeleton

while the remaining fifth or 1 kg is associated with trabecular bcne (17) . The

high surface-to-voliune ratio of trabecular bone arises from the interlacing

splinters of bone (trabeculae) which form cavities in which the active inarrow is

found. The dominant microscopic structure of cortical bone is the Haversian

system or osteon, which is a roughly cylindrical volume or canal containing

blood vessels, osteoblasts (bone-forming cells), and undifferentiated cells^

These canals are typically 50 microns in diameter (17) and, with their support-

ing channels, serve to supply nutrients to the interior of cortical bone.

There is now general agreement that two cell populations in the skeleton

are at risk, na;rely, the heiratopoietic stem cells of marrow and the osteogenic

cells of the skeleton, particularly those on the endosteal surfaces of bone

(18). Since blood cells are found in various stages of maturation within the

active marrow, this tissue is of primary concern as the target tissue with

respect to induction of leukemia. The osteogenic cells are the precursors of

osteoblasts, which are involved in the formation of new bone, and osteoclasts,

which sice Involved in the resorption of bone. Thus, osteogenic cells constitute

the target tissue of concern with respect to induction cf bone cancer. Commit-

tee 2 of the ICRP (20) has assumed that the hematopoietic stem cells are uni-

formly distributed within the marrow space of trabecular bone, and the dose

equivalent in these cells is taken as the average dose equivalent in the marrow



space. For the osteogenic cells, the Committee now recommends that the dose

equivalent be calculated as an average over endosteal tissues up to a distance

of 10 Jim from bone surfaces (20). Since cortical and trabecular bone contribute

about equally to the skeletal surface area, half of the endosteal tissues are

assumed to be associated with trabecular bone and half with cortical bone (17).

The dose to the osteogenic cells is usually referred to as the bone surface

dose, but this is a misnomer since the dose calculation is actually made for the

mass of soft-tissue within 10 urn of the interface between bone and soft tissue,

rather than for just the bone surface.

ABSORBED FRACTION DATA FOR ELECTRONS IN TRABECULAR BONE

Because the structure of trabecular bone cannot be described in simple

geometrical terms, Spiers (13,21-22) introduced a method of calculating the

energy deposition in which the geometries of the trabeculae and marrow cavities

are represented by the distributions of chord-lengths across them. The chord-

length distributions for trabeculae and marrow cavities were obtained by opti-

cally scanning the trabeculation under conditions of ^-randomness (the different

types of randomness are discussed in a paper by Eckerman et al» in this proceed-

ings). If the track of a particle through each trabecula and cavity is assumed

to be straight, then the total track in trabeculation can be approximated by

alternating chord-lengths in trabeculae and cavities selected randomly from the

measured distributions.

DISTRIBUTION^ CHORD-LENGTHS

Measurements of the chord-length distributions in trabecular bone for up to

nine bones in several species (15, 16, 23) have been reported by the Bone

Dosimetry Research Unit, University of Leeds, UK, under the direction of Profes-

sor Spiers. Mean chord- and ray-lengths for the trabeculae and marrow cavities

of several trabecular bones of the skeleton of man are summarized in Table 1.

The chord distributions for the lumbar vertebra and the parietal bone are shown

in Fig. 1. Note that the parietal bone of the adult skeleton appears to be dis-

tinct from other trabecular bones as suggested by ratios of mean chord-lengths

given in Table 1.

The chord distributions were measured under ^.-randomness and thus

correspond to the pathlength of radiation incident on the regions in an isotro-

pic manner. For particles orginating with the marrow space and the trabeculae

the relevant randomness is I-randomness. It has been shown that the distribu-

tions for u- and I-randomness are related, in general, as (24):



Table 1. Mean chord- and ray-lengths (|im) for trabeculae and marrow cavities in
various bones of nan

Bones

44-year-old male

Parietal

Cerival vertebra

Lumbar vertebra

Rib

Iliac crest

Femur head

Femur neck

9-year-old child

Parietal

Cerival vertebra

Lumbar vertebra

Rib

Iliac crest

Femur head ^ neck

20-month-old child

Parietal bone

Lumbar vertebra

Rib

Iliac crest

Femur

<t>

511

279

247

265

242

232

314

539

162

168

231

180

249

566

188

191

181

197

Trabeculae8

V
M M

0.570

0.719

1.11

1.49

0.675

0.665

0.914

1.21

1.04

1.22

1.43

0.S65

<t>:
l

401

240

260

330

203

193

J01

625

192

212

206

184

Marro

<I>
u

389

910

1228

1706

904

1157

1655

306

906

857

1123

744

616

255

736

559

575

789

w Cavities

V
M

0.784

0.894

1.12

1.09

0.647

0.901

0.905

2.90

0.987

1.04

0.873

1.10

<l>i

347

861

1299

1786

745

1099

1576

500

731

569

539

830

Ratio of mean
chord lengths

<t> :<1>

1.31

0.307

0.201

0.155

0.268

0.200

0.190

0.272

0.179

0.196

0.204

0.242

0.404

2.22

0.255

0.342

0.315

0.250

a)

b)

c)

Notation: (<t> ,V ) and (<1> ,V ) denote the mean and the fractional variance
MM MM

under u—randomness for the trabeculae and marrow cavities, respectively. <t>.

and <1>. denote the mean ray-length for trabeculae and cavities, respectively.

Lengths are in units of Mm-

Values were computed from the chord-length distributions of Ret. 23.

See Ref. 15.
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Figure 1. Illustration of measured chord-length distributions for u-

randomness in the trabeeulae (left) and marrow cavities (right) of the

lumbar vertebra and parietal bone from a 44-year-old male.



Vx) ' (1)

where

f (x) and f (x) denote the probability density functions for chord-lengths

under I- and u-randomness, respectively,

<x> denotes the mean value of the f (x) distribution.

Eq. 1 refers to the full chord; however, we are interested in "half" chords or

rays formed dy particles originating inside the convex body. A chord of length

x, selected from fT(x), Trill give rise to rays whose lengths are uniformly dis-

tributed bet-ween 0 and x, i.e., any point on the chord could serve to define the

ray. Thus the chord distribution under u-randomness and Eq. 1 allows selection

of the path-lengths needed to simulate the path of particles within trabecular

bone.

CO.MPUTATIQNAL METHOD FOR ESTIMATING ABSORBED FRACTIONS

Tie absorbed fraction in target region r, of radiation energy emitted

within source region r, is defined as the energy imparted to r, divided by the

total energy emitted in r, . Thus 9"(r, 4-r, ) embodies the transport of the radi-
ii Jt ii

at ion under consideration as well as the geometric relationship of the source

and target regions. The absorbed fraction data presented here are for nonoener-

getic electrons emitted uniformly (by mass) and isotropically within the tra-

beculae and cavities of trabecular bone. The target regions of interest are the

red (active) marrow, for which we average the energy deposition over the marrow

cavities, and the endosteal tissues within 10 um of the surfaces of bone.

The representation of a typical path of an electron of energy E and range

in narrow R ^ are illustrated in Fig. 2. By use of chord-length distributions

the three-dimensional geometry has been reduced to one dimension. Furthermore,

the two media considered in the problem (bone and marrow) can be reduced to a

single median as the ratio of the range of electrons in marrow, R_,. to that of

bone, R _ is nearly constant over electron energies of interest here, that is,

For irradiation of the active marrow by electrons orginating within trabeculae,

Monte Carlo sampling is used to select a chord-length, t, from the probability

density function. fT<t), for the bone under consideration. A ray-length, t', is
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Figure 2. Illustration of typical tracks for electrons originating in

trabecular bone (bottom) and marrow cavities (top).



then determined as t' = £ t» where 4 is a random number uniform on the region 0

<'5 <1- The electron is tracked as it alternately passes through marrow cavi-

ties along lengths 1.., 1-, ..., and trabeculae along chords t., t., ....

selected by Monte Carlo sampling of the probability density functions f (1) and

f (t), respectively. The electron is tracked until

1.75(t' + t± + t2 + ...) + (^ + 12 + ...) 2 ^ , (3)

i.e., all of its energy has been deposited. The energy deposition in trabeculae

(t's) and marrow cavities (1's) is calculated as the difference between the

energy on entering and leaving a trabecula or cavity, in each case being deter-

mined from the residual range of the electron at that point in its track. The

range-energy relationship was taken from Berger (25). By tracking a large

number of electrons in this manner the absorbed fraction, ?(RM<-TB), is

obtained by dividing the total energy deposited in marrow cavities by the total

energy of electrons simulated.

For electrons emitted within marrow cavities, the calculations proceed as

above with selection of a chord-length from the probability density function

fT(l) and determination of a ray-length 1' as noted above. The electron is

tracked until

(I1 + 11 + 12 + ...) +

The energy deposition in trabeculae and marrow cavities and the absorbed frac-

tion, ? (RM <- RM) , are determined as discussed above. Typically ten to seventy

thousand electrons were tracked in each of the calculations of the absorbed

fraction. The statistical errors in the Monte Carlo calculations were less than

1% in each case.

The absorbed fraction data for the parietal bone and lumbar vertebra of the

skeleton of a 44-year old male are shown in Fig. 3. At low electron energies,

9"{RM*-TB) approaches zero and 9"(RM<-RM) approaches unity. This limiting

behavior reflects the fact that at low energy the range of electrons is small

relative to the mean ray-lengths, <t>. and <1>., and thus the energy is locally

deposited. At high energies, ?(RM<-RM) = <? (RM <— TB) and the behavior is

described as

lim «?(RM«-TB) = ?(RM<-RM) =

i.e., the absorbed fraction is simply the fractional track length in the
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row, 0(RMf-RM), of lumbar vertebra and parietal bone from the skeleton

of a 44-year-old male.



maxrcw cavities. The equality of the absorbed fractions at high energy arises

as electrons traverse multiple trabeculae and cavities, thus establishing an

energy deposition pattern which is largely independent of the electron's origin.

The complete results of the calculations for the parietal bone of the skull

and the lumbar vertebra are given in Tables 2 and 3 for a 44-year old male and a

20-month old child, respectively. Although rather sharp distinctions are evi-

dent in the absorbed fraction data between the parietal bone and lumbar vertebra

of either the child or the adult, the distinction with age is less pronounced.

Further tabulation of the age dependence of various parameters characterizing

the skeleton is given in Table 4.

ABSORBED DOSE PER UNIT PHOTON FLUENCE

In the anthropomorphic phantom the skeleton is represented as a uniform

mixture of its component tissues, namely, cortical bone, trabecular bone, fatty

marrow, active (hematopoietic) marrow, and osteogenic cells adjacent to the sur-

faces of both cortical and trabecular bone ("bone surface"). To estimate the

energy deposition in these regions by photons, one must consider the energy

transport by secondary electrons arising froa photon interactions within the

regions and from electrons entering the regions from skeletal components in the

immediate vicinity of the target, e.g., bone adjacent to the target.

Consider the trabeculation of a bone experiencing a fluence, 'f"(E) , of pho-

tons of energy E. Let m(TB), m(RJI), and m(BS) denote the mass of bone {trabecu-

lae), marrow, and endosteal tissue adjacent to the surface of the trabeculation.

If we index the type of interaction by i and the region in which it occurred by

r, r = TB or RSI, then the absorbed dose in active marrow, D(RM), and in the

endosteal tissue, D(BS), per unit fluence can be expressed as

Ti d Ti

where

0 (RM ̂ — r,T.) is the absorbed fraction in RM from r for electrons of energy

r, i = x, a, and k, denotes the mass attenuation coefficients in

medium r for the photoelectric, Compton, and pair-production interactions,

respectively.



Table 2. Absorbed fraction, t>, in active marrow, RM, and bone surface* BS,
from a uniformly distributed source of monocnergetic electrons in trabcculae. TB,

and marrow of the parietal bone and lumbar vertebra of a 44-year-old male.

Electron

energy -

(MeV)

0.010

0.015

0.020

0.030

0.040

0.050

0.060

0.080

0.10
0.15
0.20
0.30
0.40 -•*

~a.so
0.60

0.80

1.0

2 . 0

3 . 0

4 . 0

0(RMf-TB)

1.95(-3)

3.29(-3)

5.77(-3)

1.23(-2)

1.98(-2)

2.94(-2)

4.03(-2)

6.34(-2)

8.80(-2)

1.53(-1)

1.99(-1)

2.58(-l)

2.7K-1)

2.76(-l)

2.82(-l)

2.88(-l)

2.93(-l)

2.97(-l)

3.00(-l)

3.0K-1)

Parietal

j»(RM«~RM) |

0.994

0.990

0.983

0.969

0.950

0.927

0.901

0.854

0.794

0.654

0.538

0.415

0.376

0.358

0.346

0.335

0.327

0.317

0.311

0.308

bone

ft(BSf-RM)

1.05(-l)

9.67(-2)

9.1K-2)

7.88(-2)

6.97(-2)

6.55(-2)

6.10(-2)

5.28(-2)

5.09(-2)

4.52(-2)

4.08(-2)

3.87(-2)

3.60(-2)

3.50(-2)

3.35(-2)

3.37(-2)

3.30(-2)

3.19(-2)

3.18(-2)

3.15(-2)

1

3

5

1

1

1

2

2

2

2

2

2

2

3

3

3

3

3

3

3

BSf-Tli)

.95(-3)

.29(-3)

.77(-3)

.14(-2)

.54(-2)

.85(-2)

.04(-2)

.18(-2)

.37(-2)

.65(-2)

.84(-2)

.98(-2)

.96<-2)

•00(-2)

.05(-2)

.09(-2)

.09(-2)

.1K-2)

.1K-2)

• 1K-2)

3.94C-3)

7.8K-3)

1.29(-2)

2.59(-2)

4.34(-2)

6.26(-2)

8.25(-2)

1.3K-1)

1.83(-1)

3.12(-1)

^..4.17(-1)

^5.47(-l)

5.97(-l)

6.25(-l)

6.48(-l)

6.74(-l)

6.90(-l)

7.17(-1)

7.22(-l)

7.27(-l)

Lumbar

|»(RM«-RM)

0.999

0.997

0.996

0.991

0.985

0.979

0.971

0.953

0.935

0.888

0.848

0.808

0.793

0.779

0.767

0.765

0.757

0.747

0.747

0.744

Vertebra

0(BS<-RM)

3.87(-2)

3.77(-2)

3.5K-2)

3.06(-2)

2.82(-2)

2.75(-2)

2.68(-2)

2.5K-2)

2.58(-2)

2.82(-2)

2.78(-2)

2.84(-2)

2.90(-2)

2.86(-2)

2.85 (-2)

2.87(-2)

2.88(-2)

2.94(-2)

2.90(-2)

2.88(-2)

0<BS«-TB)

2.94(-3)

6.56(-3)

1.17(-2)

2.08(-2)

2.90(-2)

3.32(-2)

3.56(-2)

3.9K-2)

4.24(-2)

4.24(-2)

3.87(-2)

3.44(-2)

3.23(-2)

3.32(-2)

3.30(-2)

3.32(-2)

3.23(-2)

3.26(-2)

3.23(-2)

3.22(-2)



Table 3. Absorbed fraction, P, in active marrow, RM, and in bone surface, BS,
from a uniformly distributed source of monoenurgetic electrons in the trabeculae, TB,
and marrow space of the parietal bone and lumbar vertebra of a 20-month old child.

Electron

energy

(HeV)

0.01

0.015

0.02

0.03

0.04

0.05

0.06

0.08

0.10

0.15

0.20

0.30

0.40

0.50

0.60

0.80

1.0

2 .0

3 . 0

4 .0

*(RM<-TB)

1.62(-3)

3.44(-3)

6.09(-3)

1.24(-2)

1.9K-2)

2.80(-2)

3.46(-2)

5.12(~2)

7.09(-2)

0.106

0.130

0.154

0.168

0.176

0.179

0.181

0.188

0.196

0,199

0.201

Parie ta l

*(RM<-RM) 1

0.990

0.981

0.969

0.947

0,920

0.889

0.858

0.789

0.724

0.591

0.501

0.401

0.354

0.328

0.308

0.283

0.267

0.238

0.224

0.221

Bone

)»<BS<-TB>

1.62(-3)

3.44(-3)

6.09(-3)

1.14(-2)

1.47(-2)

1.74(-2)

1.79(-2)

2.00(-2)

2.28(-2)

2.44(-2)

2.6K-2)

2.67(-2)

2.79(-2)

2.80(-2)

2.75(-2)

2.79C-2)

2.80(-2)

2.82(-2)

2.82(-2)

2.82(-2)

PI

1

1

1

1

9

7

6

6

5

4

4

3

3

3

3

3

3

2

2

BS <- RM)

.40(-l)

.33(-l)

.21(-1)

•Ol(-l)

.04(-2)

.98(-2)

.97(-2)

.28(-2)

.73(-2)

.67(-2)

.2K-2)

.76(-2)

.49(-2)

.34(-2)

.26C-2)

.18(-2)

.09(-2)

.96(-2)

.92(-2)

.89(-2)

PO

4

9

1

3

5

8

1

1

2

3

4

5

5

6

6

6

6

6

6

6

RM<-TB>

.66(-3)

.90(-3)

.65(-2)

.39(-2)

.67(-2)

.01(-2)

.12(-1)

.74(-l)

.34(-l)

.74(-D

.70(-l)

,58(-l)

.94(-l)

.26{-l)

.38(-l)

.5M-1)

.62(-l)

.78(-l)

.8K-1)

.84(-l)

Lumbar

*(RM<-RM)

0.997

0.995

0.992

0.984

0.973

0.962

0.949

0.922

0.892

0.829

0.786

0.750

0.730

0.722

0.718

0.706

0.708

0.C98

0.696

0.696

Vertebra

*>(BS<-TB)

4.66(-3)

9.90(~3)

1.65(-2)

3.16(-2)

4.24(-2)

4.83(-2)

5.37(-2)

5.83(-2)

5.68(-2)

5.30(-2)

4.78(-2)

4.37(-2)

4.20(-2)

4.16(-2)

4.12(-2)

4.09(-2)

4.18(-2)

4.12(-2)

4.12<-2)

4.09(-2)

jKBSf-BM)

5.99(-2)

5.68(-2)

5.26(-2)

4.62(-2)

4.19(-2)

3.94(-2)

3.75(-2)

3.49(-2)

3.52(-2)

3.65(-2)

3.95(-2)

4.1K-2)

4.23(-2)

4.25(-2)

4.1K-2)

4.12(-2)

4.19(-2)

4.l3(-2)

4.13(-2)

4.10(-2)



Table 4. Summary of descriptive parameters for the skeleton of man.

Be scriotive
MJ W v v ^ ^^r v ̂  V w

Parameter

Skeleton1

Volume (cm3)
Mass (kg)
Density (g/cm3)

Bone mineral
Calcium2 (g)
Mass* (kg)
Fraction-*

Active Marrow
Mass (kg)
Fraction4

Inactive Marrow
?5ass Cig)
Fraction-1

Other tissues5

Massikg)
Fraction4

Trabecular bone*
Mass (kg)
Fraction4

S/V7 (cn-/cn3)

Cortical bone5

Mass (kg)
Fraction4

Surface Area (mz)
Trabecular
Cortical
Total

0

288
0.
1.

28
0.
0.

0.
0.

-
-

0.
0.

0.
0.
-

-
-

1
-
1

,351
22

t
140
399

047
134

164
467

140
176

.5

.5

1

813
1.138
1.40

99.8
0.499
0.438

0.150
0.132

0.020
0.018

0.469
0.412

0.200
0.438
220

0.299
0.263

2.2
0.45
2.6

Age

5

1935
2.709
1.40

219
1.095
0.404

0.320
0.118

0.140
0.052

1.154
0.426

0.219
0.081
-

0.875
0.323

2.4
1.3
3.7

(yr)

10

3309
4.633
1.40

396
1.980
0.427

0.610
0.132

0.590
0.127

1.453
0.314

0.396
0.085
225

1.584
0.342

4.4
2.4
6.8

15

5466
7.652
1.40

806
4.C30
0.527

1.050
0.137

1.550
0.203

1.022
0.133

0.806
0.105
-

3.224
0.421

7.7
4.8
12

Adult

7155
10.0
1.40

1000
5.000
0.500

1.120
0.112

2.380
0.238

1.5
0.150

1.000
0.100
190

4.000
0.400

6.0
6.0
12

1 See Ref. 26.
•» See Ref. 27.
* Computed assuming 0.2 g-Ca per g bone mineral.
4 Mass fraction in the skeleton.
* Difference between skeletal mass and identified tissues.
* All bone is trabecular at birth; 40% at one year, 20% thereafter.
7 Surface to volume ratio, see Ref. 15.
* Based on trabecular bone mass and S/V ratio of 220 through age 10.
190 at age 15, and 120 for the adult.

* The adult S/V ratio for cortical bone was applied to all ages.



n (T-)dT. denotes the number of electrons of energy between T^ and T^ + dT

liberated in region r per interaction i.

The mass ratios which appear in the equation can be related to the mean chord

lengths of the trabeculae, <t>, and marrow space, <1>. as measured by scanning

the trabeculation in an isotropic manner. The ratios expressed in terms of the

measured chord-lengths are

m(TB) =

m(RM)

m(TB) =

m(BS) PJJJJ 4 d

m(RM) = O 2 (in)
m(ES) 4 d

where p and pnl( denote the density of bone and marrow and d is the distance

over which the endosteal tissue is averaged, i.e., in ICRP Publication 30 (20) a

value of 10 um is considered appropriate.

) Soft-tissue adjacent to surfaces of trabecular bone represent about one

.'half the total endosteal tissue of the skeleton. The remaining tissue is asso-

jciated with the surfaces of cortical bone where it is contained within small

cavities (largely the Haversian canals of about 50 urn diameter) within the bons

matrix (17). The dose-response function for this component of the endosteal

tissue is computed as

where S(T.) denotes the ratio of the mass stopping power for soft tissue to that

of bone at energy T.. The total dose to endosteal tissues is the average of

that indicated by Eqs. 7 and 11 since trabecular and cortical bone contribute

about equally to the total endosteal tissue mass in the skeleton.

A complete set of dose response functions for the skeleton is given in

Table 5 and those for the active marrow are shown in Fig. 4. These data can be

applied to photon fluence estimates derived from Monte Carlo transport calcula-

tions in mathematical analogues of the body (1,26) to estimate absorbed dose.

Variations with incident photon energy in the ratio of absorbed dose in active

marrow to the equilibrium dose (kerma) in soft-tissue are indicated in Fig. 5.

These ratios are maximal at photon energies in the region of SO to 60 keV and

are higher for the thick trabeculae and small marrow cavities nt the parietal

bone than fox the thinner trabeculae-larger marrow cavities of other bones. The



Table 5. Absorbed dose in active marrow, D(RM), and in bone surface,
D(BS), per unit fluence, "HE), of monoenergetic photons in the skeleton.

Photon

energy

(MeV)

0.010

0.015

0.020

0.030

0.040

0.050

0.060

0.080

0.10

0,15

0.20

0.30

0.40

0.50

0.60

0.80

1.0

1.5

2.0

3.0

4.0

5.0

6.0

8.0

10.0

6

2

1

7

5

4

3

4

4

7

9

1

2

3

4

5

7

8

1

1

1

1

2,

2

Parietal

D(RM)

.30C-16)

.7K-16)

.5J(-16)

.49(-17)

.04(-17)

.18C-17)

.93(-17)

.15(-17)

.79(-17)

.16(-17)

.88(-17)

.57(-16)

.15(-16)

.72(-16)

.2S(-16)

.28(-16)

.19(-16)

.13(-16)

•79(-16)

.17(-15)

.43(-15)

•69(-15)

.94(-15)

.46(-15)

.99(-15)

8

4

2

2

1

1

S

6

6

7

1

1

2

2

3

4

5

7

8

1

1

1

1,

2,

2,

D(RM

Bone

D(BS)

•47(-16)

.17(-16)

.98(-16)

•00(-16)

•42(-16)

.09(-16)

•75(-17)

.6K-17)

.321-17)

•96(-17)

.05(-16)

•65(-16)

.26(-16)

.85(-16)

.38(-16)

.37(-16)

•29(-16)

.23(-16)

.89(-16)

.18(-15)

.44(-15)

.70(-15)

,95(-15)

.46(-15)

.99(-15)

or

6

2

1

6

4

3

3

3

4

6

9

1

2

2

3

4

5

6

8

1

1

1

1,

2,

2,

BS)/+(E)

Lumber

D(RJI)

.14(-16)

.6K-16)

•43(-16)

.44(-17)

.1K-17)

.3K-17)

• 1K-17)

.45(-17)

.22(-17)

.74(-17)

.57(-17)

.54(-16)

.10(-16)

.66(-16)

.19(-16)

.15(-16)

.03(-16)

.9K-16)

.50(-16)

.12(-15)

.37(-15)

.59(-15)

.82(-15)

.26C-15)

.70(-15)

' per photon/m2

Vertebra

9

4

3

2

1

1

8

7

6

8
•«

1

2

3,

3,

5,

6.

8.

1.

1.

1.

1.

2.

2.

3.

D(BS)

•43(-16)

.98(-16)

.39(-16)

.12(-16)

.5K-16)

.10(-16)

.69(-17)

.03(-17)

.76(-17)

.90(-17)

.22(-16)

,98(-16)

.65(-16)

.30(-16)

.94(-16)

.09(-16)

.12(-16)

,37(-16)

,03(-15)

,36(-15)

,65(-15)

93(-15)

20(-15)

74(-15)

28(-15)

Cortical

5

2

1

6

3

2

1

1

8

8

1

1

2

2

3,

4.

5.

7.

8.

1.

1.

1.

1.

2.

3.

D(BS)

.32(-15)

.45(-15)

.39(-15)

.1K-16)

.41(-16)

.20(-16)

.57(-16)

.03(-16)

.5K-17)

.S0(-17)

.10(-16)

.67(-16)

.24(-16)

.80(-16)

.34(-16)

,33(-16)

,22(-16)

,09(-16)

.69(-16)

,15(-15)

,42(-15)

68(-15)

94(-15)

47(-15)

03(-15)

3

1

8

4

2

1

1

8

7

8

1

1

2

3

3

4

5

7

9,

1,

1.

1.

2.

2.

3.

Totala

D(BS)

.13(-15)

.47(-15)

.65(-16)

•12(-16)

.46(-16)

.65(-16)

.22(-16)

.67(-17)

•64(-17)

.85(-17)

.16(-16)

.83(-16)

•45(-16)

•05(-16)

.64(-16)

.7K-16)

.67(-16)

.73(-16)

.49(-16)

.26(-15)

.54(-15)

.8K-15)

.07(-15)

6K-15)

16(-15)

1 Total represents the bone surface response of the skeleton and is
computed as the average of the lumbar vertebra and cortical responses.
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ratios at low energy conform to the general features indicated by Spiers (13).

However, the parietal bone exhibits a substantially higher enhancement of the

marrow dose than other trabecular bones. This enhancement should be considered

in deriving skeletal average values for the diagnostic x-ray region. Enhance-

ment of dose in the high energy (pair production) region is also indicated in

our calculations. Enhancement is small, about 5%, for mo>t trabecuiar sites but

approaches 20% for the parietal bone. Considering the highly stylized analogue

of the skeleton used in photon transport calculations, we recommend that the

skull be treated as a separate bone region and data for the parietal bone in

Table 5 be applied to estimate marrow dose. The lumbar vertebra appears to be
i
representative of other trabecular sites. j/Y.

DISCUSSION

Data on microstructure of trabecular bone has been used to estimate

absorbed fractions for electrons in trabecular bone using a formulation similar

to that set forth by Spiers (13). Absorbed fraction estimates are developed for

electrons arising within the trabeculae or the marrow cavity itself. These data

jwere applied to the secondary electrons arising from photon interactions within
I

I the skeleton in deriving dose-response functions which reflect the microstruc—

ture of trabecular bone. These functions overcome one of the well known limita-

tions in current dosimetric formulations. \ .",
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