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NEUTRON AND PHOTON FLUENCE-TO-DOSE
CONVERSION FACTORS FOR ACTIVE
MARROW OF THE SKELETON

George D, Kerr and Keith F. Eckerman
Dak Ridge National Laboratory

Calculation of absorbed dose in aclive marrow is a complex problem because charge-
particle equilibrium may not exist near a soft-tissue/bone interface, and it is difficult to model
the intricate intermixture of soft tissue and bone in the skeleton.!=® In previous calculations
for neutrons and photons, specific geometrical models were used for the marrow cavilies
{e.g., thin slabs, cylinders, and spheres). These studies indicate clearly that the presence of
bone alters the absorbed dose in aclive marrow from photons with energies below several
hundred keV and neotrons with energics of several MeV or more, but the results cannot
be applied generally. This study provides the first definitive calculations for a variety of
active marrow sites in the skeleton and a wide range of neutron and photon energies. We
avoid the assumption of a special geometry by using measured chord-length distributions 1o
represent the microstructure of the trabecular bones conlaining the active marrow.” ' The
results of our calculations for neutrons and photons with energies up to 20 MeV are presented
as fluence-lo-dose conversion factors, for application in radiation transport calculations of
absorbed dose in active marrow from photons and neutrons externally incident on the body,
and photons produced by neutron interactions within the body.

Geometrical Probability

Concepts of geometrical probability dealing with distributions of chord lengths in convex
bodies have found wide application in such diverse fields as radiation dosimetry, image
analysis, reactor design, ecology, and acoustics.!*=1® There are many ways in which the
randomness of chords in a convex body may arise; however, only two are of interest herg! %14

Mean free path randomness (or g-randomness) results if a series of random points is
selected uniformly outside a convex body and each point is an isotropic source of straight
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lines.

Interior radiator randomness (or I-randomness) results if a series of random points is
selected uniformly inside the convex body and each point is an isotropic source of
straight lines.

The probability density functions of chord lengths, f(x), for u- and I-randomness in a convex
body are related as;14.1%

fi(z) = zfu(z)/ <z >, (1)

where <x> denotes the mean value of a probability density function. The mean value for
p-randomness is related 1o the volume, V, and surface area, A, of a convex body by Cauchy’s
theorem:**

<z >,=4V/A (2)

We are dealing with p-randomness when charged particles originate outside a convex
body (c.g., a marrow cavity). If the charged particles originate inside the convex body,
then I-randomness is applicable. The probability density function for I-randomness given in
Equation 1 refers to a full chord, while the path length of a charged particle originating in
a convex body is only a scgment of the [ull chord. A full chord gives rise (o a uniform
distribution of path lengths, x, and the distribution of chord lengths for I-randomenss inside
the convex body gives rise to a probability density function of path lengths, f;(x), which we
denote as i-randomness. The function f;(x), given a distribution of i chord lengths, [;(x), is

fila) = f " filz | 8) fil=)ds @)

where the conditional probability density function for a path length x, given a chord length
5, 18 i

filz|s)=s"10<z<s ()
By use of Equations 1, 3, and 4, we oblain
.f-"[fl = Il = F:u [IHJ"' < T = (3)

where F (x) is the cumulative probability density function:

Fa) = [ " fule))ds ©

As an example, the chord-length distribution for p-randomness in a spherical cavily of
diameter d is simple and well-known:15:17

falz) = 22/d*, < & >,=2d/3 (7)

310




FLUENCE-TO-DOSE CONVERSION FACTORS — ACTIVE MARROW

i i 3=
T2 T2 T 2
L= =y =g
0 . 0 :
o8 Lo 085 1.0 o3 4D
X, Em X,cm ¥.cm
{al bl fe)

Figure 1. Distributions of chord lengths for (o) g-randomness and (B) F-random-
ness, and (el path lengths for irandomness in a sphere with o diameter of
one centimeter

By use of Equations 1 and 5 to 7, we obtain the following distributions for [-randomness of
the chord lengths and i-randomness of the path lengths:

fi(z) = 3z%/d®, fi(z) = 3[1 — (=/d)?]/2d (8)

These various distributions are illustrated in Figure 1 for a sphere with a diameter of 1cm,
Suppose we need a path length from the distribution for i-randomness and know only the
chord-length distribution for p-randomness in a convex body. The [irst step would be to
obtain the chord-length distribution for I-randomness using Equation 1, and by appropriate
Monte Carlo sampling, we would select a full chord, and then a segment of the full chord
using Equation 4, Hence, we can oblain the path lengths for charged particles originating
uniformly and isotropically in a convex body given only the distribution for g-randomness
of the chord lengths.

Absorbed Fractions for Active Marrow

Consider a region of the body which absorbs energy from radiation emitted in another
region. The effects of geometry and intervening materials on radiation transport between the
two regions are embodied in calculations of the absorbed fractions, ¢, defined as;!5.19

energy absorbed in target volume o
energy emitied in source region r

v +—r) = (%)
We are interested in the active (red) marrow which is considered to be the critical tissue [or
induction of leukemia.®® Thus, our absorbed-fraction data are developed with active marrow
{or red marrow, RM) as the target volume, and the trabecular bone and active marrow (TB
and RM) as source regions of monognergetic charged particles (see Figure 2). The portion
of a charged particle track crossing any marrow cavity or bone trabecula is represented
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Figure 2. [lustration of typical tracks for charged particles originating in
trabecitlar bone {top) and marrow cavities [hottom)
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Figure 3. Mustratfon of measured chord-length distributions for p-randomness
in the bone trabeculae [left) and marrow eavities (right) of the lumbar vertehra
ard partenial bone from a 44-year-old male

by a straight line, and the absorbed fraction is calculated wsing chord-length distributions
obtained from measurements which satisfy the conditions for y-randomness (Figure 3). Such
measurements for sets of up to nine bones in several species have been reported and applied
by Spicrs and coworkers in the dosimetry of beta-particle emitters fixed in bone.”~'? By use
of chord-length distributions, the three-dimensional geometry of the calculations is reduced
10 on¢ dimension. The heterogencous two-media nature of the problem is also reduced Lo
a single medium by use of the "relative linear stopping power,” S, defined as a ratio of the
thickness of a reference material to another material for equal energy loss. 2t We use relative
linear stopping power (active marrow to trabecular bone) to convert the track length in bone
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trabeculac to equivalent track lengths in active marrow, and then use range-versus-cncrgy
relauonships for active marmow (0 follow the energy deposition of the charged particle. The
range-versus-cnergy relationships for electrons and heavier charged particles are taken from
Berger? and Armstrong and Chandler,®® respectively.

For charged particles emitted in the trabecular bone (Figure 2), we start by Monte Carlo
selection of a chord length, t, from the distribution for I-randomness in the bone under
consideration. A path length, t', is then determined as ' = £t, where £ is a random number
such that 0 < £ < 1. Tracking of the charged particle is continued by alternate Monte Carlo
selection of chord lengths from the distributions for g-randomness in the marrow cavities, ¢,
and bone trabeculag, t. A charged particle with initial kinetic energy T and range in active
marrow R is tracked until

St +ty+ta+ .. +er +ea+ea+..] = R(T) (10

The energy deposited in the marrow cavities (¢) and trabeculae (1) is calculated as the differ-
ence between the residual kinetic energy of the charged particle upon  entering
and leaving a trabecula or cavily. By tracking a large number of charged particles and
calculating their total energy deposition in active marrow, we oblain the absorbed fraction
$(RM + TB).

For charged particles emitted in the marrow cavities (Figure 2), we start by sclecling a
chord length, ¢, Irom the distribution for I-randomness in the marrow cavities, and then a
path length ¢' as discussed above. The tracking of the charged particle continues until

[{:r+E1+C-2+...]+S[El+-tg+t3+u.]:_’R{T] E]l}

The absorbed fraction ¢(RM +— RM) for self-irradiation of the active marrow is determined
also as disucssed above. Typically, 10,000 to 70,000 charged particles were tracked to obtain
[ractional standard deviations of less than a few percent in cach Monte Carlo calculation of
the two absorbed fractions. '

We have developed absorbed-fraction data for seven bone regions of the skeleton from a
44-year-old male: parietal bone, lumbar vertebra, cervial vertebra, iliac crest, rib, and both
the head and neck of the femur.** The lumbar vertebra appears, however, (o be representative
of all marrow sites except those in parietal bone of the skull, Results of our calculations for
monoenergetic electrons and protons emitted uniformly in parietal bone and lumbar vertebra
arc shown in Figurcs 4 and 5. Note that ¢{RM «— TB) approaches zero and ¢(RM «— RM)
approaches one at very low electron and proton energies. This limiting behavior oceurs
because the ranges of the electrons and protons are small relative to the mean path lengths,
<t'>; and <c'>;, and their energy is deposited locally. At very high clectron and i proton
energies, we find that

< ¢y
<c>u+S<t>,

¢(RM «— TB) = ¢(RM — RM) = (12)

or the absorbed fractions are equal to the fractional track length in the marrow cavities,
Electrons and protons with high encrgics traverse numerous bone trabeculae and marrow
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Figure 4. Abzorbed fractions for active marrow from monoenergetic electrons
emirted uniformiy in the trabeculer bone, $fRM «~ TB), and active marrow,
A BM « RM], of an adult skeleton
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Figure 5. Absorbed fractions for active marrow from monoenergetic protons
emirted unfformly in the trabeculer bone, & [RM + TB), and active marrow,
h (RM «— BRM], of an adult skeleton

cavities, and energy depositions within the active marrow is essentially independent of their
origin,

Fluence-to-dose Conversion Factors
The general equation for calculating the absorbed dose, D, in target volume v is:18:19

D(v) = 5 3 5{v — 1A () a3

where ¢;(v+ 1) = the absorbed fraction in target volume v for charged particles
from a photon (or neutron) interaction of kind j in source
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region T,

Agq(r) = the total Kinetic energy of the charged particles from inter-
aclion ) in source region r, and

m{v) = the mass of target volume v.

Because our absarbed fractions are developed for monoenergelic charged particles, the above
equations is wrillen as

1
D(v) = ) g‘[ $;(v +— r)TN;(r, T)dT (14)
where  My(r,T) dT = the absolule number of charged particles with kinetic en-
ergics between T and T + dT from interaction j in souce
region r.

Since the hematopoictic stem cells at risk are distributed throughout the active marrow,
the mean absorbed dose is the appropriate quantity to calculate.® We are calculating a mean
absorbed dose because our absorbed fractions were averaged over the volume of the active
MArrow.

Il a trabecular bone experiences a fluence, 1, of photons (or neutrons) of energy E, then
we can write

Ny(r, T)AT = m(r) (1, E); $(E)n;(r, B, T)aT (15)
where  ny(r,E,T) = the sccondary clectron spectrum per interaction j at photon
energy E in source region r,

E (r.E}; = the mass atienuation coelficients for the photoelectric effect (j
= 1), Compton effect (j = 2), and pair production (j = 3) at
photon energy E in source region r, and

m(r) = the mass of source region r.

By use of Equations 13 1o 15, the fluence-to-dose conversion factor for photons of Energy
E 15 obtained as

7 = S S ae) [ s =BT s

— m(v)

This equation can also be applied to neutrons by replacing u/p for photons by ofp, where
p 15 the density of source region r and o 15 the macroscopic cross section for a neutron
interaction of kind j in source region r. If the outer summation is limited o r = BM, and
#(RM « RM) is set equal to one, then we obtain fluence-to-kerma conversion factors for
active marrow, v=RM. For r=RM, the value of m{r)/m(v) is one, and for r=TB, we obtain

the following relationship by applying Cauchy’s theorem (Equation 2) and the equality in
surface arcas of the marrow cavities and trabecular bone as a boundary condition:

m(TB)/m(RM) = |pre/prm||<t > [ < e =] (17
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Table 1. Meutron and Photon Fluegnce-to-kerma Conversion Factors for Active Marmow

PhEam Knraa Hauweron Kerma Keabron Kerma HiwEron Enpra Raédtean Eermai
ANCLEY facetar HEANCET facear enErgy Faccor EOECEY factor ENETRY Eactor
(HeW)  (Cy m®) (Hev)  (Gy o) (hav)  (oy m®)  (Mew)  (Gy o) (M) (Gy m 2
1.0E=32 | G.04E=16 1.53E=8 2.49E-LT B.60FE-2 A.1SE-16 5.B0E=] 1.81E=15 J.50E+0  4.43E=1%
1.%E=2 2.S%4E-06 1.60E-8  2.LIE=IT G.00E=2 6. JGE=]1& G- T0E=1 1.87E=1I3 Y. TDE+D. &.30E-1%
2.0E=2 1. 17E=15& G.3E=8 1.60E=1T 9.40E-2 A.53E-1& B b60E=L 1.23E=15 JLODE+D L GGE=L5
3.0E-2 L O%E-17 1.00E-T 1.21E=IT D.ADE=2 &.7LE=l& T.00E=1 T-99E-1% &-20DE+0  &.%3E-1%
4.0E=2 Y. GEE=17 1,00B=-7 B.706E-14 L. O5E-] T.O3IE-16& Tad0E=L 2.04E=15 G H0E+0 &.51E=15
5. 0E-2 2. 03E-17 J.60E-T G.5HE=18 I.15E=1 T A4TE=1G T-80E-1 2 10E-13 $.O00E+0 L. GUE-L%
G.0E=2 2. TTE=1T 6. 0E=T 5.06F-LH I.2%E-1 T.EHE=1& B.20E=1 2. 15E=[5 SLO0E+] L. 65E=1%
B.0E-2 I LTE-1T l.10E-&  3,.BIE-=18 I.35E=] 8.27E=-14 B.60E-L 1.20E-1% S _BOE+0 L. M3IE-1%
l.0E=1 1. 37E=17 2.00E-6 2.86F-1lA L.45E-1 B.A5E=14 S.ODE=1 2. 26E=15 . J0E+]] 5.00E=15
l.5E-1 b SBE-LT J.6OE=6 2.L5E=LB 1.55E=1 F.DIE-L& S 40E-1 1. 34E-13 b-S0E+H] L.FUE-LS
2.0E=1 A_45E=1T &, JDE-& l.G8E-1H 1.65E=1 9.315E=l& 9. B0E=} 1. 47E=15 T-00E+D 5. MGE=15
1.0E=1 1.53E=16 l.10E=5 l.33E=18 L. 7T5E-1 . 9.58E-14 L.O5E«+0 2.51E-15 ToA0E+] 5.65E=15
& OE-1 1.09E-14& . 00E-5 l.11E<1B 1.05E=1 9.99E=1& LolSE+0 3, 55E=15 T-BOE+D 5.60E-15%
5.0E=] i.63E=156 3. GOE=5 l.06E~-18 1.3%-1 1.03E-15 1.25E+0 2. GLBE-U5 8. HE+D S5.45E-15
&.0E-1 J.LaE-14 b JDE-5 l.18E=18 2. 10E=1 L.07E=L5 1.35E+0 T.75E=15 B.EOE+0 5.51E=15
8.0E=] &4, 09E=L& L+ 10E=% l:56E=1H 2. JE-| 1.LAE=15 L.45E+0  2.BIE-15 5. 00E+0 5.T1E=L5S
l.OE+D  &4.5%E-14 T.0DE-&  X.SJE-IB 2. 50E=] l.LHE=]1% L.35%E+0 2. 09E=15 D 40E+D}  5.BHE=L5
l.SE+0  G.81E=1b J.B0E=4 4.10E-18 2: ME-] 1.I4E-15 P.63E+0  Z.99E-15 0. BOE+{} S BAE-15
Z2.05¢0  B.IIE-1A b IDE-4 &, S0E-IB 2. 90E=] L. I9E=L5 1.75E+Q  3.05E=15 1.05E«] 5.98E=15
J.0E=D l.COE=1% l.10E=3 1. 19E=17 3. 0E-] 1.ME-L5 L-B3E+0  3.1BE-15 1-15E+] B, 3JE-L3
& OE+D 1. X2E-15% X.00E-3  XL1JE=IT 3. J0E=] l.3HE=L5 1.95E+0 3. 20E=15 1.35E+] [ ]
S.0E#0  1.54E=1% 3. 60E=3  3,79E-1F 3. 850E-] 1.43E=15 2. 10E+0 Y. h2e-15 1 35E+] b BEE-1%
G.0E+0  1.TAE-1% . IDE-3  G.S1E=LT 3. TOE=] L.4TE=LS 2. 30E+0 3. 3PE=15 1.45Ex] . HE=L5
8.0E+D Z.13E=15 l.1DE=2 l.10E=L& 3, 50E-1 L 3AE-13 Z:20E+0 3. 32E-13 1-35E+] 7« 26E=13
1.08=1 3. 52E-1% I.00E-2 l.91E-16 5. ME-] 1.565E=15 2.70E40 JLATE=15 1.65E+] T.EJE-15
1.5%+1 J.SIE=15 ¥, GOE=2 . 17E=16 & BOE-] 1.68E-15 I.90E+0 3, H9E-13 1=75E+] T-521E=15
2.0Ex] b SRE-1% G, IDE-2 ALDIE-IR 5. 0E=] 1.6BE=L5 J.10E+0 3.05E=15 1.85E+1 T.64E-L5
8.20E=32 5. 34E-16 & G0E=] 1.75E=L5 3.I0E+D fa 29E-15 1-5%E+1 dadaE=15

"Hoad 2n 1.0 x lﬂ_1 ar Q.0

14, @EL-

Table 2. Dose Conversion Factors for Active Marmmow in Parietal Bone (PB) and Lumbar Vertebra (LY)

-
Base Eactor [(Gy =)

Phaton HeuwEron Dase faertar [Gy u?! Heutroa Bose Eactor (Gy wF?
ERCTRY ERCTEY OnACgY
{Hew] FB LY {Baw ) PE (HeW} PH Ly
L.0E=-2 . ME=16 G J4E-1E& }-nhE—!' 1.ETE-15 1.6BE=15 3. HE=D 4.00E=15  4.70E-1%
1.5E-2 2. T1E-16 1.61E=16 5.40E=1 1.73E=15 1. ThE-15 J. ME+D L 0E-1%  4.3ZE-1%
Z.0E-Z 1:53E-16 1.53E-1& 3. BOE-1 1.T3E=-13 1.8RE=15 3. MIE=D . 14E=15 #r]EE-JE
1.0E-2 T.L0E=17 6. LAE=1T &, 20E=1 1.B5E=15 1. 86E-15 3. 90E+0 &.07E-15  &.3E-)
& .0E=2 5, 04E~17 4, 1LE-1T B, BHE-1 1.92E-15 L. 93E-15% 4, 2FE=D &.09E=15 4.FUE-15
5.0E=2 4., 16E=17 3. 31E=IT 7.00E=1 1.97E=15 l-98E-13 4. BIE+D L.DOE-RS L.NLE-1%
. OE-2 1. 93E-17 3. 11E-IT T.40E=1 2.02E=15 1.03E=15 5. 00E+0 &.1IE=15 4.51E=15
B.0E=2 b, 13E=17 3. 43E=0T T.60E=]1 2.0HE-15 Z.09e-13 5.40E+0 &4, 02E-13 b, 48E-L5
L.0E-1 4. 19E-17 & 22E-17 §.10E=1 2. 12E=15 1.14E=15% 5. BOE+D 4, 12E=15 iy, 60E=15
l.5E=1 TelSE=1T 6. T4E=1T7 B.E0E-1 2. 17E=-13 2.19E-13 4. 30E+D L. 23E-15 4. TBE-15
2.0E-1 S9.B8E-17 9. 5TE-I7 9.00E=1 1., 23E=15  2.25E=15% 6. BOE+D iy, LHE=15 i, 1IE=15
3.0E=] 1.57E=186 1.54E-16 9.40E-1 2 E=1% I-JIE-13 T.00E+D 4. 28E-15 4o BEE-13
4, 0E=] 2. 15E=14 2. 10E=16& 9.80E=1 2. L4E=15 2.46E=15 T-40E«D i, 50E=1% 5.15E=15
5.0E=1 2. TIE=1& 1.56E=15 1-05E+0 1-459E-1% 2.338-13 1. BOE+0 4, DHE-1% 5. 28E-13
. FE-1 3. ZBE-16 J.19E-16 1. 15E=0 2.51E=15 2.34E=15 B. XOE=0 & LOE=LF 5.12E=15
8. 0E-1 4.2BE-16 4. 15E-1& L+ 25E+0 2. 51E-1% 2.45E-15 B, H0E=D So4lE-LS 5. 16E-13
1.0E=D 5. I9E=16 5.03E=16 1.35E+0 Z.10E=15 2.TaE=15 T.00E+D %, 3FE=L5 5.36E-15
1.%E+0 TL13E-16  &,91E-14 l.S5E+0 2. T5E-1S 2. 00E-15 G L0E+D L. 0E-LS 5. 50E-15
2.0E+D B.79E=16 B.50E=16 1.55E+0 2.62E=15 2.87E=15 S. HOE=+D & GEE=L5 5.40E=15
3.0E+D 1.17E-15 1.126-1% L.63E+0 2.91E-15§ 2.97E-15 1.G5E+1 L.AFE-15 S.56E-15
4. 0g+0 1.43E=15 1.37E=15 L.75E+0D I1.96E=15 J.03E=15 1.15E#] &.9TE=15 5.80E=15
5.0E+0 L.69e-1% 1.59E-13 1. B5E+D 3:06E-17  J.13E-13 .35e+] a.DSE-IF 5.9BE-L3
fi. OE+0 1. 94E=15 1.B3E=15 L.95E+] J1.0BE=L5 J.17E=15 1.35E+1 5.22E=15 G.19E=15
B.OE+D 2.4BE-19 Z.26E-15% 2. 10E+Q 3. 19E-15 1. 28E-15 1.45E+1 5.4TE-15 B.57E-15
1. QE+1 2. 09E=15 2. T0E=L5 2., I0E+D 3.23E=15 3. JHE=15 1.55E+1 5.T2E=15  6.T4E=15
1. 5E+1 4,3BE-13  3.BIE-LY Z.30E+0 3. ME-15  J.47E-1F I.63E+] 3.86E-1%  6.BSE-1]
2.0E+] 5.87E=13 5.05E=15 2, TOE+] 3.49E=13  J.GIE-13 L. 715E+] 5.93E=13 G.97E=13
2.90E+0 J.6HE-1S 3. B2E-15 I.BSE+] G.03E-15  T.OBE-1%
1. 10E+D 3. 6BE=15 3. BTE=15 L. 95E+] G.13E=15% 7.19E=15

Mige kpe=a Factors from Table 1 at meotron enecgles belsw 0.9% Mev.
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A value of two was used for the ratio of the densities of trabecular bone 1o active marrow.

We have investigated both kerma and dose conversion factors for aclive marrow using
the photon cross-section data for discrele energies from Hubbell,*® the neutron kerma data
averaged over given encrgy intervals from Caswell et al,?® and the tissue composition data
from Kerr.?" The resulis are given in Tables 1 and 2. In our photon calculations, we assumed
that the photoclectrons have discrele energies equal to the photon encrgy E. The encrgy
distribution of the Compton electrons was calculated from the Klein-Nishina relationship,*!
and the positron-clectron energy distribution was derived from the Bethe-Heitler theory of
pair production,®® Although some differences exist in the energy deposition of elecirons and
positrons, they are small enough to be disregarded,®® and the electron absorbed-fraction data
were applied to positrons. In our ncutron calculations, we considered only the effects of
the microstructure of trabecular bone on the absorbed dose in aclive marrow from elastic
scattering of neutrons by hydrogen. The recoil protons were assumed to have a unifonm
distribution of kinetic energies from the neutron energy E down o zero,!% For secondary
charged particles produced in neutron interactions with other e¢lements, we also assumed that
$(RM + RM) is one and ¢(RM « TB) is zero, or that the energy is deposited locally.%#? At
fast neutron encrgics between 10keV and 1 MeV, the proton recoils from clastic scattering of
neutrons by hydrogen contribute 90 % or more to 1otal kerma in active marrrow. However,
the recoil-proton contribution drops to about 80 9 at 10 MeV and about 65 % at 20 Mgy 26,29
In the future, we plan to (a) wack additional secondary charged particles from other neutron
interactions in our absorbed-dose calculations for active marrow, (b) investigate the dosc
conversion factors for active marrow of young children, and (c) extend our calculations for
necutrons and photons to the endostcum of the marrow cavitics. The endosteal surfaces of
both trabecular and cortical bone contain the ostcogenic cells which are considered as the
critical targets for induction of bone cancer.2”

Discussion

Absorbed dose (i.e., energy deposited by charged particles) and kerma (i.¢., kinetic energy
released in matter) can be equated in most soll tussues of the hﬂdy.ﬂ"' However, the soflt Lissues
in bone receive secondary charged particles [rom the bone, and absorbed dose and kerma
may not be equal (Figure 6). The absorbed dose is smaller for fast neutrons because of
the hydrogen deficiency in bone and larger than kerma for low energy photons because
of the enhanced photoelectron production in bone. Enhancement of the absorbed dose at
high photon energies from pair production in bone is also indicated by our calculations.
Our results are presenied as neutron and photon fluence-to-dose conversion factors which
can be applied in radiation transport calculations using anthropomorphic phantoms with a
homogeneous representation of the skeleton. =32 While the homogenized skeleton provides
appropriate radiation transport characteristics, it ignores effects of the microstructure of
trabecular bone on absorbed dose in active marrow.®® We find that the dose conversion
factors for lumbar vertebrae can be used as a representative example for all active marmmow
sites except those in pareital bone.®* Hence, our recommendation is that only the parietal
bone be treated scparaicly from other bone regions in radiation transport calculations of
absorbed dose in active marrow of the body. The absorbed dose in active marrow of parietal
bone is significantly different from that in other bones of the body, and the parietal bone of
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Figure 6. Mustration af the effects of the microstructure of trabeculor bone
on energy deposition in active marrow of an adull skelefon

young children contains a surprisingly large fraction of the total active marrow.®? Results of
this study are now being used in the reassessment of organ doses for A-bomb survivors in
Hiroshima and Nagasaki 4
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