
EXPERIMENTAL VALIDATION OF MONTE_C.ARLO CALCULATIONS FOR ORGAN DOSE*

M. G. Yalcintas, K. F. Eckerman, and G. G. Warnera

Health and Safety Research Division
Oak Ridge National Laboratory

Oak Ridge, Tennessee 37830

INTRODUCTION

The estimation of absorbed dose delivered to various body organs

from internal and external i r rad ia t ion is one of the most d i f f i c u l t

problems encountered in radiation protect ion. Unti l recently, concern fo r

external i r rad iat ion has focused on the gonadal dose due to the bel ief

that genetic effects were more s igni f icant than somatic effects. In

the dosimetry of internal emitters, however, attention was directed

toward organs receiving highest doses. Evidence compiled during the

las t decade indicates tha t , for both internal and external i r rad ia t ion ,

carcinogenic effects may overshadow genetic effects in importance, and

a l l t issues of the body must be considered at r isk . This real ization

resulted in renewed interest toward theoretical methodologies for the

estimation of organ doses, accompanied by an awareness of the need to

ensure the va l id i t y of the estimates and to provide guidance on the

l im i ta t i on of the methodologies.

Although a number of computational methodologies have been developed

for estimating organ doses, l i t t l e e f f o r t has been devoted to val idation

of these methodologies. A part icular need exists for val idation of

internal dosimetry calculations. In f ac t , the National Council on
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Radiation Protection (NCRP) has established a scientific committee

(Committee 55) to study this area (1).

In this paper we examine the problem of validating estimates of

absorbed dose due to photon energy deposition. Such estimates have been

published for biologically distributed radionuclides by the committee on

Medical Internal Radiation Dose (MIRD). The most significant of the

early MIRD-publications was Pamphlet No. 5 which gave estimates of the

fraction of energy absorbed in various target organs from a monoener-

getic photon emitter uniformly distributed in source organs (2). This

MIRD pamphlet presented the first estimates of absorbed fractions ob-

tained using Monte Carlo photon transport calculations in a realistic

representation of the adult human body. These data were greatly needed

in nuclear medicine where they were immediately adopted and have subse-

quently become widely used in radiation protection.

We begin by examining the computational approach used in the MIRD

tabulations and elsewhere for the estimation of the photon energy

deposition. Later we discuss the limited data for validation of these

approaches and suggest how better validation information might be

obtained.

Computational Procedures for Organ Dose Estimates

There are two main computational procedures available for estimating

the gamma ray dose to organs of the body from internal emitters. One

procedure involves integration of a point-source kernel consisting of

inverse-square and exponential attenuation factors with a build-up

factor to obtain the contribution of scattered photons to dose. The



second procedure involves the simulation of the photon transport in a

mathematical representation of the human body using Monte Carlo tech-

niques. Both of these procedures are applied to derive the absorbed

fraction data tabulated in MIRD 5, Revised (3). The latter procedure

can also be used to evaluate external irradiation of the body. In this

section we review the computational procedures, note their limitations,

and discuss potential sources of uncertainties. We begin by discussing

Monte Carlo simulation which remains the least understood procedure by

those using the resulting data.

Monte Carlo Simulation of Photon Transport

The Monte Carlo method is distinguished from other numerical

analysis methods in that random sampling of probability distribution

functions is used to approximate the solution of the mathematical

problem. Monte Carlo simulation of photon transport is, in principle,

rather simple, straightforward, and requires only knowledge of ele-

mentary probability theory, the kinetics of photon interactions with

matter, and the geometry of the system being simulated. Several ex-

cellent references on Monte Carlo methods are available (4-6).

Gamma and x-rays are indirectly ionizing radiations which transfer

energy to matter through the occurrence of several discrete interaction

events. These events include photoelectric absorption, Compton scatter,

and pair-production. The probability per unit distance for the occurrence

of each event is given by a linear attenuation coefficient, which is a

function of the photon's energy and the composition of the medium. We

let u , p , and p denote the coefficients for the photoelectric,
ye o pp

Compton, and pair-production events, respectively. Then as the events



are independent and mutually exclusive, the probability of a photon

undergoing an interaction per unit distance is p = y + y + u ,

where \i is the total linear attenuation coefficient.

Determination of the point at which an interaction occurs is basic

to the simulation. For a given distance x from the photon's origin, the

probability that an interaction occurs between x and x + dx is the

product of the probability that the photon reached x and the probability

of an interaction on the differential element dx. A photon's proba-

bility of experiencing an interact, ion between .r and x + <!.>:, denoted by

p(x)ax, is given as

p(x)dx = e iy£r , (1)

where the exponential factor represents the probability that the photon

reaches location x and p7,cfc is the probability for interaction in the

interval dx. The quantity p{x)dx is referred to as a probability

density function. The probability that a photon interaction occurs

within a distance I of the photon's origin is then

= IP{1) = I p{x)dx = l-e J . (2)

o

Thus, p{l) represents a cumulative distance-to-interaction distribution.

Note that Eq. 2 satisfies the necessary condition for a probability

distribution function, that i s , i ts range lies between 0 and 1. To

sample the distr ibution, the random number, c, chosen from the interval

0 < c < 1, is equated with the distr ibution,

(3)



and solved for I to obtain

I = -ZnO-jO/Wy • (4)

However, as the complement, 1-c, of the random number 5 is also a

random number we can write

I = -lnU)/vT . (5)

Eq. 5 is the well known expression for sampling the distance-to-interaction

in Monte Carlo simulation of photon transport.

Given that a photon interaction has occurred at location I, the

conditional probability that it was a photoelectric absorption event is

u /vy> a Compton scatter event — p /u», or, a pair-production event -

u /pr. If a random number t,, 0 < c < 1 satisfies

then c determines that a Compton event occurred. If the random number t,

is such that

»pe/vT + Vc/VT < C < V 7 ^ + Vc/VT + V 7 ^ ' (7)

then the pair-production event is considered to occur. If c, is less

than or equal to v /p™, then the photoelectric event is considered to

occur. Note that if the photon energy is less than the pair-production

threshold, E < 1.02 MeV, then p = 0 and no t, can satisfy Eq. 7. The

above procedure indicates the manner by which the probabilistic nature

of the interaction events is simulated.



The energy deposited, Aff, as a result of the interactions can be

summarized as

E; photoelectric absorption event,

E-E'; Compton scatter event,

E-Zm a2; pair-production event, (8)

where E is the initial energy of the phiton, E' is the energy of the

Compton scattered photon, and m c2 is the electron rest mass energy. In

the photoelectric event the photon completely transfers its energy to

the medium. In the- Compton event, the photon is scattered through an

angle and transfers a fraction of its energy to a recoiling electron.

The energy of the scattered photon, E', is uniquely determined by the

initial photon energy and the scatter angle. The probability that the

photon is scattered between the angle o and o+Jo is given by the Klein-

Nishina cross-section, which is a probability density function (5).

Monte Carlo sampling of this probability distribution is employed to

define the scatter angle in the simulation and then the energy of the

scattered photon is given as

E' = m a2El[m a2 <• E{\-COBQ)~\ - (9)

The Compton scattered photon must then be simulated in the calculations

such that its potential energy deposition is considered.

In the case of a pair-production event, just as in the photoelectric

event, the total energy of the photon is absorbed locally; however, an

amount of energy 2m c2 is required to form the electron-positron pair.
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The positron will be annihilated with an electron of the medium and two

photons of energy m e 1 will be emitted. The annihilated photons, similar

to the scattered photon of the Compton event, must also be simulated in

the calculations.

In a complete analog Monte Carlo calculation, the photon's flight

(it's "history") would be simulated as outlined above with the photon

experiencing the interaction events indicated by sampling of the pro-

bability distributions. The history would be terminated when: (I) the

total energy of the photon is deposited, as in a photoelectric inter-

action, (2) the energy of the Compton scatter photon or annihilation

photon had been deposited, or (3) the photon escapes from the body. The

absorbed fraction for a target organ is then given as

<J>U«-y) = energy deposited in organ ^/energy emitted in organ y

m
= Y.hE./nE , (10)

m
where EA£. denotes the sum of the energy deposited by the m interactions

i %

occurring within the oryan X, and n is the total number of histories

simulated with i n i t i a l energy E originating in organ Y.

A complete analog Monte Carlo approach requires simulation of a

very large number of histories i f data at large distances, relative to

the photon's mean free path, are needed. Thus, some type of weighting

is often used to permit a photon to continue undergoing interactions

beyond the f i r s t interaction. The reader is referred to the discussion

in MIRD Pamphlet 5, Revised, for details (3). I t is not our intent to

discuss these procedures in detail but rather to outline the general
\

Monte Carlo approach, whose simplicity is evident vin the complete analog
approach. \



As an example, consider a point source of photons in a medium

characterized by the photons having a linear attenuation coefficient \s.

We wish to carry out a Monte Carlo simulation to determine the frequency

of photons experiencing their first interaction within a distance R of

the source. We need only pick a random number c-, and determine if the

distance-to-interaction Z-| = -Z«U-|)/P is less than R. If this con-

dition is met, we count the event as a success and pick a new random

number for the next trial (history). We repeat this procedure for some

finite number of histories and determine the solution to the problem as

the fraction of histories which were successful, i.e., whose distance-

to- interaction was less than R. We would expect that after a large

number of histories, the fraction of successful histories would be
—ti/?1 - e . Thisisan elementary example of a probabilistic problem

which can be simulated on a programmable pocket calculator with a random

number generator coded into the program.* In carrying out this simple

exercise one will observe the statistical nature of the solution gen-

erated by the Monte Carlo process. This example also illustrates that

Monte Carlo methods are not limited to large computers.

Although in the above discussion we outlined only the basic con-

siderations of Monte Carlo simulation, it is hoped that the general

computational technique is evident. To apply Monte Carlo methods to the

problem of estimating organ doses a considerable amount of coding must

be done in: (1) generating the origin and flight of photons from the

source region, (2) determining in which organ the interaction site lies,

and (3) treating the kinetics of the interaction events. If one had to

start afresh, the investment in code development would be excessive and

•Copies of the program for pocket calculators are available from the
authors.



might Jell be prohibitive. However, aspects of the simulation, in

particular the kinetics (item 3) have been developed into code packages

and thus one need only code the particular geometry (iterns 1 & 2) of the

problem being simulated.

Sources of error

The results of a Monte Carlo photon-transport calculation are sub-

ject to at least three sources of error: (1) inadequacies in the

description of the system being simulated, (2) uncertainties in the

basic attenuation coefficients, and (3) the statistical nature of the

Monte Carlo calculation itself. The first two items are common to any

computational approach one might choose to apply to the problem. However,

as Monte Carlo simulation offers the potential for a more "exact"

solution to the problem, these two items are elevated in their impor-

tance. Geometry representation and the formulations for the energetics

of the photon interactions are included in item 1. The energy trans-

ferred to the secondary electrons in the interaction events is well

described by existing formulations. We note that it is commonly assumed

that this energy is deposited at the interaction site, the finite range

of the secondary electron not being considered. As the range of the

secondary electrons is generally small compared to the organ size, this

assumption is reasonable.

The only case where it is clear that a significant error is introduced

by the modeling of the physical situation is the evaluation of the dose

to the active marrow. In the current mathematical phantom, the skeleton

is taken as a homogeneous mixture of its components; the bone mineral,

bone marrow, and connective tissues. No attempt is made to model the



intricate intermixture of these different tissues. To estimate the dose

to active marrow, it is assumed that the active marrow is as effective

in absorbing energy as the skeletal mixture. As noted in MIRD Pamphlet

5, Revised, (Appendix B, Section B.3.2) "this assumption is not grossly

wrong at energies of 200 keV or more, but it is increasingly inaccurate

at energies below 100 keV". The effect is to overestimate the active

marrow dose by as much as a factor of three or more at lower energies

(7, 8). The development of a computational procedure similar to that

employed in the beta dosimetry of bone seekers has been reported (9).

This procedure tracks the secondary electron in trabecular bone in a

Monte Carlo fashion reflecting the distributions of bone thickness and

marrow cavity sizes. With the exception of the estimated dose to the

active marrow, the physical models used in Monte Carlo simulation are

probably not a significant source of error (assuming the representation

of the body geometry is adequate).

The linear attenuation coefficients used in Monte Carlo calculations

are developed from atomic cross sections, the tissue compositions, and

the tissue density. Hubbell of the National Bureau of Standards, in a

review of uncertainties in the atomic cross-section data, indicated the

uncertainty to be of the order of 20" or greater below 1 keV, 3 to ]Q%

in the region of the 1 to 10 keV and 1 to 4v; above 10 keV (10). The

elemental compositions and densities of the tissues of the body are less

well known (11, 12), in particularly, the composition of red marrow (8,

12). In current calculations, the phantom consists of three tissue

types--lung, skeletal, and soft tissue with densities of about 0.3, 1.5,

and 1 g/cm3. The distinction of only three tissue types is made for



increased computational efficiency and is not an inherent limitation of

the computational system. Typical soft tissue densities, excluding the

lung, range from 0.9 to about 1.1 g/cm3 with a total body density of

about 1.07 g/cm3 (11). We estimate that uncertainties in the attenu-

ation coefficients may result in uncertainties in absorbed fractions of

the order 5 to 10%.

The final source of error, due to the statistical nature of the

Monte Carlo calculation, is probably the dominant error source. This

statistical error would approach zero as the number of histories con-

sidered in the simulation approached infinity. It is difficult to

estimate the statistical error. The usual approach assumes normality,

with the estimate based on the square root of the population variance.

In the tabulated absorbed fraction data of MIRD 5, Revised, Monte Carlo

values with a coefficient of variation in excess of 50% are rejected and

values based on the point-source kernel are tabulated. For source-

target pairs, separated by greater than about 4 mean-free paths, the

Monte Carlo method cannot yield an adequate estimate of dose unless one

considers an excessive number of photon histories in the simulation or

introduces some of the important sampling schemes that have been de-

veloped for deep penetration problems encountered in radiation shield

design. However, such schemes bias the information in the near region,

so that the simulation would not yield adequate estimates for nearby

target tissues. In this case, one turns to an alternative computational

scheme.

The Point-Source Kernel Formulation

The fraction of the energy emitted by a point-isotropic-photon

source that is absorbed per gram at a distance x from the source (the



point-isotropic specific absorbed fraction) can be expressed as (13)

where

$(x) = the point-isotropic specific absorbed fraction,

u = the linear energy-absorption coefficient, cm" ,

u = the linear attenuation coefficient! cm~ ,

p = the density of the medium, (g/cm3),

x = the distance from the source, cm,

B {vx) = the energy-absorption build-up factor.

Expressions for extended source and target regions can be obtained by

superposition. For a pair of organs in the body this involves an

integration over both the source and target organ, a six dimensional

integral. The solution to this non-probabilistic problem, is approxi-

mated using Monte Carlo methods (3), as

(12)

where the // sets of points [x.^Y.) are selected randomly in the target

organ x and source organ Y. The expression, |x.-y.| denotes the distance
tr is

between the points x. and Y ..

Sources of error

The point-source kernel is valid only for a homogeneous medium and

is not necessarily applicable where there are significant variations in

composition or density, such as encountered in the body due to the

presence of bone and lung tissues. In addition, build-up factors are

applicable only to an unbounded medium. (In a f in i te medium, leakage



across boundaries may influence the energy absorbtion.) Despite these

limitations the point-source kernel is capable of providing estimates of

absorbed fraction which are typically within a factor of two when com-

pared to Monte Carlo values (3).

Build-up factors tabulated in MIRD Pamphlet 2 (13), were developed

for water and are accurate to within 3% at distances less then 10 mean-

free paths and about 5% at 20 mean-free paths. Errors associated with

the linear attenuation coefficients were noted above. The major error

source lies with the limitation on its range of application. If the

source and target are yreater than one mean-free path from the nearest

boundary, and no major region of different composition lies nearby, the

point-source kernel formulation will yield estimates with an accuracy of

about 5 to 10%.

Given an adequate representation of the geometries involved,

computational procedures are available which can routinely yield dose

estimates with an accuracy of about 10/. Comparisons of experimental

and computed values and information on the adequacy of existing repre-

sentations of the human body are needed to validate the estimated error

value cited.

EXPERIMENTAL VALIDATION

Because of limitations in computational methods and distributions

of the geometry of the body, there is a need to verify the computational

results.

A physical representation of the MIRD phantom, HR. ADAM (Mockup of

a Realistic Analytical Description of an Adult Male), was fabricated at



ORNL in 1974. In 1975, an experimental program was initiated ?t ORNL to

determine the influence of the source organ size on the energy deposi-

tion in various target organs. Measurements were made in the MR. ADAM

phantom for a set of five different size bladder and stomach source

organs using G0Co and 137Cs (14). Experimentally determined absorbed

fraction values were compared with Monte Carlo estimates for similar

source-target organ configurations (Table 1). The experimental and

computed values were within about 20% on the average; however, for some

organs, differences exceeding 60';. were noted.

The most recently reported comparison of experimental and computed

values was that by Jones in 1976 (15). Calculated values were compared

with measurements made using MR. ADAM and actual patients with " m T c

localization in the liver as the source organ. The results (Taole 2)

showed that measurements made on average-sized clinical patients and

computed values agreed within 307, although there were larger discrep-

ancies for nonaverage patients.

Limited experimental data in physical phantoms are now available

for validation of the computational system. Two distinct needs in this

area can be identified: validation of the computational framework, and

validation of the mathematical representation of the human body used in

these calculations.

In the discussion of Monte Carlo simulation, an uncertainty of 5-

10% was estimated. We offer this estimate noting that it is based

largely on our experience and those of others employing this approach.

Our motivation for discussing the Monte Carlo approach in its basic

terms represents an attempt to transfer an appreciation for the basic



foundation of the approach, which we believe all must agree, is based on

sound physical principles. However, we do believe that a direct compar-

ison of measured and computed organ doses for a wide range of photon

energies is needed to clearly validate the computational method. We do

note that such experimental efforts will be demanding as experimental

errors appear to be comparable to those estimated for the computational

approach.

Inadequacies in the description of the system being simulated is a

significant source of error in Monte Carlo calculations. While com-

parison of experimental measurements using the MR. ADAM phantom and

calculations in the mathematical nhantoms are useful in validating the

computational framework, these comparisons do not address this source of

error. We thus suggest that experimental measurements in a phantom more

closely representing man are needed. To this end we plan to assemble

experimental data for the Alderson RANDO phantom (16) commonly us<— in

medical physics. This phantom is molded about a natural human skeleton

with tissue equivalent plastics. The phantom includes lungs radio-

equivalent to human lungs in a median respiratory state. Comparison of

measured doses with doses computed for the mathematical phantoms under

conditions of internal and external radiation will be used to examine

the extent to which inadequacies and limitations in the mathematical

phantom influence the estimated dose and its uncertainty.

CONCLUSION

We have reviewed current computational approaches for photon

dosimetry in an attempt to estimate the sources of error for these



approaches. While the approaches are based on well established physical

principles uncertainties in the physical data, including tissue compo-

sitions, are estimated to result in possible errors of 5 to 10%. Fur-

ther experimental data is needed not only to demonstrate this estimate

of error but also to examine the extent to which the mat^.eimtical descrip-

tion of the body used in these calculational procedures contributes to

the overall uncertainty in the estimated organ dose.
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Table 1. Comparison of experimental and calculated absorbed
f ract ion data obtained using the MR. ADAM phantom.*

Target
Organ

Liver

Ki dney

Spleen

Ovaries

Testes

Cs-137

Experimental

0.135E-2

0.293E-3

0.990E-4

0.141E-3

0.580E-3

Nuclide in

Calculated

0.130E-2

0.332E-3

0.159E-3

0.127E-3

0.738E-3

bladder

Co-60

Experimental

0.160E-2

0.332E-3

0.118E-3

0.133E-3

0.658E-3

Calculated

0.182E-2

0.427E-3

0.149E-3

0.129E-3

0.666E-3

*Data abstracted from Ref. 14, a more complete tabulation is given in the
c i ted reference.



Table 2. Comparison of measured and calculated absorbed dose
values for 12 clinical patients.*

Measured

30

25

47

42

41

46

38

55

82

96

97

115

Absorbed dose (mrad)

Calculated

25

25

30

42

47

49

60

81

82

35

115

110

Calculated
Measured

0.83

1.40

0.64

1.00

1.15

1.06

1.58

1.47

1.00

0.36

1.18

0.95

X = 1.052

S.D. = ±0.345

*Data abstracted from Ref. 15.


