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SUMMARY

This report describes PCXMC, a Monte Carlo program for calculating patients'
organ doses and the effective dose in medical x-ray examinations. The organs
considered are: the active bone marrow, adrenals, brain, breasts, colon (upper and
lower large intestine), gall bladder, heart, kidneys, liver, lungs, muscle,
oesophagus, ovaries, pancreas, skeleton, skin, small intestine, spleen, stomach,
testes, thymus, thyroid, urinary bladder, and uterus. The anatomical data are based
on the mathematical hermaphrodite phantom models of Cristy (1980), which
describe patients of six different ages: newborn, 1, 5,10, 15-year-old and adult
patients. Furthermore, the phantoms are adjustable to mimic patients of an
arbitrary weight and height. PCXMC also allows free adjustment of the x-ray
projections and other examination conditions of projection radiography and
fiuoroscopy. All organ doses calculated by PCXMC relate to the patient entrance
air kerma (free-in-air, without backscatter) at the point where the central axis of
the x-ray beam enters the patient. This data must be supplied by the user of the
program.

Monte Carlo calculation of x-radiation transport is based on stochastic
mathematical simulation of the interactions between photons and matter. This
simulation has been formulated in PCXMC in a standard manner. Photons are
emitted (in a fictitious mathematical sense) isotropically from a point source into
the solid angle specified by the focal distance and the x-ray field dimensions, and
followed while they interact with the phantom according to the probability
distributions of the physical processes that they may undergo: photo-electric
absorption, coherent (Rayleigh) scattering or incoherent (Compton) scattering.
Other interactions are not considered in PCXMC, because the maximum photon
energy is limited to 150 keV. A large number of individual photon histories is
generated, and estimates of the mean values of energy depositions in the various
organs of the phantom are used for calculating the doses in these organs.
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The program runs in a PC under Windows 3.1. The Monte Carlo simulation time
depends on the accuracy required and on the speed of the PC, but ranges typically
from one minute to two hours in a PC with a 120 MHz Pentium processor. The
same Monte Carlo data can be used for calculating doses for any x-ray spectrum
of interest when the other conditions of the examination remain unchanged; the
calculation is fast because it does not involve any further Monte Carlo simulation.

The data calculated by PCXMC have been compared to the organ dose conversion
factors calculated in NRPB by Jones and Wall (1985) and Hart et al. (1994,
1996). In general, the agreement between the results of PCXMC and NRPB is
good, and the differences between them typically fall within the statistical error
that arises from the finite amount of photons simulated. The otherwise excellent
agreement has a few exceptions, which can be explained by differences in the
computation methods.

A licence to use PCXMC can be purchased from the Laboratory for Medical
Radiation, Finnish Centre for Radiation and Nuclear Safety (STUK).
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INTRODUCTION

X-ray diagnostics is a significant source of radiation exposure among the
population. Therefore, it is important that x-ray examinations are conducted using
techniques that keep the patients' exposure as low as compatible with the medical
purposes of the examinations (1CRP1991). In order to achieve this, it is necessary
to understand the factors that affect the exposure and to be able to evaluate the
patients' doses.

Patient dose has often been described by the entrance skin dose in the centre of
the x-ray beam, primarily because of the simplicity of its measurement. In some
cases this may be sufficient; for example, quality control measurements often
concern the stability of equipment, and the same x-ray exposure conditions are
used in each measurement. The entrance dose is not sufficient for comparison or
evaluation of patient doses, however, if the irradiation conditions (the radiation
quality or other characteristics of the x-ray beam or the patient) are variable. In
such cases, e.g., when optimising the x-ray examination technique, the patient
dose needs to be characterised by quantities that are more directly related to the
detriment caused by radiation.

At present, it is considered that radiation-induced detriment for humans can be
assessed by virtue of the radiation doses in different organs or tissues in the body
(ICRP 1991, National Academy of Sciences 1990). Such data cannot be measured
directly in patients undergoing x-ray examinations, and are difficult and time-
consuming to obtain by experimental measurements using physical phantoms.
However, organ doses can be calculated to a reasonable approximation, provided
that sufficient data on the x-ray examination technique are available. Today, such
calculations are most often made using the Monte Carlo calculation method, where
random numbers are used for simulating the transport of radiation in a complex
medium, in this case the human body (for references on the Monte Carlo method,
see, for example, Andreo 1991). The physical interactions between radiation and
matter are well-known, and the accuracy of the calculation is limited mainly by
the accuracy of the anatomical model used to describe actual patients and by the
characterisation of the radiation field applied (Zankl et al. 1989, Jones and Wall
1985). In addition to Monte Carlo techniques, other methods of organ dose
calculation exist, e.g., the method of applying fitted depth-dose and dose-profile
data to various phantom models (Rannikko et al. 1996). These methods allow fast
calculation of doses, but the accuracy may suffer from the various approximations
that are unavoidable in the calculation.
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Monte Carlo data on organ doses have been reported for mammography (Andersen
and Rosenstein 1985, Rosenstein et al 1985, Dance 1990, Wu et al 1991 and
1994), computed tomography (Jones and Shrimpton 1991 and 1993, Zankl et al.
1991 and 1993), and general projection radiography of adults (Rosenstein 1976a,
1976b and 1992, Jones and Wall 1985, Drexler et aL 1990, Hart et al. 1994a and
b, Stern et al 1995) and children (Rosenstein et al. 1979, Zankl et al 1989, Hart
et al. 1996a and b). In spite of the extensive tabulation of organ dose conversion
factors in these references, not all projections or x-ray spectra of interest are
covered.

The purpose of this report is to describe a Monte Carlo program, PCXMC (PC
program for X-ray Monte Carlo), which uses the mathematical phantom models
of Cristy (1980) and computes organ doses for patients of different ages and sizes
in freely adjustable x-ray projections and other examination conditions used in
projection radiography and fluoroscopy. The program is written in Delphi Object
Pascal code, and runs in a PC under Windows 3.1. The Monte Carlo simulation
time depends on the accuracy required and on the speed of the PC, but ranges
typically from one minute to two hours in a PC with a 120 MHz Pentium
processor. After having made the Monte Carlo calculation once, the user can
calculate the organ doses for any x-ray spectrum of interest in just a few seconds.

Licences to use PCXMC can be purchased from the Finnish Centre for Radiation
and Nuclear Safety. A software order form can be found at the end of this report.
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RADIATION DOSE QUANTITIES IN PCXMC

All organ doses calculated by PCXMC are given in proportion to the patient
entrance air kerma (free-in-air, without backscatter) at the point where the central
axis of the x-ray beam enters the patient. This datum must be supplied by the user
of the program, and can be obtained by combining data on the technique factors
of the examination and on the radiation output of the x-ray source, or by using
surface dose or dose-area-product measurements of actual patient examinations.
In the last case, the entrance air kerma can be calculated as the dose-area-product
divided by the field size (at the point where the central axis of the x-ray beam
enters the patient, in the plane normal to the central axis).

If the entrance dose at the centre of the x-ray beam has been measured on the
patient's skin and includes radiation back-scattered from the patient, the dose must
be divided by the back-scatter factor (BSF) and converted to air kerma1 before
using it as input to the program. The BSF depends on the x-ray spectrum and
beam size and is typically of the order of 1.3 (the practical range of BSF is
1.1 - 1.5). For more accurate data on the BSF, see, for example, Grosswendt
(1990). In order to avoid ambiguity, it is noted that, in PCXMC, 'skin dose' refers
to the average dose in the whole skin of the phantom.

PCXMC calculates doses in the organs shown in Table I. In addition to these
organ doses, the program calculates the effective dose (ICRP 1991; for later
modifications of this quantity see, e.g., ICRP 1995), the average whole-body dose,
and the fraction of the x-ray beam energy that is absorbed in the phantom. All
doses are input and output in the program in mGy (or, equivalently, mSv).

The effective dose has been introduced to express a radiation detriment-related
dose in situations where the dose to the body is not uniform. The effective dose
is given as a weighted average of the organ doses. In its definition, an equal
number of males and females and a wide range of ages in the exposed population

Strictly, the conversion from tissue dose, D,,,,^, to air kerma, K,,,, depends on the energy
spectrum of radiation. For the energies of diagnostic radiology, the approximate relationship
K^mGy) = 0.94 D j ^ m G y ) , where both doses are expressed in gray (Gy), can be used. For a
conversion from exposure (X, old unit roentgen (R)) to air kenna, the relationship K^mGy) = 8.76
X(R) can be used. In the photon energy range considered in this report, kerma and dose can be
considered equivalent (except in bony tissues, see chapter 4.)

8



FINNISH CENTRE FOR RADIATION
STUK-A139 AND NUCLEAR SAFETY

Table I. The organs considered in PCXMC, and their tissue weighting factors for
the calculation of the effective dose.

Organ or tissue Tissue weighting factor

Ovaries* 0.20
Testes*
Active bone marrow 0.12
Lungs 0.12
Colon** 0.12
Stomach 0.12
liver 0.05
Thyroid 0.05
Oesophagus 0.05
Breasts 0.05
Urinary bladder 0.05
Bone surface* ** 0.01
Skin 0.01
Adrenals
Brain
Kidneys
Pancreas
Small intestine
Spleen
Thymus
Uterus
Muscle""
Gall bladder
Heart

The dose in the gonads is calculated as the average of the doses in the ovaries and
testicles.
" The dose in the colon is calculated as Be6km =0.57DowcrtawtllcrtDe + 0-43DhmHtagetaBaoe (see

*" The tissue weighting factor refers to the dose to bone surface. PCXMC approximates this
dose using the dose to the skeleton (excluding active bone marrow).
**" In PCXMC, this dose is calculated as the average dose to the whole phantom, but
excluding the other organs and tissues given in this table.
' These organs and tissues are the "remainder tissues' of ICRP. [At present, ICRP also
includes extrathoracic airways in the list of the remainder organs (see, eg., ICRP 1995), but
this has not been treated separately in PCXMC.] The tissue weighting factor of the remainder
is 0.05, and is applied to the mass averaged dose in the remainder organs and tissues.
However, if any of these organs receives a dose that is higher than the dose to any of the
twelve organs for which a weighting factor is specified, a weighting factor of 0.025 is applied
to that tissue or organ and the rest of the weighting factor, 0.025, is applied to the mass
averaged dose in the other remainder organs and tissues (ICRP 1991 and 1995).
11 Not included in the organs whose doses are used for calculating the effective dose.
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are assumed (ICRP 1991). Therefore, it may not always be reasonable to use this
quantity in reporting doses from medical radiology. If the patient material
considered differs greatly from the average population, the use of a different set
of weighting factors and risk coefficients might be more appropriate (National
Academy of Sciences 1990, Stokell et al. 1993, Almen and Mattsson 1996).

10
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MATHEMATICAL PHANTOMS

Several phantom models are available for representing a human body in Monte
Carlo calculations (ICRU 1992a). These include voxel-phantoms, which are based
on CT or MR images of actual humans, and computational models where body
contours and organs are defined by mathematical expressions.

The phantoms used in PCXMC are computational hermaphrodite phantoms
representing humans of various ages: newborn, 1, 5, 10, 15-year-old, and adult
patients. The phantoms include expressions describing various organs and body
parts. These phantoms have been specified by Cristy (1980), but a few
modifications, explained below, have been made here. The principal body
dimensions of these phantoms are given in Table Al, and the composition of their
tissues is shown in Table A2 (Appendix A).

The origin of the coordinate system is located at the middle of the base of the
trunk of each phantom; the z-axis points upwards, the x-axis to the left-hand side
of the phantom, and the phantom looks in the negative y-direction. Appendix A
illustrates the exterior shapes of these phantoms and describes the location and
coordinates of a few organs in them (Tables A5 - A18).

Cristy's phantom models have been developed for calculating doses from internal
radiation sources. In order to simulate the conditions in x-ray examinations better,
we have, closely following Jones and Wall (1985) and Zankl et al (1992), made
the following changes to the Cristy phantoms:

The oesophagus has been added to enable the calculation of the effective
dose. The dimensions and location of the oesophagus are modelled to
resemble those of the male phantom model of Zankl et al. (1992), and
are given for the phantoms of various ages in Table A3.

The anterior half of the neck of the phantom has been modified from the
Cristy phantom model which has no jaw (Kramer et al 1982). This
modification makes the depth of the thyroid and oesophagus better
resemble those in real patients. The dimensions of the anterior neck
region are given in Table A4.

The arms of the phantoms can be removed. This is accomplished by
cutting the trunk region with two planes, which are parallel to the y-z
plane, and located at tx^, where x^ is defined as the maximum

11
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dimension of the rib cage in the direction of the x-axis, but increased by
the thickness of the skin.

The breast material is taken to be a 50:50 mixture of fat and water.

PCXMC allows further modification of these phantoms by letting the user change
the weight (M) or height (h) of any of the phantoms. Using these body size
measurements, the program calculates scaling factors

sz = h/hj, and
sxy = V[h0M^iM0], (1)

where sz is the scaling factor in the direction of the z-axis (phantom height), s^
the scaling factor in the directions of the x and y-axes (phantom width and
thickness, respectively), and ho and MQ are the height and weight of the basic
phantom (Table Al). All dimensions of the phantoms are then multiplied by these
scaling factors, and the organ masses are changed accordingly. This operation
allows the shape of the phantoms to be modified to resemble that of the actual
patient more closely. It should be noted, however, that all measures in a given
direction (i.e., vertical or horizontal) are being multiplied by the same scaling
factor, and phantom variability due to, e.g., variability in the amount of fat tissue
cannot be simulated by this method. An example of the height and weight
transformation of the phantom is given in Figure 1. This transformation does not
have any effect on the coordinate system used foi entering the x-ray beam
geometry: the origin remains at the centre of the base of the trunk, but of course
the location of the organs will change, and the input coordinates of the x-ray
beam have to be changed accordingly in order to simulate the irradiation of the
same body part. The coordinates of any given anatomical point in the transformed
phantom, (x, y, z), are obtained from the coordinates of the same anatomical point
in the basic phantom, (x,,, y,,, ZQ), by

y

y = s*y y0 (2)

12
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Figure 1. An example of the effect of the height and weight transformation. The
phantoms shown represent 5-year-old patients of various height and weight

13
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THE MONTE CARLO METHOD

Monte Carlo calculation of x-radiation transport is based on stochastic
mathematical simulation of the interactions between photons and matter. The
simulation has been formulated in PCXMC in a standard manner (for a review and
general references on Monte Carlo techniques see, e.g., Andreo 1991). Photons are
emitted (in a fictitious mathematical sense) from an isotropic point source into the
solid angle specified by the focal distance and the x-ray field dimensions, and
followed while they interact with the phantom according to the probability
distributions of the physical processes that they may undergo: photo-electric
absorption, coherent (Rayleigh) scattering or incoherent (Compton) scattering.
Other interactions are not considered in PCXMC, because the maximum photon
energy is limited to 150 keV. The range of secondary electrons in soft tissue is
only a fraction of a millimetre, and the energy of the secondary electrons is
approximated to be absorbed at the site of the photon interaction (except in
calculating the bone marrow dose, see below). A large number of individual
photon histories are generated, and estimates of the mean values of the energy
depositions in the various organs of the phantom are used for calculating the dose
in these organs.

Pseudo-random numbers are generated by a multiplicative linear congruential
generator, MLCG(16807, 231-1) (Vattulainen et aL 1993), and used for sampling
the initial photon direction, distance between interactions, type of interacting atom,
type of interaction, scattering angle and energy. In fact, to improve precision, the
photons are constrained so as not to be absorbed by the photo-electric interaction;
instead, photo-electric absorption has been treated by associating a "weight' to the
photons. This weight, w, represents the expected proportion of photons that would
have survived absorption in the preceding interactions, and is reduced in each
interaction according to the probability of absorption (p). At each interaction, an
energy deposition of wpE+w(l-p)AE (E is the photon energy before the
interaction and AE the energy loss in the scattering interaction) is made to the
organ where the interaction occurs, and the photon weight is reduced to
woew = woid(l~P)- Each photon is followed until it exits the phantom without
hitting it again, its energy falls to below 2 keV (in which case it is forced to be
absorbed), or until its weight is reduced to less than 0.003. In the last case, the
photon is subjected to a game of Russian roulette: it is discarded by a probability
of 0.75, but if it survives its weight is multiplied by a factor of four.

14
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The cross sections for the photo-electric interaction, coherent scattering and
incoherent scattering have been taken from Storm and Israel (1970) and the atomic
form factors and incoherent scattering functions from Hubbell et al (1975).

The bones of the mathematical phantoms are modelled as a homogeneous mixture
of mineral bone, active bone marrow, and other organic constituents of the
skeleton. The overall composition of the skeleton is approximated as being
constant over all bones in the body and over all phantoms representing patients of
various ages (see Table A2), but the amount of active bone marrow is varied from
one part of the skeleton to another and is different for phantoms representing
different ages (Cristy 1980). In reality, active bone marrow is located in small
cavities in the trabecular bone, and this must be taken into account when
calculating the dose to the active bone marrow. The Monte Carlo method used
here calculates the kerma in both components of the skeleton, the active bone
marrow and the rest of skeletal material, by dividing the absorbed energy in the
whole skeleton into two parts, applying the method of Rosenstein (1976). Here,
however, the actual energy spectrum at the interaction site was used instead of the
incident photon spectrum used by Rosenstein. The influence of the small cavity
size on the dose in the active bone marrow is considered by applying a photon
energy-dependent kerma-to-dose conversion factor (Kerr and Eckerman 1985),
which increases the active bone marrow dose by a few percent when compared to
the kerma (Figure 2). The size of the bone marrow cavities may vary depending
on the age or the anatomical part of the skeleton (Ken and Eckerman 1985), but
this has not been taken into account here. The absorption of energy in the other
parts of the skeleton has been reduced by the same amount as it has been
increased for the active bone marrow.

PCXMC calculates the organ doses for monochromatic photons of 10,
20 ... 150 keV energy (or up to less than the maximum 150 keV, if the user so
specifies) in ten different batches of each energy value. The final estimate of the
absorption at each energy value is obtained as the average of these batches, and
the statistical error is estimated from their standard deviation. The doses and their
statistical errors for a practical x-ray spectrum of interest are calculated afterwards
by another module included in the program. The same Monte Carlo data can,
therefore, be used for calculating doses for any spectrum of interest; the
calculation is fast because it does not involve any further Monte Carlo simulation.
The x-ray spectra are calculated according to the theory of Birch and Marshal
(1979) and specified in terms of the x-ray tube voltage (kV), the angle of the
tungsten target of the x-ray tube, and filtration. In the present version of the
program, the user can simultaneously define two filters of arbitrary atomic number

15
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Figure 2. The kerma-to-dose conversion factor for active bone marrow in the
lumbar vertebra (Kerr and Eckerman 1985). PCXMC uses this curve for all bone
marrow sites.

and thickness. The filter data are, for practical reasons, from the compiled x-ray
interaction data of McMaster et al. (1969). Air kerma is calculated from photon
fluence data using the conversion coefficients in ICRU (1992b).

It should be noted that the accuracy of both the dose estimate and its statistical
enor depend on the number of interactions in the organ. This number may be low
even for a large number of photon histories if the dose in the organ is low or the
organ small. It should also be noted that when the number of interactions is low,
which is indicated by a high value of the statistical error, the estimate has a
skewed non-normal distribution and the actual statistical enors may be higher
than expected on the basis of the standard deviation.

16
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COMPARISON WITH OTHER DATA

The data calculated by PCXMC are most directly comparable to the organ dose
conversion factors calculated in NRPB by Jones and Wall (1985) and Hart et al
(1994b, 1996b), because they are based on the same phantom models (Cristy
1980). For the purpose of comparison, the NRPB data below have been
renormalized to correspond to an air kerma (free-in-air) of 1 Gy.

Figures 3 and 4 show a comparison of the organ doses calculated for two x-ray
examinations, adult chest and paediatric abdomen. Figure 5a compares the
effective dose calculated by PCXMC with the data of Hart et al (1996b) in
several x-ray examination conditions, and Figures 5b-g compare various organ
doses in these same examinations.

In general, the agreement between the results of PCXMC and NRPB (Jones and
Wall 1985 and Hart et al 1994b and 1996b) is good, and the differences between
them typically fall within the statistical error that is caused by the finite amount
of simulated photons. Yet, a few exceptions in the otherwise excellent agreement
exist. The effective doses differ in some examinations because the definition of the
effective dose is slightly different in these data: we have used the definition in
ICRP (1995), whereas the data of NRPB correspond to the older definition in
ICRP (1991). The difference is greatest in the abdomen examinations. As can be
seen in Fig 5a, the differences in the effective doses are typically less than 10%,
and not significant for practical dose evaluation purposes. Secondly, the skeleton
dose calculated by PCXMC is consistently a few percents higher. This is probably
due to the difference in defining a skeletal dose: in PCXMC this dose refers to the
dose in the other constituents of the skeleton except active bone marrow, whereas
the skeleton dose in the NRPB model is the average of all skeletal components,
including active bone marrow. A further difference between the data is in the dose
in the oesophagus, where the results of PCXMC are slightly lower in the AP
projections of examinations involving the neck area. This difference is probably
related to differences in the phantom models: no equations have been defined for
the neck and the oesophagus in the original Cristy phantoms.

As was already noted above, the organ doses calculated are strictly valid only for
the phantoms used for the calculation. To illustrate differences between the results
of organ dose calculations, Tables II and HI present organ dose data from several
studies. The differences between these data may derive from differences in the

17
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Table II. Comparison of organ dose conversion factors in a chest examination of
an adult patient. The data are normalized to an entrance air kerma (free-in-air)
of 1 Gy.

Adult chest PA (125 kV, 2.5 mm Al

Organ PCXMC*
(mGy/Gy)

Lungs 684 (5.8)
Active bone marrow 229 (1.1)
Uterus 5.2 (2.0)
Thyroid 87 (13)

Examination conditions as
parentheses.

filtration, HVL 4.45 mm Al)

NRPB"
(mGy/Gy)

719
235
4.6
92

GSF""
(mGy/Gy)

680
150
<10
90

in NRPB. The statistical

Hart et al (1994b), extrapolated data.
Drexler et aL (1990), average of male i
Rosenstein (1976b), extrapolated data.
Calculated by the method
female doses.

of Rannikko

CDRH""
(mGy/Gy)

-

207
6.8
93

ODS-60
(mGy/Gy)

1046
361
1.6
228

error (2xSTD) shown in

md female doses.

et aL (1996), average ()f male and

phantoms, examination conditions, photon interaction data, or approximations in
the calculation methods: In the Monte Carlo calculations of Rosenstein (1976) and
Drexler et aL (1990), for example, scattering has been approximated by Compton
scattering only, without considering coherent and incoherent scattering separately
as is done here, while Rannikko et al. (1996) use a totally different dose
calculation method and phantom model (Servomaa et al. 1989).

18



FINNISH CENTRE FOR RADIATION
STUK-A139 AND NUCLEAR SAFETY

Table III. Comparison of organ dose conversion factors in an abdomen
examination of a 5 -year -old paediatric patient. The data are normalized to an
entrance air kerma (free-in-air) of 1 Gy.

Abdomen AP (70 kV, 3.5 mm Al filtration, HVL

Organ PCXMC*
(mGy/Gy)

Lungs 114 (3.4)
Active bone marrow 64 (0.7)
Ovaries 342 (65)
Thyroid 5.2 (5.7)

Phantom and x-ray field
shown in parentheses.

NRPB"
(mGy/Gy)

121
64
376
1.7

2.9 mm Al)

PCXMC'" GSF'"
(mGy/Gy) (mGy/Gy)

200(5.5) 200
70 (0.9) 75
327 (74) 569
0.6 (0.5) 12

CDRH—
(mGy/Gy)

154
128
457
3.4

size as in NRPB. The statistical enor (2xSTD)

Hart et al (1996b), interpolated data,
20.4x26.6 cm2.
Phantom and X-ray field
shown in parentheses.

*"• Zankl et al (1989), field
Rosenstein et al. (1979),

field size at phantom mid-plane

size as in GSF. The statistical error

size in film
Beld size in

plane 25.6x39.4 cm2.
film plane 28x36 cm2.

(2xSTD)

19
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Figure 3. A comparison of the organ dose conversion factors calculated by PCXMC with the data of Jones and Wall
(1985, NRPB data with error bars) and Hart et al (1994b, NRPB data without error bars). All doses correspond to an
entrance air kerma (free-in-air) of 1 Gy. Adult patient, chest examination, PA projection, x-ray tube voltage 120 kV,
filtration 3 mm Al, IT x-ray tube anode angle. The error bars shown correspond to two standard errors of the data.
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Figure 4. A comparison of the organ dose conversion factors calculated by PCXMC with the data of Hart et al (1996b).
All doses correspond to an entrance air kerma (free-in-air) of 1 Gy. 1-year-old patient, abdomen examination, AP
projection, x-ray tube voltage 70 kV, filtration 3 mm Al, IT x-ray tube anode angle. The error bars shown correspond
to two standard errors of the data.
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Figure 5a. A comparison of the conversion factors calculated by PCXMC with the data of Hart et aL (1996b). Conversion
coefficient from air kerma to effective dose. All doses correspond to an entrance air kerma (free-in-air) of 1 Gy. In the
examination condition, the first digits show the patient's age, the letters show the examination (a - abdomen, c = chest,
h - head, p = pelvis) and projection (a = AP, p = PA, r = right lateral), and the last digits show the x-ray spectrum
(60 = 60 kV, total filtration 3 mm Al; 120 = 120 kV, total filtration 3 mm Al and 0.2 mm Cu, IT x-ray tube anode
angle). The error bars shown correspond to two standard errors of the data.
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Figure 5b. A comparison of the conversion factors calculated by PCXMC with the data of Hart et al (1996b). Conversion
coefficient from air kerma to dose in the active bone marrow. All doses correspond to an entrance air kerma (free-in-
air) of 1 Gy. In the examination condition the first digits show the patient's age, the letters show the examination
(a = abdomen, c = chest, h = head, p = pelvis) and projection (a = AP, p = PA, r = right lateral), and the last digits
show the x-ray spectrum (60 = 60 kV, total filtration 3 mm Al; 120 = 120 kV, total filtration 3 mm Al and 0.2 mm Cu,
IT x-ray tube anode angle). The error bars shown correspond to two standard errors of the data.
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Figure 5c. A comparison of the conversion factors calculated by PCXMC with the data of Hart et aL (1996b). Conversion
coefficient from air kerma to dose in the skeleton. All doses correspond to an entrance air kerma (free-in-air) of 1 Gy.
In the examination condition the first digits show the patient's age, the letters show the examination (a - abdomen,
c = chest, h = head, p = pelvis) and projection (a = AP, p = PA, r = right lateral), and the last digits show the x-ray
spectrum (60 = 60 kV, total filtration 3 mm Al; 120 = 120 kV, total filtration 3 mm Al and 0.2 mm Cu, IT x-ray tube
anode angle). The error bars shown correspond to two standard errors of the data.
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Figure Sd. A comparison of the conversion factors calculated by PCXMC with the data of Hart et aL (1996b). Conversion
coefficient from air kerma to dose in the lungs. All doses correspond to an entrance air kerma (free-in-air) of 1 Gy. In
the examination condition the first digits show the patient's age, the letters show the examination (a = abdomen,
c = chest, h - head, p = pelvis) and projection (a = AP, p = PA, r = right lateral), and the last digits show the x-ray
spectrum (60 - 60 kV, total filtration 3 mm Al; 120 = 120 kV, total filtration 3 mm Al and 0.2 mm Cu, IT x-ray tube
anode angle). The error bars shown correspond to two standard errors of the data.
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Figure 5e. A comparison of the conversion factors calculated by PCXMC with the data of Hart et al. (1996b). Conversion
coefficient pom air kerma to dose in the pancreas. All doses correspond to an entrance air kerma (free-in-air) of 1 Gy.
In the examination condition the first digits show the patient's age, the letters show the examination (a = abdomen,
c = chest, h = head, p = pelvis) and projection (a = AP, p = PA, r = right lateral), and the last digits show the x-ray
spectrum (60 = 60 kV, total filtration 3 mm Al; 120 = 120 kV, total filtration 3 mm Al and 0.2 mm Cu, IT x-ray tube
anode angle). The error bars shown correspond to two standard errors of the data.
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Figure 5f. A comparison of the conversion factors calculated by PCXMC with the data of Hart et aL (1996b). Conversion
coefficient from air kerma to dose in the oesophagus. All doses correspond to an entrance air kerma (free-in-air) of
1 Gy. In the examination condition the first digits show the patient's age, the letters show the examination (a - abdomen,
c = chest, h = head, p = pelvis) and projection (a = AP, p = PA, r = right lateral), and the last digits show the x-ray
spectrum (60 = 60 kV, total filtration 3 mm Al; 120 = 120 kV, total filtration 3 mm Aland 0.2 mm Cu, IT x-ray tube
anode angle). The error bars shown correspond to two standard errors of the data.
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Figure 5g. A comparison of the conversion factors calculated by PCXMC with the data of Hart et aL (1996b). Conversion
coefficient from air kerma to dose in the thyroid. All doses correspond to an entrance air kerma (free-in~air) of 1 Gy.
In the examination condition the first digits show the patient's age, the letters show the examination (a = abdomen,
c = chest, h = head, p = pelvis) and projection (a = AP, p = PA, r = right lateral), and the last digits show the x-ray
spectrum (60 = 60 kV, total filtration 3 mm Al; 120 = 120 W, total filtration 3 mm Al and 0.2 mm Cu, IT x-ray tube
anode angle). The error bars shown correspond to two standard errors of the data.
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FURTHER RESULTS OF
DOSE CALCULATIONS

The effect of phantom size on the entrance air kerma-to-effective dose conversion
factor in an AP abdomen examination of a 5-year-old patient is shown in Figure
6. In this example, the x-ray beam axis has been constrained to be at the same
anatomical location in the patient of each size, and the field size at the phantom's
entrance plane is constant (18.8x24.6 cm2, centre point coordinates of the x-ray
field in the basic phantom (0, 0,14.02)). The height and weight of the phantoms
correspond approximately to the average 5-year-old patient and to patients

Effective dose

14.9 100

117
1°9 Phantom

height (cm)
16.8 19.1 21.8 24.8

Phantom weight (kg)

Figure 6. The conversion factor from entrance air kerma to effective dose for the
abdomen AP projection of 5-year-old patients of variable height and weight.
FSD 90 cm, x-ray field size at phantom entrance 18.8x24.6 cm2, centre point of
the field at the same anatomical location in all phantoms, x-ray tube voltage
70 kV, total filtration 3.5 mm Al, IT x-ray tube anode angle. Basic phantom
height 109 cm and weight 19.1 kg. The data in the figure span approximately two
times the standard deviation of patient height and weight.
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deviating by up to two standard deviations from the average (Karlberg et
al 1969). In reality, the height and weight of the patient are correlated, and the
combinations of short and heavy or tall and light phantoms may be unrealistic
models of patients (see Figure 1). In this example, the error that arises from using
the average patient's data in the calculation of the average effective dose of
patients is not large. This may not always be the case, however; the error could
be much higher in situations where the change in the patient dimensions causes
the location of some of the radiosensitive organs to be inside or outside the
primary beam. One should also note that the entrance air kerma is a strong, non-
linear function of the patient's thickness: the average dose in the examination is
not equal to the dose of an average-sized patient.
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Figure 7. The conversion factor from entrance air kerma to lung dose (upper set
of curves; continuous lines) and effective dose (lower set of curves; broken lines)
for a chest AP projection exposure of phantoms representing patients of different
ages and sizes. Phantom height and weight are varied in concert without affecting
the shape of any of the basic phantoms; x-ray field size at phantom entrance
plane is equal to the maximum extent of the rib cage in directions of phantom
width and height, FSD 180 cm, 120 kV, total filtration 3 mm Al, IT x-ray tube
anode angle. The data in the figure span approximately two times the standard
deviation of the weight of a male patient at each age.
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Another example of how the phantom model may affect the dose conversion
factors is shown in Figure 7. In this figure, a chest AP projection is considered,
and the size transformation of the patients is equal in all directions, sz = s^ (the
transformation changes the size of the phantoms, but not their shape). In this
example, the x-ray field size at the phantom entrance has been set to correspond
to the maximum extent of the rib cage of each phantom. The field size is therefore
different for each phantom. The effect of changing the size of the phantom is
surprisingly small, especially for the conversion from entrance air kerma to
effective dose. Note, however, that this result applies only to the conversion
factor; the entrance air kerma required depends heavily on the patient's thickness.

An example of the dependence of the dose conversion factors on the x-ray tube
voltage and total filtration in an adult chest PA projection is shown in Figure 8.
When the x-ray beam is made harder by raising the voltage or adding filtration,
the conversion factors increase, and the dose advantage from using hard x-ray
spectra is less than would be estimated when observing the entrance dose alone.

1000

Figure 8. The conversion factor from entrance air kerma to lung dose (continuous
curves) and effective dose (broken curves) for a chest PA projection of an adult
patient as a junction of x-ray tube voltage. FSD 160 cm, field size at phantom
entrance plane 30.1x37.6 cm2, IT x-ray tube anode angle. O x-ray tube total
filtration 3 mmAl; Ox-ray tube total filtration 3 mmAl + 0.2 mm Cu.
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APPENDIX A

PHANTOM DATA
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Figure Al. Anterior views of the basic phantoms corresponding to newborn, 1, 5,
10, 15-year-old, and adult patients. The origin of the coordinates is located at
the middle of the base of trunk. The z-axispoints upwards, the x-axis to the left-
hand side of the phantom, and the phantom looks in the negative y-direction. The
dashed lines show the cut-planes for removing the hands.
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Table Al. Principal dimensions of the mathematical phantoms (Cristy 1980). In
the calculation the user can specify whether the hands of the phantom are
included at the sides of the trunk or whether they are removed (which may
simulate the real situation better, e.g., for lateral projections). Trunk width is
given for both of these conditions.

Weight
(kg)
(cm)

Newborn 3.51
1 year old 9.36
5 year old 19.1
10 year old 32.1
15 year old 54.5
Adult 71.1

* excluding hands
•• including hands

Total
height
(cm)

51.5
75.0
109.0
138.6
164.0
174.0

Trunk
height
(cm)

21.6
30.7
40.8
50.8
63.1
70.0

Trunk
thickn.
(cm)

9.8
13.0
15.0
16.8
19.6
20.0

Trunk
width*
(cm)

10.9
15.1
19.6
23.8
29.7
34.4

Trunk
width"
(cm)

12.7
17.6
22.9
27.8
34.5
40.0

Leg
length

16.8
263
48.0
66.0
78.0
80.0

Table A2. Elemental composition of the phantom tissues as used in this report (%
by weight). The number of elements has been reduced from that in the NRPB
model (Jones and Wall 1985) by grouping the elements Na, Mg, P, S, and Cl
together and treating them as phosphorus, and grouping all elements of atomic
numbers from that ofK or higher together and treating them as calcium.

Skeleton
Active bone marrow
Breast tissue
Lung tissue
Other soft tissues

Density
(g/cm3)

1.49
0.99
0.975
0.2%
0.99

H

7.04
10.18
11.70
10.21
10.47

C

22.79
47.48
38.04
10.01
23.02

N

3.87
2.18
0.00
2.80
2.34

O

48.56
39.70
50.26
75.96
63.21

P

7.68
0.29
0.00
0.78
0.39

Ca

10.06
0.17
0.00
0.24
0.58
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Table A3. The model for the oesophagus: the equation defining it and the
parameters for the phantoms of various ages.

.x - < 1, z,< z <

Newborn
1 year old
5 year old
10 year old
15 year old
Adult

a
(cm)

0.50
0.65
0.75
0.85
0.98
1.00

b
(cm)

0.20
0.26
0.30
0.34
0.39
0.40

*o
(cm)

0.24
0.32
0.37
0.42
0.49
0.50

y0
(cm)

1.22
1.61
1.86
2.08
2.43
2.50

zL
(cm)

13.14
18.86
25.06
31.21
38.71
43.00

(cm)

23.60
32.91
43.56
54.43
67.30
75.00

Mass
(g)

3.25
7.37
12.9
20.8
33.9
39.7

Table A4. The model for the anterior half of the neck: the equation defining it and
the parameters for the phantoms of various ages.

(If *(1)2<1, y <0, z ^ z

Newborn
1 year old
5 year old
10 year old
15 year old
Adult

a
(cm)

4.52
6.13
7.13
7.43
7.77
8.00

b
(cm)

4.05
5.49
6.34
6.58
6.83
7.00

(cm)

21.60
30.70
40.80
50.80
63.10
70.00

Zt.
(cm)

23.69
33.55
44.01
54.31
66.72
73.80
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Table AS. Coordinates of the center point of the adrenals. The positive x-
coordinates apply for the left adrenal, and the negative x-coordinates to the right
adrenal (Cristy 1980).

Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

(cm)

±1.41
±1.54
±2.00
±2.43
±3.02
±3.50

(L)
2.45
3.25
3.75
4.20
4.90
5.00

(cm)

12.5
17.8
23.6
29.4
36.4
40.5

Table A6. Maximum and minimum coordinates of the boundaries of the brain
(Cristy 1980).

Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

(cm)

-4.14
-5.63
-6.34
-6.51
-6.58
-6.60

(cm)

4.14
5.63
6.34
6.51
658
6.60

y«Q»

(cm)

-5.40
-7.34
-8.26
-8.48
-8.57
-8.60

y«m
(on)

5.40
734
8.26
8.48
8.57
8.60

Z.U.
(cm)

27.09
38.14
49.19
60.32
73.34
81.10

(cm)

34.31
47.%
60.23
71.66
84.80
92.60
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Table A7. Maximum and minimum coordinates of the boundaries of the breast.
The data are given for the left breast; the data for the right breast requires
changing the sign of the x-limits (Cristy 1980).

Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

(cm)

2.82
3.37
4.94
6.01
6.21
5.17

(cm)

3.54
5.03

6.52
7.89
11.05
14.83

y<ma
(cm)

-4.60
-6.26
-7.28
-8.21
-10.62
-12.92

(cm)

-4.08
-5.36
-6.19
-6.94
-7.62
-6.93

(cm)

15.69
22.18
29.52
36.79
44.84
47.94

(cm)

16.41
23.44
31.10
38.67
48.90
56.06

Table A8. Coordinates of the center point of the gall bladder (Cristy 1980).

Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

(cm)

-0.67
-0.71
-0.59
-1.69
-4.48
-4.50

y0
(cm)

-1.75
-2.08
-2.40
-2.69
-3.14
-3.20

Zo
(cm)

10.2
14.5
19.6
24.4
29.8
32.9
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Table A9. Coordinates of a reference point inside the heart (Cristy 1980).

Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

(cm)

0.42
0.54
0.77
0.80
0.86
1.00

y0
(cm)

-1.08
-1.67
-1.70
-1.70
-2.10
-1.80

Zo
(cm)

16.05
22.43
29.60
36.60
45.10
50.00

Table AlO. Maximum and minimum coordinates of the boundaries of the kidneys.
The data are given for the left kidney; the data for the right kidney requires
changing the sign of the x-limits (Cristy 1980).

Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

(cm)

0.71
0.95
1.31
1.74
2.48
3.00

(cm)

3.70
5.25
6.64
7.83
9.23
10.50

ymin
(cm)

2.01
2.65
3.10
3.57
4.35
4.50

y«.
(cm)

3.87
5.15
5.90
651
7.41
7.50

(cm)

833
11.84
15.74
19.60
24.34
27.00

(cm)

11.73
16.66
22.14
27.58
34.26
38.00
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Table All. Maximum and minimum coordinates of the boundaries of the lungs
(both lungs) (Cristy 1980).

Newborn
1-year-old
5-year-old
10-year-old
15-yeai-old
Adult

(cm)

-4.59
-6.42
-8.34
-9.73
-11.42
-13.50

(cm)

4.59
6.42
8.34
9.73
11.42
13.50

(cm)

-3.68
-4.88
-5.63
-6.30
-6.98
-7.50

(Z)
3.68
4.88
5.63
630
6.98
7.50

(cm)

13.42
19.08
25.35
31.57
39.21
43.50

(cm)

20.83
29.61
39.34
48.99
59.76
67.50

Table A12. Coordinates of the center point of the ovaries. The positive x-
coordinates apply for the left ovary, and the negative x-coordinates to the right
ovary (Cristy 1980).

Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

(cm)

±1.91
±2.64
±3.44
±4.17
±5.18
±6.00

y0
(cm)

0.00
0.00
0.00
0.00
0.00
0.00

Zo
(cm)

4.63
6.58
8.74
10.89
13.52
15.00
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Table A13. Coordinates of the center point of the spleen (Cristy 1980).

Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

(cm)

3.54
4.94
6.40
7.65
9.49
11.00

1.42
1.85
2.25
2.52
2.94
3.00

(cm)

11.42
16.23
21.57
26.85
33.35
37.00

Table A14. Maximum and minimum coordinates of the boundaries of the stomach
(Cristy 1980).

Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

(cm)

1.34
1.67
2.03
2.42
3.47
4.00

(cm)

3.74
5.37
7.13
8.70
10.33
12.00

(Z)
-3.35
-4.75
-5.55
-6.25
-6.84
-7.00

(Z)
-0.57
-0.65
-0.75
-0.77
-1.00
-1.00

(cm)

8.46
11.84
15.74
1939
24.39
27.00

(cm)

13.14
18.86
25.06
31.21
38.71
43.00
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Table A15. Coordinates of the center point of the testes. The positive x-
coordinates apply for the left testis, and the negative x-coordinates to the right
testis (Cristy 1980).

Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

(cm)

±0.36
±0.41
±0.45
±0.47
±0.96
±1.30

y0
(cm)

-2.58
-3.73
-4.98
-6.15
-7.10
-8.00

(cm)

-0.64
-0.72
-0.80
-0.84
-1.69
-2.30

Table A16. Maximum and minimum coordinates of the boundaries of the thyroid
(Cristy 1980).

Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

(cm)

-0.87
-0.97
-1.21
-1.60
-1.85
-2.20

(cm)

0.87
0.97
1.21
1.60
1.85
2.20

(Z)
-3.01
-3.84
-4.52
-5.16
-5.76
-6.20

(OT)

-2.14
-2.87
-3.31
-3.56
-3.91
-4.00

(cm)

21.60
30.70
40.80
50.80
63.10
70.00

(cm)

23.60
32.91
43.56
54.43
67.30
75.00
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Table A17. Coordinates of the center point of the urinary bladder (Cristy 1980).

Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

(cm)

0.00
0.00
0.00
0.00
0.00
0.00

(cm)

-2.21
-2.93
-3.38
-3.78
-4.41
-4.50

(cm)

2.47
3.51
4.66
5.81
7.21
8.00

Table A18. Maximum and minimum coordinates of the boundaries of the uterus
(Cristy 1980).

Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

(cm)

-0.83
-0.61
-0.78
-0.91
-1.72
-2.50

(cm)

0.83
0.61
0.78
0.91
1.72
250

(cm)

-2.27
-2.20
-2.51
-2.78
-3.92
-4.50

(Z)
159
0.50
0.50
0.49
1.95
3.00

(cm)

3.83
5.78
7.69
9.59
11.54
12.50

(cm)

4.81
650
8.63
10.73
13.70
1550
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Table AI9. Examples of reference point coordinates in some x-ray projections
(Adult data: Hart et al 1994a, paediadtric data: Hart et at 1996a).

HEAD AP/PA/LAT Newborn
1-yeai-old
5-year-old
10-year-old
15-year-old
Adult

CHEST AP/PA/LAT Newborn
1-yeai-old
5-year-old
10-year-old
15-year-old
Adult

ABDOMEN AP/PA Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

PELVIS AP/PA Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

URINARY BLADDER AP/PA Newborn
1-year-old
5-year-old
10-year-old
15-year-old
Adult

(cm)

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

y*
(cm)

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

(cm)

28.7
42
54
65.1
78
85.5

16.7
24.5
30
36.6
49
52

8.7
10.5
14
18.6
20
20

3.7
4.5
7
10.6
11
11

2.7
3.5
5
6.6
8
7
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APPENDIX B

USING PCXMC (Version 1.2)

PCXMC runs under the Microsoft Windows 3.1 operating system. A PC equipped
with at least 8 MB of RAM and a processor of at least 66 MHz clock frequency
is recommended for the use of the program. The program files require
approximately 2.5 MB of free disk space; additionally, you should have at least
1-2 MB free disk space for the Monte Carlo data that you will generate.

Bl. Program installation on hard disk

The program files can can be easily copied to the hard disk either by using the
'File manager' of Windows (step la below) or the XCOPY command in DOS (step
lb below):

(la: Using Windows) Start the File manager, insert the PCXMC diskette in the
disk drive (A:) and copy the directory from the diskette (\PCXMC) by dragging
it with the mouse to the root directory of the hard disk (C:\, or another hard disk
drive, e.g. D:\). This will create the directory and all required subdirectories on
your hard disk, and will copy the contents of these directories in their proper
places. After completing this step you can remove the diskette from the drive. Go
to step (2).

(lb: Using DOS) An alternative method to copy the files on the hard disk from
the diskette is to do it under DOS. Insert the diskette in the disk drive and write
the DOS command: XCOPY A: C:\ /E. If you prefer, you can specify another hard
disk instead of "C:" in the command. This will create the directory and all
required subdirectories on your hard disk, and will copy the contents of these
directories in their proper places. After completing this step you can remove the
diskette from the drive.

(2) Use the File manager of Windows to choose the directory \PCXMC on your
hard disk, click the file PCXMC.EXE in this directory and drag it on the desktop
of your Windows Program manager (in order to create the PCXMC program icon
in the program group that you choose). Close the File manager.

(3) Activate the PCXMC-icon on your desktop by clicking it once, click the
Menu option Tile1 on top of the Program manager, and choose the option
'Properties'. In the field Working directory', write C:\PCXMC\MCRUNS, in order
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to use that directory as the default for the location of the Monte Carlo data that
you will produce. (If you have installed the program in a hard disk drive other
than C:, use the name of that drive instead of C: above.) Click the OK button, and
the installation is complete.

B2. Using the program

To start PCXMC, double-click its icon on the desktop.

The program produces files of different extensions during the operation. Files
containing the examination and patient parameters of Monte Carlo simulation use
the extension '.def, data files produced by the Monte Carlo calculation use the
extension \ene', and final dose calculations for specific x-ray spectra use the
extension '.mGy'. The energy files ('.ene') show the examination data, the absorbed
energy (in keV), and the statistical error estimated for this energy (one standard
deviation, in percent) for each organ of interest. We recommend that all the above
files are kept in directory \PCXMC\MCRUNS or that the user creates new
subdirectories in this directory for organizing the data. Subdirectories can be
created by using the 'File manager', access to which is provided in the program.

A new x-ray spectrum is calculated each time the user changes it, and is stored in
directory PCXMOMONDATANSPECTRA as an ASCII file 'SPEKTRI.MAT.
This file shows the kV, filtration and relative photon fluence in 1 keV bins. This
spectral data is used for all dose calculations until the user specifies a new
spectrum.

When the user starts PCXMC, the main form is displayed showing six buttons
(see Fig Bl):

• Examination data
• Simulate
• Compute doses
• File manager
• About
• Exit

Clicking these buttons with the left button of the mouse (or pressing the <Alt>-
key and the underlined letter) activates different subprograms of PCXMC.
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PCXMC Calculations

^Examination data!

Fflejgianager

Simulate!

§ About

Compute doses

JUait

Figure Bl. The main form of PCXMC.

• Examination data
Clicking this button opens a new window (see Fig B2), and allows the user
to define the x-ray examination conditions and phantom model which are used
in the Monte Carlo simulation. Examination data are saved by the name that
the user specifies, with the standard extension '.def.

DefForm [ I
File

•KM.«

it
*Fom j ©QponFom j

1
gS.av.Fon.jy Save Font AJI..

1
S Ppnt A* Fan

Daectay Fife:
| D:\POMC\HCRUNS II IP" Irnp

Examination: Headei

0.0000 0.0000

Phantom:

(LATL-O/PA-30/LATR-180/AP-27O) (*-Oanial.-caudd Xiaf tube}

Length Man

C o C 1 O 5 O io C 15 @ A** 0.0000 I I 0.0000 pt Hands

DMeniiong Ftd Width Height Xiel Zirt

I 0.0000 I I o.oooo 11 0.0000 o.oooo|| 0.0001 0.00001

MEIOYOU

Sanulation: 0

Figure B2. The PCXMC form used for entering x-ray examination data.
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The standard height and weight of each phantom are obtained either by
entering their proper values (in cm and kg) or the value 0.00 in the fields of
these data. A cross in the field Hands' (or the value 1 for hands in the
definition file) implies that the hands are included in the phantom during
simulation.

All geometric data are entered using cm as the unit of length, and degree as
the unit of angle. 'Fsd' (focus-skin distance) means the distance between the
focal spot of the x-ray tube and the skin entrance point of the central axis of
the x-ray beam. Field Width1 and Height' refer to the lateral (x and y) and
vertical (z) dimensions of the x-ray beam at the distance Fsd from the focal
spot. Xref, Yref, and Zref are the coordinates of a point inside the phantom,
through which point the central axis of the x-ray beam is directed. The figure
and tables of Appendix A can be used as guidance in finding proper
coordinates for this reference point: Tables A5 - A18 describe the location of
various organs in the phantoms and Table A19 shows typical reference points
for a few common radiographic projections.

The field Header' can be used to contain a short user-specified text to explain
the simulation conditions.

If all 15 photon energies are chosen for simulation (field NElevels), the value
of 50 000 photons (field NPhots) takes about one to two hours of computation
time on a modem (1996) PC with a 120 MHz processor. The calculation time
can be shortened by specifying a lower value for NElevels (which then
restricts the use of the data for x-ray tube voltages higher than this value
times 10 kV), or NPhots (which then results in larger stochastic errors in the
data), or by using a faster computer. As an example of fast calculation times,
we can take the simulation of the abdomen examination of a 5-year old
patient: Restricting the input x-ray quantum energies below 80 keV (NElevels
= 8) and accepting less accurate dose estimates (NPhots = 1000) gives a
calculation time of about 75 seconds. The errors (one standard deviation) in
the doses for a 70 kV spectrum are about 5% for the effective dose, 10% for
the dose in the stomach, and 80 - 100 % for doses in small organs, such as
the ovaries. The acceptability of these errors depends on the intended use of
the data.

Clicking the button "New form' initializes the settings to a standard set. 'Open
form' shows all files with the extension '.def and allows the user to open any
of them in order to modify or view the data. After defining (or modifying) the
data, they can be saved by clicking the 'save' or 'save as' buttons. If the data
have already been used in simulation (which is indicated by a cross in the field
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"Energy exists') the definition file cannot be edited before it has been saved
under a new file name.

The user can also print the active definition file, or start the FileManager
program of Windows by clicking the 'print* or 'File Manager' buttons. When
ready, the user can return to the main form by clicking the 'exit' button. Note
that the user cannot edit the fields named 'Directory' and 'File': the data in
these fields is for display only.

The operations can also be activated from the 'File' menu. This menu also
enables the user to view and print existing definition and energy (Monte Carlo
data) files.

• Simulate
Clicking this button opens a new window with new buttons and fields (see
Fig. B3). Clicking the 'Start' button opens a window that allows the user to
choose a definition file for simulation. Several files can be chosen by keeping
the <Ctrl>-button pressed while clicking the names of definition files. The
program will then simulate these conditions one after another automatically
without user interference. For example, the program can be left simulating
several conditions overnight. When the 'OK' button is clicked, the simulation
starts and the fields of the window show data and progress of the calculation.
The field "Energy level' shows the photon energy under calculation (the energy
is 10 times the value in the display), "Lot' shows the number (1 to 10) of the
batch, and 'Photons' shows the number of photons simulated at the present
energy level in the present batch.

The simulation can be stopped at any stage by clicking the Halt' button, but
then all simulation data of the present run are lost. The calculation is ready
when a message window with text 'Done' is displayed. The user can then
return to the main form by clicking the 'exit' button.

The results of the simulation are stored under the same name as the definition
file of the simulation conditions, but the extension '.def is replaced by '.ene'.
This file is then used for calculating the organ doses for any x-ray spectrum
that the user is interested in, without the need to make new simulations (as
long as all other examination parameters are kept unchanged).
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MC-SIMULATION
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Figure B3. The simulation window of PCXMC.

Note that when the program is used for the first time for calculating doses in
a phantom of the specified age, it automatically creates additional data in the
directory \PCXMC\MCINDATA\GRIDS and prompts the user to wait for the
completion of this operation. This operation is not done in later simulations.

• Compute doses
Qicking this button opens a new form with new fields and buttons (see Fig
B4).

Clicking the "Update spectrum' button starts the x-ray spectrum calculation
subroutine, which prompts for the x-ray tube voltage, x-ray tube target angle,
and up to two different filters. Filter material is chosen by entering the atomic
number of the filter material, and filter thickness can be specified either in
units of thickness (mm) or areal weight (g/cm2). This calculated spectrum is
stored and used until the user specifies a new spectrum.
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File Run
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Figure B4. The dose calculation window ofPCXMC.

Clicking the 'Calculate doses' button prompts for the entrance air kerma (mGy,
free-in-air) and calculates the organ doses for the x-ray spectrum that is
currently stored in the x-ray spectrum file. In the dose calculation, the energy
absorbed in the organs is first interpolated linearly for the photon energies
between the energies of Monte Carlo simulation and, after that, the
interpolated data are used for summation over the x-ray spectrum and
calculation of doses. All data are then normalised to correspond to the air
kerma measured at the phantom entrance plane.

It should be noted that the accuracy of both the dose estimate and its statistical
error depend on the number of simulated interactions in the organ. The number
of interactions may be low even for a large number of photon histories
followed if the dose in the organ is low or the organ small. It should also be
noted that when the number of interactions is small, which is indicated by a
high value of the statistical error, the estimate has a skewed non-normal
distribution and the actual statistical errors may be higher than expected on the
basis of the standard deviation.
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'Save as' saves the dose data in a file by the name that the user supplies (use
the default extension '.mgy'). 'Print' is used for printing the dose data on paper,
and 'Convert file form' to remove definition data from the dose file: this makes
it easier to export the data to other programs, such as spreadsheet applications.
Again, clicking "Exit' takes the user to the main form.

The operations can also be activated from the 'File' or 'Run' menus. The 'File'
menu also enables the user to view and print existing definition and energy
(Monte Carlo data) files.

• File manager
allows the user to start the 'File Manager' program of Windows,

• About
shows data on the PCXMC program, and

• Exit
stops the execution of the program and returns the control to Windows.

Note that if the display matrix size of the monitor you use is exceptionally small,
there may not be enough screen .space to show the whole area of each display
window. In such cases horizontal and vertical scroll bars are created on the screen,
and these can be used to access the hidden area of the display window.
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SOFTWARE ORDER FORM

PCXMC
A Monte Carlo program for calculating patient doses in medical x-ray exa-
minations by a personal computer

We would like to order a licence for the use of the PCXMC - Monte Carlo program
(Version 1.2, Documented in the report STUK-A139)

Quantity: licences

Price: 2500 FIM per licence (VAT 0%)

Orderer

Name

Address

VAT Reg No
(not needed for purchasers outside the European Union)

Date and signature

Further information: Markku Tapiovaara
Phone +358 9 7598 8604, fax +358 9 7598 8589
E-mail: markku.tapiovaara@stuk.fi

Please return this form to
Finnish Centre for Radiation and Nuclear Safety, Medical Radiation Laboratory
P.OJBox 14, FIN-00881 HELSINKI, Finland
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