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 Abstract 
In order to apply the Monte Carlo simulation technique for usual radiological examinations 

we developped a PC program, IradMed, written entirely in Java. The main purpose of this 
program is to compute the organ doses and the effective dose of patients, which are exposed 
at a X-ray beam having photon energies in 10 – 150 keV radiodiagnostic range. Three major 
radiological procedures are considered, namely mammography, radiography and CT. The 
fluoroscopy implies an irregular geometry and therefore it is neglected. Nevertheless, a  gross 
esimation of patient doses can be made taking into account the fluoroscopy as being composed 
of several radiographic examinations applied in different anatomical regions. The 
interactions between radiation and matter are well-known, and the accuracy of the 
calculation is limited by the accuracy of the anatomical model used to describe actual 
patients and by characterisation of the radiation field applied. In this version of IradMed, it is 
assumed that the absorbed dose is equal with kerma for all tissues. No procedure has been 
used to take account of the finite range of the secondary electrons that are produced by 
photoelectric or Compton interactions. These ranges are small compared with the dimensions 
of the organs, and the absorbed dose will not change abruptly with distance except at 
boundary where composition and density change. However these boundary effects would have 
little effect  in the determination of the average doses to almost all organs, except the active 
bone marrow which is treated separately. Another justification for this kerma approximation 
is the fact that the sum of all elecron energies that exit the organ is statistically equal with 
the sum of all electron energies that enter in that particular organ. In this version of program, 
it is considered the following interactions: the Rayleigh scattering, the Compton scattering 
and the photoelectric effect. The Compton scattering is modeled by several methods which 
avoid the solving of Klein-Nishina equation namely “classic”, Kahn, Wielopolski and EGS 
(taken from Electron Gamma Shower source code) algorithm. A preliminary study for angular 
distribution by applying all of these algorithms has been made. The best results is provided by 
the EGS-based algorithm followed by the Kahn and the “classic” one. The patient doses 
computed by applying Kahn or “classic” algotithms are in good agreement with data from 
literature or with data generated by other similar PC programs, and the small differences 
could be explained by the fact that different kind of mathematical phantoms have been used. 
Also, we can conclude that all these comparision data were based on Kahn or “classic” 
algorithms for modeling the Compton scattering. In spite of these, the usage of EGS based 
algorithm is strongly recommended. With this algorithm it was obtained smaller patient doses 
for several kind of radiological examinations. 
 

1. Introduction 
In order to apply the Monte Carlo simulation technique for usual 

radiological examinations we developped a PC program, named IradMed, 
written entirely in Java.  The main purpose of this program is to compute the 
organ doses and the effective dose of patients, which are exposed at a X-ray 
beam having photon energies in 10 – 150 keV radiodiagnostic range. Three 
major radiological procedures are considered, namely mammography, 
radiography and CT. The fluoroscopy implies an irregular geometry and 
therefore it is neglected. Nevertheless, a  gross esimation of patient doses can 
be made taking into account the fluoroscopy as being composed of several 
radiographic examinations applied in different anatomical regions. 
Mammography and radiography imply a simple geometry, such as a single 



projection of the X-ray beam on different kind of anatomical regions. In CT 
examination, X tube has a precise, well-defined rotation movement around the 
pacient. The slice scanning, having typical slice thickness of 0.1 – 10 mm, 
could be in continnous or helicoidal mode. These modes have a little effect in 
dose estimation but have a major effect in image reconstruction algorithm.  

The interactions between radiation and matter are well-known, and the 
accuracy of the calculation is limited by the accuracy of the anatomical model 
used to describe actual patients and by characterisation of the radiation field 
applied. In this version of IradMed, it is assumed that the absorbed dose is 
equal with kerma for all tissues. No procedure has been used to take account 
of the finite range of the secondary electrons that are produced by 
photoelectric or Compton interactions. These ranges are small compared with 
the dimensions of the organs, and the absorbed dose will not change abruptly 
with distance except at boundary where composition and density change. 
However these boundary effects would have little effect  in the determination 
of the average doses to almost all organs, except the active bone marrow 
which is treated separately. Another justification for this kerma 
approximation is the fact that the sum of all elecron energies that exit the 
organ is statistically equal with the sum of all electron energies that enter in 
that particular organ. In this version of program, it is considered the following 
interactions: the Rayleigh scattering, the Compton scattering and the 
photoelectric effect. The Compton scattering is modeled by several methods 
which avoid the solving of Klein-Nishina equation namely “classic”, Kahn, 
Wielopolski and EGS (taken from Electron Gamma Shower source code) 
algorithm. A preliminary study for angular distribution by applying all of these 
algorithms has been made. The best results is provided by the EGS-based 
algorithm followed by the Kahn and the “classic” one. 

IradMed was developed using j2sdk-1_4_2_02-windows-i586-p provided by 
Sun Microsystems, Inc. For graphical representation of human phantoms it was 
used java3d-1_3_1-windows-i586-opengl-sdk provided by Sun Microsystems, 
Inc. For plotting charts and generating printable reports it was used 
jfreechart-0.9.14 and jfreereport-0.8.4_7. Java connection with database 
(MySQL) is performed by mysql-connector-java-3.1.0-alpha-bin and the 
connection with email box is made by javamail-1.3.1 si jaf-1.0.2. All of these 
useful tools are freely distributed over the internet by different kind of Java 
programmer communities. Using a PC workstation which have 2100MHz 
processor and 512Mb DDRAM, Monte-Carlo computation for mammography and 
radiography is done in less than a minute and for CT it could take about 20 
minutes. 

  
2. Theoretical considerations 

The patient dose has often been described by the entrance skin dose in the 
center of the X-ray beam, primarily because of the simplicity of its 
measurements. In some cases this definition can be sufficient, for instance in 
quality control measurements routine for establishing the radiological 
equipment stability when the same exposure conditions are used at every 
measurement set. If exposure conditions are changed, then the entrance 
surface dose is no longer sufficient for the evaluation or comparision of 
patient doses. In such cases, when the radiological examination techniques 
have to be improved, the patient dose must be related to a quantity which 



reflects more directly the radiation detriment induced by X-ray [1]. The 
radiation-induced detriment for humans can be assessed by virtue of the 
radiation doses in different organs or tissues in the body (ICRP 1991). Such 
data cannot be measured directly in patients and are difficult and time 
consuming to obtain by experimental measurements using physical phantoms. 
The computation of the organ doses and the effective dose is most often made 
using the Monte Carlo calculation method, where random numbers are used for 
simulating the radiation transport (e.g. all individual photon histories) in a 
complex medium such as the human body. The physical interactions between 
radiation and matter are well-known and the accuracy of the calculation is 
limited by the accuracy of the anatomical model used to describe actual 
patients and by the characterisation of the radiation field applied in X-ray 
examination. In our approach, the MIRD-5 mathematical phantom developed 
by Oak Ridge National Laboratory is used and the computation of the interest 
doses are done for several phantom types [2]. All organ doses calculated by 
IradMed 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. If the entrance dose was measured directly on patient, in 
real conditions, then this value must be divided by the backscatter factor 
(BSF) which has a typical value of 1.3 (the range for BSF is 1.1 -1.5). Also, if 
the patient entrance dose has been measured in terms of tissue dose, this 
value must be converted to air kerma before using it as input to the program. 
Strictly, the conversion from tissue dose, Dt , to air kerma, K, depends on the 
energy spectrum of radiation. For radiodiagnostic energy range this 
conversion can be assessed by the following:  

DtK 94.0=   (1) 
Usually, the muscle dose is considered to be the reference tissue dose. 
 
Short description of mathemathical phantom used for radiographic and CT 

examinations 
 The MIRD-5 phantom take into account three main tissue types with 

different density and composition: lungs, skeleton and soft tissue (this denotes 
all tissues having the density of about 1 g/cm3, such as the muscle tissue) [2]. 
The description of the hermaphrodite phantom is presented for several 
standard patient ages: new born, 1 year, 5 years, 10 years, 15 years and 
adult (over 30 years). Each phantom consists of three major sections: an 
elliptical cylinder representing the tunk and arms, two truncated circular 
cones representing the legs and feets and a circular cylinder on which sets an 
elliptical cylinder capped by half an ellipsoid representing the neck and head. 
Attached to the legs section is a small region with a planar front surface to 
contain the testes. Attached to the trunk are portions of two ellipsoids 
representaing the female breasts. All organ equations are relative to a 
reference coordinate system set at the base of the trunk. The z-axis is 
directed upward toward the head, the x-axis is directed to the phantom’s left 
and the y-axis is directed toward the posterior side of the phantom [2]. For 
instance, the trunk equations are: 
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,  tCz ≤≤0   (2) where At,Bt si Ct are given in 

the next table: 



 
Phantom At (cm) Bt (cm) Ct (cm) Volume (cm3) Mass (g)
Newborn 6.35 4.90 21.60 2.110 2.100 
1 year 8.80 6.50 30.70 5.520 5.530 
5 years 11.45 7.50 40.80 11.000 11.000 
10 years 13.90 8.40 50.80 18.600 18.700 
15 years 17.25 9.80 63.10 33.500 34.500 
Adult 20.00 10.00 70.00 44.000 44.800 

 
Obviously, the external surface equation for trunk section is: 
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For all phantom types, except the newborn, the tissue comnposition are 

given in the next table [2]: 
 
 
 
 
 
 
 
 
 

Element Soft tissue Skeleton Lungs 
H 10.454 7.337 10.134 
C 22.663 25.475 10.238 
N 2.490 3.057 2.866 
O 63.525 47.893 75.752 
F 0 0.025 0 
Na 0.112 0.326 0.184 
Mg 0.013 0.112 0.007 
Si 0.030 0.002 0.006 
P 0.134 5.095 0.080 
S 0.204 0.173 0.225 
Cl 0.133 0.143 0.266 
K 0.208 0.153 0.194 
Ca 0.024 10.190 0.009 
Fe 0.005 0.008 0.037 
Zn 0.003 0.005 0.001 
Rb 0.001 0.002 0.001 
Sr 0 0.003 0 
Zr 0.001 0 0 
Pb 0 0.001 0 
Density 1.04 g/cm3 1.40 g/cm3 0.296 g/cm3

 
With these values, it was calculated the mass attenuation coefficients and 

the mass energy absorption coefficients for each X-ray photon energies in 



order to construct an adequate database for further liniar interpolations 
usage in Monte Carlo simulation’s routine. It was used an additional software, 
named XCOM, created by M.J. Berger and J.H. Hubbell freely distributed by 
National Institute of Standards and Technology (NIST) [3]. 

Due to mammography specific geometry, the coresponding phantom is 
considered to be an adjustable right cylinder with a standard 4.20 cm 
thickness and a 7.00 cm radius having a soft tissue composition [4,5]. 

 
X-ray spectrum and the examination geometry  
The X-ray spectra are estimated using a pre-build database which is based 

on the XCOMP5R output (these data are in good agreement with Birch-Marshall 
theory). [6,7]. By performing a previously calculation of HVL and HVL2, the 
total equivalent filtration of the X-ray tube can be used, as input data. Other 
input data are: the anode angle and the console set kilovoltage (it can be 
applied the necessary corection resulted from the quality control kilovoltage 
accuracy test). Also, IradMed generates a graphical visualisation of the X-ray 
spectra. The output of XCOMP5R is for tungsten anode, therefore, for other 
mateials such as the typical molybdenum anode involved in mammography, the 
spectral data are considered to be approximately (including the HVL value). 
Hence, for these kind of X-ray devices, the values of doses could be slightely 
inaccurate but the order of magnitude is in agreement with typical values 
taken from literature. [5].  

The Monte-Carlo simulation is performed for each X-ray spectrum energies 
and the differences between the nearest energies is 0.5 kev for the preset 
kilovoltages less than 40 kV and 1 kev in the rest. In mammography case, the 
center of the coordinate system is choosen on the symmetry axis at the top of 
the cylinder. The z-axis is directed downward in the initial photon direction. 
The cylinder is seen from the tube focus by a maximum � angle of 

FSD
R

tg =)( maxθ   (4) where R is the cylinder radius and FSD is the focus-

skin distance. A random number (in [0,1] range) is then generated and it is 
computed a � value for polar angle at each initial photon history. The 
azimuthal angle, �, is sampled from normal distribution in [0,2π] range. If r is 
a random number then the azimuthal angle is defined by: 

πϕ r2=    (5) 
From these assessements it can be easily computed the initial x si y values 

and the z value is equal with 0. The directional cosines are evaluated 
considering the initial photon direction to be normal at the entrance surface 
(µx= µy=0, µz=1) and then (in fictious way) the direction is determined by the 
polar and azimuthal angle [8,9]. The mathematical expressions are:     

)cos()sin( ϕθµ =x  
)sin()sin( ϕθµ =y   (6) 

)cos(θµ =z  
In radiography case, the incident photon direction relative to phantom 

depends on the examination projection type: AP-antero posterior, PA- 
posterior anterior, LLat- left lateral or RLat- right lateral.  In order to 
compute the initial x,y and z values, the polar and azimuthal angle and the 
values of directional cosines, it must be known the coordinates for the center 



of the X-ray field (xc,yc relative to the median plane of the phantom and zc 
relative to vertex –head top), the horizontal and the vertical dimension of X-
ray field relative to the median plane, the projection code, the phantom type 
and the focus-median plane distance. IradMed generates a graphical 
visualisation of the phantom and the irradiation field, thus this can be easily 
adjusted. Using the mathmatical description of phantom, it is computed the z-
coordinate for the center of the X-ray field and the X-ray field dimensions at 
entrance surface. The next step is the computation of the randomly z-
coordinate and one of x and y coordinate of the incident photon at entrance 
surface. The remaining coordinate is assessed assuming that the photon hit 
the phantom, thus by solving the coresponding equations for the specific 
region. For instance, if it is considered the AP projection, xc,yc and zc  are the 
coordinates for the center of the X-ray field, th  is the phantom thickness 
relative to zc region, xf and yf are the X-ray field dimensions at the phantom 
median plane and FSD is the focus-skin distance then: 
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=  where xef and yef are the dimensions of the X-ray field 

at the entrance surface. For FSD=0, it is considered the parallel beam case 
and then the dimensions are given by xef = xf  and  yef = yf.  For AP projection 
type, it is choosen an interval [a,b] with 2/efc xxa −=  and 2/efc xxb +=  and a 
uniformely distributed random number is generated in this interval. This 
number defines the real x coordinate at the entrance surface. In same way, it 
is choosen an interval delimited by 2/efc yza −=  and 2/efc yzb +=  and it is 
picked up another uniformely distributed random number in [a,b] which 
defines the real z coordinate at the entrance surface. The entrance  y 
coordinate is then computed by solving the coresponding equation for the 
specific region. In the trunk case it is solved the equation (2’). If FSD=0 then 
the polar angle is null, otherwise it is computed by: 
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 The azimuthal angle is defined by the following: 
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=)(ϕ   (9) Based on the sign for the involved terms the 

value of the azimuthal angle is adjusted in order to be in the [0,2π] interval.  
It is considered two angles wich define different kinds of projection types. 

The first angle is the projection angle having for RLat the value of 0 degrees, 
for AP the value of 90 degrees, for LLat the value of 180 degrees and for PA 
the value of 270 degrees. This angle is given by the direction of the central 
axis of the beam realative to the horizontal axis which crosses the median 
plane of the phantom from the phantom’s right to the phantom’s left. The 
second angle is the cranio-caudal angle and it is defined by the central axis of 
the beam relative to the vertical axis of the phantom. The cranio-caudal angle 
has a value of 90 degrees for all the four projection types taken into account. 
Let � be the cranio-caudal angle and let � be the projection angle. It can be 



shown that the values for directional cosines of the incident photons having 
directions normal at the entrance surface (if the photon direction is parallel 
with the beam central axis) are: 

)cos()sin(0 λξµ =x  
)sin()sin(0 λξµ =y   (10)    

)cos(0 ξµ =z  
For non-null polar and azimuthal angles, it can be considered, in fictious 

mathematic way, that the photons enters normaly in the phantom and then at 
that interaction site are virtually scattered. It can be shown that the new 
directional cosines are [8,9]: 

)cos()sin( ϕθµ =x  
)sin()sin( ϕθµ =y   (11) if µz0 > 0.9999, and in general case: 
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In CT case, it can be considered that each individual slice scan is composed 
of four radiographic RLat, AP, LLat and PA projections having the same weight 
in computation of the dose. The sum of entrance exposures for each projection 
type is regarded as the CT entrance dose. Usually, for this input data it is 
considered the CT specific physical quantity named CTDI (in mGy) [5,10]. The 
advantage of this approach is the reduction of the simulation time due to the 
fact that it is avoided the solving of the integral overall rotation phases. All 
mathematical considerations are therefore identical to those involved in the 
corresponding radiographic projection types. 

 
Interaction sampling 
For radiodiagnostic energy range it is taken into account three photon 

interactions with matter: the photoelectric effect, the incoherent Compton 
scattering and the coherent Rayleigh scattering. The interaction probability 
for photoelectric effect is computed based on the above mentioned mass 
attenuation coeficients and it is given by: 

t

f
fp µ

µ
=   (12) where µt is the total mass-attenuation coeficient at a 

specific photon energy. 
 It is picked up a random number r and if fpr ≤ , then the photon is 

considered to be absorbed by photoelectric effect. Otherwise, it is considered 
the Rayleigh probability as being: 



 
ft
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µµ
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=  (13) and a new random number r is choosen. If cohpr ≤  then 

the photon will suffer a coherent Rayleigh scattering, otherwise an incoherent 
scattering will occur. 

 By photoelectric effect, all photon energy is considered to be locally 
absorbed and deposited in the organ. In fact every energy loss is considered to 
be deposited at the interaction site. In other words, it is assesessed that the 
absorbed dose is equal with the kerma in organs (the kerma approximation). 
This approximation is justified by the fact that the organ dimensions are 
relatively large compare with the mean free path of secondary electrons in 
tissue and therefore the absorbed dose will not change abruptly with distance 
except at the boundary where composition and density change. However, 
these boundary effects would have a little effect in the determination of 
average dose to the larger organs. The one exception for the organs under 
study would be the active bone marrow, where a small increase in dose due to 
the size of the marrow cavities is expected from increassed photoelectron 
emission by surrounding bone.  For active bone marrow assessement, it is 
computed the following ratio: 
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=   (14) where (µen/�) is the mass energy absorption 

coefficient, the m index refers to the active marrow and the s index refers to 
the whole bone (surface plus marrow). XCOM does not compute the mass 
energy absorption coefficient and therefore  these coefficients were 
calculated by liniar interpolation of data taken from Rosenstein [11]. Let w be 
the weight of the active bone marrow in different skeleton regions. It can be 
shown that the energy deposited in active bone marrow is [11]:  

wREE sm =   (15)  
Thus, the evaluation of energy deposited in active bone marrow is 

separately treated and depends only by energy deposition in different 
skeleton regions. 

 By coherent Rayleigh scattering the photons suffer elastic processes  
without energy deposition. Differential Thomson cross section is defined by: 
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  (16) where � is the scattering angle and re is 

the clasical electron radius. With this expression, the general form for 
differential Rayleigh cross section is [12]: 
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  (17) where F(x,Z) is the atomic form factor. 

Let u=1-cos(�) and w=[1+ cos(�)2], both having the maximum value of 2. The 
variable u is sampled by 2r, where r is a random number in [0,1] interval. 
Then, the scattering angle � is given by: 

)1cos( ua −=θ   (18) and then, the variable w is computed by the 
following: 

)](cos1[ 2 θ+=w   (19) 
The results for � is accepted if: 

rw 2>     (20) otherwise, the procedure is repeated. 



The last condition (20) makes the polar angle to follow the Rayleigh where 
the scattering under small angles is most often to occur. 

 The azimuthal angle � follows the normal distribution and has a value in 
[0,2π] interval. 

By incoherent Compton scattering, the photons suffer an energy loss by 
interaction with atomic electrons or with free electrons, and deposit energy in 
tissue. The photon energy and the energy of the recoil electron are given by 
[4,9,12]: 
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E       (21) where m0c2 is the rest mass of electrons in 

energy unit (511keV) and � is the scattering angle. 
EET −= 0         (22)  

It can be shown that the polar angle must follows the Klein-Nishina 
distribution given by the following differential equation [4,12]: 
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One way to sample the polar angle from (23) is to consider the major � 
dependency (weight) as being given by: 
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w −+=     (24) which has a maximum value of 2 [4]. 

Let u=1-cos(�) , having a maximum value of 2. From (21) it can be obtain:: 
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u   (25) where r is a random number in [0,1] 

interval. 
The polar angle is then computed applying the (18) equation and it is tested 

if w from (24) satisfies (20) in the same way as it was disscussed for Rayleigh 
scattering. These assessements make the polar angle to follow the Klein-
Nishina distribution where the scattering under small angles is most often to 
occur. [4].  

Again, the azimuthal angle � follows the normal distribution and has a value 
in [0,2π] interval. 

Other similar methods which avoid the solving of Klein-Nishina equation are 
the Kahn method and, recently, the Wielopolski-Arinc method [9]. A more 
accurate algorithm for polar angle sampling is used in EGSnrc Monte Carlo 
routines [13,14]. This EGS algorithm is shortly presented bellow. Let k and k0 
be the photon energies in m0c2 units after and before interaction. The theta 
dependency is then given by: 
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The polar angle sampling could be performed using: 

∫
+

−

= 1

1

1

)cos())(cos(

)cos())(cos(
))(cos(

θθ

θθθ
dX

dX
P

KN

KN   (24) 

which is a valid probability density function (PDF). Let � be: 
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normalisation constant. The minimum and maximum values for �,  �min and �max 
obtained for cos(�)=-1 and cos(�)=1 are given by: 
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)/(1 1εα  and 2/αε are normalised PDFs and can be used for � evaluation with 
the probabilities given by )/( 211 ααα + and )/( 212 ααα + . The last term in (28) 
has the maximum value of 1 for �=1 (sin(�)=0) and therefore it is a valid 
rejection function. The step by step sampling algorthm is: 

1. Compute 21min ,, ααε  and the weight )/( 211 ααα +=w  
2. Pick up three random numbers r1, r2 si r3 in [0,1] interval. 
3. If wr ≤1  then )exp( 12min αεε r= ,  (30) 

 otherwise     22
2
min 2 αεε r+=   (31) 

4. Compute g, the rejection function. If gr >3  go to step 2. 
     5. Accept � and deliver cos(�)  

This algorithm is extremely efficient for high energies of incident photons 
(k0>2). For low energies, the simple rejection technique is used as follows: 
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+=g  (32) and the algorithm 

consists of: 
1. Compute �min snd gmax 

2. Pick up two random numbers r1, r2 in [0,1] interval. 
3. Set min11 )1( εε rr −+=   (33) and compute g 
4. If gr >2 go to step 2 

     5. Accept � and deliver cos(�)  
IradMed presents the posibility of selection for above mentioned 

algorithms: EGS, Classic, Kahn si Wielopolski. A preliminary study for polar 
angle sampling using these algorithms has been made by choosing a 15 degrees 
step in the 0 – 180 degrees range. For each subinterval,  0- 15, 15 – 30, ..., 165 
– 180 degrees, the angle distribution (in %) was computed for several incident 
photon energies: 0.1 MeV, 0.7 MeV, 1.5 MeV and 2.6 MeV. The best results 
were obtained by usage of EGS algorithm followed by Kahn and the Classic 
ones and the worst angle distribution was obtained by usage of Wielopolski 
algorithm. Sugestive charts are presented in Anexa 1. 

Also, it can be choosed another interaction sampling model, less realistic, 
but very popular named the Rosenstein sampling model [1,11]. In this model, 
the photon is not completely absorbed by photoelectric effect.  At the start of 
each photon history, the photon has a survive pronbability of 1. At each 



interactions the weight of photoelectric effect is computed using (12) and then 
the energy loss, Ec, by Compton scattering is computed using (21) and (22). If p 

is the weight of photoelectric effect, w is the survive probability and E is the 
initial photon energy then the energy deposited at each “global” interaction is 
given by the weighted sum of these effects: 

 cdep EpwwpEE )1( −+=   (34) 
After each interaction act, the survive probability decreases according to: 

)1(0 pww −=   (35) where w0 is the survive probability before interaction. 
Each photon is followed until it exit the phantom or its energy becomes less 
than 2 keV or its survive probabilty decreases below 0.003.  

This alternative sampling model does not treat the physical processes in a 
pure realistic way and the Monte-Carlo simulation takes a significant longer 
time. However, the results generated by both models are not very different. 

 
Pathlength sampling 
The beam attenuation in a medium of thickness x is given by: 

)exp(0 xII µ−=   (36) where I are beam intensities and µ is the liniar 
coefficient of the medium for incident radiation energy (in cm-1). It can be 
shown that (36) is a statisticical law and the photon probability to traverse a 
distance x in medium without interaction is given by exp(-µx). Let r be this 
probability (r can be generated by random numbers in [0,1] interval). It can 
be shown that: 

)ln(
1

rx
µ

−=   (37) 

At each interaction site, the program computes in what organ this 
interaction takes place relative to the main coordinate system. Also, the 
corresponding attenuation coefficient and the mass-absorbtion coefficients 
are computed. The updated coordinates as function of the old ones are 
calculated taking into account the directional cosines [8]: 

xrx =µ , yry =µ , zrz =µ  (38) where x,y,z refer to unit vectors for x,y and 
z axis and r is the photon vector relative to actual coordinate system. If  d is 
the distance to the new interection site (computed by (37)) then the updated 
coordinates as function of the old ones are given by the following: 

dxx xµ+= 0  
dyy yµ+= 0   (39) 

dzz zµ+= 0  
The polar and azimuthal angles are calculated according to the specific 

interaction sampling and the new values for directional cosines are given by  
(11) and (11’) equations. 

IradMed computes the organ doses for almost 30 organs and anatomical 
regions and then generates the effective dose by applying the tissue weight 
factor. [5]. The overall error is estimated by appying the well-known 
equation: 
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where 
i

xi x
f

c
∂
∂= , f is a function of independent variables x1,....xi,....., �xi is the 

error associated to the variable xi and �f is the error associated to f= 
f(x1,....xi,.....). 

 These errors represent an indicator of the accuracy for Monte-Carlo 
method. The real uncertainties can be obtain by running the simulation N 
times (e.g. 10) ,recording the doses and then evaluating the mean and the 
standard variance of mean as follows: 
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where k is the organ dose or the effective dose. 
  

3. Comparision with other data 
For mammographic examinations, it was computed the average glandular 

dose according to IAEA standard [5]. As input data it was considered: the 
standard breast radius of 7 cm, the standard breast thickness of 5 cm, focus–
skin distance of 55 cm and the specific tube parameters such as the 
kilovoltage of 28 kV, total filtration 0.5 mmAl, pre-computed HVL of 0.32 
mmAl, anode angle of 17 degrees and free-in air dose without backscatter at 
entrance surface of 7.52 mGy .  The number of histories for each photon 
energies in the spectrum was 2000 which is enough for a good statistic (<1% 
error). 

 
Table 1.  Dose in mGy for mammography comparision 

Organ IradMed 
EGS 

IradMed  
Classic 

IradMed 
Kahn 

AIEA- AGD  

Breast 1.323 1.467 1.399 1.40 
 
For radiographic comparision, it was choosen the lungs X-ray examination, 

PA projection code, with the following input data: kilovoltage of 125 kV, total 
filtration of 2.5 mmAl, anode angle of 17 degrees, fosus-skin distance of 160 
cm and it was choosen a normalisation value for free in air entrance dose of 1 
Gy.: 

 
Table 2.  Dose in mGy for radiography comparision 

Organ IradMed 
EGS 

IradMed 
Classic 

IradMed
Kahn 

PCXMC 
-1- 

NRPB 
-2- 

GSF 
-3- 

CDRH 
-4- 

ODS60 
-5- 

Lungs 448 691 638 716 719 680 - 1046 
Marrow 84 138 119 242 235 150 207 361 
Uterus 2.6 2.5 2.8 4.3 4.6 <10 6.8 1.6 
Thyroid 16 84 61 97 92 90 93 228 

 
where the number from antet represents PC programs or publications as 

follows:: 
1 - Tapiovaara, Lakkisto,Servomaa,1999 
2 - Hart, 1994 



3 - Drexler, 1990 
4 - Rosenstein, 1976 
5 - Ranniko, 1997 
      

For effective dose comparision, the same procedure as above was 
considered with few exceptions: kilovoltage of 70kV and a free in air entrance 
dose without backscatter of 5.00 mGy.     
 

Table 3.  Dose in mSv for radiography comparision 
Organ IradMed 

EGS 
IradMed 
Classic 

IradMed 
Kahn 

PCXMC 

Whole body 0.71 0.91 0.85 0.98 
      

For CT comparision it was used a specific PC program named CTDose, 
developed by Niels Baadegaard from National Institute of Radiation Hygiene, 
Denmark. This software does not perform a real-time Monte Carlo simulation 
but it uses pre-computed Monte Carlo coefficients for different kind of CT 
scanners. It was choosen the thoracic CT routine having the following presets: 
kilovoltage of 100 kV, total filtration of 2.5 mmAl, anode angle of 17 degrees, 
focus-symetry axis of 70 cm, normalized CTDI of 3.0 mGy/mAs, tube load of 10 
mAs, slice thickness of 10mm, start z coordinate of 76.6 cm and stop z 
coordinate of 36.6 cm. The scanner type for CTDose estimation was 
CTPickerPQ2000 with default presets for total filtration and focus-symetry 
axis distance.  

 
Table 4. Organ dose (mGy) and effective dose (mSv) for CT comparision 

Organ IradMed 
EGS 

IradMed 
Classic 

IradMed 
Kahn 

CTDose 

Breast 11.18 7.13 9.06 6.2 
Active bone marrow 1.19 1.94 1.68 3 
Adrenals 1.78 2.76 2.55 6.6 
Brain 0.44 0.69 0.58 0.3 
Stomach 1.00 1.69 1.49 3.4 
Heart 2.28 3.61 3.28 9.5 
Small intestine 0.12 0.33 0.25 0.19 
Kidneys 0.57 1.04 0.83 1.7 
Liver 1.36 2.16 1.98 4.5 
Lungs 5.98 9.70 8.90 7.6 
Ovaries 0.01 0.05 0.04 0.02 
Pancreas 1.03 1.87 1.67 5.4 
Spleen 1.33 2.16 1.93 3.88 
Thymus 3.77 5.42 4.55 10 
Thyroid 5.68 7.18 6.67 13 
Urinary bladder 0.007 0.027 0.018 0.063 
Utherus 0.019 0.061 0.042 0.012 
Remainder 2.46 2.68 2.58 2.4 
Effective dose 2.80 3.82 3.55 3.5 

 



Using Classic or Kahn algorithm, the value of doses generated by IradMed 
are, in general, in good agreement with other data and the differencies could 
be explained by usage of different kind of phantom types. IradMed uses the 
MIRD-5 phantom (a modified CHRISTY phantom), PCXMC uses original CHRISTY 
phantom and CTDose uses ADAM phantom. In addition, the differences for 
active bone marrow dose (see table 2) can be explained by usage of Rosenstein 
method which is based on a less accurate database for the involved 
coefficients (see equation 15). 

Despite the dose values obtained by usage of EGS algorithm, it is strongly 
recommended to use this very accurate Compton sampling (see interaction 
sampling section). The most reasonable explanation for noticed differences 
(the values of doses are smaller by usage of EGS algorithm) is the following:  
All other data are computed by Monte Carlo methods based on polar angle 
selection algorithms similar with Kahn or Classic one for Compton scattering. 
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Anexa 1. Polar angle distribution (%) for Compton scattering in 15 degrees 
subintervals 

Angular distribution - 0.100 MeV
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Angular distribution - 0.700 MeV
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Angular distribution - 1.500 MeV
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Angular distribution - 2.600 MeV
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