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Abstract GATE/GEANT is a Monte Carlo code dedi-

cated to nuclear medicine that allows calculation of the

dose to organs of voxel phantoms. On the other hand,

MIRD is a well-developed system for estimation of the

dose to human organs. In this study, results obtained from

GATE/GEANT using Snyder phantom are compared to

published MIRD data. For this, the mathematical Snyder

phantom was discretized and converted to a digital phan-

tom of 100 9 200 9 360 voxels. The activity was con-

sidered uniformly distributed within kidneys, liver, lungs,

pancreas, spleen, and adrenals. The GATE/GEANT Monte

Carlo code was used to calculate the dose to the organs of

the phantom from mono-energetic photons of 10, 15, 20,

30, 50, 100, 200, 500, and 1000 keV. The dose was con-

verted into specific absorbed fraction (SAF) and the results

were compared to the corresponding published MIRD data.

On average, there was a good correlation (r2[0.99)

between the two series of data. However, the GATE/

GEANT data were on average -0.16 ± 6.22% lower than

the corresponding MIRD data for self-absorption. Self-

absorption in the lungs was considerably higher in the

MIRD compared to the GATE/GEANT data, for photon

energies of 10–20 keV. As for cross-irradiation to other

organs, the GATE/GEANT data were on average

?1.5 ± 8.1% higher than the MIRD data, for photon

energies of 50–1000 keV. For photon energies of

10–30 keV, the relative difference was ?7.5 ± 67%. It

turned out that the agreement between the GATE/GEANT

and the MIRD data depended upon absolute SAF values

and photon energy. For 10–30 keV photons, where the

absolute SAF values were small, the uncertainty was high

and the effect of cross-section prominent, and there was no

agreement between the GATE/GEANT results and the

MIRD data. However, for photons of 50–1,000 keV, the

bias was negligible and the agreement was acceptable.

Introduction

Radioisotopes are used in nuclear medicine in a variety of

diagnostic and therapeutic procedures. In most applica-

tions, a significant absorbed dose may be received by some

radiosensitive organs (Stabin 2003). This requires dose

quantification, to balance between the risks and the benefits

in any application involving the use of radioisotopes in

humans. Unfortunately, direct measurement of the absor-

bed dose in organs of the human body from administrated

radioisotopes is not possible. Therefore, internal dose

assessment is often performed using pre-calculated refer-

ence data derived from humanoid anatomical models. For

many years, the Medical Internal Radiation Dose (MIRD)

committee of the American society of nuclear medicine has

been the main source of reference data for dose assessment

in nuclear medicine (Chao and Xu 2004; Ferrari and

Gualdrini 2007; Wessels et al. 2006).

MIRD and its subsequent developments (Bouchet et al.

2003, 1999; Howell et al. 1999; Siegel et al. 1999; Snyder

et al. 1975; Stabin 1996; Stabin et al. 2005) have been

useful for estimation of the organ dose in diagnostic and

protection objectives. However, because of some limita-

tions, their application in therapeutic procedures is limited

(Kolbert et al. 1997; Lyra and Phinou 2000). For example,

the MIRD reference data are calculated assuming a uni-

form distribution of radioisotopes in the organs of a limited

number of humanoid models. Furthermore, therapeutic
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application of radioisotopes generally involves estimation

of dose to the tumors. Although a simple form of tumor

is considered in OLINDA (Stabin et al. 2005), which is

the software implementing the MIRD data, it is

almost impossible to consider all types of tumors in the

MIRD humanoid models. These limitations make it

necessary to calculate the dose on an individual basis, in

therapeutic applications (Dewaraja et al. 2005; Kolbert

et al. 1997).

Monte Carlo simulations using computational phantoms

are a powerful tool and have therefore been widely used in

dosimetry calculations (Williams 2003; Yoriyaz et al.

2001; Franquiz et al. 2003; Furhang et al. 1997, 1996;

Taschereau and Chatziioannou 2007; Visvikis et al. 2006;

Saito et al. 2001). Today, mathematical, voxelized, and

hybrid computational phantoms are being used with Monte

Carlo techniques, to calculate absorbed doses to human

organs and tissues irradiated with ionizing radiation

involving internal radioactive sources (Bolch et al. 2010;

Caon 2004). Monte Carlo simulation can be considered as

the most suitable method for patient-specific dosimetry

(Akabani et al. 1997; Dewaraja et al. 2005; Sgouros et al.

2004). The physical properties of the tissues involved and

the distribution of radioisotopes can be determined using

CT and SPECT (or PET) images. There are many Monte

Carlo codes available that can be used to estimate radiation

dose within the body at the organ or pixel level (Chiavassa

et al. 2005; Furhang et al. 1997; Ljungberg et al. 2002;

Sgouros et al. 2004; Stabin 2008).

GATE (Geant4 Application for Tomographic Emission),

a code dedicated for nuclear medicine application, has

recently been developed as the upper layer of the GEANT4

toolkit (Santin et al. 2007). GATE/GEANT has been

developed with the ambition to become the gold standard

in nuclear medicine. It has a great potential to be used for

individual dosimetry. The data derived from many Monte

Carlo codes have already been compared to the MIRD data

for different purposes (Ferrari and Gualdrini 2007; Hadid

et al. 2010; Smith et al. 2000; Zankl et al. 2003). There

have already been some efforts to also validate GATE/

GEANT data for internal dosimetry applications (Ludovic

et al. 2007; Taschereau and Chatziioannou 2005, 2007;

Thiam et al. 2008; Visvikis et al. 2006). However, MIRD

data have never been compared to the data derived from

GATE/GEANT. Such comparison is important because

GATE/GEANT is the only open access Monte Carlo code

dedicated for nuclear medicine that allows calculation of a

dose map within the patients’ body. On the other hand,

MIRD is the most developed system for internal dose

assessment in nuclear medicine.

In the present study, the digital form of the Snyder

mathematical phantom was constructed and used with

GATE/GEANT to calculate the dose to the organs of the

phantom. The results were compared to the previously

published MIRD data (Snyder et al. 1969).

Materials and methods

Phantom

To construct a voxel phantom identical to the phantom

used in the MIRD calculations, the mathematical equations

(Snyder et al. 1969) used to describe the organs of the

phantom were converted into discrete forms. The Snyder

mathematical phantom was sampled at a spatial resolution

of 2 9 2 9 3 mm and converted to a voxel phantom of

100 9 200 9 360 matrix size (from head to mid-thigh).

The digitalization was optimized to minimize the sum of

differences between the volumes of the organs in the digital

and mathematical phantoms (Press et al. 2007). Because

the simulation of each source organ should be performed

separately, six copies of the digital phantom were gener-

ated; one phantom for each organ, and the activity of

interest was distributed uniformly within the kidneys, liver,

lungs, pancreas, spleen, and the adrenal glands of the

phantoms, respectively.

Monte Carlo simulation

The GATE/GEANT Monte Carlo package (version 4.0.0)

was used to calculate the dose to the organs of the phan-

toms (Jan et al. 2004; Santin et al. 2007; Visvikis et al.

2006). Each voxel in the phantoms was linked to a table

describing the attenuation properties (composition and

density) of the corresponding tissue. The table was con-

structed based on the data described in the MIRD publi-

cations (Snyder et al. 1969). Simulations were performed

(each phantom separately) for photons of 10, 15, 20, 30, 50,

100, 200, 500, and 1,000 keV. In each simulation, 2 9 108

photons were tracked. The simulation time was between 3

and 10 h. Compton scattering, photoelectric absorption,

and Rayleigh scattering were considered in the photon

tracking. Scattered photons were tracked down to 1 keV.

At the end of each simulation, a file containing the dose

deposited per voxel of the phantom was created. No vari-

ance reduction technique was used in the simulations.

Calculation of SAF values

In the MIRD formalism, the reference data are presented in

terms of specific absorbed fraction (SAF) values (Blaickner

and Kindl 2008; Smith et al. 2000; Snyder et al. 1969).

SAF is a net factor that converts the total energy emitted

from a particular source organ to the energy absorbed in

another organs (cross-irradiation) or the same organ itself
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(self-absorption) (Sgouros 2005). SAF is defined for each

pair of source organ (rs) and target organ (rt) as follows:

SAFðrt �
E

rsÞ

¼ energy absorbed in rt=energy emitted from rs

m
: ð1Þ

where m is the mass of the target organ in kilogram (kg).

The absorbed energy in each organ was calculated as sum

of the absorbed energy in the entire voxels of the organ.

For calculation of organ masses, the total number of voxels

belonging to an organ was determined and then multiplied

by voxel volume and the density of corresponding organ

using MIRD data (Snyder et al. 1969).

Data analysis

The relative difference (RD) between SAF values derived

from GATE/GEANT (SAFGATE) and the corresponding

MIRD values (SAFMIRD) for each photon energy was cal-

culated as

RD% ¼ 100� SAFGATE � SAFMIRD

SAFMIRD

� �
: ð2Þ

GATE/GEANT and the corresponding MIRD data were

compared through fitting a linear curve to the scatter plot of

the data and calculating the Pearson’s correlation

coefficient. Also, a Bland–Altman plot was used to

determine the agreement and bias between the GATE/

GEANT results and the MIRD data (Bland and Altman

2010). Analyses were performed independently for the

self-absorption and cross-irradiation data.

Results

The volumes of the organs in the mathematical Snyder

phantom and in its digital form are presented in Table 1.

The maximum relative difference between the volumes of

the corresponding organs in the two phantoms was 2.7%

(sigmoid colon) and the minimum difference was 0.08%

(liver). For the organs considered in the present study, the

maximum relative difference was 0.4%.

SAFs obtained for liver, kidneys, lungs, pancreas,

spleen, and adrenal glands (as source organs) are presented

in Tables 2, 3, 4, 5, 6, and 7, respectively. The MIRD SAF

values were also included in the tables for the sake of

comparison (Snyder et al. 1969).

SAFs for the self-absorption

Figure 1a shows the scatter plot and the linear curve fitted

to the MIRD and GATE/GEANT data for photons of

10–1,000 keV. Due to the wide range of SAF values, the

graph is shown in logarithmic scale. The figure clearly

shows a good linear correlation (r = 0.999) between the

two series of data. However, the slope of the curve is

slightly below unity (?0.994) and the intercept is slightly

above zero (?0.009). This implies a little bias between the

MIRD and the GATE/GEANT data, for the self-absorption

in the organs considered in the present study. The Bland–

Altman plot (Fig. 1b) reveals that the SAF values derived

from GATE/GEANT are on average 0.16% smaller than

the corresponding MIRD values. As Fig. 1b shows, most of

the data points are within two standard deviations from the

mean (i.e., within -0.16 ± 6.22% including the lungs).

However, the data points derived for lungs had a distinct

different distribution from the rest of the data points

(marked in Fig. 1b). The relative differences (%RD) for

these data points were noticeably higher, positive, and

inversely proportional to the photon energy.

Table 1 Volumes of the organs in the mathematical and voxelized

Snyder phantom

Organ Organ volume (cm3)

Snyder

phantom

Voxel snyder

phantom

%RDa

Adrenals 15.71 15.65 0.38

Brain 1470 1504 2.31

Clavicles 54.7 53.6 2.01

Heart 603.1 601.7 0.23

Kidneys 288 288.7 0.24

Liver 1833 1831.5 0.08

Lower large intestine 101.63 100.6 1.01

Lungs 3378 3376.6 0.04

Ovaries 8.38 8.35 0.36

Pancreas 61.07 61.32 0.41

Pelvis 606.1 597.6 1.40

Rib cages 694 691 0.43

Scapula 201.4 200 0.70

Sigmoid colon 35.63 36.59 2.69

Skull 846.6 839.3 0.86

Small intestine 1054 1042.2 1.12

Spine 887.5 893.9 0.72

Spleen 175.9 175.44 0.26

Stomach 250.2 249.9 0.12

Testicles 37.57 37.5 0.19

Thyroid 19.89 20.33 2.21

Transverse colon 126.7 126 0.55

Upper large intestine 96.29 94.49 1.87

Urinary bladder 202.6 201.2 0.69

Uterus 66.27 66.16 0.17

a Relative difference
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SAFs for cross-irradiation

The results of a similar analysis for the cross-irradiation

data are presented in Fig. 2a, b. The curve fitted to the

scatter plot of the data (Fig. 2a) shows a good linear cor-

relation between the SAF values derived from GATE/

GEANT and the corresponding MIRD data. However,

visual inspection of Fig. 2a reveals that the correlation

Table 2 SAF values in Snyder phantom (kg-1) for liver as source

Photon energy (keV)

Target Method 10 15 20 30 50 100 200 500 1,000

Liver GATE 5.36E-01 4.98E-01 4.35E-01 2.96E-01 1.51E-01 9.02E-02 8.67E-02 8.72E-02 7.96E-02

MIRD 5.36E-01 4.96E-01 4.34E-01 2.97E-01 1.52E-01 9.14E-02 8.82E-02 8.85E-02 8.07E-02

%RD 0.00E?00 4.03E-01 2.30E-01 3.37E-01 6.58E-01 1.31E?00 1.70E?00 1.47E?00 1.36E?00

Kidneys GATE 1.01E-05 7.11E-04 4.35E-03 1.56E-02 1.94E-02 1.51E-02 1.37E-02 1.32E-02 1.23E-02

MIRD 8.30E-04 1.26E-03 4.50E-03 1.57E-02 1.95E-02 1.58E-02 1.36E-02 1.29E-02 1.18E-02

%RD 9.88E?01 4.36E?01 3.33E?00 6.37E-01 5.13E-01 4.43E?00 7.35E-01 2.33E?00 4.24E?00

Lungs GATE 3.85E-04 4.36E-03 1.07E-02 1.71E-02 1.47E-02 1.01E-02 8.98E-03 8.67E-03 8.01E-03

MIRD 8.00E-05 3.19E-03 9.46E-03 1.64E-02 1.45E-02 9.90E-03 8.84E-03 8.20E-03 7.90E-03

%RD 3.81E?02 3.67E?01 1.31E?01 4.27E?00 1.38E?00 2.02E?00 1.58E?00 5.73E?00 1.39E?00

Pancreas GATE 1.66E-07 2.28E-04 3.64E-03 1.77E-02 2.32E-02 1.81E-02 1.58E-02 1.47E-02 1.34E-02

MIRD 1.47E-03 2.21E-03 2.94E-03 1.67E-02 2.18E-02 1.77E-02 1.35E-02 1.66E-02 1.36E-02

%RD 1.00E?02 8.97E?01 2.38E?01 5.99E?00 6.42E?00 2.26E?00 1.70E?01 1.14E?01 1.47E?00

Spleen GATE 0.00E?00 0.00E?00 8.25E-06 7.09E-04 3.17E-03 3.87E-03 3.72E-03 3.71E-03 3.66E-03

MIRD 7.27E-10 1.09E-09 4.57E-06 1.64E-03 2.93E-03 3.56E-03 3.34E-03 3.44E-03 3.80E-03

%RD 1.00E?02 1.00E?02 8.05E?01 5.68E?01 8.19E?00 8.71E?00 1.14E?01 7.85E?00 3.68E?00

Adrenals GATE 3.83E-04 4.51E-03 1.41E-02 2.67E-02 2.54E-02 1.88E-02 1.73E-02 1.66E-02 1.56E-02

MIRD 2.45E-03 3.68E-03 1.36E-02 2.68E-02 2.15E-02 1.61E-02 1.81E-02 1.68E-02 1.56E-02

%RD 8.44E?01 2.26E?01 3.68E?00 3.73E-01 1.81E?01 1.68E?01 4.42E?00 1.19E?00 0.00E?00

Table 3 SAF values in Snyder phantom (kg-1) for kidneys as source

Photon energy (keV)

Target Method 10 15 20 30 50 100 200 500 1,000

Liver GATE 1.02E-05 7.07E-04 4.37E-03 1.57E-02 1.96E-02 1.53E-02 1.38E-02 1.32E-02 1.23E-02

MIRD 4.40E-04 6.65E-04 4.68E-03 1.54E-02 1.95E-02 1.53E-02 1.36E-02 1.38E-02 1.22E-02

%RD 9.77E?01 6.32E?00 6.62E?00 1.95E?00 5.13E-01 0.00E?00 1.47E?00 4.35E?00 8.20E-01

Kidneys GATE 3.26E?00 2.74E?00 2.04E?00 1.02E?00 3.91E-01 2.27E-01 2.35E-01 2.45E-01 2.22E-01

MIRD 3.28E?00 2.74E?00 2.04E?00 1.03E?00 3.93E-01 2.35E-01 2.39E-01 2.52E-01 2.26E-01

%RD 6.10E-01 0.00E?00 0.00E?00 9.71E-01 5.09E-01 3.40E?00 1.67E?00 2.78E?00 1.77E?00

Lungs GATE 0.00E?00 3.34E-07 7.43E-05 1.54E-03 3.60E-03 3.60E-03 3.44E-03 3.53E-03 3.47E-03

MIRD 3.57E-05 5.36E-05 7.15E-05 1.18E-03 3.27E-03 3.37E-03 2.99E-03 3.28E-03 3.30E-03

%RD 1.00E?02 9.94E?01 3.92E?00 3.05E?01 1.01E?01 6.82E?00 1.51E?01 7.62E?00 5.15E?00

Pancreas GATE 0.00E?00 5.22E-05 3.55E-03 2.60E-02 3.45E-02 2.65E-02 2.33E-02 2.18E-02 1.99E-02

MIRD 2.34E-05 3.51E-05 4.45E-03 2.44E-02 3.22E-02 2.63E-02 2.28E-02 2.25E-02 2.24E-02

%RD 1.00E?02 4.87E?01 2.02E?01 6.56E?00 7.14E?00 7.60E-01 2.19E?00 3.11E?00 1.12E?01

Spleen GATE 1.46E-04 8.67E-03 3.63E-02 6.77E-02 5.18E-02 3.33E-02 3.04E-02 2.96E-02 2.73E-02

MIRD 6.19E-03 9.28E-03 3.63E-02 6.69E-02 5.32E-02 3.30E-02 3.11E-02 2.85E-02 2.70E-02

%RD 9.76E?01 6.57E?00 0.00E?00 1.20E?00 2.63E?00 9.09E-01 2.25E?00 3.86E?00 1.11E?00

Adrenals GATE 5.62E-03 3.70E-02 7.59E-02 9.28E-02 6.18E-02 4.04E-02 3.85E-02 3.85E-02 3.56E-02

MIRD 4.70E-03 3.95E-02 8.11E-02 9.44E-02 6.30E-02 4.51E-02 3.48E-02 4.28E-02 4.01E-02

%RD 1.96E?01 6.33E?00 6.41E?00 1.69E?00 1.90E?00 1.04E?01 1.06E?01 1.00E?01 1.12E?01
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between the two series of data depends on the absolute

values of the SAF, so that the correlation decreases as the

absolute value of the SAF decreases. The Bland–Altman

plot (Fig. 2b) clearly shows that the data points follow two

different distributions. Calculations showed that, where the

absolute values of the SAFs were above 0.01, the average

and standard deviation of the relative differences (%RD)

are ?1.5 ± 8.1%. In contrast, where the absolute values of

Table 4 SAF values in Snyder phantom (kg-1) for lungs as source

Photon energy (keV)

Target Method 10 15 20 30 50 100 200 500 1,000

Liver GATE 3.44E-04 3.88E-03 9.54E-03 1.54E-02 1.35E-02 9.71E-03 8.91E-03 8.67E-03 8.04E-03

MIRD 7.00E-05 2.28E-03 7.25E-03 1.40E-02 1.29E-02 9.50E-03 8.81E-03 8.20E-03 7.70E-03

%RD 3.91E?02 7.02E?01 3.16E?01 1.00E?01 4.65E?00 2.21E?00 1.14E?00 5.73E?00 4.42E?00

Kidneys GATE 0.00E?00 2.10E-07 6.90E-05 1.40E-03 3.28E-03 3.43E-03 3.38E-03 3.53E-03 3.47E-03

MIRD 6.42E-08 9.64E-08 5.81E-05 1.24E-03 2.97E-03 3.25E-03 3.14E-03 3.61E-03 3.22E-03

%RD 1.00E?02 1.18E?02 1.88E?01 1.29E?01 1.04E?01 5.54E?00 7.64E?00 2.22E?00 7.76E?00

Lungs GATE 9.12E-01 7.29E-01 5.10E-01 2.41E-01 9.25E-02 5.11E-02 5.04E-02 5.09E-02 4.50E-02

MIRD 8.17E-01 6.58E-01 4.71E-01 2.30E-01 8.99E-02 5.05E-02 5.00E-02 5.01E-02 4.55E-02

%RD 1.16E?01 1.08E?01 8.28E?00 4.78E?00 2.89E?00 1.19E?00 8.00E-01 1.60E?00 1.10E?00

Pancreas GATE 0.00E?00 2.10E-05 1.20E-03 8.75E-03 1.23E-02 9.96E-03 8.92E-03 8.42E-03 7.73E-03

MIRD 8.53E-06 1.28E-05 6.38E-04 9.00E-03 1.27E-02 1.04E-02 8.94E-03 9.63E-03 7.11E-03

%RD 1.00E?02 6.41E?01 8.81E?01 2.78E?00 3.15E?00 4.23E?00 2.24E-01 1.26E?01 8.72E?00

Spleen GATE 3.70E-05 1.26E-03 5.50E-03 1.27E-02 1.23E-02 9.00E-03 8.22E-03 7.98E-03 7.45E-03

MIRD 6.63E-04 9.95E-04 4.70E-03 1.27E-02 1.10E-02 9.00E-03 8.18E-03 7.10E-03 7.20E-03

%RD 9.44E?01 2.66E?01 1.70E?01 0.00E?00 1.18E?01 0.00E?00 4.89E-01 1.24E?01 3.47E?00

Adrenals GATE 6.40E-07 7.18E-04 5.21E-03 1.43E-02 1.39E-02 1.08E-02 1.01E-02 9.76E-03 9.36E-03

MIRD 1.24E-03 1.86E-03 2.48E-03 7.17E-03 1.13E-02 1.09E-02 8.77E-03 8.40E-03 7.73E-03

%RD 9.99E?01 6.14E?01 1.10E?02 9.94E?01 2.30E?01 9.17E-01 1.52E?01 1.62E?01 2.11E?01

Table 5 SAF values in Snyder phantom (kg-1) for pancreas as source

Photon energy (keV)

Target Method 10 15 20 30 50 100 200 500 1,000

Liver GATE 1.38E-07 2.33E-04 3.66E-03 1.77E-02 2.32E-02 1.79E-02 1.57E-02 1.46E-02 1.34E-02

MIRD 1.54E-04 2.30E-04 3.61E-03 1.64E-02 2.24E-02 1.76E-02 1.56E-02 1.41E-02 1.29E-02

%RD 9.99E?01 1.30E?00 1.39E?00 7.93E?00 3.57E?00 1.70E?00 6.41E-01 3.55E?00 3.88E?00

Kidneys GATE 0.00E?00 5.18E-05 3.56E-03 2.59E-02 3.41E-02 2.60E-02 2.31E-02 2.16E-02 1.98E-02

MIRD 2.00E-05 3.39E-05 3.23E-03 2.50E-02 3.37E-02 2.65E-02 2.27E-02 2.13E-02 1.94E-02

%RD 1.00E?02 5.28E?01 1.02E?01 3.60E?00 1.19E?00 1.89E?00 1.76E?00 1.41E?00 2.06E?00

Lungs GATE 0.00E?00 2.48E-05 1.34E-03 9.60E-03 1.34E-02 1.03E-02 8.95E-03 8.39E-03 7.71E-03

MIRD 2.75E-06 4.12E-06 1.16E-03 8.87E-03 1.29E-02 1.02E-02 8.92E-03 8.21E-03 7.43E-03

%RD 1.00E?02 5.02E?02 1.55E?01 8.23E?00 3.88E?00 9.80E-01 3.36E-01 2.19E?00 3.77E?00

Pancreas GATE 1.46E?01 1.09E?01 7.18E?00 3.12E?00 1.10E?00 6.32E-01 6.68E-01 7.03E-01 6.25E-01

MIRD 1.47E?01 1.09E?01 7.14E?00 3.16E?00 1.10E?00 6.51E-01 6.88E-01 7.29E-01 6.74E-01

%RD 6.80E-01 0.00E?00 5.60E-01 1.27E?00 0.00E?00 2.92E?00 2.91E?00 3.57E?00 7.27E?00

Spleen GATE 1.79E-03 4.34E-02 1.26E-01 1.78E-01 1.20E-01 7.33E-02 6.61E-02 6.38E-02 5.84E-02

MIRD 1.45E-06 4.48E-02 1.31E-01 1.79E-01 1.25E-01 7.62E-02 6.70E-02 6.59E-02 5.78E-02

%RD 1.23E?05 3.13E?00 3.82E?00 5.59E-01 4.00E?00 3.81E?00 1.34E?00 3.19E?00 1.04E?00

Adrenals GATE 0.00E?00 6.30E-05 5.99E-03 3.90E-02 4.62E-02 3.45E-02 3.10E-02 2.90E-02 2.63E-02

MIRD 3.02E-05 4.54E-05 4.82E-03 3.96E-02 4.60E-02 3.80E-02 2.95E-02 2.90E-02 2.10E-02

%RD 1.00E?02 3.88E?01 2.43E?01 1.52E?00 4.35E-01 9.21E?00 5.08E?00 0.00E?00 2.52E?01
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the SAFs were below 0.01, the average and standard

deviation of the relative differences (%RD) are ?7.5 ±

67.1%.

In Fig. 3a, the average relative differences between the

MIRD and the GATE/GEANT data are plotted indepen-

dently against the photon energies for the self-absorption

Table 6 SAF values in Snyder phantom (kg-1) for spleen as source

Photon energy (keV)

Target Method 10 15 20 30 50 100 200 500 1000

Liver GATE 0.00E?00 0.00E?00 7.78E-06 7.02E-04 3.14E-03 3.90E-03 3.72E-03 3.72E-03 3.66E-03

MIRD 7.20E-10 1.08E-09 4.25E-06 5.99E-04 2.93E-03 3.78E-03 3.67E-03 3.69E-03 3.53E-03

%RD 1.00E?02 1.00E?02 8.31E?01 1.72E?01 7.17E?00 3.17E?00 1.36E?00 8.13E-01 3.68E?00

Kidneys GATE 1.43E-04 8.65E-03 3.62E-02 6.77E-02 5.15E-02 3.31E-02 3.03E-02 2.95E-02 2.74E-02

MIRD 7.02E-03 1.05E-02 3.63E-02 6.65E-02 5.30E-02 3.61E-02 3.14E-02 2.93E-02 2.59E-02

%RD 9.80E?01 1.76E?01 2.75E-01 1.80E?00 2.83E?00 8.31E?00 3.50E?00 6.83E-01 5.79E?00

Lungs GATE 3.98E-05 1.41E-03 6.12E-03 1.42E-02 1.34E-02 9.31E-03 8.31E-03 8.03E-03 7.43E-03

MIRD 6.50E-04 9.76E-04 4.97E-03 1.25E-02 1.23E-02 8.90E-03 7.91E-03 7.50E-03 6.87E-03

%RD 9.39E?01 4.45E?01 2.31E?01 1.36E?01 8.94E?00 4.61E?00 5.06E?00 7.07E?00 8.15E?00

Pancreas GATE 1.81E-03 4.35E-02 1.26E-01 1.78E-01 1.21E-01 7.35E-02 6.63E-02 6.39E-02 5.83E-02

MIRD 1.56E-03 4.29E-02 1.26E-01 1.87E-01 1.23E-01 7.35E-02 6.58E-02 6.70E-02 5.80E-02

%RD 1.60E?01 1.40E?00 0.00E?00 4.81E?00 1.63E?00 0.00E?00 7.60E-01 4.63E?00 5.17E-01

Spleen GATE 5.43E?00 4.69E?00 3.59E?00 1.87E?00 7.27E-01 4.13E-01 4.23E-01 4.40E-01 3.98E-01

MIRD 5.44E?00 4.66E?00 3.59E?00 1.86E?00 7.24E-01 4.21E-01 4.32E-01 4.49E-01 4.10E-01

%RD 1.84E-01 6.44E-01 0.00E?00 5.38E-01 4.14E-01 1.90E?00 2.08E?00 2.00E?00 2.93E?00

Adrenals GATE 0.00E?00 2.45E-04 7.08E-03 3.29E-02 3.47E-02 2.45E-02 2.24E-02 2.16E-02 2.02E-02

MIRD 1.11E-04 1.66E-04 9.76E-03 3.35E-02 3.43E-02 2.40E-02 2.32E-02 2.07E-02 2.35E-02

%RD 1.00E?02 4.76E?01 2.75E?01 1.79E?00 1.17E?00 2.08E?00 3.45E?00 4.35E?00 1.40E?01

Table 7 SAF values in Snyder phantom (kg-1) for adrenals as source

Photon energy (keV)

Target Method 10 15 20 30 50 100 200 500 1000

Liver GATE 3.39E-04 4.44E-03 1.40E-02 2.67E-02 2.56E-02 1.93E-02 1.75E-02 1.69E-02 1.69E-02

MIRD 2.70E-04 4.14E-03 1.28E-02 2.64E-02 2.55E-02 1.93E-02 1.76E-02 1.68E-02 1.50E-02

%RD 2.56E?01 7.25E?00 9.38E?00 1.14E?00 3.92E-01 0.00E?00 5.68E-01 5.95E-01 1.27E?01

Kidneys GATE 5.59E-03 3.68E-02 7.63E-02 9.33E-02 6.16E-02 4.10E-02 3.87E-02 3.86E-02 3.86E-02

MIRD 4.20E-03 3.71E-02 7.53E-02 9.37E-02 5.90E-02 4.25E-02 4.12E-02 3.95E-02 3.59E-02

%RD 3.31E?01 8.09E-01 1.33E?00 4.27E-01 4.41E?00 3.53E?00 6.07E?00 2.28E?00 7.52E?00

Lungs GATE 2.31E-06 7.67E-04 5.80E-03 1.59E-02 1.55E-02 1.14E-02 1.03E-02 9.95E-03 9.95E-03

MIRD 3.19E-04 4.79E-04 3.07E-03 1.03E-02 1.20E-02 9.50E-03 8.91E-03 7.90E-03 7.72E-03

%RD 9.93E?01 6.01E?01 8.89E?01 5.44E?01 2.92E?01 2.00E?01 1.56E?01 2.59E?01 2.89E?01

Pancreas GATE 0.00E?00 7.29E-05 5.96E-03 3.94E-02 4.73E-02 3.55E-02 3.13E-02 2.92E-02 2.92E-02

MIRD 3.02E-05 4.54E-05 7.51E-03 3.84E-02 4.70E-02 3.60E-02 3.03E-02 2.90E-02 2.80E-02

%RD 1.00E?02 6.06E?01 2.06E?01 2.60E?00 6.38E-01 1.39E?00 3.30E?00 6.90E-01 4.29E?00

Spleen GATE 0.00E?00 2.36E-04 7.07E-03 3.32E-02 3.51E-02 2.50E-02 2.25E-02 2.16E-02 2.16E-02

MIRD 4.17E-04 6.26E-04 7.29E-03 3.22E-02 3.48E-02 2.41E-02 2.37E-02 2.22E-02 1.95E-02

%RD 1.00E?02 6.23E?01 3.02E?00 3.11E?00 8.62E-01 3.73E?00 5.06E?00 2.70E?00 1.08E?01

Adrenals GATE 5.17E?01 3.29E?01 1.89E?01 7.02E?00 2.21E?00 1.31E?00 1.43E?00 1.53E?00 1.53E?00

MIRD 5.22E?01 3.29E?01 1.89E?01 7.04E?00 2.23E?00 1.33E?00 1.45E?00 1.57E?00 1.51E?00

%RD 9.58E-01 0.00E?00 0.00E?00 2.84E-01 8.97E-01 1.50E?00 1.38E?00 2.55E?00 1.32E?00
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and the cross-irradiation data. The graph shows that for self-

absorption, at all photon energies, the relative differences

between the GATE/GEANT and the MIRD data are below

3%. For the cross-irradiation data, however, the relative dif-

ferences were 6–10% at photon energies of 50–1,000 keV

and up to 25% at photon energies of 10–30 keV. The SAF

values for adrenals /kidneys, adrenals /pancreas, and

against photon energy are shown in Fig. 3b. As can be seen,

the SAF values for cross-irradiation increase rapidly from 10

to 50 keV and decrease gradually afterward. At low energies,

the photoelectric interaction is predominant while by

increasing the photon energy, the Compton interaction

gradually becomes predominant. Fig. 3b is representative for

all the cross-section data.

Discussion

SAFs for self-absorption

The SAF values derived from the voxelized Snyder phantom

show a high correlation with the corresponding MIRD data.

The bias between the two series of data is small (-0.16%)

and the relative differences are below 5% for the majority of

the data points. An exception is the self-absorption of the

lungs at photon energies of 10, 15, and 20 keV, where the

relative differences are 11.6, 10.7, and 8.3%, respectively.

This difference (in self-absorption of the lungs) cannot be

related to the Monte Carlo codes or the cross-section tables

used to calculate the data. The same difference would have

been observed in all organs otherwise. A simple explanation

for this observation could be a higher total cross-section and/

or density attributed to the lung tissue in our study compared

to the MIRD calculations. The inverse dependence of the

relative differences on the photon energy supports this

explanation. However, the density and the average cross-

section of the lungs were set based on the MIRD publication

(Snyder et al. 1969). The observed difference in self-

absorption of the lungs may partially be related to the method

of calculation and the cross-irradiation of the left and right

lungs. We performed a single simulation (assuming activity

in both lobes of the lungs) to calculate the SAF, as is implied

in the SAF definition. Performing two independent

Fig. 1 Comparison of GATE and corresponding MIRD SAF values

for self-irradiated organs; a scatter plot of two series of data and

b Bland–Altman analysis for relative differences (RD %) between

GATE and MIRD; SD standard deviation

Fig. 2 Comparison of GATE and corresponding MIRD SAF values

for cross-irradiated organs; a scatter plot of two series of data and

b Bland–Altman analysis for relative differences (RD%) between

GATE and MIRD; SD standard deviation
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simulations for the left and right lungs would result in a

smaller SAF value. When two lobes are considered together,

the cross-firing of the left and right lobes are included in the

self-absorption of the lungs. This is in agreement with the

early acknowledged fact that the absorbed fraction increases

with organ mass (Poston 1976). When increasing the mass,

less photons can escape from the source organs and, there-

fore, self-absorption increases. The two lobes of the lung are

very close in the Snyder phantom, and there is mainly air in

between. In contrast, in our simulation, the two lobes of the

lung were considered together like a single big organ. To

avoid this error, simulations should be performed indepen-

dently for each lobe. For other paired organs (kidney, adre-

nals) that are smaller and far-off, the difference is much less.

It is not clear whether this error was considered in the MIRD

calculations, though this cannot fully explain the observed

differences.

Whatever is the reason behind this observation, the self-

absorption data derived from the GATE/GEANT are in

good agreement, and there is a high correlation with the

corresponding MIRD data where the photon energies were

50–1,000 keV. However, for energy of 10–30 keV, the

agreement was questionable.

SAFs for cross-irradiation

There is a good correlation between the GATE/GEANT

data and the corresponding MIRD data for cross-irradiation

when the photon energies were 50–1,000 keV. However,

the correlation is low for 10–30 keV. In some studies,

differences between the MIRD SAF values and the corre-

sponding calculated values for low-energy photons have

been reported (Larsson et al. 2005; Ferrari and Gualdrini

2007; Kolbert et al. 1997; Zankl et al. 2003). However,

none of them used the MIRD phantom; therefore the

reported differences may also be due to geometrical

differences.

Although the relative difference between our data and

the MIRD data is low for high-energy photons

(50–1,000 keV) and high for low-energy photons

(10–30 keV), this does not imply any direct dependence of

the relative difference on photon energy. Fig. 3a reveals

only a weak dependence on photon energy in the self-

absorption and cross-irradiation data; in contrast, Fig. 2a

shows a strong dependence on the absolute values of SAF.

When the photon energy is low, most of the photons are

absorbed in the source organ and only a small number of

photons penetrate to the target organs. That is, a small

fraction of the total energy released is absorbed by the

target organs; hence the corresponding SAF values are

small. From the statistical point of view, smaller values

show a higher statistical uncertainty (random error).

Therefore, the poor agreement between the GATE/GEANT

and MIRD data for low-energy photons is partly due to

poor statistics in the corresponding SAF values. Figure 2b

shows that the relative difference significantly depends on

the absolute value of the SAF. Inspecting Fig. 3b provides

some insight on the random variation in the two series of

data. The figure reveals a considerably higher variation in

the MIRD data compared to the GATE/GEANT data. The

maximum coefficient of variation in our data is 20% (for

the smallest SAF value), while in the case of the MIRD

data, the coefficient of variation is up to 50% (Snyder et al.

1969).

In the GATE/GEANT code, required cross-sections are

derived using the EPDL97, EEDL, and EADL libraries for

photons, electrons, and atoms, respectively (Jan et al.

2008). The MIRD data were calculated using a Monte

Carlo method in which the cross-sections were derived

from McMaster Tables and the ENDL library (McMaster

et al. 1969; Plechaty and Terrall 1968; Snyder et al. 1969).

Figure 3a reveals that for photons of 50–1,000 keV, there

is a small bias (&2%) between the GATE/GEANT and

MIRD data. For self-absorption, the bias is negative

(smaller values for GATE/GEANT) while for cross-section

the bias is positive. For lower energy photons (10–30 keV),

the bias is higher and in reverse direction. This may be

Fig. 3 a Average of relative differences between GATE and MIRD

plotted against photon energy. The averages were calculated pooling

all the data of a given photon energy. b SAF values for sampled

source-target organs against photon energy. The standard deviation of

the data was too small to be shown in the figure
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considered as systematic error and a reflection of differences

in the cross-section tables used in the MIRD and GATE/

GEANT codes. However, this is very difficult to be verified,

due to the large number of interactions involved (Salvat et al.

1999). For photons of 50–1,000 keV, different types of

interactions in multiple stages are possible. The absorbed

energy therefore depends on a random combination of cross-

sections that may cancel out point-by-point differences.

However, for low-energy photons (10–30 keV), where the

photoelectric interaction is predominant and the average

number of interactions along the particle track is small, the

difference in the cross-sections becomes evident. This may be

one reason for the larger difference between the present

GATE/GEANT and the MIRD data, for low-energy photons.

Conclusion

In the present study, the SAF values derived from GATE/

GEANT and the corresponding MIRD published data were

compared. The agreement between the GATE/GEANT

results and the MIRD data was found to depend on the

absolute values of SAF. On average, the SAF values

derived with GATE/GEANT showed an acceptable corre-

lation and agreement with the MIRD data for the photon

energies of 50–1,000 keV. However, there was a small bias

that may be considered as reflecting differences between

the tables of cross-sections used in GATE/GEANT and

MIRD. For photons of 10–30 keV, where the absolute

values of SAF are small and uncertainties high, there was

only poor agreement between the GATE/GEANT results

and MIRD data. To some extent, this low agreement was

due to differences in cross-section tables used in GATE/

GEANT and MIRD. In general, the agreement was

acceptable and the results can be considered as validation

of GEANT/GATE against MIRD; however, some issues

require further investigation.
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