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Abstract. Dose coefficients for intakes of radionuclides published by the International Commission on 
Radiological Protection (ICRP) are based on specific absorbed fractions (SAFs), which have been 
calculated in the mathematical MIRD phantoms. The organs of the mathematical phantoms, defined 
by geometrical bodies, like circular and elliptical cylinders, ellipsoids, cones, tori, etc., serve as rather 
simple representations of real human body organs. Tomographic or voxel phantoms are based on 
digital images recorded from scanning of real persons by computed tomography (CT) or magnetic 
resonance imaging (MRI). Compared to the mathematical MIRD phantoms, voxel phantoms are true 
to nature representations of the human body. The replacement of the MIRD phantoms by voxel 
phantoms proposed by the ICRP raises the question about the changes to be expected for the SAFs, 
and consequently also for the dose coefficients. In order to investigate the dosimetric consequences of 
this replacement, SAFs have been calculated in the recently introduced MAX (Male Adult voXel) and 
FAXht (Female Adult voXel) head+trunk phantoms for photon energies between 10 keV and 4 MeV. 
For this purpose the phantoms have been connected to the EGS4 as well as to the MCNP4 code, which 
at present are probably the most used general-purpose Monte Carlo codes. Thereby it was possible to 
assess the impact on the SAFs, if different radiation transport methods are used. The mathematical 
MIRD phantoms have also been connected to the EGS4 code, and their elemental compositions of 
body tissues were replaced by those used in the voxel phantoms. In this manner it was possible to 
compare the SAFs of the MIRD phantoms on the one hand and the MAX and FAX phantom on the 
other hand as a function of the geometrical anatomy only, i.e. the volume, the shape and the position 
of organs at risk. 
 
1. Introduction 
 
For more than three decades equivalent or absorbed dose estimates from incorporated radionuclides 
were based on specific absorbed fractions (SAFs), which have been calculated by Monte Carlo 
methods in so-called ‘MIRD phantoms’, a serie of adult and pediatric mathematical representations of 
human bodies. In mathematical human phantoms size and form of the body and its organs are 
described by mathematical expressions representing combinations and intersections of planes, circular 
and elliptical cylinders, spheres, cones, tori, etc.  
 
Fisher and Snyder [1, 2] introduced this type of phantom for an adult male which also contains ovaries 
and a uterus. During the compilation of the Report of the Task Group on Reference Man [3] the 
phantom has been further developed by Snyder et al [4, 5]. Since then it is known as “MIRD-5 
phantom” (Medical Internal Radiation Dose Committee (MIRD) Pamphlet No.5). 
 
The MIRD-5 phantom has been the basis for various derivations representing infants and children of 
various ages [6], gender-specific phantoms called ADAM and EVA [7] and a pregnant female adult 
phantom [8]. Body height and weight as well as the organ masses of these MIRD-type phantoms are in 
accordance with the first set of Reference Man data [3]. Although being rather crude representations of 
the human body, at the time of their introduction the MIRD-type phantoms represented a significant 
progress for the assessment of equivalent or absorbed dose to radiosensitive organs of the human body 
in the areas of radiation protection and nuclear medicine. 
 
In the meantime progress took place in the development of clock-speed and storage capacity of 
computers, and as a consequence the production and processing of images has been pushed to levels 
hardly imagined before. These new image capabilities have recently been used to introduce 



tomographic or voxel-based phantoms, which overcome the crude representation of the human body 
by mathematical phantoms. Voxel phantoms are based on digital images recorded from scanning of 
real persons by computed tomography (CT) or magnetic resonance imaging (MRI). Each image 
consists of a matrix of pixels (picture elements), whose number depends on the resolution chosen 
during scanning. A consecutive set of such images can be considered as a three-dimensional matrix 
made of voxels (volume pixels), where each voxel belongs to a specific organ or tissue. Compared to 
the mathematical phantoms, voxel phantoms are true to nature representations of the human body.  
 
Based on data published by Zubal [9] on a website of the YALE university, Kramer et al [10] 
developed the MAX (Male Adult voXel) phantom, which corresponds anatomically to the 
specifications of the revised Reference Man Report [11], and in a paper presented at this congress the 
FAXht (Female Adult voXel) head+trunk phantom [12] will be described, which corresponds to the 
anatomical specifications for the Reference  Adult Female defined in ICRP89 [11]. 
 
This paper will present SAFs for various radiosensitive organs and tissues for the mathematical 
ADAM and EVA phantoms as well as for the MAX and FAXht phantoms when the liver represents 
the source organ. The data have been taken from an ongoing investigation which involves many other 
source and target organs and tissues,and which was motivated by the intention of the ICRP [13] to 
replace the MIRD-type phantoms by voxel phantoms. 
 
2. Materials and methods 
 
Compared to the exposure models used 25-30 years ago to calculate SAFs, the change intended by the 
ICRP would not only imply replacing the mathematical by voxel phantoms, but also updating the 
tissue compositions, and substituting the ALGAM-based Monte Carlo code for photons by modern 
codes which allow for secondary particle transport, Rayleigh scattering, etc. 
In order to show the dosimetric consequences of these changes separately, the following exposure 
models were used: 
 
a) ADEV/EGS4: The mathematical ADAM and EVA phantoms connected to the EGS4 Monte 
Carlo code with the original tissue composition from Kramer et al [7]. 
b) ADEV44/EGS4: The mathematical ADAM and EVA phantoms connected to the EGS4 Monte 
Carlo code with new tissue compositions taken from ICRU44 [14], with a homogeneous mixture in all 
skeletal voxels based on ICRP70 [15], and a homogeneous mixture of adipose and muscle in all 
unspecified regions of the body. 
c) MFHOM/EGS4: The MAX and the FAXht phantoms connected to the EGS4 Monte Carlo code 
with ICRU44 tissue compositions, and with the same homogeneous mixture in all skeletal voxels, and 
for adipose and muscle in all unspecified regions of the body used for b). 
d) MAX/FAXht-EGS4: The MAX and the FAXht phantoms connected to the EGS4 Monte Carlo 
code with ICRU44 tissue compositions, heterogeneous skeleton and separately segmented regions for 
adipose and muscle.  
e) MAX/MCNP4: The MAX phantom connected to the MCNP4 Monte Carlo code with ICRU44 
tissue compositions, heterogeneous skeleton and separately segmented regions for adipose and muscle. 
 
Detailed descriptions of the phantoms used for this study can be found in Kramer et al [7, 10, 16, 28], 
and in Lima et al [17]. 
 
3. Results 
 
3.1 Specific absorbed fractions 
 
Figures 1 to 3 present SAFs for four organs and tissues with the greatest tissue weighting factors based 
on the concept of effective dose [18], that is the gonads, the lungs, the colon, and the stomach for 
photon emitters homogeneously distributed in the liver. Figures 1a, 2a, and 3a show data for reference 
adult males, while Figures 1b, 2b, and 3b present the same quantities for reference adult females. 
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FIG 1a. Male specific absorbed fractions 
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FIG 1b. Female specific absorbed fractions 

FIG 2a. Male specific absorbed fractions 

1,0E-08

1,0E-07

1,0E-06

1,0E-05

1,0E-04

0,01 0,1 1 10

Photon Energy (MeV)

S
pe

ci
fic

 a
bs

or
b

ed
 f

ra
ct

io
n

 (
1/

g)

ADAM

ADAM44

MAXHOM

MAX

Source organ: Liver

Colon

 



 

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-05

1.0E-04

0.01 0.1 1 10

Photon Energy (MeV)

S
pe

ci
fic

 a
bs

or
be

d 
fr

ac
tio

n 
(1

/g
)

EVA

EVA44
FAXHOM

FAXht

Source organ: Liver

Colon

 
FIG 2b. Female specific absorbed fractions 
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FIG 3a. Male specific absorbed fractions 
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FIG 3b. Female specific absorbed fractions 

 
3.1.1 Tissue composition (a – b) 
 
According to the ratios between the mass-energy absorption coefficients of the old and new tissue 
compositions shown in Figure 4, the equivalent dose to soft-tissue organs, the bones, and the skin are 
expected to increase as a result of this change, while the equivalent dose to the lungs would slightly 
decrease or remain unchanged. The unspecified regions in the body would see a decrease of equivalent 
dose when soft-tissue is replaced by a homogeneous mixture of adipose and muscle (ADIMUS). The 
data of Figure 4 were compiled for an investigation on external exposures to photons [16], but they 
can also serve as an indicator for what is to be expected in the actual study for internal emitters. 
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FIG 4. Ratios of mass-energy absorption coefficients 

 
Indeed, most of the SAFs for ADAM44 and EVA44 presented in Figures 1 – 3 show a small increase 
compared to the SAFs for ADAM and EVA. 



 
3.1.2 Anatomy (b – c) 
 
The introduction of voxel phantoms based on patient data, which usually have shorter inter-organ 
distances than the mathematical phantoms, leads generally to an increase of the SAFs (Figures 1 to 3), 
except for the colon and the ovaries of the FAXht phantom. The colon of the FAXht phantom is in a 
greater distance from the liver compared to the MAX phantom. The same argument holds for the 
ovaries compared to their position in the EVA phantom. Because of poor statistics it is difficult to 
identify a clear trend for the testes. Contrary to the findings for external exposures to photons [16], the 
introduction of voxel phantoms of real persons often increases the exposure to radiosensitive organs 
and tissues, at least to the gonads, the lungs, the colon, and the stomach as target organs when the liver 
is the source organ. Future evaluation for other combinations of source and target organs will show if 
this can be considered as a general aspect for internal exposures. 
 
3.1.3 Heterogeneous skeleton and separately segmented adipose and muscle (c – d) 
 
The introduction of a heterogeneous distribution of skeletal tissues among the bone voxels, and the 
separately segmented regions for adipose and muscle leads sometimes to a small decrease of the SAFs, 
or cause no change at all. This substitution actually changes to some extent the “shielding 
environment” for some of the radiosensitive organs and tissues, but for the combination of source and 
target organs given no dramatic changes were expected, which is confirmed by the MAX and FAXht 
SAFs of Figures 1 – 3. 
 
3.1.4 Monte Carlo code (d – e) 
Figure 5 shows SAFs calculated with the MAX phantom which was connected to the EGS4 as well as 
to the MCNP4 Monte Carlo codes. The average differences found between the SAFs are 3.7% for the 
liver, 11.3% for the lungs, 4.4% for the red bone marrow (RBM), and 12.9% for the testes. The small 
size and the relatively distant location from the source organ explain the deviation between the two 
testes SAFs. The agreement between the liver and the RBM SAFs for the two Monte Carlo codes is 
satisfactory. The SAFs for the lungs show relatively great differences for energies below 50 keV. The 
explanation for these differences has still to be investigated. 
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FIG 5. MAX specific absorbed fractions for EGS4 and MCNP4  

 
 
 



3.2 Effective dose 
 
Figure 6 shows effective doses for the ADAM and EVA phantoms for the old (ADEV) and the new 
(ADEV44) tissue compositions, and for the MAX and the FAXht phantoms with homogeneous 
skeletons and ADIMUS tissue (MHOM/FHOM), and with heterogeneously distributed skeletal tissues 
and separately segmented regions for adipose and muscle (MAX/FAXht). The curves reflect the 
findings which have already been discussed in the previous section for the SAFs of the radiosensitive 
organs and tissues. 
On the logarithmic scale of Figure 6 it is difficult to estimate the percentage difference between two 
quantities. Figure 7 therefore presents effective dose ratios between ADEV44 and ADEV, which 
reflects the replacement of the tissue compositions, between MHOM/FHOM and ADEV44 which 
represents the change of the anatomy, and between MAX/FAXht and ADEV which quantifies the 
replacement of the exposure model with all its components, except for the Monte Carlo code. 
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FIG 6. Effective dose for mathematical and voxel phantoms 
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FIG 7. Effective dose ratios 



The change of the tissue compositions leads to a small decrease of the effective dose below 50 keV, 
and to a small increase between 50 keV and 500 keV. Above 20 keV these changes never exceed 5%, 
and above 500 keV they are almost undetectable. The introduction of a realistic human anatomy leads 
to an increase of the effective dose by a factor of 2 below 50 keV. Above 50 keV this increase is ca. 
70%. 
The complete replacement of the exposure model causes a ca. 70% increase of the effective dose over 
the whole range of energies. Changes caused by the replacement of the Monte Carlo code have to be 
added, which would be ca. 8% for the source-target combination considered here.   

 
Comparison with other investigations 

 
Jones [19] compared SAFs calculated for the NORMAN voxel phantom [20] with corresponding data 
for the MIRD5 phantoms [21]. 
The results showed sometimes significant differences between the SAFs of the two exposure models. 
Jones’ calculations demonstrated that a change of the tissue composition had only little effect on the 
results, and he concluded that especially different inter-organ distances in the two phantoms were the 
main cause of the large discrepancies in the SAF values. Differences in organ and tissues masses could 
not have been the reason, because both phantoms had organ and tissue masses which agreed fairly 
well with the reference masses of ICRP23 [3].  
 
Significant discrepancies between MIRD5 and voxel SAFs have also been reported by Petoussi-Henss 
et al [22], by Smith et al [23], by Yoriyaz et al [24], by Smith et al [25], by Stabin et al [26] and by 
Zankl et al [27], confirming that the voxel phantom SAFs are often significantly greater than the 
MIRD5 SAFs, and also confirming that such large discrepancies typically do not appear for the source 
organ itself (see liver SAF in Figures 1a and 1b), thereby also indicating that the distance between the 
source and a target organ is the dominant factor. 
 
4. Conclusions 
 
The dosimetric consequences of the replacement of a MIRD-type by a voxel-based exposure model for 
the calculation of SAFs were investigated separately with respect to changes of the tissue 
compositions, the phantom anatomy, the distribution of skeletal tissues and adipose and muscle, and 
the Monte Carlo code. The results presented SAFs for four important radiosensitive organs and tissues 
caused by photon emitters homogeneously distributed in the liver. For these source-target 
combinations the results have shown, that for the effective dose the percentage difference caused by 
the change of the tissue compositions remains generally below 5% for photon energies between 50 
keV and 4 MeV. The dominant dosimetric impact on the SAFs, and on the effective dose comes from 
the change of the human anatomy, which, as shown for the source-target combinations considered 
here, can cause an increase of the effective dose by a factor of two. The complete replacement of the 
MIRD5-based by a voxel-based exposure model with all its components, including also the 
replacement of the Monte Carlo code would lead to an increase of the effective dose of ca. 70-80% for 
the range of energies and the source-target organ combination considered.  
 
Similar calculations for other source organs will produce the data necessary in order to evaluate the 
complete dosimetric impact to be expected on the SAFS and the effective dose when voxel phantoms 
will supersede the MIRD-type phantoms in radiation protection. 
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