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Abstract. Anthropomorphic phantoms based on simple geometric structures have been used in radiation dose 
calculations for many years. We have now developed a series of anatomically realistic phantoms representing 
adults and children using body models based on non-uniform rational B-spline (NURBS), with organ and body 
masses based on the reference values given in ICRP Publication 89. Age-dependent models were scaled and 
shaped to represent the reference individuals described in ICRP 89 (male and female adults, newborns, 1-, 5-, 10- 
and 15-year-olds), using a software tool developed in Visual C++. Voxel-based versions of these models were 
used with GEANT4 radiation transport codes for calculation of specific absorbed fractions (SAFs) for internal 
sources of photons and electrons, using standard starting energy values. Organ masses in the models were within a 
few % of ICRP reference masses, and physicians reviewed the models for anatomical realism. Development of 
individual phantoms was much faster than manual segmentation of medical images, and resulted in a very uniform 
standardized phantom series. SAFs were calculated on the Vanderbilt multinode computing network (ACCRE). 
Photon and electron SAFs were calculated for all organs in all models, and were compared to values from similar 
phantoms developed by others. Agreement was very good in most cases; some differences were seen, due to 
differences in organ mass and geometry. This realistic phantom series represents a possible replacement for the 
Cristy/Eckerman series of the 1980’s. Both phantom sets will be included in the next release of the 
OLINDA/EXM personal computer code, and the new phantoms will be made generally available to the research 
community for other uses. Calculated radiation doses for diagnostic and therapeutic radiopharmaceuticals will be 
compared with previous values. 
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1. Introduction 
 
Anthropomorphic models used for internal dose calculations in radiation protection for the past 30 
years have used stylized anatomical models [1]. Our interest has been primarily in the area of internal 
dose calculations for pharmaceuticals used in nuclear medicine. Figure 1 illustrates the two views of 
the original stylized adult male model. The model was defined in three sections: an elliptical cylinder 
representing the arm, torso, and hips; a truncated elliptical cone representing the legs and feet; and an 
elliptical cylinder representing the head and neck. Several organs and tissues were mathematically 
defined within the whole body space, and were comprised of one of three types of tissue: “soft tissue,” 
bone, and lung. The mathematical descriptions of the organs were formulated based on descriptive and 
schematic materials from a number of general anatomy references. Other investigators developed a 
“family” of stylized models, which include both genders at several ages [2]. This series of stylized 
models, along with a set of stylized models representing the pregnant female at four stages of gestation 
[3], were used in the MIRDOSE [4] and OLINDA/ EXM 1.0 [5] personal computer codes to facilitate 
calculation of standardized internal dose calculations.  
 
These stylized models, in use for several decades in radiation protection, may now be replaced with 
realistic body models based ultimately on human image data. The creation of human body models 
employing non-uniform rational b-spline (NURBS) techniques by Paul Segars of Duke University [6] 
presented a more realistic rendering of the human body, both male and female. Figure 2 shows the 
adult male and female NURBS models originally developed by Dr. Segars. The realism of these 
models is clearly superior to that of the stylized models of the past. Tools developed by Dr. Segars 
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permitted rapid and easy scaling of organs and the body through manipulation of surface ‘control 
points’ or uniform scaling of the surfaces in any dimension. Other investigators, who created several 
tomographic models from CT images [7], reported over- and under-estimates of several tens of percent 
for organ absorbed fractions between styled computational models and more realistic, image-based 
models. These differences principally exist at the lowest particle starting energies, thus we do not 
expect large changes in calculated doses for individual radiopharmaceuticals. Nonetheless, the 
improved realism of these models in representing organ structure and overlap is desirable to improve 
the accuracy of calculations in nuclear medicine, as well as in other radiation protection disciplines. 
 
Figure 1: Original stylized adult male model of Snyder et al. [1]: (a) exterior view, (b) skeleton and 
internal organs, and (c) geometric shapes representing stomach and intestines. 
 

  
 

(a) (b) (c) 

 
Figure 2: Anterior views of the Segars NURBS models [6] of the (a) adult male and (b) adult female.  
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2. Methods 
 
Using an interactive scaling program developed by Dr. Segars, the NURBS models may be scaled to 
different sizes and shapes. One or more selected organs may be translated or rotated in the any 
direction, scaled linearly in any direction, uniformly in three dimensions, from the center by a fixed 
factor, and otherwise modified by the user. We used this program to develop a series of models 
representing adults and children of different ages, from the original adult models, to have the organ 
and body masses match as closely as possible the recommended values given in ICRP Publication 89 
[8]. Instead of performing tedious, slice-by-slice segmentation of individual organs from many 
medical scans, which can take months or even years to create and perfect, and which, in the end, 
creates models based on totally different individuals with unique organ placements and shapes, we 
found this method to be much quicker, and to create models that were more internally consistent. 
Organ and whole body models were developed and scaled to the ICRP 89 recommended organ mass 
values for adults and children of the reference ages evaluated (newborn, 1-year, 5-year, 10-year, 15-
year, and adult). The models were inspected by physicians to assess realism and make necessary 
adjustments. When accepted, the modified models were saved, represented in voxel format, and 
submitted to Monte Carlo radiation transport simulation codes. Separate male and female models were 
made for all ages. For 10-year-old models and younger, however, the ICRP does not offer separate 
organ mass values, so the same model was used for both genders, with the sex organs simply changed 
as appropriate. 
 
The GEANT4 (GEometry ANd Tracking) C++ particle transport toolkit [9] was used to perform 
radiation transport calculations in the voxel-based representations of the various individual models. 
Final masses used for comparison with the ICRP 89 [8] recommended values were made based on the 
reported volumes of the voxel-based model, as this was what was used in the transport calculations. 
For most organs, the difference between the NURBS-reported and voxel model volumes were about 3-
5%. For small organs, however, the differences were sometimes greater.  
 
3. Results 
 
Table 1 shows comparisons between selected organ masses recommended by ICRP Publication 89 [8], 
and those represented in the final models developed in this investigation. Figure 3 shows selected 
images from the model series. Figures 4-6 provide plots of some absorbed fractions from the models, 
with comparison to values from the Cristy/Eckerman phantom series [2]. These plots typify the major 
trends seen in the results. Figure 4 shows photon SAFs for liver irradiating liver in the adult male 
phantom – the results are similar, as the organs are similar in mass, and minor differences in shape do 
not affect these numbers significantly. Figure 5 gives results for photons in the adult male phantom for 
liver irradiating lung – here the values for the NURBS models are higher at all energies, due to the 
close geometrical proximity of the two organs in the more realistic NURBS models, compared to the 
separation which occurs in order to have clear separation of organ spaces in the stylized phantoms. 
Figure 6 shows photon SAFs in the adult female for spleen irradiating stomach, in which we can see a 
general trend of higher SAFs, with the differences being more pronounced at lower energies. Figure 7 
shows electron AFs (not SAFs) for sources in the kidneys of the adult female irradiating either the 
kidneys or liver. Traditionally, all of the AFs for electron self-irradiation have been assumed to be 1.0 
for an organ irradiating itself and 0.0 for other organs. Although this assumption is generally 
reasonable, when electron transport is performed, some departure from this assumption is seen at 
higher energies. This trend is more important for the smaller organs, particularly in the phantoms 
representing younger individuals, which are smaller.  Figure 8 shows AF values for testes irradiating 
testes in the newborn model; above about 0.5 MeV, the departure of the values from unity is notable. 
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Table 1: Selected organ masses (a) recommended by the ICRP for standard models of various age as 
reference individuals and (b) modelled in the realistic phantom series reported here. 
 
 (a) 

  ICRP 89 Organ Masses (g) 

  
NB 

female 
NB 

male 
1 yr 

female 
1 yr 
male 

5 yr 
female 

5 yr 
male 

Brain 380 380 950 950 1180 1310 
Salivary 
Glands 6.0 6.0 24.0 24.0 34.0 34.0 
Lungs 60 60 151 151 300 300 
Liver 130 130 330 330 570 570 
Kidneys 25 25 70 70 110 110 
Adrenals 6.0 6.0 4.0 4.0 5.0 5.0 
Thyroid 1.3 1.3 1.8 1.8 3.4 3.4 
Thymus 13 13 30 30 30 30 
Esophagus 2.0 2.0 5.0 5.0 10.0 10.0 

  ICRP 89 Organ Masses (g) 

  
10 yr 

female 
10 yr 
male 

15 yr 
female 

15 yr 
male 

Adult 
female 

Adult 
male 

Brain 1220 1400 1300 1420 1300 1450 
Salivary 
Glands 44.0 44.0 65.0 68.0 70.0 85.0 
Lungs 500 500 750 900 950 1200 
Liver 830 830 1300 1300 1400 1800 
Kidneys 180 180 240 250 276 310 
Adrenals 7.0 7.0 9.0 10.0 13.0 14.0 
Thyroid 7.9 7.9 12.0 12.0 17.0 20.0 
Thymus 35 35 30 35 20 25 
Esophagus 18.0 18.0 30.0 30.0 35.0 40.0 

(b) 
  NURBS Organ Masses (g) 

  
NB 

female 
NB 

male
1 yr 

female
1 yr 
male

5 yr 
female 

5 yr 
male 

Brain 381 381 928 928 1177 1258 
Salivary 
Glands 6.1 6.1 23.9 23.9 33.6 33.6 
Lungs 58.7 58.7 149.2 149.2 299.5 299.5 
Liver 129.0 128.8 334.2 334.3 556.6 556.6 
Kidneys 23.8 23.8 69.7 70.9 107.9 107.9 
Adrenals 5.7 5.7 3.9 4.0 4.8 4.8 
Thyroid 1.3 1.3 1.7 1.8 3.3 3.4 
Thymus 13.1 13.1 30.0 30.1 29.6 29.6 
Esophagus 1.9 1.9 5.0 5.0 10.0 10.0 

  NURBS Organ Masses (g) 

  
10 yr 

female 
10 yr 
male 

15 yr 
female 

15 yr 
male 

Adult 
female 

Adult 
male 

Brain 1193 1350 1291 1336 1242 1404 
Salivary 
Glands 43.7 43.7 66.7 67.9 68.8 83.0 
Lungs 504.9 504.9 758.2 874.7 937.4 1188.8 
Liver 823.9 823.9 1275.0 1303.8 1402.6 1765.8 
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Kidneys 182.1 182.1 242.9 244.5 277.4 298.9 
Adrenals 6.9 6.9 9.1 10.1 12.9 13.6 
Thyroid 7.8 7.8 12.2 11.8 17.0 19.7 
Thymus 34.0 34.0 29.8 33.6 19.5 24.2 
Esophagus 17.7 17.7 30.3 28.5 35.2 38.3 

 
Figure 3: Sample images of the NURBS standardized models, (a) newborn female model, (b) 
5-year male model, (c) 10-year female model, (d) 15-year old male model. 
 

 
 
Figure 4:  Photon SAFs for Adult male (liver←liver), showing comparison of NURBS model values 
(diamonds) with values from the Cristy/Eckerman stylized series (squares).  
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Figure 5: Photon SAFs for Adult male ( lungs←liver), showing comparison of NURBS model values 
(diamonds) with values from the Cristy/Eckerman stylized series (squares). 
 

 
 
Figure 6: Photon SAFs for Adult female (stomach←spleen), showing comparison of NURBS model 
values (diamonds) with values from the Cristy/Eckerman stylized series (squares). 
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Figure 7: Absorbed fractions (AFs) for electron sources in the kidneys of the adult female, 
with kidneys as a target (diamonds) and liver as a target (squares). 

 
 
Figure 8: Electron self-absorbed fractions for (testes←testes) in the newborn. 

 
4. DISCUSSION AND CONCLUSIONS   
 
The first body models used in dosimetry were simple spheres [10]; this was mathematically 
convenient and provided conservative estimates of SAFs and absorbed dose, but was not very realistic. 
The development of the stylized phantom series by Cristy and Eckerman [2] represented a 
revolutionary change in methods for development of SAFs, and dramatically increased the realism of 
available models. This generation of anthropomorphic models was well designed, and served the 
radiation protection community well for several decades. Monte Carlo methods were used to estimate 
SAF values for the organs, and the ability to calculate cross-irradiation SAFs was introduced with 
these updates. Thus methods for theoretical dose calculations, for either internal or external sources of 
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radiation, were greatly improved over the simple spherical models. The advent of image-based 
technologies for use in dose calculations is most important for the ability to perform patient-
individualized dose calculations in nuclear medicine therapy [e.g. 11], but is also useful in creating 
more realistic standardized models for general dose assessment from internal or external sources. The 
models presented here are intended as updates to the Cristy/Eckerman series, with the organ masses 
based on those recommended by the ICRP for standardized individuals of various ages [8]. Changes in 
actual SAF values from the Cristy/Eckerman model series are notable, but mostly small in magnitude. 
The impact on calculated dose estimates for radiopharmaceuticals, other internal sources, or external 
sources should be minor, but of interest for evaluation. These phantoms, in conjunction with those of 
the Rensselaer Polytechnic Institute (RPI) group for pregnant females [12], which provide an update 
on the Stabin et al. stylized series of phantoms [3], will be used in new versions of the OLINDA/EXM 
computer code to facilitate standardized dose calculations to reference individuals. The models will 
also be made available to the user community for other investigations. 
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