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ABSTRACT

The International Commission on Radiological Protection (ICRP) has created a task group on dose
calculations, which, among other objectives, should replace the currently used stylized MIRD-type
phantoms by tomographic or voxel(-based) phantoms. Voxel phantoms are based on digital images
recorded from scanning of real persons by computed tomography (CT) or magnetic resonance
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imaging (MRI). Compared to the mathematical MIRD phantoms, voxel phantoms are true to
nature representations of a human body. Connected to a radiation transport code, voxel phantoms
serve as virtual humans for which organ equivalent doses from exposure to ionizing radiation can
be calculated. The principal data base for the construction of the FAX (Female Adult voXel)
phantom consisted of 151 CT images recorded from scanning of the trunk and parts of the head of
a female patient, whose body weight and height were close to the corresponding data
recommended by the ICRP in Publication 89. All 23 organs and tissues at risk, except for the red
bone marrow and the osteogenic cells on the endosteal surface of bone (‘bone surface’), have been
segmented manually with a technique recently developed at the Departamento de Energia Nuclear
of the UFPE in Recife, Brazil. After segmentation the volumes of the organs and tissues have been
adjusted to reach agreement with the organ and tissue masses recommended by the ICRP for the
Female Reference Adult in Publication 89. Comparisons with the organ and tissue masses of the
stylized, gender-specific EVA phantom, as well as with corresponding data for other female voxel
phantoms are presented. Additionally bone and red bone marrow mass fractions have been
adjusted also according to data given by the ICRP.
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1. INTRODUCTION

The development of mathematical heterogeneous human phantoms was essential to calculate
equivalent dose to the radiosensitive organs and tissues included in the definition of effective
dose [1]. 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 [2,3] 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, Publication No.23 [4] the phantom has been further developed by Snyder et al
[5,6]. 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 [7], gender-specific adult phantoms, called ADAM and EVA [8], and a
pregnant female adult phantom [9]. Body height and weight as well as the organ masses of these
MIRD-type phantoms are in accordance with the Reference Man data from 1975 [4].

Although facilitating significantly the task of equivalent dose determination, the
mathematical MIRDS5-type phantoms are still rather stylized models of the human body and its
organs. This problem has been resolved by the development of tomographic or voxel (based)
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
human bodies.
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Based on data published by Zubal [10] on a website of the YALE University, Kramer et al
[11] developed the MAX (Male Adult voXel) phantom which corresponds anatomically to the
specifications of the revised Male Reference Adult, published by the ICRP in Report No.89 [12].

This paper presents the development of the FAX (Female Adult voXel) phantom based
on CT images of female patients. Similar to the development of the MAX phantom, the organ
and tissue masses of the FAX phantom have been adjusted in order to correspond to the
anatomical specifications defined by the ICRP for the Female Reference Adult [12].

2. MATERIALS AND METHODS

2.1 Data base

The main set of data used for the construction of the FAX phantom consisted of 151
consecutive CT images of a 37 year old female patient. The patient’s height was 165cm, and her
weight was 63.4kg. The images covered the trunk, the neck and the lower part of the head
including the mandible with the lower teeth. The pixel size was 0.073cm x 0.073cm, and the
distance between two consecutive images was 0.5cm. The images had been provided by CT
Screening International, Irvine, CA92612, USA in October 2002.

A second set of data consisted of 206 consecutive CT images of the legs and feet of a 62
year old woman. The pixel size was 0.07cm x 0.07cm, and the distance between two consecutive
images was 0.25cm. The images had been provided by the university hospital of the city of Porto
Alegre, Brazil in September of 2003.

2.2 Segmentation

The CT images of the patients have been obtained in the format DICOM (Digital Imaging
and Communications in Medicine), and have been visualized by means of the software OSIRIS
[13], which is available on the internet. OSIRIS has several types of filters which allow to
improve the visualization of boundaries between organs. After editing the images have been
saved as BitMap files with the software PAINT, which is included in the Microsoft WINDOWS
accessories.

Segmentation was done in each of the 357 images with PAINT by manually painting every
organ and tissue of interest with a different color [14]. Thereby the grey values of the pixels
which belong to a specific organ were replaced by a specific color, which corresponds to a
specific number. At the end of the procedure the pile of images represents a three-dimensional
voxel matrix, in which all voxels of a specific organ or tissue have the same identification
number. According to the definition of the effective dose [1] the following organs and tissues
have been segmented: Adrenals, bladder wall, skeleton, brain, breasts, colon, kidneys, liver,
lungs, muscle, oesophagus, ovaries, pancreas, small intestine, skin, spleen, stomach, thymus,
thyroid, trachea, and uterus. Although not included in the effective dose, the heart and adipose
tissue have also been segmented.

2.3 Addition of head and arms
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The head of the MAX phantom was attached to the neck of the FAX phantom, after scaling
down the MAX phantom’s head according to the anatomical differences between the Male and
the Female Reference Adult as defined by ICRP89 [12]. The same procedure was applied to the
addition of the arms, which also have been taken from the MAX phantom.

2.4 Anatomical corrections

During screening the patient was asked to raise the arms behind her head. Therefore the
shoulders and the upper part of the arms have been re-designed according to data from
anatomical text books. The images of the trunk, the head, the arms and the legs originated from
three different patients. Therefore, with respect to the representation of the skeleton some
adjustments had to be made again based on anatomical textbooks, but at the same time also
taking into account as much as possible the reference distribution of bone mass fractions given
by ICRP89 [12]. The form of the breasts has also been modified in order to represent an upright
standing adult female. Finally all segmented images have been resampled to achieve the same
voxel size of 0.36cm x 0.36cm x 0.36cm = 0.046656¢cm’ as in the case of the MAX phantom,
and the total number of slices has been adjusted to 453, which corresponds to a body height of
163cm.

2.5 Adjustment of organ and tissue masses

The organ and tissue masses of the Female Reference Adult are defined by ICRP89 [12].
Applying the ICRU44 tissue densities [15] shown in Table 1, the corresponding organ volumes
have been determined. The composition and density of soft tissue has been averaged from the
data for brain, breasts, colon, heart, kidneys, liver, pancreas, spleen, ovaries and thyroid.

Table 1. Tissue compositions and densities based on ICRU 44

AtomicNo.| 1 | 6 | 7 | 8 |11 |12 |15 |16 |17 | 19 | 20 | 26 | 53 |Density
Symbol H|  C| N| O N Mg P |S|Cl|K|Ca|Fe| I

[%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] |[9/cm’]
SOFT TISS |10.5(12.5| 2.6 |73.5| 0.2 0.2 |0.18]0.22|0.21|0.01|0.01{0.01| 1.05
ADIPOSE |11.4|59.8| 0.7 |27.8| 0.1 0.1(0.1 0.95
LUNG |10.3|10.5| 3.1 [74.9| 0.2 0.2|0.3]0.3(0.2 0.26
MUSCLE |10.2{14.3|3.4| 71 | 0.1 0.2{0.3(0.1]04 1.05
SKIN 10 (20.4| 4.2 |64.5| 0.2 0.1]10.2]0.3]0.1 1.09
CARTILAGE| 9.6 | 9.9 | 2.2 |74.4/ 0.5 2210903 1.1
BONE 3.4 |15.5| 4.2 |143.5| 0.1 { 0.2 10.3| 0.3 22.5 1.92
RED BM* |10.5|41.4| 3.4 |43.9 0.1]0.2]0.2]0.2 0.1 1.03
YELL BM* |11.5(64.4| 0.7 |23.1| 0.1 0.1]0.1 0.98

*BM: Bone Marrow

Division of these volumes by 0.046656 cm’ yields the number of voxels contained in each
organ and tissue. Accordingly the actual voxel numbers of the organs have been increased or
decreased until the desired voxel number was realized. As practically all organs are surrounded
by adipose and/or muscle tissue, the procedure of adjustment actually consisted of exchanging
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ID numbers between voxels of a specific organ with those of surrounding adipose or muscle
tissue.

2.6 Dosimetry for the skin

Based on data given by ICRP89 [12] an average thickness of 1.2mm for the female skin was
calculated. Similar to the procedure applied to the MAX phantom [11], instead of sub-
segmenting the 3.6mm surface voxel layer, equivalent dose to the first 1.2mm skin depth will be
calculated by ‘dosimetric separation’ within the 3.6mm voxel thickness. Depending on the
location of the radiation interaction in the first voxel layer, the energy lost by the particle will be
deposited either within the 1.2mm superficial skin layer, or within the underlying 2.4mm of
adipose tissue.

2.7 Skeletal tissue distribution

Segmentation of the red bone marrow (RBM) within trabecular bone requires CT images
with pixel sizes in the micrometer range. For selected bone samples progress has been made in
the area of RBM segmentation [16], but for the time being such pixel resolutions for a complete
human skeleton are still not available. Therefore whole-body RBM dosimetry still has to be
based on the calculation of the radiation energy deposited in a homogeneous mixture of bone,
marrow and cartilage to which then certain correction factors are applied.

While in the mathematical phantoms [8] only one specific homogeneous skeletal mixture
was used for the whole skeleton, in voxel phantoms it is possible to create a heterogeneous
skeletal tissue distribution throughout the bones by assigning specific mixtures to each skeletal
voxel. This is done with the CT number method [17] as adopted by Kramer et al [11], which uses
the grey values of bone pixels in the original CT images of the scanned patient to establish
voxel-specific tissue distributions of bone, marrow and cartilage.

Table 2. Female skeletal tissue distribution based on ICRP89

TISSUE MASS DENSITY VOLUME VOLUME
g g/em’ cm’ FRACTION
BONE 4000 1.92 2083.3 0.361
RED BM 900 1.03 873.8 0.151
YELL BM 1800 0.98 1836.7 0.318
CARTILAGE 900 1.10 818.2 0.142
MISC* 200 1.20 166.7 0.029
TOTAL 7800 5778.7 1.000

*MISC. = teeth, periosteum, and blood vessels

Column 2 of table 2 shows the ICRP89 reference masses [12] for bone, RBM, yellow bone
marrow, cartilage and miscellaneous tissues. With the densities from table 1 it is possible to
calculate the corresponding volumes to be seen in column 4, and finally to determine the volume
fractions for each skeletal tissue shown in the last column. The density for the miscellaneous
tissues has been assessed based on data given by ICRP70 [18].
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The volume of a skeleton with a tissue distribution based on ICRP89 contains ca. 17% of
cartilage plus miscellaneous tissues. During the segmentation of CT images cartilage is usually
segmented sometimes as part of bone and sometimes as part of skeletal muscle in order to
achieve smooth surfaces between the skeleton and the surrounding muscle tissue. This also
happens with the periosteum and the connected blood vessels, which are mostly located on the
surface of bone. It was therefore decided to include only half of that volume, or 8.5%, in the
skeletal tissue distribution of the FAX skeleton. The teeth, representing only 0.3% of the total
skeletal volume, are already part of the segmented bone volume, and have therefore been
neglected for further explicit considerations.

After segmentation and adjustment of the bone masses, the skeleton of the FAX phantom
turned out to consist of 119938 voxels, which correspond to a volume of 119938 x 0.04666cm’ =
5596 cm’. The mass of the RBM becomes therefore 5596cm’ x 0.151 x 1.03gem™ = 870g, which
have to be distributed among the various bones of the skeleton. However, this distribution has to
take into account additional information provided by ICRP70: Table 3 shows the cellularity
factors, which indicate the percentage of bone marrow volume occupied by the haematopoietic
cells of the RBM, and the mass of RBM in a specific bone (group) as a percentage of the total
RBM mass.

Table 3. Cellularity factors and percentage mass fraction of

RBM from ICRP70
Specific Bone Cellularity Factor | RBM mass [%]
Lower Arms 0 0
Upper Arms 0.25 2.3
Ribcage* 0.60 22.8
Spine/Sacr. 0.70 42.2
Skull/Mand. 0.38 8.4
Pelvis 0.48 17.5
Upper Legs 0.25 6.7
Lower Legs 0 0

* Ribs, sternum, clavicles, scapulae

Following the CT number method, grey values in the range between 0 and 255 contained in
the bone pixels of the original CT images have been used to establish a heterogeneous tissue
distribution throughout the skeleton, taking into account the calculated RBM mass of 870g, the
RBM mass fractions and the cellularity factors from table 3, and also the adjustments applied to
the skeleton.

3. RESULTS

3.1 Organ and tissue masses

Table 4 summarizes the 22 radiosensitive female organs and tissues which are included in
the definition of the effective dose plus adipose for the Female Reference Adult [12], for the
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Table 4. Organ and tissue masses for the Female Reference Adult and various phantoms

Math. Phant. Female Adult Voxel Phantoms
ICRP89 GSF GSF GSF GSF UFPE Perc. Diff.
ORGAN/TISSUE | Female Ref. EVA DONNA | HELGA | IRENE | FAX | FAX/Fem.Ref.

[g] [g] [g] [g] [g] [g] [%]

Adipose (Fat) 18000 34820 39800 11630 | 18175 +1.0
Adrenals 13 12.9 21.7 6.6 12.4 13 0
Bladder wall 40 45 61 60.8 39 40 0

Skeleton 7800 8360 7484 6503 8201 8084 +3.6
Brain 1300 1120 1208 1279 1255 1300 0
Breasts 500 532 43.9% 134%* 57* 500 0
Colon 680 600 322 426 271 680 0
Kidneys 275 236 281 390 212 275 0
Liver 1400 1471 1585 1757 1225 1400 0
Lung 950 830 631 463 685 950 0
Muscle, skeletal 17500 25420 21340 21100 | 17500 0
QOesophagus 35 39.7 27.7 28 24.3 35 0
Ovaries 11 10.9 12.1 11.9 11.9 11 0
Pancreas 120 79.6 41.2 43.3 61.9 120 0

Red BM 900 1246 1012 1043 916 870 -3.3
Small Intestine 880 894 435 443 396 880 0

Skin 2300 2803 4351 1653 3620 2302 +0.1
Spleen 130 144 306 298 203 130 0
Stomach 370 125.3 500 73.1 368 370 0
Thymus 20 20 19 7.7 25.3 20 0
Thyroid 17 16.4 18.7 31.5 20 17 0
Trachea 8 8 0
Uterus 80 80 71.7 79.8 25 80 0

Total Body 60000 59193 79000 81000 51000 | 59762 -0.4
Height 163 cm 160cm 176cm 170cm | 163cm | 163cm 0

Colon, Small Intestine and Stomach include contents, *=only glandular tissue; GSF = Research Center for
Environment and Health, Munich, Germany; UFPE=Universidade Federal de Pernambuco, Recife, Brazil.

GSF mathematical EVA phantom [8], for the adult female GSF voxel phantoms DONNA,
HELGA, IRENE [19], and for the FAX phantom. The last column shows the percentage

difference between the masses for the FAX phantom and the Female Reference Adult.

Most organ and tissue masses of the FAX phantom have values recommended by ICRP89.
However, the RBM mass is 3.3% smaller than the reference mass, because with 5596cm’ the
volume of the FAX skeleton is ca. 3.3% smaller than the reference volume shown in table 3.

Nevertheless the mass of the FAX skeleton is by about the same margin greater than the
reference mass, which is due to the average density of 1.445gcm™ of the FAX skeleton
calculated by the CT number method, while on the other hand table 3 would suggest an average
skeletal density of only 7800g / 5778.7cm’® = 1.35gcm™. As already pointed out elsewhere [11]
average skeletal densities published by the ICRP [4, 18, 12] vary between 1.3 — 1.4g cm™, while

for voxel phantoms the reported values are usually greater than 1.4gcm'3 [20, 21, 11].
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3.2 Bone mass adjustment and RBM distribution

Table 5 shows the mass fractions of bone for the Female Reference Adult and for the FAX
phantom. The average deviation from the reference values is less than 6%.

Columnn 3 of table 6 shows the percentage mass fractions of RBM achieved for the FAX
phantom after distributing 870 g of RBM throughout the skeleton by the CT

Table 5. Fractions of total fresh skeletal mass contributed
by various bones, including bone marrow for the Female
Reference Adult and the FAX phantom

ICRPS89 FAX

Specific Bone mass fraction mass fraction
Lower Arms 0.056 0.056
Upper Arms 0.047 0.054
Ribcage* 0.104 0.106
Spine/Sacr. 0.204 0.197
Skull/Mand. 0.131 0.147
Pelvis 0.106 0.109
Upper Legs 0.159 0.148
Lower Legs 0.193 0.183

* Ribs, sternum, clavicles, scapulae

number method, after taking into account the cellularity factors of table 4, and after “tuning” the
skeletal tissue distribution to approximate the ICRP RBM mass fraction shown in tables 3 and 6.
Like for the MAX phantom [11] the average deviation from the reference data is ca. 1%. The last
column of table 6 presents for comparison the RBM mass fractions of the mathematical ADAM
and EVA phantom [8], which are based on the data from the first Reference Man Report
published in ICRP 23 [4].

Table 6. Percentage mass fractions of RBM for the Female
Reference Adult and various phantoms

ICRP89 FAX MAX |ADAM/EVA

Bone [%] [%] [%] [%]
Lower Arms 0 0 0 0
Upper Arms 2.3 3.0 3.6 1.9
Ribcage* 22.8 21.7 23.0 16.6
Spine/Sacr. 42.2 43.6 42.7 28.4
Skull/Mand. 8.4 8.4 7.7 13.1
Pelvis 17.5 16.6 16.3 36.2
Upper Legs 6.7 6.7 6.7 3.8
Lower Legs 0 0 0 0
Total 99.9 100.0 100.0 100.0

* Ribs, sternum, clavicles, scapulae
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3.3 Images of the FAX phantom

Figure 1 shows a frontal and a lateral view of the FAX phantom. Apart from the skeleton,
most of the segmented organs can be seen. 3D views of the FAX phanotm’s surface are shown in
Figure 2.

Figure 2. The FAX phantom: 3D views for different projections
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4. CONCLUSIONS

CT images from female patients have been segmented with respect to the organs and tissues
of the human body considered relevant by ICRP for the calculation of the effective dose. The
segmented images have been assembled to form a three-dimensional voxel matrix, called FAX
phantom.

The masses of all relevant organs and tissues have been adjusted to match the reference
values given by ICRP89 for the Female Reference Adult. Using skeletal tissue data from ICRP70
and ICRPS89 it was possible to determine the RBM mass which corresponds to the segmented
volume of the FAX skeleton. Application of the CT number method and consideration of the
cellularity factors made it possible to realize a RBM distribution in a heterogeneous skeleton
close to the RBM mass fractions given by ICRP89.

Together with the earlier developed MAX phantom it is now possible to calculate the
effective dose for female and male voxel phantoms, which correspond in their anatomical
specifications to the reference data given by ICRP89. Future projects include the calculation and
publication of conversion coefficients between effective dose and operational quantities for
occupational, environmental, and medical radiation protection, the development of a user
friendly software to calculate MAX/FAX conversion coefficients to be used in the daily routine
work, and the MAX and the FAX phantoms will be released for research projects performed by
members of the international scientific community. Additional information on the FAX phantom
can be found elsewhere [22].
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