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The International Commission on Radiological Protection (ICRP) adopted the adult
reference voxel phantoms based on the physiological and anatomical reference data of Caucasian on
October, 2007. The organs and tissues of these phantoms were segemented on the basis of ICRP
Publication 103. In future, the dose coefficients for internal dose and dose conversion coefficients for
external dose calculated using the adult reference voxel phantoms will be widely used for the radiation
protection fields. On the other hand, the body sizes and organ masses of adult Japanese are generally
smaller than those of adult Caucasian. In addition, there are some cases that the anatomical
characteristics such as body sizes, organ masses and postures of subjects influence the organ doses in
dose assessment for medical treatments and radiation accident. Therefore, it was needed to use human
phantoms with average anatomical characteristics of Japanese.

The authors constructed the averaged adult Japanese male and female voxel phantoms by
modifing the previously developed high-resolution adult male (JM) and female (JF) voxel phantoms. It
has been modified in the following three aspects: (1) The heights and weights were agreed with the
Japanese averages; (2) The masses of organs and tissues were adjusted to the Japanese averages within
10%; (3) The organs and tissues, which were newly added for evaluation of the effective dose in ICRP
Publication 103, were modeled. In this study, the organ masses, distances between organs, specific
abdosrbed fractions (SAFs) and dose conversion coefficients of these phantoms were compared with
those evaluated using the ICRP adult reference voxel phantoms. This report provides valuable
information on the anatomical and dosimetric characteristics of the averaged adult Japanese male and

female voxel phantoms developed as refernce phantoms of adult Japanese.

Keywords: Adult Japanese, Japanese average, Voxel Phantoms, Dosimetry, Organ Dose,
Radiation Exposure, ICRP Publication 103
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1. Introduction

ICRP approved the fundamental recommendations' on the radiation protection of man and
environment against ionizing radiation on March, 2007. In this recommendation, ICRP updated the
organs, tissues, and their tissue weighting factors that should be considered in the effective dose
calculation; the salivary glands, extrathoracic (ET) regions, oral mucosa, prostate and lymphatic nodes
were added, based upon more information on stochastic effects of radiation on organs and tissues. The
calculations of absorbed doses in these organs and tissues are necessary for the dose assessment
methods given in ICRP Publication 103." In addition, ICRP decided to use the adult reference voxel
phantoms® based on the physiological and anatomical data® of adult Caucasian male and female for
evaluations of new reference values of equivalent doses for each organs and effective doses for whole
body. The new reference values of dose coefficients and dose conversion coefficients, which are
calculated by using the ICRP adult reference voxel phantoms, will be presented.

The dose coefficients and dose conversion coefficients recommended by ICRP are practical
for the purposes of radiation protection. However, the anatomical characteristics such as organ masses,
body sizes and postures are different from each individual. In dose assessments against medical
treatments and radiation accidents, there are some cases that the anatomical characteristics influence
the organ doses. Therefore, many human phantoms containing the voxel phantoms with different
anatomical chracteristcs were developed, and were used for the calculations of organ doses agaist
various radiation exposures.*?” Veit and Zankl clarified that there is a correlation between organ
doses and patient diameter.*'® This finding was based on the analysis of the organ doses of the infant
(BABY) and pediatric (CHILD) voxel phantoms.™® However, it was very difficult to individually
represent the sizes and shapes of organs, tissues and bodies of all patients. In recent years,
non-uniform rational B-spline (NURBS) surface modeling technique was applied to the descriptions
of the organ, tissue and content boundaries in human phantoms.”” NURBS surface modeling
technique can easily change the sizes and shapes of organs, tissues and bodies. Thus, several human
phantoms were created by using NURBS surface modeling technique, and were used to the analysis of
effects of body size on patient dose assessment.'>*?

The Caucasoid have large size body compared with Mongolian populations containing
Japanese. Therefore, it is important to analyze the differences in the organ doses and the SAFs
containing the self-specific absorbed fractions (Self-SAFs) between Japanese and Caucasian. The
Japan Atomic Energy Agency (JAEA) has been developed the computed tomography (CT) based four
adult Japanese male (JM* and Otoko®”) and female (JF*® and Onago”) voxel phantoms to clarify
the impacts of the differences in body sizes between Japanese and Caucasian on dose assessment. In
addition, these voxel phantoms were used for the calculations of SAFs for the intake of radionuclides
and dose conversion coefficients for external radiation fields.”*>® Among the four adult Japanese
male and female voxel phantoms, Otoko and Onago were first Japanese voxel phantoms. Their voxel
size was 0.98x0.98x10 mm’.***® In most cases, this voxel size is enough to estimate organ doses.
However, in some cases where the deposited energy of small or thin organs is evaluated, more

realistic voxel phantom may be needed. Therefore, the JM and JF phantoms were developed as the
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second-generation adult Japanese voxel phantoms whose voxel size was 0.98x0.98x1 mm®.>**> This
size voxel enables us to realistically represent shapes of thin and small size organs and tissues, and to
accurately calculate organ doses and SAFs; the JM and JF phantoms are human models, which
accurately represent anatomical structure of specific subject. Although the anatomical charcteristics of
each subject are important for the dose assessments against medical treatment and radiation accident,
it is not practical to individually construct human models for dose assessment against each subject.
Therefore, human models with anatomical characteristics of average Japanese are necessary for dose
assessments against medical treatment and radiation accident. To solve the issue, the authors
constructed the averaged adult Japanese male and female voxel phantoms by modifying the body sizes
and organ masses of JM* and JF*>. The organs and tissues of the JM and JF phantoms were
segmented under consideration of tissue category of the tissue weighing factors given in the ICRP
Publication 60.*” Therefore, JM and JF were called 'the JM-60 phantom' and 'the JF-60 phantom,
respectively. In the averaged adult Japanese male and female voxel phantoms, the salivary glands, ET
region, oral mucosa, prostate and lymphatic nodes, which the tissue weighting factors were newly
assigned by ICRP Publication 103," were also segmented. Thus, these phantoms were called 'the
JM-103 phantom' and 'the JF-103 phantom', respectively. Now, the JM-103 phantom is using for the
study on dose assessment of adult Japanese male in CT examinations.”® In future, the JM-103 and
JF-103 phantoms will be also used as the basic models for constructions of the adult Japanese models
with different body sizes. These human models will apply to the construction of the organ dose
database in web-based dose assessment system, WAZA-ARI***” for CT examinations in Japan. This
report describes the construction methods, and anatomical and dosimetric characteristics of the
JM-103 and JF-103 phantoms. To examine the anatomical and dosimetric characteristics of JM-103
and JF-103, examples of the SAFs, Self-SAFs and dose conversion coefficients of these phantoms
were calculated, and were compared with those of the JM-60 and JF-60 phantoms and the ICRP adult

reference voxel phantoms.
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2. Construction of the JM-103 and JF-103 phantoms

As shown in Table 2-1, the body sizes*" of adult Japanese were smaller than those® of adult
Caucasian. Although the height and weight of JM-60 were almost the same as the averages of adult
Japanese,” JF-60 has a diminutive body compared with body size of average adult Japanese female.>

Thus, the adjustment of body size to Japanese average was performed against only JF-60.

Table 2-1 Heights and weights of JM-60, JF-60, and
the averages of adult Japanese and Caucasian.

Gender Phantom and Subject Height (cm) Weight (kg)
IM-60 171 65

Male Average adult Japanese 170 64
Average adult Caucasian 176 73
JF-60 152 44

Female Average adult Japanese 155 52
Average adult Caucasian 163 60

In the previous paper,”” the authors reported that the differences in organ and tissue masses
between JM-60 and Japanese averages were mostly within 30%, and the masses of organs and tissues
of JF-60 were generally smaller than the averages*” of adult Japanese female, corresponding to its
small size body. Thus, the mass modifications of organs and tissues were necessary for JM-60 and
JF-60. In the latest fundamental recommendations,” ICRP updated the organs, tissues and their tissue
weighting factors that should be considered in the effective dose calculations (Table 2-2); the tissue
weighting factors were also assigned to the salivary glands, ET region, oral mucosa, prostate and
lymphatic node. The evaluations of their absorbed doses will be also required for dose assessments in
the radiation protection fields. However, the tissue segmentations of JM-60 and JF-60 were based on
the tissue weighting factors®” given in ICRP Publication 60 (Table 2-3). Thus, the above five organ

and tissue models were constructed, and were incorporate into JM-103 and JF-103.

Table 2-2 Tissue weighting factors in I[CRP Publication 103."

Tissue or organ Tissue weighting factors, w r
Lungs. Stomach, Colon, Red bone marrow, Breast, o2
Remainder*

Gonads (Ovary or Testis) 0.08

Thyroid, Esophagus, Bladder, Liver 0.04

Bone surface, Skin, Brain, Salivary glands 0.01

*Adrenals, Extrathoracic (ET) region, Gall bladder, Heart, Kidneys, Lymphatic nodes,
Muscle, Oral mucosa, Pancreas, Prostate, Small intestine, Spleen, Thymus, Uterus/Cervix
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Table 2-3 Tissue weighting factors in ICRP Publication 60.”"

Tissue or organ Tissue weighting factors, w r
Gonads (Ovary or Testis) 0.20
Red bone marrow, Colon, Lungs, Stomach 0.12
Bladder, Breast, Liver, Esophagus, Thyroid 0.05
Skin, Bone surface 0.01
Remainder* 0.05

*Adrenals, Brain, Upper large intestine, Small intestine, Kidneys, Muscle, Pancreas, Spleen,
Thymus, Uterus

2.1 Techniques of phantom constructions

Since the breast is located at the outer surface of the chest, the mass modification should be
performed under consideration of outer body configuration. In addition, the densities of salivary
glands and lymphatic nodes are almost the same as those of most soft tissues (See, Appendix C). Thus,
these tissues cannot be easily segmented from the CT images by using the grey value threshold only.
The characteristics with respect to their densities and shapes restrict their mass modifications and
modeling based on the two dimensional image processing only. To solve these issues, the two

5,6,8,24,26 15-17
15:0:8:24; ) 1 )

dimensiona and three dimensiona

image processing were applied to the constructions of
JM-103 and JF-103 (Figure 2-1). In the two dimensional image processing, the Visilog 6.8 for
Windows (Noesis Inc, France) and Photoshop 5.5 for Windows (Adobe Incorporated, USA) were used
for modifications of shapes and sizes of organs and tissues, and assignments of their identification
numbers to voxels belonging to each segmented region. A vector-based three dimensional imaging,
modeling and measurement software, 3D-DOCTOR 4.0 for Windows (Able Software Corp, USA) and
three dimensional polygon modeler software, Metasequoia LE R2.4 for Windows were used for the
three dimensional image processing. The three dimensional geometrical images were constructed from
the two dimensional organ segmented images by using 3D-DOCTOR 4.0. A three dimensional mesh

)

voxelizer software, Binvox 0.37 for Linux* was employed for the constructions of the two

dimensional organ segmented images.

Transfer to 3D

i Tool: 3D-Doctor 4.0 :

Three dimensional
geometrical image

Two dimensional
organ segmented image

Image processing tools: Voxelization
Visilog 6.8, Photoshop 5.5

Image processing tools:
Metasequoia LE R2.4, 3D-Doctor 4.0

Tool: Binvox 0.37

Figure 2-1 Image processing procedures and imaging software used
for constructions of the JIM-103 and JF-103 phantoms.
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2.2 Adjustment of height and weight to Japanese averages

Generally, the voxel sizes of phantoms affect the masses and thicknesses of membranous
organs and tissues, and also change the marrow distribution in bone tissue. Thus, it was considered
that a voxel size (0.98x0.98x1 mm®) and a spatial distribution of marrows in bone tissues of the JF-60
phantom should be kept in the JF-103 phantoms. To solve these issues, the body size of JF-60 was
adjusted by adopting the two image processing methods. The Visilog 6.8 was used for these image
processing. Firstly, the three voxel layers were added to just inner skin of whole body in JF-60 for the
enlargement of body size. The image processing was performed by using the function named 'dilation'.
The dilation function can fill small holes and gulfs, and enlarge the size by adding the voxel layers to
outer surface of objects on images. After the enlargement of whole body, the addition layers of voxels
were redefined as adipose tissues. In the first step, the weight of JF-60 increased by 10% to 48.4 kg.
Secondly, the resolution (512x512x1634 pixels) of JF-60 was changed by an image processing
function named 'zoom'. The zoom function can generate an image with a new resolution using the
interpolation methods selected by user. In this process, a new resolution of JF-60 was set to
526x526x1666 pixels. In the second step, the weight of JF-60 increased by 8% to 52 kg. Finally, the
height and weight of JF-60 were able to adjust to the average height (155 cm) and weight (52 kg)*" of

adult Japanese female.
2.3 Modifications of organs, tissues and content masses

In this study, the authors determined that the masses of organs, tissues and contents in the
JM-103 and JF-103 phantoms should be adjusted to Japanese averages'" within 10%. In addition to
dilation function (see, Section 2.2), an image processing function named 'erosion' in Visilog 6.8 was
generally adopted for reduction of the organ, tissue and content masses. The erosion can remove small
points, and shrink the size by deleting the voxel layers from outer surface of objects on images. The
dilation and erosion functions can produce the images of organs and tissues with different sizes and
geometrically similar shapes. The enlargement and reduction of organs and tissues were mainly
performed in the horizontal directions (e.g. ventral-dorsal and left-right directions) of the phantom
body, since the unplanned alterations of organ and tissue shapes may create the anatomically
unreasonable human structure. In the case that the inflation and deflation treatments on horizontal
direction were impossible, the image processing against the vertical direction (e.g. head-leg axis) was
done under consideration of anatomy. The following several image processing methods were applied

to the mass modifications of organs, tissues and contents in the JM-103 and JF-103 phantoms.

2.3.1 Membranous organs and their contents

In order to modify the masses of membranous organs, the boundaries between organs and
contents were redefined by reprocessing original CT images for the JM-60 and JF-60 phantoms. The
artifacts in CT images are generally derived from the vital signs and the scatter of X-ray emitted from

CT devices at adjacency of bones, teeth and implants with different densities. The artifact is one of
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several difficulties in distinguishing membranous organs from their contents. For example, the
boundary between wall and content in heart is not clear, because of its heartbeat and blood flow.
Therefore, the artifacts in heart were removed by exploiting image processing functions of Visilog 6.8
and Photoshop 5.5. Similarly to the heart, the boundaries between wall and content were also

redefined in other membranous organs such as gastrointestinal tracts, gall bladder and bladder.

2.3.2 Adipose and muscle

Adipose and muscle are distributed over the whole body, and have heavier masses than other
organs and tissues. Thus, it is very difficult to adjust their masses to Japanese averages. In this study,
the anatomically reasonable tissues were newly reconstructed from adipose and muscle tissues. The
segmentation procedures contributed to the decreases in the masses of both tissues. For example, the
largest artery (aorta) and vein (vena cava) in human body and their contents were constructed for the
purpose of mass modifications of adipose and muscle. In addition, the mass ratios between adipose
and muscle were also corrected to Japanese averages in order to ensure the anatomical justice. The
boundaries between adipose and muscle in the JM-60 and JF-60 phantoms were reprocessed by
adopting an image processing filter named 'diffusion' in Photoshop 5.5. The diffusion filter can
generate a haze to soften objects on images; the diffusion filter can reduce contrast of the boundaries
of objects on images. To keep distribution of adipose and muscle in body, the reprocessing of

boundaries between two soft tissues was performed from head to foot.

2.3.3 Brain and lungs

The brain and lungs are surrounded with the cranium and ribs. The mass modifications of the
two organs are considerably restricted by these bone structures. Therefore, the constructions of
membranous tissues such as meninges and pleura were performed to reduce the masses of brain and
lungs. The meninges are the membrane system with three layers, and envelope the central nervous

system containing cerebrum (brain), medulla oblongata and spinal cord. By using image processing

(a) Before adjustment (JM-60) (b) After adjustment (JM-103)

) Pixel
) Brain
Brain

\
\
\

Meninges

Figure 2-2 Cross sectional view of brain at 100 mm from top of the head.
(a) Before adjustment (JF-60) and (b) After adjustment (JF-103).
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functions such as erosion and dilation in Visilog 6.8, one or two voxel layers at the outer surface of
brain were assigned to the meninges (Figure 2-2). The pleura are thin membranous tissues that
surround the lungs. The construction method of pleura is similar to that of the meninges in brain; the

one or two voxel layers at outer surface of lungs were redefined as pleura.

2.3.4 Female breast tissue

The breast tissue, which consists of only breast adipose, was constructed for adult male
phantom, JM-103. On the other hand, it was assumed that the breast tissue in adult female consists of
breast adipose and mammalian gland. The average mass (300 g) of breast tissue in adult Japanese
female was referred to the data of Tanaka and Kawamura.*” The mass ratio (0.4)” of mammalian
gland to whole breast tissue was adopted for mass calculation of the two breast tissues. The authors
estimated the average masses of mammalian gland and breast adipose in adult Japanese female at 120
g and 180 g, respectively. The breast tissue of the JF-60 phantom was modified according to the
following image processing procedures. Firstly, OBJ format three dimensional geometrical data
(hereafter, 'polygon data') of the breast tissue in JF-60 was constructed from its DICOM format two
dimensional organ segmented image data by using 3D-DOCTOR 4.0. Secondly, Metasequoia LE R2.4
and 3D-DOCTOR 4.0 were utilized to change the shape and size of breast tissue polygon data (Figure
2-3); the breast mass (581g) of JF-60 was adjusted to the average of breast mass in adult Japanese
female within 3%. Thirdly, the modified polygon data of breast tissue was placed in arbitrary space of
the JF-103 phantom under consideration of anatomical positions, and was voxelized by employing

)as a result of voxelization, the RAW format two dimensional organ

Binvox 0.37 for Linux;*
segmented image data of breast tissue was produced from its modified polygon data. Lastly, the
produced RAW format image data of breast tissue was incorporated into DICOM format two

dimensional organ segmented image data of JF-103 by using Visilog 6.8.

(a) Before adjustment (JF-60) (b) After adjustment (JF-103)

Figure 2-3 Changes in breast shape during adjustment process.
(a) Before adjustment (JF-60) and (b) After adjustment (JF-103).

2.3.5 Bone tissues

A previously developed bone marrow distribution model (hereafter, 'the
Approx-distribution model')’*® was also applied to the JM-103 and JF-103 phantoms. In the
Approx-distribution model, the bone tissues were classified into the twenty anatomical regions based

on the divisions given in ICRP Publication 70* and 89.” Each anatomical region was divided into
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seven materials, according to the grey values; the marrow distributions in bone tissues were
approximately represented by 140 segmented sub-regions (7 materials x 20 anatomical regions). Since
the body size of JM-60 was almost the same as the Japanese averages, JM-103 made use of the bone
tissue model of IM-60 without the modifications of its masses and shapes.

As described in Section 2.2, the zoom function in Visilog 6.8 can generate an image with an
optional resolution; the shapes and sizes of objects on images can be changed by assigning the
resolution in the x-axis and y-axis directions. Therefore, the bone tissue model of JF-60 was scaled up
by employing the zoom function. As a result of scaling, the resolution and voxel size of a new scaled
bone tissue model were set to 526x526x1666 pixels and 0.98x0.98x1 mm’, respectively. Thereafter,
the new scaled bone tissue model was incorporated into the JF-103 phantom. Figure 2-4 compares the
mass fractions of (a) each material and (b) each anatomical region to whole bone tissue in the JF-103
with those in JF-60 phantoms. Mass distributions of seven materials and twenty anatomical regions in
the bone tissue of JF-103 were in good agreement with those of JF-60, respectively. These results

indicate that the JF-103 phantom has similar anatomical characteristics to the bone tissue of the JF-60

25 1

[\
S

OJF-103
BJF-60

—_ —_—
[ W

(9]

Mass ratios of each material to
whole bone tissue (%)

0

Material ]  Material2 Material3 Material4 Material5 Material6 Material 7
18 1
16 1(b) o9 JF-103

Mass ratios of each anatomical
region to whole bone tissue (%)

Figure 2-4 Mass ratios of (a) each material and (b) each anatomical region
to whole bone tissues in the JF-103 and JF-60 phantoms.



JAEA-Data/Code 2011-013

phantom, which was modeled from an actual person. Therefore, it can be concluded that there is no

anatomical problem in applying the JF-103 phantoms to the dose calculation for bone tissue.

2.4 Construction of five organs and tissues, to which the tissue weighting factors were
newly added by ICRP Publication 103

In the 2007 recommendations” of ICRP, the Commission added the ET region, oral mucosa,
salivary glands, prostate and lymphatic nodes to the organs and tissues that should be considered in the
effective dose calculation. As previously mentioned, the JM-60 and JF-60 phantoms cannot utilize for
the dose calculation of the above five organs and tissues. Thus, the five organs and tissues were
modeled, and were set in the JM-103 and JF-103 phantoms.

2.4.1 ET region and oral mucosa

In the morphometric model of respiratory tract given in ICRP Publication 66,*” ET region is
a thin membranous tissue, which consists of four layers such as mucus, epithelium, basement
membrane and subepithelial layer. The targets called 'basal cells' are assumed to be at average depth
of 40-50 um from mucus surface. In dose assessment against ET region, the absorbed dose in its target
should be calculated.*” However, it is impossible to represent the thin layer structures by using voxel
with a size of 0.98x0.98x1 mm’. Thus, ET regions of JM-103 and JF-103 were automatically defined
by segmenting one voxel layer from the outer surface of the airways at the around the anterior and
posterior nasal passages and pharynx.

In oral cavity, the stem cells, which are located in the basal cell layer of mucosa, are taken to
be a 10 um layer at a depth of 190-200 um.*> Similarly to the ET region, a thickness of target layer
including stem cells is very thin, and cannot be exactly modeled by about 1 mm® size voxel. Therefore,
one voxel layer at the outer surface of oral cavity in JM-103 and JF-103 was assigned to the oral

mucosa.

2.4.2 Salivary glands and prostate

The salivary glands are included in the alimentary tract system, and are mainly located in the
around oral cavity. The major salivary glands are the parotid, submandibular and sublingual glands.
The sizes, positions and shapes of the salivary glands were in detail described in the ICRP Publication
100" and anatomical text book.*® Each average mass of salivary glands in adult Japanese was based
on the previous reports.*’ In interpretation of CT images, the salivary glands cannot be easily
distinguished from the surround soft tissues such as adipose and muscle. Therefore, the organ model
construction methods described in Section 2.3.4 were also adopted in modeling the salivary glands.
The salivary glands were constructed as follows. The polygon data of salivary glands were created by
employing a Metasequoia LE R2.4. The 3D-DOCTOR 4.0 was used for determination of each
insertion position of three salivary gland polygon data into JM-103 (Figure 2-5). Thereafter, the
polygon data of salivary glands were voxelized by using Binvox 0.37. The voxel sizes of salivary

glands were also set in the 0.98x0.98x1 mm’. As a result, the two dimensional organ segmented
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images of salivary glands were produced. The incorporation of the two dimensional organ segmented
images of salivary glands into the JM-103 phantom was performed through the image processing
functions in Visilog 6.8. The relative positional relationships between cranium, mandible, cervical
vertebrae and Os hyoideum in JM-103 were almost the same as those in JF-103. Therefore, the
polygon data of salivary glands constructed for JM-103 was scale-downed, and was also incorporated
into JF-103.

(a) Before insertion (b) After insertion
Parotid gland
Submandibular
gland
Sublingual gland

Figure 2-5 Insertion process of salivary gland polygon models into skull polygon

model. (a)Before insertion and (b) After insertion.

The prostate is one of reproductive organs in male, and is located under bladder. The
prostate mass was referred to the average mass*" of adult Japanese male. The modeling methods of

female breast tissues and salivary gland were also employed for the construction of prostate model.

2.4.3 Lymphatic tissue

The lymphatic tissue plays an important role in the immune system. These tissues are widely
distributed in whole body, and cannot be identified on the CT images. Therefore, the modeling of
lymphatic tissue was performed by using image processing techniques described in Sections 2.3.4 and
2.4.2. The sizes, shapes and distributions of lymphatic tissues were based on the anatomical text
book.* Figure 2-6 shows the polygon models of lymphatic tissue constructed for the JM-103 and
JF-103 phantoms. In this study, it was assumed that the lymphatic tissue consists of nodes and vessels.
The diameter of vessels and the transverse diameter of nodes in lymphatic tissue models were set to
be 2 and 6 mm, respectively. The masses of lymphatic tissue models were according to the reference
values (Male and female: 220 and 170 g, respectively)*” of the adult Japanese. In the ICRP adult
reference voxel phantoms,” the lymphatic tissues were placed in six regions such as extrathoracic
airways, thoracic airways, head, trunk, arms and legs. Therefore, the authors also incorporated the

constructed lymphatic tissue models into the above six regions of JM-103 and JF-103.

_10_
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(a) Before construction (b) After construction
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Figure 2-6 Construction of lymphatic tissue polygon model for the JM-103 and JF-103
phantoms. (a)Before construction and (b) After construction.

2.5 Elemental compositions and densities of the JM-103 and JF-103 phantoms

Tables 2-4 and 2-5 give the elemental compositions and densities of tissues, organs and
organ contents assigned to the JM-103 and JF-103 phantoms, respectively. Except for the bone tissue,
lymphatic tissue and prostate, the composition data were obtained from the data for adult given in the
ICRP Publication 89% and the ICRU Report 44.*” Except for the lymphatic tissue, prostate, bone
tissues and teeth, the densities were referred to the ICRU Report 46.*® The teeth density by Schlattl et
al.* was adopted for that in the JM-103 and the JF-103 phantoms. The materials for bone tissue,
which consists of hard bone and bone marrow containing active and inactive marrows, were referred
to the elemental compositions and densities by Veit et al.” The elemental compositions and densities
of the lymphatic tissue and prostate were obtained from the ICRP Publication 110.” In order to
calculate the absorbed doses separately in the active and inactive marrows, and hard bone, the seven

materials assigned to the bone tissues were used for the Approx-distribution model®® explained in
Section 2.3.5 (Tables 2-4 and 2-5).

_11_
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3. Anatomical characteristics of the JM-103 and JF-103 phantoms
3.1 Body sizes and organ masses

Table 3-1 shows the physical characteristics of the adult Japanese male (JM-103 and
IM-60*") and female (JF-103 and JF-60*") voxel phantoms, and the ICRP adult reference male
(hereafter, 'the AM phantom') and female (hereafter, 'the AF phantom') voxel phantoms.” The
physical characteristics of the AM and AF phantoms were referred to the ICRP Publication 110.% The
body size of JM-60 was almost the same as the averages*" of adult Japanese male. On the other hand,
JF-60 had a diminutive body compared with the body size of average adult Japanese female. The
heights and weights of the JM-103 and JF-103 phantoms were almost the same as the averages of
adult Japanese male and female, and were smaller than those of AM and AF.

The voxel sizes (0.98x0.98x1 mm®) of JIM-103 and JF-103 were smaller than those of AM
and AF. Therefore, the organs and tissues of JM-103 and JF-103 were more realistically modeled
compared with those of AM and AF. The differences in voxel sizes between these voxel phantoms
also affected the capacity of phantom data; the data capacity of the JM-103 and JF-103 phantoms was
several ten times as large as those of the AM and AF phantoms. The data capacity of phantom
influences data handling in the computing environment. However, the small size voxel enables us to
accurately calculate the organ doses, because the voxel size of JM-103 and JF-103 is smaller than
mean free path (1.8 mm) of 0.01 MeV photons in the ICRU soft tissue.*”

23) 25)

Table 3-1 Physical characteristics of the JM-103, IM-60,”> JF-103, JF-60,”> AM and AF phantoms.”
Property JM-103 IM-60 AM JF-103 JF-60 AF
Gender male male male female female female
Age 54 54 - 54 54 -
Height (cm) 171 (170) 171 176 155 (155) 152 163
Weight (kg) 65 (64) 65 73 52 (52) 44 60

Number of total voxel 67,340,831 69,471,853 1,946,375 54,461,853 47,802,315 3,886,020

Voxel horizontal length

0.98 0.98 2.137 0.98 0.98 1.775
(mm)

Voxel vertical height | | 2 | | 4.84
(mm)

Voxel volume (mm’) 0.9604 0.9604 36.54 0.9604 0.9604 15.25
Number of total slice 1835 1835 220 1666 1634 346
Number of total 214 192 140 215 194 140
segmented region

Total capacity of 1800 1800 28 1700 1600 56

phantom data (MB)

Values in parenthesis are the avregae heights and weights4l) of adult Japanese male and female.
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Numbers of total segmented region in JM-103 and JF-103 were 214 and 215, respectively,
although the 192 regions for JM-60 and the 194 regions for JF-60 were segmented, respectively. The
organ segmented data including these segmented regions were stored as ASCII text data with the
array explained in Appendix A.

Tables 3-2 and 3-3 summarize the masses of some organs, tissues and contents in JM-103,
JM-60," JF-103, JF-60,”> AM and AF,” along with averages41) of adult Japanese. The mass data of
each segmented region of JM-103 and JF-103 were calculated by using the data shown in Tables C-1
and C-2 (see, Appendix C). The adipose masses of the JM-103 and JF-103 phantoms were about 31%
and 41% of the AM and AF phantoms, respectively. The adipose tissues are widely distributed in
whole body. Thus, it was suggested that the thickness and distribution of subcutaneous and visceral
adipose tissue in trunk of adult Japanese were different from those of adult Caucasian.

The skin masses of the JM-103 and JF-103 phantoms were smaller than the AM and AF
phantoms about 41% and 30%, respectively (Tables 3-2 and 3-3). Similarly to the JM-60 and JF-60
phantoms,”***% an outer voxel layer of whole body of JM-103, JF-103, AM and AF? was defined as
the skin tissues. Therefore, the thicknesses and masses of the skin tissues in these voxel phantoms
were highly dependent on voxel size. For example, the thicknesses of skin tissues in AM and AF are
about 2.137 mm and 1.775 mm,” respectively, and are about twice those (about 0.98 mm) of JM-103
and JF-103. The average skin masses of adult Japanese male and female were evaluated as the total
mass of the epidermis and dermis.*”’ The authors also assumed that the skin tissues of JM-103 and
JF-103 included the epidermis and dermis; the skin masses of JM-103 and JF-103 were adjusted to the
averages of adult Japanese within 10%. On the other hand, it was assumed that the skin tissues of AM
and AF also consisted of the epidermis and dermis.” Thus, there is no difference in the anatomical
definition of skin tissue between the two averaged adult Japanese voxel phantoms (JM-103 and
JF-103) and the ICRP adult reference voxel phantoms (AM and AF). These facts mean that the
differences in skin masses between the two averaged adult Japanese voxel phantoms and the ICRP
adult reference voxel phantoms were mainly caused by the differences in voxel sizes rather than the
anatomical characteristics.

The wall and content masses in bladder of the JM-103 phantom were about 78% and 51% of
the AM phantom, respectively (Table 3-2). The large differences in masses were also found in
comparison between the JF-103 and AF phantoms (Table 3-3). In particular, the mass differences in
bladder content directly influence the shapes and sizes of bladder wall. Thus, it can be expected that
the morphometric characteristics of bladder in the adult Japanese were distinctly different from those
in the adult Caucasian.

In addition to the above cases, the large differences in masses of several organs and tissues
were also found in comparison between the JF-103 and the AF phantoms (Table 3-3). The masses of
breast, stomach, small intestine and colon of JF-103 were smaller than those of AF about 38%, 24%,
22%, 32%, respectively. In particular, a mass difference in the breast between the JF-103 and AF
phantoms was relatively large. It was suggested that the mass differences in these organs were also

attributed to the anatomical differences between adult Japanese and Caucasian.
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There are no average mass data of ET region and oral mucosa in the adult Japanese. In
addition, thicknesses of their tissues are very thin.***? Therefore, these tissues were represented by
segmenting one voxel layer with about 1 mm thickness from outer surface of airway at the around
head region (see, Section 2.4.1). Consequently, the masses of these tissues in the JM-103 and JF-103
phantoms might be overestimated compared with those in average adult Japanese. Most of organs,
tissues and contents in JM-103 and JF-103 agreed well with the averages*” of adult Japanese male
and female within 10%.

In the skeletal system containing teeth, active and inactive marrows, and hard bone, their
masses in the JM-103 and JF-103 phantoms were greatly different from those*” of average adult
Japanese (Tables 3-2 and 3-3). The tooth masses of JM-103 and JF-103 were about 135% and 135%
of averages of adult Japanese male and female, respectively. The mass differences in the teeth
between the two averaged adult Japanese voxel phantoms (JM-103 and JF-103) and Japanese
averages were caused by the density differences; the authors adopted the tooth density (2.75g/cm?) by
Schlatt] et al.*” If the masses of teeth are calculated according to the reference data (adult male:
2.10g/cm’, adult female: 2.06g/cm’) by Tanaka and Kawamura,” the tooth masses of JM-103 and
JF-103 agreed well with Japanese averages within 5%.

The masses of hard bone in the JM-103 and JF-103 phantoms were about 162% and 143%
of averages of adult Japanese male and female, respectively (Tables 3-2 and 3-3). The differences in
masses of active and inactive marrows between JM-103 and average Japanese were about 19% and
94%, respectively. Similar differences were also found in the masses of two marrow tissues of JF-103
and average Japanese. The mass differences in skeletal system were mainly caused by the differences
in the tissue identification methods; the average masses of adult Japanese were evaluated by using the
autopsy data.*” In the autopsy, the cortical and trabecular bones, active and inactive marrows,
cartilage, miscellaneous tissue and periarticular tissue containing peripheral connective tissues listed
in Tables 3-4 and 3-5 were anatomically dissected, and were manually weighed. On the other hand,
the skeletal system cannot be clearly segmented from CT images on the basis of only image
processing and their tissue densities. Thus, the marrow distributions in skeletal system of the JM-103,
IM-60, JF-103 and JF-60 phantoms were approximately represented by the Approx-distribution
model.*® By this reason, the classifications of skeletal system in the average mass data*' of organs and
tissues of adult Japanese are different from those in the JM-103, JM-60, JF-60 and JF-103 phantoms
(Tables 3-4 and 3-5); the masses of each bone tissue in the two averaged adult Japanese voxel
phantoms cannot be simply compared with Japanese averages. In this study, the active and inactive
marrows, cartilage and periarticular tissue were defined as 'Total bone marrow', and other three tissues
in skeletal tissue except teeth were classified into 'Total hard bone'. The densities of Total bone
marrow are usually lower than those of Total hard bone. Thus, 'Total bone marrow' and 'Total hard
bone' were easily segmented and quantified on the basis of grey values, closely relating to the tissue
densities. The masses of Total bone marrow and Total hard bone were based on the masses and mass
fractions in each skeletal segmented region except teeth shown in Tables D-1 and D-2 (see, Appendix
D).
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As shown in Tables 3-4 and 3-5, the masses of Total bone marrow in the JM-103 and JF-103
phantoms were adjusted to Japanese averages within 5% according to the previous methods.’® In
addition, the masses of active marrow in JM-103 and JF-103 were also in good agreement with the
reference values in adult by ICRP Publication 89° within 10%, although the masses of active marrow
in JM-103 and JF-103 were heavier than the averages of adult Japanese male and female about 19%
and 23%, respectively. These characteristics suggest that JM-103 and JF-103 will be fully available
for dose evaluations of active marrow in adult Japanese.

In the new ICRP fundamental recommendations," the tissue weighting factors were also
assigned to breast, stomach, small intestine, colon and bladder. Furthermore, it was expected that the
mass differences of adipose tissue in trunk between the two averaged adult Japanese voxel phantoms
and the ICRP adult reference voxel phantoms induced the differences in positions and shapes of many
organs and tissues in human body. Thus, it was suggested that the differences in masses of these
organs and tissues induced the differences in the organ dose between the two averaged adult Japanese

voxel phantoms and the ICRP adult reference voxel phantoms.
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Table 3-2 Masses of some organs, tissues and contents of JIM-103, JM—6023) and AM’Z)

and the averages41) of adult Japanese male.

Mass (kg)

Organ, tissue and Average of Japanese
content JM-103 IM-60 AM

adult male
Adipose 14.192 (1.02) 18.734 (1.35) 20.458 (1.47) 13.900
Adrenal 0.015 (1.04) 0.012 (0.84) 0.014 (1.00) 0.014
Bladder content 0.102 (1.02) 0.117 (1.17) 0.200 (2.00) 0.100
Bladder 0.039 (0.97) 0.037 (0.93) 0.050 (1.25) 0.040
Brain 1.529 (1.04) 1.688 (1.15) 1.450 (0.99) 1.470
Breast 0.023 (1.03) 0.090 (4.09) 0.025 (1.14) 0.022
Colon content 0.360 (1.00) 0.592 (1.64) 0.300 (0.83) 0.360
Colon 0.326 (0.99) 0.248 (0.75) 0.370 (1.12) 0.330
Esophagus 0.036 (0.91) 0.036 (0.91) 0.040 (1.00) 0.040
ET region 0.043 ( - ) - (=) 0039 ( - ) -
Eye 0.014 (0.92) 0.014 (0.92) 0.015 (0.97) 0.015
Eye lens 0.0004 (0.95) 0.0004 (0.95) 0.0004 (0.95) 0.0004
Gall bladder content 0.049 (0.98) 0.010 (0.19) 0.054 (1.08) 0.050
Gall bladder 0.008 (1.02) 0.007 (0.82) 0.014 (1.74) 0.008
Hard bone 7.304 (1.62) 7.320 (1.63) 5.500 (1.22) 4.500
Heart content 0.362 (0.91) 0.417 (1.04) 0.510 (1.28) 0.400
Heart 0.389 (1.02) 0.529 (1.39) 0.330 (0.87) 0.380
Kidney 0.333 (1.04) 0.265 (0.83) 0.310 (0.97) 0.320
Liver 1.462 (0.91) 1.305 (0.82) 1.800 (1.13) 1.600
Lung 1.215 (1.01) 1.361 (1.13) 1.208 (1.01) 1.200
Lymphatic tissue 0.224 (1.02) - () 0.138 (0.63) 0.220
Marrow (active) 1.192 (1.19) 1.197 (1.20) 1.170 (1.17) 1.000
Marrow (inactive) 2.526 (1.94) 2.536 (1.95) 2.480 (1.91) 1.300
Muscle 28.198 (1.03) 26.178 (0.95) 29.000 (1.05) 27.500
Oral mucosa 0.010 ( - ) - (-) 0.005 ( - ) -
Pancreas 0.136 (1.05) 0.118 (0.91) 0.140 (1.08) 0.130
Prostate 0.011 (0.94) - () 0.017 (1.42) 0.012
Salivary gland 0.086 (1.05) - (=) 0.085 (1.04) 0.082
Skin 2.189 (0.91) 2.225 (0.93) 3.728 (1.55) 2.400
Small intestine content 0.351 (1.00) 0.330 (0.94) 0.350 (1.00) 0.350
Small intestine 0.557 (0.94) 0.423 (0.72) 0.650 (1.10) 0.590
Spleen 0.139 (1.00) 0.139 (1.00) 0.150 (1.07) 0.140
Stomach content 0.240 (1.00) 0.383 (1.60) 0.250 (1.04) 0.240
Stomach 0.141 (1.01) 0.122 (0.87) 0.150 (1.07) 0.140
Tooth 0.061 (1.35) 0.061 (1.35) 0.050 (1.11) 0.045
Testis 0.036 (0.99) 0.036 (0.99) 0.035 (0.95) 0.037
Thymus 0.031 (1.03) 0.031 (1.03) 0.025 (0.83) 0.030
Thyroid 0.020 (1.06) 0.022 (1.15) 0.020 (1.05) 0.019
Tongue 0.062 (0.92) - () 0.073 (1.09) 0.067
Trachea 0.009 (0.99) 0.010 (1.11) 0.010 (1.11) 0.009

Values in parenthesis are the ratios of masses of IM-103, JM-60 and AM to averages of adult
Japanese male, respectively.
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Table 3-3 Masses of some organs, tissues and contents of JF-103, JF-6025) and AF,2)

and the averages4l) of adult Japanese female.

Organ, tissue and
content

Mass (kg)

JF-103

JF-60

AF

Average of Japanese
adult female

Adipose
Adrenal

Bladder content
Bladder

Brain

Breast

Colon content
Colon
Esophagus

ET region

Eye

Eye lens

Gall bladder content
Gall bladder
Hard bone

Heart content
Heart

Kidney

Liver

Lung

Lymphatic tissue
Marrow (active)
Marrow (inactive)
Muscle

Oral mucosa
Ovary

Pancreas
Salivary gland
Skin

Small intestine content
Small intestine
Spleen

Stomach content
Stomach

Tooth

Thymus

Thyroid

Tongue

Trachea

Uterus

13.815 (0.91)
0.012 (0.92)
0.090 (1.06)
0.032 (1.06)
1335 (1.01)
0309 (1.03)
0.289 (1.03)
0.244 (0.94)
0.031 (1.05)
0.030 ( - )
0.012 (0.99)

0.0003 (0.94)
0.035 (0.92)
0.006 (1.03)
4.866 (1.43)
0316 (0.99)
0325 (1.08)
0271 (0.97)
1311 (0.94)
0.978 (1.07)
0.173 (1.02)
0.956 (1.23)
1.911 (1.93)

20212 (0.97)
0.008 ( - )
0.012 (1.09)
0.113 (1.02)
0.063 (1.02)
1.898 (1.05)
0.283 (1.05)
0.467 (1.04)
0.110 (0.92)
0.180 (1.00)
0.106 (0.97)
0.046 (1.35)
0.028 (0.96)
0.017 (0.99)
0.051 (1.01)
0.007 (0.97)
0.067 (0.96)

11.074 (0.73)
0.006 (0.47)
0.061 (0.72)
0.020 (0.67)
1.342 (1.02)
0.581 (1.94)
0.502 (1.79)
0.232 (0.89)
0.049 (1.62)

- ()
0.015 (1.25)
0.0008 (2.79)
0.002 (0.06)
0.004 (0.62)
4.639 (1.36)
0.369 (1.15)
0.280 (0.93)
0213 (0.76)
1.179 (0.84)
1.093 (1.20)

- (-)
0.913 (1.17)
1.827 (1.85)
17.830 (0.86)

- ()
0.007 (0.61)
0.095 (0.86)

- ()
1.730 (0.96)
0.169 (0.62)
0.373 (0.43)
0.056 (0.47)
0411 (2.28)
0.104 (0.95)
0.056 (1.64)
0.019 (0.66)
0.007 (0.43)

- ()
0.017 (2.52)
0.046 (0.66)

23.596 (1.55)
0.013 (1.00)
0.200 (2.35)
0.040 (1.33)
1.300 (0.98)
0.500 (1.67)
0320 (1.14)
0360 (1.38)
0.035 (1.17)
0.019 ( - )
0.015 (1.22)
0.0004 (1.33)
0.046 (1.20)
0.010 (1.71)
4.000 (1.18)
0370 (1.16)
0.250 (0.83)
0.275 (0.98)
1.400 (1.00)
0.950 (1.04)
0.079 (0.47)
0.899 (1.15)
1.800 (1.82)
17.500 (0.84)
0.004 ( - )
0.011 (1.00)
0.120 (1.09)
0.070 (1.14)
2.721 (1.51)
0.280 (1.04)
0.600 (1.33)
0.130 (1.08)
0.230 (1.28)
0.140 (1.27)
0.040 (1.18)
0.020 (0.69)
0.017 (1.00)
0.060 (1.18)
0.008 (1.18)
0.080 (1.14)

15.200
0.013
0.085
0.030
1.320
0.300
0.280
0.260
0.030
0.012

0.0003
0.038
0.006
3.400
0.320
0.300
0.280
1.400
0.910
0.170
0.780
0.990

20.790
0.011
0.110
0.062
1.800
0.270
0.450
0.120
0.180
0.110
0.034
0.029
0.017
0.051
0.007
0.070

Values in parenthesis are the ratios of masses of JF-103, JF-60 and AF to averages of adult
Japanese female, respectively
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Table 3-4 Masses of skeletal system in JM-103 and JM-60, along with the averages4l) of

Japanese adult male and the reference values of ICRP Publication 89.”

Mass (kg)
Tissue Japanese average ~ ICRP Publ 89
JM-103 JM-60
(adult male) (adult male)
Total bone marrow 3.718 3.733 3.900 4.750
Active marrow 1.192 1.197 1.000 1.170
Inactive marrow 2.526 2.536 1.300 2.480
Cartilage - - 0.900 1.100
Periarticular tissue - - 0.700 -
Total hard bone 7.304 7.320 7.000 5.700
Cortical bone - - 3.600 4.400
Trabecular bone - - 0.900 1.100
Miscellaneous tissue - - 2.500 0.200
Tooth 0.061 0.061 0.045 0.050
Total skeletal system 11.083 11.114 10.945 10.500

Table 3-5 Masses of skeletal sysytem in JF-103 and JF-60, along with the averages41) of

Japanese adult female and the reference values of ICRP Publication 89.”

Mass (kg)
Tissue Japanese average ~ ICRP Publ. 89
JF-103 JF-60
(adult female) (adult female)

Total bone marrow 2.867 2.740 3.000 3.600
Active marrow 0.956 0.913 0.780 0.900
Inactive marrow 1.911 1.827 0.990 1.800
Cartilage - - 0.700 0.900
Periarticular tissue - - 0.530 -

Total hard bone 4.866 4.639 4.190 4.160
Cortical bone - - 2.700 3.200
Trabecular bone - - 0.700 0.800
Miscellaneous tissue - - 0.790 0.160

Tooth 0.046 0.056 0.034 0.040

Total skeletal system 7.779 7.435 7.224 7.800
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3.2 Distances between organs (Organ distances)

It was expected that the distances between the centers of gravities in some organs and tissues
(hereafter referred to as 'organ distance') are widely varied by modifying the masses and shapes of
contents, organs and tissues. In particular, since the SAF is high sensitive to the organ distance, the
phantom modification might influence the organ doses due to internal exposures. In addition, the body
sizes of the JM-103 and JF-103 phantoms were smaller than those of the AM and AF phantoms; the
differences in the body size might also influence the organ distances. Thus, it is important to confirm
whether the modifications of the phantoms change the organ distances or not.

Figure 3-1 shows the distributions of the ratios (JM-103/JM-60 or JF-103/JF-60) of the
organ distances. The organ distances were calculated by using the centers of gravities in organs and
tissues presented in Tables B-1, B-2, B-3 and B-4 (see, Appendix B). In most cases, the organ
distances in JF-103 agreed with those in JF-60 within 5%, although the height and weight of JF-103
were larger than those of JF-60 about 2% and 18%, respectively. These results demonstrate that body
size modifications for JF-103 construction did not considerably influence its organ distances.

The variations in organ distances were dependent on the locations of organs and tissues in
the torso. For example, the organ distances from thyroid, uterus, bladder and testes to other organs
were similar between JM-103 and JF-60 or JF-103 and JF-60 (Figures 3-1 (a), (f), (g) and (h)). These
organs are located in the top or bottom of trunk. On the other hand, the great changes in organ
distances were found in the esophagus, heart, gall bladder and colon (Figures 3-1 (b), (¢), (d) and (¢)).
These organs were also distributed in the middle part of trunk. As described in Section 2.3, the
enlargements and reductions of organs and tissues toward horizontal direction in phantom body were
mainly performed by using image processing functions; the changes of organ mass distributions in a
vertical axis were relatively small (see, Appendix E). Thus, the mass modification procedures adopted
in this study did not induce the significant variations in organ distances between the organs and tissues,
which were shifted in the axis of vertical direction.

As shown in Figure 3-1 (b), the maximum variations in organ distance were found in the
combinations of esophagus and other organs, and were about factor of 2. This is due to the long
tubular shape of esophagus; even if the enlargement and reduction of esophagus size were minute,
these image processing procedures greatly moved the center of gravity of esophagus in the horizontal
direction, and changed the organ distances from esophagus to other organs.

The organ distances from heart, gall bladder and colon to other organs were greatly changed
by modifying the masses of organs and tissues for JM-103 and JF-103 constructions (Figures 3-1 (c),
(d) and (e)). Since the three organs were membranous organs, the masses of their walls and contents
had to be simultaneously modified according to the methods described in Sections 2.3 and 2.3.1. The
inflation procedures against gall bladder especially affected the organ distances, since the difference in
mass of gall bladder content between JF-60 and Japanese average was extremely large, and was about
94% (Table 3-3). Similar difference was also observed in comparison of JM-60 and Japanese average.

The modification procedures of the gall bladder content caused the changes in the gall bladder wall
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geometries, which were responsible for the variations of the organ distances from gall bladder to other
organs.

Table 3-6 shows the organ distances from brain to other organs in the JIM-103, JF-103, AM
and AF phantoms. The organ distances of AM and AF were calculated by using the centre of mass of
organs and tissues given in ICRP Publication 110.” While the body sizes of the JM-103 and JF-103
phantoms were smaller than those of the AM and AF phantoms as mentioned in Section 3.1, the organ
distances from brain to most organs in JM-103 and JF-103 were longer than those in AM and AF. On
the other hand, the organ distances from brain to ovaries, bladder, prostate and testes in JM-103 and
JF-103 are not more than those in AM and AF. The trends in organ distances of the two averaged adult
Japanese voxel phantoms and the ICRP adult reference voxel phantoms have already been reported by
Takahashi et al.” Takahashi et al. revealed that the differences in the organ distances were caused by
the differences in lung locations between the JM-103 and AM phantoms. As defined in ICRP
Publication 110,% the lung tissues of AM and AF were compressed by gravity action, since the CT
images used to create these phantoms were acquired in supine posture; the abdomen organs and
tissues were also shifted toward the lungs. In addition, the lung locations of AM and AF moved
toward the neck. On the other hand, the JM-103 and JF-103 phantoms were based on the JM-60 and
JF-60 phantoms, which were constructed from the CT images in supine posture. Thus, there was no
difference in the postures between the two averaged adult Japanese voxel phantoms and the ICRP
adult reference voxel phantoms.

In our previous research,””>*” the authors clarified that the organ distance from brain to
lungs in supine posture was shorter than that in upright posture only about 3.3 mm. On the other hand,
the difference in organ distances from brain to lungs between the JM-103 and AM phantoms was
about 27 mm as shown in Table 3-6. Similar difference (21 mm) was also found in comparison of the
JF-103 and AF phantoms. The differences in organ distances were greater than those expected from
the differences in body sizes between the two averaged adult Japanese voxel phantoms and the ICRP
adult reference voxel phantoms. This is because the mass ratios of adipose tissue to body weight in the
ICRP adult reference voxel phantoms were larger than those in the two averaged adult Japanese voxel
phantoms (see, Section 3.1). Generally, the excess adipose tissues in abdomen influence lung function,
since there is the case that the abdominal adipose tissues restrict the descent of the diaphragm and the
expansion of the lungs. Thus, it was suggested that the differences in the mass and distribution of
adipose tissues in trunk between adult Japanese and Caucasian also influenced the differences in the
lung positions and the organ distances.

In this study, it was found that there were some differences in the anatomical characteristics such
as body sizes, organ masses and organ distances between the two averaged Japanese voxel phantoms and
ICRP adult reference voxel phantoms. Thus, the anatomical characteristics between adult Japanese and

Caucasian would influence the SAFs and organ doses.
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Figure 3-1 (Continued)
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Table 3-6 Comparison of organ distances from brain to other organs in the averaged adult Japanese voxel

phantoms and those in the ICRP adult reference voxel phantoms.

Organ distances (mm)

Organ distances (mm)

Organs and tissues IM-103/AM JF-103/AF
JM-103 AM JF-103 AF

Thyroid 207 206 1.00 173 177 0.97
Trachea 243 226 1.08 219 201 1.08
Thymus 297 252 1.18 282 228 1.24
Bronchi 333 321 1.04 306 287 1.07
Esophagus 345 297 1.16 324 262 1.24
Lungs 353 326 1.08 320 299 1.07
Breast 358 382 0.94 354 305 1.16
Heart 361 351 1.03 337 318 1.06
Liver 480 444 1.08 447 416 1.07
Adrenals 491 462 1.06 477 439 1.09
Spleen 509 440 1.16 474 421 1.13
Stomach 512 451 1.14 516 440 1.17
Pancreas 516 485 1.06 513 473 1.09
Gall bladder 518 477 1.09 514 443 1.16
Kidneys 545 501 1.09 498 496 1.00
Colon 617 574 1.08 640 612 1.05
Small intestine 630 597 1.06 629 582 1.08
Ovaries - - - 708 722 0.98
Bladder 749 750 1.00 712 717 0.99
Uterus - - - 717 722 0.99
Prostate 769 795 0.97 - - -
Testes 838 897 0.93 - - -
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4. Characteristics relevant to internal and external dose assessments
of the JM-103 and JF-103 phantoms

4.1 SAFs for internal dose assessment

The specific absorbed fraction (SAF) is basic dosimetric quantity for internal dose assessment,
and is calculated by dividing the absorbed fraction by the unit mass (kg) of the target organ. The
absorbed fraction is defined as the fraction of energy absorbed by a target as a result of nuclear
transformation of radionuclides in a source region. The SAFs are generally sensitive to the shapes and
locations of both source and target regions. In this study, the photon and electron SAFs containing the
self-specific absorbed fractions (Self-SAFs) for some organs and tissues in JM-103 and JF-103 were
calculated, and were compared with those in JM-60 and JF-60 to examine the effects of phantom
modifications on internal dosimetry. Furthermore, the SAFs for some organs and tissues in the ICRP
adult reference male (the AM phantom) and female (the AF phantom) voxel phantoms®” were also

calculated to investigate the differences in the SAFs between adult Japanese and Caucasian.

4.1.1 Code system and calculation conditions of SAFs for photons and electrons

A code system, which consists of a SAF calculation system, UCSAF*"*” and the
electromagnetic cascade Monte Carlo code, EGS4,”" was used for calculations of SAFs and
Self-SAFs for photons or electrons. UCSAF is one of user codes of EGS4. The code system was
installed on commercial personal computers, PowerEdge 600SC and Inspiron 530 (Dell Inc, USA).
All male and female phantoms were incorporated into UCSAF. The materials and elemental composition
data in Tables 2-4 and 2-5 were applied to the JM-103 and JF-103 phantoms. The organ segmented
data and other data containing materials, their elemental compositions and organ ID lists of the AM
and AF phantoms were acquired from the data files on the CD-ROM that accompanies the ICRP
Publication 110.” As described in a previous report,”® the code system requires two phantom data
such as the organ segmented data and the bone density data. However, the JM-103, JF-103, AM and
AF phantoms consist of only the organ segmented data. Therefore, the dummies of bone density data
for these voxel phantoms were created, and were used.

The organ segmented data and the dummies of bone density data of the JIM-103, JF-103, AM
and AF phantoms were converted to the compressed format developed by the National Research
Center for Environment and Health (GSF, now the German Research Center for Environmental
Health)® and modified by Saito et al.***® The GSF compressed format data of these voxel phantoms
were incorporated into UCSAF.

In the photon transport, photoelectric effect, coherent scattering, Compton scattering and
pair production were considered. The primary and secondary photons were followed until their energy
fell to 1 keV. The cross-section data for photons were obtained from PHOTX.***® M¢ller scattering,
Bhabha scattering, bremsstrahlung emission and elastic multiple scattering were taken into account
for the electron transport. The primary and secondary electrons produced from photon interactions

were tracked until their kinetic energy fell to 5 keV; the kerma approximation was not applied. The
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Parameter Reduced Electron-Step Transport Algorithm (PRESTA) was adopted to optimize the step
size of the electron transport model. The stopping power of electrons was taken from the ICRU
Report 37.39

Monoenergetic photon or electron sources were assumed to be distributed uniformly in the
source region. The number of primary photons or electrons was set to achieve fraction standard
deviations of less than 5% in the deposited energy of each target organ. The calculations of SAFs for
photons were performed for 6 energies from 0.02 MeV to 1 MeV and for combinations of 22 targets
and 6 sources. The photon and electron Self-SAFs for 10 organs and tissues were calculated at 12
energies from 0.01 MeV to 4 MeV. Some examples of the photon SAFs calculated using the JIM-103,
JF-103, JM-60 and JF-60 phantoms were also shown in Appendix F.

4.1.2 Validation of SAFs in the JM-103 and JF-103 phantoms by comparison with those in the
JM-60 and JF-60 phantoms

Table 4-1 shows photon SAFs and organ distances for the combinations of the liver and
adrenals as the target organs, and the lungs and gall bladder content as the source regions in the
IM-103, IM-60, JF-103 and JF-60 phantoms. The differences in the SAFs for the liver between
IJM-103 and JM-60 were within 5% at all calculated energies. Similarly, the SAFs for liver in JF-103
also agreed well with those in JF-60. This is due to the following reasons. Since the lungs directly
contact with the liver and their sizes are relatively great, the mass modifications did not affect organ
distances between lungs and liver; there are little differences in the SAFs.

On the other hand, the differences in SAFs for adrenals between the JM-103 and JM-60
phantoms were relatively large in the six photon energies. The differences in SAFs were dependent on
the photon energy. The maximum difference was about 75% at 0.02 MeV. Similar tendencies of SAFs
were also found in the JF-103 and JF-60 phantoms. As shown in Table 4-1, the mass modifications
lengthened the organ distances between gall bladder and adrenals in JM-103 and JF-103 about 20 and
6 mm, respectively. Therefore, it was considered that the changes in the organ distances decreased the
SAFs for 0.02 MeV photon with short mean free path (about 1.15 cm) in ICRU soft tissue.*”

Table 4-1 SAFs calculated using the JM-103, JM-60, JF-103 and JF-60 phantoms for sources in lungs and
gall bladder content and for targets in liver and adrenals.

Organ distances SAFs (kg 1)
Source — target Phantom (mm) Photon Energy (MeV)
0.02 0.03 0.05 0.1 0.5 1
IM-103 139 1.61E-2  2.36E-2 1.99E-2 1.40E-2 1.21E-2 1.11E-2
IM-60 138 1.61E-2  2.34E-2 1.96E-2 1.40E-2 1.24E-2 1.14E-2
) (JM-103/IM-60) (1.01) (1.00) (1.01) (1.01) (1.00) (0.97) (0.97)
Lungs — Liver
JF-103 133 1.72E-2  248E-2 2.08E-2 143E-2 126E-2 1.16E-2
JF-60 131 1.83E-2  2.53E-2 2.01E-2 1.43E-2 1.33E-2 1.23E-2
(JE-103/JF-60) (1.02) (0.94) (0.98) (1.03) (1.00) (0.95) (0.94)
IM-103 97 9.78E-3  4.43E-2 5.09E-2 3.70E-2 3.02E-2 2.73E-2
IM-60 77 3.85E-2  1.06E-1 9.29E-2  6.01E-2 5.00E-2 4.51E-2
Gall bladder content (JM-103/JM-60) (1.26) (0.25) (0.42) (0.55) (0.62) (0.61) (0.60)
— Adrenals JF-103 63 5.64E-2  1.52E-1 1.24E-1 7.90E-2 6.88E-2  6.26E-2
JF-60 57 1.07E-1  2.29E-1 1.65E-1 1.00E-1 8.81E-2  8.03E-2
(JE-103/JF-60) (1.10) (0.53) (0.66) (0.75) (0.79) (0.78) (0.78)
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Figure 4-1 shows the distributions of ratios (JM-103/JM-60 or JF-103/JF-60) of photon
SAFs for 22 organs and tissues as targets, and the thyroid, esophagus, heart content and bladder
content as sources at energies of 0.03 MeV and 0.5 MeV. These source regions were selected, in view
of the organ positions as described below. Although the thyroid and bladder content are located in the
top and bottom of trunk, respectively, the esophagus and heart content are distributed in the middle
part of trunk. At an energy of 0.03 MeV, the differences of SAFs for 22 targets between JM-103 and
IM-60 were relatively great, and were within a factor of 3 (Figure 4-1 (a)). As shown in Figure 4-1 (c),
similar differences were also found in SAF comparisons of JF-103 and JF-60. On the other hand, the
differences in SAFs for 0.5 MeV photon between JM-103 and JM-60 were within 20% in most cases,
and were similar to those between JF-103 and JF-60.

As described in Section 3.2, the positions of organs and tissues influenced the variations in
organ distances due to the phantom modifications. Since the organ distance was one of determination
factors of SAFs, > it was expected from Figure 3.1 that the variations in the SAFs were also
relevant to the organ positions. However, the distributions of ratios of SAFs for 22 target organs and
tissues were similar between thyroid, esophagus, heart content and bladder content, where the
positions were different each other (Figure 4-1). The discrepancies in effects of phantom
modifications on organ distances and SAFs were mainly attributed to the image processing methods.
In this study, the enlargements and reductions toward horizontal direction of phantom body were
mainly performed under considerations of human anatomy (see, Section 2.3). These procedures also
induced changes in the minimum distances between source and target, since the organ masses were
modified by adding or deleting voxel layers at outer surface of organs and tissues. Generally, the
SAFs for low energy photon are more sensitive to the minimum distances rather than the organ
distances, because of its short mean free path. Therefore, it was considered that the dependences of
organ distance variations on the organ positions seen in Figure 3-1 were offset by the changes in
minimum distances, and did not affect the SAFs.

In this study, there were some cases that the SAFs for several organs and tissues in the
JM-103 and JF-103 phantoms were considerably different from those in the JM-60 and JF-60
phantoms. These results indicate that the averaging of body sizes and organ masses influence the
SAFs. Thus, it can be concluded that the averaging of anatomical characteristics is necessary for the

SAF evaluations of average adult Japanese.
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Figure 4-2 demonstrates photon and electron Self-SAFs for several organs of the JM-103
and JM-60 phantoms. Overall, the photon and electron Self-SAFs decreased with increasing energy.
Photon and electron Self-SAFs over energy range of 0.01 MeV to 4 MeV for thymus, spleen and
testes of JM-103 agreed with those of JM-60 within 10% (Figures 4-2 (a), (d) and (f)). On the other
hand, the differences in photon and electron Self-SAFs for kidneys over energy range of 0.01 MeV to
4.0 MeV between JM-103 and JM-60 were about within 20%, and were larger than those for thymus,
spleen and testes. The cause of these results was the differences in organ masses between JM-103 and
IM-60; the kidney mass of JIM-103 was heavier than that of JM-60 about 26%, although the masses of
thymus, spleen and testes in JM-103 were almost the same as those in JM-60 (Table 3-2). The
dependences of Self-SAFs for photons and electrons on organ masses have already been reported in
previous reports.”?7**3 The results obtained from this study support the conclusions of previous
reports. 227:2830)

As shown in Figures 4-2 (b) and (c), the great differences were found in the photon and
electron Self-SAFs for membranous organs such as heart and gall bladder. At the energy ranges from
0.01 MeV to 4.0 MeV, the differences in the photon and electron Self-SAFs for heart between JM-103
and JM-60 varied from 18% to 41% and 34% to 37%, respectively (Figure 4-2 (b)). Similar
differences in photon and electron Self-SAFs were also found in gall-bladder. The differences in
photon and electron Self-SAFs for these membranous organs were greater than the differences in
Self-SAFs for kidneys. The authors also changed the boundaries between walls and contents in these
organs for the mass modifications. In particular, the wall geometry of gall bladder was extremely
altered by the image processing, because the mass of gall bladder content in the JM-60 phantom was
significantly different from the Japanese average'’ about 81% (Table 3-2). Therefore, it was
considered that the large change in the wall geometry due to the mass modifications also strongly
affected the photon and electron Self-SAFs for gall bladder.

Figure 4-3 shows photon and electron Self-SAFs in the energy range from 0.01 MeV to 4.0
MeV for brain, gall bladder, stomach, spleen, adrenals and ovaries of the JF-103 and JF-60 phantoms.
The organ masses of JF-60 were generally smaller than those of JF-103 (Table 3-3). Therefore, the
Self-SAFs in JF-103 as a whole were smaller than those in JF-60. The maximum differences in photon
and electron Self-SAFs between the JF-103 and JF-60 phantoms were found in gall bladder, and were
about 62% and 68%, respectively. Similarly to the comparisons of JM-103 and JM-60, it was
considered that marked changes in mass of gall bladder content induced the differences in Self-SAFs
for gall bladder wall. In internal dose assessment against electron sources, the contributions of
Self-SAFs to organ absorbed doses were generally large. The masses of organs, tissues and contents in
the JM-103 and JF-103 phantoms agreed well with the averages of adult Japanese male and female,
respectively. Therefore, it was concluded that the JM-103 and JF-103 phantoms were useful for

internal dose assessments of adult Japanese with average masses of organs and tissues.
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Figure 4-2 Self-SAFs for photons or electrons in selected organs of the JM-103 and JM-60
phantoms. (a) Thymus, (b) Heart, (¢) Gall bladder, (d) Spleen, (e¢) Kidneys and (f) Testes.
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Figure 4-3 Self-SAFs for photons or electrons in selected organs of the JF-103 and JF-60
phantoms. (a) Brain, (b) Gall bladder, (¢) Stomach, (d) Spleen, (e¢) Adrenals and (f) Ovaries.
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4.1.3 Comparison of SAFs in the JM-103 and JF-103 phantoms and those in the ICRP adult
reference voxel phantoms

In order to compare the SAFs and Self-SAFs in the JM-103 and JF-103 phantoms with those
in the AM and AF phantoms, the thyroid, liver and bladder content were selected as the source regions
under consideration of anatomical positions. The thyroid and bladder content are located in the top
and bottom of trunk, respectively. The liver lies to the middle parts of the trunk.

Table 4-2 shows the SAFs and organ distances for the selected combinations of source
regions and target organs in the JM-103, JF-103, AM and AF phantoms. At all calculated energies,
SAFs for lungs as a target organ and for thyroid as a source region in JF-103 were lower than those in
AF. The lung SAF of JF-103 at an energy of 1 MeV was about 72% of that of AF. The differences in
SAFs between JF-103 and AF increased with decrease in the photon energy. Similar trend was also
seen in the SAFs of the JM-103 and AM phantoms. As shown in Table 4-2, the organ distances from
thyroid to lungs in JM-103 and JF-103 were considerably longer than those in AM and AF,
respectively; the positions of lungs in JM-103 and JF-103 shifted toward the abdomen compared with
those in AM and AF. As explained in Section 3.1, there were the differences in the adipose tissue
masses between JM-103 and AM or JF-103 and AF; the excess adipose tissues in abdomen affected
the lung capacity. Thus, it was suggested that the differences in masses of the adipose tissues induced
the differences in lung SAFs between the two averaged adult Japanese voxel phantoms and the ICRP
adult reference voxel phantoms.

On the other hand, the opposite trend was found in the SAFs for stomach as a target organ
and for bladder content as a source region (Table 4-2). The SAFs for stomach in the JM-103 and
JF-103 phantoms were considerably higher than those in the AM and AF phantoms, respectively.
These results were caused by the differences in the distances from bladder to stomach between
JM-103 and AM or JF-103 and AF (Table 4-2). The differences in distances between stomach and
bladder were attributed to the following reasons: while the bladder position was not easily changed,
the positions of stomach in the JM-103 and JF-103 phantoms were changed by the extension of lungs,
and moved in a leg direction compared with those in the AM and AF phantoms.

The SAFs for kidneys as a target organ and for liver as a source region were closely
dependent on organ distances, since the SAFs for kidneys increased with the decrease in the organ
distances (Table 4-2). In addition, the organ distances increased with increasing body sizes; the liver is
located on the front side of body. On the other hand, the kidneys is opposite the liver. Therefore, the
organ distances between kidneys and liver are relevant to the diameter of body. The above results
suggest that the differences in SAFs for a combination of kidneys and liver were caused by the
differences in the body sizes between adult Japanese and Caucasian.

When a source region was the bladder content, the SAFs for bladder in the JM-103 and
JF-103 phantoms were relatively greater than those in the AM and AF phantoms. The maximum
difference was found in comparison of JF-103 and AF, and was about 116% at 0.02 MeV. As shown in
Table 3-3, the mass differences in bladder and bladder content between JF-103 and AF were about
20% and 55%, respectively. The masses of bladder content directly influence the thickness and shape

of bladder. Therefore, the mass differences of bladder content were responsible for the differences in
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bladder SAFs between the JF-103 and AF phantoms. The similar relationship between SAFs and
organ content masses was also found in comparison of JM-103 and AM. These results demonstrate
that the mass of organ content was also one of determination factors for SAFs of average adult
Japanese.

Table 4-3 presents the photon Self-SAFs for thyroid and liver in the JM-103, AM, JF-103
and AF phantoms. At all calculate energies, the difference in the Self-SAFs for thyroid between
JM-103 and AM was within 5%. In Self-SAF comparison of JF-103 and AF, the maximum difference
was found in the energy of 1 MeV, and was about 6%. On the other hand, the ratios (JM-103/JF-103
or AM/AF) of the thyroid Self-SAFs between adult male and female phantoms were greater than those
(JM-103/AM or JF-103/AF) between adult Japanese and Caucasian phantoms, and varied from 14%
to 16%. As reported in previous studies,”*"***% the Self-SAF is highly dependent on the mass of a
target organ. As shown in Tables 3-2 and 3-3, the difference in thyroid masses between JM-103 and
JF-103 was about 20%. Similar difference (18%) in thyroid masses was also found in AM and AF.
Thus, the above results were mainly caused by the gender differences in thyroid masses.

There is little difference in the Self-SAFs for liver between the JF-103 and AF phantoms
(Table 4-3). This is because the mass difference in the liver between JF-103 and AF is relatively small,
and is only about 7% (Table 3-3). The different trend in liver Self-SAFs was seen in comparison of the
IJM-103 and AM phantoms. The differences in the liver Self-SAFs between JM-103 and AM increased
with the decreasing the photon energy, and varied from 5% to 17% at all calculated energies. As
shown in Table 3-2, the liver mass of JM-103 was lighter than that of AM about 19%. Thus, it was
thought that the differences in the liver Self-SAFs between JM-103 and AM were attributed to the
differences in liver masses between adult male Japanese and Caucasian.

In conclusion, it can be explained that the differences in the SAFs and Self-SAFs between
the JM-103 and AM phantoms or the JF-103 and AF phantoms were caused by the differences in
anatomical characteristics such as organ distances and organ masses between adult Japanese and

Caucasian.
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Table 4-2 SAFs and organ distances for selected combinations of source regions and target organs
in the JM-103, AM, JF-103 and AF phantoms.

-1
Organ distances SAFs (kg )
Source — Target Phantoms (mm) Photon energy (MeV)
0.02 0.03 0.05 0.1 0.5 1
IM-103 149 6.75E-3  1.87E-2 1.75E-2 1.29E-2 1.17E-2  1.08E-2
. AM 124 0.00E+0 2.18E-2 2.17E-2 1.63E-2 1.46E-2 1.34E-2
Thyroid — Lungs
JF-103 155 5.59E-3 1.70E-2 1.65E-2 1.22E-2 1.16E-2 1.07E-2
AF 124 9.58E-3  2.62E-2 2.52E-2 1.80E-2 1.61E-2 1.48E-2
IM-103 94 2.73E-2  4.776E-2  4.30E-2 2.96E-2 245E-2 2.24E-2
) . AM 102 1.90E-2 3.68E-2 3.67E-2 2.60E-2 2.08E-2 1.90E-2
Liver —Kidneys
JF-103 77 5.21E-2 7.48E-2 5.87E-2 3.81E-2 3.31E-2 3.03E-2
AF 82 2.97E-2 4.99E-2 4.64E-2 3.23E-2 2.69E-2 2.47E-2
JM-103 248 6.10E-7 1.47E-4 1.14E-3 1.71E-3 1.92E-3 2.07E-3
AM 306 0.00E+0 1.53E-5 2.45E4 5.67E-4 8.61E-4 9.81E-4
Bladder-content — Stomach
JF-103 209 1.44E-5 1.13E-3 3.80E-3 4.07E-3 4.00E-3 4.03E-3
AF 283 0.00E+0 2.26E-5 3.69E-4 7.39E-4 1.10E-3 1.25E-3
IM-103 1 2.50E+0 1.53E+0 6.23E-1 3.31E-1 3.25E-1 2.98E-1
AM 5 1.38E+0 1.06E+0 4.94E-1 2.63E-1 2.47E-1 2.26E-1
Bladder-content — Bladder
JF-103 4 3.11E+0 1.84E+0 7.36E-1 3.89E-1 3.86E-1 3.53E-1
AF 5 1.44E+0 1.04E+0 4.75E-1 2.55E-1 2.47E-1 227E-1
Table 4-3 Self-SAFs for thyroid and liver in the JM-103, AM, JF-103 and AF phantoms.
Organs Self-SAFs (kg
(Source = Target) Phantoms Photon energy (MeV)
0.02 0.03 0.05 0.1 0.5 1
IM-103 1.92E+1  791E+0  3.06E+0 1.45E+0 1.53E+0  1.34E+0
Thvroid AM 1.88E+1  7.67E+0  2.96E+0 1.41E+0 1.48E+0 1.29E+0
T
Y JF-103 2.30E+1  9.39E+0  3.62E+0 1.72E+0  1.82E+0  1.60E+0
AF 2.20E+1  8.99E+0 3.46E+0 1.64E+0 1.73E+0  1.51E+0
IM-103 5.36E-1 3.68E-1 1.85E-1 1.06E-1 1.01E-1  9.16E-2
Li AM 4.56E-1  3.30E-1 1.75E-1 1.01E-1  9.24E-2  8.39E-2
iver
JF-103 5.86E-1  3.96E-1 1.93E-1 1.10E-1  1.06E-1  9.68E-2
AF 5.70E-1  3.96E-1 1.99E-1 1.13E-1 1.06E-1  9.67E-2
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4.2 Organ doses due to external photon exposure

4.2.1 Code system and calculation conditions of organ doses for photons

Organ dose is fundamental quantity in estimating the risk to radiation exposure. Since the
organ doses cannot be measured directly, dose conversion coefficients that relate a specified
dosimetric quantity to organ doses have been used for external dose assessment. The dose conversion
coefficients were calculated by using an organ dose calculation system, which consists of EGS4°" and
EGS4 user code named "UCPIXEL'*****” The organ dose calculation system can simulate the
transport of photon and electron in voxel phantoms, and calculate the organ doses due to the external
photon and electron exposures under the idealized irradiation conditions.

The organ dose calculation system uses the GSF compressed format organ segmented data
and bone density data. As described in Section 4.1.1, the JM-103, JF-103, AM and AF phantoms
consist of only the organ segmented data. Therefore, the organ segmented data together with the

362426 and were incorporated

dummies of bone density data were compressed by previous methods,
into UCPIXEL code. The transport simulations of the photon and electron in voxel phantom were
performed under the same conditions mentioned in Section 4.1.1.

The dose conversion coefficients were given as absorbed dose per unit air-kerma free-in-air,
and were calculated for 8 incident photon energies (0.03, 0.06, 0.08, 0.1, 0.15, 0.5, 1.0 and 5.0 MeV)
for six idealized irradiation geometries (AP: anterior to posterior, PA: posterior to anterior, LLAT: left
lateral, RLAT: right lateral, ROT: rotational and ISO: isotropic).”> Some examples of dose conversion

coefficients of the JM-103, JF-103, IM-60 and JF-60 phantoms were shown in Appendix G.

4.2.2 Validation of organ doses in the JM-103 and JF-103 phantoms by comparison with those in
the JM-60 and JF-60 phantoms

Figure 4-4 shows the absorbed doses in brain, thyroid, lungs, liver, stomach and bladder of
JM-103, JM-60, JF-103 and JF-60 on selected incident photon energies for the AP irradiation
geometry. These organs were chosen under consideration of anatomical location. At energies of more
than 0.06 MeV, the absorbed doses of the brain, lungs and liver with heavy masses in the JM-103
phantom agreed with those of the IM-60 phantom within 10%. The differences of the absorbed doses
in these organs increased with decreasing photon energy. Similar trends in organ doses were also
found in comparison of the JF-103 and JF-60 phantoms. On the other hand, the great differences in
absorbed doses were found in the thyroid, stomach and bladder with small masses. At 0.03 MeV, the
differences in bladder doses between JM-103 and JM-60 or JF-103 and JF-60 were about 35% and
33%, respectively. These differences were due to the difference in the elemental compositions of
bladder. The thyroid doses at less than 0.1 MeV in the JM-103 were higher than those in JM-60 about
11-32%. Similar results were also obtained from the comparison of JF-103 and JF-60. As shown in
Tables 2-4 and 2-5, the thyroid of JM-103 and JF-103 contained the iodine. Therefore, it was
considered that the interaction of iodine in thyroid with photons strongly influenced the thyroid doses.

Above results indicate that the organ dose conversions of selected organs except bladder and
thyroid in JM-103 and JF-103 agreed well with those in JM-60 and JF-60. The little differences in
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dose conversion coefficients suggest that there are no anatomical problems in constructing the JM-103
and JF-103 phantoms. Therefore, it can be concluded that there is no practical problem in using

JM-103 and JF-103 for the calculation of organ doses due to external exposures.
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Figure 4-4 The ratios (JM-103/JIM-60 or JF-103/JF-60) of absorbed doses for the AP irradiation
geometry. (a) Brain, (b) Thyroid, (c¢) Lung, (d) Liver, (¢) Stomach and (f) Bladder.
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4.2.3 Comparison of organ doses in the JM-103 and JF-103 phantoms and those
in the ICRP adult reference voxel phantoms

Table 4-4 shows examples of the absorbed doses of selected organs and tissues of the
JIM-103, AM, JF-103 and AF phantoms for the AP irradiation geometry at energy of 0.1 MeV. The
differences of the absorbed doses in the thyroid, thymus, lungs, breast and heart between JM-103 and
AM were relatively small, and were within 10%. Similar results were also found in comparison of
JF-103 and AF. As described in Section 3.2, it was found that the lungs of the AM and AF phantoms
shifted toward the neck compared with those of the JM-103 and JF-103 phantoms; the lungs of the
ICRP adult reference voxel phantoms were compressed by the gravity actions as described in ICRP
Publication 110.% These facts mean that the thoracic parts of AM and AF were relatively small for
their body sizes; there is little difference in the size of thoracic part between JM-103 and AM or
JF-103 and AF. Thus, it was considered that the trends in absorbed doses of the thyroid, thymus, lungs,
breast and heart were attributed to the differences in the lung volumes between the two averaged adult
Japanese voxel phantoms and the ICRP adult reference voxel phantoms.

On the other hand, the absorbed doses in the adrenals, stomach, pancreas and gall bladder of
the JM-103 and JF-103 phantoms were higher than those of the AM and AF phantoms about more
10%. The maximum differences (38%) in organ doses between JM-103 and AM were found in the
adrenals. Similar difference (39%) in absorbed doses of the adrenals was also found in comparison of
JF-103 and AF. The adrenals, stomach, pancreas and gall bladder was situated in the abdomen. As
discussed in Section 3.1, the adipose masses of the AM and AF phantoms were heavier than those of
the JM-103 and JF-103 phantoms. The mass differences in the adipose tissue influence the shapes,
positions and distributions of internal organs and tissues. For example, the excess adipose tissue
increases the thickness of the subcutaneous soft tissues; the distances from body surface to each organ
and tissue in the AM and AF phantoms were generally longer than those in the JM-103 and JF-103
phantoms. Thus, the differences in absorbed doses in the adrenals, stomach, pancreas and gall bladder
were caused by the differences in the distances from body surface to each organ and tissue. The
adipose tissue mass was also important for the determination of organ doses due to external exposures,
while the tissue weighting factor was not specified for the adipose tissue.'””

The contrary trend in the absorbed doses was seen in the bladder, ovaries, uterus and
prostate. The absorbed doses in these organs of the JM-103 and JF-103 phantoms were smaller than
those of the AM and AF phantoms. The ovaries, uterus and prostate located around the bladder. As
shown in Table 3-3, the mass of bladder contents in the JF-103 phantom was only about 45% of the
AF phantom. The mass difference in bladder content between the JM-103 and AM phantoms was also
relatively large, and was about 49% (Table 3-2). The mass differences in bladder content induced the
differences in the absorbed doses of bladder, ovaries, uterus and prostate, since the locations of these
organs were easily moved by the changes in volume of bladder content; the volume of bladder content
influence the distances from body surface to bladder, ovaries, uterus and prostate. These results
suggest that the organ content mass was also one of important factors for organ dose determinations.

In conclusion, the differences in the anatomical characteristics such as the masses of organ

and organ content were major causes of the differences in the absorbed doses of organs and tissues
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between the two averaged adult Japanese voxel phantoms and the ICRP adult reference voxel
phantoms. Thus, the human phantoms, which have the anatomical characteristics of adult Japanese,

should be used for the dose assessment.

Table 4-4 Organ absorbed dose per unit air-kerma for the AP irradiation geometry
at energy of 0.1 MeV.

Organ doses (Gy Gy'l)

Organs and tissues

JM-103 AM JF-103 AF
Brain 0.788 0.748 (1.05)" 0.792 0.784 (1.01)°
ET regions 1.352 1.239 (1.09) 1.284 1.096 (1.17)
Salivary glands 1.128 1.076 (1.05) 1.155 1.007 (1.15)
Tongue 1.108 1.154 (0.96) 1.111 1.093 (1.02)
Oral mucosa 1.175 1.041 (1.13) 1.191 1.200 (0.99)
Teeth 3.745 3.350 (1.12) 3.638 3.464 (1.05)
Thyroid 1.933 1.992 (0.97) 1.884 1.996 (0.94)
Trachea 1.489 1.688 (0.88) 1.450 1.537 (0.94)
Thymus 1.606 1.663 (0.97) 1.547 1.704 (0.91)
Esophagus 1.158 1.133 (1.02) 1.141 1.276 (0.89)
Lungs 1.295 1.273 (1.02) 1.255 1.231 (1.02)
Breast 1.503 1.538 (0.98) 1.474 1.564 (0.94)
Heart 1.433 1.416 (1.01) 1.431 1.453 (0.98)
Liver 1.372 1.259 (1.09) 1.404 1.390 (1.01)
Adrenals 0.965 0.701 (1.38) 1.189 0.857 (1.39)
Spleen 0.888 0.802 (1.11) 1.029 0.942 (1.09)
Stomach 1.568 1.418 (1.11) 1.615 1.474 (1.10)
Pancreas 1.444 1.294 (1.12) 1.680 1.471 (1.14)
Gall bladder 1.509 1.294 (1.17) 1.508 1.348 (1.12)
Kidneys 0.966 0.787 (1.23) 1.125 1.037 (1.08)
Colon 1.430 1.404 (1.02) 1.418 1.539 (0.92)
Small intestine 1.524 1.462 (1.04) 1.549 1.485 (1.04)
Bladder 1.471 1.511 (0.97) 1.399 1.670 (0.84)
Ovaries - - (-) 1.001 1.159 (0.86)
Uterus - - (=) 1.089 1.270 (0.86)
Prostate 1.114 1.253 (0.89) - - (=)
Testes 1.803 1.817 (0.99) - - (=)
Skin 1.160 1.131 (1.03) 1.160 1.163 (1.00)
Lymphatic tissues 1.261 1.390 (0.91) 1.327 1.421 (0.93)

“Values in parenthesis are the ratios of the organ doses of JM-103 to those of AM.
*Values in parenthesis are the ratios of the organ doses of JF-103 to those of AF.
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5. Conclusions

The two averaged adult Japanese male and female voxel phantoms, which were constructed
by modifying the JM* and JF* phantoms previously developed at JAEA, named 'the JM-103
phantom' and 'the JF-103 phantom', respectively. For convenience, the previously developed JM and
JF were called 'the JM-60 phantom' and 'the JF-60 phantom', respectively. The heights and weights of
JM-103 and JF-103 were in excellent agreement with the Japanese averages. The JM-103 and JF-103
phantoms can use in the calculations of the absorbed doses in the organs and tissues with the tissue
weighing factors, which were defined by ICRP Publication 103. Except for the skeleton tissue, ET
region and oral mucosa, the masses of organs and tissues in JM-103 and JF-103 were adjusted to the
Japanese averages within 10%.

To validate the anatomical characteristics of JM-103 and JF-103, their organ distances and
organ mass distributions were compared with those of JM-60 and JF-60. The differences in the organ
distances between female phantoms were within 5% in most cases, although the height and weight of
JF-103 were larger than those of JF-60 about 2% and 18%, respectively (see, Section 3.2). Similar
differences were also observed in analysis of organ distances and organ mass distributions in male
phantoms, which have almost the same body size. These results indicate that there are no problems for
the anatomical structures in the JM-103 and JF-103 phantoms, since JM-103 and JF-103 fully
reflected those in the JM-60 and JF-60 phantoms, which were exactly developed on the basis of CT
images of actual living persons.

In photon SAF comparisons of male or female phantoms, the significant differences were
mainly found in low energy region, and were attributed to the differences in the organ geometries (see,
Section 4.1.2). On the other hand, the photon and electron Self-SAFs for selected organs in the male
and female phantoms were strongly dependent on the masses of organs and tissues (see, Section 4.1.2).
As described above, the masses of organs and tissues in JM-103 and JF-103 were in agreement with
Japanese averages within 10%. Therefore, these results indicate that JM-103 and JF-103 can utilize
for accurate evaluations of photon and electron Self-SAFs of average adult Japanese, and are useful
for the internal dose assessment in average adult Japanese. With regards to this point, the JM-103 and
JF-103 phantoms have the excellent characteristics as compared with the existing voxel phantoms
containing the JM-60 and JF-60 phantoms. In external photon exposures, the absorbed doses in
selected organs of the JM-103 and JF-103 phantoms agreed well with those of the JM-60 and JF-60
phantoms in most cases (see, Section 4.2.2). In conclusion, there are no problems in applying JM-103
and JF-103 to the assessment of organ doses due to diverse radiation exposures.

In some case, the SAFs, Self~-SAFs and dose conversion coefficients of the JM-103 and
JF-103 phantoms were different from those of the ICRP adult reference voxel phantoms. These
differences were highly relevant to anatomical characteristics such as the organ masses and organ
distances. Thus, while the ICRP adult reference voxel phantoms can provide the reasonable dose
coefficients and dose conversion coefficients for the radiation protection purposes, there are some
cases that the anatomical characteristics of the subjects should be considered for the evaluations of

SAFs and organ doses. In this respect, the human phantoms, which have anatomical characteristics of
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average adult Japanese, will be needed for various dose assessment fields containing the medical
treatments and radiation accidents.

In the fields of medical treatment and radiation accident, there are some cases that the
individual differences in the postures, and the locations and shapes of organ influence the organ doses.
These facts suggest that the dose assessment considering individual characteristics in body is of great
importance to radiation accident and medical treatment. Recently, the highly flexible and deformable
human phantoms (NURBS and polygon phantoms) have become available for calculating the organ
doses under consideration of various body sizes and postures. In future, the authors will apply the
deformation techniques to the JM-103 and JF-103 phantoms in order to analyze the effects of body

sizes of individual subjects on the dose assessment in the CT examination.
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Appendix A Coordinate system of the JM-103 and JF-103 phantoms

The organ segmented data of the JM-103 and JF-103 phantoms are recorded as ASCII text
files. The capacity per an ASCII text file is about 1 MB. As described in previous report,*® the ASCII
text files of two phantoms are named in order of CT slice number from top of head to the bottom of
feet (Figure A-1).

The three dimensional coordinate system are not common to the JM-103 and JF-103
phantoms. Figure A-2 illustrates the array of ASCII text file. The numbers of pixels per column and
pixels per row in the JM-103 phantom are 512 and 512, respectively. On the other hand, the array of
ASCII text file in the JF-103 phantom is 526 columns and 526 rows. Each numeral in ASCII text file

corresponds to organ ID (see, Appendix C) assigned to each pixel.

Y-axis

XXXX ASCII text files

<— Slice No.XXXX

Z-axis

Figure A-1 Example of three dimensional coordinate system of the
JM-103 and JF-103 phantoms.
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Figure A-2 Examples of the phantom geometry in ASCII text file.
(a) IM-103 and (b) JF-103.
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Appendix B Centroids of organs in the JM-103, JM-60, JF-103

and JF-60 phantoms

This appendix presents the centers of masses in some organs and tissues of the male and female

phantoms. The centroids of active marrow, adipose, hard bone, inactive marrow, lymphatic tissues,

muscle and skin are not shown, since these organs and tissues are widely distributed in whole body.

In the tables, the centroid coordinates (X, y, z) of organs and tissues in each phantom are based
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Appendix C Organ ID, material ID, density, volume and mass of each

in the JM-103 and JF-103

tissue and content

organ,
phantoms

In this appendix, the organ ID, material ID, density, volume and mass of each organ, tissue

and content in the JM-103 and JF-103 phantoms are presented. The organ ID numbers are assigned to

voxels belonging to each organ, tissue and content in order to identify the segmented regions in the

phantoms. The elemental compositions corresponding to each material ID of JM-103 and JF-103 are

given in Tables 2-2 and 2-3. “None” means that there is no organ segmented region, which the organ

ID is assigned.
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Appendix D Total mass, and mass fraction of active and inactive marrows,

and hard bone in each skeletal segmented region except teeth

of the JM-103 and JF-103 phantoms

In this appendix, total masses, and mass fractions of active and inactive marrows, and hard

bone in each skeletal segmented region of the JM-103 and JF-103 phantoms are presented. The

masses of active and inactive marrows and hard bone in each skeletal segmented were based on the
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Appendix E  Mass distribution of some organs and tissues in the JM-103,
JM-60, JF-103 and JF-60 phantoms

This appendix presents mass distributions of some organs and tissues along the head-leg axis of
body in the male and female phantoms. The mass distributions are given as the masses (g) of each
organ and tissue every Imm slice thickness. As shown in Appendix A, the "slices No.1" is the cross

sectional image at the top of head.
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Appendix F  Examples of photon SAFs in the JM-103, JF-103, JM-60 and
JF-60 phantoms

This appendix presents examples of photon SAFs for some combinations of selected source
regions and target organs in the JM-103 and JF-103 phantoms. The SAFs in JM-103 and JF-103 are
given as absorbed fractions per unit mass (kg) of target organs, and are calculated for 6 selected
photon energies (0.02, 0.03, 0.05, 0.1, 0.5 and 1 MeV). The SAF $*® evaluated using the JM-60 and

JF-60 are also shown in the figures for comparison.
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Figure F-1 SAFs for source in thyroid and for target in (a) brain, (b) esophagus, (c¢) thymus,

(d) heart, (e) stomach and (f) skin.
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Figure F-2 SAFs for source in esophagus and for target in (a) lungs, (b) thymus, (¢) stomach,

(d) pancreas, (e) spleen and (f) small intestine.
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Figure F-3 SAFs for source in lungs and for target in (a) thyroid, (b) thymus, (¢) colon,
(d) adrenals, (e) kidneys and (f) small intestine.

_77_



JAEA-Data/Code 2011-013

1.0E+0 1 1.0E+0 1
(a) Esophagus (b) Lungs
1.0E-1
e | 48 @ éo
® é o % [
0 o 1-0E-2
& =] O
S, 1.0E-2 A e
g E 1.0E-3 A
A Vi
1.0E-3
0 4
®JM-103  OIM-60 HOE o ®M-103 OJM-60
AJF-103  AJF-60 AJF-103  AJF-60
1.0E-4 . . 1.0E-5 . ;
0.01 0.1 1 0.01 0.1 1
Photon energy (MeV) Photon energy (MeV)
LOE-1 9 (c) Liver (d) Stomach
a e 1.0E2 A ® Q
oe2{ @ Rap g A z A Z 128 R
~ ok ~
I I Y
o o
i) i)
< o3 O A —1.0E-3 1 )
< <
%! A o
] 1.0E4 A
1.0E-4 A
A ®JM-103  OJM-60 ®JM-103 OIM-60
AJF-103  AJF-60 AJF-103  AJF-60
1.0E-5 ; : 1.0E-5 : ;
0.01 0.1 1 0.01 0.1 1
Photon energy (MeV) Photon energy (MeV)
(e) Pancreas 1.0E2 1 (f) Colon
® o
1.0E2 1 © @ eoo e 0o & &0
@)
OA A A A arpr § 0 sl 8 Ao A AAA X
"o ) 8 ﬁ
2 1.0E3 A =
& % 1.0E4 - A
e  J %) A
1.0E-4 1055 | @
A ®JM-103  OJM-60 ®JM-103 OJM-60
AJF-103  AJF-60 AJF-103  AJF-60
1.0E-5 . : 1.0E-6 ; ;
0.01 0.1 1 0.01 0.1 1
Photon energy (MeV) Photon energy (MeV)

Figure F-4 SAFs for source in heart content and for target in (a) esophagus, (b) lungs, (c) liver,

(d) stomach, (e) pancreas and (f) colon.
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Figure F-5 SAFs for source in gall bladder content and for target in (a) esophagus, (b) lungs,

(c) heart, (d) liver,

(e) stomach and (f) colon.
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Figure F-6 SAFs for source in bladder content and for target in (a) liver, (b) stomach,

(c) pancreas, (d) colon, (e) kidneys and (f) small intestine.
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Appendix G Examples of organ doses against external photon exposures
in the JM-103, JM-60, JF-103 and JF-60 phantoms

In this appendix, examples of dose conversion coefficients against external photon exposures in
the JM-103 and JF-103 phantoms are shown in the figures. The dose conversion coefficients are given
as absorbed dose per unit air-kerma free-in-air, and are calculated for 8 incident photon energies (0.03,
0.06, 0.08, 0.1, 0.15, 0.5, 1.0 and 5.0 MeV) for six irradiation geometries (AP, PA, LLAT, RLAT,
ROT and ISO). The dose conversion coefficients®” by the JM-60 and JF-60 phantoms are also

presented in the figures for comparison.
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Figure G-1 Brain absorbed doses per unit air-kerma for six kinds of idealized
irradiation geometries. (a) AP, (b) PA, (c) RLAT, (d) LLAT, (e) ROT and (f) ISO.
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Figure G-2 Thyroid absorbed doses per unit air-kerma for six kinds of idealized

irradiation geometries. (a) AP, (b) PA, (c) RLAT, (d) LLAT, (e) ROT and (f) ISO.

_83_



Absorbed dose per unit air-kerma (Gy/Gy) Absorbed dose per unit air-kerma (Gy/Gy)

Absorbed dose per unit air-kerma (Gy/Gy)

S

o
L

] (a) AP

JAEA-Data/Code 2011-013

o2

2
Q RRmrpg o 0 OfR Ry

0.8 -
A}
0.6
0.4 A Q
0.2 1 ®JM-103 OJM-60
AJF-103  AJF-60
0 RN—2N O
jo'an -y T T 1
0.01 0.1 1 10
Photon energy (MeV)
1 -
(c) RLAT AA
A Aég o©
08 - A A o©
©]
AR O
0.6 a4 LA AA:OO.
Ae® o0 O°
0.4 A 1
@]
A
2] o ®IM103  OIM60
s AJF-103  AJF-60
0 A—BD
4X T T 1
0.01 0.1 1 10
Photon energy (MeV)
1 { () ROT
o5 | o 64558
A
@)
0.6 -
A
0.4 A o
02 6
®JM-103 OJM-60
od @ﬁ . AJ‘F-103 AJF-60 .
0.01 0.1 1 10
Photon energy (MeV)

Absorbed dose per unit air-kerma (Gy/Gy) Absorbed dose per unit air-kerma (Gy/Gy)

Absorbed dose per unit air-kerma (Gy/Gy)

0.8

0.6

04

0.2

0

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

(b) PA “
1 N L4 66 86800
O
i A
O
A
i (] ®JM-103 OJM-60
AJF-103  AJF-60
RN A
jo'ans T T 1
0.01 0.1 1 10
Photon energy (MeV)
(d) LLAT AAA
PN slee)
J A ~O
A (@]
¢}
ADLR O
| A NN Afo o®
A Qe @0 © o®
N®
)
A
1 © ®IM-103 OJM-60
3 AJF-103  AJF-60
PAY
X T T 1
0.01 0.1 1 10
Photon energy (MeV)
1 1so
@ 785688
A 80
| A: A A A A§ 6 o
[} AA
A °: 5 O% o
)
1 A
o
1 A
le)
) ®JM-103  OIM-60
AJF-103  AJF-60
N
N O T T d
0.01 0.1 1 10

Photon energy (MeV)

Figure G-3 Lung absorbed doses per unit air-kerma for six kinds of idealized

irradiation geometries. (a) AP, (b) PA, (c) RLAT, (d) LLAT, (¢) ROT and (f) ISO.
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Figure G-4 Liver absorbed doses per unit air-kerma for six kinds of idealized
irradiation geometries. (a) AP, (b) PA, (c) RLAT, (d) LLAT, (e) ROT and (f) ISO.
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Figure G-5 Stomach absorbed doses per unit air-kerma for six kinds of idealized irradiation
geometries. (a) AP, (b) PA, (c) RLAT, (d) LLAT, (e) ROT and (f) ISO.
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Figure G-6 Bladder absorbed doses per unit air-kerma for six kinds of idealized
irradiation geometries. (a) AP, (b) PA, (c) RLAT, (d) LLAT, (e) ROT and (f) ISO.

_87_



This is a blank page.




EBREALR (SI)

F 1. ST HEAHL # 2. FARWALZ VTR SN S ST HALOF] # 5. SI H:0HGE
e ST HAHAL S SI EAH AL _ B BEUHRE | i | B BRUERE | 5
P am [es — e e w* [ 2 ¥ [0t [F ] d
= s[x—r 4 m L ! o w0 e x| oz | 102 |y A e
" 1% BSzig A — b m i s
H ¥ T4 kg WX, | A— bR - 10" [= 7 ¥| E 107 |3 Ul m
53 m ow s n b | A — SRR m/s’ 10° [~ ¥ P 10° [vA7m| p
& w7 v <7l A i3 HlmA— v m’ 1027 7 T | 10° |5 /| =n
BmAERE S v E ] K WL, WREEXRST ARG A— M| kgm® 100 | # o |12l = p
BB = | mol HoOB E EFe/IAETlA— | kem® 108 |2 # M | 10 |7=sk f
bia il v 7 5| ed e % B3y A= brf®a s b | mike 100 [ = k | w0®[r K a
B W B ETATEPEA-MV Am 102 |~2 K h | 107 |8 7 K 2
W R oo B I|TUXTHEA— MV A/m 0 |= S 0% |2 ¢
B EY, B EleAmA— by mol/m? 2 il
"R ¥ ExarsmsiEi— i | kgm®
i | F IR A= | edim? .
o o o i #6. SICEEZRVA, SIE RSB HifE
oE B ok Y GrFo) 1 1 45 ) ST Hifiziz L % i
(a) 2 (amount concentration) (TERIAAL D7 EF Tl ETR L Gy min |1 min=60s
(substance concentration) & & LiFh 5, - P
®) nb Tekin B UVEKIE 1 & bORTHHMN, TOTE & b [1h =60 min=3600 s
B FT WA T B FO 1 IRiEE 3R L7, ] d |1d=24h=86400s
i > |1°=(/180) rad
3. [T D4 B & LT SN D STHL I - ©|i=wis0ra
SIHLS 53 1'=(1/60)°=(11/10800) rad
$ANT B e g MOSIEALIC L 5 | STEARALC L 5 » ” |17=(1/60)=(n/648000) rad
i #L) #LH ~7 B = ha |1ha=1hm?®=10'm?
e ?; 2 So7 P o ™4 EZ) m/m Uy b L, 1 [1L=11=1dm’=10%m*=10"*m?
ST AT TIT ¢ 1 53 —10"
Al W oy (9 He g b t [16=10"kg
7 Sa=|p¥ N mkg s?
E 5 , S| A Y2 Pa N/m?* m’ kg s?
T RAX—, ftH, ARV J Nm m’kg s KT, SICE SRV, SIEOFA S B BALT, SIHALT
HEE, TE. BNk W e kg o FEN D HIEA TR B OND O
B B & Er—nv C sA B %2 SI {7 TR I N5 5E
AL E (BIE) , K E AL v WIA m?’kg s?A? B T A A b eV [1eV=1.602 176 53(14)x107°J
%% & P ®B77o K F (A% m2kg!s A % v kb | Da |1Da=1.660 538 86(28)x10*'kg
& £ FiiS A —2 Q VIA m’kg s?A? R EREEAM u |1u=1Da
ERIN S A S DA 7S S ANV mZkg' s A? KX H ] ua [1ua=1.495 978 706 91(6)x10"'m
I3 H 7= — Wb Vs m’kg s?A?
23 R # i1 raba T Wh/m? kg s?A?
A4 v Xy F v X~ U— H Wh/A m?kg s2A?
L v oy 2 R EerswzEe| C K #8. SUTE 7w A3, STE P S22 Offhod Hifir
b/ F— R Im cd sr© cd Ei) A ST HfZ CH S 25 Hifil
i o fl)ﬁ /371 o Ix 1m/m* nfcd 2 — V| bar |1bar=0.1MPa=100kPa=10"Pa
TS R 0D J A RE 7L Bq s KEUEI U A — FblmmHg 1mmHg=133.322Pa
TR, b= x ¥ —0 5. |, . .
— Az Gy Jikg m?s? Arv 7 A brv—24 A [1A=0.1nm=100pm=10""m
AL RS 7| | g " ) i gl M |1M=1852m
My, mARRYR | v g e ~ = > b |1b=100fm’=(10"%cm)2=10"m?
i3 # i e[ & — kat s mol J 2 M kn |1kn=(1852/3600)m/s
() SIS A [EA D4 Pl & 5 % B M B L M A E T IR 5, L LBSHAES LI AT b 1550 * = 4 Np o
aE—L hTRAN, . STHANL & OBAEHI 22 BALR 1T,
®)F VT > ERT T VT VHEMED 1K B B ORRIZRAFT, ROV T oA S 2 B DI, ~ 2 SR D E IR
FEBRIE, AT SRHCITRE Srad X CsrV AV 5523, B L L THIZE(L L L TORES THHHFT0 1138 = v =< | daB
RERL,
@FHFETIIAT FTVT v VI AL i Fsr2 PLOE LT OHIC, TOEEHREL TS,
DY BEBEHRIC SN T DR, 7 LT HH ORI BRI SV T O A S5,
(/N T ABEI T N E Y DRRIZRATIT, AV AREEZRTOICERSND, BT REL S LEYD - g g
HROKE SR~ Thd, LEs->T, BIEECRENIEZTRIGEE S 5 OHA R LT bR L Th s, £9. Wif ”jﬁmm‘?ﬁ}ﬁfﬁﬂﬁ“ —_
ORSFHERZREDHUAHE (activity referred to a radionuclide) (%, LiE LiEif - 7= 7k Tradioactivity” & it S5, GEL AL SI HAL TR S %l
(QHAL S —~L b (PV,2002,70,205) (22 TiXCIPMAIE2 (CI-2002) %# &M, e v 7| erg |1 erg:10'7J
4 A | dyn |1 dyn=10°N
=X (VA Z LEEETe IRYA: XA ° ] 5
L £ S (St L # 7 x| P |1Pe1dynsem®0.1Pas
i — _ 2 A_qn4. 2 1
HELNL AR . e ST EABRIC L 5 Ak 7 A St |1St=lem®s'=10"m"s
. il #1LJ 2 F A 7| sb |1sb=lcdcm?=10%d m?
i A A I % Pas m'kgs’ 7 *+ M ph |1 ph=lcd srem™ 10%x
oo — A v KMMea—trx—tn Nm m?kg s 7 /U Gal |1 Gal =lcm s°=10%ms?
# i) i Sl=a2—hrmA—FL  |Nm kg s> ~ 7/ A U z )| Mx |1Mx=1Gcm?=10°Wb
1 W BT T R rad/s mm'sl=s? B 7 A G |1G=1Mxcem?=10"T
£ n i |7 T v mibEl rad/s? mm’s?=g? zazFy R | Oe |10es (10¥4m)A m™
gz +BR S 72 — 2 -3 =
it 5 B B BEL 9T ists= b i lger © 3 EADCGSIR & STCHIIK CE A, 55 [ & |
ARE, = he v —|Ya—rmrrEey JIK m?kg s2K! FEHISBIRE TS b O ThH B,
EK R, Ty ho B —|va—nmxonssamrrey [JikeK)  [m2s?K!
K = % A ¥ —|Ya—AEEFusIAa Jikg m®s?
#h & i H| o MEA— EZAEY (W/(mK)  |mkgs?K?! #10. SR S 72\ Z Ofth o> BAL OB
B T % L X —|Va—nmiHA— L |Jm® m’kgs? EAa Eviea SI HLAZLTH S5 HiE
E R 0 B S[EAMEA—bA Vim mkgs?® AT * = U —| Ci |1Ci=8.7x10"Bq
G i # BE| 7 —wa S A— RV |C/m® m”® sA L v + % | R |1R=258x10"C/kg
# i} B |7 —a L A— RV |Cm? m” sA S F| rad |1 rad=1cGy=102Gy
R EE, BRAEMI—urmEmEFA—Y (C/m? m?sA v 2 _ 102
i & |7 7T REgEA— LV F/m m™® kg’l st A2 . e ||il meml @10y
% [ #~Y—mA—bAr  |Hm  |mkgs?A? 77] TN 1;:1}222_110;9:0_15
£ L T X U F —|TVa—iEEL J/mol m*kg s mol _ }\1]/ BS A B \7_ ,m_ _ o _
E)VT Y b a B VAR Y 2= BEAES A E Y (I mol K) |m?kg s2K ! mol® 4 ART b v I‘il/;ﬁjj 7 ¢~ 200 me =20k
AR (XEE Oy 8) |7—ndrnssa Clkg kel oA k \ Jv| Torr |1 Torr = (101 325/760) Pa
7 I @ B |7 LA 155D Gyls m2s? Bo# K & JE[ atm |1 atm =101 325 Pa
T 5f 5 E\D Y MEATTVT Y |Wisr m*m*kg s’=m’kg s 2 om oy | cal [leal=41858) (T5C;H=Y ), 41868
b 7e it i JE|7 s M A= b2 7797 |Wim? st) |m?m? ke s=ke s (MM e Y —) 4.184d (MBE IR Y —)
B # Om M B EIZ—AEHA— L |kat/m® m® s mol I 7 = S 1p=1pm=10"m

(358, 20064E8ET)



ZOERIIESBEREERLTVEY



