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Abstract

Female and male adult human phantoms, called FASH (Female Adult meSH) and MASH (Male Adult
meSH), have been developed in the first part of this study using 3D animation software and
anatomical atlases to replace the image-based FAX06 and the MAX06 voxel phantoms. 3D modelling
methods allow for phantom development independent from medical images of patients, volunteers or
cadavers. The second part of this study investigates the dosimetric implications for organ and tissue
equivalent doses due to the anatomical differences between the new and the old phantoms. These
differences are mainly caused by the supine position of human bodies during scanning in order to
acquire digital images for voxel phantom development. Compared to an upright standing person, in
image-based voxel phantoms organs are often coronally shifted towards the head and sometimes the
sagittal diameter of the trunk is reduced by a gravitational change of the fat distribution. In addition,
volumes of adipose and muscle tissue shielding internal organs are sometimes too small, because
adaptation of organ volumes to ICRP-based organ masses often occurs at the expense of general soft
tissues, such as adipose, muscle or unspecified soft tissue. These effects have dosimetric
consequences, especially for partial body exposure, such as in X-ray diagnosis, but also for whole
body external exposure and for internal exposure. Using the EGSnrc Monte Carlo code, internal and
external exposure to photons and electrons has been simulated with both pairs of phantoms. The
results show differences between organ and tissue equivalent doses for the upright standing
FASH/MASH and the image-based supine FAX06/MAX06 phantoms of up to 80% for external
exposure and up to 100% for internal exposure. Similar differences were found for external exposure
between FASH /MASH and REGINA/REX, the reference voxel phantoms of the International
Commission on Radiological Protection. Comparison of effective doses for external photon exposure
showed good agreement between FASH/MASH and REGINA/REX, but large differences between
FASH/MASH and the mesh-based RPI_AM and the RP1_AF phantoms, developed at the Rensselaer
Polytechnic Institute (RPI).



1. Introduction

Computational phantom dosimetry began almost 60 years ago with a paper by W.S. Snyder (1950)
reporting neutron Monte Carlo calculations in a homogeneous, semi-infinite 30cm slab phantom
representing the human trunk. Since then, numerous radiation transport calculations have been
published, using various types of Monte Carlo codes for all kinds of particles, simulating many
different internal and external exposure scenarios and applying a variety of computational human
phantoms. From the early mathematical or stylized phantoms (Snyder et al 1978, Cristy 1980, Kramer
et al 1982), over the image-based or voxel phantoms (Zankl and Wittmann 2001, Xu et al 2000,
Kramer et al 2006a) to the hybrid phantoms (Lee et al 2007, Xu et al 2007) based on 3D modelling
software, this development was aimed at improving the anatomical representation of the human body
with every new type of phantom. For a complete overview on human phantom development the
reader is kindly asked to consult reviews such as the Handbook of Anatomical Models for Radiation
Dosimetry (Xu and Eckerman 2009).

For the time being, models designed by computer graphic software using polygon mesh
surfaces, independent from digital images of persons, represent the latest step in human phantom
development. Santos and Frére (2007a, b) constructed a mesh-based adult male phantom using box
modelling of primitives with Blender (2009) based on photographic images of a skeleton and on
anatomical atlases. Xu et al (2008), Zhang et al (2008a, b) and Na et al (2008) used surface mesh
models for organs downloaded from the internet to develop human phantoms, which eventually led to
the publication of the ICRP89-based male RPI_AM and female RPI_AF phantoms (Zhang et al 2009).
Zhang et al’s study includes also conversion coefficients for external exposure to photons. Having
been developed independently from medical images, these mesh-based phantoms represent
individuals with organ positions for standing posture.

Using MakeHuman (2009), Blender (2009), Binvox (Min 2009), ImageJ (2009), surface mesh
organ models, primitive 3D surfaces and anatomical atlases, Cassola et al (2009) have developed two
adult human phantoms, called FASH (Female Adult meSH) and MASH (Male Adult meSH), based on
average organ and tissue masses according to ICRP89 (ICRP 2002).

Whatever the level of anatomical realism of the phantom applied, in radiation protection the
results of dosimetric calculations are usually expressed as conversion coefficients (CCs), i.e. as ratios
between guantities of interest (such as organ and tissue equivalent dose, effective dose, etc.), and
measurable quantities (such as air kerma, kerma-area product, etc.), in order to be useful for the
assessment of organ and tissue equivalent doses. Among other things, CCs for radiation protection
can be found in reports of the International Commission on Radiological Protection (ICRP) (ICRP
1979,1996) or of the International Commission on Radiation Units and Measurements (ICRU) (ICRU
1998), which are still based on mathematical phantoms. Although the report on the ICRP reference
voxel phantoms REX and REGINA is still in press (ICRP 2009), CCs for the two phantoms have
already been published for external exposure to photons (Schlattl et al 2007).

2. The purpose of this study
The introduction of the two adult human phantoms FASH and MASH was divided into two parts:

The first part reported on the development of the anatomy based on freely available software
tools and anatomical atlases (Cassola et al 2009). The second part, which is the present study,
concerns dosimetric calculations for internal and external photon and electron exposure using the
upright standing, mesh-based FASH and MASH phantoms. CCs for organ and tissue equivalent
doses, as well as for effective doses, will be calculated and compared with corresponding data for the
predecessors, the image-based, supine voxel phantoms FAX06 and MAX06 (Kramer et al 2006a), to
investigate the dosimetric consequences of the anatomical differences between the two pairs of adult
phantoms and also to compare the results with data available for the REX and the REGINA voxel



phantoms (Schlattl et al 2007) and for the RPI_AM and the RPI_AF mesh-based phantoms (Zhang et
al 2009).

In the skeletons, dosimetry will be carried out based on uCT images of trabecular bone using
methods introduced earlier (Kramer et al 2006b, 2007, 2009a, b). However, because new bone
material became available, it is now possible to use uCT images of trabecular bone extracted from
five representative bone sites of one adult human skeleton, which makes scaling of trabecular bone
volume fractions unnecessary. In addition, improved segmentation of trabecular bone and marrow
cavities will be introduced.

3. Material and methods

3.1 The FASH and MASH phantoms

Using open source software, two adult human phantoms, called FASH and MASH, have been
developed based on polygon mesh surfaces (Cassola et al 2009). Instead of using images of scanned
individuals, anatomical atlases and Publication 89 published by the ICRP (ICRP 2002) provided
guidance for the design of organs and tissues. The development of the phantoms was necessary for
two reasons: First, changing the weight of a phantom, i.e. essentially the fat distribution, is difficult to
do on a voxel basis, but easy to do based on polygon mesh surfaces, for example. Second, with
respect to the FAX06 and the MAXO06 phantoms it was found that due to the supine position of the
individuals during scanning first, the locations of the following organs were too elevated for an
upright standing person: lungs, liver, stomach, small intestine (SI), colon, uterus, ovaries, urinary
bladder, prostate and second, by gravitation a part of the abdominal subcutaneous adipose tissue
moved laterally, thereby reducing the sagittal diameter especially in the trunk region, and adipose and
muscle volumes overlying internal organs were found to be to small caused by the process of organ
mass adaptation to ICRP-based data. Also, the SI was segmented in the abdomen of the FAX06 and
the MAX06 phantoms with wall and contents voxels randomly distributed throughout the SI volume,
because at the time it was not possible to segment the twists and turns of this walled organ. The tube

Figure 1. Surfaces: MASH polygon mesh, MASH voxelized, FASH polygon mesh and
FASH voxelized, from left to right.



of the colon showed discontinuities. The connection between stomach and SI was not defined. In the
skeleton, some cervical vertebrae were too thick; the pelvis was too small, especially for the female
phantom and a part of the lower ribs was not clearly defined. Finally, the body shapes of the MAX06
and the FAX06 phantoms were plump and parts of their faces, like ears, eyes, noses and lips were not
visible. When the list of corrections to be carried out in the FAX06 and the MAX06 phantoms
continued to grow, the decision was taken to develop new phantoms to avoid these limitations right
from the start instead of “meshing” the already existing voxel phantoms.

Figure 2. Organs: MASH polygon mesh, MASH voxelized, FASH polygon mesh and FASH

voxelized, from left to right (Cassola et al 2009).

Figures 1 and 2 show surfaces and organs of the MASH and the FASH phantoms as polygon
mesh models and as voxelized models, respectively. Voxelization is necessary, primarily because
currently the EGSnrc Monte Carlo code cannot be connected directly to polygon mesh phantoms, but
also because the use of uCT images of trabecular bone for skeletal dosimetry requests a voxelized
phantom. The inevitable reduction of the smoothness of surfaces depends on the voxel size chosen,
which is 1.2 mm x 1.2 mm x 1.2 mm for FASH and MASH, i.e. the same already used for the
MAXO06 and the FAX06 phantoms. Figures 1 and 2 show that this voxel size preserves the character
of anatomical surfaces very well. If not stated otherwise, from here on throughout the study always

the voxelized versions of the FASH and the MASH phantoms are used.

Table 1. Organs and tissues segmented in the voxelized FASH and the MASH phantoms.

Eyes Thymus Stomach wall Skin
Brain Spleen Small intestine wall Adipose
Spinal chord Tongue Colon wall Muscle
Breasts Nasal passage Prostate Skeleton*
Adrenals Mouth cavity Testes Soft tissue**
Lungs Pharynx Penis
Trachea Larynx Uterus
Heart wall Salivary glands Ovaries
Pancreas Oesophagus Lymphatic nodes
Liver Thyroid Urinary bladder wall
Kidneys Gallbladder wall

* Skeleton: Cortical bone, spongiosa, medullary yellow bone marrow, cartilage.
** Soft tissue: blood, blood vessels, connective tissue, muscular fascia, tendons, etc.



Organs and tissues of the FASH and the MASH phantoms are shown in table 1. The skeleton
is composed of 19 bone sites containing segmented cortical bone, medullary yellow bone marrow,
cartilage and spongiosa, which is trabecular bone filled with soft tissue. With respect to the organs
and tissues relevant for the calculation of the effective dose (ICRP 2007), table 1 mentions all of
them, except for the radiosensitive soft tissues located in the marrow cavities of spongiosa.

3.2 Red bone marrow and bone surface cells segmentation

The haematopoietic stem cells of the marrow, called “red bone marrow” (RBM), and the osteogenic
cells on the endosteal surfaces, called “bone surface cells” (BSC) or bone endosteum are both located
in the marrow cavities. The BSC represent the part of the marrow volume that is located within a
distance of 10 um from the surfaces of trabecular bone, of cortical bone neighbouring spongiosa and
of medullary cortical bone, while the RBM occupies a part of the remaining marrow volume given by
the cellularity factor (ICRP 1979, 1995). It was suggested that due to recent findings in radiobiology,
the thickness of the bone endosteum should be increased to 50 um (Bolch et al 2007), which
apparently will be adopted by the ICRP in an upcoming report on the computational reference
phantoms (ICRP 2009). Therefore, this study will consider both thicknesses for the bone endosteum.

Segmentation of RBM and BSC is a two-step process: First, the spongiosa voxels of the
FASH and the MASH skeletons have to be segmented into trabecular bone and marrow. After that,
RBM and yellow bone marrow (YBM) have to be segmented in the marrow cavities, while the BSC
have to be defined as sub-volumes having 10 or 50 um thickness in RBM or YBM voxels adjacent to
bone surfaces.

3.2.1 Segmentation of trabecular bone and marrow cavities

To segment spongiosa voxels into trabecular bone and marrow cavities, microstructure information of
human spongiosa is needed, preferably from various bone sites, to be introduced into the spongiosa
voxels of the FASH and the MASH skeletons. The microstructure information used for skeletal
dosimetry in the FASH and the MASH phantoms was based on uCT images of dry trabecular bone
extracted from the medial section of the frontal bone, from the first lumbar vertebra (L1), from the
medial section of the distal body of the sternum, between rib articular facets V and VI, from the iliac
crest of the left pelvic bone and from the centre of the femoral head. The skeleton, a donation to
medical science, came from an anatomical teaching collection. The subject was a female adult of 30
years, height of 1.49 m and unknown weight. The bone samples were scanned with a uCT scanner
Skyscan 1172 (Skyscan Corporation, 2630 Aartselaar, Belgium) with 80 kV (100 pA) at 60 um cubic
resolution at the Imaging Laboratory of the Department of Archaeology and Anthropology, University
of Bristol, Bristol, UK. Table 2 shows the dimensions of the uCT images received after scanning of
the bone samples, which were the sources for trabecular microstructure information used in this study.

Table 2. Dimensions of the uCT images
of the five scanned bone samples

Bone site Number of  Image size
images (pixel)

Frontal bone 271 388 x 388

Vertebra L1 534 992 x 992

Sternum 374 792 x 396

lliac crest 305 436 x 432

Femur 674 856 x 872




In earlier studies on skeletal dosimetry based on uCT images of spongiosa (Kramer et al
2006b, 2007, 2009b), segmentation of trabecular bone and marrow in the uCT images was achieved
using a histogram-based threshold function of the SCION software (SCION 2000). The problem is
that one does not know how exactly SCION is segmenting the images; it is like using a black box.
Therefore, a method for segmenting uCT images of spongiosa was developed based on the
publication by Gonzalez and Woods (2002) and applied to the uCT images mentioned in table 2. The
segmentation of trabecular bone and marrow cavities included the following steps in the spatial
domain:

» Non-linear 3D median filtration with kernel size 3x3x3 to remove noise.

> Application of grey-level linear transformation functions for contrast enhancement and

expansion of the 8-bit image to the interval [0,255].

» Boundary detection between the two media using a 3D Sobel filter based on first order

derivative.

» Segmentation between the two tissues using a threshold value of 128.

Figure 3d. Femur

3D representations of the segmented uCT images of the five bone samples are presented in
figures 3a to 3e. One can see that the amount and the structure of bone in the spongiosa varies
between different bones, and also within a specific bone, i.e. that the trabecular bone volume fraction
(TBVF) is not necessarily constant everywhere in the spongiosa volume of a particular bone.



3.2.2  Introducing the microstructure information into the spongiosa voxels

Skeletal dosimetry based on segmented uCT images of spongiosa has recently been introduced to
calculate RBM and BSC equivalent doses in human phantoms for external exposure to photons and
internal exposure to electrons (Kramer et al 2006b, 2007, 20094, b, Walters et al 2009). In order to use
the segmented uCT images for skeletal dosimetry, spongiosa voxels in the skeletons were replaced at
run time by so-called micro matrices, which have exactly the size of a spongiosa voxel and contain
the requested microstructure information, i.e. segmented trabecular bone and marrow micro voxels. A
cluster (= parallelepiped) of 2x2x2 = 8 micro matrices was used systematically and periodically
throughout the spongiosa volume during the radiation transport calculation. Systematic means that
when a particle leaves a spongiosa voxel to enter into a neighbouring spongiosa voxel, then the next
micro matrix in the cluster will be used. Periodical means that if the particle travels through more than
two neighbouring spongiosa voxels, the cluster will be repeated. The results have shown that a cluster
with 2x2x2 = 8 micro matrices is sufficient to simulate adequately the trabecular microstructure in the
spongiosa voxels of the FAX06 and the MAXO06 skeletons. The technique was called the 8 SP cluster
method, with ‘8’ and ‘SP’ being acronyms for ‘eight micro matrices’ and for ‘systematic-periodic’,
respectively. Accordingly, clusters with 8 micro matrices were extracted from the five images
mentioned in table 2 and shown in figures 3a to 3e. Because of the variations of the TBVF across the
spongiosa volume, care was taken to extract clusters with a TBVF close to the TBVF data found in
ICRP70 (ICRP 1995). Table 3 presents the TBVFs of the clusters together with the data found in
ICRP70, as well as the differences between them. Parietal and frontal bone are neighbouring bones of
the skull; ribs and sternum are neighbouring bones in the ribcage.

In this study, clusters extracted from the bone sites mentioned in table 3 were used for the
following bones: frontal bone for skull and mandible, vertebra L1 for spine and sacrum, sternum for
sternum, ribs, clavicles and scapulae, iliac crest for pelvis and femur for arm and leg bones. It is
assumed that with clusters of micro matrices extracted from these five bone sites spongiosa in the
human skeleton is adequately represented for the purposes of radiation protection.

Table 3. Trabecular bone volume fractions (TBVF) for male and
female adults given by ICRP70 (ICRP 1995) and for the 2x2x2
clusters used in this study.

ICRP70 ICRP70 This study This study | Difference
Bone site TBVF Bone site TBVF TBVF
% % %

Parietal bone 55.4 Frontal bone 51.6 -3.8
Vertebrae 11.9 Vertebra L1 11.3 -0.6
Rib 10.4 Sternum 11.4 1.0
Iliac crest 19.9 Iliac crest 21.2 1.3
Femur 14.8 Femur 15.2 0.4

3.2.3 Segmentation of RBM and BSC at runtime

Having micro matrices with segmented trabecular bone and marrow cavities, the next step is to
segment RBM and BSC. RBM shares the space of the marrow cavities with YBM and in addition,
every 60 um cubic marrow voxel adjacent to bone contains a 10 or 50 um thick portion of BSC. The
amount of RBM in the marrow is given by the cellularity factor (ICRP 1995), which represents the
volume fraction of RBM in the marrow and which depends on age, even for adults. It seems obvious
to segment RBM and YBM in the cavities of the micro matrices, particularly because with a cubic
size of 60 um the YBM micro voxels happen to match approximately the size of the 57 um
adipocytes (= fat cells) observed by Bolch et al (2002). However, segmentation between RBM and
YBM would have to be repeated whenever the cellularity factor changed, which could, for example,



happen as a function of adult age or in patient-specific skeletal dosimetry. Also, as segmentation of a
10 or 50 um BSC layer in 60 um marrow voxels is not possible, an alternative solution for the last
step of RBM and BSC segmentation had to be found.

In order to use the same uCT images segmented into trabecular bone and marrow cavities
independently from actual cellularity factors, BSC layer thickness and voxel resolutions, it was
decided to undertake the RBM and the BSC segmentation at runtime. In other words, the last step of
segmentation does not happen in the external micro matrices, but in the internal micro matrices
created by the Monte Carlo code in the computer’s RAM at runtime. After reading the clusters for the
five representative bone sites, the Monte Carlo code first segments RBM and YBM micro voxels in
the bone marrow, taking into account that adipocytes appear mostly in groups of three fat cells (Bolch
et al 2002) and cellularity factors for 40 year old adults, based on ICRP70 (ICRP 1995), which are
0.38 for skull and mandible, 0.6 for ribcage, 0.7 for spine and sacrum, 0.48 for pelvis and 0.25 for arm
and leg bones. Then, an algorithm defines a 10 or 50 um BSC layer in all segmented RBM and YBM
micro voxels adjacent to trabecular bone surfaces, to cortical bone surfaces neighbouring spongiosa
and to medullary cortical bone surfaces and calculates RBM and BSC volumes for all 19 bone sites.
Finally, appropriate algorithms ensure that radiation energy losses are deposited in RBM micro voxels
and in the BSC-part of RBM and YBM micro voxels adjacent to bone (Kramer et al 2007b, 20094, b).
The masses of the RBM and the BSC for 10 and 50 um BSC layer thickness in the FASH and the
MASH skeletons as determined by the 8 SP cluster method plus the RBM and BSC segmentation at
runtime are shown in table 4 together with corresponding data found in ICRP documents for adults.

Table 4. Adult skeletal soft tissue masses according to ICRP30
(ICRP 1979) and ICRP89 (ICRP 2002) and in the phantoms
FASH and MASH. The data are given for the two BSC layer
thicknesses of 10 and 50 pum.

ICRP female ICRP male  FASH MASH

9 9 9 9
RBM 10 900 1170 864.2 1104.7
BSC 10 120 94.1 124.4
RBM 50 768.5 981.6
BSC 50 354.3 467.4

3.3 Monte Carlo calculations

Using the EGSnrc Monte Carlo code (Kawrakow 2000a, b, Kawrakow and Rogers 2003), dosimetric
calculations were carried out with the FASH, the MASH, the FAX06 and the MAX06 phantoms for
external exposure to photons and for internal exposure to photons and electrons. Whole-body external
exposure was simulated for anterior-posterior (AP) incidence of the radiation and for rotational (ROT)
incidence, which corresponds to a full rotation of the human body around its vertical axis in a
unidirectional field. According to ICRU57 (ICRU 1996), AP and ROT incidences are the most
important whole-body exposure geometries in radiological protection. Gamma and beta emitters
homogeneously distributed in the contents of the SI were selected as an example for internal exposure
to photons and electrons. The photon cut-off energy was 2 keV in all tissues, while the electron cut-
off energy was 20 keV in all tissues outside the skeleton for external exposure and 5 keV for internal
exposure. In skeletal tissues the electron cut-off energy was always 5 keV. Numbers of incident or
emitted particles were chosen to keep statistical errors generally below 1% for organ and tissue
equivalent doses. This was not always possible for small organs and /or very low particle energies. If
greater than 1%, additional information about statistical errors is given in the sections presenting the
results. Organ and tissue equivalent doses for external exposure to photons were normalized to air
kerma and are presented as CCs as function of the incident photon energy. For internal exposure,



results will be shown as organ and tissue absorbed energy fractions. The tissue densities and
compositions were the same as those already used for the older phantoms (Kramer et al 2006a). They
are based on data given in ICRU44 (1989) and ICRU46 (1992).

4. Results
4.1 External exposure to photons

Representative of the results for all organs and tissues in the FASH and the MASH phantoms, this
section shows CCs for one organ and one tissue for each phantom for AP incidence, as well as for the
effective dose for AP and ROT incidence. Complete sets of tabulated CCs can be found in the
appendix.

4.1.1 Urinary bladder wall and RBM (FASH phantom)

Figure 4 shows CCs between equivalent doses for the urinary bladder wall and air kerma for
the FAXO06, the FASH and the REGINA phantoms for AP incidence and as a function of the incident
photon energy. Compared to the FAX06 phantom, the FASH bladder wall equivalent dose is
significantly smaller for almost the whole range of photon energies. The reason for this is the coronal
shift of the bladder in the FAX06 phantom caused by the supine position of the scanned female, who
provided the images for this phantom. If a person is standing, the urinary bladder is located partly
behind the pubis, a bone of the pelvis, with the effect that for AP radiation incidence more than 50%
of the bladder volume is shielded by bone. Figures 5a and 5b show the centre slices of the bladders in
the FASH and the FAX06 phantoms, respectively. In front of the FAX06 bladder one finds only
muscle, fat and soft tissue, but no bone, while the image for the FASH phantom shows a bone (pubis)
right in front of the bladder. Shielding by the pubis, and also the presence of a thicker frontal layer of
muscle and adipose tissue explain why the FASH bladder wall CC is smaller than the FAX06 bladder
wall CC by 80%, 60%, 40%, 20% for incident photon energies of 20, 30, 40 and 70 keV. Above 70
keV up to 10 MeV this difference does not exceed 10-15%.
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Figure 4. Bladder wall equivalent dose per air kerma for the FAX06, the FASH and the REGINA
phantoms for AP incidence of monoenergetic photons as a function of the photon energy.



Figure 5a. Centre slice of the urinary bladder  Figure 5b. Centre slice of the urinary bladder
in the FASH voxelized phantom. in the FAX06 phantom

The bladder wall equivalent dose of the REGINA phantom (Schlattl et al 2007), also shown in figure
4, is even greater than the FAXO06 bladder equivalent dose. The differences between the FASH and
the REGINA bladder wall CCs are 80%, 40%, 23% and 16% at 30, 50, 100 and 500 keV. This could
mean that no shielding by bone occurs in front of the bladder in the REGINA phantom, and/or that the
REGINA bladder is probably located also much closer to the phantom’s surface. This assumption iS
also supported by the fact that the REGINA bladder CC for AP incidence is one of the greatest among
all organ and tissue CCs, only superseded by the CC for the thyroid.
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Figure 6. RBM equivalent dose per air kerma for the FAX06, the FASH and the REGINA phantoms
for AP incidence of mono-energetic photons as a function of the photon energy.

The CCs for the FASH phantom are shown for the two BSC layer thicknesses of 10 and 50 um.
Additionally the brain CC for the FASH phantom is included in the figure.

Of all organs and tissues of the human body, the RBM is one among the most protected
radiosensitive soft tissues. Apart from neighbouring organs and soft tissues, like adipose and muscle,
the RBM is additionally shielded by a layer of cortical bone and by trabecular bone surrounding the
marrow cavities. Taking these factors into account, RBM equivalent doses in the four voxel phantoms
were determined using the 8 SP cluster method described above. Figure 6 shows RBM equivalent
doses for external frontal whole body exposure as a function of the incident photon energy for the
FAXO06 and the FASH phantoms. In the calculations, 10 um were used for the BSC layer thickness for
the FAX06 and the FASH phantoms and additionally 50 pum for the FASH phantom. The results show
that the FASH RBM equivalent dose is greater than the FAX06 RBM equivalent dose by 20% at
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15keV, 10% at 30 keV, 5% at 60 keV and less than 1% above 150 keV because in some bones of the
FAXO06 skeleton the cortical bone shell was slightly thicker. A BSC layer thickness of 50 um causes a
decrease of the FASH RBM equivalent dose by up to 3.8% seen at 70 keV. Similar results for the
RBM equivalent dose were also found for the MAX06 and the MASH phantoms.

Figure 6 also shows the RBM equivalent dose for the REGINA phantom, which is
significantly greater than all the RBM CCs discussed above. Compared to the REGINA RBM CC, the
FASH RBM CC is 80%, 37%, 24% and 12% smaller at energies of 15, 50, 100 and 500 keV,
respectively. Schlattl et al (2007) applied a three correction factor (3CF) method after Zankl et al
(2002) to the spongiosa voxels of the REGINA phantom. Here, spongiosa is considered to be a
homogeneous mixture of marrow and bone. Energy deposited by a photon in a spongiosa voxel is
multiplied by the three correction factors, which are the RBM mass fraction, the ratio between the
mass-energy absorption coefficients for RBM and the spongiosa mixture and the King-Spiers factor
for the dose enhancement in marrow cavities from photoelectrons released in trabecular bone. The
cortical bone shell was partly not segmented in the bones of the REGINA skeleton (Zankl et al 2007),
which reduces the shielding effect for the marrow in the spongiosa and consequently leads to elevated
RBM equivalent doses. The King-Spiers factors were developed based on photons incident on the
outer cortical bone shell of vertebrae (King and Spiers 1985), i.e. when applied to the photon energy
in the spongiosa this may also lead to elevated RBM equivalent doses.

Other uCT-based RBM equivalent dose data for external photon exposure are the fluence-to-
dose response (FDR) functions by Eckerman et al (2007), for example; however, those are currently
not available as tables. Apart from the RBM and the BSC, the human brain is also shielded by bone,
and therefore this organ is experiencing a shielding environment similar to that of the skeletal soft
tissues. The brain is shielded by two layers of cortical bone with a spongiosa layer between them.
Figure 6 also shows the CC for the brain of the FASH phantom, which is much closer to the RBM
equivalent dose CCs for the FAX06 and the FASH phantoms than to that of the REGINA phantom,
which supports the RBM equivalent doses produced by the 8 SP cluster method.

4.1.2 Lungs and BSC (MASH phantom)

1.5

Parallel beam AP
Lungs

)

=
w

Equivalent dose /air kerma {Sv/Gy)

0.0

0.01 0.1 Photon Energy (MeV) 1 "

‘ —o— MAX06 —m— MASH 3¢ REX ‘

Figure 7. Lungs equivalent dose per air kerma for the MAXO06, the MASH and the REX phantoms for
AP incidence of mono-energetic photons as a function of the photon energy.
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Figure 8a. Centre breast cross-section in the Figure 8b. Centre breast cross-section in the
MASH voxelized phantom MAX06 phantom

Apart from different organ locations caused by the ‘supine position effect’, old and new phantoms
differ also with respect to the thickness of the adipose and muscle layer covering some internal
organs. Figure 7 shows CCs between equivalent doses for the lungs and air kerma for the MAXO06, the
MASH and the REX phantoms for AP incidence and as a function of the incident photon energy. The
MASH CC is significantly smaller than the MAX06 CC because of a thicker layer of muscle and
adipose tissue shown in figures 8a and 8b, which demonstrates that modelling of the human anatomy
can have significant dosimetric consequences. If a voxel phantom should have organ and tissue
masses in agreement with ICRP89, organ volumes are enlarged or made smaller usually by
exchanging organ voxels with adjacent tissues, like adipose, muscle or unspecified soft tissue. If at the
same time the boundaries of the body, as given in the digital images, remain unchanged, it is possible
that the volume adjustment of organs may be achieved at the expense of the adjacent tissues, i.e. their
volumes could become too small in certain regions of the body. With mesh-based phantoms this
problem does not exist, because only after all the internal organs have been developed and fitted into
the skeleton, are muscle and adipose tissues added and the surface adjusted if necessary. The
reduction of lung equivalent dose in the MASH phantom is 88%, 22% and 15% at 20, 50 and 100
keV. Between 100 keV and 10 MeV this difference ranges between 10 and 15%. With respect to the
REX lung CC, these differences are 63%, 8% and 4% at the same energies.
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Figure 9. BSC equivalent dose per air kerma for the MAXO06, the MASH and the REX phantoms for
AP incidence of mono-energetic photons as a function of the photon energy. The CCs for the MASH

phantom are shown for the two BSC layer thicknesses of 10 and 50 pum.
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Figure 9 shows CCs between equivalent doses for the BSC and air kerma for the MAX06, the
MASH and the REX phantoms for AP incidence and as a function of the incident photon energy.
Again, a BSC layer thickness of 10 um was used for the MAXO06 and the MASH phantoms and
additionally 50 um for the MASH phantom. The MASH CC is smaller than the MAX06 CC because
in the MASH phantom organs and tissues, and also the skeleton, are more shielded by overlying
muscle and adipose. The differences are smaller than 5% for incident photon energies above 60 keV,
while for lower energies the difference between the BSC CCs for the two phantoms can rise to 75% at
15 keV.

Being located next to the RBM in the marrow cavities, the BSC consequently experience the
same shielding environment. Nevertheless, over the whole range of incident photon energies, BSC
equivalent dose CCs shown in figure 9 are significantly greater than corresponding RBM equivalent
dose CCs, like those shown in figure 6. For 10 um BSC layer thickness, the BSC CC is more than
100% greater than the RBM CC in the region of the maximum, around 70 keV, for example. In order
to understand this remarkable phenomenon one has to track the secondary electrons with respect to
the tissues, where these electrons have been released by photon interactions.

Figure 10 shows on a logarithmic scale the “Total” BSC CC, already seen in figure 9 as
MASH_10, and separately the contributions to the BSC equivalent dose from electrons originating in
the marrow, the trabecular and the cortical bone and in tissues located outside the skeleton. Marrow
electrons are the major contributor to the BSC equivalent dose up to 20 keV. Then, secondary
electrons released in trabecular bone dominate energy depositions in the 10 um BSC layer up to 100
keV, where the contributions from trabecular and marrow electrons become equal again. For higher
photon energies, the marrow electrons remain the dominant contributor to the BSC equivalent dose.
For the MASH phantom, the marrow component of the BSC equivalent dose agrees with the RBM
equivalent dose within 15%, i.e. that the significantly greater equivalent dose in the BSC layer is
caused by photoelectrons released in trabecular bone entering the marrow cavities.

1.0E+01 ¢
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BSC equivalent dosefair kerma (Sv/Gy)
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Parallel beam AP
Bone surface cells
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Figure 10. Total BSC equivalent dose per air kerma for the MASH phantom for AP incidence of
mono-energetic photons as a function of the photon energy and for 10 um BSC layer thickness.
Additionally the contributions from electrons released in marrow, in trabecular bone, in cortical bone
and in soft tissues located outside the skeleton are shown.
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The greatest difference between the trabecular and the marrow contribution was found at 40
keV, where the BSC equivalent dose caused by trabecular photoelectrons supersedes the BSC
equivalent dose caused by marrow electrons by a factor of 2.3. At the maximum of the total curve at
70 keV, the trabecular component is still 60% greater than the marrow component.

Because of the limited range of electrons with energies below 100 keV in soft tissue, the flux
of trabecular photoelectrons into the marrow cavities has a significant effect only in the 10 um layer
adjacent to the bone surface, and not in the remaining volume of the marrow cavities with diameters
of hundreds of um. Figure 9 shows that the increase of the BSC layer thickness to 50 um leads to a
decrease of the BSC equivalent dose; however, the equivalent dose enhancement effect remains
visible. This decrease occurs because energy depositions by electrons per unit length rapidly decrease
as a function of the distance travelled in the marrow. The BSC equivalent dose enhancement is a low
energy phenomenon because it is based on photoelectrons released in bone, which enter the marrow
cavities. As the production of secondary Compton electrons does not depend on the material density
like the photo-electric effect, the enhancement of the BSC equivalent dose disappears with increasing
photon energy when the photo-electric effect becomes negligible.

Figure 9 also shows the BSC equivalent dose for the REX phantom, which actually represents

the average equivalent dose to the spongiosa, because Schlattl et al (2007) did not use a specific
method to calculate the equivalent dose to a 10 or 50 um layer of the BSC.

4.1.3 Effective dose
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Figure 11. Effective dose per air kerma for the FAX06/MAX06, the FASH/MASH, the REGINA-
REX and the RPI_AM_AF phantoms for AP incidence of mono-energetic photons as a function of the
photon energy.

Figure 11 presents effective doses per air kerma E06_10 and E_MESH_10, calculated with
the adult phantoms FAX06/MAX06 and FASH/MASH, respectively, with 10 um BSC layer thickness
for AP incidence of a broad parallel beam of photons as function of the incident photon energy.
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E_MESH_50 is the effective dose for the FASH/MASH phantoms calculated with 50 um BSC layer
thickness, REGINA-REX represents the effective dose for the ICRP reference phantoms (Schlattl et al
2007) and RPI_AM_AF the effective dose for the RPI_AM and RPI_AF phantoms (Zhang et al
2009).

The ratio MESH / 06 shows that the effective dose CC for the FASH/MASH phantoms is
smaller than the effective dose CC of the FAX06/MAXO06 phantoms for almost all incident energies
because organs and tissues in the mesh-based phantoms are more shielded by muscle and adipose.
The differences are less than 5% for photon energies above 60 keV, while for lower energies this
difference can rise to 50% at 10 keV. Using 50 um for the BSC layer thickness has almost no effect
on the effective dose compared to its value for 10 um BSC layer thickness. The differences are
smaller than 1 % for all energies. The REGINA/REX effective dose agrees well with the FASH
IMASH effective dose up to 70 keV. For higher energies better agreement can be seen with the
FAX06/MAXO06 effective dose. Differences between E. MESH_10 and REGINA-REX never exceed
5% for all energies, except for 10 keV for which the difference is 23%. For most of the incident
photon energies, the RPI_AM_AF effective dose is significantly smaller than all other effective doses.
Differences are 60 — 15% between 30 and 100 keV and factors of 2.5 — 4.2 for lower energies. Above
100 keV differences between RPI_AM_AF and the other effective doses are 10-15%.

Figure 12 presents corresponding effective doses E06_10, E MESH_10, E_ MESH_50,
REGINA-REX and RPI_AM_AF for ROT incidence of a broad parallel beam of photons as function
of the incident photon energy. As for the phantoms FASH, MASH, FAX06 and MAXO06, again, the
differences between E06 and E_MESH_10 are less than 5% for energies above 60 keV, while for
lower energies this difference can raise to 40% at 10 keV. Up to 80 keV the REGINA-REX effective
dose shows values just between the data for E06 and E_ MESH. Between 80 and 500 keV agreement
with EO6 is better, while for higher energies the REGINA-REX effective dose is greater than E06 as
well as E_MESH. Differences between E_ MESH_10 and REGINA-REX never exceed 5% for all
energies, except for 10 keV for which the difference is 24%. Again, the RPI_AM_AF effective dose
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Figure 12. Effective dose per air kerma for the FAX06/MAX06, the FASH/MASH, the REGINA-
REX and the RPI_AM_AF phantoms for ROT incidence of mono-energetic photons as a function of
the photon energy.
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is smaller than all other effective doses, but now only for energies up to 80 keV and the differences
are smaller: 40 — 5% for energies between 30 and 100 keV and factors of 2.2 to 3.2 for lower
energies. Zhang et al (2009) also report CCs for the testes, the male RBM, the female breasts and the
ovaries. A comparison with FASH/MASH results given in the annex of this study for AP incidence
shows agreement within 5-10% for the testes and the male RBM for energies above 50 keV, but
differences of factors up to 8.6 at 15 keV for the female breasts and up to 1.75 at 30 keV for the
ovaries, both being organs which contribute with high tissue weighting factors to the effective dose. In
contrast to the RPI_AF phantom, but similar to the REGINA phantom, in the FASH phantom’s
breasts fat and glandular tissue are not separated, which causes greater breast equivalent doses for AP
incidence in the FASH phantom as compared to the RPI_AF phantom, whose breasts contain a
shielding of fat located around the glandular tissue. Female breast equivalent doses for FASH and
REGINA agree within a margin of 5% for photon energies above 15 keV and AP incidence. FASH
and RPI_AF ovaries are located at similar distances from the frontal surface. Therefore, differences
between corresponding ovary equivalent doses cannot be explained for the time being. As for the
explanation of the effective dose differences one would have to compare additionally all other organ
and tissue CCs for all phantoms, because differences between breast equivalent doses alone cannot
explain the effective dose differences found.

4.2 Internal exposure

In the FAX06 and the MAX06 phantoms, the SI was represented in the abdomen by a volume with
randomly distributed wall and contents voxels, because it was too complicated to segment wall and
contents with all its characteristic twists and turns on a voxel basis. In the FASH and MASH
phantoms this problem was resolved by using polygon mesh surfaces and it is now interesting to find
out what the dosimetric implications of this anatomical improvement could be.

Figures 13a and 13b show frontal views of the colon and the S, while figures 14a and 14b
present cross-sections through the lower abdomen for the FASH and the FAX06 phantoms,
respectively. The improvements of the anatomical representation of the Sl, and also of the colon, in
the FASH phantom are obvious. The FASH Sl has a wall thickness of 0.6 cm and the diameter of the
contents is 1.0 cm. In the SI wall, absorbed energy fractions (AFs) were calculated for mono-
energetic gamma and beta emitting radionuclides with energies between 10 keV and 4 MeV,
homogeneously distributed in the contents of the SI. The source particles were emitted isotropically.
The cut-off energies were 2 keV for photons and 5 keV for electrons.

Figure 13a. FASH voxelized: Frontal Figure 13b. FAXO06: Frontal
view of abdominal organs view of abdominal organs
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Small intestine wall

content

Figure 14a. FASH voxelized: Cross-section of ~ Figure 14b. FAXO06: Cross-section of
lower abdomen lower abdomen

Figure 15 shows AFs for the SI wall of the FAX06 and the FASH phantoms, when a photon
emitter is homogeneously distributed in the SI content. At 10 keV, the FASH AF is only 0.19, because
with a mean free path-length of 0.13 cm in soft tissue, 10 keV photons emitted in the 1 cm-thick
volume of the contents are easily absorbed still in that volume. The maximum of the AF is 0.4 and
occurs at almost 20 kev emitted photon energy. For 20 keV, the mean free path-length of photons is
0.84 cm in soft tissue, which gives them a greater chance to interact and consequently make energy
depositions in the 0.6 cm-thick SI wall. For energies above 20 keV, photons emitted in the contents
increasingly make interactions beyond the walls of the Sl, which causes the AF to decrease. Only
10% of the emitted energy is absorbed in the SI wall at 70 keV and at 4 MeV this fraction has reached
4.2%. With a value of 0.3 at 10 keV, the FAX06 AF is almost 60% greater, because the random
distribution of wall and contents voxels implies that a photon starting from a contents voxel will reach
a neighbouring wall voxel after travelling 0.12 cm, which is the size of the cubic voxels of the
phantom. The maximum of the FAX06 AF occurs also at almost 20 keV, but afterwards, with
increasing energy, the decrease is stronger than for the FASH AF. For energies above 30 keV, the
FASH AF in the SI wall is on average 15% greater than the FAX06 AF.

10.0

Source region: Sl content
Target tissue: Sl wall

Absorbedenergy fraction

0.0

Photon Energy (MeV)

| o FAX06 —— FASH —— FASH /06

Figure 15. Absorbed energy fractions (AFs) in the Sl of the FASH and the FAX06 phantoms for
photons emitted isotropically in the contents of the Sl as function of the emitted photon energy.
FASH / 06 represents the ratio between the two AFs.
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Figure 16 shows the same exposure scenario for an electron emitter; however, here the FASH AF is
smaller than the FAX06 AF by 50% for emitted energies up to 1 MeV and only at 4 MeV do the two
AFs become almost equal. The ranges of electrons in soft tissue are 2.5 um at 10 keV, 0.18 cm at 500
keV and 0.98 cm at 2 MeV. This explains first of all, why for both phantoms the initial electron AFs
at 10 keV have values by three orders of magnitude smaller than the initial photon AFs shown in
figure 15. In addition these ranges also explain the high value of 50% difference between the two
AFs, because while many electrons starting in the coherent contents of the FASH Sl are absorbed still
in the content, electrons starting in randomly distributed contents voxels of the FAX06 Sl have to
travel only a small distance to enter a neighbouring wall voxel. In other words, the argument made
above for the FAX06 photon AF at 10 keV applies here again, but now for all energies up to 1 MeV.
Thus, for electrons emitted in the contents of the Sl, the model used in the FAX06 phantom
overestimated the SI wall AF by 100%.
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Figure 16. Absorbed energy fractions (AFs) in the Sl of the FASH and the FAX06 phantoms for
electrons emitted isotropically in the contents of the Sl as function of the emitted electron energy.
FASH / 06 represents the ratio between the two AFs.

5. Conclusion

In the first part of this study, adult human phantoms have been introduced based on polygon mesh
surfaces using software tools developed in the area of computer graphics and animated film. Instead
of using digital images of patients, volunteers or cadavers usually scanned in a supine position, this
method applies anatomical atlases to the process of building the human body and its organs in
standing posture.

The second part of this paper, the study presented here, investigated the dosimetric
consequences of the anatomical differences between the adult mesh-based phantoms FASH and
MASH and their predecessors, the image-based adult voxel phantoms FAX06 and MAXO06. For this
purpose, Monte Carlo simulations were carried out with the four phantoms for external and internal
exposure to photons and electrons. Taking advantage of the introduction of the mesh-based phantoms,
FASH and MASH were “equipped” with one of the most advanced techniques for skeletal dosimetry.
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The comparison between the mesh-based and the image-based anatomies was made in terms
of organ equivalent dose, simulating occupational exposure scenarios for external photon irradiation
and internal exposure to photons and electrons in the contents of the SI. Some results were also
compared with corresponding data for REGINA and REX, the ICRP adult reference phantoms and
with the RPI_AM and RPI_AF phantoms. The results have shown that when the image-based, supine
FAX06 and MAXO06 phantoms were replaced by the upright standing FASH and MASH phantoms,
organ equivalent doses differed for external exposure to photons by up to 80% for broad beam AP
irradiation. Differences of up to 50% for the effective dose for AP irradiation were observed and the
equivalent dose to the SI wall from electron emitters in the contents may vary by 100%. Similar
percentage differences were observed for external exposure when results for the FASH and the
MASH phantoms were compared with corresponding data for the REGINA and the REX phantoms.
Effective doses calculated with FASH/MASH and REGINA-REX agree for most energies and
geometries within 10%, whereas the RP1_AM_AF effective doses are smaller than the other two,
reaching differences of a factor of 4 for low photon energies and AP incidence. These differences
could partly be explained with anatomical differences between the phantoms considered.

The phantoms FASH and MASH were not developed to just correct anatomical shortcomings
of the FAX06 and the MAX06 phantoms. FASH and MASH are adult male and female phantoms
with average weight and average height, designed to be used as base phantoms for the development of
16 adult phantoms for each sex, covering 4 different weights and 4 different heights in both groups.
The modifications of weight and height are difficult to make based on voxels, but easy to make based
on polygon mesh surfaces, which explains why the FASH and the MASH phantoms have been
developed in the first place. The 32 phantoms will, for example, be used to calculate conversion
coefficients for radiographic examinations, in order to be applied to the CALDose_X software
(Kramer et al 2008). This would allow for patient-specific absorbed dose calculations for X-ray
diagnosis.
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APPENDIX

Table Al shows the organs and tissues T to be taken into account for the calculation of the effective
dose together with their tissue weighting factors according to ICRP103 (ICRP 2007). Effective doses
for whole body AP and ROT incidence, calculated with the FASH and the MASH phantoms, are
shown in table A2. In these calculations, equivalent doses Hr per air kerma K, were determined in all
organs and tissues T mentioned in table ALl. For the urinary bladder, the colon, the small intestine, the
stomach and the gall bladder, equivalent doses were determined for the walls. Tables A3 to A6
present CCs between equivalent doses Hr and air kerma K, for the 14 organs and tissues of the main
group with specific tissue weighting factors. Equivalent doses to all other organs and tissues are
included in the remainder equivalent dose. The statistical errors were smaller than 1% for most organ
and tissues equivalent doses for all photon energies and projections, with the following exceptions:
1.7% on average for bladder wall, oesophagus, salivary glands and testes; 2% on average for thyroid
and male breasts (ROT) and 2.5% on average for ovaries.
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Table Al. Weighting factors for organs and tissues T (ICRP 2007)

Bone marrow (red), Colon, Lung, Stomach, Breast, Remainder Tissues* 0.12

Gonads 0.08
Bladder, Oesophagus, Liver, Thyroid 0.04
Bone surface, Brain, Salivary glands, Skin 0.01

* Remainder tissues: Adrenals, Extrathorarcic region (ET), Gall bladder, Heart, Kidneys,
Lymphatic nodes, Muscle, Oral mucosa, Pancreas, Prostate, Small Intestine, Spleen, Thymus, Uterus

Table A2. Effective dose E per air kerma K, for external
exposure to photons for AP and ROT incidence with

10 and 50 um BSC layer thickness, calculated with

the FASH and the MASH phantoms

Photon AP 10 AP 50 ROT 10 ROT 50
Energie E/K, E/K, E/K, E/K,
(MeV) | (Sv/Gy) (8v/Gy) (8v/Gy) (Sv/Gy)
0.01 0.008 0.008 0.004 0.004
0.015 0.048 0.048 0.021 0.021
0.02 0.128 0.128 0.058 0.058
0.03 0.404 0.403 0.201 0.200
0.04 0.757 0.753 0.417 0.414
0.05 1.064 1.057 0.628 0.623
0.06 1.260 1.251 0.778 0.772
0.07 1.361 1.352 0.871 0.863
0.08 1.362 1.353 0.890 0.883
0.1 1.322 1.315 0.888 0.883
0.15 1.188 1.184 0.827 0.825
0.2 1.124 1.121 0.796 0.794
0.3 1.047 1.046 0.765 0.764
0.5 0.997 0.996 0.767 0.766
1.0 0.979 0.978 0.795 0.795
3.0 0.970 0.969 0.858 0.858
6.0 0.926 0.926 0.846 0.845
10.0 0.857 0.855 0.819 0.820
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FASH AP RBM 10 RBM 50 Colon Lung Stomach  Breast Remaind Ovaries Bladder  Oesoph Liver Thyroid BSC 10 BSC 50 Brain Saliv. Skin
Energy Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Ho/Ks Ho/Ks Ho/Ka Ho/Ka Ho/Ka Ho/Ka Ho/Ka
(MeV) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy)  (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy)
0.01 0.000 0.000 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.000 0.000 0.035 0.000 0.000 0.000 0.001 0.250
0.015 0.001 0.001 0.003 0.002 0.003 0.155 0.006 0.000 0.000 0.010 0.003 0.271 0.001 0.001 0.000 0.030 0.399
0.02 0.008 0.007 0.053 0.032 0.047 0.394 0.038 0.005 0.006 0.054 0.045 0.617 0.012 0.009 0.001 0.137 0.515
0.03 0.073 0.071 0.389 0.279 0.383 0.921 0.261 0.166 0.141 0.256 0.348 1.128 0.206 0.119 0.046 0.408 0.714
0.04 0.226 0.221 0.824 0.635 0.857 1.321 0.627 0.541 0.494 0.604 0.790 1.494 0.726 0.392 0.213 0.656 0.881
0.05 0.423 0.411 1.178 0.938 1.267 1.554 0.968 0.870 0.870 0.924 1.168 1.763 1.303 0.739 0.416 0.872 1.010
0.06 0.596 0.575 1.386 1.117 1.508 1.662 1.181 1.176 1.148 1.127 1.402 1.846 1.651 1.021 0.569 1.014 1.085
0.07 0.718 0.691 1.498 1.211 1.629 1.683 1.301 1.315 1.314 1.253 1.504 1.810 1.777 1.198 0.668 1.117 1.137
0.08 0.783 0.751 1.487 1.216 1.616 1.633 1.306 1.376 1.352 1.266 1.504 1.785 1.740 1.250 0.703 1.175 1.127
0.1 0.834 0.806 1.422 1.183 1.548 1.545 1.278 1.341 1.313 1.222 1.444 1.707 1.566 1.229 0.738 1.140 1.111
0.15 0.829 0.811 1.258 1.086 1.354 1.381 1.154 1.183 1.185 1.100 1.275 1.484 1.209 1.071 0.728 1.077 1.064
0.2 0.823 0.811 1.164 1.033 1.260 1.295 1.079 1.127 1.116 1.029 1.184 1.399 1.071 0.995 0.730 1.045 1.033
0.3 0.800 0.792 1.087 0.976 1.132 1.211 1.018 1.038 1.079 0.953 1.102 1.302 0.978 0.931 0.724 1.019 0.990
0.5 0.805 0.797 1.016 0.949 1.069 1.138 0.965 0.995 1.005 0.935 1.039 1.185 0.934 0.911 0.750 0.994 0.929
1.0 0.842 0.838 0.984 0.950 1.044 1.091 0.944 0.945 0.942 0.907 1.000 1.176 0.926 0.914 0.801 1.031 0.790
3.0 0.918 0.916 0.986 0.999 1.000 0.996 0.976 0.935 0.985 0.938 1.004 1.060 0.976 0.969 0.911 1.014 0.588
6.0 0.932 0.930 0.975 0.999 1.004 0.827 0.984 0.931 0.982 0.939 0.988 0.665 0.982 0.976 0.931 0.948 0.509
10.0 0.910 0.910 0.905 0.988 0.953 0.643 0.933 0.859 0.902 0.931 0.963 0.559 0.945 0.940 0.932 0.847 0.451

Table A3. Conversion coefficients between organ and tissue equivalent doses Hr and air kerma K, for external exposure of the FASH phantom
to photons for AP incidence with energies between 10 keV and 10 MeV. Equivalent doses to the red bone marrow (RBM) and the bone surface
cells (BSC) are given for 10 and 50 um BSC layer thicknesses.

24




FASH ROT RBM 10 RBM 50 Colon Lung Stomach Breast Remaind Ovaries Bladder  Oesoph Liver Thyroid BSC 10 BSC 50 Brain Saliv. Skin
Energy Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Ho/Ks Ho/Ks Ho/Ka Ho/Ka Ho/Ka Ho/Ka Ho/Ka
(MeV) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy)
0.01 0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.008 0.209
0.015 0.000 0.000 0.002 0.001 0.001 0.068 0.003 0.000 0.000 0.002 0.002 0.098 0.000 0.000 0.000 0.075 0.337
0.02 0.006 0.006 0.023 0.018 0.015 0.181 0.019 0.001 0.002 0.013 0.019 0.248 0.010 0.007 0.002 0.184 0.431
0.03 0.071 0.071 0.178 0.178 0.155 0.456 0.143 0.047 0.055 0.116 0.167 0.570 0.182 0.103 0.088 0.396 0.593
0.04 0.222 0.221 0.422 0.436 0.410 0.694 0.381 0.199 0.214 0.343 0.427 0.861 0.644 0.344 0.326 0.595 0.736
0.05 0.404 0.398 0.655 0.670 0.667 0.854 0.624 0.415 0.422 0.578 0.677 1.050 1.139 0.643 0.568 0.782 0.848
0.06 0.565 0.553 0.811 0.818 0.829 0.929 0.788 0.581 0.603 0.768 0.852 1.181 1.445 0.892 0.738 0.909 0.915
0.07 0.681 0.661 0.904 0.907 0.937 0.969 0.892 0.693 0.704 0.876 0.951 1.245 1.561 1.053 0.836 0.978 0.955
0.08 0.733 0.711 0.916 0.921 0.971 0.952 0.904 0.736 0.733 0.891 0.957 1.275 1.526 1.097 0.865 0.995 0.954
0.1 0.779 0.761 0.900 0.910 0.931 0.921 0.900 0.775 0.737 0.880 0.943 1.215 1.355 1.074 0.878 1.007 0.945
0.15 0.776 0.765 0.811 0.849 0.852 0.854 0.833 0.705 0.702 0.830 0.855 1.091 1.063 0.937 0.846 0.951 0.907
0.2 0.766 0.758 0.780 0.821 0.819 0.831 0.800 0.643 0.651 0.789 0.814 1.033 0.948 0.880 0.828 0.927 0.888
0.3 0.747 0.744 0.747 0.796 0.771 0.816 0.760 0.623 0.630 0.753 0.784 0.986 0.859 0.824 0.812 0.914 0.853
0.5 0.752 0.751 0.739 0.794 0.766 0.813 0.770 0.634 0.640 0.773 0.774 0.969 0.828 0.808 0.814 0.896 0.815
1.0 0.783 0.782 0.770 0.813 0.773 0.837 0.797 0.676 0.658 0.827 0.792 0.985 0.833 0.825 0.840 0.921 0.714
3.0 0.866 0.865 0.829 0.897 0.874 0.855 0.868 0.725 0.777 0.872 0.861 0.972 0.902 0.896 0.900 0.929 0.556
6.0 0.886 0.886 0.857 0.930 0.894 0.805 0.861 0.747 0.808 0.899 0.879 0.851 0.910 0.903 0.911 0.833 0.497
10.0 0.875 0.876 0.848 0.905 0.852 0.719 0.848 0.721 0.837 0.871 0.853 0.716 0.886 0.882 0.900 0.755 0.454

Table A4. Conversion coefficients between organ and tissue equivalent doses Hr and air kerma K, for external exposure of the FASH phantom
to photons for ROT incidence with energies between 10 keV and 10 MeV. Equivalent doses to the red bone marrow (RBM) and the bone surface

cells (BSC) are given for 10 and 50 um BSC layer thicknesses.
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MASH AP RBM 10 RBM 50 Colon Lung Stomach Breast Remaind Testes Bladder Oesoph Liver Thyroid BSC_10 BSC_50 Brain Saliv. Skin
Energy Hr/Ka Hr/Ka Hr/Ka Hr/Kq Hr/Kq Hr/Kq Hr/Kq Hr/Kq Hr/Kq Hr/Kq Hr/Ka Hr/Ka Hr/K, Hr/K, Hy/K, Hy/K, Hy/K,
(MeV) (sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy)
0.01 0.000 0.000 0.000 0.000 0.000 0.054 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.221
0.015 0.000 0.000 0.001 0.000 0.002 0.393 0.005 0.076 0.000 0.002 0.003 0.059 0.000 0.000 0.000 0.038 0.370
0.02 0.004 0.004 0.027 0.016 0.040 0.773 0.033 0.291 0.002 0.026 0.046 0.311 0.007 0.005 0.000 0.145 0.485
0.03 0.053 0.052 0.273 0.228 0.363 1.251 0.228 0.842 0.078 0.190 0.348 0.914 0.172 0.099 0.035 0.403 0.677
0.04 0.180 0.176 0.648 0.579 0.859 1.558 0.576 1.285 0.320 0.505 0.796 1.320 0.651 0.349 0.185 0.661 0.835
0.05 0.355 0.344 0.983 0.897 1.279 1.762 0.907 1.564 0.621 0.846 1.194 1.651 1.179 0.670 0.382 0.871 0.957
0.06 0.515 0.496 1.204 1.100 1.542 1.860 1.140 1.748 0.854 1.043 1.445 1.730 1.550 0.954 0.543 1.011 1.035
0.07 0.636 0.610 1.321 1.216 1.680 1.886 1.257 1.754 1.016 1.197 1.570 1.822 1.683 1.128 0.643 1.102 1.087
0.08 0.703 0.675 1.322 1.230 1.658 1.790 1.282 1.735 1.048 1.209 1.573 1.747 1.651 1.182 0.686 1.133 1.081
0.1 0.769 0.739 1.289 1.212 1.581 1.673 1.251 1.630 1.072 1.215 1.513 1.655 1.505 1.191 0.722 1.138 1.074
0.15 0.774 0.756 1.147 1.115 1.382 1.475 1.125 1.398 0.978 1.064 1.331 1.496 1.178 1.043 0.726 1.109 1.025
0.2 0.768 0.754 1.071 1.054 1.269 1.425 1.064 1.322 0.949 1.008 1.226 1.472 1.044 0.972 0.723 1.055 1.001
0.3 0.756 0.745 0.997 1.001 1.164 1.274 0.991 1.227 0.904 0.931 1.126 1.358 0.961 0.920 0.715 1.042 0.962
0.5 0.767 0.760 0.950 0.967 1.076 1.198 0.947 1.130 0.874 0.894 1.049 1.244 0.915 0.893 0.740 1.022 0.914
1.0 0.800 0.795 0.923 0.960 1.016 1.148 0.942 1.076 0.873 0.921 1.005 1.188 0.912 0.898 0.798 1.055 0.806
3.0 0.890 0.886 0.950 0.996 1.028 0.886 0.961 1.042 0.900 0.917 1.001 0.990 0.961 0.953 0.892 1.019 0.603
6.0 0.937 0.935 0.966 1.007 1.048 0.502 0.977 0.935 0.883 0.924 1.001 0.969 0.990 0.983 0.921 0.941 0.519
10.0 0.917 0.912 0.941 1.004 0.959 0.275 0.936 0.739 0.936 0.950 0.965 0.740 0.958 0.949 0.931 0.852 0.466

Table A5. Conversion coefficients between organ and tissue equivalent doses Hr and air kerma K, for external exposure of the MASH phantom
to photons for AP incidence with energies between 10 keV and 10 MeV. Equivalent doses to the red bone marrow (RBM) and the bone surface

cells (BSC) are given for 10 and 50 um BSC layer thicknesses.
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MASH ROT RBM 10 RBM 50 Colon Lung Stomach Breast Remaind Testes Bladder Oesoph Liver Thyroid BSC_10 BSC_50 Brain Saliv. Skin
Energy Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Hr/Ka Ho/Ks Ho/Ks Ho/Ka Ho/Ka Ho/Ka Ho/Ka Ho/Ka
(MeV) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (S5v/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy) (Sv/Gy)
0.01 0.000 0.000 0.000 0.000 0.000 0.014 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.193
0.015 0.000 0.000 0.001 0.000 0.000 0.133 0.003 0.051 0.000 0.000 0.001 0.020 0.000 0.000 0.000 0.072 0.329
0.02 0.003 0.003 0.012 0.006 0.012 0.295 0.017 0.167 0.001 0.006 0.015 0.119 0.006 0.005 0.001 0.176 0.427
0.03 0.051 0.050 0.126 0.109 0.132 0.560 0.122 0.459 0.035 0.080 0.138 0.434 0.151 0.085 0.065 0.377 0.588
0.04 0.176 0.175 0.340 0.325 0.365 0.738 0.336 0.702 0.169 0.269 0.367 0.753 0.562 0.300 0.284 0.574 0.724
0.05 0.343 0.337 0.561 0.551 0.595 0.864 0.557 0.862 0.363 0.503 0.606 1.006 1.038 0.591 0.536 0.752 0.832
0.06 0.494 0.481 0.734 0.712 0.776 0.935 0.734 0.976 0.504 0.702 0.776 1.130 1.348 0.833 0.710 0.874 0.901
0.07 0.611 0.593 0.828 0.813 0.872 1.002 0.832 1.009 0.632 0.787 0.870 1.190 1.476 0.990 0.823 0.967 0.946
0.08 0.671 0.651 0.853 0.839 0.881 0.968 0.863 1.022 0.668 0.823 0.901 1.226 1.447 1.042 0.856 1.008 0.944
0.1 0.728 0.707 0.847 0.841 0.891 0.926 0.864 1.021 0.699 0.837 0.890 1.203 1.325 1.045 0.879 0.997 0.941
0.15 0.747 0.734 0.789 0.793 0.807 0.880 0.810 0.930 0.683 0.772 0.814 1.062 1.055 0.932 0.849 0.959 0.909
0.2 0.732 0.725 0.749 0.764 0.767 0.866 0.770 0.875 0.646 0.736 0.771 1.033 0.948 0.867 0.825 0.947 0.889
0.3 0.716 0.712 0.718 0.747 0.730 0.807 0.746 0.837 0.633 0.715 0.735 1.010 0.849 0.814 0.816 0.911 0.858
0.5 0.725 0.723 0.719 0.747 0.728 0.831 0.747 0.876 0.646 0.719 0.729 0.962 0.823 0.802 0.819 0.905 0.824
1.0 0.764 0.764 0.746 0.782 0.758 0.887 0.771 0.874 0.707 0.752 0.754 0.967 0.831 0.819 0.844 0.902 0.741
3.0 0.854 0.853 0.818 0.862 0.831 0.834 0.836 0.870 0.755 0.815 0.841 1.012 0.895 0.889 0.914 0.900 0.570
6.0 0.888 0.889 0.854 0.902 0.836 0.679 0.854 0.801 0.830 0.855 0.854 0.891 0.918 0.911 0.923 0.833 0.504
10.0 0.884 0.883 0.842 0.898 0.842 0.597 0.852 0.719 0.836 0.901 0.846 0.802 0.898 0.893 0.906 0.742 0.458

Table A6. Conversion coefficients between organ and tissue equivalent doses Hr and air kerma K, for external exposure of the MASH phantom
to photons for ROT incidence with energies between 10 keV and 10 MeV. Equivalent doses to the red bone marrow (RBM) and the bone surface

cells (BSC) are given for 10 and 50 um BSC layer thicknesses.
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