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Development Procedure

1. Phantom conversion to mesh format

• Simple organs and tissues

• Complex organs and tissues

✓ Skeletal system

✓ Small intestine 

✓ Lymphatic nodes

✓ Eyes

✓ Blood in large vessels

✓ Muscle

2. Inclusion of blood in organs and tissues

3. Inclusion of thin target and source regions

• Skin 

• Alimentary tract system

• Respiratory tract system

• Urinary bladder
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Development Procedure – Part 1

1. Phantom conversion to mesh format

• Simple organs and tissues

• Complex organs and tissues

✓ Skeletal system

✓ Small intestine 

✓ Lymphatic nodes

✓ Eyes

✓ Blood in large vessels

✓ Muscle

2. Inclusion of blood in organs and tissues

3. Inclusion of thin target and source regions

• Skin 

• Alimentary tract system

• Respiratory tract system

• Urinary bladder



4

Simple Organs/Tissues
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Simple Organs/Tissues

• 3D-DOCTOR (Able Software Corp., USA)
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Simple Organs/Tissues

• 3D-DOCTOR (Able Software Corp., USA)

• Rapidform (INUS Technology, Korea)
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Simple Organs/Tissues – Large Intestine

• 3D-DOCTOR (Able Software Corp., USA)

• Rapidform (INUS Technology, Korea)

• Rhinoceros (Robert McNeel & Associates, USA)
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Simple Organs/Tissues – Conversion Criteria

▪ Dice index (DI)

✓ “Volume overlap fraction” 

✓ DI > 95% of maximum 

achievable Dice index (MADI)

▪ Centroid distance (CD) 

✓ Distance between the centroids 

of two objects in comparison

✓ CD ≤ 0.5 mm

A (voxel)

B (mesh)

𝐃𝐈 =
𝐀 ∩ 𝐁

(𝐀 + 𝐁)/𝟐
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Simple Organs/Tissues – Internal Organs/Tissues

Male Female

Voxel Mesh Voxel Mesh
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Simple Organs/Tissues - Skin

Female
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Skeletal System – Simple Bones

Decrease in 

number of facets

Conversion to 

polygon model

Increase in 

number of facets

Refinement and 

smoothness

Construction of 

inner structure and 

mass adjustment

Humeri

Ulnae

Clavicles

Femora

Tibiae

Mandible

Pelvis

Scapulae

Sacrum

Sternum

Cranium

Ribs

Spines

Feet

Hands



Correction – Sacrum (Female)

Female sacrum

Spongiosa

No cortical

Male sacrum

Spongiosa

cortical

Lower leg bones

Sacrum

Borrow cortical 

bone

Cortical bones
Male Female (original) Female (new)

Mass (g) fraction Mass (g) fraction Mass (g) fraction

Humeri 263.29 5.98% 214.81 6.71% 214.81 6.71%

Ulnae and radii 270.80 6.15% 155.15 4.85% 155.15 4.85%

Hands 179.74 4.08% 104.08 3.25% 104.08 3.25%

Clavicles 47.78 1.09% 32.50 1.02% 32.50 1.02%

Cranium 562.85 12.79% 403.60 12.61% 403.60 12.61%

Femora 555.76 12.63% 480.22 15.01% 480.22 15.01%

Tibiae, fibulae 

and patellae
531.35 12.08% 618.85 19.34% 539.41 16.86%

Feet 232.56 5.29% 171.75 5.37% 171.75 5.37%

Mandible 76.12 1.73% 44.94 1.40% 44.94 1.40%

Pelvis 398.62 9.06% 259.84 8.12% 259.84 8.12%

Ribs 365.15 8.30% 162.87 5.09% 162.87 5.09%

Scapulae 221.13 5.03% 120.45 3.76% 120.45 3.76%

Cervical spine 102.92 2.34% 70.88 2.22% 70.88 2.22%

Thoracic spine 286.58 6.51% 203.78 6.37% 203.78 6.37%

Lumbar spine 186.19 4.23% 154.62 4.83% 154.62 4.83%

Sacrum 109.23 2.48% 0.00 0.00% 79.44 2.48%

Sternum 9.89 0.22% 1.67 0.05% 1.67 0.05%
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Skeletal System – Spines

Voxel model High-quality mesh model

Adjustment

Male



14

Skeletal System – Hands and Feet

Male

Adjustment

Voxel model High-quality mesh model
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Correction - Toe-standing Feet (Female)

Rotation Normal standing feet

Toe-standing feet (female)
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Skeletal System – Male

Male
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Skeletal System – Female

Female
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Skeletal System (Voxel vs Mesh)

Female



19

Small Intestine

Voxel (male)

Viewed in Complete Anatomy

How?
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Small Intestine

1. Creation 

frame

Voxel (male)
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Small Intestine

1. Creation 

frame

2. Random 

generation of SI 

passages

Voxel (male)
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Small Intestine

1. Creation 

frame

2. Random 

generation of SI 

passages

Voxel (male)
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Small Intestine

1. Creation 

frame

2. Random 

generation of SI 

passages

3. Conversion 

to pipe model

Voxel (male)

Rhinoceros (Robert McNeel & 

Associates, Seattle, Wash)
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Small Intestine

1. Creation 

frame

2. Random 

generation of SI 

passages

4. Compare with 

original voxel 

model

3. Conversion 

to pipe model

Voxel (male)
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Small Intestine

1. Creation 

frame

2. Random 

generation of SI 

passages

4. Compare with 

original voxel 

model

Repetition

Generated 1000 small intestine (SI) models and selected the best model

considering both geometric and dosimetric similarities with the original 

voxel model.

3. Conversion 

to pipe model

Voxel (male)
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Small Intestine - Male

MeshVoxel

Male
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Small Intestine - Female

Female

MeshVoxel
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Lymphatic Nodes 

FemaleMale
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Lymphatic Nodes 

The reference masses of the lymph nodes adopted in 

ICRP Publication 133

▪ The lymphatic nodes were randomly generated in the mesh 

phantoms, following the procedure that was used for the 

construction of the ICRP pediatric voxel phantoms.
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Lymphatic Nodes – Male & Female

Male Female
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Eyes 

• The lenses of the eyes are directly exposed to air, which is 

anatomically incorrect, resulting in significant overestimation 

in lens dose calculation for weakly-penetrating radiations.

Eye models of ICRP-110 

male phantom

Lens

Directly 

exposed 

to air
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Eyes 

Behrens’ eye model (ICRP-116)

Construction of NURBS 

surface model

Conversion to 

polygon-mesh

Incorporation into 

polygon-mesh phantom
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Eyes - Male

Detailed 

eye model

Male
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Eyes - Female

Detailed 

eye model

Female
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Blood in Large Arteries & Veins

Voxel Mesh
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Muscle
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Development procedure – Part 2

1. Phantom conversion to mesh format

• Simple organs and tissues

• Complex organs and tissues

✓ Skeletal system

✓ Small intestine 

✓ Lymphatic nodes

✓ Eyes

✓ Blood in large vessels

✓ Muscle

2. Inclusion of blood in organs and tissues

3. Inclusion of thin target and source regions

• Skin 

• Alimentary tract system

• Respiratory tract system

• Urinary bladder
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ICRP-89 Reference Organ/Tissue Mass

• The organ/tissue masses of the ICRP-110 voxel phantoms are 

matched to the ICRP-89 reference values (assumed as inclusive of 

blood together with parenchyma tissue).
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ICRP-89 Reference Organ/Tissue Mass

• Finally, turned out that the ICRP-89 reference organ/tissue masses are 

NOT inclusive of blood (i.e., the organ/tissue masses of the ICRP-110 

voxel phantoms are underestimated).
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ICRP-89 Reference Organ/Tissue Mass

• However, turned out that the ICRP-89 reference organ/tissue masses

are NOT inclusive of blood (i.e., the organ/tissue masses of the ICRP-

110 voxel phantoms are underestimated).

• ICRP-133 SAFs (from the ICRP-110 voxel phantoms) 
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ICRP-89 Reference Organ/Tissue Mass

• However, turned out that the ICRP-89 reference organ/tissue masses

are NOT inclusive of blood (i.e., the organ/tissue masses of the ICRP-

110 voxel phantoms are underestimated).

• ICRP-133 SAFs (from the ICRP-110 voxel phantoms) 

➢ for cross-fire-irradiation cases (e.g., Liver ← Lung) derived by 

dividing the AF values by the target organ/tissue mass of the ICRP-

110 voxel phantoms (not inclusive of blood),
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ICRP-89 Reference Organ/Tissue Mass

• However, turned out that the ICRP-89 reference organ/tissue masses

are NOT inclusive of blood (i.e., the organ/tissue masses of the ICRP-

110 voxel phantoms are underestimated).

• ICRP-133 SAFs (from the ICRP-110 voxel phantoms) 

➢ for cross-fire-irradiation cases (e.g., Liver ← Lung) derived by 

dividing the AF values by the target organ/tissue mass of the ICRP-

110 voxel phantoms (not inclusive of blood),

➢ but for self-irradiation cases (e.g., Liver ← Liver) derived by 

dividing the AF values by the target organ/tissue masses increased 

to be inclusive of blood. 
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ICRP-89 Reference Organ/Tissue Mass

• However, turned out that the ICRP-89 reference organ/tissue masses

are NOT inclusive of blood (i.e., the organ/tissue masses of the ICRP-

110 voxel phantoms are underestimated).

• ICRP-133 SAFs (from the ICRP-110 voxel phantoms) 

➢ for cross-fire-irradiation cases (e.g., Liver ← Lung) derived by 

dividing the AF values by the target organ/tissue mass of the ICRP-

110 voxel phantoms (not inclusive of blood),

➢ but for self-irradiation cases (e.g., Liver ← Liver) derived by 

dividing the AF values by the target organ/tissue masses increased 

to be inclusive of blood. 

To overcome this issue, the mesh phantoms were also adjusted 

to increase the organ/tissue masses for blood inclusion.
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Calculation of Blood Mass

ICRP-89 reference values 

for regional blood volume 

fractions

Total blood masses

▪ Male: 5.6 kg

▪ Female: 4.1 kg
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Calculation of Blood Mass

𝒎𝒃𝒍𝒐𝒐𝒅−𝒊𝒏−𝒍𝒊𝒗𝒆𝒓 = 𝒎𝒕𝒐𝒕𝒂𝒍−𝒃𝒍𝒐𝒐𝒅
𝑰𝑪𝑹𝑷𝟖𝟗 𝒇𝒍𝒊𝒗𝒆𝒓

𝒕𝒐𝒕𝒂𝒍−𝒃𝒍𝒐𝒐𝒅
𝑺𝒆𝒄𝒕𝒊𝒐𝒏 𝟕.𝟕.𝟐 𝒐𝒇 𝑰𝑪𝑹𝑷𝟖𝟗

Total blood masses

▪ Male: 5.6 kg

▪ Female: 4.1 kg

ICRP-89 reference values 

for regional blood volume 

fractions

560 g = 5.6 kg x 10% (male)

410 g = 4.1 kg x 10% (female)
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Calculation of Density and Elemental Composition

𝒅𝒍𝒊𝒗𝒆𝒓
𝒘𝒊𝒕𝒉−𝒃𝒍𝒐𝒐𝒅 =

𝒎𝒍𝒊𝒗𝒆𝒓
𝑰𝑪𝑹𝑷𝟖𝟗 + 𝒎𝒃𝒍𝒐𝒐𝒅−𝒊𝒏−𝒍𝒊𝒗𝒆𝒓

𝒎𝒍𝒊𝒗𝒆𝒓
𝑰𝑪𝑹𝑷𝟖𝟗

𝒅𝒍𝒊𝒗𝒆𝒓
𝑰𝑪𝑹𝑼𝟒𝟔 +

𝒎𝒃𝒍𝒐𝒐𝒅−𝒊𝒏−𝒍𝒊𝒗𝒆𝒓

𝒅𝒃𝒍𝒐𝒐𝒅
𝑰𝑪𝑹𝑼𝟒𝟔

%𝑯 𝒍𝒊𝒗𝒆𝒓
𝒘𝒊𝒕𝒉−𝒃𝒍𝒐𝒐𝒅 =

%𝑯 𝒍𝒊𝒗𝒆𝒓
𝑰𝑪𝑹𝑼𝟒𝟔𝒎𝒍𝒊𝒗𝒆𝒓

𝑰𝑪𝑹𝑷𝟖𝟗 + %𝑯 𝒃𝒍𝒐𝒐𝒅
𝑰𝑪𝑹𝑼𝟒𝟔𝒎𝒃𝒍𝒐𝒐𝒅−𝒊𝒏−𝒍𝒊𝒗𝒆𝒓

𝒎𝒍𝒊𝒗𝒆𝒓
𝑰𝑪𝑹𝑷𝟖𝟗 + 𝒎𝒃𝒍𝒐𝒐𝒅−𝒊𝒏−𝒍𝒊𝒗𝒆𝒓

• The density and elemental composition were calculated 

based on data given in ICRP Publication 89 and ICRU 

Report 46

Density for liver

Mass percentage of hydrogen in liver
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Blood-in-Organ/Tissue Mass, Density, Compositions 
Table 4.2 of ICRP 145 Annex B of ICRP 145
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Phantom Adjustment for Blood Inclusion

Male Female

Before After Before After
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Development procedure – Part 3

1. Phantom conversion to mesh format

• Simple organs and tissues

• Complex organs and tissues

✓ Skeletal system

✓ Small intestine 

✓ Lymphatic nodes

✓ Eyes

✓ Blood in large vessels

✓ Muscle

2. Inclusion of blood contents

3. Inclusion of thin target and source regions

• Skin 

• Alimentary tract system

• Respiratory tract system

• Urinary bladder
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Skin – Basal Cell Layer

Include

Skins of the mesh phantoms

A range from 50 to 100 μm is 

an appropriate depth 

recommended by ICRP
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Skin – Inclusion Method

Reduce

• The size of the outer skin surface of phantoms was reduced by 

using ‘Offset’ function of Rapidform software to define the 

target layer within the skin.

Outer skin surface
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Skin (Target Layer)

Male Female
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Alimentary Tract Organs 

Male Female

Oral cavity

Oesophagus

Stomach

Small intestine

Large intestine

▪ Micron scales of target and source regions of the alimentary 

tract system described in ICRP Publication 100 were 

included in the mesh phantoms
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Alimentary Tract Organs (Except for Oral Cavity)

• Basically, ‘Offset’ function with Rapidform™ software was 

used to model target and source regions in alimentary tract 

organs except for oral cavity

Offset

Oral cavity

Oesophagus

Stomach

Small intestine

Large intestine



55

Oral Cavity  

Definition of the food as the 

upper part of the tongue

Definition of the oral mucosa

in the roof of the mouth

Definition of the oral mucosa 

in the inner tongue
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Definition of the radionuclide

retention region

Definition of the oral 

mucosa in lips and cheek

Oral Cavity  



57

Oral Cavity (Target & Source) 

Source 

region

Food

Target region

Depth: 190-200 𝜇m, 

Thickness: 10 𝜇m

Male
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Oesophagus (Target & Source)

Target region

Depth: 190-200 𝜇m, 

Thickness: 10 𝜇m

Source region

Contents

Lumenal

surface

Male
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Stomach (Target & Source)

300 𝜇𝑚

Source region

Contents

Retention

Target region

Depth: 60-100 𝜇m, 

Thickness: 40 𝜇m

Male
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Small Intestine (Target & Source)

200 𝜇𝑚

500 𝜇𝑚

Target region

Depth: 130-150 𝜇m, 

Thickness: 20 𝜇m

Source 

region

Contents

Retention

Villi

Male
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Large Intestine (Target & Source)

Target region

Depth: 280-300 𝜇m, 

Thickness: 20 𝜇m

300 𝜇𝑚

Source region

Contents

Retention

Male
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Respiratory Tract Organs 

▪ Micron scales of target and source regions of the respiratory 

tract system described in ICRP Publication 66 were 

included in the mesh phantoms

Male Female

Extrathoraric (ET)1

ET2

Lungs
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ET1 (Target & Source)

Fast

Source 

region

Target region

Depth: 40-50 𝜇𝑚, 

Thickness: 10 𝜇𝑚

Male

8 𝜇𝑚
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ET2 (Target & Source)

Male

10 𝜇𝑚

15 𝜇𝑚

Bound

Fast

55 𝜇𝑚

Sequestered

Target region

Depth: 40-50 𝜇𝑚, 

Thickness: 10 𝜇𝑚

Source 

region
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BB / bb (Issue)

Netter, Frank H. Atlas of human anatomy. Elsevier Health 

Sciences, (2010)

▪ The BB / bb regions cannot be converted to high-quality mesh models as 

like a realistic tree structure of the lung airways.

Bronchi (BB) / bronchioles (bb) regions of 

the ICRP-110 male voxel phantom
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BB / bb (Modeling)

Mother 

branch

Daughter 

branches

Boolean

(Union)

Tawhai et al. "Generation of an anatomically based three-dimensional model of the conducting 

airways."Annals of biomedical engineering 28.7 (2000): 793-802.

▪ The realistic lung airway models to represent the BB / bb regions 

were developed based on an airway center line generation 

algorithm and Y-shape mathematical models.

Y-shape mathematical 

model based on truncated 

cones and spheres used 

for the smooth branch 

connections.
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Dimensions of Airway for Adult Male

ICRP Publication 66
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Dimensions of Airway for Adult Female

▪ The diameter and length of the BB were scaled by using the scaling 

factors given in ICRP Publication 66.

▪ The diameter and length of the bb were respectively obtained by parabolic 

and hyperbolic interpolation between those of generation 8 and 16.

ICRP Publication 66
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BB / bb (Male)

MeshVoxel

Male
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BB / bb (Female)

Female

MeshVoxel
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BB / bb (Target & Source)

8 𝜇𝑚
Secretory 

cells

6 𝜇𝑚

AI

Fast & 

slow 

mucus

Sequestered5 𝜇𝑚

20 𝜇𝑚 Bound

Target region Source region

Bronchiolar (bb)

Male

“Turn ON/OFF” 
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BB / bb – Memory Issue

Airway model in

mathematical format

Airway model in

mesh format

Lung model in 

mesh format
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BB / bb – Memory Issue

(Estimated file size:

> 50 GB)

Airway model in

mathematical format

Airway model in

mesh format

Lung model in 

mesh format

Impractical for Monte Carlo simulations
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BB / bb – Memory Issue

(Estimated file size:

> 50 GB)

Airway model in

mathematical format

Parallel world

Airway model in

mesh format

Lung model in 

mesh format

Real world

Simulated in Geant4
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Urinary Bladder (Target Layer)

Target layer

Depth: 118-193 μm

Thickness: 75 μm

Contents

Male

Female

Target layer

Depth: 116-185 μm

Thickness: 69 μm

Contents
Eckerman, K.F., Veinot, K.G., 2018. Transitional epithelium of 

urinary bladder: dosimetric data for cells at risk. IEEE Trans. 

Radiat. Plasma Med. Sci. 3, 61–64.
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Adult Mesh-type Reference Phantoms

Adult voxel-type reference phantoms Adult mesh-type reference phantoms

Male
Female

Male
Female
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Adult Mesh-type Reference Phantoms - Male

Brain

Eye and Lens

ET region

Salivary gland

Oesophagus
Thyroid

Thymus

Lung

Breast

Heart

Spleen

Liver

Stomach

Kidney

Small intestine

Colon

Blood vessels

Urinary bladder

Prostate

Testis

Lymphatic nodes

2.5 M triangular facets

8.2 M tetrahedrons
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Adult Mesh-type Reference Phantoms - Female

2.6 M triangular facets

8.6 M tetrahedrons

Brain

Eye and Lens

ET region

Salivary gland

Oesophagus

Thyroid

Thymus

Lung

Breast

Heart

Spleen

Liver
Stomach

Kidney

Small intestine

Colon

Blood vessels

Urinary bladder

Ovary
Uterus

Lymphatic nodes
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Organ ID, Mass, Density, Elemental Composition

ICRP Publication 145 (2020)
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Organ IDs for Source and Target Region

ICRP Publication 145 (2020)
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Electronic Files

https://www.icrp.org/
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Compatibility with Monte Carlo Codes

❖ Monte Carlo codes

• Geant4 

• PHITS

• MCNP6 

❖ Run time 

• Geant4 (ver. 10.02) ≈ PHITS (ver. 2.92) > MCNP6 (ver. 2.0)* 

❖ Memory usage

• PHITS (ver. 2.92): ~1 GB 

• Geant4 (ver. 10.02): ~11 GB 

• MCNP6 (ver. 2.0): ~14 GB*
*Version 3.0 is coming soon and expected to improve the 

simulation performance of “unstructured mesh” in general 

(from personal communication with a MCNP developer)

Example input/code files for Geant4, PHITS, and MCNP6 are also 

provided in the supplemental material of ICRP Publication 145

A personal computer 

(maximum: 64 GB)<
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Dosimetry Impact – External (Photon)
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Dosimetry Impact – External (Neutron)

Neutron, AP
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Dosimetry Impact – External (Electron)

Electron, AP
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Dosimetry Impact – External (Electron)

Electron, AP
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Dosimetry Impact – External (Electron)

Electron, AP

E
ff
e

c
ti
v
e
 d

o
s
e
 p

e
r 

fl
u
e
n
c
e
 (

p
S

v
c
m

2
)

Voxel

Mesh

Electron energy (MeV)



88

Dosimetry Impact – External (Electron)

Electron, AP
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Dosimetry Impact – External (Electron)

Electron, AP
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Radiosensitive 

layer as a 

target 

(50-100 µm)

Entire skin as 

a target

(~2 mm)

Voxel Mesh

Electron energy (MeV)
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Dosimetry Impact – External (Helium)

Helium, AP
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Dosimetry Impact – Internal (Self-irradiation)
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Dosimetry Impact – Internal (Self-irradiation)

Liver ← Liver
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Dosimetry Impact – Internal (Cross-fire-irradiation)
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Dosimetry Impact – Internal (Cross-fire-irradiation)
S
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Dosimetry Impact – Internal (Cross-fire-irradiation)
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Thank you!
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