
Transactions of the Korean Nuclear Society Spring Meeting 
Jeju, Korea, May 23-24, 2019 

 
 

Development of 4D Monte Carlo Dose Calculation Program by Using Posture-deformed 
Mesh Phantoms and its Potential Application to Real-time Dose Monitoring System 

 
Haegin Han a, Chansoo Choi a, Bangho Shin a, Yeon Soo Yeom b, Chan Hyeong Kim a∗ 

aDepartment of Nuclear Engineering, Hanyang University, 222 Wangsimni-ro, Seongdong-gu, Seoul 04763, Korea 
bNational Cancer Institute, National Institute of Health, 9609 Medical Center Drive, Bethesda, MD 20850, USA 

*Corresponding author: chkim@hanyang.ac.kr 
 

1. Introduction 
 

Unlike in other medical procedures that involve 
radiations, medical staffs in image-guided interventional 
radiography procedures remain inside the imaging room, 
and for required cases, they even stay close to the patients, 
causing relatively high doses by scattered radiation [1]. 
Severe radiation injuries to interventional radiologists, 
especially in lens and skin, have been extensively 
reported by may literatures [2-6]. Occupational 
radiological protection issues in interventional 
procedures are recently being more highlighted with the 
increase in the number of interventions and their 
diversity and complexity. 

In most cases for regular monitoring, the doses to 
medical staffs are evaluated by passive dosimeters, 
usually by TLD-type dosimeter, and in other limited 
cases for dose optimizations, active personal dosimeters 
are used, which can provide immediate alert for high 
dose rate and time variation of doses. However, both 
passive and active dosimeters cannot provide dose values 
for specific organs, and thus for more accurate 
estimations for organ absorbed and effective doses and 
for more precise dose optimizations, advanced 
computational dose calculations should be performed 
and the relations between the measured value and organ 
absorbed or effective doses should be investigated [1]. 
Regarding this, a real-time computational dose 
monitoring system was developed by Badal et al. [7], 
which calculated organ doses of a medical staff in real-
time by continuously adjusting the position of the 
detailed human phantom from the Virtual Family [8] 
according to the data obtained from Kinect device. This 
system, however, used the phantom only in standing 
posture without considering the effects by posture. 

To investigate of the influence of posture to dose 
values, various researchers have developed phantoms in 
different postures, mostly constructed by manually 
deforming voxel or boundary representation (BREP) 
phantoms [9-11]. Xu et al. [12] obtained rather realistic 
posture data from motion capture system and directly 
applied obtained data by replacing joint areas of BREP 
phantoms by spherical hinges. Very recently, Yeom et al. 
[13] developed phantoms in five different postures by 
deforming mesh-type reference computational phantoms 
(MRCPs), which are the most advanced form of 
computational phantoms for radiation dose calculations. 
Although there were some discrepancies in dose values, 
all these previous studies concluded that non-standing 
phantoms can yield significantly different dose values 

from those for standing phantoms. While the doses for 
static postures were extensively investigated, the method 
to calculate doses for moving posture was not yet been 
developed. 

In the present study, a Geant4-based 4D Monte Carlo 
dose calculation program was developed to 
automatically deform the posture of mesh phantom and 
directly calculate doses for the deformed phantom. The 
developed program was then used to calculate organ 
absorbed doses for dynamic posture data obtained from 
a motion capture system. In addition, feasibility study 
was conducted to investigate its potential application to 
real-time dose monitoring system. 

 
2. Methods and Results 

 
2.1 Posture Deformation Methodology 

 
In the present study, the adult male MRCP was first 

separated into organless body and internal organ 
phantoms. Then, the organless body phantom was 
slightly modified for mesh stabilization and the secure of 
enough space between bones in limb joint areas (i.e., 
shoulder, elbow, wrist, hip, knee, and ankle). Note that 
on-time posture deformation was performed only for 
organless body phantom, and the internal organ phantom 
was pre-deformed into various rotation angles and 
constructed as a database. This was because internal 
organ phantom requires much longer computational time 
for deformation due to their complexity and its relatively 
smaller rotation range than that of limb joints. 

For the posture deformation of the organless body 
phantom, 13 joint regions (i.e., spine joint and limb joints 
for both sides) were first defined, and each joint was 
deformed in sequence according to the corresponding 
rotation matrix provided by motion capture data. The 
mesh in each region was deformed by using the 
technique based on volumetric graph Laplacian (VGL) 
[14] which alleviated unnatural volume changes and 
local self-intersections for large deformations. 

The database for internal organ phantoms was 
constructed by deforming them according to the rotation 
of spine joint. For this, rotation matrices to cover the 
range of spine joint movement were first selected, and 
the internal organ phantom was deformed for the selected 
matrices by using as-rigid-as-possible (ARAP) algorithm 
[15] which can be better applied to the rather complicated 
meshes than the technique based on VGL. For each 
rotation matrix, the outer skin surface of organless body 
phantom, correspondingly deformed by the VGL 
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technique, was also considered to prevent the exposure 
of internal organ phantoms. 

 
2.2 Geant4-based 4D Monte Carlo Simulation Program 
 

An integrated 4D Monte Carlo simulation program 
was developed by implementing a dedicated C++ 
program for posture deformation into Geant4 code, 
enabling it to calculate doses by directly using the 
deformed phantom data. Figure 1 is the flowchart that 
shows the overall procedure of the developed program. 
For dose calculations, the deformed organless body 
phantom was installed together with the internal organ 
model selected according to the rotation matrix of spine 
joint, by using the parallel world geometry feature of 
Geant4; that is, organless body phantom and internal 
organ phantom were implemented in Real World and 
Parallel World, respectively. The sequential tasks for 
each frame to deform the phantom and calculate the 
doses were parallelized by Intel® Message Passing 
Interface (MPI) library, so that one task after another for 
each frame can be assigned to each core at the end of the 
task for the previous frame. In addition, G4Allocator 
class was used to prevent the performance degradation 
due to the frequent allocation and deallocation of the 
large memory required for phantom data of each frame. 
For the verification, the developed program was used to 
calculate time variation of organ-averaged absorbed 
doses to 37 MBq 60Co point source by using the motion 
data file in Biovision Hierarchy (BVH) format obtained 
from motion capture system. The simulations were 
performed on 40 cores of the Intel® Xeon® CPU E5-
2698 v4 (@ 2.20 GHz CPU processor and 256 GB RAM 
memory). 
 

3. Result 
 

Figure 2 shows the position of 60Co source and ten 
posture-deformed organless body phantoms among the 
98 phantoms (frame time: 0.17 s). It can be seen that the 
phantoms were deformed in realistic appearance for both 

walking and sitting motions. The volume loss by 
deformation was less than 3% for all the frames, and it 
was less than 0.2% when only walking frames (0-6.8 s) 
were considered. 

Figure 3 shows the time variation of organ-averaged 
absorbed doses calculated in the present study, for colon, 
liver, brain, and lungs. It can be seen that the doses to all 
organs gradually increase as the phantom walks toward 
the source (0-6.8 s), and that they plateau while it turns 
around to sit (6.8-10.0 s). Then a sudden drop follows 
during a short period at which the source is blocked by 
the right hand (10.0-11.0 s), and finally the doses 
increases as the phantom sits (11.0-12.5 s) and plateaus 
after completion of sitting. It can also be seen that when 
the source is near the phantom (6.8-16.7 s), the organs 
near at the source level receive higher doses. 

To develop real-time dose monitoring system by 
applying this 4D Monte Carlo simulation program, 
which is the ultimate goal of the current study, 
computational time should be most importantly 
considered. For the dose calculation performed in the 
present study, where 106 particles were transported for 
each frame, the computational time was 3.4 s per frame. 
This implies that real-time dose calculations may be 
possible only for the motions data with frame time longer 
than 3.4 s. However, as the computational time is 
inversely proportional to the number of the cores, it can 
be significantly decreased when an enough number of 
cores are secured, enabling real-time dose calculations 
for shorter frame times. 

 
4. Conclusions 

 
In the present study, a Geant4-based 4D Monte Carlo 

program was developed and its feasibility to be applied 
to the real-time dose monitoring system was investigated. 
The developed program was used to calculate time 
variation of organ-averaged absorbed doses by using 
posture data obtained from motion capture system. It was 
found that the developed program realistically deformed 
the mesh phantom into different postures and directly 

 
 
Fig. 1. Procedure flowchart for the 4D Monte Carlo simulation program for posture-changing mesh phantom developed in the present study. 
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calculated the organ-averaged absorbed doses by using 
the deformed phantoms. In this program, the task for 
each frame was parallelized by MPI library, and thus the 
computation speed can be further improved when a large 
number of cores are secured. The final goal of the present 
study is the development of real-time organ dose 
monitoring system, and for this, computational 
performance will be enhanced by utilizing a cluster 
server and on-time posture data input will be enabled by 
data streaming technique. 

The developed program may be highly useful for 
various fields that requires dose monitoring or 
optimization, including not only radiological image-
guided interventions, but also necessary high-dose 
radiation tasks (e.g., steam generator tube plugging task 
in pressurized water reactors (PWRs)). In addition, the 
program can be used for the precise establishment of 
dose conversion factors for dosimeters by time-by-time 

comparison between the values measured in dosimeters 
and calculated absorbed organ doses, or also can be used 
for dose reconstructions for accidental exposures. 
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Fig. 2. Position of 60Co source (red spot) and organless body 
phantoms deformed by posture data obtained from motion capture 
system. 
 

 
 
Fig. 3. Variation of organ-average absorbed dose as function of 
time for colon, liver, brain, and lungs, calculated by using the 
phantoms deformed into continuous postures by using the data 
from motion capture system. 
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