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Abstract

Interventional radiologists/cardiologists are repeatedly exposed to low radi-
ation doses which makes them the group of the highest occupational expo-
sure and put them at high risk of stochastic effects. Routine monitoring of
staff is usually performed by means of passive dosimeters. However, cur-
rent personal dosimeters are subject to large uncertainties, especially in non-
homogeneous fields, like those found in interventional cardiology (IC). Within
the PODIUM (Personal Online DosImetry Using computational Methods)
research project, a user-friendly tool was developed based on MCNP code
to calculate doses to the staff in IC. The application uses both the data of
motion tracking system to generate the position of the operator and the data
from the Radiation Dose Structure Report (RDSR) from the imaging device
to generate time-dependent parameters of the radiation source. The results
of the first clinical validation of the system show a difference of about 50%
between simulated H,(10) with MCNP and measured H,(10) with electronic
personal dosimeter worn above the lead apron.
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1. Introduction

Interventional radiologists are one of the most occupationally exposed
groups to radiation among medical staff working with X-ray [1]. In recent
years, the notable advances of medical imaging techniques and the noninva-
sive nature of such procedures which benefit the patient allowed to increase
the number of clinical tasks that can be performed in interventional radi-
ology (IR). As new therapies are developed and the interventions become
more advanced, the prolonged duration of X-ray procedures will increase
staff radiation exposure [2] and accordingly the daily staff exposure increases
their risk of stochastic effects. Some articles discuss a potential correlation
between brain and neck cancer incidence among interventional cardiologists
and occupational exposure to ionizing radiation [3, 4, 5, 6]. Moreover, an
increase in the occurrence of radiation induced eye cataracts among inter-
ventional cardiologists has been reported [7, 8, 9.

In such occupational exposure, operators are exposed to non-homogeneous
scatter radiation field from the body of the patient while working close by
to perform manipulations. The occupational dose is currently determined by
means of physical dosimeters. The personal dose equivalent H,(10) is moni-
tored using physical dosimeters on the trunk, but this sole quantity is often
not indicative of the doses delivered to other parts of the body (hands, neck
and head). However, monitoring those body parts would require the staff
to wear several dosimeters (extremity, eye lens, above/below apron) which is
neither practical nor ergonomic. Thus, the non-homogeneity nature of the
scatter field in terms of energy and angular distribution increases the uncer-
tainty of the dose estimation using current physical dosimeters [10].

Several commercial Active Personal Dosimeters (APD) that can provide
a real-time feedback on the exposure of medical staff in IR are available.
The study of Clairand et al. [11] conducted within the ORAMED project
shows that some APDs could be used in routine monitoring in IR provided
that correction factors are introduced. However, the fundamental problem
of monitoring different body parts still exist.

On the other hand, computational dosimetry [12] is becoming an increas-
ingly important tool in assessing radiation exposures. To calculate radiation
dose effectively, a computational dosimetry system should comprise two key



elements: an accurate computer model of the human body known as anthro-
pomorphic computational phantom, and a numerical technique of radiation
transport. Both elements have grown over the past years mainly thanks to
the exponential increase and availability of computational power. The com-
putational representation of human body anatomy has evolved: from simple
shapes defined with quadratic equations [13], to voxel based representations
[14], to the current generation which uses polygonal meshes to represent very
realistic anatomy [15]. Similarly, Monte-Carlo simulations of radiation trans-
port continue to get faster [16].

The availability of dose calculation systems that can provide doses to
different body parts of staff in IR with better accuracy than current physi-
cal dosimeters and in a timely manner can improve dosimetry and increase
awareness of radiation risk in among hospital staff.

Badal et al.[17] presented a dose monitoring system based on accurate
Monte-Carlo simulations and 3D localization system that can be used to es-
timate in real-time the average and peak organ doses for both the patient
and the staff in interventional fluoroscopy. In this system, a virtual x-ray
source graphical interface is used to manually trigger the simulations. The
main limitation of the system is the manual operations required to trigger
the simulation based on predefined library of beam settings. Also, the system
was not tested during clinical procedure.

Within the PODIUM (Personal Online DosImetry Using computational
Methods) research project, a user-friendly application was developed based
on Monte-Carlo simulations to calculate doses to the staff in IC. The appli-
cation uses both the data of motion tracking system to generate the position
of the operator and the data from the Radiation Dose Structure Report
(RDSR) from the imaging device to generate time-dependent parameters of
the radiation source. The following section describes the methodology used
to develop a computational tool for dose calculation and how the system was
validated in clinical environment.

2. Materials and Method

The proposed method is making use of a Monte-Carlo code which is pro-
vided with different inputs to simulate doses to workers. The two main inputs



to our computational dosimetry system are: a) the spatiotemporal parame-
ters of the radiation field, including its energy and angular distribution; b)
the relative position and pose of the operator in the radiation field.

2.1. Radiation field parameters

As mentioned previously, interventional cardiologists are exposed to the

scatter radiation field from the patient. The scatter radiation is dependent
on a number of factors such as primary beam intensity, beam projection an-
gle and patient thickness. Acquiring information about the primary beam
and the patient can help reproducing the scatter field computationally in
Monte-Carlo simulations. Imaging parameters includes kVp, filtration, col-
limation and beam projection are used to simulate the primary beam and
its scattered field in Monte-Carlo simulations. For that purpose, we use the
general-purpose Monte Carlo N-Particle code (MCNP) [18] developed at Los
Alamos National Laboratory that can be used for neutron, photon, electron,
or coupled neutron/photon/electron transport.
At this stage, the information is obtained from the Radiation Dose Struc-
ture Report (RDSR) after each procedure which is a report included in the
DICOM (Digital Imaging and Communications in Medicine) dataset that
contains various dose-related parameters in a standard format for different
modalities. Table(1) shows a sample of a short dose report obtained after
a Percutaneous Coronary Intervention (PCI) procedure at CHU-Liege. The
report contains enough information that enables the computational tool to
generate the primary beam characteristics (spectrum and angulation). Ad-
ditionally, the measured dose-area product (DAP) value allows to normalize
the simulated relative doses (eV/g per particle) to the equivalent absolute
dose units. In the future, this information can be accessed online through
a communication between the computer that operate the X-ray system and
the main computer performing the data acquisition for the simulation.

2.2. Operator motion tracking

The main input to quantify doses to operators is the position and the
pose of the operator relative to the X-ray beam and to the patient. Nowa-
days, depth cameras are able to achieve considerable human body track-
ing performance in convenient and a low-cost manner. The most famous
and widespread depth camera is the Kinect v2 released by Microsoft as a
consumer-grade device for human-machine interaction. Kinect v2 is based on



Table 1: Compressed Radiation Dose Report of a Percutaneous Coronary Intervention
(PCI) procedure at CHU de Liege

# Timestamp kVp! mA? ms® Filter* Field® t ¢ F/s 7 F & DAP%Gym?> mGy" Rot. ' Tilt 2

1 13:17:02 80 284 160.5 0.1Cu 32em 7s 2F/s 13F 536.5 476  OLAO O0CRA
2 13:19:36 125 295 199.6 0.0Cu 32cm 6s 2F/s 11F 1655.2 217 75RA0 O0CRA
3 13:20:41 125 295 199.6 0.0Cu 32cm 6s 2F/s 11F 1647.7 216 75RA0 O0CRA
4 13:26:03 125 295 199.6 0.0Cu 32cm 5s 2F/s O9F 1347 177 75RAO O0CRA
5 13:26:41 125 295 199.6 0.0Cu 32cm 6s 2F/s 11F 1646.9 216 75RAO O0OCRA
6 13:27:08 125 295 199.6 0.0Cu 32cm 6s 2F/s 11F 1647.1 216  75RAO O0CRA
7 13:28:58 125 295 199.6 0.0Cu 32cm 6s 2F/s 11F 1646.7 216 75RAO O0OCRA
8 13:29:34 125 295 199.6 0.0Cu 32cm 5s 2F/s 10F 1496.8 196 75RAO O0CRA
9 13:30:46 82 536 160.5 0.0Cu 32cm 6s 2F/s 11F 1090.2 143  27RAO O0CRA

! peak kilo-voltage of the x-ray tube that controls the quality of the x-ray beam produced

2x-ray tube current in milliampere  ®duration of the x-ray exposure in milliseconds

4 minimum thickness in mm of the x-ray absorbing material used in the filters  °field size in diameter

6 duration of the multi-frame image acquisition " number of frames per second of multi-frame image acquisition
8 total number of frames in a series  “sum of the area dose product of all images of a series

10 calculated dose at a reference point

H Position of image intensifier about the patient from the right-hand side (RAO) to left-hand side (LAO) direction
2 position of image intensifier about the patient from the caudal (CAU) to cranial (CRA) direction

time-of-flight principle to reconstruct the third dimension which has consider-
able higher accuracy over other depth sensing technologies. Processing depth
images using a machine learning algorithm allows the Kinect to map the vi-
sual data it collects to models representing people of different backgrounds
(age, height, gender, body type, clothing,...etc). Microsoft also released a
software development kit (SDK) for the Kinect v2 to allow developers to cre-
ate their applications. In this SDK, a skeleton tracking algorithm based on
the method proposed by Shotton et al.[19] is implemented. This approach
of skeleton tracking can accurately predict the 3D positions of body joints
in real-time with an accuracy within 2-4 cm as found in literature [20, 21, 22].

Our system provides an indoor tracking system for tracking the position
and the posture of occupationally exposed workers in cath-labs. The sys-
tem is constituted by a single Microsoft Kinect v2 TOF camera and by an
acquisition software package as shown in figure (1). The tracked skeleton
is then used to animate a computational realistic anthropomorphic flexible
(RAF) phantom [23] which can be used in either voxel or mesh geometries
for different Monte-Carlo tools.



KINECT o SCK-CRY Kinect Data Acquisition V1.0

Figure 1: Skeleton tracking during an angiography procedure at UZ-Brussels

2.8. Validation

For validating our system, we performed tests in different IR rooms. In
total, we followed 15 procedures of different types: from diagnostic angiogram
to Percutaneous Coronary Intervention (PCI) in cath-labs at UZ-VUB and
CHU- Liege. Four different main doctors were tracked at different proce-
dures. An accurate analysis of the staff position was performed by evalu-
ating the skeleton tracking performance during irradiation events from the
RGB images, the depth images and the skeleton data. Afterwards, and as a
first step, we compared simulated H,(10) with MCNP and measured H,(10)
with electronic personal dosimeter (EPD) Mk2.3 from Thermo Fisher Sci-
entific worn above the lead apron during an angioplasty procedure at CHU-
Liege. The procedure was selected where the highest dose to the operator
found. After acquiring the tracked skeleton of the main operator during the
procedure, these data, together with information from the dose report, were
used to generate MCNP input files for the different irradiation events. For
that purpose, a user-friendly application was developed to automate the gen-
eration of the input files as shown in figure (2). The operational quantity
H,(10) is simulated by tallying energy deposition (MeV /g per particle) in
a volume surrounded by a soft-tissue layer of 10 mm thickness and located
at the position of the dosimeter obtained from the tracking system. To sim-
plify our model for H,(10) calculation and for validation purposes only, no
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phantom was introduced for the operator in the simulations. This could be
a reasonable assumption as the study of Ginjaume et. al. [24] shows that
the response of most of APDs when they are placed above a lead or lead
equivalent garment for x-ray diagnostic qualities to be within 1%-10%.

(V) Visual Mode | Get DOSE | | upload RDSR...

|
| > @,
Primary Angle: 0 \Generate MCNP input\ SCK. C ( -—Q
] | — 1SS

| Run MCNP

Secondary Angle: 0

Phantom Type

C-Arm X -3cm | ClRsATOM® 702 v |

C-Arm Y 0cm | RAF v

‘

SID 100cm

[ em— DOS-X Ocm

Field of View 25cm DOS-Y 0cm
DOs-Z Ocm

Tube Voltage [kVp]
[ ) 80

| Generate MCNP input|

Add Cu Filteration [mm]

[ RunMCNP |
0.2 B oS

Figure 2: User-friendly application for the generation of MCNP input files with source
and geometry configurations in interventional radiology

3. Results and discussion

After the procedure, a short radiation report was obtained from the x-
ray system in table(1). During this procedure, the patient received a total
reported dose of about 1990 mGy at a reference point which is typically
located at 15cm from the iso-center toward the x-ray tube. This quan-
tity is usually derived from the measured Kerma Area Product (KAP) and
is used to estimate patient Peak Skin Dose (PSD). In total, 9 irradiation
events were reported for the acquisition of images for which three main pro-
jections were used: posterior-anterior (PA), 75 degrees to the right-side of
the patient (T5RAO/O0CRA), and 27 degrees to the right-side of the patient
(27TRAO/0CRA). A simulation MCNP input file for each irradiation event
were obtained automatically using the software for different beam settings
and irradiation geometry as found in the RDSR.

3.1. Motion tracking of the main operator
As the depth camera was positioned to have a complete view of the opera-
tor, the upper part of the main operator’s body could be tracked throughout
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the procedure especially during irradiation events. The tracking was not hin-
dered by the movable ceiling shield because they are transparent enough to
the infrared beam from the Kinect. However, poor skeleton poses sometimes
occurred due to occlusions either by persons or objects. One solution to this
problem is to use multiple cameras; however, this can add to the complexity
of the system in such workplace and creates data fusion problem. Figure (3)
shows a sample of the 3-D skeleton of the tracked operator as obtained by
the tracking system. The 3-D coordinates of the dosimeter location are used
in the simulations.

2018-10-02 01:19:42 2018-10-02 01:19:41

Dosimeter location at [[2.973413, -0.6772158, -0.409861400000000041]

Dosimeter location at [[3,10812, -0,6219901, -0,382210999999999971]

Figure 3: 3-D plot of the tracked skeleton representing the upper body of the first operator
during the procedure

The tracked skeleton was recorded and stored in 30 frames per seconds,
however, a position every second was used in the simulations to be synchro-
nized with the time intervals in the dose report.

3.2. Dose simulations

An input file for each irradiation event was generated according to the
source and the geometry configuration taken from the dose report. The
patient was modeled with a BOMAB phantom [25] with a scaled thickness of
the thorax of 23 cm to account for a male patient with an average build of 170
cm and 70 kg. Figure(4) shows the particle track output of MCNP for three
irradiation events with different beam projections. The total accumulated
dose after the procedure, which is obtained by summing up the dose results
from each simulation of an irradiation event, is shown in table (2).



Figure 4: MCNP simulations of the primary and the scattered photons in the procedure
for different X-ray beam projections; PA, 75RA0, and 27TRAO

Table 2: Total accumulated dose after the procedure

Simulated H,(10) [Sv] | Measured H,(10) [pSv]
38 22

The first operator received a personal dose equivalent, H,(10), above the
lead apron of 22 uSv reported by the EPD. The differences found between
the simulations and the measurement can be explained by the uncertainties
of the EPD dosimeters. In fact, the study performed by Clairand et al. [11]
showed that the EPD Mk2.3 has a variation on the response within 30-40%
due to the energy and angular response added to the uncertainty due to the
effect of the pulse frequency of the x-ray beam in IR fields.

On the other hand, the main sources of uncertainties in the calculations
can be attributed to: the statistical error of Monte-Carlo simulations, the
error in the position determination from the tracking system, and the un-
certainties in the measured parameters provided by the x-ray devices. The
statistical error of Monte-Carlo simulations is usually a trade off for sim-
ulation run time. As a first attempt, we decided to keep the error in the
simulation below 10%. We could achieve a simulation run time of 30-170
seconds per irradiation event depending on combined effect of beam settings
and geometrical configuration. A separate study will follow to optimize the
simulation run time at low statistical error within 10% using a smart al-
gorithm that optimize number of particles to be simulated based on beam
parameters and the irradiation geometry. The uncertainties related to the
measured parameters provided by the x-ray devices can be easily evaluated
from the routine calibration according to standards. Finally, the uncertainty
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associated with the localization of a person by the tracking system can be
within 2-4 ¢cm which can impact the error in the dose calculation with addi-
tional 5-10%.

4. Conclusion

With this work, we show that simulating worker doses based on track-
ing systems and flexible phantoms is possible. The proposed computational
framework is capable of generating MCNP input files automatically using
data from a motion tracking system to generate the position of the oper-
ator and the data from RDSR from the imaging device to generate time-
dependent parameters of the radiation source for Monte-Carlo simulations
to calculate doses to different body parts of the staff in IR/IC. Next step is
to use the proposed approach to calculate organ doses and effective dose by
using the realistic anthropomorphic flexible (RAF) computational phantom
in our Monte-Carlo simulation framework. The optimization of the simula-
tion run time is planned. This method has big advantages in interventional
radiology workplaces where the fields are non-homogeneous and doses to staff
can be relatively high. This method can also help in ALARA applications
and for education and training.
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Highlights
¢ MC simulations can accurately calculate doses in interventional
radiology fields

» Motion tracking system based on depth-cameras was developed to
be used in cath-labs

e An application was developed to generate MCNP input files from
radiation dose reports

e (Clinical validation tests showed differences between
measurements and simulations
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