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Abstract
For interventional radiology (IR), understanding the precise dose distribution is crucial to reduce the risks

of radiation dermatitis to patients and staff. Visualization of dose distribution is expected to support radiation

safety efforts immensely. This report presents techniques for perceiving the dose distribution using virtual re-

ality (VR) technology and for estimating the air dose distribution accurately using Monte Carlo simulation

for VR dose visualization. We adopted an earlier reported Monte-Carlo-based estimation system for IR and

simulated the dose in a geometrical area resembling an IR room with fluoroscopic conditions. Users of our

VR system experienced a simulated air dose distribution in the IR room while the irradiation angle, irradia-

tion timing, and lead shielding were controlled. The estimated air dose was evaluated through comparison

with measurements taken using a radiophotoluminescence glass dosimeter. Our dose estimation results were

consistent with dosimeter readings, showing a 13.5% average mutual difference. The estimated air dose was

visualized in VR: users could view a virtual IR room and walk around in it. Using our VR system, users ex-

perienced dose distribution changes dynamically with C-arm rotation. Qualitative tests were conducted to

evaluate the workload and usability of our VR system. The perceived overall workload score (18.00) was

lower than the scores reported in the literature for medical tasks (50.60) and computer activities (54.00). This

VR visualization is expected to open new horizons for understanding dose distributions intuitively, thereby

aiding the avoidance of radiation injury.
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INTRODUCTION

Risks of severe radiation injury to patients and staff mem-

bers have recently increased concomitantly with the number

of interventional radiology (IR) operations [1, 2]. The irra-

diation direction and dose differ considerably according to

the IR procedure; therefore, interventional radiologists and

other staff members can be exposed to harmful doses of ra-

diation. The air dose distributions, which cannot be seen

with the naked eye, also vary considerably in such cases.

For these reasons, precise knowledge of the air dose distri-

bution for each operation is expected to be helpful in protec-

tion against radiation.

Education and training related to radiation risk control for

interventional radiologists and other medical staff are recom-

mended in International Commission on Radiological Pro-

tection (ICRP) Publication 113 [3]. The lack of adequate ra-
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diation safety education has been reported in several earlier

studies [4-6]. Conventional illustrations of dose distribution

are difficult to understand intuitively because they are pre-

sented in 2D, even for data obtained initially in 3D.

Previous studies have examined the visualization of radia-

tion dose distributions in an IR room. Bott et al. developed

a computer-based training and simulation system [7]. Al-

though this system includes a function that visualizes the

scattered dose, the system visualizes it at the minimal range

around a fluoroscopic target. This system does not incorpo-

rate necessary parameters of scattered radiation production

(e.g., X-ray beam spectrum, field-of-view, C-arm angle, and

patient body). Therefore, a precise dose visualization system

is necessary to estimate the plausible scattered dose distribu-

tion based on the physical process.

Previous studies [8-11] have proposed dose visualization

systems combining Monte Carlo dose calculation with aug-

mented reality (AR) dose visualization. Monte Carlo meth-

ods are mainly used as dose calculation algorithms. Never-

theless, such methods require long durations to produce

highly precise estimates. Long periods must be allowed for

the simulation of all X-ray beams irradiated from various di-

rections in IR. Dose calculation and visualization using lead

shielding, which is widely used in clinical cases, were not

proposed in earlier studies. Although AR can impart virtual

information to the real 3D environment, users can only per-

ceive information through the small 2D screen of a tablet

device and monitor. As with traditional computer-based sys-

tems on a desktop computer, AR insufficiently encourages

users to understand it intuitively. Loy Rodas et al. presented

the possibility of its application to an AR system using a

head-mounted display, but no specific method was described

[9].

Virtual reality (VR) technology enables users to immerse

themselves in a virtual world and to move freely around a

real-scale 3D space. Immersive VR provides a physical geo-

metric arrangement that lets a user grasp 3D structures.

Some earlier reports have described use cases and benefits

of VR training [12, 13]. For this study, we adopted VR tech-

nology to visualize the dose distribution dynamically in IR.

Its use was intended to raise staff members’, especially non-

expert staff members’, understanding of the radiation dose

related to IR. This report is the first in the relevant literature

to propose an immersive VR radiation visualization system

for IR― The Virtual Reality Dose Visualization System

(VR-DVS). It is based on Monte Carlo dose simulation run-

ning on a graphical processing unit (GPU) [14, 15]. Using

GPU calculation reduces calculation costs drastically, even

for simulations that incorporate calculations for lead shield-

ing.

This immersive system visualizes the patient skin and air

dose distributions with an arbitrary irradiation angle. A user

can observe changes in the dose distribution in a virtual IR

room. As reported earlier in the literature [12, 13], VR-DVS

can be expected to engender a marked improvement in edu-

cation about radiation protection.

MATERIALS AND METHODS

Before VR visualization, air and skin dose distributions in

IR were estimated using the fast dose estimation system for

IR (FDEIR), which uses a GPU to estimate the dose distri-

bution through Monte Carlo simulation. It suppresses elec-

tron transport to accelerate calculations [14]. Then, VR-DVS

loads and visualizes these dose distributions in a virtual IR

room. FDEIR executes the Monte Carlo simulation on a

voxelized geometry constructed from an individual patient’s

computed tomography (CT) dataset. For this study, we re-

placed the patient CT geometry with the IR room geometry

and estimated the air dose distribution.

Air Dose Estimation

Calculating the air dose distributions that occur under

various fluoroscopic conditions demands tremendous com-

putational resources. Therefore, a dose for VR-DVS must be

computed before real-time visualization. Unfortunately, stan-

dard Monte Carlo packages are too slow for calculations

that support ready visualization. In this study, we calculated

the air dose using FDEIR [14], which uses GPU computing

to simulate the absorbed dose very quickly.

Framework of the FDEIR dose estimation system

As described in an earlier report [14], FDEIR calculates

the absorbed dose to the skin using Monte Carlo simulation.

This system conducts a simulation using a patient’s CT da-

taset with fluoroscopic conditions that include the tube volt-

age, energy spectrum, milliampere value, source-to-image-

receptor distance, field-of-view size, source position, and the

imaging table position. In this study, the simulation works

with the IR room geometry, and air dose distributions in the

IR room are estimated. The simulated relative dose must be

calibrated to estimate the absorbed dose. For this purpose,

we applied a scaling factor for conversion of the relative

dose in FDEIR to the absolute dose from an earlier study

[14]. The scaling factor was acquired using the same fluoro-

scopic unit (Innova 4100-IQ; GE Healthcare Inc.) and under

similar fluoroscopic conditions as that study [14]. The scal-

ing relation was a linear regression equation of y = 0.203x

×1011, where y and x represent the absorbed dose (Gy) and

the simulated relative dose per photon (Gy), respectively.

These computed air and skin dose distributions were then

incorporated into VR-DVS.

Verification of FDEIR air dose estimation

The calculation precision of FDEIR under the skin dose

estimation on the patient’s CT dataset was verified as ex-

plained in an earlier report [14]. However, the air dose cal-

culation precision was not verified. Therefore, we validated

the precision in this study. We chose PHITS version 2.93

[16] as a reference to verify the FDEIR simulation. As a

typical Monte Carlo dose simulation code, PHITS incorpo-

rates Electron Gamma Shower version 5 (EGS5) [17], for
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Figure　1.　Simple room geometry for validation between FDEIR and PHITS.

Figure　2.　Simulated and measured points A-I. A, C, E, G, I 
and B, D, F, H, J were placed respectively at distances of 20 cm 
horizontally.

which photon and electron transport have been well estab-

lished [18, 19].

The FDEIR and PHITS simulations were conducted on a

single Tesla P100 GPU (NVIDIA Corp.) and two central

processing units (CPUs; E5-2695v4 Xeon; Intel Corp.) with

36 cores and 72 threads on a supercomputing system

(Reedbush-H; Silicon Graphics International Corp.), respec-

tively, at the Information Technology Center of The Univer-

sity of Tokyo, with simulation of 10 billion incident pho-

tons. The photon cut-off energy was 5 keV in each case.

The electron cut-off energy was 5 keV in the PHITS simula-

tion. These simulations were conducted with a simple ge-

ometry that included a water-equivalent phantom, an imag-

ing table, air, and ordinary concrete walls of 20 cm thick-

ness (10 m×8 m×3.45 m; Figure 1). The space was di-

vided into mesh voxels (5 cm×5 cm×5 cm) because the

electron range at the scatter photon energy range in air is <5

cm [20, 21]. Calculation times were recorded to elucidate

the computational resources.

We also measured the air dose using a radiophotolumines-

cence (RPL) glass dosimeter (GD-352M; Chiyoda Technol

Corp.) equipped with an energy compensation filter for low-

energy photons with a readout system (FGD-1000; Chiyoda

Technol Corp.). The readout system is equipped with an in-

ternal calibration RPL glass dosimeter and a reference RPL

glass dosimeter. A 1 h annealing process at 400° C was

applied before exposing the RPL glass dosimeter to X-rays.

Measurements were taken at horizontal distances of 50, 60,

70, 80, and 90 cm from the X-ray source at a height of 80

cm above the floor during 10 min fluoroscopy with a water-

equivalent phantom (Figure 2) using Innova 4100-IQ

fluoroscopic unit. Two RPL glass dosimeters were placed at

the same point. A 30 min preheating process at 70℃ was

applied before reading out the dosimeters. The readout sys-

tem uses ultraviolet laser excitation to read the RPL signal.

The average of two measured values was used for compari-

son. Those measured points corresponded to one standing

position of the interventional radiologists and one place

where scattered radiation can be measured efficiently. Other

fluoroscopic conditions used for this study are presented in

Table 1. These simulations were also conducted using

FDEIR on a Tesla P100 GPU in the comparison geometry
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Figure　3.　Relative dose distributions at 80 cm from the floor 
evaluated using FDEIR and PHITS. The distributions were 
normalized to the respective maximum doses.

Table　1.　Fluoroscopic conditions of the X-ray 
beam used for this study (Innova 4100-IQ).

Parameter

kV 76 kV

mA 2.5 mA

Field of view 20 20 cm2

Frames per second 15

Source to surface distance 60 cm (at PA)

Source to image-receptor distance 100 cm

Filter 0.3 mmCu

(Figure 2).

Simulation of IR room dose distributions

To estimate the air dose, we constructed a voxelized ge-

ometry resembling an IR room (10 m×8 m×3.45 m) in an

IR room at our institution. The geometry was sufficient to

include a simple model of a fluoroscopic unit, a patient

phantom [22], a suspended lead screen, a lead table shield,

air, and ordinary concrete walls of 20 cm thickness. This

unit model was based on public structure data (3D Ware-

house; Google Inc.) for a carbon imaging table and an iron

fluoroscopic unit. The suspended lead screen and the lead

table shield had 2 mm and 0.5 mm lead-equivalent thick-

ness, respectively, which we referred from the lead shields

used at our institution. We treated the patient phantom as

water for simplicity. The geometry was divided into mesh

voxels (5 cm×5 cm×5 cm). The room geometry was also

incorporated in VR-DVS.

We specifically examined a situation related directly to

the risk of radiation dermatitis in the Cardiac IR where the

X-ray beam used for cardiac fluoroscopy was aimed at the

chest of the patient phantom [22]. The air dose distributions

were simulated at each irradiation angle. The C-arm rotated

0° to 360° in lateral angle for virtual representation of an

over-table tube, not only an under-table tube, and -30° to

30° between the cranial and caudal angles, which are ge-

neric alternatives in cardiac IR. Additionally, a suspended

lead screen and a lead table shield were placed to represent

typical radiation shields. The fluoroscopic conditions are

presented in Table 1, which is obtained from Innova 4100-

IQ with postero-anterior exposure. Dose simulations were

performed assuming that the C-arm was rotated under this

condition.

A Monte Carlo simulation of 10 billion incident photons

was used to estimate the air dose distribution voxels in the

voxelized IR room using FDEIR. Skin dose distributions of

the patient phantom were simulated at each irradiation angle

on a geometry constructed from a CT dataset (5.37 mm×
1.074 mm×5 mm).

Building a virtual reality environment

VR-DVS was originally designed for an immersive expe-

rience of estimating air and skin dose distributions in IR op-

eration using a real-time 3D graphics platform (Unity; Unity

Technologies). We used a VR headset (HTC Vive; HTC and

Valve Corp.) for the VR experience. Users of this VR head-

set have the sensation of walking around in a VR space.

They can control the irradiation angle, irradiation timing,

and the suspended lead screen and lead table shield via a

wireless controller. In real time, VR-DVS loads and displays

air and skin dose distributions from a stored dose table pre-

computed by FDEIR for visualization of the dose corre-

sponding to fluoroscopic conditions.

In VR-DVS, users can also experience an eye lens dose,

which presents an important difficulty for medical staff

members. The energy spectra of scattering photons are com-

pletely different depending on the location in the IR room

(Supplementary Figure 1). To prevent underestimation, the

absorbed dose of the eye lens was converted from the air

dose using the reported conversion factors 1.550 Gy/Gy in

ICRP Publication 74 [23], which is the highest value.

Qualitative assessment

This study examined 13 participants (2 radiologists and

11 radiological technologists) to assess VR-DVS. The

NASA Task Load Index (NASA-TLX) questionnaire was

used to evaluate the VR experience [24]. As a subjective

workload assessment tool, NASA-TLX allows users to con-

duct subjective workload assessments of users. The NASA-

TLX produces an overall workload score of 0-100 based on

a weighted average of ratings on six subscales [24].

1) Mental demand: How much mental and perceptual ac-

tivity was required?

2) Physical demand: How much physical activity was re-

quired?
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Figure　4.　Absorbed doses for the simulated absorbed dose 
by FDEIR and measurements taken using RPL glass dosime-
ters. Error bars show standard deviations for FDEIR simula-
tion (2 σ), the propagation errors of variations in reading re-
producibility (5%), and the angular dependence (12.4%) of the 
RPL glass dosimeter.

3) Temporal demand: How much time pressure did you

feel because of the rate or pace at which the tasks or task

elements occurred?

4) Performance: How successful do you think you were

in accomplishing the goals of the task set by the experi-

menter?

5) Effort: How hard did you have to work to accomplish

your level of performance?

6) Frustration: How insecure, discouraged, irritated,

stressed, and annoyed versus secure, gratified, content, re-

laxed and complacent did you feel during the task?

The NASA-TLX Questionnaire was administered to iden-

tify the primary score of the workload during the execution

of VR-DVS.

RESULTS

Verification of the FDEIR-estimated air dose

We compared the results obtained using a rapid and accu-

rate dose estimation method explained in an earlier report,

FDEIR, with those obtained using PHITS to verify the esti-

mated air dose distribution. Figure 3 presents the air dose

distributions calculated using those methods. The difference

of the air dose in the room between them, [(FDEIR dose -

PHITS dose) / PHITS dose], was 15.2% on average at a

height of 80 cm. These results were mutually consistent,

even if the electron transport was suppressed in FDEIR, im-

plying that FDEIR estimates the air dose distribution reason-

ably well.

A simulation with 10 billion incident photons was com-

pleted within 3.6 h on FDEIR and within 9.5 h on PHITS

under fluoroscopic conditions (Table 1). With a single Tesla

P100 GPU, FDEIR achieved rapid air dose simulation in the

IR room. The simulation results were consistent with data

measured using RPL glass dosimeters by a 13.5% difference

on average and a maximum of 104.2 μGy/h (Figure 4).

They were also consistent with the air dose measured by

Lee under similar conditions [25].

Dose distributions in the IR room

We have presented examples of the estimated eye lens

dose distributions incorporated in VR-DVS with and without

the suspended lead screen and lead table shield (Figure 5).

Comparison of the over-table tube and the under-table tube

along a dotted line presented in Figure 5 without lead pro-

tection (Figure 6) reveals that the dose in the over-table

tube was up to 24 times higher than the dose in the under-

table tube. Similarly, comparing them with lead protection,

the dose in the over-table tube was up to 8 times higher

than the dose in the under-table tube.

Virtual reality dose visualization

A VR-DVS overview is presented in Figure 7 and Sup-

plementary Video 1 and Video 2. Real-time skin and air

dose distributions corresponding to the irradiation angle are

depicted, respectively, as colored cubes at the skin position

and colored spheres placed at intervals of 35 cm in the VR

space. The sphere size and color represent the absorbed dose

level. The absorbed dose increases proportionally with the

exposure time. The eye lens dose of the user was also esti-

mated using VR-DVS, which detects the head-mounted dis-

play position as the eye lens position. VR-DVS has the fol-

lowing five functions:

(1) Control of virtual X-ray irradiation, C-arm rotation,

and placement of lead protection with a handy controller

(2) Visualization of the accumulation of air and the pa-

tient’s skin dose distribution corresponding to the user op-

eration

(3) Visualization of the air and the patient’s skin dose rate

distribution corresponding to the C-arm rotation

(4) An indication of the user’s eye lens dose at the de-

tected head-mounted display position

(5) Visualization of scattered photon tracks corresponding

to the C-arm rotation

Users can walk around the virtual IR room and can learn

the air and patient skin dose distribution corresponding to

the C-arm rotation at any place in the room. Function (1)

enables intuitive operation for users in the virtual IR room

without external operation. Function (2) visualizes accumu-

lation of the dose distribution when X-ray beams are irradi-

ated from various directions. Function (3) encourages intui-
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Figure　5.　Eye lens dose distributions at 150 cm from the floor, estimated using FDEIR under fluo-
roscopic conditions (Table 1): (a) X-rays were irradiated in the over-table tube with lead protection,  
(b) in the over-table tube without lead protection,  (c) in the under-table tube with lead protection, 
and (d) in the under-table tube without lead protection. Red lines represent suspended lead screens. 
Along with the dotted line on (a), dose distributions are presented for comparison in Figure 6. Low-
dose areas at the 6 o’clock and 11 o’clock positions result from absorption at the fluoroscopic unit 
(C-arm and the suspended monitor). Statistical error resulted in the isodose curve shape.

tive understanding of a low dose rate area corresponding to

the C-arm rotation in the virtual IR room. Function (4)

shows the pinpoint eye lens dose in addition to colored

spheres filling the room. Function (5) shows scattered pho-

ton tracks to show the direction for radioprotection. Visuali-

zation of the radiation raises our understanding of the dose

distributions.

Qualitative evaluation

Figure 8 presents results of the subjective workload

scores from the NASA-TLX questionnaire. The median of

the overall workload score (18.00) was lower than the scores

for medical tasks (50.60) and computer activities (54.00) re-

ported in the literature [26]. These results suggest that VR-
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Figure　6.　Eye lens dose distributions along a line presented in Figure 5.

Figure　7.　VR-DVS overview. The C-arm angle, X-ray exposure, and existence of the suspended 
lead screen and the lead table shield were adjusted using controllers. “Dose rate” in the inset shows 
the user’s eye lens dose at the current position.

DVS can present dose information intuitively, thereby reduc-

ing the workloads of medical staff members.

DISCUSSION

We demonstrated the world’s first immersive dose visuali-

zation system using VR technology, which provided a physi-

cal geometric arrangement that let the user view a 3D repre-

sentation of the air and skin dose distributions. Furthermore,

we proposed air dose estimation for IR using FDEIR while

achieving rapid calculation and high precision for VR. This

VR method is useful as an instructional tool when staff

members must be trained about the radiation dose in the IR.

Additionally, by identifying the standing positions of a radi-

ologist during operations, detailed radiation exposure to the

radiologist can be estimated rapidly.

The GD-352M RPL dosimeter has angular dependence

for the radial direction and the long axis direction, respec-

tively, of within 3% and 12% [27]. Only when the dosime-

ter is rotated 270 degrees in the long axis direction does the
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Figure　8.　NASA-TLX workload score for VR-DVS (blue 
box) and scores for medical tasks and computer activities re-
ported in the literature (black boxes) [26].

angular dependence become approximately 10% [27]. How-

ever, all photon tracks reaching dosimeters were not traced

in this study. We therefore show the maximum possible er-

ror in Figure 4.

In cases of over-table tube irradiation, the eye lens is ex-

posed much more than in cases of under-table tube irradia-

tion because a considerable amount of diagnostic energy

photons backscatter in the human body. Comparing the

over-table tube and under-table tube situations, we observed

that the under-table tube decreased the eye lens dose to one

twenty-fourth. Most institutions conduct IR operations with

the under-table tube, but some institutions still employ an

over-table tube. In other words, the over-table tube ap-

proaches the threshold in an equivalent dose limit for an eye

lens 24 times earlier, at most. Our results confirmed that ex-

posure with the under-table tube can be highly beneficial for

radioprotection.

The eye lens dose can differ drastically depending on the

amount of lead protection. Comparison of over-table tube ir-

radiation that occurred with and without a suspended lead

screen showed that the lead screen reduced the eye lens

dose to one-twelfth of the dose without the screen. Results

demonstrated that 46 h of exposure in the over-table at a

horizontal distance of 85 cm from the X-ray source at a

height of 150 cm from the floor tube reached the ICRP eye

lens dose limit (20 mSv/year) [28]. Use of the suspended

lead screen extended the limit to 552 h. Furthermore, lead

glass reportedly reduces the eye lens dose to about one-tenth

of the usual dose without glass [29]. With VR-DVS simulat-

ing a realistic experience, visualization of dose distributions

based on the physical process using Monte Carlo simulation

by FDEIR can be expected to produce an instinctive under-

standing in users of the effects of protection.

Actually, FDEIR and VR-DVS can accommodate calcula-

tions for any IR room. In this study, the geometry was

based on our institution’s IR room using one fluoroscopic

condition, but the results are expected to be useful for train-

ing and education. Intuitively, users can grasp the spread of

the dose from the X-ray source. When building a VR space

tailored to other facilities, the simulation geometry and vir-

tual IR room can be reconstructed and the doses recalcu-

lated with less effort, for example, merely by tuning some

parameters for room size. In addition, FDEIR works on a

retail-grade GPU on a personal computer as well as on a su-

percomputing system. For instance, one GPU (GeForce

GTX 1080; NVIDIA Corp.) on a personal computer took

longer than 300 h for the necessary computations to support

the simulations used for this study compared to 40 h on a

supercomputing system.

Fast air dose simulation by FDEIR presents several salient

benefits. First, fast air dose calculation using FDEIR elimi-

nates the time-consuming measurements that are currently

necessary for typical methods to map the dose distributions

in the IR room. Air dose measurements demand great effort

to install numerous dosimeters throughout a room, with re-

peated irradiation necessary for each condition. The fast and

easy simulation method described herein provides an air

dose distribution of approximately 10% difference in a few

hours. Secondly, the alterable geometry and fast simulation

are useful for radiation shielding calculations. Room con-

figurations, especially lead shielding and the patient’s body,

affect the air dose distribution. By reconstructing the simula-

tion geometry of an IR room, the air dose distributions can

be estimated for widely diverse geometries and conditions.

According to earlier reports, the suspended lead screen re-

duces the eye lens dose by 1.3-33 times depending on the

geometry and conditions [29]. The use of FDEIR can sim-

plify dose calculations for any institution.

Any location with sufficient space and a computer can be

used to train medical staff in VR-DVS. This flexibility is ex-

pected to be particularly beneficial in cases with limited op-

portunities to use an actual apparatus [30-32]. Furthermore,

dose visualization using VR technology applies to other mo-

dalities such as radiography, CT and radiotherapy. For clini-

cal use, mixed reality and AR technology, which superim-

pose a virtual object on a real object, are expected to be

more useful. Results of VR-DVS present the possibility of

expansion to mixed reality and AR systems.

In conclusion, this study presented an air dose estimation

technique using FDEIR and VR-DVS. Rapid dose estimation

using GPU enabled calculation of the air dose easily under

diverse conditions. Based on these results, VR-DVS is ex-

pected to open new horizons for education about radiation

protection in IR.
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