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Abstract

Computed tomography (CT)-guided procedures require close proximity to the CT gantry
or patient, increasing occupational exposure to scattered radiation. Even though radiation-
protective equipment is commonly used, the optimization of CT fluoroscopic techniques
remains important. Partial-angle CT (PACT) employs a limited exposure angle, producing
cumulative scattered radiation distributions that vary with the selected angle and are
difficult to estimate in advance. I aimed to develop an augmented reality (AR)-based
visualization method for cumulative scattered radiation distributions during PACT and to
evaluate its ergonomic feasibility as a proof of concept for occupational exposure reduction.
An AR display system was developed to overlay cumulative scattered radiation distri-
butions onto physical space using AR glasses. Workload was assessed using the NASA
Task Load Index (NASA-TLX), and usability was assessed using the System Usability Scale
(SUS). Compared with non-virtual conditions using radiation-protective glasses alone,
AR-assisted visualization was associated with increased perceived workload, and usability
scores were lower than those reported in previous AR studies. These findings indicate that,
for AR display systems to support occupational exposure reduction, perceived task de-
mands must be comparable to conventional protection strategies. Further improvements in
visualization methods, user familiarity with AR environments, and ergonomic optimization
are required to facilitate clinical implementation.

Keywords: augmented reality; scattered radiation; computed tomography; workload
assessment; system usability

1. Introduction

Computed tomography (CT)-guided procedures enable diagnostic or therapeutic in-
terventions to be performed safely under CT fluoroscopic image guidance [1,2] and are
designed to minimize patient invasiveness. However, CT fluoroscopy involves contin-
uous X-ray exposure, and relatively high radiation exposure to medical staff has been
reported [3-5]. In conventional CT fluoroscopy, X-ray irradiation is applied continuously
throughout the procedure, and greater procedural complexity and longer procedural times
are associated with increased occupational exposure among medical staff. To address
this issue, intermittent CT fluoroscopy techniques were introduced and are now widely
used [6,7]. From a regulatory perspective, accumulating international evidence on radi-
ation protection in interventional radiology (IVR) has strengthened protective measures
for medical staff. In 2011, the International Commission on Radiological Protection (ICRP)
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recommended an equivalent dose limit for the lens of the eye of 20 mSv/year, averaged
over defined periods of 5 years, with no single year exceeding 50 mSv [8]. Following this
recommendation, the threshold dose for tissue reactions involving the eye lens was revised,
and corresponding amendments were made to national regulations in Japan, resulting in a
substantial reduction in the equivalent dose limit. Concurrently, personal dosimeters were
developed to measure lens dose. In 2020, revisions to the Ordinance for Enforcement of the
Medical Care Act concerning medical radiation were implemented, indicating that medical
institutions should ensure the safe management of medical exposure based on diagnostic
reference levels [9].

In CT-guided procedures, technologies such as partial-angle CT (PACT), which limit
the X-ray scan range to 180° plus the fan angle required for image reconstruction, have been
introduced to reduce occupational exposure [10-12]. In addition to the use of appropriate
radiation-protective equipment, optimization of imaging parameters, including image qual-
ity, is essential for reducing radiation exposure to medical staff during IVR using X-ray CT.
Some CT systems provide exposure modes that restrict the X-ray irradiation range, reducing
radiation dose to both patients and medical staff during IVR. In CT examinations, real-time
imaging may be performed using half-scan CT data (approximately 240° of data acquisi-
tion). CT fluoroscopy employing this approach is referred to as half-scan CT fluoroscopy.
PACT extends this concept by allowing selection of the X-ray exposure range within the
half-scan, with exposure angles adjustable in 30° increments. Similar to angular beam mod-
ulation using tube current modulation [6], PACT produces scattered radiation distributions
that differ from those generated by full-scan CT (360° data acquisition), thereby influencing
the occupational exposure of medical staff. Appropriate selection of the X-ray exposure
range, with consideration of procedural conditions, is essential. Previous studies reported
reduced occupational exposure at certain X-ray tube positions during PACT [12]. The
half-scan angle is not fixed and can be adjusted arbitrarily. Without continuous perception
of cumulative scattered radiation distributions, occupational exposure reduction may not
be consistently achieved. Because cumulative scattered dose distributions vary depending
on the selected exposure range, visualization of these distributions is necessary. To address
this, numerical simulations of scattered radiation distributions for each X-ray exposure
range were calculated using the Monte Carlo particle transport code PHITS [13]. Based on
these data, a device was developed in an augmented reality (AR) environment to overlay
cumulative scattered radiation distributions onto physical space.

Previous AR-based radiation visualization systems have primarily focused on real-
time dose display using spatial representations of scattered radiation distributions [14,15].
Although these systems enhance radiation visualization perception, they do not address
the angle-dependent cumulative scatter radiation characteristics specific to PACT. In PACT,
occupational exposure varies depending on the selected X-ray exposure angle, and under-
standing cumulative scattered radiation distributions is essential for proactive dose manage-
ment. To my knowledge, no previous study has integrated Monte Carlo-derived scattered
radiation distributions specific to PACT with AR-based visualization for occupational
exposure management in CT-guided interventions. AR is a semi-immersive environment
that enhances visual perception by overlaying computer-generated (CG) information onto
the physical space. In fully virtual environments, immersion is achieved by reproducing
audio-visual sensations that differ from reality. Similar to virtual reality (VR), AR has been
applied to first-person experiences in medical education [16-20], surgical assistance [21-25],
and rehabilitation [26-30], providing a safe and effective practice environment. VR typ-
ically uses head-mounted displays to deliver fully immersive experiences. AR employs
eyeglass-type display devices that allow simultaneous use of radiation-protective glasses,
even within radiation fields, making it more suitable for clinical settings. When medical
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staff perform procedures using AR glasses, workload-related factors—including potential
user discomfort such as cybersickness—must also be considered [31-35].

To make PACT effective for reducing occupational exposure, medical staff must be able
to visually recognize cumulative scattered radiation distributions to identify safe working
areas and avoid high-dose regions. Currently, no technology adequately addresses this
issue. This paper presents a proof-of-concept (PoC) evaluation of AR glasses designed
to enable medical staff to proactively manage occupational exposure by visualizing cu-
mulative scattered radiation distributions overlaid on physical space. The feasibility of
clinical implementation was assessed by evaluating the workload associated with AR use
to determine whether effective occupational exposure management could be achieved.
Additionally, workload [36] and usability [37,38] were examined to provide a preliminary,
hypothesis-generating evaluation of the application and its technical components.

I aimed to leverage AR technology to develop a reliable method for visualizing
cumulative scattered radiation distributions and to evaluate the ergonomics of a novel
system designed to reduce occupational exposure among medical staff. The research
question was whether visualizing scattered radiation distributions using AR glasses affects
subjective workload during clinical tasks. I hypothesized that the perceived workload
when using AR glasses would not differ significantly from that in a standard working
environment, represented in this study by the use of radiation-protective glasses alone.

2. Materials and Methods
2.1. AR Visualization of the Cumulative Scattered Radiation Dose Distribution

The AR display system consisted of AR glasses (Nreal Light; XREAL Inc., Tokyo, Japan)
connected via USB Type-C to a smartphone (Galaxy S22; Samsung Electronics Japan Co.,
Ltd., Tokyo, Japan) running an AR application. The application was developed using Unity
(version 2021.3.5f1 LTS) with NRSDK for Unity (version 1.10.2) to support the AR glasses.
The NRSDK development kit included a marker-based tracking function, which enables
AR visualization by displaying CG objects when the camera recognizes a pre-registered
marker. The position and orientation of the marker in physical space serve as the origin of
the CG coordinate system. By mapping CG-generated cubes onto the coordinate system,
the system visualized fixed scattered radiation distributions in physical space. Markers
were color JPEG images (210 mm x 297 mm), which could be printed using a standard
printer. To improve spatial registration accuracy, three markers were placed around the
CT system: one defined the coordinate system origin, whereas the remaining two markers
were used to correct marker orientation. The origin of the coordinate system was located
on the CT table with a 700 mm leftward offset. CG cubes displayed in the AR environment
were arranged in a grid pattern to represent the scattered radiation dose distribution, and
both the positions and dimensions of the CG cubes were configurable.

Each cube contained a scattered radiation dose distribution generated using the Monte
Carlo particle transport simulation code PHITS (version 3.300). PHITS models the be-
havior of various types of radiation within arbitrary geometries using reaction models
and nuclear data. It has been applied in accelerator shielding design, radiation therapy
planning, and radiation protection. One advantage of PHITS is the relative simplicity of
the simulation setup, in which users prepare an input file describing the geometry and
simulation conditions, which is then loaded into the PHITS executable. Simulation outputs
include numerical data as well as image files, enabling straightforward visual verification
of the results. PHITS was developed by Japanese research institutions and is supported
extensively in Japan. The PACT X-ray exposure parameters used in the simulations are
listed in Table 1. X-ray energy spectra were calculated using the Birch—-Marshall theoretical
formulation for continuous X-rays emitted from an X-ray tube [39]. Continuous X-ray
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conditions included a tube voltage of 120 kV, a tungsten anode, an anode target angle of 8°,
inherent filtration equivalent to 2.5 mm Al, and constant-voltage rectification. Under these
conditions, the half-value layer of aluminum was 5.0 mm. The dimensions of the simulation
space used to visualize scattered radiation dose distribution are shown in Figure 1.

Table 1. X-ray exposure conditions for PACT simulations.

Parameters Setting
Tube voltage (peak) 120 kV
X-ray spectrum Continuous (Birch-Marshall model)
Total filtration 2.5 mm Al equivalent
Number of photons 105
X-ray fan angle 50°
X-ray exposure sampling angle 10°
X-ray exposure angle range 240°

PACT, partial-angle computed tomography.

Figure 1. Dimensions of the simulation space used to model the scattered radiation dose distribution.

In PHITS, the simulation domain is divided into small virtual regions (tallies) within
which photon transport information is recorded. The gantry and CT table were mod-
eled as iron structures, and a cylindrical polymethyl methacrylate (PMMA) phantom
(30 cm diameter x 10 cm length) was placed at the center of the gantry. Visualization of
the simulation results was performed using ParaView 5.10.1 (Kitware, Inc., Clifton Park,
NY, USA), an open-source software for visualizing numerical simulation data (Figure 2).
Figure 2A shows a three-dimensional visualization of the scattered radiation dose distribu-
tion under PACT conditions, while Figures 2B and 2C present two-dimensional views from
the lateral side of the CT table and the front of the gantry, respectively. In these images,
red indicates high-dose regions and blue indicates low-dose regions. In conventional
CT imaging, scattered radiation distributions near the gantry are generally uniform in
all directions. As shown in Figure 2C, PACT produced a semicircular high-dose region
extending approximately clockwise from the 12 o’clock to the 6 o’clock position (the right
half of the gantry). For coordinate definition, the longitudinal axis of the table was used
as the Z-axis, the left-right direction as the X-axis, and the vertical direction as the Y-axis.
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The tally mesh was set to 30 x 24 x 50 pixels along the X, Y, and Z axes, respectively. The
number of tallies corresponds to the number of CG cubes, which was adjusted to balance
visualization resolution with computational performance limitations of the hardware.

Figure 2. Simulation of scattered dose distribution in PACT using PHITS. (A) 3D visualization;
(B,C) 2D visualizations from the lateral side of the CT table and front of the gantry, respectively.
Abbreviations: PACT, partial-angle computed tomography; PHITS, Particle and Heavy Ion Transport
code System; 3D, three-dimensional; 2D, two-dimensional; CT, computed tomography.

Scattered radiation dose distribution was stored as text files corresponding to each
PACT X-ray exposure range and saved in the smartphone’s internal storage. A graphical
user interface was developed on the smartphone to allow users to input X-ray exposure
parameters, including tube voltage, tube current, exposure time, and exposure range. The
application loads the corresponding text file based on these inputs. Scattered radiation
distributions represent cumulative information; additional X-ray exposures can be sequen-
tially added, with previously loaded dose data summed and reflected in the updated AR
visualization of cumulative scattered radiation.

AR-displayed cubes change color according to the radiation dose. Colors are ex-
pressed using seven levels based on Red—-Green—Blue (RGB) values, linearly mapped to
the scattered radiation dose calculated with PHITS. In this PoC study, cube size, spatial
spacing, and color mapping were fixed across participants to ensure consistent visualiza-
tion of Monte Carlo-derived cumulative scatter radiation distributions and to minimize
experimental variability. Transparency was selected as the primary adjustable parameter
because it directly influences visibility of the physical space, which is critical for safety
during CT-guided procedures. Users can identify high-dose regions based on color dif-
ferences. Figure 3 provides an example of AR visualization, showing the display state
when the implemented clipping function is applied. Not all CG cubes are displayed, and
the cube colors do not represent actual radiation dose. The clipped view in this figure is
provided to clearly illustrate the size and spacing of the CG cubes. During the ergonomic
assessment, participants viewed the full set of CG cubes. Alternative visualization methods,
such as surface heatmaps, were considered; however, CG cubes were chosen to enable
three-dimensional perception of dose distributions while preserving spatial perception.
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Figure 3. AR visualization of the cumulative scattered radiation distribution. For clarity of presen-
tation, the clipping display function was applied in this figure [40]. Clipping was applied in this
illustration only to improve visual clarity.

2.2. Workload Assessment

Workload during the AR experience was assessed using the NASA Task Load Index
(NASA-TLX), a subjective tool consisting of six subscales: mental demand, physical de-
mand, temporal demand, performance, effort, and frustration level (Table 2). Each subscale
is rated on a scale ranging from 0 to 100. Subsequently, participants performed pairwise
comparisons for all 15 possible combinations of the six subscales to determine which factors
contributed more strongly to perceived workload in each comparison. The number of times
each subscale was selected was used as a weighting factor (0-5). Weighted scores for the
six subscales were calculated accordingly. The overall weighted task load (OWTL), ranging
from 0 to 100, was obtained by multiplying each subscale rating by its weighting factor,
summing the results, and dividing by 15.

Table 2. NASA-TLX rating scale definitions.

Item Description

How much mental and perceptual activity was required? Was the

Mental demand task easy or demanding, simple or complex?

How much physical activity was required? Was the task easy or

Physical demand demanding, slack or strenuous?

How much time pressure did you feel due to the pace at which

T 1 .
emporal demand the tasks or task elements occurred? Was the pace slow or rapid?

How successful were you in performing the task? How satisfied

Own performance . 5
were you with your performance?

How much effort did you exert, and how stressed, irritated, or

Effort relaxed did you feel during the task?

How hard did you have to work, mentally and physically, to
accomplish your level of performance?

Abbreviation: NASA-TLX, National Aeronautics and Space Administration Task Load Index.

Frustration level
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2.3. Usability Assessment

Usability was assessed using the System Usability Scale (SUS), developed by Brooke
in 1986 [41]. The SUS has been widely applied to assess the usability of e-learning [42,43]
and web-based systems [44,45]. Its practical advantages include rapid administration and
scoring, making it well-suited for user experience assessment. Bangor et al. reported
correlations between SUS scores and adjective-based rating scales, demonstrating that the
SUS can accurately characterize system usability [46]. The SUS is a 10-item questionnaire
designed to assess subjective usability. The standard items are as follows:

Question 1 (Q1): I think I would like to use this product frequently.

Question 2 (Q2): I found the product unnecessarily complex.

Question 3 (Q3): I thought the product was easy to use.

Question 4 (Q4): I think I would need the support of a technician to use this product.

Question 5 (Q5): I found that various functions of the product were well integrated.

Question 6 (Q6): I thought there was too much inconsistency in this product.

Question 7 (Q7): I imagine that most people would learn to use this product
very quickly.

Question 8 (Q8): I found the product very awkward to use.

Question 9 (Q9): I felt very confident using the product.

Question 10 (Q10): I needed to learn many things before I could get going with
this product.

The SUS questionnaire consists of 10 items, with positively and negatively worded
questions presented alternately. Responses were recorded on a five-point Likert scale
(1 = strongly disagree, 2 = disagree, 3 = neither agree nor disagree, 4 = agree, and
5 = strongly agree). Raw responses were converted into adjusted scores ranging from
0 to 4. For positively worded items (odd-numbered questions), 1 was subtracted from the
response score; for negatively worded items (even-numbered questions), the response score
was subtracted from 5. The overall SUS score was calculated by multiplying the sum of the
adjusted item scores by 2.5, as shown in Equation (1):

k=1

5 5
System usability = 2.5 (20 + ) Quo1— Y, Q2k> (1)
k=1

where Q; denotes the score for the i-th questionnaire item.

2.4. Participants

As this study involved a subjective assessment of the AR display system under non-
clinical settings, participation by licensed medical professionals was not required. To
minimize variability in task performance due to differences in clinical experience, under-
graduate students were selected, assuming a relatively uniform skill level for the target
tasks. Eligible participants were fourth-year students enrolled in the radiological technolo-
gist education program at the Department of Radiological Sciences and Informatics, School
of Health Sciences, International University of Health and Welfare, Narita Campus. A total
of 53 eligible fourth-year students were informed about the study. Among them, 24 students
voluntarily provided written informed consent and were enrolled. All enrolled participants
completed the experimental protocol and were included in the final statistical analysis. A
power analysis was conducted to determine the required sample size. Assuming a medium
effect size (Cohen’s d = 0.5), a significance level of o = 0.05, and a target statistical power
of 0.80, the minimum required sample size was calculated to be 24 participants. Students
who routinely required prescription glasses for daily activities were excluded.

A workload assessment was designed to reflect realistic usage scenarios. Three ex-
perimental conditions were established: AR glasses alone, AR glasses combined with
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radiation-protective glasses, and radiation-protective glasses alone. In CT-guided proce-
dures, medical staff typically wear radiation-protective glasses over prescription glasses.
The workload under this clinically assumed condition, which involved positioning a phan-
tom head, was assessed for comparison. Specifically, participants visually aligned the
orbitomeatal line of a head phantom placed on a CT table using infrared laser guidance
from the left and right sides, adjusted the table height to position the head at the center
of the gantry, and completed the task by defining the reference line position as the zero
position along the table movement axis. This task represents a routine clinical proce-
dure in CT examinations and was designed to be completed within approximately 5 min.
Task duration was limited to avoid excessive visual demands associated with AR glasses.
Immediately after completing each task, participants completed a questionnaire-based as-
sessment in Japanese. Prior to the experiment, participants received instructions regarding
the study purpose, questionnaire content, operation of AR glasses, display methods, and
adjustment of transparency for scattered radiation dose visualization. AR visualization
requires spatial registration between the AR display system and physical space using mark-
ers. The assessment focused on task performance and did not include marker alignment.
To control for order effects, the presentation order of the three experimental conditions
was counterbalanced. All six possible task sequences were prepared in advance, with four
participants randomly assigned to each sequence. Usability was assessed only under the
AR glasses-only condition. Statistical analyses were performed using JMP version 14.2.0
(SAS Institute Inc., Cary, NC, USA). A flowchart of the workload assessment experiment is
shown in Figure 4.

Time —
Number of Task Within 5 5 Within 5 5 Within 5
participants order minutes minutes minutes minutes minutes
Session 1 Session 2 Session 3
4 Order 1: Task A Task B Task C
4 Order 2: Task A Task C Task B
4 Order 3: Task B Task A Task C
Answers to the
Rest Rest X
questionnaire
4 Order 4: Task B Task C Task A
4 Order 5: Task C Task A Task B
4 Order 6: Task C Task B Task A

Task A: AR glasses only
Task B: Radiation protective glasses overlaid on AR glasses
Task C: Radiation protective glasses only

Figure 4. Flowchart of experimental conditions. All possible combinations of the three task conditions
(A, B, C) were presented to participants to control for order effects.

3. Results

The simulated task, designed to represent a routine clinical procedure, was relatively
simple, and all participants completed it within approximately 5 min. All participants had
completed clinical training, and none experienced difficulty performing the task. After com-
pleting the three experimental conditions, all participants responded to all questionnaire
items. The final sample comprised 24 participants (14 men and 10 women). As an indicator
of academic performance among university students, the mean functional grade point aver-
age (fGPA) was 2.79 (standard deviation [SD], 0.43; median, 2.79) for men and 2.56 (SD, 0.40;
median, 2.52) for women. For all participants combined, the mean fGPA was 2.69 (SD, 0.42;
median, 2.66). The fGPA was calculated by summing the product of the grade points
(ranging from 0 to 4.5) assigned to each completed course and the corresponding number
of credits, then dividing this sum by the total number of completed credits.
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The internal consistency of workload-related questionnaire responses was evaluated
for the three task conditions. Cronbach’s alpha coefficients were 0.75 for the AR glasses-only
condition, 0.76 for the AR glasses combined with radiation-protective glasses condition,
and 0.87 for the radiation-protective glasses-only condition, indicating sufficient internal
consistency. Scores for the six NASA-TLX subscales (Mental Demand, Physical Demand,
Temporal Demand, Own Performance, Effort, and Frustration Level) without weighting
were referred to as the raw task load (RTL). The overall score obtained by applying weight-
ing coefficients derived from pairwise comparisons is referred to as the OWTL. Descriptive
statistics for both RTL and OWTL are presented in Table 3.

Table 3. Descriptive statistics of the NASA Task Load Index under different eyewear conditions.

Eyewear Condition Item Mean =+ SD [95% CII Median (IQR) Shapiro-Wilk Statistic p-Value
Mental demand 61.5 £ 20.3 [52.9-70.0] 72.5 (40-75) 0.847 p <0.01
Physical demand 63.3 +23.2 [53.6-73.1] 67.5 (40-80) 0.912 p <0.05
Temporal demand 51.9 £25.5[41.1-62.7] 55 (26.3-68.8) 0.962 p =0475
AR glasses only Own performance 47.3 +25.0 [36.7-57.9] 45 (26.3-63.8) 0.966 p=0573
Effort 64.6 1 20.8 [55.8-73.4] 70 (55-78.8) 0.874 p <0.01
Frustration level 61.7 £23.1[51.9-71.4] 62.5 (55-80) 0.943 p=0.188
Overall task load 62.9 +15.7 [56.2-69.5] 61 (56.0-73.9) 0.980 p =0.892
Mental demand 72.9 £ 22.8 [63.3-82.6] 77.5 (58.8-90) 0.887 p <0.05
Physical demand 74.0 & 23.7 [63.9-84.0] 80 (56.3-95) 0.885 p <0.05
Temporal demand 56.5 £ 27.7 [44.8-68.2] 60 (30-75) 0.947 p=0.233
Radiation-protective
glasses + AR glasses Own performance 59.0 4 24.0 [48.8-69.1] 57.5 (36.3-80) 0.940 p=0.164
Effort 75.4 £+ 17.6 [68.0-82.8] 80 (65-85) 0.927 p=0.083
Frustration level 70.8 £ 19.6 [62.6-79.1] 75 (51.3-88.8) 0.935 p=0.128
Overall task load 72.7 +15.1 [66.3-79.1] 71.5 (61.3-83.1) 0.962 p=0.481
Mental demand 22.5 +£13.7 [16.7-28.3] 22.5(11.3-35) 0.929 p=0.094
Physical demand 18.1 +£10.9 [13.5-22.7] 15 (10-25) 0.916 p<0.05
Temporal demand 16.3 £ 11.3 [11.5-21.0] 17.5 (5-25) 0.846 p<0.01
Radjiation-protective
glasses only Own performance 25.2 +17.4 [17.9-32.5] 25 (10-30) 0.879 p<0.01
Effort 34.4 £ 23.6 [24.444.3] 25 (16.3-45) 0.871 p<0.01
Frustration level 23.5 4+ 16.6 [16.5-30.5] 20 (10-40) 0.866 p<0.01
Overall task load 25.7 +15.3 [19.2-32.1] 21.7 (12.3-36.1) 0.888 p <0.05

Abbreviations: AR, augmented reality; SD, standard deviation; CI, confidence interval; IQR, interquartile range.

Normality was evaluated using the Shapiro-Wilk test, and several variables violated
the normality assumption. Accordingly, nonparametric multiple comparisons were per-
formed using the Steel-Dwass test, with the AR glasses-only condition serving as the
control. For both RTL and OWTL, statistically significant differences (p < 0.01) were ob-
served between the radiation-protective glasses-only condition and the AR glasses-only
condition (Figure 5). No statistically significant differences were observed between the
AR glasses-only condition and the AR glasses combined with radiation-protective glasses
condition. Table 4 presents the coefficients of multiple determination (r?) and standardized
partial regression coefficients (3 weights) obtained from multiple regression analyses, with
OWTL as the dependent variable and the six RTL subscale scores as independent vari-
ables. Strong positive correlations between RTL and OWTL were observed for all eyewear
conditions. In the AR glasses-only and AR glasses combined with radiation-protective
glasses conditions, RTL scores for physical demand and frustration level were significantly
associated with OWTL. Under the radiation-protective glasses-only condition, significant
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associations with OWTL were observed for all subscales except temporal demand and
frustration level.

100.0
I
80.0 r
o * AR glasses only
b= . *
8 600 f x H
* * P,
b " [ AR glagsed and radiation
o ‘ protective glasses
~ 400
[}
©
= Y Radiation protective
20.0 - H H H glasses only
0.0 - -
Mental Physical ~ Temporal Overall Effort Frustration Overall *;p< 0.01
demand demand demand performance level weighted

taskload

Figure 5. Task load scores under different eyewear conditions. Neither the raw task load nor the
overall weighted task load showed statistically significant differences when radiation-protective
glasses were used in combination with AR glasses, as compared with the use of AR glasses alone.
Statistically significant differences were observed when radiation-protective glasses were used alone
(*). Abbreviations: AR, augmented reality.

Table 4. Coefficients of multiple determination (r?) and standardized partial regression coefficients
(B weights) for the six NASA-TLX subscales regressed on OWTL.

3 Weights
Task ? Mental Physical T 1 F i
ysica empora rustration

Demand Demand Demand Own Performance Effort Level

AR glasses only 0.91 0.13 0.43 ** 0.24 * 0.17 0.18* 022*

Radiation-protective 0.94 0.22* 0.55 ** ~0.014 0.19* 0.19 0.29 **
glasses + AR glasses

Radiation-protective 0.98 0.25 0.15* ~0.0026 0.31 0.41 0.061

glasses only

*p <0.05, ** p <0.01. Abbreviations: AR, augmented reality; OWTL, overall weighted task load; NASA-TLX,
National Aeronautics and Space Administration Task Load Index.

The results of the usability assessment are summarized in Table 5. The internal consis-
tency of the SUS responses was evaluated, yielding a Cronbach’s alpha coefficient of 0.75,
indicating adequate reliability. For the adjusted scores, the minimum value across items was
0. The maximum adjusted scores were 3 for Questions 1-9 and 4 for all other items. Based on
these adjusted scores, the minimum and maximum SUS scores were 15 and 80, respectively.
The mean SUS score for the 24 participants was 49.8 + 17.2. Homogeneity of variance was
examined using Levene’s test, which was significant (F(9, 230) = 4.31, p < 0.01), indicating
heteroscedasticity. Welch’s analysis of variance revealed a significant effect (F(9, 93.4) = 5.46,
p < 0.01). Normality was further evaluated using the Shapiro-Wilk test, with violations
identified. Post hoc comparisons of item scores were performed using the nonparametric
Tukey—Kramer test. Statistically significant differences were observed at the 1% significance
level between Questions 1 and 7 and between Questions 1 and 6, and at the 5% significance
level between Questions 3 and 7 and between Questions 7 and 9 (Figure 6).
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Table 5. Adjusted scores and descriptive statistics of the SUS for AR glasses.

Item Mean + SD Shapiro-Wilk Statistic p-Value
Q1 1.25+0.74 0.844 p<0.01
Q2 1.83 +1.49 0.857 p <0.01
Q3 1.71 £1.20 0.888 p <0.05
Q4 213+1.48 0.841 p<0.01
Q5 2.29 +£1.08 0.917 p=0.051
Q6 246 +1.22 0.863 p<0.01
Q7 292+ 1.18 0.817 p<0.01
Q8 2.04 £1.37 0.878 p <0.01
Q9 1.42 £0.97 0.881 p<0.01
Q10 1.88 £1.51 0.830 p<0.01

Abbreviations: AR, augmented reality; SUS, System Usability Scale; SD, standard deviation.
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System usability scale

Figure 6. Ratings for individual questions on the SUS during AR glasses use. Abbreviations: AR,
augmented reality; SUS, System Usability Scale.

4. Discussion

The primary novelty of this study lies not merely in the application of AR technology,
but in the integration of Monte Carlo-derived, angle-dependent cumulative scattered radia-
tion distributions unique to PACT into an AR-based decision-support framework. Previous
AR applications in radiation-related fields have emphasized real-time dose feedback or visu-
alization of scattered radiation distributions. The present system visualizes pre-calculated
cumulative scatter radiation distributions that vary according to selectable exposure angles,
thereby supporting occupational exposure management during CT-guided interventions.
This angle-dependent radiation visualization approach represents a conceptual advance-
ment beyond conventional AR-based visualization methods.

Reducing occupational exposure during CT-guided procedures is a critical aspect
of radiation safety management. To address this issue, a PoC ergonomic evaluation was
conducted using AR glasses designed to visualize scattered radiation distributions within
the CT suite during PACT procedures. AR glasses allow medical staff to see temporally
changing dose distributions, enabling adjustments to imaging protocols with the goal
of minimizing occupational exposure. Subjective user experience is a key factor in clin-
ical implementation. The workload and usability were assessed using the NASA-TLX
and the SUS.

In the NASA-TLX assessment, both RTL and OWTL scores were the lowest when
radiation-protective glasses were used alone. Contrary to my initial hypothesis, the use
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of AR glasses increased perceived workload, offering no apparent advantage over con-
ventional radiation-protective glasses. Previous studies in medical settings that evaluated
AR glasses using the NASA-TLX have reported lower workload with AR use than that
observed under control conditions, attributing this effect to enhanced cognitive support
provided by AR visualization [47,48]. In contrast, other studies have shown that increased
visual perception can elevate perceived workload [49,50]. The increased workload observed
with AR glasses in this study is likely attributable to the addition of scattered radiation
dose distribution to the visual field, which increased overall visual perception. It should
also be noted that visualization parameters such as cube size, spatial spacing, and color
mapping were not systematically optimized in this study. Part of the observed workload
increase may reflect a non-optimized graphical representation rather than the intrinsic
characteristics of AR itself.

An increase in perceived workload is not necessarily detrimental. In cognitive er-
gonomics, additional mental demand may represent either extraneous workload unrelated
to task goals or necessary cognitive effort that supports improved decision-making [51,52].
In the present context, part of the increased workload may reflect device-related or visual
constraints, which would be undesirable, whereas increased cognitive engagement asso-
ciated with heightened radiation visualization perception may constitute task-relevant
effort. If such effort contributes to safer angle selection or reduced occupational exposure,
a moderate increase in workload may be justified. Therefore, the clinical effectiveness of
AR-based radiation visualization should be evaluated by balancing subjective workload
against objective metrics, including measurable reductions in radiation dose.

Studies comparing virtual and non-virtual environments have also reported that
differences in spatial perception associated with information volume can influence work-
load [53]. Furthermore, the physical characteristics of devices used to construct virtual
environments have been reported to affect physical workload [54]. One structural limitation
of the AR glasses used in this study was their lower transparency than that of conventional
radiation-protective glasses. Although the application allowed AR content to be hidden
and the transparency of CG elements to be adjusted, the inherent transparency of the AR
glasses remained lower, reducing visibility of the surrounding physical space. Addition-
ally, the AR glasses were connected to a smartphone via a wired connection, and display
settings required interaction with the smartphone application, which may have further
contributed to increased workload. For the participants, operating an unfamiliar applica-
tion may have contributed to the increased workload. The selected task, phantom head
positioning, was brief and did not strongly require radiation-related decision-making. The
added visualization of scattered radiation distributions may not have provided substantial
cognitive support within this experimental context. In relatively low-complexity tasks,
AR-based visual overlays may function primarily as additional visual perception, thereby
increasing cognitive workload. In contrast, during more complex CT-guided procedures
involving prolonged fluoroscopy, angle-dependent radiation visualization may enhance
situational perception and support radiation-aware decision-making. Thus, task complexity
likely moderates the balance between AR-induced workload and its clinical effectiveness.
Radiation-protective glasses, which maintain high transparency and are lighter than AR
glasses, impose lower visual and physical demands. The condition in which radiation-
protective glasses were worn over AR glasses most closely approximated the anticipated
clinical implementation scenario. The workload under this condition did not differ from
that observed with AR glasses alone. This finding suggests that, when AR glasses are
used, the presence or absence of radiation-protective glasses has little impact on perceived
workload, indicating a substantial difference in subjective user experience between AR
glasses and radiation-protective glasses. However, the lack of a statistically significant
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difference between the “AR glasses” and “AR glasses + radiation-protective glasses” condi-
tions should be interpreted with caution. Rather than reflecting true ergonomic equivalence,
this result may stem from the limited sensitivity of subjective assessment scales in a small
sample or from a “saturation effect”, whereby the baseline associated with AR glasses
masks the incremental workload imposed by radiation-protective glasses. In other words,
the inherent physical and visual demands of the current AR glasses may be sufficiently high
so that the addition of radiation-protective glasses does not further increase the perceived
workload to a measurable extent.

The experience generated by the AR glasses was less immersive than that produced
by VR-based virtual environments. VR does not allow visualization of the physical space;
however, it has been shown to be effective in medical education settings where experiential
freedom is prioritized [55]. AR must preserve real-world visibility to ensure safety during
clinical tasks. In clinical applications, AR serves as an auxiliary source of visual perception,
with interaction with the physical space remaining primary, making AR more suitable than
VR for such contexts. AR has also been reported to improve work efficiency and safety.
In this study, AR glasses were developed to visualize scattered radiation distributions
without interfering with real-world task performance. To enable clinical implementation,
increases in perceived demand should be minimized so that workload remains comparable
to that experienced when using radiation-protective glasses alone. Improvements in
application operability and visualization methods are required to reduce the workload
gap between AR and radiation-protective glasses. Future studies should also examine the
relationship between increased workload and reductions in occupational exposure, with
the aim of optimizing both factors concurrently. These findings suggest several practical
design requirements for clinical settings. Because radiation-protective glasses are routinely
worn during CT-guided procedures, AR glasses must be ergonomically compatible with
layered conditions. A preliminary ergonomic benchmark may be that the combined use
of AR glasses and radiation-protective glasses should not impose a workload exceeding
that of radiation-protective glasses alone. Designs that substantially reduce visibility of
the physical space, increase visual perception beyond task-relevant needs, or introduce
additional physical workload under layered conditions should be avoided unless clear
safety or performance benefits are demonstrated. Establishing such ergonomic thresholds
may help define minimum requirements for a clinical AR display system.

System usability is defined in ISO 9241-11:2018 as “the extent to which a system,
product, or service can be used by specific users to achieve specific goals with effective-
ness, efficiency, and satisfaction in a specific context of use” [56]. In this study, usability
was evaluated from the perspectives of effectiveness, efficiency, and satisfaction. Among
usability metrics, the SUS was selected because it is widely used and enables rapid assess-
ment. Although SUS scores are strongly influenced by user preferences, the simplicity of
the questionnaire facilitates efficient assessment. Among the 10 SUS items, the highest
score was observed for Question 7 (“I imagine that most people would learn to use this
product very quickly”), indicating that participants perceived the system as relatively
easy to learn. Lower scores were observed for items such as Question 1 (“I think that I
would like to use this product frequently”) and Question 9 (“I felt very confident using the
product”). These findings suggest that enhancing users” understanding of the importance
of reducing occupational radiation exposure through visualization of scattered radiation
distributions is critical for improving perceived usability. Educational interventions related
to radiation safety management may be required to enhance these evaluations. Assessing
users’ baseline understanding of radiation protection and providing additional education,
when necessary, may facilitate more effective use of AR-based visualization for reducing
occupational exposure. Consistent with this interpretation, previous research has demon-
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strated that pre-training is effective for knowledge acquisition and transfer in immersive
environments [57]. Lower SUS scores to use the system may also be associated with the
increased workload observed in this study. The NASA-TLX results shown in Figure 4 indi-
cate that physical demand contributed substantially to the overall workload, suggesting
that reduced visibility of the physical space and the method used to visualize scattered
radiation distributions may have affected task performance. The AR display system pro-
vides adjustable parameters—including color schemes, cube dimensions, spatial spacing,
and transparency. Only transparency was modified in the present study. Consequently,
reduced visibility of the surrounding physical space may have contributed to the increased
perceived demand. Overall, the SUS scores were relatively lower than those reported previ-
ously. According to the evaluation criteria proposed by Bangor et al. [44], the SUS score
obtained in this study corresponds to “Not acceptable” in acceptability ranges and “Poor”
in the adjective rating scale. Previous analyses have suggested that SUS scores of 61 or
higher indicate marginal acceptability, and scores of 70 or higher are considered acceptable.
Additionally, large-scale studies have reported a median SUS score of approximately 68 [58].
These comparisons indicate that the usability of the AR glasses evaluated in this study
was relatively low. Consistent with prior reports, user preferences and prior experiences
are known to influence SUS scores [59,60]. Even if a certain degree of visual discomfort
associated with AR use is tolerated, further improvements in AR visualization functionality
remain necessary. Although AR was selected to balance visibility of the physical space with
CG overlays, reduced visibility persisted when the AR display was activated. When AR
visualization is used concurrently with task execution, system settings should be optimized
to approximate the sensory experience of not wearing AR glasses as closely as possible.
Previous studies have reported correlations between SUS scores and Intrinsic Motivation
Inventory (IMI) scores [61]. The IMI, based on self-determination theory, may serve as
a complementary tool for multidimensional usability evaluation [62]. Enhancing users’
understanding of the significance of visualizing scattered radiation distributions—and fos-
tering such visualization can contribute to reducing occupational exposure—may improve
system usability by increasing intrinsic motivation.

It must be acknowledged that the statistical processing of NASA-TLX and SUS data,
specifically, the transformation of Likert scales into interval scales for regression analysis,
carries inherent methodological limitations. Given the small sample size and non-normal
distribution of the data, the regression results should be interpreted as an exploratory
analysis of the internal structure of the subjective workload within this specific cohort
rather than as definitive evidence of generalized causal relationships. Future studies with
larger and more diverse samples are required to confirm these correlations using more
robust statistical methods, such as Pearson correlation analysis, once statistical reliability
is established.

This study has some limitations. First, the participants were undergraduate stu-
dents rather than medical professionals. Although the selection of students allowed for
a relatively uniform level of knowledge and skills, their lack of practical experience with
CT-guided procedures limited the ability to evaluate the influence of clinical expertise on
the results. This may have contributed to higher perceived frustration and lower perfor-
mance scores on the NASA-TLX, as the students were less familiar with clinical procedures.
The observed workload and usability results primarily reflect subjective responses in a
non-clinical setting and may differ for experienced medical professionals. The use of un-
dergraduate students may therefore limit the external validity of the findings. Medical
professionals familiar with CT-guided workflows may perceive lower cognitive workload
owing to procedural expertise and routine multitasking under fluoroscopic conditions.
Future studies involving licensed medical professionals are necessary to determine how
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clinical experience, risk perception, and professional motivation influence the acceptance
and effectiveness of AR-based radiation visualization systems. Second, the task duration
was limited to 5 min, which resulted in minimal interaction with the smartphone applica-
tion. The application offers adjustable parameters, including cube color, size, and spacing;
optimization of these parameters was not examined in this study. Increasing the number
of grid points used to represent scattered radiation distributions increases the number of
displayed CG cubes, which may influence subjective assessments. This finding highlights
the need to determine the minimum CG representation required to effectively convey
scattered radiation distributions. It should be noted that in this PoC study, quantitative
evaluation of AR registration overlay accuracy was not performed, as the focus was on
subjective workload and usability under non-clinical settings. For clinical applications,
accurate spatial registration is critical to ensure that users can reliably interpret scattered
radiation distributions. Additional studies should include evaluation of AR-to-physical
space registration to prevent misinterpretation of high-dose areas in CT-guided procedures.
Third, the assessment methods were limited to the NASA-TLX and SUS. In particular,
the SUS results were interpreted on the basis of item scores, and the inclusion of free-text
responses might have provided more detailed insights into specific aspects of the system
requiring improvement. Objective performance metrics such as task completion time,
positioning accuracy, gaze behavior, or quantitative dose reduction were not evaluated.
Because this study was designed as an initial ergonomic PoC focused on subjective feasibil-
ity, performance-based evaluations were beyond its scope. Future investigations should
integrate objective performance metrics and dose indices to better determine the clinical
effectiveness of AR-based radiation visualization systems. Finally, it should be emphasized
that the primary contribution of this study lies in ergonomic and human—computer inter-
action evaluation. The Monte Carlo-derived scattered radiation distributions were used
as pre-calculated data and were not validated or adapted to clinical settings. Therefore,
the present findings should be interpreted within the scope of a PoC study focusing on
user experience and feasibility. The absence of occupational radiation exposure monitoring
integration limits the generalizability of the results to diverse procedural settings. Future
research should investigate under actual clinical settings to enhance technical robustness
and external validity.

5. Conclusions

This study evaluated workload and system usability using the NASA-TLX and SUS
for AR glasses designed to virtually overlay scattered radiation distributions during PACT,
with the goal of reducing occupational exposure among medical staff performing CT-
guided procedures. Regarding workload, a statistically significant reduction was observed
when radiation-protective glasses were used alone, compared with both the AR glasses-only
condition and the condition in which radiation-protective glasses were worn in combi-
nation with AR glasses. From a workload perspective, it is desirable that the perceived
demand of wearing AR glasses—whether alone or in combination with radiation-protective
glasses—be comparable to that experienced with radiation-protective glasses alone. This
condition may serve as a preliminary ergonomic threshold for clinical implementation,
given that radiation-protective glasses are routinely required during CT-guided proce-
dures. AR glasses intended for clinical use should be compatible with layered eyewear
and avoid imposing additional visual or physical workload beyond that associated with
radiation-protective glasses. System usability scores were relatively lower than those re-
ported in previous studies, indicating that improvements in user satisfaction are necessary.
Collectively, these findings highlight several areas for enhancement in the developed AR
display system. Visualization of scattered radiation distributions inherently increases visual
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perception; therefore, modifications are required to improve the compatibility between
CG visualization and physical space visibility, thereby minimizing visual demand and
avoiding interference with task performance. Comprehensive optimization of both the
AR glasses and their associated applications is required, alongside strategies to facilitate
user adaptation to increased visual perception. Enhancing users” understanding of the
effectiveness of visualizing scattered radiation distributions for occupational exposure
reduction is expected to improve user satisfaction, with intrinsic motivation likely con-
tributing to overall system usability. Future PoC studies incorporating multidimensional
ergonomic evaluations are warranted to address the challenges identified here. Resolving
these issues will likely improve the feasibility of implementing virtual technologies for
reducing occupational exposure.
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