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A B S T R A C T

Background and objectives: The immersive virtual reality (VR) simulator is advantageous because it
is cost-effective, realistic, can be controlled directly by the user, and can be integrated into ed-
ucation and training in otorhinolaryngology. The present study explored the feasibility of
incorporating VR pure-tone audiometry (PTA) into an audiologist training curriculum, and
assessed audiology experts’ willingness to use a VR PTA.
Materials and methods: A total of 31 audiologists (16 skilled audiologists and 15 undergraduate
students) participated in the study, using a developed VR PTA application with a Meta Quest 2
device. A digital twin technique was applied for a realistic environment. The study measured key
components of the VR system and behavioral intention to use VR PTA and traditional PTA using a
modified version of the Technology Acceptance Model survey. The survey outcomes for VR PTA
and the traditional PTA were compared, using a paired t-test and W test.
Results: The general characteristics of the participants were homogeneous. In the homogeneity
test, no statistically significant differences were found between the ratings of VR PTA and
traditional PTA. The comparison between VR PTA and traditional PTA revealed no significant
differences between skilled audiologists and undergraduate students for all variables.
Conclusions: The VR PTA and traditional PTA had no differences in of VR system characteristics
and behavioral intention to use. The efficacy of the VR PTA was validated, and previous expe-
rience with traditional PTA was not affected by adopting VR PTA. Further studies are needed to
assess performance enhancements in audiological testing through VR simulation.

1. Introduction

Nowadays virtual reality (VR) simulators are increasingly used in training for various tasks. Training in a VR environment is
realistic, cost-effective and ask for active participation of the trainee. Pure-tone audiometry (PTA) is a fundamental diagnostic tool in
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audiology for assessing an individuals’ hearing sensitivity across a spectrum of frequencies. It is the gold standard for hearing as-
sessments in audiological practice because of its objectivity, reliability, and ability to quantify hearing thresholds [1]. Hearing tests are
pivotal in evaluating auditory capabilities and detecting potential impairment, fostering effective communication and collaboration
within the audiology profession. Standardized hearing tests not only facilitate data exchange but also serve as a foundation for
benchmarking, monitoring hearing health trends, informing evidence-based interventions and public health policies. However, the
standardization of PTA is challenging due to biases (i.e., different setting across the institute and individualized test method) among
audiologists [2]. To address this issue, it is important to educate audiologists about standardized protocols and tools which are based
on real clinical data. By upgrading audiologists’ proficiency in PTA through comprehensive training, we can mitigate bias and ensure
consistent and reliable evaluations. This educational initiative is crucial [3] for standardization in hearing testing, ultimately
enhancing the quality of audiological care and tailoring interventions to individual needs.
With advancing technology, attention to training and/or clinical trials has increased. Various attempts have been made to apply

traditional learning contents with the-state-of-the-art technology in medical education. A representative tool for training is the
simulator. Using a simulator for training students can help achieve an effective practical education [4]. In the past decade, web-based
and non-immersive training simulation have been adapted, demonstrating the feasibility of simulation for both surgical and audio-
logical training [5–8]. Initially, various audiometry methods, including web-based audiometry [5,7,9–11], as well as smartphone
applications [12], were explored. Huang and colleagues highlighted the potential negative impact of traditional text-based education
methods on learner motivation [6,13], necessitating the exploration of effective training methods [4,14].
Virtual reality (VR) is defined as the immersed real-time simulation of the user in an interactive environment that mimics reality,

that is, simulation is extensively integrated into sensory-focused techniques [15]. This definition of VR emphasizes the use of VR for its
immersive, interactive, and sensory-rich capabilities. The burgeoning role of VR simulators in medical education is a paradigm shift,
providing a transformative platform for experiential learning that is both effective and ethically sound. The VR simulator is advan-
tageous because it is cost-effective, realistic, and can be controlled directly by the students [4,16]. The main components of VR
consisted of virtual environments, immersion, interaction, and sensory feedback [17]. Recent view of VR had III which represented
Immersion, Interaction, and Imagination [18,19]. The concept of III of VR is central to understanding user engagement and technology
acceptance in educational settings. Immersion defined as the stimulation of multiple sensory channels within a virtual environment.
Immersion could be ranged from low (non-realistic) to high (realistic). Interaction which characterized by the real-time response of the
virtual environment to user inputs was related to the level of interaction between user and VR system. Imagination referred to the
capability of user to perceive non-existent things in real environment. Ünsaler and colleagues systematically reviewed the feasibility
and validity of VR simulation in various specialties of otology such as temporal bone dissection, temporal bone simulator for mas-
toidectomy, and myringotomy [20]. The findings suggested that the VR simulator could improve pre-surgical planning, anatomical
knowledge, and confidence of trainees. Moreover, the use of VR simulation in the medical education gave more educational oppor-
tunities for trainees which enhanced their proficiency [4].
Numerous studies have investigated the feasibility of hearing tests using VR simulators, such as the Hearing in Noise Test and

sensory-focused tinnitus treatment [21,22]. However, there is a gap in the literature regarding VR-based hearing test in PTA, which is
considered the gold-standard for determining the degree and type of hearing loss. A study by Sanderson (2013) investigated the
feasibility of employing non-immersive VR-based pure-tone audiometry (VR PTA) with undergraduate students in audiology. The aim
was to identify the interactivity between user and avatar in a virtual space and the confidence of routine PTA, including masking [23].
The study suggested that the use of VR PTA was feasible but could not replace traditional PTA training. Using the features of VR
systems, including an immersive test environment and interactive user-simulation responses, the VR PTA simulation could provide a
better understanding of audiometry construction and procedures, offering high proficiency without cost, space, and patient incon-
venience limitations. We have developed an innovative VR simulator that offers a multitude of benefits and is designed to enhance the
educational experience for audiologists-in-training. Firstly, the VR environment accurately recreates the real-world settings of audi-
ometry, including the familiar sound booth (both inside and outside) and the meticulous details of interior spaces. This replication
ensures that audiologists become accustomed to the environments they will encounter in their professional practice. Secondly, the
inclusion of lifelike avatars representing men and women, further enriches the VR experience. These avatars exhibit reactions that
closely resemble those of real patients, providing a dynamic and authentic dimension to the training. The incorporation of real working
algorithms for PTA with accurate button functionalities ensures a hands-on and realistic simulation of the audiometric testing process
[21]. This attention to detail aligns with the standard protocols of hearing tests established by the Korean Hearing Standard Center,
which are rooted in the international ISO 8253-1 standard [24]. The implementation of this VR simulator in audiologist training holds
immense potential to fulfill our objectives of achieving standardization in audiologists’ capabilities. The primary aim of this study was
to assess the feasibility of incorporating VR PTA into audiology training curriculum. In addition, we aimed to examine the intention to
use VR PTA with group of adult skilled audiologists and undergraduate students. Through a comprehensive investigation, we aim to
evaluate the feasibility and potential acceptance of VR PTA as an effective tool in the education and training of audiologists.

2. Materials and methods

2.1. Participants

A total of 31 (female: 16, male: 15) audiologists participated in the current study. Of these, 16 were skilled audiologists, with over
3–15 years of experience conducting hearing tests including traditional PTA, who were working at a hearing aid distributor facility,
national medical center, or local hospital. As part of hearing symposium, the audiologists participating in the current study were
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included in the hands-on session for the VR PTA training, conducted under the supervision of experts.
The remaining 15 participants were undergraduate students enrolled in a course of practice in behavioral audiometry. Before the

semester initiation, the VR PTA training was assigned as a part of the course curriculum a 2-week program. The first week of the
program was an introduction and practicum, and the second week was the examination. After learning the basic principle and
practicum about PTA, such as masking, all the undergraduate students received 3 h of VR PTA training at each class supervised by the
professor.
To control the differences in PTA knowledge, the skilled audiologists and the undergraduate students took the theoretical class for

behavioral audiometry. Therefore, the only difference between two groups was the experience of clinic and practice with patients with
hearing loss. Moreover, previous experience and types of the VR device was controlled. All the data were anonymized prior to analysis.
All procedures for the present study were approved by the Institutional Review Board of the Wonju Severance Christian Hospital
(approval number #CR323068).

2.2. Virtual reality pure-tone audiometry

The VR PTA application was developed as the simulator for audiometry by using Unity (Juliani et al., 2018). Using Meta Quest 2
(Meta Platforms) which is at the moment the best-selling head-mounted display (As of 2023, the Meta Quest 2 device holds a market
share of over 50 %; Worldwide Top 5 AR/VR Headset Companies, 2023Q2 UnitMarket Share) with high quality, affordability, and
wireless usage. The user can experience immersive virtual environments with PTA setting. VR PTA was applied to a digital twin
technology which can be referred to as a “digital equivalent of the physical product” [25,26]. Using this new technology, the actual
space of the hearing lab in the Wonju Severance Christian Hospital was measured. After a three-dimensional (3D) scanning of the
actual space, a 3D modeling and optimization was developed. In detail, the pipeline of create VR environment consisted of 4 steps such
as 1) 3D scanning of real world environment, objects and devices using photogrammetry and LiDAR Scanning, 2) photograph in 360
degree of environment, 3) modelling of 3D space with sculping-based 3D modeling, and 4) gathering of real time rendering simulator
and shading using Unity. In addition, the VR PTA used real time representation which could resemble real time interaction between the
user and objects (such as an audiometer). All geometric structures in the VR PTA were optimized to the processor limits of the
hardware, and the insufficient and/or less realistic structure of the system was compensated using mapping. Although the VR PTA is
currently available in the Korean language, designing of a multi-language function (i.e., English) is under development. The VR PTA
can be assessed in Meta store as App Lab (https://www.meta.com/ko-kr/experiences/6822059414492106/?utm_
source=oculus&utm_medium=share). Because the frame rate under 75 Hz could cause dizziness in the user, the target frame rate
of the VR PTA was set to 75–120 Hz. Although the VR PTA of the current version only provides air and bone conduction and masking
function, further development for the speech audiometry is ongoing.
In this immersive VR environment, the user could interact with audiometry (GSI 61, Grason-Stadler, Eden Prairie, MN, USA),

Fig. 1. Structure and function of the virtual reality pure-tone audiometry. A: Test mode and environment setting, B: Overview of virtual reality
simulation, C: Test result of audiometry, D: Part of hands-on session for skilled audiologists.
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settings, and guidelines. There were three courses in the VR PTA including tutorial, test, and exam (see Fig. 1). The tutorial course
provided a basic manual of VR PTA simulation, such as how to manipulate the dial and/or button on audiometry. The test course was
designated to evaluate the full audiogram based on the hearing loss data of a real patient. The user conducted routine PTA and
interacted with the patient avatar along with the manipulation of the audiometer. After completing the audiogram, the user could
compare the completed audiogram to the real patient’s audiogram. That is, the user can self-evaluate the audiogram. In the exam
course, a brief and concise patient profile such as age, gender, and chief complaint were provided. Similar to the test course, the user
conduct PTA and complete their audiogram according to the response of avatar. At the end of exam course, the user selected the
degree, type, and configuration of hearing loss of the conducted audiogram. After the assessment, the audiogramwas saved in the Meta
Quest 2, enabling the supervisor to evaluate the results of audiogram. All participants performed three courses of the VR PTA and
conducted the questionnaires.
To provide a convenient user experience, both the touch controller and hands tracking controller were provided. Although the

hardware such as Meta Quest 2 basically provided a two-hand controller, typical audiometry was conducted manually. To overcome
the heterogeneity of manual use on the VR PTA, the hand tracking controller function was made available and the user could easily
manipulate the audiometry using their hands. In addition, the actual profiles of patients with hearing loss were used in the VR PTA as
expressed by the avatar. Approximately 100,000 data on demographic information and matched hearing profiles such as audiogram,
diagnosed degree, type, and configuration of hearing were adjusted. The VR PTA user could use audiometry simulations on hearing
status, including air and bone conduction PTA and masking based on data from real patient data. Especially for the masking, clinically
difficult cases such as masking dilemma were implemented for an experienced user in clinic.

2.3. Traditional pure-tone audiometry

To compare the feasibility and acceptance of the VR PTA for audiologists, previous experience with traditional PTA was included as
control. In the current study, traditional PTA was defined as physically activated, manipulated, and commonly used audiometry
equipment in the field of audiology and otology, such as GSI-61. It is obvious that the familiarity of traditional audiometry was higher
than the VR PTA. Moreover, the participants of this study commonly certified the 2-year practicum course which addressed the manual
and actual test of traditional PTA. Thus, the traditional PTAwas selected as a reference for the VR PTA. All participants were conducted
the questionnaire based on their clinical experience about traditional PTA.

2.4. Questionnaire

To investigate the main factors of VR simulation and efficacy, a modified version of the technology acceptance model (TAM) survey
[27] was applied (see the Supplement 1). The TAMmodel, first introduced by Davis in 1989, was grounded in the Theory of Reasoned
Action (TRA). Widely used to predict and explain user behavior towards technology. TAM has been validated in numerous studies
across different fields, making it a robust framework for evaluating new technologies, including educational tools like VR simulators
[19]. The model emphasis on user perceptions aligns well with the goal of assessing the feasibility and acceptance of VR PTA in
audiologist training programs. By leveraging the TAM model, the present study ensures a systematic and validated approach to
measuring the feasibility of VR PTA, providing valuable insights into its potential for integration into audiology training curricula. The
TAM survey aimed to identify related effect among multidimensional factors on adaptation of new technology [27]. Although the
components of TAM survey consisted of perceived ease of use (PEOU), perceived usefulness (PU), and intention to use (IU), various
factors of the VR system such as sound, interaction, imagination, and immersion were added [19]. The current study was oper-
ationalized through the comparison of VR PTA with traditional PTA using the aforementioned outcome variables. That is, we
investigated whether the VR PTA could achieve comparable results to traditional PTA in terms of user experience and acceptance.
A total of 43 items were included in the modified TAM survey for VR simulation. Specifically, three items for previous experience of

VR device, five items for sound domain, six items for interaction domain, four items for imagination domain, four items for immersion
domain, ten items for PEOU, six items for PU, three items for IU, and two items for subjective feedback. The Cronbach’s alpha test was
carried out to identify the reliability of variables on the VR PTA questionnaire and all domains showed high reliability from 0.81 to
0.92.
Another survey instrument was used for traditional PTA (see the Supplement 2). The construct of instrument was similar to the VR

simulator. The modified version of TAM survey for traditional PTA contained four factors: sound, PEOU, PU, and IU. The survey for
traditional PTA was revised with minor contextual correction such as term change for VR simulator into traditional PTA. We included a
total of twenty-four items: five for sound domain, 10 for PEOU, 6 for PU, and 3 for IU. As with the questionnaire for the VR PTA, the
reliability of the questionnaire for the traditional PTA was also evaluated using Cronbach’s alpha test, with coefficients ranging from
0.79 to 0.88. The modified version of TAM survey for both VR simulation and traditional PTA was administered with a 5-points Likert
scale (ranging from 1 which indicated “strongly disagree” to 5 which meant “strongly agree”). All participants were administered the
modified version of TAM survey at the end point of the hands-on session and/or class. Two types of TAM survey, one each for the VR
PTA and traditional PTA were administered. The participants used the VR PTA survey for their usage and traditional PTA for reference.
All participants performed each questionnaire after final practicum of the VR PTA using paper and pencil.

2.5. Data and statistical analysis

To identify the feasibility and potential acceptance of VR PTA over traditional PTA, a homogeneity test was conducted using a
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paired t-test. The general characteristics (i.e., age, gender, previous experience of VR device, types of VR device used, and depending
on glasses) and the outcome measures of the TAM survey of participants (i.e., sound, interaction, imagination, immersion, PEOU, PU,
and IU) were used as variables. In addition, the independent t-test was used for between group comparison. All variables were pre-
processed for the statistical analysis using R project for statistical computing version 4.3.2. The categorical variables were analyzed
using nonparametric statistical methods, such as the chi-squared test. The interval scale variables were evaluated using parametric
statistical methods, such as the paired t-test. In the event that a variable is deemed to be not normally distributed, a non-parametric
test, such as the W test, is employed. In summary, the paired t-test was applied to the main outcomes such as sound, interaction, PEOU
for VR PTA questionnaire and PEOU for traditional PTA questionnaire. Statistical significance was defined as p < 0.05.

3. Results

3.1. Characteristics of the enrolled participants

The general characteristics of enrolled participants were demonstrated in Table 1. Among the demographical information, the
mean age of skilled audiologist (mean: 38.33 years, SD: 4.40) and undergraduate student (Mean: 22.07 years, SD: 1.58) were
significantly different (t = 0.5189, p < 0.001). The ratio of sex was not significantly different (χ2 = 0.819, df = 1, p = 0.366). For the
potential factors which could influence the results of VR PTA, previous experience of VR device (χ2= 1.009, df = 1, p = 0.604), types of
VR device (χ2 = 2.762, df = 4, p = 0.598), and wearing glasses (χ2 = 3.476, df = 1, p = 0.062) were not significantly different between
skilled audiologists and undergraduate students.

3.2. Homogeneity of virtual reality pure-tone audiometry

To investigate the feasibility of VR PTA and compare the traditional PTA device, a revised version of TAM survey was administered.
Fig. 2illustrates the overall results of TAM survey for the VR PTA and traditional PTA. The results of the homogeneity tests demon-
strated that there were no statistically significant differences between the various types of PTA for any variable. PU (p = 0.168) showed
the highest score among the variables for both traditional PTA and the VR PTA. IU (p = 0.077) showed 4.30 points (SD: 0.62) for
traditional PTA and 3.97 points (SD: 0.77) for the VR PTA. Sound (p = 0.190) showed 4.00 points (SD: 0.75) for traditional PTA and
3.74 points (SD: 0.73) for the VR PTA. PEOU (t = − 1.240, df= 30, p = 0.225) was the lowest score among the variables for both the VR
PTA and traditional PTA. Although the overall trend of the results implied that traditional PTA showed higher score than the VR PTA,
the differences were not statistically significant. Thus, homogeneity of the VR PTA and traditional PTA was confirmed.

3.3. Between group comparison for virtual reality and traditional pure-tone audiometry

The between group comparison for virtual reality and traditional pure-tone audiometry was conducted to check for any statistical
differences between skilled audiologists and undergraduate students.
Similar to the homogeneity test, the results of between group comparison for the VR PTA showed that there were no significant

differences for all variables. PU (p = 0.604) showed highest score for skilled audiologists and undergraduate students. IU (p = 0.474)
showed that the undergraduate students had slightly higher score than skilled audiologists. Sound (p = 0.707) and PEOU (t = 1.178, df
= 29, p = 0.248) showed that skilled audiologists showed higher score than undergraduate students. However, the differences of
descriptive statistics between two groups were small and not statistically significantly different (see Fig. 3).
The results of between group comparison for the traditional PTA also demonstrated that there were no statistical differences be-

tween skilled audiologists and undergraduate students. Unlike the homogeneity test and between group comparison for the VR PTA,

Table 1
General characteristics of enrolled participants (n = 31).

Variables Skilled audiologist (n = 16) Undergraduate students (n = 15) p-value

Age (years, mean ± SD) 38.33 ± 4.40 22.07 ± 1.58 < 0.001*
Sex (Male: Female) 9:7 6:9 0.366
Previous experience of VR device (numbers, %)
No experience 3 (18.75 %) 1 (6.67 %) 0.604
Under five times 12 (75.00 %) 13 (86.67 %)
More than five times 1 (6.25 %) 1 (6.67 %)
Countless 0 (0.00 %) 0 (0.00 %)
Types of VR device used (numbers, %)
Wireless 10 (47.62 %) 6 (40.00 %) 0.598
Wired 4 (19.05 %) 2 (13.33 %)
Attractions 6 (28.57 %) 3 (20.00 %)
Head-mounted display 0 (0.00 %) 2 (13.33 %)
Others 1 (4.76 %) 2 (13.33 %)
Depending on glasses (Yes: No) 7:9 2:13 0.062

Note: Values are expressed as mean ± standard deviation for continuous variables and number with percentage for categorical variables. VR, virtual
reality; PTA, pure-tone audiometry; *statistically significant.
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the IU was the highest score (p = 0.269) for skilled audiologists and undergraduate students. PU (p = 0.720) was showed 4.34 points
(SD: 0.50) for skilled audiologists and 4.20 points (SD: 0.63) for undergraduate students. Sound (p = 0.856) showed 3.99 points (SD:
0.71) for skilled audiologists and 4.01 points (SD: 0.81) for undergraduate students. As expected, PEOU (t = 0.949, df= 29, p = 0.350)
was lowest score for skilled audiologists and undergraduate students. The between group comparisons showed no statistically sig-
nificant results, the skilled audiologists showed slightly higher IU (see Fig. 4). This suggested that the skilled audiologists had higher IU
for traditional PTA because they had experience using it.

3.4. Subjective analysis of virtual reality pure-tone audiometry

Although the characteristics of the VR PTA were quantified using a questionnaire, the subjective satisfaction and related infor-
mation of the VR PTA was also collected. Three features including interaction, imagination, and immersion which main components of
immersive VR technology were measured to quantify the quality of VR simulation. Table 2 demonstrated the features, pros and cons of
the VR PTA, and usage time for each group. For the total usage time of the VR PTA, skilled audiologists had 3 h in hands-on session and
undergraduate students had 16 h in the part of class. Among the three features related to the VR system, both groups showed that
immersion was the highest variable and Imagination and interaction were followed. These results suggested that skilled audiologist
and undergraduate student were highly immersed in the VR system.
Various opinions were collected about the VR PTA to determine the pros and cons. For the cons of the VR PTA, the device related

issues and application related issues were distinguished. Opinion of the pros were 1) without limitations for time and space resources,
2) better understanding of the PTA derived from the realistic situation, 3) immersive environments and resources in the simulation,
and 4) chance to practice with clinical data of patients with hearing loss. The cons for the VR PTA, especially for the device included 1)
hard level of operating controller and fine manipulation of the dial in the simulation, 2) inconvenience of user wearing glasses, 3) mild
dizziness with long-usage time of VR simulation, 4) pain in the neck due to relatively heavy device, and 5) blurred focus for some users
even after the focus dial was adjusted. For the application which in line with the VR PTA, the most common opinion was the lack of
type of audiometry because the current version of the VR PTA only implemented the GSI-61 audiometry. Also, suggestions on speech
audiometry and simple response of avatar were absent. Especially for the response pattern of avatar, majority of participants com-
plained that the avatar responded only set algorithms. In other words, the response of the avatar was honest and predictable.

Fig. 2. Results of revised version of TAM survey which compared the virtual reality and traditional pure-tone audiometry. Mean, IQR (interquartile
range), and 95 % CI (confidence interval) of Sound showed 3.74, 0,90, and 3.48–4.00 for VR and 4.00, 0.80, and 3.74–4.26 for Traditional. PEOU
showed 3.33, 1.05, and 3.08–3.58 for VR and 3.53, 0.90, and 3.32–3.74 for Traditional. PU showed 4.02, 1.08, and 3.77–4.27 for VR and 4.27, 0.92,
and 4.07–4.47 for Traditional. IU showed 3.97, 0.83, and 3.70–4.24 for VR and 4.30, 1.00, and 4.08–4.52 for Traditional.
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4. Discussion

The current study investigated the feasibility of VR PTA in both clinics and medical education for skilled audiologists and un-
dergraduate students. A modified version of the TAM survey provided key factors of the VR technology and behavioral intention to use
it, ease of use, and usefulness. The result of between intervention (i.e., VR PTA and traditional PTA) comparison suggested that the
comparison between the VR PTA and traditional PTA was not significantly different. To identify the possible effect of usage time and
clinical experience on the result, the subgroup analysis was conducted using between group comparison on the VR PTA. The subgroup
analysis results showed that there was no statistical difference between the two groups which suggested the main factor of VR and
behavioral intention to use of the VR PTA was not different, regardless of the clinical experience. Thus the validity of the VR PTA was
checked, and the feasibility was confirmed in both the clinical and educational setting.

4.1. Homogeneity of virtual reality pure-tone audiometry

Although the traditional PTA had relatively higher scores on all variables, the findings were not statistically significant. The general
characteristics of the participants were homogeneous, hence, the current results suggest that the previous experience and/or types of
VR device did not influence the results of the comparisons. The findings of the current study demonstrated that all audiologists agreed
and/or strongly agreed on efficacy of the VR PTA in terms of sound, ease of use, usefulness and these combined results led to the
behavioral intention to use. Among the common variables, the PU and IU showed higher score than other variables. The audiologists
recognized the usefulness of the PTA and were willing to use it, regardless of the form of PTA such as VR device and traditionally
treated device. The present study findings are similar to that reported by the Ünsaler et al. (2023). VR based simulators for cadaveric
dissection did not show superiority over traditional methods, but there were certain advantages of using VR based simulators. Also,
Ünsaler and colleagues suggested that VR technique could be an intermediate step in training for otorhinolaryngology [20]. To address
the efficacy of the VR PTA, a validation process is needed. Especially for the validation process, concurrent validity which is defined as
the comparison of the simulator to the gold standard, in this case, the traditional PTA. In other words, if there was no significant
differences between intervention comparison such as the experimental intervention (the VR PTA) and control intervention (traditional
PTA), it is reasonable to say that the VR PTA is feasible to use.

Fig. 3. Results of between group comparison for the virtual reality pure-tone audiometry. Mean, IQR (interquartile range), and 95 % CI (confidence
interval) of Sound showed 3.80, 1.20, and 3.40–4.20 for skilled audiologists and 3.68, 0.80, and 3.34–4.02 for undergraduate students. PEOU
showed 3.43, 1.10, and 3.06–3.80 for skilled audiologists and 3.23, 0.93, and 2.89–3.57 for undergraduate students. PU showed 4.01, 1.59, and
3.58–4.44 for skilled audiologists and 4.03, 0.58, and 3.74–4.32 for undergraduate students. IU showed 3.89, 1.34, and 3.41–4.37 for skilled au-
diologists and 4.04, 0.41, and 3.76–4.32 for undergraduate students.
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4.2. Group comparison for virtual reality and traditional pure-tone audiometry

Group comparison between clinic audiologists and students who majored in audiology demonstrated that there were no significant
differences between the two groups (VR PTA and traditional PTA). Although the differences in scores were not large, skilled audi-
ologists showed higher IU for traditional PTA than undergraduate students. This could be due to the differences in experience for PTA
use. Obviously, skilled audiologists had more experience about PTA in clinics and were more familiar with traditional PTA. Moreover,
skilled audiologist showed higher score than undergraduate students for all variables, except for the IU for the VR PTA which showed
similar scores in both groups. Between group comparison for the VR PTA suggested that the VR PTA was feasible in both clinical and

Fig. 4. Results of between group comparison for the traditional pure-tone audiometry. Mean, IQR (interquartile range), and 95 % CI (confidence
interval) of Sound showed 3.99, 1.30, and 3.62–4.36 for skilled audiologists and 4.01, 0.50, and 3.63–4.39 for undergraduate students. PEOU
showed 3.61, 0.70, and 3.31–3.91 for skilled audiologists and 3.45, 0.93, and 3.15–3.75 for undergraduate students. PU showed 4.32, 0.84, and
4.06–4.58 for skilled audiologists and 4.23, 0.87, and 3.93–4.53 for undergraduate students. IU showed 4.44, 1.00, and 4.16–4.72 for skilled au-
diologists and 4.17, 1.08, and 3.84–4.50 for undergraduate students.

Table 2
Features, Pros, and Cons and of the VR PTA for skilled audiologists and undergraduate students.

Skilled audiologists (n = 16) Undergraduate students (n = 15)

Total usage time of VR PTA 3 h in hands-on session 16 h in class
Interaction (points, mean ± SD) 3.87 ± 0.61 3.75 ± 0.73
Imagination (points, mean ± SD) 4.25 ± 0.72 3.85 ± 0.69
Immersion (points, mean ± SD) 4.30 ± 0.81 4.10 ± 0.35

Pros ● No limits in time and space
● Better understanding of audiometry
● Immersive environments and resources
● Practicum of clinical data

Cons_device ● Difficulty of operating such as fine manipulation
● Inconvenience for glasses user
● Dizziness at long-time use
● Pain in neck due to heavy device
● Blurred focus

Cons_application ● Lack of types of devices (only GSI-61 audiometry)
● Absent of speech audiometry
● Simple response of avatar

Note: Values are expressed as mean ± standard deviation for continuous variables. VR, virtual reality; PTA, pure-tone audiometry.

C. Kwak et al. Heliyon 10 (2024) e40795 

8 



educational setting, regardless of the previous experience of audiometry. Zhao and colleagues investigated the effectiveness of VR
education with comparison of traditional methods. They demonstrated that the pass rate of medical education was significantly higher
when the VR system applied. As the subgroup analysis revealed that the use of VR system was effective, regardless of the professions
such as freshmen, postgraduate, and hospital resident [3]. The result of Zhao et al. (2021) was similar with the finding of the current
study which suggested that the application of VR system in education and/or clinic was efficient, independent of the professional
expertise. These results may be derived from the characteristics of VR system such as III. Due to the interaction, imagination, and
immersion of simulation using VR, it attracts strong student satisfaction for learning and knowledge acquisition [28–31]. With various
attempts to introduce the VR system, it is not just advantageous for motivating learner involvement and improving understanding of
specific learning situations [32], but it substantially improves instructional effectiveness [33] and learning outcomes [34]. According
to Lu et al. (2005), due to the growing complexity of contemporary medicine and the rapid pace of advancement, medical students are
increasingly turning to VR training settings to simulate medical procedures [35].

4.3. Pros and cons of virtual reality pure-tone audiometry

The subjective analysis of the VR PTA showed that there were advantages and disadvantages of the use of the VR PTA. Positive
feedback from subjects such as no limitation in time and space to perform audiometry, better understanding of audiometry related to
sufficient time to observe and attractiveness of simulator and immersive environment and resources of VR PTA supported the finding of
Baniasadi and colleagues [17]. They reported that there are several reasons for the advantage of the VR simulator, such as the
improvement of the training performance without the limitation of time and space. However, no one will use VR simulator unless it is
attractive and immersive. In this aspect, the VR PTA in the current study was highly immersive for the end users and provided an
interactive learning experience that can enhance the understanding and retention of audiometry.
Despite the advantages of VR PTA, there were disadvantages of VR PTA, especially the device and application itself. Most of the

cons of the VR device could be easily overcome by conducting the tutorial and increasing familiarity with the VR system. However,
about 30–80 % of the users who experienced the VR device and function experienced VR-induced motion sickness or cybersickness,
which includes dizziness, nausea, sweating, eye fatigue and subjective discomfort [17,36,37]. The frame rate of the VR simulator is
closely related to motion sickness or cybersickness. A high frame rate of the VR simulator (at least 60 frames per second or higher)
could be effective to reduce the side effect of VR device and feature to overcome the discomfort and dizziness experienced during or
after using VR PTA [38]. Although the current version of VR PTA achieved 60 frames per second, further development is ongoing to
achieve a targeted frame rate of 75–120 Hz on VR PTA.

4.4. Limitations of the study and future directions

There were various limitations of the current study. One of the limitations was the lack of long-term usage time. Although the VR
PTA was used as the part of curriculum for undergraduate students and special hands-on session for skilled audiologists, the total
duration of using VR PTA was relatively short. Thus, further studies are needed to evaluate the effectiveness of VR PTA with long-term
duration. The other limitation was the effect of VR PTA on the actual performance such as pass rate for the students and accuracy of the
audiogram as skilled audiologist. While the comparison of actual performance before and after intervention was not of primary interest
in the current study, studies to quantify the change of performance on the use of VR simulation are needed.
The implementation of the VR simulator in audiologist training holds immense potential to fulfill our objectives of achieving

standardization in the capabilities of audiologists. By immersing audiologists in realistic environments, providing exposure to diverse
patient avatars, and incorporating authentic algorithms aligned with standardized protocols, the VR simulator ensures a compre-
hensive and standardized training experience. As audiologists undergo training and attain qualifications verified through this inno-
vative tool, the benefits extend directly to the patients they will eventually examine. Audiologists trained with the VR simulator are
equipped with a standardized skill set, ensuring a consistent level of proficiency across various aspects of audiometric testing. This not
only enhances the quality of the capabilities of audiologists but also contributes to the overall standardization of audiological care.
Patients undergoing examinations by audiologists trained with the VR simulator can expect a higher level of accuracy, reliability, and
adherence to established protocols. Furthermore, the VR simulator serves as a means of verifying the qualifications of audiologists,
ensuring that they meet predefined standards and benchmarks. This verification process adds a layer of assurance to both audiologists
and patients, fostering a sense of trust in the competency and reliability of audiometric assessments [2]. The benefits derived from
training audiologists with the VR simulator ultimately translate to improved patient care. Patients can have confidence in the pro-
ficiency and standardized capabilities of their audiologists, leading to more accurate diagnoses, personalized interventions, and an
overall enhanced healthcare experience. The integration of VR technology in audiologist training not only elevates professional
standards but also directly impacts the well-being and satisfaction of the patients they serve.

5. Conclusion

In conclusion, the perceived ease of use, perceived usefulness, and intention to use of a VR application for examination of a pure
tone audiogram is comparable to that of traditional pure-tone audiometry and was not dependent on previous experience with
traditional PTA. This evidence indicates that the VR application is suitable to use it as a training tool for pure-tone audiometry.
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settings: preliminary validation and proof of principle, Otol. Neurotol. 31 (5) (2010) 708–714.
[10] L. Calandruccio, D. Weidman, Online simulation education for audiometry training, Am. J. Audiol. 31 (1) (2022) 1–10.
[11] P.P. Renganath, V. Ramkumar, Validation of web-based audiometry version of HEARZAP, PLoS One 18 (3) (2023) e0283519.
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