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Background and Objectives This study aimed to explore speech performance using virtu-
al reality (VR), comparing hearing aid (HA) and non-HA users, and to investigate the rela-
tionship between VR and conventional testing methods.

Materials and Method Eighteen non-HA users and 13 HA users were enrolled in the study
and completed puretone audiometry and speech testing in both quiet and noise. The conven-
tional speech test was conducted in auditory only (AO). The multimodal testing conditions in-
cluded AO, visual only (VO), and audiovisual (AV). Video recordings of a speaker saying test
sentences at a café were displayed on a monitor (VO) and a VR headset (AV). Participants per-
formed a sentence repetition task in AO, VO, and AV and percent-correct scores were obtained.
All participants completed a questionnaire on listening abilities in diverse situations.

Results A significant main effect of modality was observed, with the highest speech perfor-
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more critical role in certain situations depending on the characteristics of HL. There is a potential
for multimodal testing to be employed into clinical practice, but ample work is still needed to fur-
ther validate the test method.  Korean J Otorhinolaryngol-Head Neck Surg 2026;69(3):129-35

Introduction ing loss (HL) has negative impacts on various aspects of life,
including communication, job and academic performance,

It has been well documented in numerous studies that hear-  and social interaction and isolation.”® Since individuals with

HL have difficulty hearing, visual cues, such as facial move-
This is an Open Access article distributed under the terms of the Creative Commons y & ’

Attribution Non-Commercial License (https://creativecommons.org/licenses/by-nc/4.0) ments and gestures, p]ay a vital role in communication. Sev-
which permits unrestricted non-commercial use, distribution, and reproduction in any . . L
medium, provided the original work is properly cited. eral studies have demonstrated the benefits of audiovisual

Copyright © 2026 Korean Society of Otorhinolaryngology-Head and Neck Surgery 129


http://crossmark.crossref.org/dialog/?doi=10.3342/kjorl-hns.2025.00206&domain=pdf&date_stamp=2026-03-25

Korean J Otorhinolaryngol-Head Neck Surg I 2026;69(3):129-35

(AV) integration for this population.”" Grant, et al.” report-
ed better consonant and sentence recognition in AV than in
auditory only (AO) or visual only (VO) conditions. In the study
by Puschmann, et al.,"” adults with HL showed a significant-
ly higher target word detection accuracy in AV compared to
AO when listening to running speech in noise. This AV ben-
efit was also observed in hearing aid (HA) users, with Mora-
di, et al."” demonstrating improved consonant and vowel rec-
ognition in HA users in AV than in AO. Given the findings
that individuals with HL rely on visual information in vari-
ous conditions, including HA use and noisy environments, it
is crucial to incorporate visual information into assessment
and rehabilitation tools for accurately evaluating and enhanc-
ing their communication abilities. However, current assess-
ment and rehabilitation tools targeting individuals with HL
mostly utilize auditory stimuli, which poses limitations in re-
flecting real-life conversational settings and AV benefit.'*"
There are some tests that include background noise (i.e., bab-
ble) to mimic real-life environments, but they do not incorpo-
rate any visual cues. Besides, in most settings, these tests are
conducted in a sound-treated booth with one or two speakers
which may not be enough to fully reflect the real-world en-
vironment. From a rehabilitation perspective, such controlled
test environments can lead to a gap between test results and
perceived benefit. For instance, HA users still experience dif-
ficulty understanding speech in noise, such as restaurants and
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even when their devices are well-fitted by healthcare
professionals. If this problem continues, individuals might
think that they are unable to hear well even with HAs and
this could lead to dissatisfaction towards the devices. Eventu-
ally, they may return or give up wearing the devices, result-
ing in low compliance with aural rehabilitation.

Virtual reality (VR), a key technology of the Fourth Indus-
trial Revolution, offers immersive environments, meaning
that individuals feel present and involved in the virtual space,
through simultaneous presentation of auditory and visual in-
formation.'” In the field of audiology, Stecker™ noted that
compared to the distracting environment of the current labo-
ratory setting, which consists of a sound booth and a moni-
tor, VR offers advantages, such as being more entertaining
and engaging, as well as ensuring consistency in the presen-
tation of visual and auditory information and enabling natu-
ralistic multi-dimensional tasks. However, when examining
the various areas where VR has been applied, most studies
focus on sound localization and audiology training, while
research evaluating speech performance using VR mostly
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targets children.””® Salanger, et al.” assessed the effective-
ness of employing VR technology in pediatric hearing re-
search by comparing speech perception performance in a con-
ventional laboratory setting and a simulated VR classroom
setting. Children completed speech perception and sound lo-
calization tasks in AO and AV. The results showed higher
speech perception performance in AV and their performance
in the VR classroom setting resembled their performance in
the conventional laboratory setting for the AV condition than
for the AO condition.

The purpose of this study was to evaluate speech perfor-
mance in various real-world communication scenarios using
VR. Considering reliance on visual information and the chal-
lenges with speech understanding in noise even after wearing
HAs, individuals with HL were divided into HA users and
non-HA users. Additionally, to explore the potential of a VR
testing, the relationship between VR testing method and con-
ventional testing method was investigated.

Materials and Methods

Participants

The inclusion criteria for participants in the study are as
follows: 1) adults aged 19 and above, 2) individuals with nor-
mal otoscopy and normal tympanogram (type A), 3) native
Korean speakers, and 4) individuals with no asymmetry in
threshold differences of less than 10 dB between the two ears
in puretone audiometry. Individuals who were unable to com-
municate and understand TV at a distance of 1 m based on
self-report and those with neurological and mental disorders
were excluded from the study. All experimental procedures
were approved by Samsung Medical Center’s Institutional Re-
view Board (2021-02-095-001) and an informed consent doc-
ument was obtained from the participants.

Puretone audiometry

Pure-tone audiometry was performed in a sound-treated
booth using an AudioStar Pro (Grason-Stadler) audiometer
and insert earphones. Thresholds were obtained for 250-, 500-,
1000-, 2000-, 4000-, and 8000 Hz for both ears.

Speech testing

Two types of speech testing were conducted in a sound-
treated booth: conventional and multimodal. For the conven-
tional speech testing, the Korean Standard Sentence Lists for
Adults (KS-SL-A) was used. The sentences were presented



through a loudspeaker located 1 m in front of the participants.
They received a score of 1 point for correctly repeating the
sentence and 0 point for an incorrect repetition, resulting in
a percent correct score. For the multimodal speech testing,
the Korean version of the Hearing in Noise Test (K-HINT)
was performed under three conditions: AO, VO, and AV. Both
test materials were recorded by a female native Korean speaker
who was instructed to maintain clear and natural speech and
the quality of her speech was judged by the researchers. Vid-
eo recordings were made using the Samsung 360 Round VR
camera (Samsung Electronics Co.) with the same speaker
speaking sentences from K-HINT in a café, which is one of
the places people with HL have difficulty with speech un-
derstanding.””” The video recordings were edited in a way
that the participants engage in a one-on-one conversation
with the female speaker. In order to reflect a real-world envi-
ronment, there were also other people visually talking in the
background. For AO, the test sentences were presented through
the same loudspeaker. For VO, video recordings of a speaker
saying the K-HINT sentences were displayed without sound.
Lastly, as shown in Fig. 1, for the AV condition, the video re-
cordings were presented with sound through a Samsung Od-
yssey VR headset (Samsung Electronics Co.). Before the AV
session began, the participants had time to look around the
“café,” so that they were familiar with the virtual environ-
ment. The presentation level of the test sentences was 60 dBA
and percent-correct scores were calculated. To simulate real-
world communication situations, the testing was also conduct-
ed in quiet and noise. For the noise condition, café noise from
the Ambisonics Recordings of Typical Environments data-
base was used™ and presented from speakers located at 45,

135, 225, and 315 degrees. The noise was also presented at
60 dBA which is equivalent to 0 dB signal-to-noise ratio (SNR).
All participants completed a practice test. HA users complet-

Fig. 1. Speech testing using virtual reality headset.
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ed the testing in unaided and aided conditions with no adjust-
ments made to their HA settings.

Questionnaire

The Korean version of the Speech, Spatial and Qualities of
Hearing Scale (K-SSQ) was administered as a subjective mea-
sure to investigate individuals’ listening abilities in diverse
situations. The K-SSQ is widely utilized to assess individuals’
subjective auditory performance before and after the use of
hearing devices, such as HAs and cochlear implants. The K-
SSQ consists of 49 items that examine various listening abil-
ities in everyday environments. There are 14 items related to
speech perception, 17 items related to spatial hearing, and 18
items related to qualities of hearing. The visual analog scale,
on a scale from 0 (not at all) to 10 (perfectly), is used and “not
applicable” can also be selected if individuals have not expe-

rienced the situation described in the questionnaire item.

Statistical analysis

Statistical analysis was performed using Sigma Plot version
14.0 (SYSTAT Software). A three-way analysis of covariance
(ANCOVA) was performed to compared the group differences
in speech performance across modality and noise conditions
while accounting for the degree of HL. The Bonferroni cor-
rection was applied to correct for multiple comparisons. Pear-
son’s correlation was performed to examine the relationship
between the K-SSQ and multimodal speech performance (AV),
as well as between the conventional and multimodal speech

performance (AV).

Results

Participant characteristics

Thirty-one participants with bilateral sensorineural HL were
enrolled in the study. Among the 31 participants, 18 of them
were non-HA (nHA) and 13 were bilateral HA users. The nHA
users had no previous experience with HAs before participat-
ing in the study. The mean age was 52.7 years old (standard
deviation [SD]=15.1). All participants had normal otoscopy
and tympanogram, indicating normal outer and middle ear
status. The nHA group’s four-frequency (500, 1000, 2000, and
4000 Hz) puretone averages were 36.8 dB in the right ear and
37.8 dB in the left ear. The HA group had puretone averages
of 59.5 dB in the right ear and 57.3 dB in the left ear. The av-
erage duration of HA use were 83.9 months in the right ear
and 80.2 months in the left ear.
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Speech recognition performance

The average scores for conventional and multimodal speech
testing are described in Table 1. Comparing average speech
performance across all groups for conventional testing, the
HA users had the highest score when wearing the HAs (aid-
ed), followed by the nHA group and the HA users without
wearing the HAs (unaided). In multimodal testing, except for
AV in noise and VO, speech performance was highest in the
order of nHA, HA users in aided condition, and HA users in
unaided condition. In the VO condition, the order was HA us-
ers in unaided condition, HA users in aided condition, and
nHA, while in the AV in noise condition, it was HA users in
aided condition, nHA, and HA users in unaided condition. To
reflect real-life communication modes, an ANCOVA was per-
formed using the aided scores of HA users and the scores of
nHA users. The results revealed a significant main effect of
modality (F=324.95, p=0.003), while the main effect of con-
dition (F=8.77, p=0.21) and the interaction effect of condition
and modality (F=7.16, p=0.12) were not statistically signifi-
cant. Post-hoc comparisons revealed a significant difference
between AO and VO (p=0.025). No statistical differences

Table 1. Speech performance in conventional and multimodal
testing

Group Testing Condition Mean accuracy (%)
nHA Conventional AO 84.4 (SD=21.8)
Multimodal AO_Quiet 93.1 (SD=6.4)
VO_Quiet 1.4 (SD=3.8)
AV_Quiet 96.9 (SD=4.6)
AO_Noise 73.1 (SD=18.0)
VO_Noise 0.8 (SD=2.6)
AV_Noise 822 (SD=17.5)
HA_unaided Conventional AO 38.4 (SD=39.1)
Multimodal AO_Quiet 43.8 (SD=40.8)
VO_Quiet 5.0 (SD=8.4)
AV_Quiet 60.4 (SD=35.4)
AO_Noise 30.0 (SD=34.5)
VO_Noise 5.4 (SD=10.5)
AV_Noise 57.3 (SD=34.9)
HA_aided Conventional AO 88.5 (SD=24.4)
Multimodal AO_Quiet 87.7 (SD=15.9)
VO_Quiet 2.3 (SD=3.9)
AV_Quiet 94.6 (SD=6.6)
AO_Noise 69.6 (SD=16.9)
VO_Noise 1.2 (SD=2.2)
AV_Noise 83.8 (SD=14.6)

nHA, non-hearing aid user; HA_unaided, hearing aid users
without hearing aids; HA_aided, hearing aid users with hearing
aids; AO, auditory only; VO, visual only; AV, audiovisual; SD,
standard deviation

132

were observed between AO and AV (p=0.66) and between
AV and VO (p=0.11).

Relationship between subjective listening abilities
and multimodal speech performance using VR

The average K-SSQ scores were 96.7 and 88.4 for the nHA
and HA groups, respectively (Fig. 2). The HA users complet-
ed the questionnaire based on their aided condition to better
reflect real-world communication. For the same reason, the
aided scores of HA users were used in the correlational anal-
ysis between K-SSQ scores and multimodal speech perfor-
mance in AV. The analysis included data from all participants,
and no significant correlations were found in either quiet (r=
-0.23, p=0.22) or noise conditions (r=-0.12, p=0.54).

Relationship between conventional speech test
performance and multimodal speech performance
using VR

Investigating the feasibility of the multimodal testing meth-
od using VR in clinical practice, correlation between the con-
ventional and multimodal (AV) testing methods was explored.
Similarly, data from all participants (aided scores of HA us-
ers) was used; however, since conventional testing was con-
ducted only in quiet, the correlation was examined solely with
AV in quiet. No significant correlation was found (r=-0.22,
p=0.23).

Discussion

In this study, individuals with HL were divided into nHA
and HA users, and their speech performance was evaluated
in AO, VO, and AV conditions in both quiet and noise. The
study examined the relationship between speech performance
and subjective listening ability as assessed by the K-SSQ, as
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Fig. 2. Average K-SSQ scores. K-SSQ, Korean version of the
Speech, Spatial and Qualities of Hearing Scale; nHA, non-hearing
aid user; HA, hearing aid user.



well as the potential of the clinical applicability of VR testing
method by investigating the relationship between conventional
speech test performance and multimodal speech performance
in AV. Findings of the study are consistent with prior research
that integration of auditory and visual information improves
speech understanding for individuals with HL.”'****** For

example, Lidestam, et al.”

compared speech-in-noise per-
formance between AO and AV by dividing participants into
two groups (AO training and AV training), with stimuli (word
and consonants) presented at 0 dB SNR, and reported that
performance improved only in AV. In our study, both the nHA
and HA groups showed the best speech performance in all
test conditions (unaided, aided, quiet, and noise) in the order
of AV, AO, and VO even when the speech testing was con-
ducted using VR. This suggests that, regardless of whether
HAs are worn or the presence of noise, the provision of visual
information together with auditory information contributes
to improved speech understanding. However, when examin-
ing modality and noise conditions in multimodal testing, dif-
ferent characteristics of speech performance was observed.
For most conditions, speech performance was highest for the
nHA group, followed by HA users in aided condition and HA
users in unaided condition, suggesting that visual informa-
tion and usage of HAs may compensate for HL, particularly
in the real-world communication scenarios. In VO, HA users
showed better performance in the unaided condition than in
the aided condition, indicating that visual information may
play a stronger role in the absence of auditory information.
The statistical analysis using ANCOVA showed a significant
main effect of modality, with no significant interaction be-
tween modality and condition, nor a significant main effect
of condition. This suggests that the modality, whether audito-
ry, visual, or AV had a stronger influence on speech perfor-
mance than the presence of noise. A significant difference
was observed between AO and VO through post-hoc compari-
sons which is consistent with previous studies that when it
comes to speech perception, one modality (auditory in this
case) could dominate while information from other modali-
ties serves a supplemental role.”** The sound-induced flash
illusion task serves an example; when a single visual cue (flash)
is presented alongside two auditory stimuli (beeps), individ-
uals perceive two flashes. This indicates that audition could
dominate vision which may not always be the dominant mo-
dality.” Overall, findings of the study emphasize the impor-
tance of considering both auditory and visual information
when assessing speech performance in individuals with HL.

The Impact of Virtual Reality on Speech Perception I Kang S, et al.

Our study is meaningful in that it utilized VR to assess
speech performance in individuals with HL in a more eco-
logically valid setting, incorporating café noise and a variety
of test conditions related to communicative environments.
Compared to other studies, our study setup used more natu-
ralistic stimuli and testing environments that could be easier
to set up when employed in clinical practice. Most auditory
research studies using VR used avatars or objects. For instance,

Kepp, et al.”

investigated pitch ranking abilities in children
with cochlear implants, HAs and normal hearing using VR.
The visual stimuli used in this study was a cockpit of a heli-
copter so that the participants felt like they were flying for-
ward. Bakhos, et al.?"

ing for audiology students and an avatar was used as a virtual

explored the effectiveness of VR train-

patient. The video recordings used in our study were created
with actors speaking sentences and conversing at a café, with
café noise incorporated for the noise condition.

Although the findings suggest the potential of VR-based
multimodal testing in capturing AV and HA benefit, they also
highlight important considerations when employing such test-
ing in practice. First, while the presentation level of the speech
material was controlled at 60 dBA—commonly regarded as
conversational level—no adjustments were made to the HA
settings in order to preserve the naturalistic communication
environment. HA features, such as directionality and noise re-
duction could have reduced the noise more during testing in
noise, contributing to the variability that could confound group
differences and noise resilience comparisons. Second, to ex-
amine HA benefit within the multimodal condition, speech
performance of HA users was evaluated under both unaided
and aided conditions, but this resulted in a reduced sample
size for each subgroup. Therefore, while findings of the study
provide preliminary insight, future studies with larger sample
sizes are needed to explore subgroup characteristics. Further-
more, the study found no significant correlations between mul-
timodal speech performance with VR and either the K-SSQ
scores or conventional speech testing. These findings may be
attributed to several factors. The K-SSQ captures a broad range
of subjective listening abilities across various environments,
whereas the VR testing focused on a specific communication
scenario. This mismatch in ecological coverage may have
weakened the correlation. Individual differences in visual
reliance and listening strategies may not also have been ade-
quately assessed by either the K-SSQ or the conventional
test. These considerations highlight the complexity of link-
ing subjective and objective auditory measures, especially
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when ecological validity is prioritized. It is worth noting that
there is also a need for unification of the definition and a set-
up for high ecological validity.” Keidser, et al.* mentioned
that there has been a significant increase in studies using more
realistic environments or tasks. However, there are still limi-
tations that the definition of ecological validity is different
across studies and there are many factors contributing to eco-
logical validity and the underlying process of communication.

In sum, while our findings suggest that VR-based multi-
modal testing may enhance ecological validity by more close-
ly resembling real-world communication environments, the
current data do not provide clear evidence that this method
is more effective than the conventional testing. In order to val-
idate the feasibility of the clinical application of such testing,
future studies with larger sample size, diverse participant char-
acteristics (i.e., reliance on visual information, HA use etc.),
speech materials matching the virtual space, speakers with
various speech acoustic features (i.e., male, female, and child)
would be necessary.
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