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Abstract. Background: Associative memory is essential for episodic memory
formation, and training in this domain has been shown to enhance memory in both
clinical and non-clinical populations. However, the application of VR-based training
in this memory domain remains underexplored. Objectives: This study aimed to
develop and evaluate a VR-based intervention to improve associative memory,
focusing on verbal-visual and visual-auditory stimuli associations. Methods: Five
healthy younger adults (mean age = 24.6) completed 8 trials of object-name and
object-sound matching tasks in a virtual environment. Results: Significant
performance improvements were observed across trials, with object-name matching
showing higher recognition accuracy and faster response times than object-sound
matching. Conclusion: Both tasks demonstrated increased accuracy with reduced
response times with training. This study underscores the importance of tailoring VR-
based cognitive training to specific associative tasks, offering promising
applications in memory rehabilitation and cognitive enhancement.
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1. Introduction

Digital health technologies, which include telemedicine, wearable devices and virtual
reality (VR) are revolutionising healthcare by enhancing patient care, improving
outcomes, and personalising treatments. These technologies are addressing modern
healthcare challenges such as accessibility, efficiency and targeted intervention [1].
Among these technologies, VR has emerged as a powerful tool in digital health, creating
immersive 3D environments for medical training, rehabilitation, and cognitive
interventions. VR seamlessly bridges the gap between theory and practice through its
ability to simulate realistic scenarios [2].

One critical cognitive domain where VR has demonstrated significant potential is in
enhancing associative memory. Associative memory, a critical component of episodic
memory, enables an individual to learn and retain relationships between unrelated items
[3]. This fundamental cognitive function plays a vital role in daily life, enabling
individuals to associate objects with their names, sounds, shapes, locations, and other
perceptual properties, thereby creating rich and meaningful experiences. Furthermore,
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associative memory contributes to the formation of semantic memory, which is essential
for cognitive tasks such as recognition, language acquisition, and navigation within
environments [4]. Despite its importance, associative memory is more fragile than item
memory, making targeted training crucial for both clinical and non-clinical populations
across all age groups. Associative memory experiments often involve learning and
retrieving verbal-visual, verbal-auditory, or visual-spatial stimulus pairs using
computerised or manual exercises. These approaches have proven effective in enhancing
memory function among healthy individuals [5] and dementia patients [6].

The advent of digital health solutions like VR technology has further enhanced
cognitive training by enabling the creation of ecologically valid environments,
interactive experiences, and immersive scenarios that closely mimic real-world
conditions, which are difficult to achieve through traditional or non-immersive digital
methods [7]. VR-based associative memory studies have also demonstrated effectiveness
in detecting memory deficits [8] and improving memory performance [9], offering a
more personalised and scalable approach to cognitive health within the digital health
framework. While VR systems may have higher initial costs than conventional digital
tools, their ability to provide interactive, real-world training environments justifies their
use for optimising cognitive outcomes.

The present study aimed to design and develop a VR-based associative training
intervention and evaluate performance across multiple trials, aligning with the broader
goals of digital health by delivering tailored interventions that improve outcomes and
patient engagement. Given the limited research on VR-based training that integrates
visual-verbal and audio-visual learning pairs in a multi-trial framework, this study
focused on these specific memory constructs. Previous studies have reported that
associative recognition often favours stimuli pairs that include verbal stimuli over
auditory stimuli. For example, Hocking and Price (2009) investigated audiovisual
integration between verbal and non-verbal stimuli using spoken and written object names,
and pictures of objects paired with naturally occurring object sounds. Their findings
revealed significantly better performance and faster response times for pairings that
include verbal stimuli, and reduced structural processing demands compared to pairs of
pictures and object sounds [10].

Based on the literature, it was hypothesized that object-name learning would have
higher learning accuracy and faster response time than object-sound learning.

2. Methods
2.1. Participants

Six students from the University of Bergamo (age range: 21 — 26 years) were recruited
voluntarily using flyers and posters for this study. Inclusion criteria included healthy
individuals without physical, psychological, neurological, or audiovisual impairments.
The mean Mini-Mental State Examination (MMSE) [11] score of participants was 29.4,
indicating normal cognitive functioning and absence of dementia. Before the protocol
began, all participants provided informed consent receiving a detailed explanation of the
main goals and procedures of the study. They were also informed they could withdraw
at any time if they experienced any discomfort while completing the task. One participant
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reported that the VR headset was too heavy after the second trial and withdrew from the
study. The study protocol was approved by the University of Bergamo Research Ethics
Committee (Project number: 2024 07 _03) and was conducted under the research ethical
standards outlined in the Declaration of Helsinki (2013 revision).

2.2. Materials and Technology

The study materials included 3D objects from www.turbosquid.com and melodies from
www.pixabay.com. A single 3D toy model was downloaded, duplicated and customised
into ten toys with distinct colours, enhancing object naming [12]. The melodies were
trimmed to 10 seconds in length, and ten were randomly selected among 30 melodies.
Familiar melodies were either reversed or excluded. The verbal stimuli comprised ten
nonword consonant-vowel-consonant (CVC) trigrams, sampled from Ampofo et al.,
(2023).

The environment was built using Unity software (2021.3.36f1) and deployed via
Meta Quest 3 headset. It features a 4K+ Infinite Display (2064 x 2208 per eye), 120Hz
refresh rate, built-in headphones for audio immersion, and hand/controller tracking. The
headset was connected via Airlink to an HP Omen laptop (16 GB RAM, AMD Ryzen 7,
NVIDIA RTX 4060).

2.3. Study Design and Procedure

This study employed a within-subject experimental design where participants completed
object-name and object-sound matching tasks, earning one point for each correct match.
The study consisted of two sessions (4 repeated trials per session) over two days in a
week.

During the VR protocol activities, participants entered the virtual environment,
which consisted of encoding and training rooms. In the encoding room (entry point), they
observed toys with name tags and mentally associated each toy with its name. Afterwards,
they entered the training room to complete an object-name matching task, where they
were instructed to place the toys onto their corresponding name tags. Correct matches
made the toy and tag disappear, while incorrect matches caused the correct toy to
illuminate white among the toys, requiring participants to retry.

Next, participants returned to the encoding room to associate toys with their unique
melodies by grabbing and holding each toy for ten seconds. Grabbing a toy triggered its
sound, enabling sound-to-toy association. They then moved to the training room for the
object-sound matching task, where they pressed buttons to play the melodies and placed
the toys on pads corresponding to the buttons. Accurate matches made the toy and pad
disappear, while incorrect matches illuminated the correct toy for retry.

Figure 1 depicts the encoding room and the object-name matching training room.
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Figure 1. (A) Virtual encoding room where participants explore toys and their names. (B) Incorrectly matching
the yellow toy triggers the correct toy (pink) to illuminate white during the object-name matching task.

3. Results

Performance indexes of interest included learning over trials and response time. Using
JASP (version 0.19.2), a repeated measures ANOVA was conducted to compare these
indexes across all trials.

Learning over trials reflects cumulative performance improvement across trials.
Dependent variables included the number of correct matches in object-name and object-
sound matching tasks per trial. There was a significant effect of matching type, F(1, 4)
= 9.529, p = 0.037, #°p = 0.704, with object-name matching progressively out-
performing object-sound in all trials, except in Trial 2, as indicated in Figure 2(A). Also,
a significant effect of trial was found, F(7, 28) = 5.687, p < 0.001, »?p = 0.59, with no
significant interaction effect between the matching type and trial, F(7, 28) = 1.33, p =
0.27, n°’p = 0.25. Post hoc comparisons revealed a significant mean difference of 0.900
(p =0.037), favouring object-name matching relative to the object-sound matching task.
Also, pairwise comparison showed no significant differences in trials (all p-values >
0.05), indicating consistent performance across trials with no significant differences.

Response time refers to the time spent completing a task. Therefore, the time spent
completing the object-name and object-sound matching tasks were used as dependent
variables. The analysis revealed a significant effect in response time, F(1, 4) = 88.528, p
<0.001, #%» = 0.957, with object-name response time consistently lesser and decreasing
across trials compared to object-sound response times which had a similar decreasing
pattern but higher response times, see Figure 2(B). Also, there was a significant effect of
trial, F(1,4)=9.225, p <0.001, #%p = 0.698, showing a successive reduction in response
times for both tasks across trials. No significant interaction effect was observed between
response time and trial, F(1, 4) = 0.502, p = 0.825, ?p = 0.112. Post hoc comparison
showed faster response times for object-name matching than object-sound matching
tasks (p < .001), but no significant differences were observed between trial pairs after
Bonferroni correction (all p-values > 0.05).



P. Ampofo et al. / A Preliminary Evaluation of a VR Application 5

z

(B)

Response Time

O QObject - Name
o Object - Sound

12 Matching Type 400 —
O Object - Name

® Object - Sound
300

200

100 4

Mean of Correct Matching Score
Mean of Response Time {Seconds)

=)
L

r T T T T T T 1
T1 T2 T3 T4 T5 T6 T7 T8
Trial

T T T T T T T 1
™ T2 T3 T4 15 T6 T7 T8
Trial

Figure 2. Mean of correct object-name and object-sound matching scores (A) and response time (B).

4. Discussion

This study designed, developed, and evaluated associative recognition memory using
virtual reality (VR), comparing performance in object-name and object-sound matching
tasks across multiple trials. Results indicated a progressive improvement in performance
accuracy across trials and a decrease in response time, suggesting evidence of learning
through repeated exposure. Notably, participants demonstrated significantly higher
accuracy and faster response times in the object-name matching task compared to the
object-sound task, supporting the hypothesis of the study. These findings are consistent
with prior research indicating that verbal-visual pairings have higher learning accuracy
and faster response time than audio-visual pairings.

The observed result can be attributed to the distinct processing mechanism
underlying verbal and auditory stimuli. Phonological processing, which activates the
temporal region, facilitates verbal stimulus associations by accelerating processing and
reducing reliance on structural object processing, leading to faster and more accurate
performance [10]. In contrast, auditory stimuli processing engages more complex
cognitive processes, including auditory working memory and temporal integration,
which demand greater effort and repeated exposure to establish robust connections [14].
The integration of auditory and visual stimuli further necessitates maintaining temporal
coherence, which imposes a higher cognitive load and longer processing time.

Moreover, visual-verbal stimuli are processed instantly upon presentation whereas
audiovisual recognition requires full stimulus duration for processing [12]. This
difference accounts for the faster response time observed with the visual-verbal stimuli.

Furthermore, these findings could be attributed to using colours in distinguishing
objects. Colour has been found to enhance object naming by facilitating semantic
processing and reducing cognitive demands, reflected in the faster response time[12].
The addition of colour may have supported the processing of the object-name matching
task relative to the object-sound matching task.

The findings of this study have practical implications for memory training and
cognitive rehabilitation using VR. Associative memory training in VR could take
advantage of repeated exposure techniques to improve memory performance. However,
it is important to note that object-sound learning tasks may require longer training periods
and additional support to achieve comparable results to object-name learning tasks.
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The small sample size and lack of a control group limit the generalization of the
findings of this study. Future research should address these by increasing the sample size,
incorporating a control group, and including diverse populations such as older adults and
people with memory impairments. Comparative analyses with other cognitive training
methods and longitudinal studies are needed to assess effectiveness across cognitive
domains and long-term impact as a rehabilitation tool.

5. Conclusion

VR integration in digital health has effectively enhanced associative memory, yet multi-
trial training of verbal-visual and audio-visual associations remains understudied. This
study investigated performance in these memory constructs and observed improved
accuracy and reduced response time across trials. This study highlights the potential of
VR for targeted cognitive training and its role in scalable digital health solutions.
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