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Abstract

Introduction: the sense of presence refers to the subjective experience of being immersed in a virtual or simulated
environment. These sensations can be objectively assessed using electrophysiological signals such as electroen-
cephalography (EEG), electrocardiography (ECG), and galvanic skin response (GSR). However, psychological charac-
teristics also significantly influence the degree of presence experienced in virtual environments.

Objectives: this study proposes a methodology for quantifying the sense of presence during immersion in virtual
environments by combining multiple electrophysiological features validated by current scientific literature.
Methodology: a total of 14 virtual experiences related to tourist locations in the Magdalena region of Colombia
were evaluated. These experiences were segmented into 20-second time windows, during which EEG, ECG, and
GSR signals were recorded. Each virtual scenario was evaluated six times by different users, yielding 84 biosignal
recordings. From each recording, six presence-related indicators were extracted. Additionally, users were classified
as either High or Low in their psychological capacity to engage with the experience, based on a qualitative assess-
ment involving five presence indicators.

Results: users with a high engagement capacity experienced a sense of presence in 15% more of the virtual envi-
ronments compared to users with low engagement capacity.

Conclusions: the findings support that a user’s sense of presence in a virtual environment is not solely determined
by the level of virtual reality immersion but is also influenced by psychological profile and prior experience with
immersive technologies.
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Resumen

Introduccion: el sentido de presencia se refiere a la experiencia subjetiva de estar inmerso en un entorno virtual o simulado. Estas
sensaciones pueden evaluarse objetivamente mediante sefiales electrofisiolégicas como la electroencefalografia (EEG), la electrocar-
diografia (ECG) y la respuesta galvanica de la piel (GSR). Sin embargo, existe evidencia que indica que las caracteristicas psicoldgicas

influyen significativamente en el grado de presencia experimentado en entornos virtuales.

Objetivos: este estudio propone una metodologia para cuantificar el sentido de presencia durante la inmersion en entornos virtua-

les, combinando multiples caracteristicas electrofisiologicas validadas por la literatura cientifica actual.

Metodologia: se evaluaron un total de 14 experiencias virtuales relacionadas con sitios turisticos del departamento del Magdalena,
Colombia. Estas experiencias se segmentaron en ventanas de tiempo de 20 segundos, durante las cuales se registraron sefiales EEG,
ECG y GSR. Cada escenario virtual fue evaluado seis veces por diferentes usuarios, obteniéndose 84 registros de biosefiales. De cada
registro se extrajeron seis indicadores relacionados con la presencia. Ademas, los usuarios fueron clasificados como de alta o baja

capacidad psicoldgica de involucramiento, seglin una evaluacién cualitativa basada en cinco indicadores de presencia.
Resultados: los usuarios con alta capacidad de involucramiento experimentaron un sentido de presencia en un 15% mas de los
entornos virtuales en comparacién con los usuarios con baja capacidad de involucramiento.

Conclusiones: los resultados respaldan que el sentido de presencia en un entorno virtual no depende Unicamente del nivel de in-
mersién de la realidad virtual, sino también del perfil psicoldgico del usuario y su experiencia previa con tecnologias inmersivas.

Palabras clave: Electrofisiologia, inmersién, procesamiento de sefales, realidad virtual, sensaciéon de presencia.
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Why was this study conducted?

The development of a neuroscientific evaluation project on the sense of presence during immersion in virtual environments
responds to the need to understand, from an objective and evidence-based perspective, how the brain and nervous system
react to the multisensory stimuli that characterize Virtual Reality experiences.

Most studies on usability and immersion in these types of environments are based on users’ self-reported subjective percep-
tions; however, these approaches do not accurately reflect the cognitive processes that determine the actual quality of the
experience. This project aims to integrate neuroscience with the design of immersive technologies, providing a scientifically
validated methodology to measure the cognitive impact of virtual environments.

What were the most relevant findings?

The most relevant results of the study show a statistically significant difference in the levels of sense of presence between
participants with high and low immersive capacity. Likewise, the integration of six physiological indices derived from EEG, ECG,
and GSR allowed for highly accurate differentiation of the sense of presence state, revealing a direct correspondence between
neurophysiological responses and participants’ self-perceptions. Moreover, coherence was observed between physiological
patterns and psychological profiles, indicating that individuals with a greater ability to become emotionally and cognitively
engaged in the virtual experience tend to more easily activate the sense of presence.

What do these findings contribute?

These findings provide strong evidence supporting the use of neurophysiological biomarkers as an objective measure of

the sense of presence, offering a reliable alternative to traditional self-report-based methods, which are often susceptible to
subjective bias. Additionally, this study validates the feasibility of a multimodal approach that combines EEG, ECG, and GSR

to assess the sense of presence in virtual environments, demonstrating that the interaction between users’ physiological and
psychological characteristics plays a key role in the quality of the virtual experience.nance operating environment. This contri-
butes to compliance with high quality standards, resource optimization, and process efficiency, which, in turn, strengthens the
railway company's overall performance and its ability to offer more reliable and safe services.

Experiment Design

Fourteen virtual experiences
were used to evaluate the sense
of presence through multimodal

biosignals (EEG, ECG, GSR)

User Selection

Participants were classified into
high and low engagement
groups based on five qualitative
presence indicators.

EEG, ECG, and GSR signals were
recorded across 84 sessions to
capture physiological responses
to virtual immersion.
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Sense of
presence
based on
biosignals

Participants completed self-reported
immersion after each session to
validate physiological indicators.

6

Results Analysis

High-engagement users showed
a 15% stronger sense of presence,
revealing the influence of
psychological factors beyond
immersion level.

Presence Index Validation

Six physiological presence
indices were validated through
statistical and correlational
analysis.

Biosignals were filtered, cleaned,
and segmented to ensure
reliable feature extraction.
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Introduction

In recent years, virtual reality (VR) has emerged as a promising technology with applications in
various areas, such as entertainment, tourism, education, health, among many others. To achieve
an immersive and convincing experience, where the user experiences a sense of presence and is
immersed in VR as if they were physically present, it is essential to understand and evaluate the
sense of presence experienced by users, in order to create the illusion of being present in a virtual
world (1). The subjective feeling of being present in a virtual environment absorbed by what is
happening in the real world, known as the sense of presence, is a key aspect in determining the
effectiveness and quality of the virtual experience (2). While the quality of virtual content generates
greater immersion, the sense of presence is unique to each individual. Despite this, there are no
methodologies that perform psychological profiling and user experience profiling with virtual
reality technology to determine the implications for the sense of presence.

Additionally, the evaluation of the sense of presence and the level of immersion in VR has been the
subject of study in the scientific community. Traditionally, the evaluation of the sense of presence
generated by virtual environments is carried out by completing questionnaires to answer this
guestion. However, this methodology only allows for the measurement of the user’s conscious
response (3); this type of evaluation methodology can present multiple difficulties, given the
possibility of producing biased responses at will or due to cultural, socioeconomic, religious,

or other characteristics. Given the above, there is a need to evaluate VR environments beyond
conscious responses, with a quantitative approach and at a subconscious level of what virtual
environments generate in users. In this context, the use of electrophysiological signals has emerged
as a promising tool for objectively measuring the electrophysiological response of users during
interaction in virtual environments and, in this way, determining whether a user’s psychological
profile affects their sense of presence in a virtual environment.

In this work, we propose to analyze electrophysiological signals as tools for the objective evaluation
of the sense of presence and its correspondence with the psychological profiling of a user during
an experience in VR environments.

Materials and methods

In this section, important concepts for the reader will be detailed and the methodology used to
conduct this research will be analyzed. The process was developed in several stages: first, a survey
was designed and administered to obtain the psychological profile of the user in terms of their
ability to engage in a virtual experience. In a second stage, the electrophysiological responses
were recorded during VR immersion processes. Third, the acquired signals were adapted and
preprocessed. In the fourth stage, six quantitative indices of the preprocessed data for sense of
presence were obtained, selected, and validated in previous external research. Finally, an absolute
frequency process was performed based on the number of indices, discriminating between
participants with high and low sense of presence, as shown in the results section.

Ingenieria y Competitividad, 2025 vol 27(2) e-21314737/ may-aug
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Psychological profile of participants

There are different types of virtual consumers that are determined by psychological variables such
as personality traits, motivations, and attitudes (5) and that determine their choices regarding the
use of digital technology. These psychological variables must be taken into account in the design of
virtual scenarios as they can influence users’ sense of presence.

Some research has found that personality traits are associated with the perspective that consumers
take in an interaction with VR (6). Along the same lines of research, direct relationships have

been found between certain psychological measures and the level of presence in immersive VR,
reflecting that absorption capacity, dissociation, and locus of control are psychological traits that
are directly proportional to the sense of presence (7). On the other hand, other studies have found
that the feeling of control, the capacity for enjoyment, and curiosity are personal traits that drive
users’ sense of presence in VR environments (8).

Certain psychological variables of users can also be modified after experiences in virtual
environments (9), even modifying subjective pain experiences (10) or enhancing creative skills in
shopping scenarios (11), which again demonstrates the bidirectional interrelationship between
psychological measures and the sense of presence in virtual scenarios.

Finally, the relationship between human behavior patterns and their influence on interaction with
virtual technologies has become a field of interest that must be considered in VR design (12). This
psychological profiling will allow us to establish a priori the subject’s ability to generate states of

sense of presence when faced with virtual content.

Sense of presence

This is a cognitive process that involves the subjective perception of being present in a virtual
environment, which leads to the interpretation and cognitive processing of the sensory information
received. When a user experiences a sense of presence in a VR environment, they are constructing
a mental representation of being physically present in that simulated environment. This cognitive
process involves the integration of visual, auditory, and tactile information, as well as the
interpretation and assimilation of interactions and stimuli present in the virtual environment (1).

In addition, the sense of presence is also related to other cognitive processes, such as attention,
memory, and spatial perception. The user’s attention is directed toward the virtual environment,
which involves selecting and processing information relevant to the immersive experience. On
the other hand, the memory is responsible for storing and retrieving information from the virtual
environment, allowing for continuity and consistency in the experience. Spatial perception is
involved in interpreting location and movement in the virtual environment, contributing to the
feeling of actually being present in a VR environment.

Ingenieria y Competitividad, 2025 vol 27(2) e-21314737/ may-aug
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Electrophysiological measures

Below is a brief description of the main electrophysiological variables that will be used for the
quantitative analysis of VR content.

Electrocardiography (ECG)

The project proposes the use of electrocardiographic signals, as these are one of the signals

that provide the most real-time information about a person’s emotional states. These signals
provide information on both the emotional state and its intensity (18), (19). Specifically, the

aim is to measure heart rate variability (HRV), which evaluates fluctuations in the time intervals
between heartbeats, in order to measure the states of stress associated with immersion in virtual
environments, as HRV provides important information about how the body responds and adapts to
episodes of stress.

Galvanic skin response (GSR)

Galvanic skin response (GSR) is the measurement of variations in sweat activity and the electrical
behavior of the skin (20). This activity responds to external and internal stimuli and is associated
with emotional and cognitive states (21), making it possible to detect changes in a person’s
emotional and cognitive activity generated by the virtual reality environments presented.

The e-Health Sensor platform will be used to acquire the electrocardiographic signal and galvanic
skin response. This device allows biometric and medical applications to be carried out using
Arduino and Raspberry Pi.

Electroencephalography (EEG)

The electroencephalographic signal (EEG) is the recording of electrical activity originating in the
brain. This recording is obtained by implanting electrodes in the brain or placing electrodes on the
scalp (surface electroencephalography, sEEG). This electrical activity is generated continuously in
the brain due to thoughts, activities, and almost every action performed by humans. EEG analysis
considers many characteristics to find morphological patterns or unexpected disturbances that
could lead to the discovery of anomalies, pathological compromise, or interpretation of functional
behaviors and cognitive performance. We will work with the temporal, frequency, and spatial
analysis of EEG signals, using state-of-the-art indices as direct indicators of the sense of presence,
based mainly on the powers of the brain bands and electrical activities in specific areas of the brain
directly related to cognitive processes of interest for the object of study.

To capture EEG signals, OpenBCI equipment will be used as a brain-computer interface. This is

an open hardware device with 16 differential input channels, compatible with active and passive
electrodes, based on Arduino technology capable of acquiring brain electrical activity at a sampling
rate of 125 or 250 Hz with 24-bit resolution and Bluetooth communication to the computer.

Experimental design

This study has a quantitative, exploratory, and experimental approach and was conducted in
accordance with the ethical standards approved by the bioethics committee of the University of
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Magdalena; all participants signed an informed consent form prior to their participation. In terms of
the profiling of the study subjects, two types of a priori sense of presence in virtual environments
were categorized as high and low. An open invitation was extended to 100 people to complete

two digital forms. This process involved subjects of equal gender, with an average age of 32 + 15
years, and their data was treated under confidentiality parameters. The surveys were designed with
the help of an expert neuropsychologist with in-depth knowledge of the topic and validated by
experts in virtual reality. The first form generated a sociodemographic profile of the user in order
to collect social, cultural, and emotional characteristics resulting from the social context that the
person has built, with the aim of determining how sociocultural characteristics can impact the way
subjects make decisions in certain virtual scenarios. Based on the research analyzed in the literature,
a second questionnaire was designed with 15 questions evaluated on a Likert scale: almost always,
sometimes, and almost never. This allowed for the identification of relevant characteristics to
facilitate the sense of presence in virtual environments for users. The psychological traits sought
were:

1. Absorption capacity: ability to become involved or immersed in a situation (7), (16).

2. Dissociation capacity: interruption of integrated functions of consciousness involving the ability
to "forget” or distance oneself from the real world or move away from one'’s environment (7), (9),

(13).
3. Extroversion: the ability to engage with stimuli in the environment (14), (15).

4. Locus of control: the extent to which a user believes that events are caused either by their own
behavior and actions (internal locus of control) or by external forces such as fate, chance, luck, or
coincidence (16).

5. Beliefs and meanings in virtual environments: concept that a user assigns to the virtual
experience and that gives the experience greater or lesser meaning and significance (17).

This process categorized the different users, discarding those with intermediate ratings and leaving
a database of 63 potential evaluators of the experiences. However, due to the imbalance between
the user categories and their availability for testing, we sought to ensure that each of the virtual
scenarios was evaluated by three high-capacity users and three low-capacity users in terms of
presence. Given that we worked with consolidated state-of-the-art indicators, a large sample size
was not required to explore new relationships, but rather a sufficient number of cases to validate
the proposed methodology for integrating EEG, ECG, and GSR signals under controlled conditions.

Description of virtual content

Within the framework of the AvenHub Magdalena project “Strengthening the adventure tourism
offer through technological development in the department of Magdalena,” managed and

executed by the company Innovanex, 14 virtual environments were built in different locations of
interest (see Figure 1). The script for each virtual environment includes multiple tourist activities,
which correspond to the main attractions of each municipality in the department of Magdalena.
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All virtual environments were developed using the Unity 3D real-time rendering engine, employing
the C# programming language. The display was configured at a resolution of 1440x1600 pixels
per eye. In addition, all three-dimensional models were designed with the open source software
Blender.

Figure 1. Example of different virtual environments evaluated. Source: Authors

Capture of electrophysiological signals

To evaluate the VR environments, the following experimental setup was used, detailing the
processes undergone by the evaluation users, based on the proposal for electrophysiological data
collection designed by (22). Each virtual environment, one per municipality, with different tourist
locations in Magdalena, was evaluated by three users with low and three with high psychological
sense of presence. To capture electrophysiological data during the virtual reality experience,

the user wore Oculus Quest 2 virtual reality glasses, with an automatic and guided tour for each
virtual environment, which did not involve physical movement. Each of the electrophysiological
signals acquired were divided into 20-second windows, responding to both physiological and
methodological criteria, since a 20-second interval is sufficient to capture stable physiological
responses to sensory stimuli in the three biosignals and allows for an adequate balance between
temporal resolution and stability of the extracted indicators. This allows for a more specific analysis
of the electrophysiological response at segmented moments in the virtual environments, as each
of the 14 virtual environments had different durations ranging from 2 to 10 minutes.

One of the priorities in the application of the experiment was to ensure the synchronization

of cardiac, electrodermal, and brain data collection with the projection of stimuli (virtual
environments). To this end, it was proposed to include a few seconds of a blank screen in the VR
content to identify the start time of the signals acquired from an initiation tone. This process also
allows filtering by baseline correction in a resting state before the stimulus is projected.

Once the user signed and declared their consent to participate in the tests in writing, the proposed
methodology was applied. The user had to be seated, trying to move as little as possible to avoid
adding noise and artifacts to the acquired signals. Initially, they were asked to close their eyes and
were told to open them when they heard a distinctive sound to ensure the synchronization of the
visualization of the environments and data acquisition.

Ingenieria y Competitividad, 2025 vol 27(2) e-21314737/ may-aug
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In the case of electrocardiographic recordings, lead I was used according to Einthoven's triangle,
which defines the axes of the electrocardiographic signal (ECG) leads in the frontal plane. Two
electrodes were placed near the user’s shoulders and a third electrode, serving as a reference, was
placed on the left side of the lower abdomen.

In the case of GSR signals, a connection was made to the index and middle fingers to measure
electrical impedance. In this case, it is necessary to ask the user to relax for two minutes in order to
establish a baseline for measurement, during which time no physical or emotional disturbances are
expected.

Following the methodology presented by Baka et al. (23), the locations of the 10-20 system were
prioritized as follows: AF3, F7, F3, FC5, T7, P7, O1, O2, P8, T8, FC6, F4, F8, AF4 referenced in A1 (ear
lobes). An impedance below 5 KQ and a sampling frequency of 125 Hz were sought. Preliminary
tests were carried out to ensure the correct acquisition of each of the channels.

Figure 2 shows the devices used to acquire the EEG signals (cap with electrodes on the head), ECG
(electrodes placed on the lower part of the clavicles and lower abdomen on the left), and GSR
(electrodes on the index and ring fingers of the left hand), as well as the VR projection glasses.

Figure 2. Acquisition of electrophysiological signals. Source: Authors

Signal conditioning and preprocessing

Given the nature of electrophysiological signals, these signals are affected by muscle and eye
artifacts, electrode movement, electrical noise, baseline drift, and other noises. Because of this, a
filtering phase is necessary as signal preprocessing (24, 25, 26). To solve this problem, we use a
5th order Butterworth bandpass digital filter. This filter has the best ratio between attenuation and
phase response. It has no ripple in the passband or stopband, and because of this, it is known as a
maximally flat filter. The cutoff frequencies used are (0.5 Hz — 50 Hz) for EEG, ECG, and GSR cases.
These bands are located according to the standards of the American Health Association (AHA)
(27). These cutoff frequencies allow the elimination of mechanical noise generated by electrode
movement and muscle movements. Additionally, to eliminate trend lines, a time windowing
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technique was used and the average value corresponding to each window was removed. For
atypical data, a Hampel filter was implemented.

In the case of EEG, once the recording was free of artifacts that could alter the results of the analysis,
the waves were classified according to their frequency into five main bands: delta (0.5 Hz - 4 Hz),
theta (4 Hz - 8 Hz), alpha (8 Hz - 12 Hz), beta (12 Hz - 30 Hz), and gamma (30 Hz - 50 Hz). For this, a
5th order Butterworth bandpass digital filter was used again at the specified frequencies.

Indices for sense of presence

Time-frequency and spatial characteristics were extracted from the EEG signal, which, according
to previous research, are directly related to the increase in the sense of presence and its main
correlates. This was demonstrated in previous research related to the following:

Index 1: This is the increase in coherence in the beta band between the left temporal lobe and the
left occipital lobe (4). For this, the beta band was used in channels T7 and O1, and equation (1) was

applied, which relates the brain coherence between two channels (Coh),

_ |Pyw)? (M
Coh = waw ,
where Py is the power spectral density (PSD) of the channel pairs; £ and B are the power densities

of each channel; this is calculated for each frequency bin and, finally, the mean value of the
coherence vector is calculated.

Index 2: It has been determined that power increases in the theta band in the occipital lobe
determine an increase in the sense of presence (4). For this implementation, the short-time Fourier
transform (STFT) with a Kaiser window with L=125 and beta=5 was used to calculate the PSD in each
of the windows generated from channels O1 and O2 and adding their mean values.

Index 3: It has been shown that the increase in total power (1-50 Hz) in the frontal lobe is a good
indicator of sense of presence (4). To implement this point, the short-time Fourier transform (STFT)
was used again with a Kaiser window with L=125 and beta=5, specifically in the front channels: AF3,
F7, F3, F4, F8, AF4. Their PSD was calculated and their average values were added by time windows.

These first three sense-of-presence indices were compared against the same reference
measurement at the start of the test, since the sense-of-presence process is not instantaneous and
requires some time for the user to reach this state.

Index 4: Research conducted by (28) indicates the decreased participation of the right dorsolateral
prefrontal cortex (DLPFC) and, to a lesser extent, the left DLPFC at high frequencies as highly
specific neural correlations for the orchestration of the presence experience in adults. These results
were supported by another study by the same authors (29). Given the above, brain mapping was
performed from the temporal signal acquired using the SMP12 toolbox, which finds the solution to
the inverse problem. This solution allows the electrical activation to be visualized in a 3D model of
the brain using a color map. After this, visual monitoring of the activation in the brain model of the
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right DLPFC area was performed, verifying the decrease in brain activity and the increase in brain
activity in the left DLPFC.

The following indicators were obtained from the ECG and GSR signals:

Index 5: The change in heart rate (HR) was analyzed with respect to the previously recorded baseline
activity. The difference between the HR during visual stimulation and the HR at rest was calculated,
thus reflecting the increase or decrease in heart rate (30).

Index 6: Galvanic skin response (GSR) activity was examined in relation to baseline activity prior

to visual stimulation. Skin conductance was recorded during the experience and compared to
reference levels, revealing the presence of variations in galvanic skin response associated with the
visual stimulus (31).

Results and discussion

This section shows the different results obtained by applying the methodology described in the
previous chapter. The tables, graphs, and data shown belong to a single user in a particular location
with a duration of 120 seconds, which was divided into six time windows. This is to illustrate

the results individually. However, each of the 14 locations has different durations, and the same
methodology was applied to each of the resulting time windows. The results for all users and time
windows are summarized in data tables. Finally, the results will be discussed. For indices 1, 2, and

3, the following was obtained: Figure 3 shows the metrics obtained from the time windows into
which a virtual experience was divided. The dotted line is the threshold for each of the metrics to
be considered high or low and refers to the value of the metric in the base window. A: shows the
coherence in the beta band in channels T7 and O1, and as can be seen, only time windows 3 and 6
exceed the threshold. B: finds the PSD value in the occipital channels O1 and O2 in the Theta band
using STFT. In this case, all time windows exceed the threshold, indicating a high sense of presence.
C: for index 3, the same process described in index 2 is performed, but only on the frontal channels
(AF3, AF4, F3, F4, F7, F8) and the full-band signal, i.e., (0.5 Hz - 50 Hz).

Figure 3. Results of indices 1, 2, and 3 for each time window. Source: Authors

In this specific case, no time window was classified as having a high sense of presence. For index 4,
the following spatial activation representations were obtained: Figure 4 shows a three-dimensional
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representation of brain electrical activity from the captured EEG signal. For this, a brain model
with 14 channels per 2004 sources was used, using the SPM12 toolbox and the Multiple Sparse
Priors (MSP) inverse problem solution algorithm. A map was generated on a standardized brain
model that represents the power of brain activity through color scales, revealing the most likely
communication areas and structures at each moment.

Figure 4. Brain mapping of the signal by time windows. Source: Authors

The electrical brain activity was averaged for each time window to obtain a single representation.
For indices 5 and 6, Table 1 of results was obtained.

Table 1. Results of ECG and GSR measurements for sense of presence.

Window base HR HR Index5 base GSR GSR Index 6
2 50.64 74.77 - 127,749.758 128,825.23 -
50.64 45367  + 127,749.758 129,191.19 -
4 50.64 49,889 + 127,749.758 129,669.49 -
5 50.64 45248  + 127,749.758 130,156.05 -
6 50.64 49,167  + 127,749.758 120,212.77  +

Source: Authors

Table 1, index 5, shows an increase or decrease in heart rate relative to baseline activity, indicated

u o n

by the symbols “+" and

u o

if the sense of presence increased or decreased in the window. Index 6
evaluated galvanic skin response activity, again showing increases or decreases relative to baseline
activity. Table 2 compiles the information from all indices.

Table 2 shows the results for a single user in the six presence indicators evaluated in each time
window. This same process was carried out with the six records (three with users with low presence
sense and three with users with high presence sense) in each of the 14 virtual reality environments
evaluated, each subdivided into time windows.

Ingenieria y Competitividad, 2025 vol 27(2) e-21314737/ may-aug

11/17

doi: 10.25100/iyc.v27i2.14737



The sense of presence in virtual environments: an analysis based on EEG, ECG, and GSR signals

Table 2. Electrophysiological indices for sense of presence for one user.

Index Index2 Index3 Index4 Index5 Index6 # indexeson
1 the rise

Window 1 Reference base window

Window 2  low high low low low low 1

Window 3  high high low high low low 3

Window 4  low high low neutral  high low 2

Window 5  low high low high high low 3

Window 6  high high low low high high 4

From this information, the number of high presence sense indices was calculated, and the

Source: Authors

information shown in Table 3 was obtained.

Table 3 summarizes the results of all tests performed on all users and virtual environments. The

Table 3. Count of high indices for the two presence sense capabilities.

Users with high
sense of presence

Users with low
sense of presence

Scenario 1

Window 2 6 4
Window 3 8 7
Window 6 2 7
Scene 2

Window 1 3 6
Window 14 12 5
Scenario 3

Window 1 12 5
Window 20 9 7
Stage 14

Window 1 6 10
Window 14 6 10
Window 15 7 10

Source: Authors
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two categories were considered according to their psychological sense of presence, and a total was
calculated by adding the 14 scenarios from 394 time windows. The number of high indices per time
window in each category was taken into account.

In Table 4, a count was made in each of the two categories of the number of indicators with a high
sense of presence for each of the 394 time windows, taking into account that there were three users
in each category for a total of 1182 windows evaluated, each with a maximum of 18 high indicators
(six per user). Some representative statistical data were obtained from the two samples, such as

the mean value of the number of high presence indicators per window for each category and its
respective uncertainty value.

Table 4. Evaluation of sense of presence according to immersive capacity.

Low Presence Users High Presence Users

in 1182 windows evaluated in 1182 windows evaluated
High indices 255 High indices 3640
Average 6.5 Average 9.3
Deviation 2.1 Deviation 2.5

Source: Authors

The results of the statistical analysis show a significant difference in the mean scores between the
groups categorized by presence capability. Specifically, the group with high presence capability
obtained a significantly higher mean (M_= 9.3; SD = 2.5) compared to the group with low capability
(M,=6.5; SD = 2.1), a difference that was confirmed by a hypothesis test using Student’s t-test for
independent samples (t = -29.80; p << 0.001).

The results obtained from the application of the proposed methodology show that the use of
electrophysiological signals for the evaluation of sense of presence in virtual reality environments is
an objective and reliable alternative to traditional methods based on self-reports. The combination
of the six quantitative indices extracted from electroencephalography (EEG), electrocardiography
(ECG), and galvanic skin response (GSR) made it possible to establish with high accuracy whether
or not participants experienced a sense of presence in the virtual environment. This supports

the feasibility of a biomarker-based approach to measuring sense of presence, eliminating the
subjectivity inherent in self-administered questionnaires and reducing the bias associated with
individual variability in the interpretation of the immersive experience, validating the results
obtained in (4) and (28).

One of the most relevant findings is the consistency between physiological indices and the
categorization of participants according to their psychological profile. The results suggest that
individuals with a greater psychological capacity to engage in an experience tend to activate the
sense of presence in VR more easily, which could be related to a lower cognitive load in adapting

to the virtual environment, objectively validating the postulate proposed in (7). This finding is
consistent with previous research indicating that the experience in virtual reality depends, in part, on
factors characteristic of the user with this type of technology.
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Despite the contributions of this research, it is important to acknowledge some limitations. First,
although the six physiological indices have been validated in previous studies, their combination
in a single assessment system requires further generalization in diverse populations with varying
levels of familiarity with virtual reality.

Conclusion

The results of this research show that users’ immersive capacity directly influences the activation
of the sense of presence in virtual reality environments. Participants with a high capacity for
engagement in virtual environments showed a greater number of physiological indicators
associated with presence (9.3 on average) compared to those with low immersive capacity (6.5

on average), a difference that was confirmed by a hypothesis test using the Student'’s t-test for
independent samples. Furthermore, validation through self-reports showed that users with higher
immersive capacity perceived a high sense of presence in 51% of the time windows, while those
with low immersive capacity only experienced it in 36%.

These findings reinforce the hypothesis that measuring sense of presence through
electrophysiological signals is an objective and reliable approach, reducing dependence on
subjective responses. Furthermore, the data obtained in relation to the personality characteristics
and psychosocial profile of the study subjects indicate that certain psychological traits may
influence the ease with which a person experiences presence in virtual environments, which has
important implications for the design of more accessible and immersive experiences.

In conclusion, this study contributes to the understanding of the sense of presence in virtual reality,
providing a methodological framework based on biomarkers and particular characteristics of users
that can be applied in various areas such as cognitive neuroscience, immersive interface design,
and the optimization of experiences in virtual environments.
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