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Considerations when trying to
quantify immersion with
secondary tasks
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United States, 2Musculoskeletal Health and Ergonomics Laboratory, Department of Occupational
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Immersion is a crucial component to characterizing virtual reality (VR) and
discovering its many implications for our lives. Studies have defined immersion
as the extent that virtual environments submerge users’ perceptual systems, shut
out the physical environments’ inputs, and induce engrossment in users. The
present study sought to further understand the applications of immersion in
virtual environments by leveraging traditional self-report measures, as well as
investigating the use of distraction to quantify immersion objectively. We
hypothesized that participants in immersive 3-dimensional VR would self-report
higher levels of immersion and engagement compared to a non-VR condition. We
also predicted that participants in the VR condition would have impaired responses
to a secondary task compared to the non-VR condition. Using a within-subjects
design, participants engaged in a VR meditation both on a computer screen (non-
VR) and through a VR headset (VR). During the meditations, they completed a
secondary detection-response task (DRT) by pressing a button in response to a
tactile stimulus. We used DRT reaction times to objectively measure immersion.
Following the meditations, participants completed questionnaires regarding their
experiences. As predicted, participants reported that the VR condition increased
their engagement and presence compared to the non-VR version of the same
meditation scenario. With regard to the secondary detection task, we did not find a
significant effect of VR on DRT performance, although DRT performance was
numerically worse in the VR condition compared to the non-VR condition. These
mixed results suggest that the use of a secondary task depends upon several
factors, which we discuss.

KEYWORDS
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1 Introduction
1.1 What is immersion?

Technology developers are constantly seeking to enhance users’ experiences in devices
whose implications broadly range from gaming, medicine, education, manufacturing, and
many other domains. One way to improve experiences is via immersion, which is
sometimes referred to as presence, though see Lombard and Ditton (1997) and Mestre
and Vercher (2011) for further distinctions. Immersion is a phenomenon characterized by a
shift in users’ attention, often involving dissociation from the attentiveness of the real world,
that occurs because of their cognitive processes in states of increased mental involvement
(Agrawal et al., 2020). This definition’s critical part is the shift in users’ attentional states.
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Attention is central to the concept of immersion, for disassociation
from the awareness of the real, physical world is critical in immersive
experiences (Agrawal et al., 2020). An immersive experience entirely
overrides sensations and perceptions from the real, physical world,
allowing users to devote their attentional resources to the mediated
world (Zhang, 2020).

When discussing immersion, previous studies have often also
utilized the term “presence.” Defining presence as the subjective
feeling of “being there” in a mediated virtual environment, they have
used presence to capture users’ subjective experiences in mediated
environments, or how users perceive virtual worlds (Lombard and
Ditton, 1997; Mestre and Vercher, 2011). In contrast, these studies
more utilized “immersion” as an objective evaluation of a
technology, relating the term more to a VR experience’s
perceptual and interactive aspects (Lombard and Ditton, 1997;
Mestre and Vercher, 2011; George et al., 2018).

For the purposes of our research, the present study will consider
the above distinction between presence and immersion and will
utilize presence as immersion, as described by Lombard and Ditton
(1997) and again by Nordahl and Korsgaard (2010). According to
these studies, presence as immersion is the extent that virtual
environments submerge users’ perceptual systems; shut out the
physical environment’s inputs; and induce engagement,
involvement, engrossment, and absorption in users (Lombard
and Ditton, 1997; Nordahl and Korsgaard, 2010). This definition
emphasizes using presence in understanding immersion and
includes the context of virtual environments, which will be
necessary for the present study. Therefore, we will utilize the

term “immersion” to capture this concept.

1.2 Immersion in virtual environments

Previous researchers have proposed defining immersion as the
perceptual and sensory experience of being physically situated in a
simulated, mediated, or non-physical environment. Specifically, in a
virtual environment, immersion is the degree to which stimuli in the
virtual environment engross users’ perceptual systems (Zhang, 2020).
These virtual environments may be displayed using VR. VR is a
mediated reality format that allows users an unlimited field of view
and a constantly updated viewpoint to facilitate natural interaction
with and perception of an artificial environment (Pausch et al., 1997;
Nilsson et al., 2016). Environments in VR enhance users’ immersive
experiences compared to other media forms. For example, Frewen
etal. (2020) reported greater satisfaction among participants from VR
exercises compared with non-VR exercises. VR’s effects on brain
activity may explain the augmented immersion and satisfaction levels.
Immersive VR environments can induce enhanced neural activity and
attention in users compared to non-interactive media (Klimmt et al.,
2005). Greater neural activity may increase one’s sense of immersion
in such environments.

1.3 Quantifying immersion
1.3.1 Why try to quantify immersion?

Understanding immersion is crucial to understanding users’
experiences in technology-mediated environments and tasks. There
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is a need to measure and quantify immersion because evaluating the
quality of users’ experiences in VR is heavily dependent on our
understanding of their immersion. Previous research has often used
subjective methods to measure immersion (Gershon et al., 2004;
Frewen et al,, 2011; O’Brien et al,, 2018; Armougum et al., 2019).

1.3.2 Subjective measures of immersion

One of the most common methods to measure immersion is
subjective,  post-test These
administered to participants following the immersive experience

questionnaires. measures — are
and have two different uses: to understand the impact of virtual
environments’ technological factors on different individuals, for
instance, by using a reported sense of immersion (Slater and
Usoh, 1993); and to measure the subjective judgment and
perception of the immersive environment, for they view
immersion as a multidimensional construct (Zhang, 2020).
Subjective questionnaires have several advantages for measuring
immersion in VR. They are relatively easy to interpret and
administer because they do not require complex setups or
equipment (van Baren and Ijsselsteijn, 2004). Post-test immersion
questionnaires do not intrude upon the immersive experience
during the experiment, reducing interruptions and allowing the
results to reflect immersion’s nature more candidly. They can also
of the
simultaneously and consequently provide a robust measurement

examine many dimensions immersive experience
(Zhang, 2020). Questionnaires can measure overall immersive
experience without being subject to individuals’ emotional,
personal, and physiological conditions irrelevant to the tested
(Zhang, 2020).

immersion at once enables researchers to obtain an overall idea

stimuli Measuring several dimensions of
of the immersive experience. The questionnaires’ divisions into
different questions allow participants to focus on one aspect of

immersion at a time.

1.3.3 Can objective measures add to this
characterization?

Objective measures are another way to measure immersion in
virtual environments. Adding objective measures with existing
subjective measures and looking for converging evidence may be
beneficial. Indeed, prior research has leveraged physiological
differences (e.g., skin conductance and heart rate) between VR
and non-VR conditions as another way to quantify immersion in
addition to self-report (Knaust et al., 2022; Lemmens et al., 2022).

Previous research has also begun to explore using secondary task
performance as an objective metric to gauge participants’ immersion
levels. The secondary task method involves having participants
respond to a secondary task that requires some degree of
attention during the primary task in which the participant is
initially immersed in performing. Secondary tasks can be
administered either once or at random or regular intervals,
depending on the variable of interest.

One theory proposes that
multidimensional ~constructs in which one

immersive experiences are

can measure
continuous increments of cognitive load to indicate the degree to
which the user’s attentional resources and mental capacity are
absorbed in the task (Zhang, 2020). Cognitive load is a
continuous increase in mental workload, characterized by a

demand for higher-level cognitive operations like decision-
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making, error detection, planning, sustaining information in
working memory, and overcoming habitual actions (Stojmenova
and Sodnik, 2018; Robinson et al., 2021). Both primary and
secondary tasks require attentional resource allocation. Secondary
tasks and primary tasks are both resource-limited tasks: tasks in
which increasing the number of available processing resources can
lead to improved performance. Therefore, interference on either task
implies that both tasks draw from and utilize processing resources
from the same pool (Norman and Bobrow, 1975).

When primary tasks induce more cognitive load, fewer
attentional resources can be allocated to secondary tasks
(Norman and Bowbrow, 1975; Wickens, 2008). Thus, secondary
tasks’ indirect measure of cognitive load can reveal how much one’s
attentional resources and mental capacity are absorbed in a primary
task. Applying this information, the more a participant’s attention is
devoted to the virtual environment, the more immersive the
experience. In addition, external stimuli coming from the real,
physical environment are ignored, and it is more difficult for the
participant to revert their attention to the physical environment
where experimenters solicit rapid responses to a secondary task
(Zhang, 2020).

The secondary task performance method has several advantages
that support its use in immersion research. For example, researchers
can easily combine this method with other attentional measures, like
eye-tracking, to collect data in various modalities (Norman and
1975;  Wickens, 2008). secondary task
administration occurs during the primary task, researchers can

Bobrow, Because

easily conduct non-invasive observations like eye-tracking
without interfering with the VR tasks. Also, task performance is
a continuous feature during the immersive experience, so measuring
immersion levels is not reliant on participant report after the
experience has concluded. Research has demonstrated that using
secondary task performance is reliable and ensures both convergent
and discriminant validities because the involved primary and
secondary tasks may be of a different nature, like switching to a
motor task from one that is entirely cognitive (Armougum et al.,
2019; Castro et al.,, 2019) Thus, the secondary task performance
method is a sensitive, valid, and continuous measure that holds
promise for future exploration. Despite this, there is a lack of
research on secondary

task performance for measuring

immersion in VR.

1.3.3.1 Detection response tasks

One example of a secondary task is a detection-response task
(DRT). This task, which researchers often use in a secondary task
reaction time (STRT) paradigm, involves randomly providing a
sensory stimulus every 3-5s and having a participant respond by
pressing a response button on their index finger (Stojmenova and
Sodnik, 2018). Performance is measured by response times and hit
rates (Stojmenova and Sodnik, 2018). Previous research in driving
and VR contexts has used the DRT to measure cognitive load. For
example, in their study using a VR driving simulator and cognitively
loading tasks, Nilsson et al. (2018) found that increased cognitive
load on a primary task increased DRT response times. However,
responding to DRT stimuli does not appear to impose an additional
cognitive load on the user, making it a potentially suitable secondary
task measure of cognitive load in VR (Wickens, 2008; Stojmenova
and Sodnik, 2018).
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In another study, George et al. (2018) concluded that a DRT
embedded within a virtual experience was appropriate for
measuring attention in immersive VR. Their DRT task allowed
experimenters to maintain constant presence levels without the
secondary task disrupting performance (George et al., 2018). This
prior study provided insight into incorporating a detection-
response task into VR primary tasks. However, George et al,
2018 did not include a real-time measures of immersion in a
non-VR control condition, leaving a gap for subsequent research
to address.

1.4 Present study

In this study, we used self-report and secondary task
performance to measure immersion in a VR scenario compared
to a non-VR scenario. We hypothesized that participants in
immersive VR would self-report higher levels of workload,
engagement, and sense of presence compared to a non-VR
condition. For secondary task performance, we used secondary
task reaction time, or STRT, in the form of a DRT to add to the
immersion characterization provided by self-reports. Immersion
increases cognitive load, and increased cognitive load may result
in increased DRT response times and reduced response accuracy
(Nilsson et al., 2018; Zhang, 2020). Therefore, we hypothesized that
participants in immersive VR would have impaired responses to a
secondary task, specifically a detection-response task, compared to
when in a non-VR version of the same scenario. Few studies have
attempted to use both self-report and secondary tasks to quantify
immersion (Darken et al., 1999; Klimmt et al., 2005; Bracken et al.,
2014), and to our knowledge, no studies have used a detection-
response task to measure this phenomenon. We aim to fill this
knowledge gap.

2 Materials and methods
2.1 Design

We used a within-subjects design for this study. The
independent variable was the level of VR immersion participants
experienced (VR Level), and it involved the presentation of a VR and
non-VR meditation scenario. We counterbalanced run orders across
two experimental sessions and then randomized these orders across
participants. The dependent variables included participants’
responses to post-experience questionnaires, as well as levels of
distraction from real-world physical stimuli, measured using a
DRT paradigm.

2.2 Participants

Participants were recruited via the psychology department at
Tufts University. Given the novelty of our approach, we did not
have sufficient information on anticipated effect sizes to
conduct a meaningful power calculation to determine our
sample size. Thus, prior to data collection, we determined
would aim to collect data from

that  we roughly

frontiersin.org


https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://doi.org/10.3389/frvir.2024.1212216

Payne et al.

10.3389/frvir.2024.1212216

FIGURE 1

Experimental Set-Up for VR and DRT Devices. Note: Top left panel depicts the non-VR set-up with the VR headset positioned on the manikin head

and the participant watching the meditation on the computer screen. Top right panel depicts the VR condition in which participants wore and
experienced the meditation through the VR headset. Bottom panel depicts DRT placement. Participants placed the response button (left) on the tip of the
left index finger and taped the vibrating tactor (right) to the skin just above the left collarbone.

50 participants since this would be at least double the sample
size from the most similar prior study we could find (George
etal., 2018). We recruited 41 participants for this study and paid
them $10 per session. Eligibility requirements for the study
included fluency in English, no prior experience with
meditation, having normal or corrected-to-normal vision, and
having no prior history of neurological impairment.
Participants were on average 21.1 (SD = 3.72) years old, with
one participant declining to provide their age. Of the
41 participants, 14 (34.1%) identified as male, 25 (61.0%)

were female, and 2 (4.88%) declined to report their gender.

2.3 Materials

We administered the two types of environments (VR vs. non-
VR) to participants as a computer-based meditation program,
experienced either through the Oculus VR headset (VR) or by
watching a computer screen (non-VR). We measured immersion
using a secondary task as well as questionnaires that participants
completed on an iPad following each meditation.

Frontiers in Virtual Reality

2.3.1 Oculus virtual reality

We used an Oculus Rift S VR headset to provide the immersive
experience. Participants wore the headset during the VR condition.
For the non-VR condition, we placed the headset on a manikin head
positioned behind the participants, and the participants viewed the
scenario on a computer screen. Refer to Figure 1 for a depiction of
this setup. We used the Guided Meditation VR™ program as the
experience for both conditions. We chose this type of VR experience
in part because we were interested in leveraging immersive VR
meditation for participants suffering from chronic pain in a
subsequent study and also because the scenarios were very
similar across the VR and non-VR sessions. Importantly, in both
the VR and non-VR conditions, participants watched a peaceful
visual scene while listening to guided audio meditation instructions.
More details about this meditation program can be found at https://
guidedmeditationvr.com/.

2.3.2 Detection-response task during meditation
We used the detection-response task as a secondary task because

of its widespread use in other virtual environments that usually

involve simulated driving (Stojmenova and Sodnik, 2018). The DRT
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device was a small vibrating tactor attached to the participants’ skin
just above their left collarbone and a response button attached to the
left index finger (see Figure 1). The tactor produced a tactile stimulus
of 1-s duration irregularly over intervals of 3-5 s, which is the gold
standard in related DRT and VR studies (ISO 17488:2016, 2022). We
instructed participants to press the button on their index finger as
quickly as possible when they felt the vibration. The DRT device
measured reaction times for each button press and hit rates.
Importantly, we chose a haptic version of the DRT rather than a
visual or auditory version since those modalities would already be
engaged by the meditation scenarios (Wickens, 2008).

2.3.3 Post-meditation questionnaires
2.3.3.1 NASA task load index (NASA-TLX)

The NASA-TLX was a 6-item questionnaire assessing workload
(Hart and Staveland, 1988). “Mental Demand” assessed the extent of
cognitive resources’ requirement for the task, and “Physical
Demand” assessed the level of physical exertion required.
“Temporal Demand” examined whether the task’s pace was
evaluated

“Effort”
measured how hard participants had to work to achieve their

hurried or rushed; “Successful Performance”

participants’ success in accomplishing their tasks.

performance level. “Frustration” assessed how annoyed, insecure,
irritated, stressed, or discouraged participants felt during the task.
Each item was evaluated on a 21-point sliding scale, with each point
representing an interval of 5 from 0 to 100. The scale ranged from
“Very Low” to “Very High,” with scores closer to 0 representing a
lower workload and scores closer to 100 representing a higher
workload. We then averaged the scores of the six items to obtain
a total NASA-TLX score, which represented a summary score of all
the items. We used the total NASA-TLX score for analysis in
this paper.

2.3.3.2 User engagement scale (UES)

We used the 12-item User Engagement Scale to evaluate
participants’ engagement in the VR experience (O’Brien et al,
2018). Each item used a five-point Likert Scale (1 = “Strongly
Disagree; ” 3 = “Neither Agree nor Disagree; ” 5 = “Strongly
Agree.”). We calculated the average scores of the 12 items to
obtain an overall engagement score.

2.3.3.3 IGroup presence questionnaire (IGPQ)

The IGroup Presence Questionnaire, a 14-item questionnaire,
evaluated participants’ sense of presence, or “feeling of being there,”
in the virtual environment (Schubert, 2003). The questions were
subdivided into four subscales, “General Presence,” “Spatial
Presence,” “Involvement,” and “Experienced Realism.” Each
question was answered using a 7-point sliding scale with values
of 0-6. We averaged the scores for items within each of the four
subscales to obtain summary scores.

2.3.3.4 Meditative experiences questionnaire (MEQ)
The Meditative Experiences Questionnaire was a 13-item
questionnaire evaluating participants’

experiences during a

meditative state (Frewen et al, 2011). Each question was

answered using a 5-point Likert Scale (1 = “never; ” 3 =
“sometimes; 5 = “almost constantly” going through the
experiences).
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2.4 Procedure

Participants read and signed a consent form approved by the
university ethics committee. Before beginning the experiment,
participants completed a series of pre-meditation questionnaires,
including questions about the experiment’s date, time, and session as
well as the PANAS and the STAI-Short questionnaires. These
questionnaires, as well as the Simulator Sickness Questionnaire
administered at the end of the meditations, are included in our
Supplementary Material but were not part of the analysis for the
current study.

Next, participants donned the DRT device, placing the button
on the tip of their left index finger and the vibrating tactor just above
their left collarbone (Figure 1). Participants underwent a 1-min DRT
baseline to acclimate to the device. Following the baseline, we
divided the experimental session into two parts. During each
part, participants underwent a round of a 10-min meditation,
one with the DRT and one without it; however, we only focused
on the part that included the DRT, given our guiding research
questions. Participants chose a visual meditation scenario from a list
of five scenarios (see Supplementary Material). The same scenario
was used for both the VR and non-VR sessions and included both
auditory and visual stimuli. More details about this type of
meditation program can be found at https://guidedmeditationvr.
com/focus-meditation-1/. Participants then completed either the
VR or non-VR meditation depending upon their run order. During
the meditation, participants slowly advanced through a rich visual
scene as if on a glider while focusing on their breathing. We allowed
participants to select the visual environment through which they
glided (see Supplementary Material), but the audio experience was
prescribed and remained consistent across participants and visual
environments. The guided meditation audio remained the same
across VR and non-VR conditions. First, the audio guide informed
participants they could either close their eyes or leave them open,
though participants mostly kept their eyes open. Next, the
meditation led participants through a series of inhales and
exhales and then gave participants intervals of 15-40s to focus
on their breathing without instruction. In between these periods,
participants received reminders that mind wandering and fidgeting
are normal but that they should continue to focus on their breathing.
After about eight and a half minutes, the audio guide started to bring
participants out of the meditation, instructing them to wiggle their
fingers and toes, notice different body and mind sensations
compared to before the meditation, and bring their attention
back to the present moment. After completing the first round of
the meditation, participants completed  post-meditation
questionnaires. Participants then returned for a second session at
least 48 h following the first session and completed the VR or non-
VR session, depending on their run order. We debriefed participants
about the study at the end of the second session.

2.5 Data processing and analysis

Based on the ISO standard for the DRT task, we excluded DRT
response times faster than 100 ms and slower than 2,500 ms after
stimulus onset, (ISO 17488:2016, 2022). We calculated total scores
for the post-meditation subjective measures as outlined in the
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DRT Performance Estimated Marginal Means. Note. (A) depicts the average DRT response times for each VR level. (B) depicts the average accuracy
(hit rate) of DRT responses in each VR level. The error bars represent a 95% confidence interval.

TABLE 1 Descriptive and inferential statistics for DRT performance.

Condition

Non-VR mean (SD)

VR mean (SD)

Mean Difference (SE)

RT 356 (111) 382 (168)

Hit Rate 0.99 (0.04) 0.97 (0.12)

-1.5 (38) 0.145 -33.5 (22.5) -0.24

1.5 (38) 0.138 0.02 (0.01) 0.24

Note. * = p < 0.05; ** = p < 0.01; ** = p < .001.

respective sections above. Using Jamovi version 2.3.0 software, we
analyzed each measure by means of a paired samples t-test to
evaluate the effect of VR level on our dependent variables.
Secondary task performance (i.e., DRT performance) included
reaction times and response accuracy (hit rates). Self-report
dependent measures included workload, engagement in the task,
feelings of presence, and experiences with meditation. Alpha for all
measures was set at p < .05.

3 Results
3.1 Secondary task performance (DRT)

The mean reaction time for the detection-response task for the
non-VR condition was 356 ms (SD = 111). For the VR condition, the
mean reaction time was 382 ms (SD = 168) (See Figure 2 and
Table 1). Despite this numerical difference, the RT difference
between VR levels did not reach statistical significance (See
Figure 2 and Table 1). The mean experimental hit rate for the

Frontiers in Virtual Reality

detection-response task when participants experienced the non-VR
condition was 0.986 (SD = 0.040). In the VR session, the average hit
rate was 0.967 (SD = 0.120). Counter to our predictions, this
difference was not statistically significant (See Table 1).

3.2 Self-report measures

3.2.1 Workload

We used the total NASA-TLX to measure participants’
workload. We did not observe a main effect of VR level on any
individual workload score or for the total score (Table 2; Figure 3).

3.2.2 Engagement in the task

The average total UES score for the non-VR condition was 2.74
(SD = 0.24) and was 2.89 (SD = 0.24) for the VR condition. We
observed a main effect of VR level, t (38) = -3.15, p = 0.003,
d=-0.51 (Table 3). Planned comparisons revealed that participants
experienced more engagement in the VR condition compared to the
non-VR condition (See Figure 4).
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TABLE 2 NASA-TLX descriptive and inferential statistics.

Condition Mean Difference (SE)

Non-VR mean (SD) VR mean (SD)

Mental Demand 27.4 (22.6) 30.0 (26.3) -0.56 (38) 0.580 —2.56 (4.60) -0.09
Physical Demand 11.4 (19.1) 10.9 (15.5) 0.24 (38) 0.809 0.51 (2.11) 0.04
Temporal Demand 21.3 (23.1) 26.8 (25.3) -1.39 (38) 0.172 —5.51 (3.96) -0.22
Successful Performance 37.3 (25.4) 38.1 (24.1) —0.20 (38) 0.843 —0.77 (3.86) —-0.03
Required Effort 29.1 (24.1) 34.0 (25.4) -1.36 (38) 0.182 —4.87 (3.59) -0.22
Frustration Level 26.9 (25.6) 21.7 (24.6) 127 (38) 0.211 5.26 (4.13) 0.20
Total Score 25.6 (17.1) 26.9 (16.2) -0.67 (38) 0.508 —-1.32 (1.98) -0.11

Note. * = p < 0.05 ** = p < 0.01; ** = p < 001
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NASA Task Load Index (NASA-TLX)

FIGURE 3
NASA-TLX Estimated Marginal Means. Note. From left to right: (A). Mental Demand = average mental demand required for each VR level; (B). Physical

Demand = mean physical demand involved for each VR level; (C). Temporal Demand = average temporal demand each VR level elicited; (D). Success =
average amount of success in task completion participants perceived for each VR level; (E). Effort = average required effort amounts during each VR level;
(F). Frustration = average frustration levels during each VR level; (G). Overall = average total NASA-TLX scores across VR level. The error bars
represent a 95% confidence interval.

3.2.3 Presence we observed a main effect of VR level, t (38) = -7.42, p < .001,

For the general presence item on the IGPQ, results d = -1.19. Planned comparisons indicated that participants
demonstrated a main effect of VR level, t (38) = -9.59, p < .001,  experienced greater feelings of spatial presence in the VR
d = —1.54. Planned comparisons revealed that the VR condition  condition than in the non-VR condition (p < .05). For
induced higher general presence ratings compared to the non-VR  involvement, we observed a main effect of VR level, t
condition (See Table 4 and Figure 5). For the spatial presence item,  (38) = -5.32, p < .001, d = —0.85. Planned comparisons revealed
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UES Total Score

Non-VR VR

VR Type

FIGURE 4

UES Estimated Marginal Means. Note. Average engagement
reports for each VR level. The error bars represent a 95%
confidence interval.

that the VR condition induced greater feelings of involvement for
participants than the non-VR condition (p < .05). For experienced
realism, we found a main effect of VR level, t (38) = —9.18, p < .001,
d = —1.47. Planned comparisons revealed greater experienced
realism in the VR condition compared to the non-VR

condition (p < .05).

3.2.4 Experiences with meditation

For the MEQ item about reviewing a mental “to-do list,” we
observed a main effect of VR, t (38) = 3.37, p = 0.011, d = 0.54.
Planned comparisons revealed that participants reported more
frequent list reviews in the non-VR condition than in the VR
condition, which suggests less immersion during that condition.
However, we did not observe a main effect of VR level on
participants’ experiences of unpleasant thoughts, pleasant
thoughts, calm feelings, or distraction awareness (See Table 5
and Figure 6). For the awareness of others item, we observed a
main effect of VR level, t (38) = 2.68, p < .001, d = 0.43. Planned
comparisons indicated that participants were more aware of
others’” presence in the non-VR condition compared to the VR
condition (See Table 5 and Figure 6). However, there was no main
effect of VR level on participants’ awareness of the physical
environment. For participants’ awareness of their own bodies

TABLE 3 UES descriptive and inferential statistics.

Condition

Non-VR mean (SD) VR mean (SD)

10.3389/frvir.2024.1212216

during the meditation scenarios, we found a significant main
effect of VR level, t (38) = 2.81, p = 0.008, d = 0.45. Planned
comparisons indicated increased body awareness in the non-VR
condition compared to the VR condition (See Table 5 and
Figure 6). Similarly, we detected a main effect of VR
participants’ reported discomfort, t (38) = 2.07, p = 0.045, d =
0.33. Planned comparisons revealed that discomfort scores were
higher during the non-VR condition than during the VR condition
(See Table 5 and Figure 6). Additionally, there was a main effect of
VR on thoughts about leisure activities during the meditation, t
(38) =3.45, p =0.001, d = 0.55. Planned comparisons revealed that
these thoughts became more frequent during the non-VR
condition than the VR condition (See Table 5 and Figure 6).
We did not observe any main effects of VR level on the MEQ
items concerning fatigue, participants’ attention to their breathing,
and mantra use.

4 Discussion
4.1 Summary of results

The purpose of the present study was to measure immersion in a
VR-guided meditation using self-report, as well as to investigate the
potential use of secondary task distraction to further quantify
immersion in VR. Participants experienced both a non-VR and
VR meditation while simultaneously performing a secondary DRT
to quantify their immersion during the scenarios, and then they
completed several self-report surveys related to immersion. We
hypothesized that DRT performance would be significantly
slower and more error-prone in the VR condition compared to
the non-VR condition and that self-reported immersion would be
significantly greater in the VR condition than the non-VR condition.

We used multiple self-reported measures of immersion, and
several of these self-report questionnaires yielded significant results.
For example, the UES results showed a main effect of VR level on
participants’ overall engagement, with more engagement in the VR
condition compared to the non-VR condition, which aligns with
prior research (Tieri et al., 2018; Flavian et al., 2021). We also
observed that the VR condition yielded a significantly greater sense
of general presence, spatial presence, involvement, and experienced
realism than the non-VR condition, which also aligns with prior
research (Regenbrecht and Schubert, 2002).

The VR level also had a pronounced effect on participants’
meditative experiences, with participants reporting more distraction
and fewer effects of the meditative experience during the non-VR
condition than during the VR condition. For example, during the
non-VR task, participants experienced significantly more mental list
reviewing, awareness of others, bodily awareness, bodily discomfort,

Mean Difference (SE)

UES Total Score 2.74 (0.24) 2.89 (0.24)

-3.15 (38) 0.003** ~0.152 (0.05) -0.51

Note. * = p < 0.05 ** = p < 0.01; ** = p < .00L.
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TABLE 4 IGPQ descriptive and inferential statistics.

Condition

Non-VR mean (SD)

10.3389/frvir.2024.1212216

Mean Difference (SE)

VR mean (SD)

General Presence 1.46 (1.12) 3.67 (1.06) -9.59 (38) <.001%+* -2.21 (0.23) —1.54
Spatial Presence 1.92 (1.02) 3.62 (1.07) ~7.42 (38) <001 ~1.70 (0.23) ~1.19
Involvement 2.05 (1.03) 3.16 (1.15) —5.32 (38) <.001*** -1.11 (0.21) -0.85
Experienced Realism 1.18 (0.66) 2.26 (0.71) -9.18 (38) <.001*** -1.08 (0.12) -1.47

Note. * = p < 0.05; ** = p < 0.01; ** = p < .001.
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IGroup Presence Questionnaire (IGPQ)

FIGURE 5

IGPQ Estimated Marginal Means. Note. From left to right: (A). General Presence = average reports of general presence in each VR level; (B). Spatial
Presence = average spatial presence reports across VR levels; (C). Involvement = average involvement in the meditation task across VR level; (D).
Experienced Realism = average experienced realism of the virtual environment for each VR level. The error bars represent a 95% confidence interval.

and thoughts about leisure activities than during the VR task, which
aligns with prior research (Sarkar et al., 2022).

In conjunction with the self-report measures, we used a
secondary DRT task in an attempt to leverage distraction to
further quantify immersion. Contrary to our prediction, we did
not find any significant effect of the secondary DRT task in terms of
the VR vs. non-VR conditions. This was unexpected given that three
prior studies had also utilized secondary task reaction time (STRT)
paradigms with measures of attention and immersion in virtual
environments and found significant results, yet there are also several
differences between those prior studies and ours, which we
now detail.

Frontiers in Virtual Reality

For example, Bracken et al. (2014) used STRT to compare
attention and telepresence measures and demonstrated that
attention and telepresence-immersion were significantly related.
Reaction times were slower when participants reported being
mentally immersed, engaged, or involved with the video content,
thus concluding that STRT may be used to measure telepresence,
specifically its immersion factor, although they used a web survey to
present video clips rather than a head-mounted VR system like we
used, nor did they use any form of meditation.

Similarly, Klimmt et al. (2005) came to a similar conclusion
when using three types of probes (visual, auditory, and audiovisual)
in an STRT procedure to determine the specific qualities of the
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TABLE 5 MEQ descriptive and inferential statistics.

Condition

Non-VR mean (SD)

10.3389/frvir.2024.1212216

Mean Difference (SE)

VR mean (SD)

Mental List 2.62 (1.23) 2.03 (1.09) 3.37 (38) 0.002** 0.59 (0.18) 0.54
Unpleasant Thoughts 2.18 (1.14) 1.95 (1.10) 0.92 (38) 0.363 0.23 (0.25) 0.15
Pleasant Thoughts 2.26 (1.02) 2.59 (1.21) —-1.45 (38) 0.156 -0.33 (0.23) -0.23
Feeling Calm 3.33 (1.24) 3.56 (1.00) -0.99 (38) 0.330 -0.23 (0.23) -0.16
Distraction Awareness 3.51 (1.14) 3.15 (1.29) 1.54 (38) 0.133 0.36 (0.23) 0.25
Awareness of Others 2.77 (1.20) 2.21 (1.17) 2.68 (38) 0.011* 0.56 (0.21) 0.43
Awareness of Environment 2.79 (1.22) 2.49 (1.14) 1.15 (38) 0.258 0.31 (0.27) 0.18
Body Awareness 3.44 (1.07) 2.87 (1.03) 2.81 (38) 0.008** 0.56 (0.20) 045
Discomfort 3.00 (1.17) 2.54 (1.29) 2.07 (38) 0.045* 0.46 (0.22) 0.33
Activity Thoughts 2.74 (1.29) 2.15 (1.20) 3.45 (38) 0.001** 0.59 (0.17) 0.55
Fatigue 2.41 (1.19) 2.64 (1.31) -0.88 (38) 0.382 -0.23 (0.26) -0.14
Breathing 3.00 (1.10) 321 (1.13) ~1.09 (38) 0.282 ~2.05 (0.19) ~0.18
Mantra Use 2.46 (1.23) 2.56 (1.33) -0.59 (38) 0.562 —0.10 (0.18) -0.09

Note. * = p < 0.05; ** = p < 0.01; ** = p < .001.

cognitive-perceptual resources not consumed by a primary task and
to measure special presence in virtual environments. They found
that STRT may be useful in assessing visual attention and
involvement, although they did not use a head-mounted VR like
we did but rather a 2D computer-based virtual environment that
participants navigated via mouse. In addition, they did not include
any type of meditation.

Finally, Darken et al. (1999)’s study used a dual-task paradigm
involving a VR experience and a simultaneous video tape and
reported that attention could be used, at least partially, as a
measure of immersion and was a measurable artifact of virtual
world experiences. Their comparison of VR experiences delivered
via a head-mounted display (HMD), a mini-CAVE (Cave
Automatic Virtual Environment), and a 2D flatscreen further
revealed that the HMD allowed for a greater attentional focus
on virtual experiences because it occluded a larger portion of the
real world than the other two displays, although they did not
include haptic stimuli like the current study nor did they use any
type of meditation.

Taken together, these prior studies suggest that it is possible to
measure immersion via secondary tasks, even though we did not
observe this in the current study, at least in terms of our secondary
task measures. Several of our self-report measures’ results aligned
with those of the above studies. For example, our finding that
reported engagement was significantly greater in the VR
condition than the non-VR condition mirrored that of Darken
et al. (1999), who concluded that the head mounted display to
induced significant engagement in users. Also, our observation that
VR meditation induced significantly greater general presence, spatial
presence, involvement, and experienced realism than non-VR
meditation mirrored Bracken et al. (2014)’s findings.

Our study differed from prior research in several other ways,
which could further account for the differences in findings. For

Frontiers in Virtual Reality 10

example, we are the first to use a tactile secondary task rather than
an auditory or visual secondary task. We reasoned that using a
tactile DRT would be beneficial because the tactile stimuli relied
on haptics, an underutilized sensory modality. In contrast,
auditory or visual secondary tasks like those used previously
may not have yielded informative results as to whether
performance on those secondary tasks reflect immersion or if
they reflect simple resource competition. This is because
immersive VR uses auditory and visual resources more than
haptic or tactile resources.

4.2 Limitations and opportunities for
future research

Several factors may have contributed to the lack of statistical
significance for our secondary task, including the small sample
size, aspects of the VR system, the nature of the meditation task,
and aspects of our data collection. With only 41 participants, we
had a relatively small sample upon which we could draw
conclusions for the objective DRT measures. Since our objective
findings trended both with our significant subjective immersion
reports and previous reports from the literature (Darken et al.,
1999; Klimmt et al., 2005; Bracken et al., 2014), it is possible that a
larger sample would have yielded predicted significant differences
in primary task immersion.

We also saw increased variability in the VR task compared to
the non-VR condition. This increased variability may have
arisen from participants’ different levels of experience with
VR headsets, varying degrees of comfort and required
adjustment time to the VR task, and novelty effects of VR
(Wu et al,, 2013; Miguel-Alonso et al.,, 2023). Each of these
factors may have led to wider ranges of reaction time data and
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FIGURE 6

MEQ Estimated Marginal Means. Note. From left to right: (A). Mental List = average reports of reviewing mental lists during the meditation in each VR
level; (B). Unpleasant Thoughts = average unpleasant thought occurrence in each VR level; (C). Pleasant Thoughts = average pleasant thought
occurrence in each VR level; (D). Calm Feelings = average experience of calm feelings across VR levels; (E). Aware of Distractions = average distraction
awareness during each VR level; (F). Aware of Others = reported awareness of others in each VR level; (G). Aware of Environment = average
environmental awareness across VR levels; (H). Aware of Body = average body awareness reports during each VR level; (I). Discomfort = average
discomfort levels during each VR level; (J). Activity thoughts = average occurrence of activity thoughts in each VR level; (K). Fatigue = each VR level's
induced fatigue; (L) Breathing = breathing awareness during each VR level; (M) Mantra = average use of a mantra to focus attention during the meditation

in each VR level. The error bars represent a 95% confidence interval.

scores for subjective immersion and engagement reports in the
VR condition than in the non-VR condition. Future studies
should take into account participants’ familiarity with VR to
better understand its potential role in impacting levels of
immersion (Ochadleus et al., 2023).

In addition to the small sample size potentially reducing
statistical significance, the lack of diversity in our sample may
have yielded low generalizability. Our participants were from the
healthy undergraduate student population, so future research should
investigate the questions asked in the present study using
populations with different ages, ethnicities, and health conditions
to see if the conclusions drawn in the present study are generalizable
to those populations and if perhaps research with more diverse
samples might find more alignment between subjective and
objective measures of immersion.

While using a secondary task as a measure of immersion has
substantial benefits, it also comes with potential drawbacks. For
example, secondary tasks can be intrusive to the immersive
experience created by the primary task, so it may reduce the
face validity of the measurement (Zhang, 2020). Also, factors
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the
cognitive load and serve as confounds (Zhang, 2020). Therefore,
impaired secondary task performance may not necessarily

unrelated to system’s immersiveness may influence

represent increased cognitive load due to the primary task’s
immersiveness. Instead, it may reflect, at least in part, an
load,
simultaneously worrying about daily tasks.
cognitive load sources could confound the results and reduce

outside source of cognitive such as participants

Such outside

the certainty with which we can make our associated claims. In
addition, it is possible that another source of extraneous cognitive
load could have been introduced by differences in the novelty of
the VR headset (Wu et al., 2013; Miguel-Alonso et al., 2023), which
would have only impacted the VR condition. The novelty of the
headset could have led participants to be concerned in the VR
condition about possibly breaking the headset. If this happened,
they might have been less immersed in the VR condition, which
could explain the lack of statistically significant differences in our
secondary task data, though it would not account for the
statistically significant differences in self-reported levels of
immersion. Still, future studies should consider ways to account
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for participants’ familiarity with VR headsets and to further
minimize the possibility of extraneous cognitive load in VR
conditions that involve wearing a headset (Han et al., 2021).

Also, for our secondary task, we used a probe frequency of every
3-5s, which is a frequency that previous research has used in tactile
DRT tasks and has been considered a standard metric (ISO 17488:
2016, 2022). However, such frequency may have interfered with the
participants’ immersion in the VR task. Specifically, immersion may
be a state that takes time to enter, so such a short time in between the
onset of each stimulus may have prevented participants from
their of the
stimulus’s onset.

returning to state immersion before next

Since the task started immediately upon the starting the VR
task, participants may not have even had a chance to initially enter
an immersed state before being distracted by the tactile stimulus.
Additionally, because the DRT task was a passive task, the
relatively high stimulation frequency may have primed
participants’ attention toward the next stimulus onset rather
than to the intended VR task. Future studies should address
this potential confound by varying stimulus frequency across
multiple trials or decreasing the frequency to every 10s or
more, as demonstrated by traditional psychomotor vigilance
tasks (Drummond et al., 2005).

Importantly, the nature of the meditation scenarios, combined
with certain aspects of the VR system, may have contributed to
the secondary task measures not aligning with the significance
observed from the subjective immersion measures. Specifically,
the meditation allowed for participants to briefly close their eyes
as they meditated if they so desired since we could not force them
to keep their eyes open. Doing so may have reduced some of the
differences that we had expected to see between the non-VR and
VR meditations, since having their eyes closed would have
prevented them from becoming fully engaged with the
graphics and seemingly real visual experiences that uniquely
characterize VR. That said, participants did not appear to
close their eyes given that there was a rich visual scene
displayed in both conditions. Still, future research should
avoid meditation scenarios that involve the possibility of
closing the eyes to minimize this risk. By avoiding meditation
scenarios in future studies, researchers could also minimize the
risk of participants focusing on their bodily sensations. This can
sometimes be a part of mindfulness meditation practices, and it
could have minimized the impact of immersion in the VR
condition since participants could have more easily noticed
the secondary task tactile stimuli.

Finally, to better understand attention as a measure of
immersion, it may be beneficial to use non-meditation tasks in
which the participants’ attention can be more directed to the
primary VR task rather than to their own bodies, such as
simulations of riding a rollercoaster, going on a nature walk, or
exploring the ocean, as seen with Oculus’s theBlu program.
Ensuring that aspects of the VR system itself, including
deprivation of or isolation from sensations in the physical
environment, users perceptions of self-movement, and the
content of the experience’s narrative, are sufficient to facilitate
engrossment in the experience may further contribute to this goal,
for previous research has demonstrated that they may influence
immersion in virtual environments (Witmer and Singer, 1998;
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Zhang et al., 2018; Agrawal et al., 2020). If participants did not feel
engrossed by the narrative of the meditation or if the movement
sensations within the experience were not strong enough to feel
real, DRT performance may have been faster and more accurate
than expected in the VR condition. This may have been the case
considering the nonsignificant MEQ results pertaining to
distraction awareness and environmental awareness. Likewise,
did not
interactions with the controllers or handsets. This was in part

our meditation scenarios require any manual
to minimize any possible conflict with the secondary task response
button affixed to participants’ index finger (Figure 1). Future
studies should explore VR scenarios with more interactions,
even if with just one controller, to better understand the

potential impact that interactivity might have on immersion in VR.

4.3 Conclusion

As technology becomes an ever-present component of society,
an increased knowledge of the phenomena surrounding users’
engagement with and immersion in these devices is necessary to
more fully understand the full extent of their applications and
better improve their features. Despite the mixed results we
obtained, the present research contributes to knowledge of
measuring VR-induced immersion and characteristics of tasks
that may better optimize this phenomenon. Few studies have
used tactile DRT immersion measurements, so our study also
helps fill knowledge gaps concerning this method and the
parameters for its use in such a context. Future studies should
build on our shortcomings by identifying tasks that participants
may find more immersive as well as using less frequent DRT
stimuli and thus may yield more conclusive findings about real-
time measures of immersion that add to the already rich tradition
of using subjective measures to quantify immersion.
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