[image: image1]To VR or not to VR: assessing cybersickness in navigational tasks at different levels of immersion

		ORIGINAL RESEARCH
published: 21 February 2025
doi: 10.3389/frvir.2025.1518735


[image: image2]
To VR or not to VR: assessing cybersickness in navigational tasks at different levels of immersion
Luis Eudave* and Martín Martínez
Deparment of Psychology, School of Education and Psychology, University of Navarra, Pamplona, Spain
Edited by:
Stephen Palmisano, University of Wollongong, Australia
Reviewed by:
Matthew Coxon, York St John University, United Kingdom
Rohith Venkatakrishnan, University of Florida, United States
* Correspondence: Luis Eudave, leudave@unav.es
Received: 28 October 2024
Accepted: 29 January 2025
Published: 21 February 2025
Citation: Eudave L and Martínez M (2025) To VR or not to VR: assessing cybersickness in navigational tasks at different levels of immersion. Front. Virtual Real. 6:1518735. doi: 10.3389/frvir.2025.1518735

The advent of affordable, high-quality virtual reality (VR) devices has revolutionized experimental research in cognitive psychology and neuroscience, offering more immersive and naturalistic environments for studying skills like spatial navigation. However, the increased incidence of cybersickness in VR may compromise its advantages, necessitating appropriate tools to assess this phenomenon and understand its impact on experimental outcomes. Despite the growing use of VR in research, there is a lack of consensus on the most effective methods for measuring cybersickness across different experimental modalities and over time. Here, we compared two cybersickness assessment tools: the widely-used Simulator Sickness Questionnaire (SSQ) and the more recent Cybersickness in VR Questionnaire (CSQ-VR). Using a maze navigation task, we examined how cybersickness is modulated by modality (Desktop vs. VR) and habituation (decrease in cybersickness between morning and afternoon sessions) in a gender-balanced, young Spanish sample (n = 26) with a within-subjects design. We also investigated potential predictors of cybersickness related to the task and individual differences. Our results demonstrate high internal consistency for both tools, performing particularly well in VR, and SSQ showing higher reliability in Desktop conditions. Robust mixed factorial analyses revealed small to moderate effects of modality (VR > Desktop) and habituation in both SSQ and CSQ-VR scores. Robust regression analyses indicated that SSQ scores were predicted by modality and habituation, while CSQ-VR scores were mainly predicted by modality and VR experience. These findings highlight that: 1) both SSQ and CSQ-VR are reliable tools for assessing cybersickness during navigation tasks, especially in VR; 2) VR-induced cybersickness decreases with task repetition without apparent impact on performance; and 3) other performance and individual differences do not predict cybersickness. Our study provides valuable insights for optimizing VR task design in experimental settings, contributing to the broader field of VR-based research methodology in cognitive science.
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1 INTRODUCTION
Virtual reality (VR) used for the study of human cognition has gained significant traction in recent years (Kourtesis et al., 2021; Kim et al., 2021), increasingly replacing traditional desktop or paper based solutions. This shift has been largely facilitated by the development and widespread availability of affordable VR systems. The growing preference for VR in navigational research in particular, is well-founded, as VR environments offer more naturalistic and ecologically valid settings for spatial navigation studies. Studies have shown that VR can provide a higher degree of environmental realism, allowing for more accurate representations of real-world spaces and potentially leading to more generalizable results, along with spatial learning and transfer to the real world (Hejtmanek et al., 2020). VR features such as a wider field of view, greater sensorimotor affordances or the possibility of locomotion (natural walking, joystick or gesture-based movement) promote a more embodied form of spatial navigation (Jeung et al., 2023) not available in desktop setups. This form of embodiment along with rich and interactive environments, combined with the ability to manipulate and control environmental variables with precision, enable experiences that more closely mimic real-world navigation experiences, making VR an attractive tool for spatial cognition research.
However, contrary to what one would expect, studies comparing task performance between VR and desktop setups have often found no significant differences in navigational efficiency or spatial learning outcomes (Carbonell-Carrera et al., 2021; Clemenson et al., 2020; Hejtmanek et al., 2020; Feng et al., 2022; Zisch et al., 2024). Other studies show mixed results, where VR might indeed improve navigation (Ruddle and Lessels, 2006), while in some other cases, desktop interfaces have even outperformed VR in certain spatial learning tasks, particularly when ambulatory locomotion is restricted in VR setups (Zhao et al., 2020; Srivastava et al., 2019). A possible explanation for these inconsistent findings is the higher incidence of cybersickness in VR environments (Yildirim, 2020; Sharples et al., 2008; Rebenitsch and Owen, 2016).
Cybersickness (CS) is a well-documented phenomenon in VR environments, characterized by symptoms such as nausea, disorientation, and discomfort. It is highly prevalent, with studies reporting that up to 60 percent of users experience symptoms within 10 min of VR exposure (Garrido et al., 2022; Mittelstaedt et al., 2018). A leading explanation is the sensory conflict theory, which posits that the mismatch between visual motion cues (vection) and the absence of corresponding physical movement leads to discomfort (Reason, 1978; Keshavarz et al., 2015), particularly in stationary navigational tasks where users perceive movement without actual locomotion. The evolutionary hypothesis complements this by suggesting that such sensory conflicts mimic the effects of neurotoxins, triggering protective physiological responses like nausea to expel perceived toxins (Treisman, 1977) or even a “defensive hypothermia” (Nalivaiko et al., 2014). Additionally, the postural instability theory attributes CS to difficulties in maintaining postural control, with prolonged instability during VR exposure exacerbating symptoms (Riccio and Stoffregen, 1991). These theories likely interact, highlighting the complex interplay of perceptual, physiological, and motor factors in cybersickness and underscoring the need for integrative mitigation strategies.
Several studies have shown the negative impact of cybersickness on cognitive and motor task performance while in VR (Voinescu et al., 2023; Sepich et al., 2022; Kourtesis et al., 2023a), including spatial learning and navigation tasks. Research has shown that cybersickness can lead to decreased spatial orientation abilities and impaired navigation performance in virtual environments (Maneuvrier et al., 2023), as well as limit the duration of VR experiences (Martirosov et al., 2022). This decline in performance can potentially compromise the validity and effectiveness of VR-based spatial cognition studies.
Several factors modulate cybersickness intensity in navigational tasks. Task design elements such as duration of exposure, movement speed, and locomotion type play crucial roles. For instance, longer exposure times and faster movement speeds in virtual environments tend to exacerbate cybersickness symptoms (Dużmańska et al., 2018; Chang et al., 2020). Regarding locomotion type, while joystick-based movement or teleportation tend to induce higher levels of cybersickness (Clifton and Palmisano, 2020; Buttussi and Chittaro, 2018) room-scale or natural walk, elicits low levels of cybersickness at the expense of having to have enough physical space to walk around (Mayor et al., 2021). Individual factors also contribute to cybersickness susceptibility, with prior gaming experience generally associated with reduced symptoms, while individuals prone to motion sickness typically experience more severe cybersickness (Kourtesis et al., 2024).
A habituation effect can be found after repetitive exposure to VR, where cybersickness symptoms reduce over time (Gavgani et al., 2017; Dużmańska et al., 2018). However, this reduction might not generalize to different tasks or games (Palmisano and Constable, 2022). These findings are particularly important for longitudinal studies, where different levels of cybersickness—and their effects on the task—can be expected, but also for the case of participants with no prior VR experience, who tend to experience more severe symptomatology (Luong et al., 2022) and may benefit from “pre-exposition” to VR prior to the task (Domeyer et al., 2013).
When comparing cybersickness between desktop and head-mounted display (HMD) VR setups, studies have consistently found higher incidences and more severe symptoms in VR environments (Martirosov et al., 2022; Yildirim, 2020; Sharples et al., 2008). Researchers attribute this difference to the increased immersion and wider visual field of view in VR, which can intensify vection and sensory conflicts. However, the extent of this difference can vary depending on the specific task design and individual user characteristics.
Given these findings, it is crucial to consider cybersickness when designing navigational tasks in VR. Researchers should carefully balance the need for ecological validity with the potential for cybersickness, implementing appropriate measurement tools and mitigation strategies to assess and reduce its impact on performance. By accounting for cybersickness, researchers can better isolate the effects of their experimental manipulations from those induced by discomfort, leading to more reliable and valid results and interpretations in spatial cognition studies.
The Simulator Sickness Questionnaire (SSQ) (Kennedy et al., 1993) has long been the most widely used tool for measuring cybersickness in both virtual reality and desktop setups. Its widespread adoption has allowed for comparisons across different studies and experimental conditions. However, in recent years, the psychometric properties of the SSQ have been questioned, particularly when applied to VR environments (Sevinc and Berkman, 2020; Bimberg et al., 2020; Kourtesis et al., 2023b). Critics argue that the SSQ, originally designed for flight simulators, may not adequately capture the unique aspects of cybersickness experienced in VR settings, such as HMD ergonomics.
To address these limitations, researchers have developed VR-specific alternatives. One such tool is the Virtual Reality Sickness Questionnaire (VRSQ) which was derived from the SSQ and introduced as a more targeted tool for assessing cybersickness in VR environments (Kim et al., 2018). More recently, Kourtesis et al. (Kourtesis et al., 2019; 2023b) developed the Cybersickness in Virtual Reality Questionnaire (CSQ-VR), which has shown superior psychometric properties compared to both the SSQ and VRSQ. The CSQ-VR has even been used in conjunction with physiological measures, such as pupil size, which has been found to be a significant predictor of cybersickness (Kourtesis et al., 2024).
It is crucial to use the appropriate tool for the specific task modality, whether it be VR or desktop-based. Using a VR-specific questionnaire like the VRSQ or CSQ-VR for VR tasks, and the SSQ for desktop setups respectively, may ensure a more accurate measurement and interpretation of cybersickness symptomatology. This precision is key for exploring how cybersickness influences task performance and for making valid comparisons across different experimental conditions. By employing the most suitable assessment tool, researchers can better isolate the effects of cybersickness and other experimental variables on navigational performance and other cognitive processes, leading to more reliable and actionable insights in spatial cognition studies.
In light of the growing use of VR in spatial navigation research, it is important to understand the impact of CS on task performance and user experience. While VR offers enhanced immersion and ecological validity for navigational tasks, it also presents challenges related to CS that are less prevalent in traditional desktop setups. The literature highlights the complex interplay between task modality, CS intensity, and performance outcomes in spatial cognition studies. Furthermore, the measurement of CS itself has evolved, with new VR-specific tools challenging the long-standing dominance of the SSQ. Given these considerations, our study aims to address critical gaps in understanding CS in navigational tasks across different visual immersion modalities, explore potential habituation, performance and individual effects, and evaluate the efficacy of two CS measurement tools. This research will contribute to developing more robust methodologies for VR-based spatial cognition studies and inform best practices for mitigating CS in experimental designs.
By using a controlled within-subject (modality-randomized, and sex-balanced) design, we focus on the following objectives: 1) to study how task performance in a virtual maze task (VMT) is modulated by immersion level (Desktop vs. VR) and to assess learning effects between two same day sessions (AM vs. PM); 2) to compare the psychometric properties of the SSQ and the CSQ-VR for the VMT in both Desktop and VR modalities; 3) to examine the impact of immersion level and the presence and extent of habituation (AM vs. PM sessions) in a VMT on perceived CS scores (SSQ and CSQ-VR); and 4) to explore the relationship between CS scores and individual predictors (demographic, VMT-related variables).
Based on previous findings, we hypothesize that (1) performance in the VMT will not differ between modalities while observing intraday learning; (2) the CSQ-VR will show better psychometric properties compared to the SSQ in assessing CS for the navigational task in the VR modality; (3) exposure to the VMT in the VR modality will lead to higher CS scores compared to Desktop; (4) a habituation effect to CS will be observed in both Desktop and VR modalities; and (5) higher CS scores will be associated with lower performance in the navigational task in both modalities. These objectives and hypotheses aim to contribute to understanding cybersickness in navigational tasks across different modalities and the effectiveness of various assessment tools, ultimately informing the design of more comfortable and effective VR experiences.
2 MATERIALS AND METHODS
2.1 Participants
This study was approved by the University of Navarra Ethics Committee (project ID: 2022.090mod). To be eligible for the study, participants had to be between 18 and 35 years old and not have a history of neurological or psychiatric diagnoses. As part of our demographics questionnaire, we were interested in asking about sex, education (5-item Likert scale), handedness (5-item Likert scale) and experience using a computer, playing video games and VR. Experience was measured by adding the scores from two question (6-item Likert scale) assessing skill and frequency when using such devices, as done in previous studies (Kourtesis et al., 2023b; a). Our sample (Table 1) included a total of 26 participants including 13 females (13 males) with a mean age of 23.96 (SD = 5.08) years old. They were all mostly right-handed (24 use always their right hand) and highly educated (most have completed or are studying a university degree). Participants reported extensive PC use, with a mean score of 10.04 out of 12 (median 11). Video game experience was moderate, averaging 6.92 out of 12 (median 7), with a wide range from 2 to 12. VR experience was relatively low, with a mean of 3.12 out of 12 (median 3), ranging from 2 to 6.
TABLE 1 | Descriptive statistics for study variables.
[image: Table 1]2.2 Hardware
Our VR setup included a Meta Quest 2 head mounted display (HMD) with a horizontal field of view (FOV) of 89 [image: image] 4° and a 90 Hz refresh rate, along with two controllers used for navigation and motion tracking within the virtual environment. The VR area had a size of 5m2, which is adequate for our seated VR experience. The HMD was connected to a laptop with an Intel Core i7 7700HQ 2.80 GHz processor, 16 GB RAM, a 4095 MB NVIDIA GeForce GTX 1070 graphics card, a 931 GB TOSHIBA MQ01ABD100 (SATA) hard disk, and Realtek High Definition Audio. This laptop wirelessly streams the PC-native program running the VMT using a router (TP-Link AX10) via the VirtualDesktop application available for both PC and Meta Quest 2. Participants in the Desktop condition used the same laptop connected to an external keyboard and a 27-inch monitor with a display resolution of 1024 × 768, seated from a distance of 60 cm (resulting in a field of view 50°). This resolution was chosen to preserve the aspect ratio used in previous studies.
2.3 Materials
2.3.1 Virtual maze task
The Virtual Maze Task (VMT) presented in this study is a reproduction of a 3D maze used in prior research (Murphy et al., 2018; Wamsley et al., 2016; Stamm et al., 2014) but now adapted for its use on both Desktop and VR. In short, it consists of alleys, squares and dead ends filled with two types of landmarks (palm trees and floor lights, see Figure 1). Participants move from an egocentric point of view (arrow keys for Desktop; head movement and right control trigger to move forward for VR). The main objective is to exit the maze as quickly as possible. First, participants go through a 5-min Adaptation phase where they are put in a smaller environment for them to learn the controls and familiarize themselves with the maze and landmarks. Then, for another 5 min, the participants go through the Training phase, where they spawn next to the exit and are instructed to explore the maze and try to learn the route that leads to the exit. Finally, participants attempt to exit the maze in 3 trials during the Trial phase. In each trial, participants spawn at one of the three starting points in a counterbalanced fashion (starting points are equidistant from the exit, see Supplementary Figure S1). Each trial was concluded when participants found the exit door or when the time limit of 10 min was reached. Including all phases, each session could last up to 40 min. A video demonstration is available online1 and in the Supplementary Material. For a more detailed description of the VMT, please refer to (Eudave et al., 2023).
[image: Figure 1]FIGURE 1 | Virtual Maze Task. Top left: layout (top-view) of the rendered 3D maze (participants were not shown this image). Top right: In-game egocentric (first person) view of the VMT showing the two types of landmarks (palm tree and floor light) and the exit door. Bottom left: VR modality. Bottom right: Desktop modality.
In both sessions, performance metrics associated with the VMT were assessed using three measures: completion time (measured in seconds to reach the exit), distance traveled (measured in units to reach the exit), and speed (measured as distance traveled divided by completion time), assessed for each of the three trials.
Since continuous locomotion techniques with mismatched stimuli (e.g., joystick-based movements) tend to cause higher scores in CS while in VR (Caserman et al., 2021), we employed two techniques that have been proven to reduce, at least partially, symptoms of CS (Lin et al., 2020; Rouhani et al., 2024; Groth et al., 2021). Peripheral blurring and field of view (FOV) occlusion were implemented in the VR modality during rotations and translational movement, adjusted according to the intensity and duration of movement, with greater blur and occlusion applied during rapid rotations and/or forward movement. Only peripheral blurring was applied to the Desktop modality.
2.3.2 Simulator sickness questionnaire
The Simulator Sickness Questionnaire (SSQ) is a self-report questionnaire originally designed to assess simulator sickness, a phenomenon with symptoms similar to motion sickness, but often less severe and triggered by elements of visual displays and sensory conflicts not typically present in real-world environments that cause motion sickness. The SSQ was adapted from the Pensacola Motion Sickness Questionnaire (MSQ), a tool used to measure motion sickness in various settings, including flight simulators (Kennedy et al., 1993).
The SSQ consists of 16 symptoms that are grouped into three categories: Nausea, Oculomotor, and Disorientation. After experiencing a virtual environment, participants rate the severity of each symptom on a four-point Likert scale, ranging from 0 (not experienced) to 3 (severe). To determine the severity for each category, the responses for corresponding symptoms are summed and then multiplied by a predefined scaling factor for each subscore. A total score is calculated by summing the weighted subscores of all three categories. For our sample, a Spanish-adapted version of the SSQ was used (Campo-Prieto et al., 2021). The questionnaire, along with the formulas used for calculating scores, can be found in the Supplementary Material.
2.3.3 Cybersickness in VR questionnaire
The Cybersickness in VR Questionnaire (CSQ-VR) is a tool designed to measure the presence and intensity of cybersickness symptoms experienced in virtual reality (VR) (Kourtesis et al., 2023b). The CSQ-VR is an adapted and enhanced version of the VR Induced Symptoms and Effects (VRISE) section of the Virtual Reality Neuroscience Questionnaire (VRNQ) (Kourtesis et al., 2019).
The CSQ-VR is a 7-point Likert scale consisting of six questions that assess three types of cybersickness symptoms: Nausea, Vestibular, and Oculomotor. Each symptom category has two corresponding questions. Participants rate the presence and intensity of each symptom on a scale ranging from “1 - absent feeling” to “7 - extreme feeling”. The CSQ-VR produces a total score, which is the sum of the three subscores, with a maximum score of 42 (14 for each subscore).
Since the CSQ-VR is not available in Spanish, we followed the recommendations from the International Test Commission (ITC). First, two independent translators fluent in both English and Spanish (native) translated the questionnaire from Spanish to English, and then compared and reconciled differences between them. This version was reverse-translated by two different translators, who were fluent in both languages, and native English speakers. This version was compared to the original English version to identify discrepancies or nuances that may have been lost or altered in translation. Finally, a committee formed by the translators and authors of this paper reviewed the translated and back-translated versions to ensure semantic, idiomatic, experiential, and conceptual equivalence between the original and adapted versions. The resulting Spanish adaptation of the CSQ-VR is available in Supplementary Material.
2.4 Experimental design
This study employed a 2 × 2 within-subjects design with Modality (Desktop vs VR) and Session (AM vs PM) as repeated measures. In each session, participants completed three trials of the VMT. For each session, performance metrics were averaged from the three trials, whereas cybersickness (CS) measures were evaluated by using the difference between POST and PRE VMT exposition scores on the SSQ and CSQ-VR, respectively (e.g., to account for non-experimental CS symptoms). This design allowed for the analysis of modality effects, spatial learning (via performance variables), and CS habituation over time, assessed by two different tools.
2.5 Procedure
For each participant, the study spanned 2 days (Day 1 and Day 2, one for each modality), each with two (AM and PM) sessions. Participants were pseudorandomly assigned to either the Desktop or Virtual Reality (VR) modality of the VMT using stratified permutation block randomization to ensure an equal number of participants started with the VR/Desktop modalities and that male and female participants were equally distributed. Ultimately, 14 participants began with the VR modality, and 12 began with the Desktop modality. On Day 1, participants arrived at 8:00 AM for the morning (AM) session. After providing informed consent, they completed a demographics questionnaire and the PRE assessments of SSQ and CSQ-VR. POST-assessments of SSQ and CSQ-VR were completed after the VMT. The afternoon (PM) session occurred at 1:00 PM, following the same procedure without the demographics questionnaire. Each session lasted approximately 45 min. Day 2, conducted 3 months later to prevent learning transfer, followed the same procedure with the alternate modality (Desktop or VR). The entire protocol is summarized in Figure 2.
[image: Figure 2]FIGURE 2 | Experimental procedure. Modality was pseudorandomized on Day 1. AM, Morning session; PM, Afternoon session; DemQ, demographics questionnaire; SSQ, Simulator Sickness Questionnaire; CSQ-VR, Cybersickness in VR Questionnaire; VMT, Virtual Maze Task; CT, Completion time; D, Distance; S, Speed.
2.6 Data analysis
All the statistical analyses were conducted using R version 4.1.1 (R Core Team, 2021). First, we obtained the descriptive indicators (mean, median, SD, range) of performance metrics and CS information related to the VMT of the sample. To assess for internal consistency in CS scores, Cronbach’s alpha coefficients were obtained from SSQ and CSQ-VR total score and subscores for each modality and session. As the SSQ is considered the gold standard, evidence of convergent validity of the Spanish-adapted version of the CSQ-VR was assessed using Spearman’s correlation analyses with the SSQ scores. The temporal stability of measures was analyzed by calculating the Intraclass Correlation Coefficients (ICC) between Day 1 and Day 2 morning’s PRE assessments.
Considering the distribution of the dependent variables, non-parametric (robust) statistical analyses were employed for hypothesis testing. First, we used robust mixed factorial analyses to assess the effect of Modality (Desktop vs VR) and Session (AM vs PM) on VMT performance metrics (completion time, distance traveled, and speed), and on CS symptoms (SSQ and CSQ-VR total and category scores) by using the WRS2 (Mair and Wilcox, 2020) package. For each dependent variable, we conducted 2 × 2 within-subjects analyses using the bwtrim function. This function performs robust repeated-measures ANOVAs using trimmed means, which are less sensitive to extreme values compared to traditional approaches. The lincon function was used for post hoc pairwise comparisons, which was one-sided for the CS analyses, under our hypothesis (VR [image: image] Desktop and AM [image: image] PM in CS scores). The effsize (Torchiano, 2020) package was used to quantify the magnitude of the significant effects through Cliff’s delta.
To identify the best predictors of CS (measured by the SSQ and CSQ-VR) associated with the VMT while considering the within-subject design of the study, Generalized Linear Mixed Models (GLMMs) with a Tweedie distribution and a log link function were set using the glmmTMB (Brooks et al., 2017) package. Categorical predictors (e.g., modality, session, gender) were converted to factors for proper models’ handling. Continuous predictors such as age, distance, speed, and time were standardized (mean-centered and scaled) to improve model convergence and interpretation. A full GLMM was fitted for each dependent variable using a Tweedie distribution. The Tweedie distribution was chosen in these models to account for the right-skewed distribution of SSQ and CSQ-VR total and sub-factor scores. The models’ formula incorporated the main effects of Modality, Session (fixed factors), and additional individual variables such as age, gender, handedness, education, PC, VR, and video game experience, and performance variables (completion time, distance, and speed). A random intercept for participants was included to account for within-subject variability. A null model, including only the intercept and the random effect of participants, was used as a baseline for the models’ comparison. The full model was compared to the null model using a likelihood ratio test, proving whether the inclusion of predictors significantly improved the model fit. All models were evaluated using AIC, BIC, and R2 values. AIC and BIC were used to assess the goodness of fit, with lower values indicating better models. Marginal and conditional R2 values were calculated to explain the variance attributable to fixed effects. Significant predictors (p-value [image: image] 0.05) were identified from the model summaries. If significant predictors were found, the model was refined to include only those terms, ensuring a more parsimonious model, while controlling for collinearity.
3 RESULTS
3.1 Performance metrics
In an average across modalities and sessions, participants’ completion time was between 296 and 373 s (5–6 min), traveling a distance between 567 and 719 in-game meters at a speed of 1.81–2.05 m/s. These parameters are similar to those obtained in previous studies using the VMT (Wamsley and Stickgold, 2019; Wamsley et al., 2016; Nguyen et al., 2013; Murphy et al., 2018), especially after considering that our study included subjects with no video game experience (exclusion criteria in some of these studies). A summary of performance-associated values across Desktop and VR modalities and AM and PM sessions can be found in Figure 3 and Supplementary Tables S1, S2.
[image: Figure 3]FIGURE 3 | Comparison of performance metrics (Completion time, Distance, and Speed) between Modality (Desktop and VR) across morning (AM) and afternoon (PM) sessions. Each plot displays the distribution of values for the respective metric using both box plots and density curves, with individual data points connected between sessions. Dashed line: Significant main effect of Modality. Solid line: Significant main effect of Session.
Regarding completion time, factorial analysis showed a significant main effect of Session, with neither main effect of Modality nor Modality*Session interaction. Post-hoc analyses revealed that participants took significantly more time to complete the task during the AM session compared to the PM session (psihat = 84.779, 95% CI [20.473, 149.083], p = 0.011), with an estimated difference of about 85 s, resulting in a small (delta = 0.283, 95% CI [0.077, 0.466]) effect of Session.
Factorial analysis of distance showed an effect of Session that was not statistically significant, but approached statistical significance (p = 0.0517). No significant effects were observed for Modality or the Modality*Session interaction.
Factorial analysis of speed revealed a significant effect of Modality, without effect of Session nor Modality*Session interaction. However, post hoc analyses indicated that the difference between Modality conditions was non-significant. This result suggests that while there was a trend towards higher speed on Desktop compared to VR, it did not reach the conventional threshold for statistical significance.
In summary, performance metrics results suggest no differences between modalities but a small but significant difference in completion time between AM and PM sessions, suggesting that learning might occur already after the first session.
3.2 Cybersickness measures
Visual inspection of item, category, and total score distributions revealed heavy right-tailed distributions for all items and sub-factors in both tools, modalities, and sessions. This suggests that most participants had no or low CS symptom intensity after the VMT exposition (see Supplementary Figures S2–S5).
3.2.1 Reliability
The internal consistency of CS tools for both modalities and sessions are reported in Table 2. Desktop SSQ scores mostly showed values of internal consistency close, but below the recommended standard [Cronbach’s alpha [image: image]0.8, (Lance et al., 2006)] after the morning session. In contrast, most VR SSQ scores were near or above this threshold, showing good internal consistency. Similarly, while VR CSQ-VR scores and sub-scores also reached the recommended internal consistency after the morning session, Desktop CSQ-VR scores were significantly lower, and in two instances (Vestibular subscores) Cronbach alpha could not be calculated. When examining item responses closely, we found that the lower incidence of CS symptoms in this modality led to some questionnaire items having very low or no variance at all (Supplementary Figure S4).
TABLE 2 | Cronbach’s alpha values for SSQ and CSQ-VR.
[image: Table 2]Significant high correlations between tools were found in all total score and subscores, except for PM’s Nausea and Disorientation/Vestibular in the Desktop modality (Supplementary Table S7). Additionally, significant ICC were found only for the SSQ in total, Nausea and Oculomotor subscores (Supplementary Table S8). In summary, VR scores show acceptable internal consistency in both tools, with Desktop in the SSQ showing slightly lower alpha values, while probably not being as reliable in the CSQ-VR. We also found evidence of convergence between both tools and 3-month temporal stability was only found in the SSQ total, Nausea, and Oculomotor subscores.
3.2.2 Effect of modality and session on SSQ
In general, SSQ total score and subscores were always higher in POST exposure, a difference that diminished between the morning and afternoon sessions. VR modality showed higher scores, similar to those found in other studies using navigation in VR, but also showed reductions in the afternoon session. A summary of PRE-POST scores across modalities and sessions can be found in Supplementary Table S3.
For total SSQ scores (Figure 4), the factorial analysis showed significant effects of Modality and Session, while the interaction between Modality and Session was marginally non-significant (Supplementary Table S4). Post-hoc comparisons indicated that VR elicited significantly higher total SSQ scores than Desktop condition (psihat = −10.519, 95% CI [−17.602, −3.435], p = 0.002; delta = −0.344, 95% CI [−0.532, −0.124]). Additionally, participants reported significantly higher total SSQ scores in the AM compared to the PM session (psihat = 8.766, 95% CI [1.22, 16.311], p = 0.012; delta = 0.283, 95% CI [0.06, 0.48]).
[image: Figure 4]FIGURE 4 | Comparison of SSQ total and factor scores between Modality (Desktop and VR) across morning (AM) and afternoon (PM) sessions. Each plot displays the distribution of values for the respective metric using both box plots and density curves, with individual data points connected between sessions. Dashed line: Significant main effect of Modality. Solid line: Significant main effect of Session. Asterisk: Significant Modality × Session interaction.
At the category level, the Nausea subscore analysis revealed a significant effect of Modality, with VR resulting in significantly higher Nausea subscores than Desktop, with a small effect size. For the Oculomotor subscore, significant main effects were found for both Modality and Session. Post-hoc comparisons showed that Modality was not statistically significant, but significantly higher Oculomotor subscores were observed in the AM compared to the PM session. The Disorientation subscore analysis yielded significant main effects of Modality and Session and a significant Session*Modality interaction. Specifically, PM decreases in disorienting symptoms were greater in VR than in Desktop.
These results suggest that the habituation effect (PM < AM) is mostly influenced by oculomotor symptomatology, and VR increases in SSQ scores are related to all subscores.
3.2.3 Effect of modality and session on CSQ-VR
As with the SSQ, CSQ-VR scores and subscores were always higher POST exposure, and in the VR modality. However, while present, afternoon reductions across modalities were more nuanced, being relatively smaller when compared with the SSQ. While the CSQ-VR has not been utilized to examine CS in other navigation tasks, values obtained here are lower than those registered in a CS-inducing VR experience (Kourtesis et al., 2023b). A summary of PRE-POST scores across modalities and sessions can be found in Supplementary Table S5 and Figures 4, 5.
[image: Figure 5]FIGURE 5 | Comparison of CSQ-VR total and factor scores between Modality (Desktop and VR) across morning (AM) and afternoon (PM) sessions. Each plot displays the distribution of values for the respective metric using both box plots and density curves, with individual data points connected between sessions. Dashed line: Significant main effect of Modality and post hoc (VR [image: image] Desktop).
Factorial analysis of the CSQ-VR total score revealed a significant effect of Modality on participants’ reported symptoms (Figure 5; Supplementary Table S6). Post-hoc comparisons indicated VR condition elicited significantly higher total CSQ-VR scores than Desktop (psihat = −1.187, 95% CI [−2.151, −0.224], p = 0.0084; delta = −0.336, 95% CI [−0.516, −0.127]).
Examining the CSQ-VR subscores, only the Nausea subscore analysis revealed a significant main effect of Modality. Post-hoc comparisons showed significantly higher Nausea subscores in the VR condition, with a medium effect size. For the Oculomotor and Vestibular subscores, no significant main effects or interactions were found.
These results indicate that only Modality (VR [image: image] Desktop) significantly influence cybersickness symptoms as measured by the CSQ-VR. While there was a trend to significance in the Session main effect, it is possible that the lower number of items in this tool, along with very low rating in some of those items, do not permit a more thorough examination of effects.
3.3 Predictors of cybersickness measures during spatial navigation
In our study, we employed GLMMs to investigate the factors influencing cybersickness symptoms measured by the SSQ and CSQ-VR. The models included fixed effects for Modality, Session, and their interaction, along with relevant covariates (individual and performance variables), where random intercepts for participants were included to account for repeated measures.
Results revealed that only three out of eight dependent variables were consistently predicted in these models (Supplementary Table S9). Specifically, Modality (VR) and Session (PM) were significant predictors of the SSQ total score, explaining approximately 26.5% of the variance in the outcome. Modality alone accounted for 15.1% of the variance in total SSQ, whereas Session accounted for 13.9%. The SSQ Oculomotor subscore was also significantly predicted by Modality, explaining 6.6% of its variance, indicating that VR modality led to significantly higher SSQ oculomotor symptoms compared to Desktop. Finally, Modality (VR) and VR experience were found to predict CSQ-VR Nausea subscores, explaining 20.3% of their variance. For further information, pair-wise correlations between predictors and predictive variables are available in Supplementary Figure S6.
Considering the impact of Modality and Session on SSQ and CSQ-VR total scores, separated exploratory models were established to examine their impact (that is, by modeling their separated effects and their interaction with predictors, and comparing this result against a model without modeling interaction). This exploratory analysis did not result in a significantly better fit in the models with interactions, suggesting that Modality and Session did not have a moderating effect over one or more of the predictor variables on CS scores.
4 DISCUSSION
This study examined how cybersickness in a navigation task is modulated by task performance, task design choices (modality, repetition) and individual differences. Our goal was to delineate the advantages and challenges of transitioning traditionally Desktop-based navigation tasks into VR environments.
In terms of Performance, participants in the Desktop modality showed an overall slight increase in speed while moving in the VMT, along with improved completion times in the PM session. Both the SSQ and CSQ-VR questionnaires demonstrated good internal consistency, especially in the VR condition. However, this consistency tended to decrease with continued administrations. Participants generally experienced higher cybersickness -as measured by both the SSQ and CSQ-VR-in the VR condition, with participants showing habituation to the task and significantly experiencing less CS in the PM session.
4.1 Navigating is slower in VR, and completion times improve between sessions
The analysis of performance metrics revealed small but statistically significant effects of Modality and in intraday learning. When in VR, participants moved slower than those in the Desktop modality. However, there was no advantage of using VR in terms of completion time or distance, metrics frequently used to measure wayfinding or navigational ability, despite displaying a more naturalistic environment. This is consistent with several other studies showing that neither spatial orientation (Carbonell-Carrera et al., 2021), wayfinding (Feng et al., 2022) or spatial learning (Zhao et al., 2020; Srivastava et al., 2019) are improved when using VR. Perhaps VR’s benefit for navigation, or spatial learning more generally, resides in its ability to transfer learning to the real world (Hejtmanek et al., 2020; Clemenson et al., 2020; Mayrose and Maidenbaum, 2024; Khan et al., 2024). Additionally, VR allows examination of how body-based cues, natural locomotion or other locomotion-related behaviors like eye-gaze or head movements (not possible with Desktop experiences) improve navigation (Huffman and Ekstrom, 2021).
On the other hand, participants were faster in finding the maze’s exit during the afternoon session compared to the morning sessions. This indicates that learning took place over trial repetition, influencing how long participants took to complete the task. This difference, while consistent, was relatively small in magnitude. However, this gain in completion time did not come with significant decreased distance and increased speed over time. The observed improvement in completion times was comparable to findings from studies that have used the VMT with a similar experimental setup (Wamsley and Stickgold, 2019; Wamsley et al., 2016; Nguyen et al., 2013; Murphy et al., 2018), suggesting that our adaptation of the VMT may be capable of measuring the same construct as in the original maze, but now also in VR.
4.2 Just like the SSQ, the CSQ-VR is a valid and reliable tool to measure cybersickness in spatial navigation, but only in VR
One strength of our study lies in its thorough psychometric evaluation of both SSQ and the CSQ-VR. By demonstrating high internal consistency in VR conditions, particularly with the SSQ, the findings underscore the reliability of these tools in capturing CS symptoms in immersive environments. However, we identified a key limitation in the reduced reliability of both tools when applied in Desktop conditions. The reduced variability in item scoring (due to less CS) led to lower reliability in both tools, especially for the CSQ-VR. Additionally, while both tools showed high convergence between them, only the SSQ revealed temporal consistency in their measurements.
This has implications for the experimental design of CS-inducing tasks or virtual experiences. When studying CS and its effects in a given task, we suggest that, if the researcher’s goal is to compare findings to a large body of existing literature, do a longitudinal study or examine if/how CS is associated with other individual or task-related variables, the SSQ might be more appropriate. Although the SSQ could be enhanced by changing its factor structure (Bouchard et al., 2021; Bruck and Watters, 2011) or by incorporating VR-related discomfort items [digital eye-strain, ergonomics (Hirzle et al., 2021)] it remains a valuable and informative tool for quantifying cybersickness, especially when researchers prioritize consistent administration and scoring methods, and interpret the results with caution.
However, if the researcher’s focus is on the bare detection of VR-specific symptoms, ease of administration, and interpretation, the CSQ-VR might be the better choice. Another advantage of this tool’s format is that it can be administered in real-time while immersed in a VR experience (Kourtesis et al., 2023b). This can potentially provide a more accurate measurement of CS without overly impacting the flow of the VR task or experience. It is important to remember that the CSQ-VR is a relatively new tool and requires further validation across diverse VR applications, settings and user populations.
4.3 VR induces more intense symptoms of CS and habituation is present in both modalities
As expected, the VR modality elicited higher cybersickness scores in the VMT. This finding aligns with studies comparing cybersickness across different display systems consistently show that VR headsets, particularly HMDs, induce more severe symptoms than desktop setups or less immersive VR systems. The increase in our study’s total SSQ scores and subscores in the VMT in VR are similar to those reported in similar navigational tasks (Aldaba et al., 2017; Lin et al., 2020; Venkatakrishnan et al., 2024a) or tasks where locomotion was controlled using a joystick (Saredakis et al., 2020), as it was in our experiment. This is likely due to the heightened sensory immersion and greater potential for sensory conflicts inherent in VR technology. The VMT, involving virtual forward movement to navigate a virtual maze while seated, likely exacerbated these sensory conflicts, as discrepancies between visual and vestibular cues are known to be major contributors to cybersickness, particularly nausea and disorientation. This interpretation is supported by the significant main effect of Modality on the Nausea and Disorientation subscores, indicating a pronounced impact of these symptom categories when navigating in VR. The CSQ-VR showed a similar pattern, where an increase in overall CS in the VR modality appears to be mostly determined by an increase in nausea symptoms.
We found that both VR and Desktop modalities showed a habituation effect. Lower cybersickness SSQ total scores were reported in the PM session compared to the AM session, mainly driven by a decrease in oculomotor symptoms. Consistent with previous research and corroborated by our findings, it is possible that simply repeated exposure allows the nervous system to adapt to the sensory conflicts that initially trigger CS symptoms (Dużmańska et al., 2018), in this case, ameliorating symptoms like eye-strain, fatigue or headache. These findings reinforce the idea that, to reduce CS incidence, researchers should consider incorporating repetition through task acclimation (Domeyer et al., 2013). By using an acclimation session, participants (especially those VR-naive) gradually get exposed to sensory conflicting stimuli (i.e., vection) and help reduce CS symptoms. While our study demonstrated that habituation is possible within the same day, this process might benefit from a longer delay between sessions or time with no exposure between acclimation and the actual task (Howarth and Hodder, 2008; Domeyer et al., 2013). However, depending on the procedure or task design, this implementation might not be cost-effective (Keshavarz et al., 2015).
Unlike inter-modality effects between tools, habituation effects could not be replicated when assessing CS with the CSQ-VR. These results showed a trend towards significance but remained statistically non-significant, possibly due to differences in the item-content relative to the VMT. Additionally, we encourage researchers to use non-parametric (robust) tools, since the distribution of CS scores, when collected in a similar experiment -and not aiming to purposefully induce CS-, would be right-tailed (i.e., most participants registering lower scores) and depending on the task, wildly variable. The use of common, linear tests in such cases may lead to many statistically significant, but potentially inflated and biased results.
4.4 Cybersickness in the VMT is best (and only) explained by modality and habituation
The goal of prediction analyses was to evaluate how fixed effects (Modality and Session), along with task performance and individual differences variables, influence CS scores. This was done to robustly assess what factors need to be taken into account to avoid CS when designing a VR navigation task.
In the SSQ, Modality (VR) and Session (PM) explained around 25 percent of the variability in our task, with performance and other individual differences not contributing to the models’ improvement. This is contrary to our hypothesized drop in task performance with higher CS symptomatology. However, it is important to note that participants improved in completion times across modalities, that is, despite higher CS when navigating in VR. While this might be task dependent, these findings contradict what other studies have found, showing that video game or VR experience major factors in CS incidence (Chang et al., 2020). Possibly, a predictive analysis of symptomatology differentiating by modality could facilitate the identification of other predictors, especially in VR.
The CSQ-VR Nausea subscore was best predicted by Session (PM) and higher VR experience. This result, opposed to findings in previous studies, might be related to variable definition. Upon inspection, VR experience, a compound score including VR use and perceived skill, show discrepancies in some participants. For example, very low or no use of VR, but moderate VR perceived skill, leading to increased VR experience values.
Finally, we believe it is necessary to consider the impact of the difference between the analytical methods employed in the literature to assess, model, and predict CS symptomatology, as well as the specific task type of CS symptomatology exposure.
5 LIMITATIONS
This study contains several limitations that should be considered when interpreting the findings. First, our sample size was relatively small, consisting of 26 participants. While this study’s design is within-subjects, a larger sample would provide more statistical power and increase the generalizability of the findings. Also, our convenience sample focused on a specific demographic, namely, Spanish, highly educated, young adults with prior experience with technology. This may limit the generalizability of the findings to other populations. While the study compared two commonly used cybersickness questionnaires (SSQ and CSQ-VR), other assessment tools exist that might provide additional insights or capture different aspects of cybersickness. Additionally, we only measured CS before and after task execution, not during. This limitation in capturing the temporal profile of CS while performing the VMT could be particularly significant for VR-naive participants. Incorporating objective measures like physiological data (e.g., heart rate variability, electrodermal activity), behavioral tracking (e.g., eye movements, postural sway) or electroencephalography (EEG), alongside subjective questionnaires, could offer a more comprehensive understanding of the physiological underpinnings of cybersickness.
The VMT included specific mitigation techniques such as peripheral blurring and field of view occlusion during movement, which might have influenced the reported levels of cybersickness. Our aim was to reduce high CS in the task detected during pilot testing; however, it remains unclear to what extent these techniques contributed to the observed habituation effects in the VR modality. Future studies could systematically investigate the effectiveness of different mitigation strategies on cybersickness and habituation (Rouhani et al., 2024; Chardonnet et al., 2021; Venkatakrishnan et al., 2024b). Also, FOV occlusion was applied to the VR modality, but not to Desktop to avoid reducing its already limited FOV. This difference in FOV might have impacted task performance across modalities. Finally, our evaluation might not generalize to other tasks outside the VMT, which was designed with a specific purpose (to measure spatial learning after sleep).
6 CONCLUSION
In conclusion, this study provides valuable insights into the complex interplay between cybersickness, task performance, and modality in virtual navigation tasks. Our findings demonstrate that while VR environments offer enhanced immersion, they also induce higher levels of cybersickness compared to desktop setups. However, we observed significant habituation effects, suggesting that repeated exposure may mitigate these symptoms over time. Both of these effects are large and are the main contributors for explaining CS variability. The psychometric evaluation of the SSQ and CSQ-VR revealed strengths and limitations of each tool, highlighting the importance of choosing appropriate assessment methods based on research goals and experimental design. These results have important implications for both research methodology and practical applications in VR-based spatial cognition studies. They underscore the need for careful consideration of cybersickness when designing and interpreting experiments involving virtual navigation tasks. Future research should focus on larger, more diverse samples, incorporate a wider range of assessment tools including objective physiological measures, and systematically investigate the effectiveness of various cybersickness mitigation strategies. By addressing these areas, we can further refine our understanding of cybersickness in virtual environments and develop more robust, comfortable, and effective VR experiences for both research and real-world applications.
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