

[image: image1]
Eye-Movements During Navigation in a Virtual Environment: Sex Differences and Relationship to Sex Hormones












	 
	ORIGINAL RESEARCH
published: 29 April 2022
doi: 10.3389/fnins.2022.755393





[image: image]

Eye-Movements During Navigation in a Virtual Environment: Sex Differences and Relationship to Sex Hormones

TiAnni Harris, Johanna Hagg and Belinda Pletzer*

Department of Psychology and Centre for Cognitive Neuroscience, University of Salzburg, Salzburg, Austria

Edited by:
Neil James MacLusky, University of Guelph, Canada

Reviewed by:
Nicole J. Gervais, University of Toronto, Canada
Kaushik Lakshminarasimhan, Columbia University, United States

*Correspondence: Belinda Pletzer, Belinda.Pletzer@plus.ac.at

Specialty section: This article was submitted to Neuroendocrine Science, a section of the journal Frontiers in Neuroscience

Received: 08 August 2021
Accepted: 08 April 2022
Published: 29 April 2022

Citation: Harris T, Hagg J and Pletzer B (2022) Eye-Movements During Navigation in a Virtual Environment: Sex Differences and Relationship to Sex Hormones. Front. Neurosci. 16:755393. doi: 10.3389/fnins.2022.755393

Sex differences in spatial navigation have been related to different navigation strategies. For example, women are more likely to utilize local landmark-information in the environment compared to men. Furthermore, sex differences appear to be more pronounced when distances need to be judged in Euclidian terms and an allocentric representation of the environment is necessary. This suggests differential attentional processes during spatial navigation in men and women. However, eye-tracking studies on spatial navigation exploring these attentional processes are rare. The present study (39 men and 36 women) set out to investigate sex differences in eye-movements during spatial navigation in a 3D environment using virtual reality goggles. While we observed the expected sex differences in overall navigation performance, women did not benefit from the landmark-based instructions. Gaze fixations were in accordance with the preferred Euclidian strategy in men, but did not confirm the expected landmark-based strategy in women. However, high estradiol levels where related to an increased focus on landmark information. Surprisingly, women showed longer gaze distances than men, although the utilization of distal landmarks has been related to allocentric representations preferred by men. In fact, larger gaze distances related to slower navigation, even though previous studies suggest that the utilization of distal landmarks is beneficial for navigation. The findings are discussed with respect to the utility of virtual reality presentation for studies on sex differences in navigation. While virtual reality allows a full first-person immersion in the environment, proprioceptive and vestibular information is lacking.
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INTRODUCTION

Scientific research on spatial navigation has progressed immensely over the past years. Different navigation tasks focus on different aspects of navigation, e.g., real-world navigation, virtual navigation, imagined navigation, spatial memory recall or viewing navigationally relevant stimuli (Epstein et al., 2017). Most commonly, navigation tasks focus on goal-directed navigation. Goal-directed navigation is defined as navigation through an environment toward a predetermined goal, or getting from point A (current location) to point B (goal) (Ekstrom et al., 2018). The current study focuses on sex differences in goal-directed navigation.

The process of navigation can be influenced by the properties of the environment itself, the navigator’s knowledge about the environment and the strategies employed by the navigator (Spiers and Barry, 2015). In experimental conditions it is possible to manipulate and control the environment, as well as the navigator’s knowledge about the environment, while the navigator’s strategy is often investigated. There are numerous definitions and categorizations of strategies for navigation, differing in cartographic and linguistic information (Miller and Santoni, 1986; Silverman and Eals, 1992; Galea and Kimura, 1993; Eals and Silverman, 1994; Denis, 1997; Dabbs et al., 1998; Montello et al., 1999; Lawton, 2001). The most comprehensive distinction divides navigation strategies into hippocampus-dependent place strategies and caudate-dependent response strategies (Packard and McGaugh, 1992; McDonald and White, 1994; Bohbot et al., 2012). This distinction originates from the field of spatial learning, meaning the manner in which the navigator acquires and receives information about the environment and navigates it.

In order to navigate through space, information about the direction the navigator is traveling (or has traveled) and distance the navigator has to scale (or has scaled) is necessary. Both, direction and distance can be represented in varying forms. Directions can be represented using an allocentric or egocentric reference frame. An allocentric reference frame is independent of the navigators’ position, e.g., cardinal directions (“north,” “east,” “south,” “west”). In real world settings distal landmarks such as the solar altitude, mountains, oceans or star constellations can also guide the allocentric reference frame (Epstein et al., 2017). An egocentric reference frame uses the navigators’ position and direction in the environment to refer to directions (“right,” “left,” “straight ahead,” “backward/behind”). When depicting the allocentric reference frame on a chess board, the goal has fixed coordinates while the navigator adjusts his/her coordinates when moving across the board [e.g., “to get to the king on e8 (goal), I have to move my bishop from f1 to e2 to h5 to e8”]. The opposite is true for the egocentric reference frame. The relative position of the goal changes, while the navigators reference frame stays the same [“to get to the king (goal), I have to move forward with my queen, make a right, then left turn and move forward”–when taking the first person view of the queen, initially the king is straight ahead, when moving right, the king is on the left of her, when moving back left the king is straight ahead again]. The differences between allocentric and egocentric directions is the viewing perspective of the navigator.

Distances on the other hand, can be described metrically or topographically. Metric distance descriptions are absolute, precise and often described in Euclidean-terms (e.g., “27.5 m” or in chess “9 squares”). These metrics can be applied between landmarks in the environment or between the navigator and landmarks. Topographic distance descriptions on the other hand are less precise than the metric scale, refer to the relative positions of landmarks in the environment and are therefore often phrased in landmark-terms (“next to the tree” or in chess “next to the queen and bishop”). A topographic strategy is also described as being less flexible, more sequential and therefore harder to error-correct than the metric strategy (Lawton, 1996; Saucier et al., 2002).

The perception of directions (or perspective, allocentric vs. egocentric) and distances (or strategy, Euclidean vs. landmark-based) during navigation has been discussed in terms of sex differences. On average, men seem to prefer an allocentric perspective and Euclidian strategy, whereas women seem to prefer an egocentric perspective and landmark based strategy (Galea and Kimura, 1993; Dabbs et al., 1998; Saucier et al., 2002; Chen et al., 2009). These differences in navigation strategies have been suggested to explain, why men, on average, make fewer navigational errors and are faster than women in goal-directed navigation (Galea and Kimura, 1993; Astur et al., 1998; Moffat et al., 1998; van Gerven et al., 2012; Scheuringer and Pletzer, 2017). Indeed, sex differences seem to be reduced or even reversed, when more landmark-information is available in the environment (Andersen et al., 2012) or when directions are phrased in egocentric and landmark-based terms (Saucier et al., 2002; Harris et al., 2019). Nevertheless, better performance with the landmark-based strategy compared to the Euclidian strategy has been reported irrespective of participant’s sex (Sandstrom et al., 1998; Saucier et al., 2002; Scheuringer and Pletzer, 2017; Harris et al., 2019).

A certain variability in the results regarding sex differences during navigation has been attributed to the dimensionality of the task (Neubauer et al., 2010). Virtual navigation started with schematic renditions in 2D-environments, which evolved into 3D-environments and now can be studied in full immersion in virtual reality. When comparing sex differences in 3D and 2D navigation tasks, men outperformed women in 3D navigation, whereas women made fewer mistakes in the 2D task (Galea and Kimura, 1993; Lawton and Morrin, 1999; Waller et al., 2001; Saucier et al., 2002; Andreano and Cahill, 2009). This lead to the conclusion that sex differences arise in situations of higher cognitive demand (Coluccia and Louse, 2004; Forcano et al., 2009). However, a variety of differences relevant to navigation strategies and cognitive processes underlying navigation are noteworthy when comparing 3D to 2D navigation.

2D navigation task are usually depicted in a bird’s eye view, giving the person navigating an overview of the whole environment. There is no immergence in the environment, which is comparable to looking at a chess board. As a result, when navigating by egocentric directions in a 2D-environment, the confound of mental rotation has to be considered. If the environment does not rotate when the participant takes a turn (like e.g., in Scheuringer and Pletzer, 2017), a right turn when facing downward requires a left response. As mental rotation is a cognitive domain with strong sex differences favoring males (Andreano and Cahill, 2009), an egocentric perspective may be less beneficial for women in 2D navigation than 3D navigation. This may reduce sex differences in perspective taking and thus sex differences in performance. Indeed, sex differences in allocentric vs. egocentric perspective taking were more pronounced in a 3D navigation task (Harris et al., 2019) than a 2D navigation task (Scheuringer and Pletzer, 2017).

Virtual 3D environments offer more realism and immergence compared to 2D environments, since the navigator is able to have a first-person view of the environment. The mental rotation confound can be omitted, since the cardinal direction adapts to the direction the navigator is facing. The most realistic scenario for studying navigation can be obtained via virtual reality with a head mounted display (HMD), given that scaling distances or heights can also be represented more realistically from a first-person view immerged in the virtual world. With the increased use of virtual 3D environments during navigation, it has been discussed, whether video gaming experience plays a role for sex differences in navigation. Men tend to play more video games, which in turn relates to more experience with virtual environments, compared to women (Terlecki and Newcombe, 2005; Quaiser-Pohl et al., 2006; Terlecki et al., 2011). However, recent studies demonstrate that sex differences in video gaming experience do not mediate the sex differences observed during virtual navigation (Harris et al., 2019; van Dun et al., 2021). Accordingly, when video gaming experience is controlled and the 3D navigation task constructed in a way, that advantages due to video gaming experience are minimal, virtual navigation allows us to create similar conditions to real-life navigation, while controlling various aspects about the environment. Using a 3D virtual navigation task, Harris et al. (2019) were able to show that sex differences in navigation strategy (Euclidian vs. landmark-based strategy) were most pronounced during allocentric navigation. Thus, the allocentric perspective appears to be most suitable to detect sex differences in navigation strategies.

One method to assess navigation strategy beyond performance measures during different instructions, is eye-tracking, i.e., the assessment of eye fixations and eye movement during a cognitive task. Given that eye fixations are correlated to the focus of attention (Groner and Groner, 1989), the duration and frequency spent fixating on certain aspects of the environment, reflect the amount of cognitive resources allocated to processing this type of information (Greef et al., 2009). Several studies assess sex differences in gaze behavior during navigation (Miyahira et al., 2000a,b; Campagne et al., 2005; Mueller et al., 2008a; Cazzato et al., 2010; Andersen et al., 2012). An increased fixation duration, pupil dilation and decreased performance during a Morris water maze has been demonstrated by Mueller et al. (2008a) in women compared to men, who explored the environment more and therefore had decreased fixation periods. The preferred landmark strategy for women led investigators to believe that women would look at landmarks more frequently and longer than men (Andersen et al., 2012), but as the number of landmarks in an environment increases, so does the time spent looking at landmarks equally for men and women (Andersen et al., 2012). Accordingly, the gaze behavior of men and women has been implicated in differential strategy use between men and women, but so far, the association remains elusive. While much attention has been paid to sex differences in the fixations on landmarks in the environment, fixations on other aspects of the environment relevant to navigation strategies have not been investigated. For instance, distal landmarks are required for allocentric navigation. Accordingly, it can be expected, that landmarks and objects focused by men are at a greater distance from the navigator than landmarks and objects focused by women. However, gaze distance has not been assessed by previous eye-tracking studies on navigation. Likewise, Euclidian distances may be estimated by focusing on the floor of the environment, yet no study has considered sex differences in fixations on the floor. In the present study, we therefore assess eye-fixations on various aspects of the environment, as well as their distance to the navigator, in men and women, while simultaneously manipulating strategy use via different instructions using a virtual reality adaptation of a 3D-navigation task, for which differential strategy use in men and women was previously demonstrated (Harris et al., 2019).

Accordingly, we hypothesize that:


(i)Men complete the navigation task faster than women.

(ii)Irrespective of instructions, women gaze longer at landmarks than men, while men gaze longer on the floor and the walls of the environment (representing distal landmarks).

(iii)Irrespective of instructions, gaze distance is shorter in women than in men.

(iv)Sex difference in performance and eye-movements between men and women are larger when instructions require an Euclidian strategy compared to a landmark-based strategy.



In addition, given that sex differences in cognitive tasks are often viewed as modulated by hormonal effects (e.g., Peragine et al., 2020), hormonal associations to navigation strategies are an interesting field of study. For instance, it has been suggested that sex differences in spatial abilities are more pronounced during the luteal cycle phase in women, when progesterone levels peak and estradiol levels are moderately high (e.g., Hampson, 1990). While previous studies found no association of estradiol or progesterone to overall navigation performance (Scheuringer and Pletzer, 2017; Harris et al., 2019), interesting associations to navigation strategies were observed. Hussain et al. (2016) observed a stronger use of spatial strategies during the luteal cycle phase in a 3D spatial learning task. Spatial strategies are characterized by an allocentric perspective, but increased use of landmarks. Dissociating perspective and strategy in a 2D wayfinding task, Scheuringer and Pletzer (2017) also found increased accuracy with landmark-based instructions during the luteal cycle phase, but higher levels of progesterone related to an increased accuracy for the egocentric compared to the allocentric perspective. In summary, it appears that menstrual cycle control is relevant when studying sex differences in navigation strategies with the luteal phase appearing most sensitive to sex differences in landmark-based strategies.

On the other hand, it has often been speculated that the male advantage during navigation may be the result of higher testosterone levels in men. Indeed, circulating testosterone levels have sometimes been related to improved performance in spatial tasks (Gordon et al., 1986; Silverman et al., 1999; Hausmann et al., 2000, 2009; Aleman et al., 2004; Hooven et al., 2004; Driscoll et al., 2005; Burkitt et al., 2007; Yang et al., 2007; Mueller et al., 2008b; but see: McKeever et al., 1987; Puts et al., 2010). Accordingly, the question arises, whether testosterone facilitates an allocentric perspective and Euclidian strategy. Only few studies have focused on this question so far, yielding non-significant associations (Harris et al., 2019). However, previous studies in related tasks suggest that eye-movements, which have a more direct link to attentional processes (e.g., Shepherd et al., 1986; Theeuwes et al., 2009; Orquin and Loose, 2013) may be more susceptible to hormonal influences than purely behavioral measures like reaction time (Schulte et al., 2020). Accordingly, we explore, whether the sex hormones estradiol, progesterone and testosterone, mediate or moderate the sex differences in performance, fixation duration and gaze distance.



MATERIALS AND METHODS


Participants

A total of 86 healthy participants, aged 18–34 years, 41 men and 45 women during their luteal menstrual cycle phase were recruited for this study. Exclusion criteria for participants were physical, endocrine or mental illness, medication and left-handedness, as well as hormonal contraception in women. Furthermore, all participants had to either have sufficient eyesight or wear soft contact lenses, due to the physical restrictions of the virtual reality goggles. Women were required to have a regular (Fehring et al., 2006) menstrual cycle ranging from 21 to 35 days. An increased use of landmark information during the high-hormone mid-luteal phase was demonstrated in previous studies concerning navigation (Hussain et al., 2016; Scheuringer and Pletzer, 2017). Accordingly, this cycle phase was chosen to evaluate sex differences in the present study. The mid-luteal phase was determined based on self-reports of the participants of the onset of their last three menses and resulting cycle length. Test sessions were scheduled 3–10 days before the expected onset of next menstruation, which was confirmed by follow-up reports.

Seven participants were excluded due to nausea (six women and one men). Four participants were excluded due to deviations of progesterone levels (for details see hormonal analysis, Harris et al., 2019), indicating anovulatory cycles (Seifert-Klauss, 2020). Accordingly, the final sample consisted of 75 participants, 39 men (mean age: 23.13; SD: 3.38) and 36 women (mean age: 24.06; SD: 3.54), with an average cycle length of 29.31 days (SD: 2.73).

All participants had received a minimum of 8 years of secondary education, and had passed general qualification for university entrance. Age [t(73) = −1.16, p = 0.25, d = 0.27] and IQ [t(73) = 1.70, p = 0.09, d = 0.39] did not differ significantly between men and women. However, video gaming experience [t(73) = 2.75, p = 0.007, d = 0.64] and perceived video gaming skill [t(73) = 3.00, p = 0.004, d = 0.69] differed significantly between men and women. Men had played more video games than women (1.69 vs. 0.72 of possible 6) and had subjectively higher skill level at playing video games (3.77 vs. 2.00 of possible 7).



Ethics Statement

All participants gave their informed written consent to participate in the study. The methods used conformed to the Code of Ethics of the World Medical Association (Declaration of Helsinki). The study was approved by the local ethics committee.



Navigation Task

The navigation task used in the present study was an adaptation of the 3D navigation task developed by Harris et al. (2019). The current version was specifically adapted for use in virtual reality (VR). Ten virtual environments and two training environments were created with the Unreal Engine 4 Version 18.3 and were presented via the VR headset HTC-Vive. Each environment consisted of 100 squares (10 × 10 matrix) representing the floor of the environment. The floor squares were arranged in alternating light brown und light green chessboard checker pattern. Each square was populated with one of ten real-life landmarks (tree, bridge, stairs, house, church, bench, boulder, streetlight, fence, flowers), in different orders. Importantly, each landmark only occurred once in each row and column. As surrogates for distal landmarks semi-transparent walls were implemented as physical boundaries around each environment.

After the two training levels, the participants completed the ten task levels. At the beginning of each level participants were positioned on a starting square connected to the matrix of the environment. The position of the starting square varied in location, meaning it was either located on the north, east, south or west border of the matrices, counterbalanced across the 12 environments. All levels started with a countdown (“three, two, one, go”), followed by information about the cardinal directions participants were initially facing (compare Figure 1). Wearing the virtual reality googles and using the arrow keys of a keyboard for motion control (forward and backward for locomotion; left and right arrow key or head rotation to change orientation), the participants navigated according to the instructions given to them. Their task was to reach a target location (goal) following a path indicated by three lines of directions. Each path encompassed 15 squares and 2 turns, only moving forward. The movement patterns were either U-shaped (two left or right turns) or Z-shaped (one left and one right turn). The participants were able to summon and consult the directions anytime upon pressing the 0-button of the number pad next to the arrow keys on a standard keyboard. When releasing the 0-button the directions disappeared. All directions were phrased in allocentric terms, given that this perspective was most sensitive to sex differences in navigation strategy (Harris et al., 2019). Navigation strategy was varied in pseudo-randomized order. In five task levels and one training level each, directions were phrased in Euclidian terms or landmark terms, respectively (Euclidian: “go east for 4 blocks”; landmark based: “go east until you reach the tree”).
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FIGURE 1. Navigation environment from the view of the participant on the start field. The participant can see the cardinal direction they are facing (in this case east) as well as three lines of directions phrased from an allocentric perspective and – in this case – landmark-based (translation: Go east to until you reach the bridge, then go north until you reach the stairs, then go west until you reach the rocks).


Participants were only able to move to the next level upon completion of the current level, i.e., when reaching the goal. Reaching the goal was confirmed via pressing the space bar. Accordingly, the performance measure for the navigation task was the navigation time in seconds, from start (“go”) to completion (correct confirmation via space bar), while accuracy was a prerequisite to complete the task.



Eye-Tracking

The aGlass DKII VR-Eye-Tracking add-on by 7invensun for the HTC Vive was used to record eye-movement. The trackers were built into the HTC Vive, in front of both screens with a field of view of >110°. The tracking speed is stated to be 100–120 Hz with a latency of <5 ms and accuracy of <0.5° (aGlass DKII User manual, 2021). The fixation point was translated into the 3D environment and the following measures were recorded upon collision with an object in the 3D environment: (i) duration of the collision (= absolute fixation duration), and (ii) distance between first-person and collision object. Collision objects were categorized into (i) landmarks, (ii) walls surrounding the environment (representing distal landmarks), (iii) floor, and (iv) sky above the environment. The relative fixation duration was calculated as percentage of the navigation time, by dividing the absolute fixation duration by navigation time (NT) multiplied by 100 for each item. The distance of fixations was measured in Unreal Units (uu) with a conversion rate of 1,000 uu = 10 m. The size of each map was about 12,000 uu2 (120 m2), 1,200 uu2 per square and the maximum walking speed was set to 1,200 uu/s.



Procedure

All testing took place between 8:30 a.m. and 5:30 p.m. at the computer lab at the University of Salzburg and took about 60–90 min to complete. Participants were asked not to eat, drink or smoke prior to testing. After rinsing out their mouths for the saliva sample, participants filled out the informed consent and the exclusion criteria and health screening questionnaires. Information about the head mounted VR-googles and motion sickness were given and for women, a hormone questionnaire was filled out, followed by the retrieval of the first saliva sample. After the completion of a mental rotation task the second saliva sample was taken and the VR-headset, eye-tracking and navigation task were explained verbally. An overview of a training level was presented and the objective of the navigation task and the different objects were described. Participants were seated in an office chair with a wireless standard keyboard in their laps for motion control. The VR-Headset and eye-tracker were calibrated for each participant individually, adjusting the lens distance and using a nine-point dial, fixating points without moving their heads (aGlass DKII User manual, 2021). Afterward, participants could adjust to the VR-glasses, headset and the instructions in the two training levels. Participants completed the training levels, as well as the navigation task and were asked for the last saliva sample. Finally, all participants answered questionnaires pertaining to video gaming experience, gender identity and for women a premenstrual syndrome questionnaire (PSST, premenstrual syndrome screening tool). The ten-item APM screening (advanced progressive matrices) as implemented in the Vienna Test System was chosen to ensure no substantial differences in IQ and sufficient abilities to recognize and process new patterns during the navigation task. In the end participants were debriefed and received either course credit or 10€ for participating.



Hormonal Analyses

Three saliva samples of each participant were collected (compare the “Procedure” section), stored at −20°C and centrifuged twice at 3,000 rpm for 15 and 10 min, respectively, prior to hormone assessment. In order to assess average hormone concentrations over the whole session, the three samples of each participant were pooled before hormone analysis, thereby ensuring the reliability of hormone assessment and controlling for fluctuations related to salivary production. Using salivary ELISA kits by DeMediTec, testosterone, 17β-estradiol, and progesterone were assessed from the pooled sample of each participant. Deviations of hormone values of the participants by more than three standard deviations from the group mean were excluded. Further, it was expected that progesterone values of women fall within a normal range for the luteal cycle phase. First, we established this range for our laboratory based on an unrelated sample of 60 women tested with the DeMediTec salivary progesterone ELISA kit in three menstrual cycle phases, as recommended by the DeMediTec kit instructions (compare Pletzer et al., 2018). Progesterone levels in all women were higher during the luteal phase compared to the other cycle phases. All women displayed a luteal progesterone value above 48 pg/ml, although with considerable variation. Due to the assay sensitivity of 5 pg/ml a progesterone cutoff of 43 pg/ml was established for inclusion in a luteal phase sample. In the current sample, four women were excluded due to progesterone levels below 43 pg/ml.



Statistical Analyses

Statistical analysis was performed using R 3.6.3 in RStudio 1.2.5033. Prior to analysis, outliers (defined as >3 standard deviations above the mean) among navigation time, gaze duration or gaze distance were excluded. Navigation time (in seconds), relative fixation duration (in % NT) for landmarks, floor, sky and wall, as well as distance of fixations (in uu) for landmarks, floor, sky and wall, were analyzed in the context of linear mixed effects models (lmes) using the lmer function of lme4 package (Version 1.1-21). In all models, the participant number was modeled as a random factor. The following models were evaluated:

First, we addressed sex differences in the dependent variables and their modulation by strategy by introducing the interactive effect of sex × instruction as a fixed effect in the model, while controlling for age, IQ and video gaming experience as continuous covariates (e.g., NT ∼ 1| PNr + sex × instruction + age + IQ + gaming experience).

Second, sex hormone influences on the dependent variables were addressed by the following procedure. Since none of the lmes showed a significant sex × instruction interaction or significant effects of age, IQ or video gaming experience, the data of the different instructions were merged for each participant and further analyzed in the context of linear models. In a first step, the sex × hormone interaction was entered into the models (e.g., NT ∼ sex × hormone) to assess moderator effects of sex on the sex hormone associations. If the sex × hormone interaction was non-significant, suggesting no moderation of sex hormone influences by sex, the interaction was dropped. In a second step, we thus analyzed the hormonal associations while controlling for the effect of sex (e.g., NT ∼ sex + hormone). In these models we further evaluated mediatory influences of sex hormones, by assessing, if previously significant effects of sex remained significant after entering the hormone into the model.

In all models, both, the dependent and continuous independent variables were z-standardized using the scale function. Therefore, the coefficients b of fixed effects in the models represent a standardized effect size based on standard deviations, similar to Cohen’s d. Analyses on gaze duration and gaze distance were FDR-corrected for the four different objects assessed (landmarks, floor, sky, walls).




RESULTS


Sex Differences in Navigation Time

The main effect of sex on navigation time was significant [b = 0.29, SEb = 0.15, t(70) = 2.00, p <0.05, Figure 2]. Men showed a faster navigation time (48.96 s, SE: 2.84) compared to women (57.82 s, SE: 3.00). Surprisingly, the main effect of instruction [b = −0.05, SEb = 0.09, t(626) = −0.48, p = 0.63; Euclidian: 54.17 s, SE: 2.05; Landmark: 52.1 s; SE: 2.05], as well as the sex × instruction interaction [b = −0.04, SEb = 0.13, t(626) = −0.29, p = 0.77] were not significant. The factors age, IQ and video gaming were also non-significant [all | b| < 0.13, all SEb < 0.07, all | t(70)|<1.94, all p > 0.05].
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FIGURE 2. Sex differences in navigation time. Men navigated significantly faster than women irrespective of the instruction. Instruction had no significant effect on navigation time.




Sex Differences in Gaze Duration

Relative fixation duration describes what percentage of their time in an environment, participants spent looking at various objects in the environment, i.e., the landmarks, the floor, the sky or the walls surrounding the environment. Participants spent the majority of their time fixating the floor (49%, SD = 26%), followed by fixations on landmarks (31%, SD = 17%) and fixations on the sky (18%, SD = 25%). Only a very small percentage of the time was spent fixating the walls of the environment (0.7%, SD = 1%).

There were no significant differences between men and women regarding the fixation durations on landmarks [b = 0.08, SEb = 0.18, t(70) = 0.43, pFDR = 0.87] and landmark-based instructions did not elicit significantly longer fixations on landmarks than Euclidian instructions [b = −0.002, SEb = 0.08, t(626) = −0.03, pFDR = 0.98]. However, significant differences due to sex and instruction did arise regarding other fixation points in the environment.

For fixations on the walls, the main effect of sex was not significant [b = 0.02, SEb = 0.12, t(70) = 0.17, pFDR = 0.87], however the main effect of instruction was significant [b = 0.46, SEb = 0.10, t(626) = 4.74, pFDR < 0.001]. Fixations on the walls were longer with landmark-based instructions compared to the Euclidian instructions.

For fixations on the floor and sky, the main effects of sex was significant [floor: b = −0.60, SEb = 0.20, t(70) = −2.95, pFDR = 0.018; sky: b = 0.56, SEb = 0.22, t(70) = 2.59, pFDR = 0.024], while the main effect of instruction was not significant [wall: b = −0.12, SEb = 0.06, t(626) = −1.93, pFDR = 0.072; sky: b = 0.10, SEb = 0.11, t(626) = 1.47, pFDR = 0.072]. Women fixated the sky longer than men, while men fixated the floor longer than women (Figure 3). The sex × instruction interaction, as well as the factors age, IQ and video gaming skill were non-significant in all models [all | b| < 0.15, all SEb < 0.14, all | t| (626) < 1.56, all p > 0.07, pFDR > 0.104].
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FIGURE 3. Effects of sex and instruction on the duration of fixations on various objects in the environment. Men and women did not differ in the duration of their fixations on landmarks or the walls of the environment. However, women looked longer at the sky, while men looked longer at the floor. Fixations on the walls of the environment were longer with the landmark instruction compared to the Euclidian instruction. NT, navigation time.




Sex Differences in Fixation Distance

Fixation distance describes how far away the objects were on average that participants fixated their gaze on. Landmark-fixations were closest (1,042 uu, SD = 660 uu), followed by floor fixations (1,130 uu, SD = 730 uu) and wall fixations (1,328 uu, SD = 1,504 uu). Sky fixations showed the largest distance (12,593 uu, SD = 5,447 uu). For distance of fixations on landmarks and walls the main effect of sex was significant [landmarks: b = 0.47, SEb = 0.20, t(70) = 2.34, pFDR = 0.04; walls: b = 0.41, SEb = 0.17, t(70) = 2.44, pFDR = 0.04]. Irrespective of the object fixated, women’s fixations were further away than men’s fixations (Figure 4). No sex differences were observed in the distance of fixations on the floor [b = 0.27, SEb = 0.20, t(70) = 1.36, pFDR = 0.24] and sky [b = 0.11, SEb = 0.11, t(70) = 1.01, pFDR = 0.32]. The main effect of instruction was significant for the distance of fixations on landmarks, floor and sky [landmarks: b = 0.19, SEb = 0.07, t(626) = 2.89, pFDR = 0.008; floor: b = 0.14, SEb = 0.07, t(626) = 2.00, pFDR = 0.06; sky: b = −0.36., SEb = 0.10, t(626) = −3.54, pFDR = 0.002]. Landmark and floor fixations were further away, while sky fixations were closer for landmark-based compared to Euclidian instructions. No difference in gaze distance between landmark-based and Euclidian instructions was observed for fixations on the wall [b = 0.12, SEb = 0.09, t(626) = 1.40, pFDR = 0.16]. The sex × instruction interaction, as well as the factors age, IQ and video gaming skill were non-significant in all models [all | b| < 0.16, all SEb < 0.15, all | t| (457) < −1.05, all p > 0.292].


[image: image]

FIGURE 4. Effects of sex and instruction on gaze distance. Women fixated landmarks, floors and walls further away than men. Landmark-instruction elicited fixations further away for landmarks and floor, but closer by for the sky than Euclidian instructions.




Predicting Navigation Time by Gaze Distance

In order to understand, how eye gaze behavior contributed to navigation performance, we assessed associations between gaze distance and navigation time. Navigation time could be predicted by gaze distance for the wall and sky [wall: b = 0.10, SEb = 0.04, t(624) = 2.34, p = 0.02; sky: b = 0.13, SEb = 0.03, t(624) = 3.96, p = 0.0001], but not for the floor and landmarks [landmarks: b = 0.007, SEb = 0.05, t(624) = 0.14, p = 0.89; floor: b = −0.04, SEb = 0.05, t(624) = −0.79, p = 0.43]. Reaction times were longer with greater gaze distance for the wall and sky. When entering gaze distance as additional predictor to the model exploring sex differences in navigation time, the sex difference remained significant.



Sex Hormones and Navigation Time

There were no significant associations between sex hormones and navigation time, while controlling for sex. However, entering testosterone in the model rendered the sex difference in navigation time non-significant, suggesting a partial mediation of the sex difference by testosterone levels.



Sex Hormones and Gaze Duration

Testosterone was not significantly related to fixation duration of any object [all | b| < 0.19, all SEb < 0.18, all | t(72)| < 0.87, all p > 0.303] and did not mediate the sex difference in floor and sky gaze duration. Estradiol was by trend related to fixation durations on landmarks [b = 0.26, SEb = 0.11, t(72) = 2.24, p = 0.028, pFDR = 0.111, Figure 5], but not to fixation duration on any other object. The higher participants estradiol levels, the longer were their fixations on landmarks. Progesterone was significantly negatively related to fixation durations on the sky [b = −0.33, SEb = 0.12, t(71) = −2.70, p = 0.009, pFDR = 0.036, Figure 6], but not to fixation duration on any other object. The higher participant’s progesterone levels, the less time they spent looking at the sky.
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FIGURE 5. Association of estradiol to landmark gaze duration in men and women. The higher participants’ estradiol levels, the more time they spent looking at landmarks.
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FIGURE 6. Association of progesterone to sky gaze duration. The higher participants’ progesterone levels, the less time they spent gazing at the sky. This association was driven by female participants.




Sex Hormones and Fixation Distance

Testosterone and progesterone were not related to gaze distance for any object [all | b| < 0.14, all SEb < 0.17, all | t| (72) < −0.796, all p > 0.429]. However, when testosterone was included in the model, sex differences in gaze distance disappeared for all objects, suggesting a partial mediation of sex differences in gaze distance by testosterone. When progesterone was included in the model, sex differences in gaze distance disappeared for wall fixations, also suggesting a partial mediation of gaze distance by progesterone. Estradiol was significantly related to gaze distance in wall fixations [b = 0.28, SEb = 0.11, t(72) = 2.57, pFDR = 0.048] and floor fixations [b = 0.26, SEb = 0.11, t(72) = 2.31, pFDR = 0.048]. The higher participant’s estradiol levels, the further away were the objects they fixated on (Figure 7).
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FIGURE 7. Association of estradiol to gaze distance. The higher participant’s estradiol levels, the further away were the objects they fixated on.





DISCUSSION

The present study aimed to investigate whether sex differences in navigation strategy were reflected in eye movements during a virtual navigation task and whether these sex differences were moderated or mediated by the sex hormones estradiol, progesterone and testosterone,. Based on previous work we expected faster navigation in men compared to women, longer fixations on landmarks, but shorter fixations on the floor and the walls of the environment (distal landmarks) in women compared to men, as well as a larger gaze distance in men compared to women. We furthermore expected all sex differences to be larger with Euclidian compared to landmark-based instructions.

As expected, navigation times were faster in men compared to women, which is in line with a large number of studies demonstrating sex differences in navigation performance (Galea and Kimura, 1993; Astur et al., 1998; Moffat et al., 1998; Saucier et al., 2002; Andreano and Cahill, 2009; van Gerven et al., 2012; Scheuringer and Pletzer, 2017). Please note, however, that the task may have been subject to sex differences in speed-accuracy trade-offs (Bianco et al., 2020), given that maximum accuracy was required to complete the task.

Also in line with our hypotheses, men showed longer fixations on the floor compared to women, which indicates a preference for a Euclidian based strategy, where distances need to be estimated in Euclidian terms. However, all sex differences were irrespective of the instructions provided. Regarding navigation time, this suggests, that contrary to previous navigation tasks (Saucier et al., 2002; Harris et al., 2019), in the virtual environment women did not have an advantage with landmark-based instructions. Regarding eye fixations, the lack of a modulation by instruction suggests that the attentional processes guiding eye gaze in the virtual environment are not modulated by the phrasing of the instructions. Thus, the fixation durations may be more reflective of the intrinsic strategy preference of the participant rather than the strategy required by the instructions.

Not in line with our hypotheses, and contrary to a number of previous works demonstrating a preference for landmark-information in women (Montello et al., 1999; Coluccia and Louse, 2004; Andersen et al., 2012), is the result that men and women did not differ in their fixation durations on local or distal landmarks (walls) in the environment. This is, however, in accordance with the behavioral finding, that navigation time in women did not improve with landmark-based instructions. Taken together, these results suggest that in this particular implementation of the navigation task, women were unable to optimally utilize the landmark-information available, in order to improve their navigation performance. It is possible that the novelty and unfamiliarity of the virtual environment played a role in that respect.

While visually, the VR provides a more realistic environment to other computerized navigation tasks and allows the continuous and efficient tracking of eye-movements during navigation, there is only limited proprioceptive and vestibular feedback, which provides information on head and limb position and orientation, as well as linear acceleration and rotation (Christou et al., 2016). The lack of this information can impair one’s ability to dynamically update one’s position on the cognitive map, which in turn affects performance (Chance et al., 1998; Klatzky et al., 1998; Christou et al., 2016). It is possible, that women were more affected by the lack of proprioceptive and vestibular feedback than men. Indeed, some studies demonstrate sex differences in proprioception (Hu et al., 2020) and inter-modal integration (Sigmundsson et al., 2007). If men and women are differentially affected by the limitation of the VR, the question arises, whether VR is in fact the optimal method to study sex differences in navigation.

Future studies may overcome this confound by combining the VR with different types of locomotion, i.e., either walking in place with natural head-movement (Slater et al., 1995) or a more costly and complicated alternative, with omnidirectional treadmills (Souman et al., 2008). Real walking, such as done with omnidirectional treadmills, in combination with VR-googles yielded similar results as real-world movement (Suma et al., 2007).

Differential effects of the VR environment on men and women, may also explain our results regarding gaze distance, which are contrary to our hypotheses. Women showed longer fixations on the sky and larger fixation distances across all objects compared to men. This finding is in fact opposite to previous results, suggesting that men screen larger parts of the environment and focus stronger on more distal landmarks, due to their preference for allocentric navigation (Galea and Kimura, 1993; Lawton, 1996; Saucier et al., 2002). More importantly, larger gaze distance seems to be related to longer navigation times and may thus be partly responsible for the sex difference in navigation performance, although the sex difference did remain significant when controlling for gaze distance in the model. One possible explanation for women directing their gaze further away could be motion sickness, which is a common problem with VR. While subjects were specifically recruited for a certain tolerance regarding motion sickness, we did observe that more women than men had to discontinue the experiment due to severe motion sickness (compare Participant section). This is in line with previous works demonstrating that women are more susceptible to motion sickness than men (Munafo et al., 2017).

To obtain some tentative information on this issue, we did assess the motion sickness subjects experienced during the experiment, in a follow-up survey. 32 participants (16 men, 16 women) did return this survey. However, there was only a non-significant trend toward stronger motion sickness in women compared to men [t(29) = −1.58, p = 0.13], motion sickness did not relate to navigation time, sky gaze duration or gaze distance and did not mediate the sex differences observed in any of the variables. While this information does only apply to a part of the sample and it is unclear whether it generalizes to the whole sample, these data suggest, that motion sickness was not entirely responsible for the sex differences we observed in gaze distance. It is, however, possible that the requirement of not being prone to motion sickness in order to be able to complete the experiment, resulted in a selection bias, such that only women with a high tolerability of motion sickness were included in the experiment. If some of the factors affecting one’s predisposition toward motion sickness are the same factors affecting attentional processes during navigation (like e.g., the way proprioceptive information is utilized), it is possible that sex differences in the current study were underestimated or reversed compared to real-life navigation. However, the fact that the larger gaze distance relates to longer navigation times, suggests that this may be one of the attentional processes contributing to the performance differences between men and women.

Finally, we did explore the relationship of sex hormone levels to eye gaze behavior, though the results should be treated as tentative due to the correlational nature of the analyses. With respect to estradiol and progesterone assessment, the fact that all women were tested in the luteal cycle phase represents a potential limitation, since the scheduling of test sessions around the individual progesterone peak limits the variability of progesterone levels. Furthermore, the analyses employed are focused on inter-individual variability in sex hormone levels, rather than intra-individual fluctuations, as have been assessed in previous longitudinal menstrual cycle studies (Hussain et al., 2016; Scheuringer and Pletzer, 2017). However, progesterone actions may be functionally different between the follicular and luteal cycle phase, given that the pre-ovulatory rise in estradiol primes the expression of progesterone receptors. Thus, while the lack of an intra-individual comparison to the follicular phase limits the interpretability of our results, the brain is likely most sensitive to progesterone actions in the luteal cycle phase. We would like to point out, however, that such cross-sectional correlational approaches focusing on the inter-individual hormonal variability are quite common with respect to testosterone, even though substantial intra-individual variability in testosterone levels has been demonstrated in men (Celec et al., 2003). Accordingly, we view the following results as hypothesis-generating for future studies.

First, we observed some associations of eye gaze behavior to estradiol and progesterone irrespective of participants’ sex. Higher estradiol levels were related to longer fixations of landmarks and a larger gaze distance for walls and floors. The fact that estradiol relates to increased landmark fixation is in line with a previous study, demonstrating a menstrual cycle modulation of landmark fixations, with more landmark fixations during the luteal cycle phase, when estradiol and progesterone levels are both elevated (Hussain et al., 2016). Accordingly, our results provide a first indication, which hormone may be responsible for these changes along the menstrual cycle. One explanation for the association of estradiol to gaze distance may again be related to motion sickness, since estradiol has been discussed to increase the susceptibility for motion sickness (Ge and Huang, 2013) and directing one’s gaze further away may help to compensate for these effects. Nevertheless, future work should also explore the possibility, that estradiol shifts attention to more allocentric aspects of the environment.

Second, there is, however, some weak indication for a partial mediation by testosterone, since sex differences in navigation time and gaze distance disappear, when testosterone is controlled in the model. Nevertheless, apart from the activational effects of testosterone, other factors may contribute to these sex differences, including genetic factors, organizational effects of said hormones during brain development, and socialization (Roof, 1993; Berenbaum and Snyder, 1995; Ruble et al., 2006; Zosuls et al., 2011; Trent and Davies, 2012).

In summary, our study demonstrated sex differences in eye-movements during navigation in a virtual environment for the first time. These sex differences are in line with a preference for Euclidian information in men, while a preference for landmark information in women could not be confirmed. However, men and women may have been differentially affected by the lack of proprioceptive and vestibular information in the VR, an avenue that should be further explored in future studies.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://osf.io/pc94v/.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee at the University of Salzburg. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

TH was involved in data collection, performed the analyses, and wrote the manuscript. BP designed the study performed the analyses and wrote the manuscript. JH assisted in data collection. All authors contributed to the article and approved the submitted version.



FUNDING

This study was funded by the Austrian Science Fund (P28261).



REFERENCES

aGlass DKII User manual (2021). 7invensun aGlass DKII User manual. Available online at: https://www.manualslib.com/manual/1629527/7invensun-Aglass-Dk-Ii.html (accessed July 12, 2021)

Aleman, A., Bronk, E., Kessels, R. P., Koppeschaar, H. P., and van Honk, J. (2004). A single administration of testosterone improves visuospatial ability in young women. Psychoneuroendocrinology 29, 612–617. doi: 10.1016/S0306-4530(03)00089-1

Andersen, N. E., Dahmani, L., Konishi, K., and Bohbot, V. D. (2012). Eye tracking, strategies, and sex differences in virtual navigation. Neurobiol. Learn. 97, 81–89. doi: 10.1016/j.nlm.2011.09.007

Andreano, J. M., and Cahill, L. (2009). Sex influences on the neurobiology of learning and memory. Learn Mem. 16, 248–266. doi: 10.1101/lm.918309

Astur, R. S., Ortiz, M. L., and Sutherland, R. J. (1998). A characterization of performance by men and women in a virtual Morris water task: a large and reliable sex difference. Behav. Brain Res. 93, 185–190. doi: 10.1016/s0166-4328(98)00019-9

Berenbaum, S. A., and Snyder, E. (1995). Early hormonal influences on childhood sex-typed activity and playmate preferences: implications for the development of sexual orientation. Dev. Psychol. 31:31. doi: 10.1037/0012-1649.31.1.31

Bianco, V., Berchicci, M., Quinzi, F., Perri, R. L., Spinelli, D., and Di Russo, F. (2021). Females are more proactive, males are more reactive: neural basis of the gender-related speed/accuracy trade-off in visuo-motor tasks. Brain Struct. Funct. 225, 187–201. doi: 10.1007/s00429-019-01998-3

Bohbot, V. D., McKenzie, S., Konishi, K., Fouquet, C., Kurdi, V., Schachar, R., et al. (2012). Virtual navigation strategies from childhood to senescence: evidence for changes across the life span. Front. Aging Neurosci. 4:28. doi: 10.3389/fnagi.2012.00028

Burkitt, J., Widman, D., and Saucier, D. M. (2007). Evidence for the influence of testosterone in the performance of spatial navigation in a virtual water maze in women but not in men. Horm. Behav. 51, 649–654. doi: 10.1016/j.yhbeh.2007.03.007

Campagne, A., Pebayle, T., and Muzet, A. (2005). Oculomotor changes due to road events during prolonged monotonous simulated driving. Biological. Psychol. 68, 353–368. doi: 10.1016/j.biopsycho.2004.05.003

Cazzato, V., Basso, D., Cutini, S., and Bisiacchi, P. (2010). Gender differences in visuospatial planning: an eye movements study. Behav. Brain Res. 206, 177–183. doi: 10.1016/j.bbr.2009.09.010

Celec, P., Ostatníková, D., Putz, Z., Hodosy, J., Burskı, P., Stárka, L., et al. (2003). Circatrigintan cycle of salivary testosterone in human male. Biolog. Rhythm Res. 34, 305–315. doi: 10.1076/brhm.34.3.305.18807

Chance, S. S., Gaunet, F., Beall, A. C., and Loomis, J. M. (1998). Locomotion mode affects the updating of objects encountered during travel: the contribution of vestibular and proprioceptive inputs to path integration. Presence 7, 168–178. doi: 10.1162/105474698565659

Chen, C. H., Chang, W. C., and Chang, W. T. (2009). Gender differences in relation to wayfinding strategies, navigational support design, and wayfinding task difficulty. J. Env. Psychol. 29, 220–226. doi: 10.1016/j.jenvp.2008.07.003

Christou, A. I., Miall, R. C., McNab, F., and Galea, J. M. (2016). Individual differences in explicit and implicit visuomotor learning and working memory capacity. Sci. Rep. 6, 1–13. doi: 10.1038/srep36633

Coluccia, E., and Louse, G. (2004). Gender differences in spatial orientation: a review. J. Environ. Psychol. 24, 329–340. doi: 10.1016/j.jenvp.2004.08.006

Dabbs, J. M., Chang, E. L., Strong, R. A., and Milun, R. (1998). Spatial ability, navigation strategy, and geographic knowledge among men and women. Evol. Huma Behav. 19, 89–98. doi: 10.1016/s1090-5138(97)00107-4

Denis, M. (1997). The description of routes: a cognitive approach to the production of spatial discourse. Curr. Psychol. Cogn. 16, 409–458.

Driscoll, I., Hamilton, D. A., Yeo, R. A., Brooks, W. M., and Sutherland, R. J. (2005). Virtual navigation in humans: the impact of age, sex, and hormones on place learning. Horm. Behav. 47, 326–335. doi: 10.1016/j.yhbeh.2004.11.013

Eals, M., and Silverman, I. (1994). The hunter-gatherer theory of spatial sex differences: proximate factors mediating the female advantage in recall of object arrays. Ethol. Sociobiol. 15, 95–105. doi: 10.1016/0162-3095(94)90020-5

Ekstrom, A. D., Spiers, H. J., Bohbot, V. D., and Rosenbaum, R. S. (2018). Human spatial navigation. New Jersey: Princeton University Press, 24.

Epstein, R. A., Patai, E. Z., Julian, J. B., and Spiers, H. J. (2017). The cognitive map in humans: spatial navigation and beyond. Nat. Neurosci. 20:1504. doi: 10.1038/nn.4656

Fehring, R. J., Schneider, M., and Raviele, K. (2006). Variability in the phases of the menstrual cycle. J. Obstet. Gynecol. Neonatal. Nurs. 35, 376–384. doi: 10.1111/j.1552-6909.2006.00051.x

Forcano, L., Santamaria, J., Mackintosh, N. J., and Chamizo, V. D. (2009). Single landmark learning: sex differencies in a navigation task. Learn Motiv. 40, 46–61. doi: 10.1016/j.lmot.2008.05.003

Galea, L. A., and Kimura, D. (1993). Sex differences in route-learning. Personal. Individ. Differ. 14, 53–65. doi: 10.1016/0191-8869(93)90174-2

Ge, X. Y., and Huang, M. (2013). Effect of estrogen on motion sickness susceptibility in rats. Pharmaceut. Care Res. 13, 350–352. doi: 10.5428/pcar20130511

Gordon, H. W., Corbin, E. D., and Lee, P. A. (1986). Changes in specialized cognitive function following changes in hormone levels. Cortex 22, 399–415. doi: 10.1016/s0010-9452(86)80004-1

Greef, T. D., Lafeber, H., Oostendorp, H. V., and Lindenberg, J. (2009). “Eye movement as indicators of mental workload to trigger adaptive automation,” in International Conference on Foundations of Augmented Cognition, (Berlin: Springer), 219–228. doi: 10.1007/978-3-642-02812-0_26

Groner, R., and Groner, M. T. (1989). Attention and eye movement control: an overview. Eur. Archiv. Psychiatry Neurol. Sci. 239, 9–16. doi: 10.1007/BF01739737

Hampson, E. (1990). Variations in sex-related cognitive abilities across the menstrual cycle. Brain Cogn. 14, 26–43. doi: 10.1016/0278-2626(90)90058-v

Harris, T., Scheuringer, A., and Pletzer, B. (2019). Perspective and strategy interactively modulate sex differences in a 3D navigation task. Biol. Sex Diff. 10:17. doi: 10.1186/s13293-019-0232-z

Hausmann, M., Schoofs, D., Rosenthal, H. E., and Jordan, K. (2009). Interactive effects of sex hormones and gender stereotypes on cognitive sex differences—a psychobiosocial approach. Psychoneuroendocrinology 34, 389–401. doi: 10.1016/j.psyneuen.2008.09.019

Hausmann, M., Slabbekoorn, D., Van Goozen, S. H., Cohen-Kettenis, P. T., and Gunturkun, O. (2000). Sex hormones affect spatial abilities during the menstrual cycle. Behav. Neurosci. 114:1245. doi: 10.1037//0735-7044.114.6.1245

Hooven, C. K., Chabris, C. F., Ellison, P. T., and Kosslyn, S. M. (2004). The relationship of male testosterone to components of mental rotation. Neuropsychologia 42, 782–790. doi: 10.1016/j.neuropsychologia.2003.11.012

Hu, X., Li, J., and Wang, L. (2021). Sex Differences in Lower Limb Proprioception and Mechanical Function Among Healthy Adults. Motor Control. 24, 571–587. doi: 10.1123/mc.2020-0015

Hussain, D., Hanafi, S., Konishi, K., Brake, W. G., and Bohbot, V. D. (2016). Modulation of spatial and response strategies by phase of the menstrual cycle in women tested in a virtual navigation task. Psychoneuroendocrinology 70, 108–117. doi: 10.1016/j.psyneuen.2016.05.008

Klatzky, R. L., Loomis, J. M., Beall, A. C., Chance, S. S., and Golledge, R. G. (1998). Spatial updating of self-position and orientation during real, imagined, and virtual locomotion. Psycholog. Sci. 9, 293–298. doi: 10.1111/1467-9280.00058

Lawton, C. A. (1996). Strategies for indoor wayfinding: the role of orientation. J. Environ. Psychol. 16, 137–145. doi: 10.1006/jevp.1996.0011

Lawton, C. A. (2001). Gender and regional differences in spatial referents used in direction giving. Sex Roles 44, 321–337.

Lawton, C. A., and Morrin, K. A. (1999). Gender differences in pointing accuracy in computer-simulated 3D mazes. Sex Roles 40, 73–92.

McDonald, R. J., and White, N. M. (1994). Parallel information processing in the water maze: evidence for independent memory systems involving dorsal striatum and hippocampus. Behav. Neural. Biol. 61, 260–270. doi: 10.1016/s0163-1047(05)80009-3

McKeever, W. F., Rich, D. A., Deyo, R. A., and Conner, R. L. (1987). Androgens and spatial ability: failure to find a relationship between testosterone and ability measures. Bull. Psychon. Soc. 25, 438–440. doi: 10.3758/bf03334734

Miller, L. K., and Santoni, V. (1986). Sex differences in spatial abilities: strategic and experiential correlates. Acta Psychol. 62, 225–235. doi: 10.1016/0001-6918(86)90089-2

Miyahira, A., Morita, K., Yamaguchi, H., Nonaka, K., and Maeda, H. (2000a). Gender differences of exploratory eye movements: a life span study. Life Sci. 68, 569–577. doi: 10.1016/s0024-3205(00)00963-2

Miyahira, A., Morita, K., Yamaguchi, H., Morita, Y., and Maeda, H. (2000b). Gender differences and reproducibility in exploratory eye movements of normal subjects. Psychiatry Clin. Neurosci. 54, 31–36. doi: 10.1046/j.1440-1819.2000.00632.x

Moffat, S. D., Hampson, E., and Hatzipantelis, M. (1998). Navigation in a “virtual” maze: Sex differences and correlation with psychometric measures of spatial ability in humans. Evol. Hum. Behav. 19, 73–87. doi: 10.1016/s1090-5138(97)00104-9

Montello, D. R., Richardson, A. E., Hegarty, M., and Provenza, M. (1999). A comparison of methods for estimating directions in egocentric space. Perception 28, 981–1000. doi: 10.1068/p280981

Mueller, S. C., Jackson, C. P., and Skelton, R. W. (2008a). Sex differences in a virtual water maze: an eye tracking and pupillometry study. Behav. Brain Res. 193, 209–215. doi: 10.1016/j.bbr.2008.05.017

Mueller, S. C., Temple, V., Oh, E., VanRyzin, C., Williams, A., Cornwell, B., et al. (2008b). Early androgen exposure modulates spatial cognition in congenital adrenal hyperplasia (CAH). Psychoneuroendocrinology 33, 973–980. doi: 10.1016/j.psyneuen.2008.04.005

Munafo, J., Diedrick, M., and Stoffregen, T. A. (2017). The virtual reality head-mounted display Oculus Rift induces motion sickness and is sexist in its effects. Exp. Brain Res. 235, 889–901. doi: 10.1007/s00221-016-4846-7

Neubauer, A. C., Bergner, S., and Schatz, M. (2010). Two-vs. three-dimensional presentation of mental rotation tasks: sex differences and effects of training on performance and brain activation. Intelligence 38, 529–539. doi: 10.1016/j.intell.2010.06.001

Orquin, J. L., and Loose, S. M. (2013). Attention and choice: a review on eye movements in decision making. Acta Psychol. 144, 190–206. doi: 10.1016/j.actpsy.2013.06.003

Packard, M. G., and McGaugh, J. L. (1992). Double dissociation of fornix and caudate nucleus lesions on acquisition of two water maze tasks: further evidence for multiple memory systems. Behav. Neurosci. 106:439. doi: 10.1037//0735-7044.106.3.439

Peragine, D., Simeon-Spezzaferro, C., Brown, A., Gervais, N. J., Hampson, E., and Einstein, G. (2021). Sex difference or hormonal difference in mental rotation? The influence of ovarian milieu. Psychoneuroendocrinology 115:104488. doi: 10.1016/j.psyneuen.2019.104488

Pletzer, B., Harris, T., and Hidalgo-Lopez, E. (2018). Subcortical structural changes along the menstrual cycle: beyond the hippocampus. Sci. Rep. 8, 1–6. doi: 10.1038/s41598-018-34247-4

Puts, D. A., Cardenas, R. A., Bailey, D. H., Burriss, R. P., Jordan, C. L., and Breedlove, S. M. (2010). Salivary testosterone does not predict mental rotation performance in men or women. Horm. Behav. 58, 282–289. doi: 10.1016/j.yhbeh.2010.03.005

Quaiser-Pohl, C., Geiser, C., and Lehmann, W. (2006). The relationship between computer- game preference, gender, and mental-rotation ability. Personal. Individ. Differ. 40, 609–619. doi: 10.1016/j.paid.2005.07.015

Roof, R. L. (1993). Neonatal exogenous testosterone modifies sex difference in radial arm and Morris water maze performance in prepubescent and adult rats. Behav. Brain Res. 53, 1–10. doi: 10.1016/s0166-4328(05)80261-x

Ruble, D. N., Martin, C. L., and Berenbaum, S. A. (2006). “Gender development,” in Handbook of child psychology: Vol. 3, social, emotional, and personality development.6, eds N. Eisenberg, W. Damon, and R. M. Lerner (Hoboken: Wiley), 858–932.

Sandstrom, N. J., Kaufman, J., and Huettel, S. A. (1998). Males and females use different distal cues in a virtual environment navigation task. Cogn. Brain Res. 6, 351–360. doi: 10.1016/s0926-6410(98)00002-0

Saucier, D. M., Green, S. M., Leason, J., MacFadden, A., Bell, S., and Elias, L. J. (2002). Are sex differences in navigation caused by sexually dimorphic strategies or by differences in the ability to use the strategies? Behav. Neurosci. 116:403. doi: 10.1037//0735-7044.116.3.403

Scheuringer, A., and Pletzer, B. (2017). Sex differences and menstrual cycle dependent changes in cognitive strategies during spatial navigation and verbal fluency. Front. Psychol. 8:381. doi: 10.3389/fpsyg.2017.00381

Schulte, L., Hawelka, S., and Pletzer, B. A. (2021). Eye-movements during number comparison: Associations to sex and sex hormones. Physiol. Behav. 227:113161. doi: 10.1016/j.physbeh.2020.113161

Seifert-Klauss, V. (2020). Influence of progestagens on bone health. Bone changes related to ovulatory disturbances and low progesterone levels. Dis. Models 32:001.

Shepherd, M., Findlay, J. M., and Hockey, R. J. (1986). The relationship between eye movements and spatial attention. Q. J. Exp. Psychol. 38, 475–491. doi: 10.1080/14640748608401609

Sigmundsson, H., Haga, M., and Hopkins, B. (2007). Sex differences in perception: Exploring the integration of sensory information with respect to vision and proprioception. Sex Roles 57, 181–186. doi: 10.1007/s11199-007-9228-y

Silverman, I., and Eals, M. (1992). “Sex differences in spatial abilities: evolutionary theory and data,” in The 98 J. M. Dabbs et al. Adapted mind: evolutionary psychology and the generation of culture, eds J. H. Barlow, L. Cosmides, and J. Tooby (New York, NY: Oxford), 541–549. doi: 10.1007/s12110-007-9022-0

Silverman, I., Kastuk, D., Choi, J., and Phillips, K. (1999). Testosterone levels and spatial ability in men. Psychoneuroendocrinology 24, 813–822. doi: 10.1016/s0306-4530(99)00031-1

Slater, M., Usoh, M., and Steed, A. (1995). Taking steps: the influence of a walking technique on presence in virtual reality. ACM Transact. Comp. Hum. Interact. 2, 201–219. doi: 10.1145/210079.210084

Souman, J. L., Giordano, P. R., Schwaiger, M., Frissen, I., Thümmel, T., Ulbrich, H., et al. (2008). CyberWalk: enabling unconstrained omnidirectional walking through virtual environments. ACM Trans. Appl. Percept. 8, 1–22. doi: 10.1145/2043603.2043607

Spiers, H. J., and Barry, C. (2015). Neural systems supporting navigation. Curr. Opin. Behav. Sci. 1, 47–55. doi: 10.1016/j.cobeha.2014.08.005

Suma, E. A., Babu, S., and Hodges, L. F. (2007). “Comparison of travel techniques in a complex, multi-level 3d environment,” in 2007 IEEE Symposium on 3D User Interfaces, (IEEE).

Terlecki, M., Brown, J., Harner-Steciw, L., Irvin-Hannum, J., Marchetto-Ryan, N., Ruhl, L., et al. (2011). Sex differences and similarities in video game experience, preferences, and self-efficacy: implications for the gaming industry. Curr. Psychol. 30, 22–33. doi: 10.1007/s12144-010-9095-5

Terlecki, M. S., and Newcombe, N. S. (2005). How important is the digital divide? The relation of computer and videogame usage to gender differences in mental rotation ability. Sex Roles 53, 433–441. doi: 10.1007/s11199-005-6765-0

Theeuwes, J., Belopolsky, A., and Olivers, C. N. (2009). Interactions between working memory, attention and eye movements. Acta Psychol. 132, 106–114. doi: 10.1016/j.actpsy.2009.01.005

Trent, S., and Davies, W. (2012). The influence of sex-linked genetic mechanisms on attention and impulsivity. Biolog. Psychol. 89, 1–13. doi: 10.1016/j.biopsycho.2011.09.011

van Dun, C., van Kraaij, A., Wegman, J., Kuipers, J., Aarts, E., and Janzen, G. (2021). Sex Differences and the Role of Gaming Experience in Spatial Cognition Performance in Primary School Children: an Exploratory Study. Brain Sci. 11:886. doi: 10.3390/brainsci11070886

van Gerven, D. J., Schneider, A. N., Wuitchik, D. M., and Skelton, R. W. (2012). Direct measurement of spontaneous strategy selection in a virtual morris water maze shows females choose an allocentric strategy at least as often as males do. Behav. Neurosci. 126:465. doi: 10.1037/a0027992

Waller, D., Knapp, D., and Hunt, E. (2001). Spatial representations of virtual mazes: the role of visual fidelity and individual differences. Hum. Fact. 43, 147–158. doi: 10.1518/001872001775992561

Yang, C. F. J., Hooven, C. K., Boynes, M., Gray, P. B., and Pope, H. G. Jr. (2007). Testosterone levels and mental rotation performance in Chinese men. Horm Behav. 51, 373–378. doi: 10.1016/j.yhbeh.2006.12.005

Zosuls, K. M., Miller, C. F., Ruble, D. N., Martin, C. L., and Fabes, R. A. (2011). Gender development research in sex roles: Historical trends and future directions. Sex Roles 64, 826–842. doi: 10.1007/s11199-010-9902-3


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Harris, Hagg and Pletzer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Eye-Movements During Navigation in a Virtual Environment: Sex Differences and Relationship to Sex Hormones



		INTRODUCTION



		MATERIALS AND METHODS



		Participants



		Ethics Statement



		Navigation Task



		Eye-Tracking



		Procedure



		Hormonal Analyses



		Statistical Analyses







		RESULTS



		Sex Differences in Navigation Time



		Sex Differences in Gaze Duration



		Sex Differences in Fixation Distance



		Predicting Navigation Time by Gaze Distance



		Sex Hormones and Navigation Time



		Sex Hormones and Gaze Duration



		Sex Hormones and Fixation Distance







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
' frontiers | Frontiers in Neuroscience










OPS/images/fnins-16-755393-g007.jpg
40001

gaze distance

1000 1

wall

w
o
o
o

20001

2 3
estradiol [pg/ml]

sex

-~ male
-~ female

20001

1000+

gaze distance

2 3
estradiol [pg/ml]

sex

-~ male
- female





OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience





OPS/images/fnins-16-755393-g006.jpg
relative gaze duration [% RT]

sky

-~
(&)

&)
o

N
(&)

sSex

- male
-~ female

200 400 600
progesterone [pg/ml]





OPS/images/fnins-16-755393-g005.jpg
60 -

relative gaze duration [% RT]

10+

landmark

o)
o

S
o

&
A

SexX

-~ male
- female

estradiol [pg/ml]





OPS/images/fnins-16-755393-g004.jpg
distance in uu

distance in uu

landmark

17501

1500+

12501

1000 1

750+

sex

female
male

.
. I

1

euclidian landmark

instruction

sky

15000 -

14000 -

13000+

12000+

11000+

10000

b

sSeXx

female
male

euclidian

landmark

instruction

floor

1750 1

1500

distance in uu
o
(@)
(@]

1000

750+

euclidian landmark
instruction

wall

1750 -

1500 4

distance in uu
o
(@)
o

1000

7501

euclidian landmark
instruction

seXx

female
male

seXx

female
male





OPS/images/fnins-16-755393-g003.jpg
601

relative gaze duration [%RT]

601

B
o

relative gaze duration [%RT]
N
o

landmark

H
o

N
o

-

=

euclidian

instruction

sky

Iand;nark

-
£

+
i

euclidian

instruction

Iand;nark

sex

female
male

sex

female
male

relative gaze duration [%RT]

relative gaze duration [%RT]

N
o

floor

o))
o

NN
o

-

e

euclidian

instruction

wall

landmark

1.51

=d
o

O
3)

0.0+

e

euclidian

instruction

landmark

seXx

female
male

sex

female
male





OPS/images/fnins-16-755393-g002.jpg
reaction time in seconds

651

60 1

551

501

45+

40+

euclidian landmark
Instruction

SeX

female
male





OPS/images/fnins-16-755393-g001.jpg





