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Abstract
Background : compared to previous neuropsychological investigations with standard paper-
pen tests limited to test complex spatial learning and memory processes, 3-D virtual
immersive technology might offer new tools for research purposes and for diagnosis in
patients suffering from mild cognitive impairment or dementia.
Comparison with existing methods : Current software proposes a customizable VR
environment combined with an analyser module based on regions of interest and some
parameters of analysis or pre-calibrated VR mazes with raw data.
New Method : We attempted to create the Human Virtual Maze (HVM) software offering
either turnkey mazes with automatic tracking and analysis, or more complex and specific
virtual mazes for human brain-behavioural research adaptable to all desired settings and
parameters of analysis. The software combines 3D pre-calibrated VR tests or free
customizable VR tests with digitized neuropsychological 2D standard and validated tests or
tasks.
Results: We have tested an ERAM, a MWM and a reverse T-maze on 44 healthy subjects,
showing gender differences in terms of navigation strategy. We have observed that the choice
of benchmarks, instructions, and experimental parameters influence the performances.
Conclusion : HVM software offers a translational approach for research units that wish to
combine animal models and patient evaluations as well as complex 3D tasks and standardized
neuropsychological tests combined with an automatic analysis opening a large perspective in
the neurosciences to investigate cognitive functions. A clinical module with preconfigured 2-

and 3-D tasks should offer clinicians an easy way to evaluate their patients routinely.
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Introduction

Exploring our environment and wayfinding have shaped spatial orientation, memory
and navigation abilities in mammals from visual (Hufner et al., 2011), vestibular and auditory
inputs (Besnard et al., 2012; Brandt et al., 2005; Ding et al., 2016; Jacob et al., 2014; Poucet
et al., 2014). Brain sensory integration activates the vestibular and multi-sensory cortical areas
for body perception (Viaud-Delmon and Warusfel, 2014). This is combined with the
modulation of head direction, place and grid cells within the thalamus, hippocampus and
entorhinal cortex, respectively (Hafting et al., 2008; Hartley et al., 2014; O’Keefe and
Burgess, 2005; Poucet et al., 2014) in order to map and to memorize our environment and
then permit wayfinding (Poucet et al., 2015). Some of the neuropsychological tests currently
used to evaluate spatial learning and memory involve the Rey Figure, cubes and paper-pen
spatial tasks, although larger-scale navigation tasks, in virtual and physical environments,
have been developed (e.g., Astur et al., 2004; et al., 2005; Astur et al., 2005; Canovas et al.,
2011; Peter et al., 2018). The assessment of spatial learning and memory in humans in
relation to navigating in an environment, may require still more complex tasks and scenarios.
However, the evaluation of spatial memory and learning performance, ideally performed in a
natural environment, makes it impossible to control all parameters, and leads to the
development of standardized real mazes. The Morris Water Maze and numerous radial arm
mazes were then developed for this purpose in rodents (Morris, 1981; Morris et al., 1982;
Machado et al., 2012; Fajnerova et al., 2014; Buckley and Bast, 2018), while similar physical
mazes devoted to the evaluation of navigation and spatial memory performance in humans
remain difficult to build and require large areas in research laboratories.

Since the last decade, computational and immersive technology advances have

provided new tools offering specific virtual environments for diagnosis, therapy or
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rehabilitation, like the Virtual Classroom (hyperactivity), the Vepsy updated program (Riva et
al., 2003)(social phobia, telemedicine), or Neuro VR (therapy), for instance. Cognitive maps
formed in a virtual space were ecologically validated (van der Ham et al., 2015) and simulated
navigation in a real environment (Claessen et al., 2016), while their efficiency compared to a
natural environment remains debated (Richardson et al., 1999; Sun et al.,, 2004). The
identification and the use of landmarks themselves were similarly reported in animal models
and humans (Ruddle et al., 2011): 1) the use of distal rather than proximal cues; ii) alterations
in building a topographic map induced by a topographical displacement of distal landmarks
more than an increase in their numbers (Bures et al., 1997). A virtual maze combined with
fMRI also demonstrated how the human brain worked during a wayfinding task combining
both the frontal cortex and hippocampal activities (Astur et al., 2005).

In the past, virtual mazes presented in the scientific literature were homemade from
complex computer language, inconveniently time consuming, displayed at a low resolution
and depended on the ability of the scientists to program. To the best of our knowledge, only a
few software packages available on the market offer virtual mazes for navigation and spatial
memory investigations in humans, sometimes derived from videogames (Bohbot et al., 2012).
However, all of them remain limited in terms of protocol conception, tools of analysis, and
appear difficult to adapt by researchers as well as by clinicians to their patients or healthy
volunteers. Moreover, the creation of gold-standard mazes similar to those used in animal
models, would offer the scientific community a translational approach to their research. The
most recent advanced software solutions propose a fully customizable VR environment
combined with an analyser module based on regions of interest (ROIs) with four main
parameters of analysis (time, path length, rewards/access, velocity) (Mazesuite) (Ajaz et al.,
2008,), and another one proposes pre-calibrated VR mazes (ERAM, MWM, T-maze,etc) with

raw data (Schenider et al. 2017) or the possibility to realize a customizable scenario on
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request by the customer (Simian labs). Another option offers a virtual projection of a VR
environment in an area of about a 2 m diameter where motion of the participant is recorded
with an infrared surface and post-analysed (Hort et al., 2007; Fajnerova et al., 2014).

We sought to develop multi-modal software for public and private companies, clinical
and research purposes, offering either turnkey mazes with automatic tracking and analysis, or
more complex and specific virtual mazes for human brain-behavioural research adaptable to
all desired settings and parameters of analysis. The software (Human Virtual Maze) that we
have developed may now combine 3D pre-calibrated VR tests or free customizable VR tests
with digitized neuropsychological 2D standard and validated tests or tasks like questionnaires,
psychomotor vigilance tasks, decision taking tasks, Stroop tests, etc... offering a solution to
design one neuropsychological and cognitive evaluation fully adapted and customizable to the
purpose sought by the user. In addition, the software proposes the possibility to display the
2D and 3D neurocognitive evaluation on standard or large screens, as well as on VR headsets
and immersive rooms, an option not yet reached with commercial or free tools currently

available in the market.

Human Virtual Maze software - 3D tasks: This HVM software was elaborated in such a
way that the experimenter can easily configure their 3D tasks combining them with new or
standard 2D tasks and questionnaires (see next paragraph), providing a specific protocol
adapted to their objectives on the same computer/support. Moreover, the software creates a
database for a patient and provides an automatic and specific analysis of each task that would
save time and provide ease of use. HVM enables the researcher to design a complete protocol
(number of trials, control conditions, etc...), to test it and to adjust it very easily and quickly.
Before designing a protocol, the user chooses the duration time of each experiment,

the type of success (all, one and all but one), if necessary the latency before help is available
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and the projection mode of the test: screen (computer screen, by a projector,...) or in virtual
reality headset (Oculus or HTC for instance).

A complete protocol is defined according to an environment, a maze and types of trials
(Figure 1A) and for the convenience of users, the design of the protocols is visible in real
time:

* The environment is composed of the room that could be cubic, spherical or conical, on
which we can place a picture of the environment. The users define room dimensions also
(position, orientation and size). Experimenters can use simple pictures or use a cube map
picture that will automatically adapt to the room. In this room, users can add 2D elements,
lights (position, intensity, radiance, color), timers, etc ... all elements added for this section
will be visible in the room throughout the experiment.

* Three pre-built mazes can be chosen: i) the Morris Water Maze, ii) the Star Maze, and
iii) the X-maze. Users may change the diameter and the height of the pool and material
(texture and colour) may be added on the pool wall. The star maze is composed of a central
platform and a maximum of eight radial arms. Parameter settings of this maze are reduced so
that users can choose: from O to 8 arms, the length of each arm and to remove or not the little
wall at the end to hide the reward. The last maze available is the X-maze. Differences with the
star maze are that all arms will be similar and more settings are available: the inner and outer
radius (maze, central platform and little wall diameter), length, thickness and width of the
maze walls and the little wall to hide a reward, the number of arms and the angle between
arms. Trials are composed of initials settings:

1. Users can insert text or auditory instructions.

2. The environment can be modified and can be specific for each trial.

3. Subject information (starting position: X, y, z position and orientation) and motion

(lateral forward and back walking speed, vertical and lateral rotation speed).
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4. Target settings: users can choose the number of rewards and custom geometry target

(coin, platform, 3D objects).

Users can choose the settings for each trial, the number of trials and add another
experiment with a different environment, maze and trials. The sequence of trials and
experiments are automatically set up.

Data recording is performed locally on the computer, the recorded product an xml file
that will be reviewed by the software and the analysis may be automatically performed by the
software or manually done by users. The path is visible for each trial. By default all raw data
are recorded (latency, distance, orientation, and success/failure) and users then select filters to

customize their analysis.

Figs. 1 about there

Parameters of Analysis:
1. Total Time Filter: the latency to reach the criterion
2. Total Length Filter: the distance travel to reach the criterion
3. Area Filters (radial, angular or rectangle) (Figure 1B): the user can apply a geometric
surface on the maze and analyse only this surface. Dimensions and position of the area
can be customized by the user.
All filters can be superimposed; users can choose a circular area located at the centre

of the pool and analyse distance and latency only in this area. Others filter are available such
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as an entry/exit filter for the X-maze or star maze. Two additional filters are available with the
Morris water maze:

1. The corridor filter: a virtual corridor can be applied to simulate the direct trajectory
between the start position and the platform, the latency and the distance travelled in
this area could be analysed.

2. The heading error: angles between the heading orientation and the platform are
determined all along the way.

Finally, the position and motion of the virtual subject may be chosen too: starting position,

first or third person-view, lateral and backward motion.

The Human Virtual Maze software offers customizable data analysis protocols for one

experiment, that may be applied to other similar experiences leading to the production of an

excel file with a raw and filtered database per protocol.

Human Virtual Maze software — 2D tasks and questionnaires: The Human Virtual Maze
allows the researcher to develop directly on the software 2D experiments such as
questionnaires (binary, ternary, quaternary, scaled or test questions), reaction and speed
experiments (PVT, CPT and MPT), emotional and risk experiments (ERT and BART)
(Figure 1C) and more. Numerous 2D tasks could be developed on the Human Virtual Maze
software, and to facilitate analysis the results of each test are customized.

Herein, we present different modules of the software including the development of the
3D virtual environment, the module of protocol generation, the module of analysis and the
different supports for the display. At the same time we have tested a Morris Water Maze
(MWM), an eight-radial arm maze (ERAM), and a Reverse T-maze paradigm (RTM) on 44
young healthy subjects. Although distal versus proximal landmarks are usually compared in

healthy subjects or in cognitive disorders in patients, we have explored whether the type of
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distal landmark itself and the starting position, influenced spatial memory performance or

strategy in such virtual mazes, respectively.

Material and Methods
Software specifications

Experimentation and analysis modules of the software are written in C#. The program
is designed in such a way that the user can configure a large number of experimental
parameters and provide the maximum number of possibilities. Indeed, the software allows the
specification of variables from ambient light to the subject’s walking speed, including the
design of the maze, the number of trials and the landmarks used.

For this study, the HVM was used to configure the mazes and protocols according to
the objectives of the study. The backward movement of the participants was blocked but
lateral motion remained free in order to provide a more natural exploration. Moreover,
blocking lateral motion prevents heading motion analysis that is an important parameter with
the Morris Water Maze for instance. The results were exported and graphics were
automatically displayed in an Excel file. The track mode allows re-reading of the video
tracking recorded and application of specific algorithms, for instance, specific settings for
heading errors or lanes within the Morris Water Maze and/or to manually analyse the raw
data. Here we have created three virtual mazes according to those developed in rodent

behavioural studies, as explained below.

Participants
Forty-four young healthy subjects between 18 to 30 years of age (23 + 2.27 years), 23
females (23.19 + 2.29 years old) and 21 males (22.8 + 2.29 years old), were included in the

protocol. All participants had an educational level of 4.2 + 1.6 years after college. Their
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experience in informatics and an evaluation of the frequency of video game use was scored (1
= never, 2 = several times a year, 3 = several times a month, 4 = several time a week, 5 =
everyday). It was not the main objective of this study to conduct a systematic comparison of
the responses of males and females in these tasks, because this was a feasibility study to test
the utility of the software. For this reason, no attempt was made to adequately power this
study in terms of males versus females, and therefore it is likely that it was underpowered to
detect some sex differences compared to other studies (e.g. Buckley and Bast, 2018). Buckley
and Bast’s (2018) study suggests that an n of approximately 50-60 subjects of each sex is
required to reach a power of 80%, and such sample sizes were beyond the scope of this
feasibility study. All subjects had approved the protocol and signed an informed consent letter
as required by the French ethical committee rules (CPP: 2016-13; N° ID RCB: 2015-A02014-

45).

Reverse T-maze paradigm

The reverse T-maze implements the paradigm described by Packard & McGaugh
(Packard, 1999; Packard and McGaugh, 1996) and adapted to virtual reality (Levy et al.,
2005). The test determines the type of strategy used to solve a spatial task. A reward is located
in the same arm (distal part) all through the test. After a period of habituation to find the
reward (for example to turn right under the square), a rotation of 180° of the T-maze is
performed. The subject has to find the reward either with a spatial strategy, known as an
allocentric memory strategy (i.e. navigation using cues exterior to the maze, the square in our
example) or with a response strategy, known as a egocentric memory strategy (i.e. navigation
using egocentric cues: right turn in our example). After turning right or left, a return to the
first or opposite arm is forbidden. Choices in the strategy were expressed as a percentage; the

choice of the arm (correct or not) and the time to perform the test were analysed. In our study,
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subjects had to find a gold coin placed in the distal part of the right arm after four trials (1 to
4). After reversal, subjects had to find the same reward during one trial (trial 5*) (both arms
were rewarded, not influencing the choice of the arm). If the subject turned right they used a
response strategy, if they turned left (the correct arm) they use a spatial strategy (taking into
account the spatial cues in the room) (Figure 2). Participants were informed that they will be
placed at the end of the arm of a T-maze (each arm of the T-maze measure approximately 8
virtual m). They had to choose one arm and find a reward that was always placed at the same
location. If they found a reward, a black screen appeared during 5 s and the participants
performed another trial. If they did not find the reward, they remained in the chosen arm and

waited until the end of 60 s before the black screen of 5 s and the new trial.

Fig. 2 about there

Morris Water Maze

This was developed by Morris in 1981 (Morris, 1981; Morris et al., 1982) and is a
standard paradigm used in rodents to assess strategies, learning and spatial memory
performances in an aversion environment of water, by reaching a submerged rescue platform
as fast as possible (Arns et al., 1999). This test is particularly sensitive to mnesic abilities and
spatial representation in the case of central neurological lesions involving the hippocampus
(Arns et al., 1999; Gage et al., 1988; Gallagher and Pelleymounter, 1988; Vorhees and

Williams, 2006; Zyzak et al., 1995). The starting points of each trial are randomized so that

10
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rodents do not have to remember the direction of the platform only, but they have to recognize
their location while the platform location remains unchanged.

Participants were instructed that they will find themselves in a virtual pool of 15
virtual m in diameter. They will have to move with the Xbox remote to find a hidden platform
of 1 virtual m in diameter (a ratio pool/platform of 1/15) that will always be placed in the
same location. They will have 60 s to find the platform:

- If they find the platform before the time limit a success sound will be presented and
they will not be able to move for Ss.
- If they do not find the platform before the time limit, a help sound will be presented.

They must find the platform to access the following trial.

After a black screen of 5 s, participants are returned to the virtual pool.

Divided into four quadrants after the tests, parameters of analysis were the time spent
in each quadrant, in one of which is the platform (25%), the latency to find the platform, the
time spent close to the platform and the strategy to find the platform area from the video
tracking of all of the trials. The virtual Morris water maze is a task that assesses these criteria

in humans (Figure 3).

Fig. 3 about there

Phase I (visible and fixed platform, fixed starting position, 4 trials with a 5 sec ITI)

consists of measuring the latency and the distance travelled to reach the visible platform. This

11



275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

12

phase is to ensure the comprehension of the participant and their ability to use the joystick or
the software.

Phase II (5 blocks of 4 trials of 60 secs and 4 different starting positions with an ITI
of 5 s) consists of measuring the distance travelled and the time to reach the platform. This
configuration is purely a learning phase; the subject must be able to find the submerged
platform via spatial cues placed in the room. This test determines the abilities of the subject to
create a mental map to find the platform, but not by chance.

Phase III (only one trial, simulated platform, similar to phase 2, platform location
unchanged, 45 sec duration) consists of measuring the percentage of the distance travelled and
the percentage of time spent in the target quadrant in relation to the total time allowed.
Chance values for the percentage of the distance travelled and the time spent in the target

quadrant, were approximately 25%.

Eight-Radial Arm Maze

This has been developed by Olton and Samuelson (Olton and Samuelson, 1976) in
order to assess reference spatial memory performance (long-term) as well as working spatial
memory (short-term). The subject has to explore eight-radial arms from a central platform,
looking for four rewards randomly located in the distal part of the arms behind a low wall and
always placed at the same spatial location. The ERAM task takes place in a room with the
wall and ground with a similar texture and colour, avoiding intra-maze point references
(proximal cues). In a room, it displays different sets of 4 distal landmarks on the wall. The
tracking module allows us to quantify the latency and the distance travelled to find the 4
rewards (here gold coins), the number of entries in each arm (which allows us to determine
working and reference memory errors) and to replay the video track of each subject for each

trial. The return to an arm already explored is defined as an error of working memory (WME),

12
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because the information for the retrieved reward varies from test to test. Exploration of an
unrewarded arm is defined as a reference memory error (RME), because it is session-
dependent. In our study, the procedure for the ERAM was adapted from animal behavioural
tests already developed and tested in our studies (Besnard et al., 2012; Machado et al., 2012).

The radial arm maze used in this study was composed of a central platform of 5 virtual
m and each arm measured around 12 virtual m (Figure 4).

The subject was informed that they will be placed in the centre of a platform of an
ERAM. The test was to find 4 gold coins as quickly as possible with minimal errors in a time
range of 5 min maximal, where 10 successive trials were conducted. If the subject was not
able to find the 4 coins over a period of 5 min, the test was automatically finished. Before the
next trial a black screen of 5 s appeared and participants were placed back in the centre of the
central platform of the ERMA. The positions of the rewarded arms were randomly determined
for each subject and the start site was also randomized, avoiding egocentric memory bias

(Figure 4).

Fig. 4 about there

Habituation
Before the testing using the virtual tasks, all participants performed a period of
habituation of at least 2 trials of 1 min. Subjects were placed in an empty environment

(without any landmarks or texture) with 4 rewards (gold coins) easily visible. These trials

13
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were used to ensure a good understanding of the instructions and of the Xbox joystick as a
remote control.
Protocols

All virtual environments were displayed with a video projector on a 2 X 2 m screen in
a black room ensuring a good immersion. Virtual exploration within each maze was
performed with an Xbox joystick. Moving backwards was not permitted in this study in order
to reproduce the natural behaviour of exploration. During the experiment, the software
displayed a timer and a counter of remaining targets to find, so that subjects were allowed to
monitor their own performance. Before the start of each maze task, an audio file provided
standardized instructions to the subjects. The choice of walk and rotation speeds was chosen
through the computerized interface. Here, the time required to perform a full rotation of 360°
was calibrated at 10 sec and the speed of walking was calibrated at 1.7 m / sec (equivalent to a
dynamic walk of 6.1 km / h) while the visual field was calibrated at 90°. Two types of
landmarks were tested in the eight-radial arm maze (ERAM) and the Morris Water Maze
(MWM), while two starting positions were tested in the virtual reverse T-maze (Fig. 4).
Landmarks created in the ERAM and MWM originated from a mountain landscape
(mountain) or Ancient Rome symbolism such as statue or column (Roma) (Fig. 5 and 6). The
reverse T-maze paradigm was always performed first, while the orders of the other tests
(ERAM and MWM), the positions of the rewards (ERAM) and the platform (MWM), were
randomized. Two groups of male and female subjects were tested in the 3 virtual mazes

according to two different protocols.

Statistical Analysis
A two sample independent t-test was performed to test for gender, age and video game

experience effects. A ¥ using Fisher’s Exact Test was used to test for the homogeneity

14
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between each group (females and males) in the RTM. For this, the statistical analysis was
performed on 18 males (9 started the task with their front to the first arm of the maze and 9
started with their back to the maze) and 19 females, (10 started the task with their front to the
maze and 9 with their back to the maze).

An analysis of the variance with three-way repeated measures (RM ANOVA) was
applied to test significance (p<0.05) with a Scheffé post-hoc test for the results obtained in the
ERAM and MWM. A three-way RM ANOVA was applied to the ERAM to assess working
and reference learning memory (WME and RME) and test for significant differences in the
distance travelled and the time spent to complete the test. Statistical analyses were performed
on 39 subjects (20 males and 19 females) for the ERAM. Three women and one man were
excluded because they did not notice that the rewards were always in the same place and that
the start site changed.

Another three-way ANOVA was applied to test the significance of the latency and
distance travelled to find the platform (phase I and II). A factorial ANOVA was applied to the
percentage of the latency to, and the distance travelled in, the target quadrant (phase III) of the
MWM task. The percentage of the latency spent in the target quadrant was tested to evaluate
if each group performed significantly above the approximate chance level (25%). Analyses
were performed on 43 subjects (23 females and 20 males) in this case. One woman did not
notice that the platform remained at the same position during the session and was excluded

from the analysis. All statistical analyses were performed with Statistica® software.

Results

Participants
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A t-test revealed no effect of gender on age (p = 0.42) but showed a gender effect for
the video game frequency, with a higher frequency for men than for women (p = 0.001)

(Table 1).

Table 1 about there

Reverse T-maze paradigm

When the starting position faced the first arm, all women adopted an egocentric
memory strategy to find the reward after the 180° rotation, while men chose an egocentric
(50%) or allocentric (50%) memory strategy. When subjects were positioned with their back
to the first arm, women used the egocentric or allocentric memory strategy in a similar
manner (55.56% and 44.44%, respectively) and the distribution of the strategy was 66.67%
for the egocentric strategy and 33.33% for the allocentric strategy (Figure 5).

The y* test using the Fisher’s exact test was performed on each group (women and
men) and no significant difference was reported regardless of the starting position in men (p =
0.6372). However, a significant difference in strategy was used by women depending upon
whether they started with their front or back to the first arm (p = 0.0325). This analysis
allowed us to show that men used both strategies in the two conditions, whereas women did

not.
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Fig. 5 about there

Morris water maze

Visible platform trials (phase I): During the first phase, no significant differences were

revealed regarding the distance travelled. However, analyses showed differences for the
latency to find the visible platform with a gender effect (Fj128) = 11.53, p = 0.002): the latency
was higher for women than for men. (Figure 6A).

Hidden phase (phase II): During the second phase, the latency to perform the task
significantly decreased with the repetition of the task (Fj4,156) = 2.48; p = 0.04). The three way
RM ANOVA of the distance revealed significant gender and landmark effects (F139; = 17.42;
p < 0.001 and Fj139) = 114.65; p < 0.001, respectively) with a longer distance travelled for
women and with the Roma landmarks. (Figures 6 B1 and B2).

Probe phase (phase III): factorial ANOVA of the percentage of the time and distance
travelled in the region of interest, with two factors (gender and landmarks), revealed no effect
for the percentage of the latency spent in the target quadrant. A gender x landmark interaction
was revealed for the percentage of the distance travelled in target quadrant (Fji39) = 4.769, p =
0.035) (Figure 6 C1 and C2). For women, the percentage of the distance travelled in the
target quadrant was higher with a mountain landmark than a Roma landmark. Conversely, the
percentage of the distance travelled in the target quadrant for men was higher with the Roma

landmark than the mountain landmark.
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The percentage of the latency spent in the quadrant of interest was significantly

different than chance (p < 0.001).

Fig. 6 about there

Eight radial arm maze

The performance of participants significantly improved over the repetition of the trials
(Figure 7 A to D). The distance travelled, the latency to perform the task, the working
memory error and reference memory were significantly decreased over trials (p < 0.001 for
all).

A significant gender difference effect was revealed only for the latency and the
distance travelled (F1,351 = 19.57, p < 0.001; Fj1 351 = 5.5792, p = 0.024; respectively), with the
latency and distance travelled for men lower than women (Figure 8). The distance travelled
was significantly different (Fo315) = 21.1749, p < 0.001), which the Scheffé post-hoc test
indicated was due to the distance travelled in the 1% trial being significantly longer than the
2" trial (p = 0.0025) and the others (p < 0.001). The 2™ trial was significantly different than
the 6 and 7" trials (p = 0.014, p = 0.04); then higher than the 8" to the 10% trials (p < 0.001).

A latency effect was revealed (F9315) = 26.1535, p < 0.001) and the Scheffé post-hoc
analyses revealed that the latency significantly decreased from the 1% to the last trial (1% vs
2" p =0.002, and 1% vs 3 to 10®, p < 0.001). The 2™ trial was also significantly longer than
the 5% trial (p = 0.048) and then the 6™ to the 10™ (p < 0.001). A latency x gender effect was
shown (Fjo3151 = 4.9436, p < 0.001). The Scheffé post-hoc test demonstrated that the latency

of women and men was significantly different only for the first trial (p < 0.001), with the
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womens’ latency longer than the men. The first trial for the women was also significantly
different from the other trials performed (the 1° vs. the 3" to the 10" trials, p < 0.001).

Regarding the learning processes involved in spatial memory, a three way RM
ANOVA for working memory error showed a trial x gender effect (Fjo.3151 = 3.12, p = 0.0013).
The Scheffé post-hoc test for the WME effect showed a large and significant difference for
the performances between trials 1 vs 8, 9 and 10 (p = 0.002, p = 0.002 and p = 0.009,
respectively). As regards the WME x gender effect, post-hoc analyses revealed no significant
difference between women and men (p = 0.061). Only women showed a learning curve with a
significant difference between the 1% trial and the 3™ (p = 0.027), the 5™ (p = 0.04), the 8" and
9t (p = 0.0015) and the 10™ (p = 0.0044).

An effect of RME was highlighted according to reference memory (Fjo 3151 = 30.2164,
p < 0.001), and the Scheffé post-hoc test revealed a significant difference between the first
and the others trials (p < 0.001, for all). The post-hoc analyses also showed a significant
difference between the second trial and the 5" to the 10™ trials (p = 0.036, p = 0.007, p =
0.005, p < 0.001, p =0.001 and p < 0.001), and between trial 3 and 8 (p = 0.019), trial 3 and

10 (p = 0.048).

Figs. 7 and 8 about there

Discussion
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We have replicated rodent behavioural tests and created new software to provide
preconfigured virtual mazes or permit researchers to build their own mazes (from easy to
complex tasks), evaluating spatial learning performance and spatial memory strategies in
humans. The ERAM, MWM and Reverse T-mazes tested here, have shown an effective
learning curve with gender differences, validating our tool to investigate spatial learning and

memory.

Technical considerations

The Human Virtual Maze software has been designed for clinical or research use. The
software allows the experimenter to determine all settings and parameters of analysis in their
virtual mazes (choice of each protocol environment (square room, cylindrical room or a
spherical room), the maze itself (1 to 8 radial arm maze or the swimming pool), the size of the
room or the maze, the colour of the wall and also the size and type of landmarks). Compared
to other MWMs previously developed, here the landmarks and starting position may be
randomly determined, and the software permits a full configuration of the trials with a multi-
trial option for a session (number of trials, number of mazes to launch consecutively etc...).
Users may then configure external and/or internal landmarks and build a large panel of mazes
similar to real rodent mazes. The ergonomics of the mazes (sounds associated with the walk
into the ERAM or with the swimming in the MWM, type of landmarks, displaying on a large
screen) ensured a good immersion of the subject, a good information flow providing real-time
visual and auditory information, and may be improved with vestibular and proprioceptive
stimulation, according to where the mazes are projected (a simple screen up to oculus rift and
immersive room). The speed of walking may be constant and arbitrarily chosen, limiting
inter-individual differences in joystick or keypad control ability, due to past experience with

videogames or similar. Head orientation and motion controls may be combined
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simultaneously by the subject during virtual navigation and can be increasingly improved
with the number of trials and can be taken into account in the analysis or may calibrate the
duration of the habituation period. The area of counting of an entry into an arm has been more
distally placed after preliminary testing in order to avoid counting a false entry when a subject
was close to an entry without entering into it, particularly if lateral motion was allowed.

The search for the platform with a strategy of lateral motion in the MWM increased
the performance but skewed the heading error parameter i.e. the subject did not look in the
direction of the platform during the test. Consequently, if lateral motion remains allowed by
the operator, we have substituted the heading error measurements by the calculation of the
optimal direction i.e. the angle between the body and the most direct pathway to reach the
platform and to complete the test as previously reported. Additionally, we suggest starting at
the front of the swimming pool and asking the subject to adopt the most direct pathway to the
platform. The duration of the trials and number of trials per session and the number of
rewards, have to be adapted according to the objectives and to the type of people tested and
the time to perform the tests.

However, if subjects perform the test seated on a comfortable armchair, we deprive the
participant of vestibular and proprioceptive information. Our software has been developed for
headsets as well as immersive room projections. However, it seems that spatial memory
performance or virtual tasks for rehabilitation remain similar regardless of the type of screen
used, i.e. laptop versus large screens with or without 3D stereoscopic vision (Dahmani et al.,

2012).

Validation of the 3D virtual mazes

Eight Radial Arm Maze

21
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A learning curve and a significant increase in spatial memory performance were
observed with the ERAM in accordance with previous similar studies (Astur et al., 2004;
Bertholet et al., 2015; Levy et al., 2005) both in men and women. The number of working and
reference memory errors decreased rapidly for both men and women. From the eighth trial,
the number of errors was constant and the lowest. For working memory, there was no main
effect of gender, but a significant interaction of gender with trial, and the post-hoc tests
showed a significant difference between women and men in the first trial. The gender
difference, only observed on the first trial, might be explained by the greater experience of
videogames by men and a possible disorientation in the 3D virtual environment of women at
the beginning of the trials and by the remote practice. Indeed the distance travelled was
similar for men and women. The interaction reported here (latency to perform the task x
gender) was in accordance with the results of Astur ef al. (Astur et al., 2004) and those of

Levy et al. (Levy et al., 2005).

Morris water maze:

The latency to find the platform was gradually decreased, suggesting a learning
process regardless of gender and type of landmark.

No gender effect for the results during the learning phase were in accordance with the
results obtained by Sneider et al. with teenagers (Sneider et al., 2015). Although, they
highlighted an age effect for latency, they did not detect a significant effect of gender for each
measure. The study of Astur et al. (Astur et al., 2004) showed a large difference between
women and men during the MWM for the latency to find the hidden platform but not the
visible platform. The distance travelled was not significantly different for gender. Perhaps the
gender effect is only due to practice. Indeed, the difference between males and females to find

the hidden platform seems to decrease with the number of trials. The lack of difference due to
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motor control (visible platform) could be due to the fact that this phase is performed after 21
trials.

Consistent with Astur et al. (2004), we conclude that spatial navigation in men was
faster than women to find the platform or the reward, while the distance travelled was similar.
The shorter latency to find the visible platform during the third trial of the test may confirm
the greater ability of men regarding joystick control and of spatial navigation in a virtual
maze.

When the platform was removed in the second part of the test, we did not detect a gender
effect regarding the distance travelled and the time spent in the quadrant of interest. Women
spent more time and travelled a greater distance in this region than men.

During the probe trial, women travelled a greater distance in the region of interest,
which suggests a greater persistence of women to find the target. However, Astur et al.
(2004), and Sneider et al. (2015) found the opposite for the distance travelled. For the
percentage of the time (~90%) and distance (~75%) in the target quadrant for women, our
results seem higher than for Astur and other studies such as Sneider et al. (Sneider et al.,
2015). However, the results obtained by men were more in agreement with Sneider et al., with
a percentage of distance travelled at ~65% for young adult men adult compared to ~60% for
our study. Another study performed in healthy young adults, similar to our participants,
showed a greater time spent in the target quadrant (between ~60 to ~75 %) (Chae et al., 2019).
It is conceivable that because the search preference values were so high, that ceiling effects
might be a problem and make the task less sensitive to impairments in spatial learning and
memory. Some revision of the parameter settings may therefore be useful.

In contrast to Astur et al.(2004), and Sneider et al. (2015), we found that women spent

more time to reach the visible platform. Nevertheless, unlike other studies, participants in our
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study have seen the visible platform at the beginning, this result may be explained by a

practice.

The reverse T-Maze

According to van Gerven et al. (2012), all men preferred a place strategy while most
women preferred a response strategy, requiring fewer attentional resources than with
declarative memory (Spataro et al., 2013). Here we reported a starting position effect when
the subject started from the front of the first arm: most participants chose a response strategy
preferentially as observed by Levy et al. (Levy et al., 2005) and Paleja and Spaniol, (Paleja
and Spaniol, 2013).

Levy et al. ( 2005) explained that the response strategy was chosen according to the
time point of the probe trial, i.e. sixth and twelfth trials for Levy and similarly fifth and tenth
in our protocol. Similar to Levy et al. (2005), we used symbolic cues (table, sofa ... and
triangle, circle ...) and we suggest that simple symbolic visual cues facilitate a response
strategy, decreasing cognitive resources while complex landmarks like landscapes might
foster the adoption of a place strategy. It was reported that an egocentric strategy requires
fewer attentional resources than declarative memory (Spataro et al., 2013).

We observed that the starting position influenced the choice of the strategy in women.
Starting with their backs to the first arm of the T-maze switched the percentage to equal
choice of place and response strategies, which may be explained by the fact that the subject
had to turn by 180° in order to facilitate the visualization of all visible cues displayed in the
virtual room.

By comparison, such differences in strategy were not observed with the MWM, where
proximal landmarks (e.g., the corner between two arms) did not appear to promote a

declarative spatial location. Large inter-individual differences for the time taken to do the task
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were noticed between women, although the walking distance remained similar, suggesting
that women will spend a longer time to observe distal landmarks compared to men. Our
results also suggest that the starting strategy was egocentric and then allocentric in women, as
mentioned in the literature (Barkley and Gabriel, 2007; Cénovas et al., 2011). However, the
strategy adopted in the ERAM was not individually correlated with that used in the T-maze.
Despite the differences between the three tests, it appeared that these could be
corrected according to a more specific protocol choice. However, a declarative spatial strategy
(explicit memory), as it requires more attentional resources, must consider emotional factors,
and motivation, as these will impact on the choice of the strategy. The possibility of using
both strategies by both sexes indicates that the choice of benchmarks, instructions, and

experimental parameters may influence the results.

Conclusion

The software proposed herein then offers a translational approach for research units
that wish to combine animal models and patient evaluations as well as complex 3D tasks and
standardized neuropsychological tests opening a large perspective in the neurosciences to
investigate higher cognitive functions. Moreover, the full control of the maze building, setting
adjustment of trial and of analysis may offer users the opportunity to better investigate the
effect of specific parameters up to virtual reality presence. A clinical module with
preconfigured 2- and 3-D tasks should offer clinicians an easy way to evaluate their patients
routinely since growing evidence from the literature suggests that virtual mazes such as
ERAM or MWM might improve the screening or diagnosis of mild cognitive impairment and
dementia, particularly in Alzheimer’s disease (Laczé et al., 2012; Lee et al., 2014; Leplow et

al., 2002; Tarnanas et al., 2014; Weniger et al., 2011; Zygouris et al., 2015).
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Legends

Table 1: Gender effect on age and video game frequency. Table representing women and
men age (in years) and video game frequency score (I = never, 2 = several times a year, 3 =
several times a month, 4 = several time a week, 5 = everyday). There was no gender effect on
age (p = 0.42) but there were gender effects on the video game frequency (p = 0.001), the
score of men was higher than the women’s score. (mean = SD)

Figure 1: Human Virtual Maze software A- Parameter setting -- Screenshot of the part of the
software that allows the design of each parameter of the protocol (environment, maze and
trial). B- Analysis area selected by the user. C- Continuous Performance Task — Balloon
Analog Risk Task -- Example of 2D tasks designed by the Human Virtual Maze software.
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Figure 2: Reverse T-maze paradigm with symbolic distal landmarks. During the habituation
trials (left panel), the subject (white square) started back to the arm (grey triangle) and had to
learn the position of the reward turning right at the end of the first arm. During the probe trial,
the T-maze was then rotated by 180°, and the subject who started back to the first arm, had to
find the reward at the same location by turning in the left arm (right panel).

Figure 3: Morris Water Maze task configured with forest and mountain distal landmarks (left
top and bottom panel). The right panels show the tracking of three subjects: the right top and
middle panels illustrate two different strategies to find the platform during the beginning of
the protocol while the right bottom panel shows how a subject quickly achieves the task after
several trials (learning period). The distance and latency to find the platform as well as the
direction and strategy were analysed. The unit of time in the target quadrant is secs.

Figure 4: Eight Radial Arm Maze configured with Roma distal landmarks (left panels). The
virtual Roma environment has been fully modelled by the CIREVE® from University of
Normandy Caen. The subject was placed at the centre of the test and had to learn to catch
three rewards located in three different arms. The number of entries, the distance travelled and
latency were recorded. This task allowed the evaluation of reference memory and working
memory. Here we show the trace (in orange) of subjects during the learning period looking
for the rewards located in the distal parts of the arms.

Figure S: Strategy to achieve the T-maze paradigm during the probe according to two
different starting positions (“Front” i.e. front of the first arm, and “back” i.e. started back to
the first arm). Here we show that the starting position influences the type of strategy used in
the reverse T-maze with an egocentric strategy preferred in women when starting in front of
the first arm (p < 0.05).

Figure 6: Morris Water Maze results A- Morris Water Maze, Phase I Women spent more
time to reach the visible platform while the distance travelled remained similar compared to
men (p < 0.01). B- Morris Water Maze, Phase Il we observed a gender difference according
to the distance travelled (p < 0.001) (B1) as well as a landmark effect on the distance
travelled, increased with the Roma scene (mountain and Roma, p < 0.001) (B2). C- Morris
Water Maze, Phase Il The percentage of time spent in the region of interest around the
hidden platform was similar in men and women (C1) regardless the type of landmark,
meanwhile the percentage of distance travelled in the same region depended on the landmarks
and gender (increased in women with mountain scene, p < 0.05) (C2). (mean = SEM)

Figure 7: Radial Arm Maze task. A- Latency and B- Distance travelled to find all rewards:
Trial effect (p < 0.001) and gender effect (p < 0.001) were obtained for both. C- Working
Memory Errors (WME) and D- Reference Memory Errors (RME). WME and RME effect (p
< 0.001) showed a learning curve. WME and gender effect (p < 0.01) was also observed.
(mean £ SEM)
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875

876  Figure 8: The latency and the distance travelled to find rewards in the radial arm maze (mean
877 = SEM).
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Table. 1
Age Video game frequency Score
in year (mean % SD) 1=never to 5=everyday (mean score £ SD)
Women 23.19+2.29 1.76 £ 0.8
Vs. - —_—
Men 22.8+2.29 2.95+1.28






