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Abstract: Spatial navigation is a key aspect of human behavior and it is still not completely un-
derstood. A number of experimental approaches exist, although most of the published data in the
last decades have relied on virtual maze on-screen simulation or not-completely freely moving 3D
devices. Some interesting recent developments, such as circular mazes, have contributed to analyze
critical aspects of freely moving human spatial navigation in real space, although dedicated protocols
only allow for simple approaches. Here, we have developed both specifically designed and home-
assembled hardware equipment, and a customized protocol for spatial navigation evaluation in freely
moving humans in a real space circular arena. The spatial navigation protocol poses an imitation
of a real-space multiple-choice path maze with cul-de-sac and instances of non-linear movement.
We have compared the results of this system to those of a number of validated, both virtual and
real, spatial navigation tests in a group of participants. The system composed by hardware, the test
protocol, and dedicated measure analysis designed in our laboratory allows us to evaluate human
spatial navigation in a complex maze with a small and portable structure, yielding a highly flexible,
adaptable, and versatile access to information about the subjects’ spatial navigation abilities.

Keywords: spatial orientation; virtual navigation; real-space physical navigation; circular maze;
maze-type protocol

1. Introduction

Human spatial navigation has been experimentally addressed for decades (for a col-
lection and recent review see for example [1,2]), due to its central role in human behavior
and its relevant position for several interconnected tasks [3-6]. Consequently, differences
have been reported for healthy adults, children, and elders, as well as affected by different
diseases and both in healthy and pathological aging, especially because of neurodegenera-
tion [1,7-12].
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Relevantly, spatial navigation is impaired in pathologies such as Alzheimer’s disease
with intriguing differences in the response to different treatments [13-17]. Investigation in
the field of spatial navigation has greatly grown thanks to the work with laboratory rodents
and a battery of dedicated protocols devoted to analyzing this brain function [18-20]. To
evaluate human spatial navigation, several specific tests have been developed [1,21] as
well as tests such as the hidden goal test, directly derived from those used in rodents
such as the Morris water maze [22-24]. Recently, a number of tests based on virtual
reality and treadmills have appeared, as a means of including into the analysis vestibular,
proprioceptive and somatosensory cues (revised by Ekstrom et al. 2018 [1]). However,
the relative limitation to free movement is still a challenge [25-27]. To solve this problem,
circular mazes for humans have been developed [28] allowing us to compare interventions
and therapies both in laboratory rodents and humans, by using tests relying on the same
conceptual features, as is the case for the hidden goal test and the one presented here.

The main concerns for the existing mazes and protocols, either virtual or real-space,
are the limitations of movement (subjects must be quiet in front of a computer screen, or are
tied to a treadmill), potential dizziness of VR systems, the limited space into the laboratories
to implement large mazes, the limited use of some maze designs (usually not available for
multi-test), the short capacity to adjust difficulty of the test, or the implementation into
rooms (not transferable or portable to another location).

For all these reasons, we have tried here to develop a system addressing the reported
disadvantages of the available tests. We have built a new system composed of a multi-
test circular arena and a novel protocol simulating a complex maze. To compare and
validate our system, we have evaluated a highly heterogeneous group of participants in a
variety of validated tests covering both path integration and hidden goal test in virtual and
real-space settings.

2. Materials and Methods
2.1. Subjects

A total number of 24 healthy people participated in this study. Subjects were recruited
from the active staff of the Institute Cajal during 2021. A call was launched by email. Every
person that voluntarily responded to the call was selected. Sex, age, and exercise level was
considered to select the participants in order to balance as much as possible the number of
men and women for sex, the number of people <25, between 26 and 40, and >40 years old
for age, and the number of sedentary (<3 h active physical exercise per week) and exercised
(>3) for exercise level. Sex, age, and exercise level were self-reported.

All the participants signed an informed consent after the experimental procedure was
submitted and approved by the CSIC Ethics Committee (Subcommittee of Ethics) of the
Spanish Research Council. This procedure included a “participant information sheet” and
a “Informed Consent Page” to sign.

The inclusion criteria were: age over 18 years, to be hired for the Institute Cajal at
least during 2021-2022, to be active in 2021 and 2022, to not adopt teleworking in 2021
except for the mandatory lockdowns, to not have suffered of any medical sick leave during
2021 because of a physical ailment. The exclusion criteria were: to practice exercise more
than 8h per week, to have suffered a condition during 2021 other than mild to moderate
respiratory illness, to present vital signs of over- or underweight. All the participants had
higher education and received no compensation for their participation in the study. The
demographic characteristics of the participants are shown in Table 1.

The procedure consisted of a previously scheduled appointment for each participant
(day and time); at that appointment an interview was held to collect the participant infor-
mation before selection, and for those included in the experiment, to schedule a day and
time for the tests. All tests were taken by each participant in a single morning. All the
subjects were tested on weekday mornings (from 10 a.m. to 1 p.m.) and the whole process
for all the subjects took 1 month.
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Table 1. Demographics of subjects participating in the study.

Total Number 21
Men 7
Sex
Women 14
Men 2
<25 4
Women 2
Men 3
Age 26 <x <40 9
Women 6
Men 2
>40 8
Women 6
Men 4
Sedentary 14
Women 10
Exercise
Men 4
Exercised 7
Women
2.2. Tests

The test battery consisted of five different protocols: virtual path integration, real path
integration, virtual hidden goal task, real-space hidden goal task and real-space multiple-
choice maze. The order to perform the tests was randomly chosen except for when a virtual
and a real-space version of the same test are used. In these cases, the virtual version has to
be performed before and followed by the real-space one. We first describe our new circular
maze (Technical section, Section 2.3), and second the protocols of the tests (Functional
section, Section 2.4).

2.3. Technical Section

Circular maze: we built a cylindrical structure with a conical roof, measured 3 m tall
by 3 m in diameter (Figure 1). The structure consists of four columns, just under 3 m,
attached on the top to a ring that doubles as support for the roof beams and a curtain rail.
The roof is slightly slanted with its higher point in the middle (at 3 m of height). We covered
the whole structure with blackout curtains so no light coming from the outside could be
used as a spatial cue, a circular piece covers the roof and eight overlapping curtains hang
from the rails. Everything in the structure is made of hollow aluminum to simplify cable
management, transportation and assembly. On the middle point of the roof, on the inside,
there is a small circular plate for attaching electronic components. Holes were drilled in
each column facing the center of the structure, so we could attach electronics and pass
power cables. Every column has its own electrical outlet which is powered by a single
master plug.

For the electronics inside the structure, we use five Raspberry Pis version 4 (one for
each of the four columns and one on the roof), four 32 x 32 Adafruit RGB LED Matrices,
four Adafruit RGB Matrix HATs, two MG996r servo motors, a KY-008 laser module, a bred
board, a Noir Camera V2 module and the respective connection and power wires.

We took four electrical junction boxes and drilled holes on the back and on the lid
of each one. Then we glued the matrices to the lids, passed the matrices wires through
the lid hole, connected them to the Adafruit HATs inside the box (which were themselves
connected to the Raspberry Pis) screw the boxes to their respective columns and powered
everything through the hole of the back of the box with the plug that comes out of the hole
of each column. Another power wire was also threaded through a roof beam to power the
remaining Raspberry Pi, two servos and the laser module.
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Figure 1. Overview of the spatial navigation tests. (a) Scheme of the maze test in the multi-test circular
arena designed and built for this work. Note that the same arena has been used for both real-space
hidden goal test and the multiple-choice maze-like task (a,b). To the left, exterior appearance of the
tent showing how participants have to enter, exit, and go around. To the right, the map designed to
implement the multiple-choice maze-like task. It is represented with North at the upper side of the
scheme. Note that several paths can be chosen at some of the points, some cul-de-sacs exist, and the
movements chosen do not necessarily lead to a linear displacement. The small pictures represent
the few spatial cues that appear in the wall screens when the participant enters at the appropriate
locations in the map. For example, the Eiffel tower is visible from locations 24, 25, and 35 on the
screen that is at the appropriate direction (northeast, northwest, and southwest, respectively). There
is only one circular arena, each time participants exit, they must reenter the arena by the opposite
entrance the test ends when participants arrive at position 54. (b) Real-space hidden goal task, the
tent is represented with open curtains to see 2 of the 4 screens of the wall and the roof devices. The
aim of this test is to remember the laser position on the floor respectively to the position of the cues in
the screens. (c) Screenshot of the program built in our lab to implement the virtual path integration
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test (made with Unreal). It shows the floor, the sky, and the door through which the participant must
pass to move into the next step of the task (a new door at a different position) participants must then
return to the starting point of the test. (d) Examples of the appearance of the program built in our lab
to implement the virtual hidden goal test. To the left, the circular maze with the spatial cues in the
walls. Center, the goal is represented by a red dot. The participant must learn its relative position to
the spatial cues. Right, a typical test with only some of the spatial cues shown. The subjects have to
point an X-Y position inside the white circle where they think the hidden goal test is located (in this
case, a tiny blue point). After a few seconds, the real position of the goal appears on the screen (blue
dot). One more test was performed in our study, the real space path integration test (not depicted)
where subjects must walk blindfolded through a pre-established path to then return to the beginning
of it. (e) Information flow in the circular structure.

This approach greatly simplifies dealing with possible malfunctions or future modi-
fications in two main ways: firstly, the box lid can be opened to access every component
inside. Over and above that, due to the ease of assembly, each box can be thought of
as a module, allowing us to have several entire boxes ready (containing every electrical
device and wires) so we could simply unplug the old one and plug the new one should
any malfunction happen.

The whole structure can be disassembled and reassembled in a matter of hours using
only regular Philips screwdrivers and a step ladder. It can also be transported in a small
van and placed anywhere with access to the electrical grid and cellular coverage.

Although every electrical component is connected to the same electrical network, there
is no wired data sent between Raspberry Pis, since we chose to use wireless communication
(Figure 2). To achieve this, we created and configured a WiFi access point (via android
portable hotspot feature). We then burnt five MicroSD cards with the Raspberry Pi OS
image, editing the wpa_supplicant configuration file on each SD card, adding the Service
Set IDentifier (SSID) and password of the previously created network to make a headless
setup. The headless setup was conducted through the Secure SHell (ssh) protocol via a
laptop on the same network and consisted of updates, upgrades, OS setup and installation
of required packages and libraries (such as the Henner Zeller LED-matrix).

After the initial setup, we soldered the pin headers and terminal block to each adafruit
HAT and connected them to their respective Raspberry Pis, matrices and 5V DC power.
Once every matrix display was checked for errors, we attached the servomotors, laser,
camera, breadboard and breadboard power supply to the circular plate on the roof. Both
the servos and the laser were connected by the ground wire to the breadboard and by the
control wire to the General-Purpose Input Output (GPIO) ports on the Raspberry Pi, the
live wire on the servos was also connected to 5V on the breadboard. The camera module
was directly connected to the Raspberry Pi through a ribbon cable.

We needed the laser to be able to point at every possible point of the floor beneath the
structure. To achieve this, we attached the laser module to the first servo motor, pointing it
down at the center of the floor when in its middle position. At this point the laser can only
oscillate in a straight line from 90 degrees forward to 90 degrees backwards. To reach 360
degrees, we attached this laser and servo to the second servo, making it so that the axis
of rotation of the second one is perpendicular to the first one and their middle positions
parallel and in the same direction. Using two perpendicular axes of rotation, the whole
floor region of the structure can be thought of as a two-dimensional Cartesian coordinate
system. Since we know the height at which the laser was attached to, we could easily
translate real-life distances on the floor to servo motor angles using Pythagoras’s theorem
(which was later automated with a python script). The camera was fixed to the central part
of the roof pointing straight down, later programmed to be in synchrony with the laser
and servos.
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Figure 2. Global architecture and connections scheme. Android device (left) sharing a WiFi access
point (represented by the blue square where every device is). Laptop sending and receiving MQTT
messages from and to the Raspberry Pi that acts as broker (server icon on the left) placed in a column
of the circular structure (grey circle). Every other Raspberry Pi in the columns and ceiling (the center
one) reads messages and act accordingly, either changing the output of the screens (represented as
colored squares) or shining a laser on the floor or taking pictures in the case of the Raspberry in
the roof.

For wireless communication we decided to use the MQTT protocol over the WiFi
network that we previously created. We made one of the Raspberry Pis double as both a
broker and a client, and the rest of the Raspberry Pis and a laptop were configured only
as clients.

The information flow starts on the laptop, which runs several programs that we wrote
to publish and read different messages to the broker. These messages are sent through
one of seven different MQTT topics, depending on which experiment is running at a time,
which phase it is in, which device sends it, and which one is supposed to read it.

Every device is running programs to constantly read the messages sent to certain
topics on the broker and check for matches in a closed list of possible messages. When a
device (e.g., the Raspberry Pi on the northwestern column) reads a certain message on a
specific topic (e.g., message “2a” to topic “allocentric/trials”) it will perform a given action
(e.g., display an orange square on the led matrix). Raspberry Pis also send messages to the
broker for the laptop to read as a means of reporting to the experimenter what every device
inside the structure is doing in real time. This approach allows us to send a single message
(that can be associated with a button click on the computer, or automated with a timer) and
have six different devices performing a list of different actions upon reading it.

2.4. Functional Section

Virtual path integration: Path integration tests address the internal cues-based spa-
tial. Internal cues are provided by our head direction system, vestibular system (angular
head direction and linear acceleration), the proprioceptive system, the optic flow, and the
motor efference copy [1]. This navigation implies “an internal tracking of direction and
distance” [1]. As all these components depend on the body and head movement, as well
as visual record of both the cues and the path, these tests are usually performed by both
virtual (visual) and real (non-visual) protocols. For the virtual path integration test, we
adapted the largely reported virtual environments by using our own software program. We
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programmed a three-dimensional virtual environment using Unreal Engine 4. This envi-
ronment consisted of a 63 m x 63 m square floor (6300 x 6300 unreal units, 1 u.u. =1 cm),
a skybox and a door frame.

Subjects can freely move around, within the borders of the environment, by pressing
W, A, S and D on the keyboard (to walk forward, left, back and right, respectively). The
camera is controlled with the movement of the computer mouse. The aforementioned door
frame is programmed to detect when a participant walks through it; this event is used as
a trigger for changing the position of the frame through the map (three times, once at a
time). After subjects are fully briefed on the movement control scheme, the protocol goal is
explained to them. They are instructed to walk through the door frame, look for where it
has moved to, and repeat until it entirely stops reappearing (it requires four passes). After
it disappears, subjects are to return, as close as they are able to, to the starting point of the
test and communicate it to the experimenter. The experimenter can then press a key on
the keyboard that reports the distance in pixels between where the participant indicated
and the real starting point. This distance is used as the participant’s score. The positions of
the door frames are: first door 7.2 m from start position, right to the front. Second door
35 m 60° to the left, third door 28.5 m 115° to the right, fourth door 28.5 m 130° to the right.
From this last position, the participant has to manage to go back to the starting position,
35 m 60° to the right.

After the virtual path integration test is completed, we proceed to its physical counterpart.

Real-space path integration: We accommodated the frequently used protocols for real-
space path integration to our facilities. Subjects are taken to a wide-open space with no
obstacles, where the experimenter explains the protocol. Once subjects understand the
procedure, they have to blindfold themselves on the starting position of the trial (position
zero) and then grab with both hands a meter-long rod that the experimenter is holding
parallel to the floor at chest height. The experimenter is then to guide the participant to
the four different points of the area by dragging the rod as they walk. After the participant
arrives at each point, the experimenter stops, informs them of which point it is (e.g., first,
second ... ), turns them to the direction of the next point and walks to it in a straight
line. This process is repeated until the fourth point is reached. Once at the fourth point,
the participant (still blindfolded) has to return to the point zero (in a straight line, not by
walking through the four previous points they walked by). The experimenter is still holding
the rod without exerting any force on it, only to prevent the participant from colliding with
their surroundings. Once the participant arrives at where they think point zero is, they
stay in place, take off the blindfold and put one end of a measuring tape between their feet.
The experimenter takes the other end and measures the distance to the point zero. This
distance is used as the participant’s score. The distances and angles between points are as
follows: point zero to point one 7.3 m in a straight line. Point one to point two 7.9 m after a
90+ degree right turn. Point two to point three 12 m after a 150 degree turn right. Point
three to point four 15.8 m after 150 degrees turn left.

Participant and experimenter now move to the Laboratory of Human Behavior booth
where the circular maze is located.

Virtual hidden goal task: Hidden goal tasks are well-known spatial navigation tests
used for both rodents and humans, consisting of finding a non-visible target guided only
by external spatial cues. The version for humans is usually considered most similar to
the water maze test for rats and mice [29]. For both the virtual and the real-space tests,
we used an adaptation of protocols published elsewhere [30]. Before starting the virtual
allocentric protocol, the experimenter gives the participant a written protocol with images
(Supplementary Materials), explaining how the program is controlled and what the goal
of the test is. Subjects are told to read the instructions as many times as they need and to
ask any question to the experimenter. Once the participant understands the procedure, the
experimenter runs the virtual allocentric computer program on the laptop. This program
asks the experimenter to input the subject’s name (for later storage of results). After that,
the protocol begins with the first trial.
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Each trial in both the virtual and the physical protocol is structured around a memo-
rization phase followed by four recall phases. This trial is repeated (with different cues to
memorize) a total of three times in each protocol (so each participant goes through a total
of three memorization phases and twelve recall phases).

The virtual allocentric protocol consists of a computer program that displays a top-
down representation of the physical structure, with four cues on the positions where the
columns would be (a big white circle representing the floor beneath the structure and
cues 90 degrees from each other on the edge of the circle representing the led matrices
on the columns, Figure 1d left). Subjects have the time they need to memorize which
cue is on each of the four positions (they have been instructed to memorize the relative
position, not the absolute position, that is the relation and order of cues between each other
and not the individual positions on the computer screen; “cue 2 is between cues 1 and
three and opposite to cue 4” instead of “cue 2 is on the northeast”). Once they consider
they have memorized the cues relative positions, they communicate it to the computer
program by clicking with the mouse left button anywhere on the computer screen. When
the program registers the first click, it displays a red dot somewhere on the floor of the
virtual structure signaling the position of the goal (Figure 1d center). Both the cues and the
goal are displayed simultaneously on the screen for fourteen seconds for the participant to
memorize. After these fourteen seconds pass, the memorization phase is over, cues and
goal are removed and recall phase one starts.

Recall phases reduce the number of cues displayed (by two on the first, second and
third phases and by three on the fourth) and randomly rotate them (around the central
point of the virtual structure floor) either 90 or 180 degrees, clockwise or anticlockwise
(Figure 1d, right).

On recall phase one, two out of the four cues are displayed, not on their original
locations on the screen but randomly rotated (e.g., if cues rotated 90 degrees clockwise
the cue that was on the eastern column on memorization phase now is on the southern,
the southern on the western, etc.) always maintaining the original distances with each
other displayed on the memorization phase. Participant now has to click on the place of
the screen where the goal should be. Computer records the distance in pixels from the
place participants clicked and the real location of the goal. This distance is used as the
participant’s score.

Real-space hidden goal task. In the physical protocol the experimenter begins by
executing the corresponding software (by running a script on the laptop that automatically
sends a command through ssh to every device). The Raspberry Pis on the columns show a
white square on the matrices to illuminate the interior of the structure and to signal that the
software started running. The Raspberry on the roof will point the laser (without turning it
on) straight down from whichever position it was pointing to.

On the laptop, the experimenter is asked to write the subject’s name and press the
Enter key. When done, two messages are sent from the laptop to the broker in different
topics: the first one contains the subject’s name (which is sent by a topic that only the
Raspberry on the roof is programmed to read) and will be used to name the photographs
that the camera takes. The second message is a start signal. When the start signal is read
the white square changes to the corresponding images in the first memorization phase,
depending on which Raspberry reads it. After 14 s, the laptop sends another message
signalizing the Raspberry on the roof to move the laser to the precise coordinates the goal
should be on, turns the laser on, takes a picture, saves it with the subject’s name and the
trial number and blinks the laser five times in rapid succession in case the participant has
not seen it by then. When the laser turns off, the laptop sends the first message of the recall
phase, each Raspberry displaying its corresponding “recall phase, trial 1” image.

In the recall phase the participant has to recognize the cue pattern of the matrices and
signal the part of the floor which they think the laser will now shine on. The participant is
given a 30-cm diameter wooden disk with a LED in the center top part and a meter-long
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handle. The participant is instructed to place the center of the disk in the position they
think the laser will appear.

The images on the screen are displayed for 14 s (or until the participant places the
disk on the floor). After that, another message is sent to repeat the laser-camera routine
(simultaneously changing the cues and laser absolute placement but maintaining their
relative positions). This recall-laser procedure repeats a total of four times after each
memorization phase. There are three different memorization phases, each one with a
different queue configuration and goal placement.

After the last trial, every picture the Raspberry Pi saved with the subject’s name is
sent to the laptop via Secure CoPy (SCP) protocol. Using Image] [31] we can measure the
distance in pixels from the laser to the LED on the wooden disk the participant placed. The
sum of the error in every trial is the final score in this protocol.

Real-space multiple-choice maze. This test was entirely designed in our laboratory to
measure the spatial navigation abilities of human beings in a complex maze, in real space,
but all enclosed in a reduced space. The main objective is to compare the results obtained
from this test to those from the rest of the tests. The participants have to orientate guided by
intra-maze spatial cues to find a path from the starting to the target point following a map.
The same arena (the circular maze) is used now, but this time the participants exit the maze
when necessary and re-enter by another position. This procedure is repeated many times
to recapitulate a complex maze until the target is reached. The same laptop, hardware,
and screens are used, but in this protocol a different program is executed on the laptop;
since this protocol requires multiple (but standardized) inputs from the experimenter, a
Graphical User Interface (GUI) was added using pygame. Several buttons, an input box
and output terminal were included in the program.

Like in the previous protocol, the experimenter has to execute the appropriate pro-
grams on each device. Again, this step is performed by running a script on the laptop that
sends commands through ssh to each device. Once every device is running the egocentric
protocol program, the experimenter can execute the GUI on the laptop. On the GUI, when
the experimenter clicks the “Start Trial” button, a timer starts, and a message is published
on the broker to initialize the led matrices with the first position of the maze.

In this protocol participants take one of four possible routing decisions (north, south,
east and west) and the matrices have to react accordingly to that decision. The way
we approached this is by hanging signs outside the structure indicating cardinal points.
Subjects have to exit the structure, inform the experimenter of what cardinal point they
chose and come back to the structure through the opposite cardinal point (see why below).
The experimenter will then click one of the corresponding buttons on the program. This
will publish a message to the broker, the Raspberry Pis on the columns will read it and
change the image on the matrices accordingly to the new position the participant will arrive
at. Subjects also have to inform the experimenter of which square they think they are at
each movement.

Subjects are asked to exit the structure in the general direction that they want to move
through the maze. Once outside the structure, they are instructed to walk around it and go
back inside through the opposite entrance (e.g., walk out the north exit and reenter through
the south). The reason is to preserve the movement component in this task, since we wanted
participants to navigate through real space. If the participants exit and reenter through
the same exit, this would not preserve the orientation of the maze and the navigation as a
whole; if the maze was real and subjects exited a room through the eastern exit, they would
arrive at the westernmost entrance of the next room.

To evaluate the real-space multiple-choice maze-like test, we considered first to use
a holistic score that would represent the subjects” performance. However, this test has
different dimensions not strictly related, and summarizing them in a single value would
cause a loss of information. The variables we registered were: the positions visited by
the subject, the movements (directions), their predictions of the present position at each
time, time spent between movements. Other variables can be inferred from these, such
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as how many times a specific position was visited, whether the participant tried to do an
invalid movement, the total time spent into the maze, where they were at a specific time,
the distance to the goal, the relative speed, etc. None of these variables on their own is
descriptive enough to inform about the performance of a participant in the whole test.
Total time does not describe how many positions the participant visited, how accurate their
predictions were, or if their movements took them closer or further to the goal.

To address this problem, we considered two independent measurements: prediction
error and decision (movement) error. Total prediction error is the sum of every prediction
error through the entire test. Prediction errors are measured as Manhattan distance and
not as Euclidean distance. Manhattan distance is the number of movements that it would
take to get from the position the participant thinks they are to the real position they are. So,
if the participant predicts they are two movements away from where they really are, the
prediction error would be two (in that particular prediction). A low total prediction error
shows that the participant was right and aware of their position during the test.

Total decision error is a measurement that reflects how effective the subjects” move-
ments are through the test. To calculate it we gave an arbitrary penalty to each possible
movement in the map (0.2 for good movements and 1 for bad movements). We considered
good movements as every movement towards the general direction of the goal when
possible. If the four cardinal points are possible movements, and the goal is in the northeast,
both north and east movement decisions would be given a 0.2 penalty while south and
west would both be given a 1. This penalty is then multiplied by the number of times
that the participant has already been in the movements’ resulting position. The first time
a bad movement take the participant to a certain position the penalty is 1, but the third
time (if it occurs) would be 3, and so on. A lower total decision error reflects better choice
of movements, 1.4 being the minimum possible error (because the goal is at least seven
movements away from the start, and whether every movement that take the participant to
the goal is considered good; 0.2 penalty).

2.5. Factor and Level Analysis

We have taken into consideration several variables to categorize the subjects and to
analyze the results: participant variables (sex, age, total number of hours of exercise per
week), hidden goal test variables (distance error, either in cm for real-space or in pixels
for virtual, total time in virtual), path integration variables (distance error, either in cm for
real-space PI, or in pixels for virtual), multiple-choice maze-like variables (direction error,
prediction error, total time to exit from the maze), ratio variables (path integration, virtual
score/real space score; hidden goal test, virtual score/real space score).

As for the levels, age was categorized when necessary in three groups: <25 years old;
2640 years old; >40 years old. Total time of exercise in two groups: sedentary (<3 h/week)
or exercise (>3 h/week). Maze performance: low or high errors (for both prediction and
direction errors).

2.6. Statistical Analysis

Extreme values were removed from the analysis of the specific variable for which it
was extreme. Other non-extreme outliers were not removed from the analysis. Outliers
were detected using R’s package Rstatix, with the function “identify outliers”. This function
evaluates where every value fall within the distribution of a specific variable. This package
criterion to define an outlier is to be above Q3 + 1.5xIQR or below Q1 — 1.5xIQR. Q3 being
quartile 3, and IQR being InterQuartile Range (Q3-Q1). As such, a value is considered
extreme while above Q3 + 3xIQR or below Q1 — 3xIQR. Extreme values were taken off
both analysis and figures, non-extreme outliers were preserved in both.

Normality tests were conducted for all the variables by Shapiro-Wilk test. In the
correlation analysis, Pearson’s correlation coefficient was used in all cases, as it does not
assume normality in the variables. A value of R > 10.4| was used as threshold for plotting
correlations (moderate correlations or stronger, criteria by Evans 1996 [32]).
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Mean comparisons. Normal variables (total time in labyrinth) were analyzed by one-
way ANOVA. Non-normal variables (the rest of variables) were analyzed as follows:

- Kruskal-Wallis for non-parametric variables with more than two grouping levels.

- Wilcoxon for pair comparisons of the significant results from the Kruskal-Wallis
(adjusting the p by the Benjamini-Hochberg method) and for non-parametric variables
with less than two grouping levels.

The comparison between virtual and real space tests was made by dividing virtual by
real space scores (virtual /real ratio) for each subject. The individual ratio was then grouped
as described (see above) and analyzed to detect differences by Kruskal-Wallis. When
significant, the comparison was analyzed by Wilcoxon for pair comparisons adjusting the p.

In all cases, the level of significance is p < 0.05. Statistics were done using R Version
4.2.0, graphics used the packages ggplot2 (v3.3.6), ggpubr (v0.4.0), and dllokr (v.0.6.0) and
inkscape (Inkscape Project).

3. Results

We have developed a system to evaluate the spatial navigation abilities of freely-
moving humans in real space. It consists of a circular maze containing electronic devices
connected to a computer, plus a dedicated protocol to test spatial navigation, simulating
a complex maze into a small enclosure. The circular maze is similar to a tent, with four
vertical openings in a blackout curtain (Figure 1a left). Inside the enclosure, four electronic
screens show spatial cues. A laser pointer attached to two electric motors and a video
camera are also installed at the center of the roof (Figure 1a right).

We have considered the tent as a modular location in which the participant can enter,
orientate, decide where to go, and go out by the appropriate exit, in such a way that the
next time they enter the tent, the scenario has changed to that of the next position on the
map. This way, the system simulates as if the participant was entering in a new location
(see map, Figure 1b). As it can be seen on the map, multiple choices are possible at several
locations, so subjects have to evaluate both their position each time, and the direction of
their next movement. The cues into the tent will change accordingly to the new location,
so the participant will have to orientate again, decide where to go, and exit. With this
design, the participant can be evaluated in a complex maze, as big and complex as the
experimenter decides it to be, as a function of the age of the subject, experimental design,
or scientific question posed.

We have compared this protocol design with validated tests previously reported, both
implemented in this same multipurpose system and others implemented in a different
arena. To this aim we have also tested the same group of subjects in both a virtual (Figure 1c,
see Materials and Methods) and a real-space path integration test, plus a virtual (Figure 1d,
see Materials and Methods) and a real-space hidden goal task.

We have tested a group of participants with a wide range of ages (see demographics in
Table 1, and Figure 3a), and self-reporting a wide range of mean physical activity per week
(Figure 3b). All subjects performed the five orientation tests. In the multiple-choice maze-
like spatial navigation task, we found an expected high variability both in the prediction
error (Figure 3c) and in the decision error (Figure 3d), and consequently also in the total
time spent in the maze (Figure 3e). This variability was also observed in the other four tests,
either physical or virtual versions of the path integration test (Figure 3f,g, respectively),
and physical (Figure 3h) or virtual hidden goal task (both measuring error (Figure 3i) and
time spent in the task (Figure 3j)).

Next, to know the potential either intra- or inter-tests relationships (each measuring
different aspects of the general human spatial navigation process) we elaborated a correla-
tion matrix taking into account a number of key measurements of the different tests used
here. Pearson’s correlation coefficient was used to analyze extensively potential correlations.
The main findings can be seen (Figure 4) as a direct (positive) relationship between age
and several errors both in virtual and in real space (the older the age, the higher the error
in both path integration, and hidden goal test), and the performance in validated tests
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such as the hidden goal test or the path integration each other, and both correlated to our
new test. Some other significant correlations point to an internal validation of our new
test, for example between total time spent in the maze with either the prediction or the
decision errors. The matrix also shows a number of interesting non-significant correlations,
for example no correlation was found between the performance of virtual vs. real-space
path integration (while a correlation does exist between virtual vs. real-space hidden goal
task). In the same line, prediction error and decision error in the multiple-choice task did
not correlate.
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Figure 3. Group distribution and performance in the different tests. The group of participants
had a wide age range (a) and was heterogeneous in the number of hours of exercise per week (b).
Parameters measured for the multiple-choice maze-like test (c—e), path integration (f,g), and hidden
goal test (h—j). A great variability can be seen for all the tests, either real-space (c—f,h) or virtual (g,i,j).
Each dot represents 1 person. (PI: Path Integration, HGT: Hidden Goal Task).
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Figure 4. Correlation matrix of key measurements of the different tests. Both positive and negative
potential correlations can be seen. Note the higher correlation coefficient between age and perfor-
mance of some of the tests, and the coefficient between the real-space and virtual versions of the tests.
This matrix was used to analyze specific correlations in more detail (Figure 5).

We further analyzed these variables’ relationships in more detail by considering either
the new hardware device alone or, independently, the dedicated protocol designed here.
We first analyzed the subjects’ performance in a version of a previously validated test into
our new maze. We found the subjects’ error in both the real space and virtual versions
of the hidden goal test positively correlated each other (Figure 5a, R = 0.57, p = 0.0087),
as expected, being higher with age (Figure 5b,c, R = 0.61, p = 0.032, R = 0.54, p = 0.013
respectively), as expected. Consistently, both versions of the hidden goal test significantly
positively correlated to the error in the path integration test (Figure 5d,e). Therefore, it is
not surprising that although the time spent in the virtual version of the hidden goal test
showed a negative correlation (trend, R = —0.42, p = 0.065) to age, (Figure 5f), the error
positively (trend) correlates with age (Figure 5g). The new protocol presented here could
be validated in this line consistently, showing a significant positive correlation between
decision error and total time into the maze (an internal validation of the task, Figure 5h)
and a trend between the total time spent into the maze and the error in the path integration
test (validation compared to other tests, Figure 5i). For brevity, only moderate or greater
correlations are shown in Figure 5.

There also exists a tendency on the performance on the real-space hidden goal test
error on subjects over 25 but under 40 years old where exercised outperform sedentary,
which is inverted in subjects over 40 (Figure Sla, p = 0.06, p = 0.57). By dividing by sex
and age, there is no difference in men, but women present a significant difference in age
range (<40 years old with higher error, p = 0.0082). This difference is still present while
subdividing first by age and then by sex: there is no difference in any age range by sex but
in the <40 range where there is a tendence (Figure Slc, p = 0.07). Regarding the virtual
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hidden goal test, there is a tendency in sedentary depending on the age, <40 sedentary
people underperform younger sedentary (Figure S1d, p = 0.077).
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Figure 5. Significance of the main correlations between measurements. (a—h) Correlations of validated
tests with each other or with subjects” age. Significant positive correlations (a—e) can be seen, as
well as a trend in the performance of virtual versions of hidden goal test and path integration with
age (f,g). A significant correlation was found between the decision error of our new multiple-choice
real-space maze and the time spent in the maze (internal validation, h), and a trend between the
time spent in the maze with the error in the path integration test (inter-test validation, (i)). Each dot
represents 1 person.
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We next proceeded to further examine complex interactions between variables. We
found that the error in a real-space hidden goal test increased significantly with age,
being higher for subjects older than 40 years old compared to younger subjects (Figure 6a,
p = 0.025), as expected. Doing so, we found that this error was consistently higher in 40-
year-old subjects independently of their weekly physical activity level (Figure 6b, p = 0.029).
The same relationship between hidden goal test error and age was also found for the virtual
version of the task (Figure 6¢, p = 0.04), as expected.
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between the subjects’” age (a—d) and their performance on validated tests (hidden goal and path
integration) depends on the subjects” physical activity level, both in real-space (a,b), and virtual
versions (¢,d). In our new multiple-choice maze-like test (e,f), differences between sex (e) or physical
activity level (f) were explored. Differences between virtual versus real-space tests depending on
subjects” age were also found (g). * = p < 0.05, ** = p < 0.01. Each dot represents 1 person. PI:
Path integration, HGT: Hidden Goal Task. Effect sizes: a Kruskal-Wallis Eta? = 0.299, magnitude:
large. a Wilcoxon age groups 1-3 effect size = 0.686, magnitude: large, Wilcoxon age groups 2-3
effect size = 0.537, magnitude: large. b Kruskal-Wallis Eta® = 0.567, magnitude: large. (b) Wilcoxon
sedentary age groups 2-3 effect size = 0.735, magnitude: large. ¢ Kruskal-Wallis Eta? = 0.246, magni-
tude: large, Wilcoxon age groups 2-3 effect size = 0.499, magnitude: moderate. (d) Kruskal-Wallis
Eta® = 0.505, magnitude: large, Wilcoxon sedentary age groups 1-3 effect size = 0.791, magnitude:
large. € Wilcoxon effect size in men = 0.802, magnitude: large. (f) Wilcoxon effect size = 0.501,
magnitude: large. (g) Kruskal-Wallis Eta? = 0.362, magnitude: large, Wilcoxon age groups 1-3 effect
size = 0.674, magnitude: large, age group 2-3 effect size = 0.713, magnitude: large.

Interestingly, our system was able to detect also a difference between the error in
the performance of the virtual version of the path integration test and subjects’ age de-
pending on the level of activity (Figure 5d, p = 0.038), as expected. Although some
other interesting relationships between exercised and sedentary groups might be sug-
gested, the number of subjects precluded any categorical conclusion in this regard (see also
Supplementary Figure S1).

These relationships contribute to validating the hardware/device system itself, there-
fore we next analyzed the ability of the dedicated protocol to detect complex relation-
ships. We found that the total time spent into the maze was similar between men and
women (Figure 6e), but a difference between exercised and sedentary subjects was detected
(Figure 6f, p = 0.028), pointing to the capacity of this new system to detect subtle differ-
ences between subjects. The system allowed us to detect also a difference between these
subjects’ performance in virtual versus real space tests depending on the age (higher score
in real space compared to virtual tests for those subjects older than 40 years old, Figure 6g,
p =0.014).

4. Discussion

We have compared the evaluation of human spatial navigation obtained with previ-
ously validated tests to a new system composed of a multi-test circular arena and a novel
protocol simulating a complex maze. Our arena is freely inspired by previously reported
circular mazes [28-30] including a new system with a laser beam to point a spot in any
position on the floor, inside wall-screens to present spatial cues, and a video camera to track
the path and distances, able to recreate many different spatial navigation tests for humans,
and versatile enough to implement new protocols. The new system was created with the
goal of including free body movement, in a complex maze, in real space, but all enclosed in
a reduced space, while allowing evaluation of both egocentric and allocentric navigation,
neural activity recording, and difficulty level customization, in all cases if /when required.
The dynamic of this new test was created trying to recapitulate the continuous orientation
and reorientation one has to perform while navigating spaces where some spatial cues
(necessary to find a path) are only available as long as the participant is doing short dis-
placements, such as for example into a department store, where one has to reorientate after
going around many repetitive aisle displays (with a similar average size than our system)
while advancing from the starting position to a distant target end [33].

The system presents several advantageous features. First, it allows the evaluation of
freely moving subjects. This is very relevant for spatial navigation, as the proprioceptive
component of movement has long been underrated, especially in the on-screen orientation
tests implemented with computers. Recently, head-mounted VR systems or omnidirectional
treadmills (reviewed by [1]) have improved the analysis of spatial navigation including
vestibular, proprioceptive, and somatosensory cues, although the limitation of the move-
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ment still remains a challenge. One solution would be to evaluate the subjects in a large
complex maze, but laboratories cannot usually afford it due to the size necessary to imple-
ment such an arena. In our system, we have tried to solve this problem by implementing a
design including hardware, software, and a dedicated protocol, all allowing to evaluate
spatial navigation in freely moving subjects that have to orientate through a complex
maze with dead ends and occasional non-linear movements. A usual test to perform our
maze takes a mean of 20 min, and the participant walks a mean of 70-80 m during the
test, although the circular arena is only 3 m in diameter. This is because the system is
designed to recreate a set of different spatial cues on the screens on the inside walls of the
arena. This is done in such a way that when the subjects orientate themselves according to
the map and the cues, and exit the arena, they have to enter again the arena at a specific
different entrance point, and meanwhile the inside scenario has automatically changed
through a computer to recreate the new location the participant has chosen to go. This way,
the participant can be tested in a complex maze as the experiment requires (see map in
Figure 1b) but still in a controlled, reduced space.

This design is useful to customize the difficulty of the test, because the experimenter
can easily change the number of locations the participant will have to go to reach the
target, the difficulty of the path to transit to those locations, the number of dead-ends and
non-linear movements, and the on-screen spatial cues. This is useful to design specific
experiments devoted to analyzing spatial navigation with children, adults, elders, neurode-
generative patients, or any other conditions. It allows to measure horizontal properties of
several spatial navigation tests such as pattern separation or completion, by modifying the
spatial cues. The experimenter could even change some of the system features on the test,
depending on the path the participant is following, which can be tracked live in situ. For
the same reasons, the system is entirely fit to run experiments with a device measuring live
neural activity. As the maze is a discrete, controlled arena, and the environment is enclosed
and controlled, it is very easy to use helmets or devices for transcranial magnetic/electric
stimulation for the participants. Additionally, sensitivity and quality of human brain ac-
tivity recording have considerably improved recently in freely moving subjects, by using
controlled environments (see for example [34]). These novel preparations can easily be
used in our new system to provide correlated measures of neural activity while the subject
is actively navigating.

Second, the system is multipurpose to implement many other spatial navigation tests
previously reported, such as path integration or hidden goal tests. Third, it is portable, and
finally, it allows longitudinal studies by only changing the spatial cues and the path to the
goal, e.g., changing the map.

Additionally, being a physical test in real space confers an intrinsic advantage over
VR systems to evaluate spatial navigation, which might induce dizziness (mainly to elder
people) especially when using VR glasses [35,36]. Besides that, distinct usage rates between
the young and elders might reflect disparity in the familiarity in the use of devices [37]
rendering it unreliable when comparing different age groups in a study. Last but not least,
elder people might have higher disaffection with a new virtual challenge than young people,
compared to a new physical challenge, where both age groups may be comparable [38,39].

In our validation study, we have seen that our system yields consistent results with
what is expected in known spatial navigation tests such as hidden goal test or path in-
tegration. Our measurements of the maze test give us information about three different
dimensions: how accurately are participants predicting their own position, how effective
is their path-finding, and the total amount of time they take to arrive at the goal. Several
difficulties arise when validating this test. Firstly, to our knowledge, there is no other
human spatial navigation test consisting of a complex real-space maze measuring subjects’
performance. Secondly, these mentioned dimensions are composed of several processes
(not purely a path integration task, nor a hidden goal task). And lastly, two of these di-
mensions (prediction and decision error) are, to a certain degree, independent from each
other, while total time may influence both errors (more time in the maze can result in more
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movements, and more movements may give rise to more errors). With all this in mind,
validation of this test must come from how our results fit within both the literature and the
predictions we made based on it.

First, decision error and prediction error do not correlate (Rho = 0.13), as expected.
Second, both errors show a low to moderate correlation with total time (Rho = 0.37 for
prediction error and Rho = 0.45 for decision error) showing a clear influence, but not a strong
correlation. Third, low to no correlation with tests measuring different variables. Fourth,
organizing scores by quartiles we can divide our sample by a good/bad performance in
each error. Since they are different dimensions, there are participants in every resultant
subdivision (low prediction error with low decision error, high prediction error with low
decision error, etc.). As expected, making good predictions of their position does not mean
good path-finding (61.5% good path-finding), people with bad path-finding indistinctly
make good or bad predictions (50%) but people with bad predictions rarely have a low
path-finding error (20%). So, while these dimensions are different and do not correlate,
knowing one-self’s position increase the chance of making good path-finding decisions.

Furthermore, we found a trend of a positive correlation between the time spent to
solve the maze and the error in the real-space path integration test. This finding should
be expected if a proprioceptive component of spatial navigation is involved in real-space
spatial navigation in humans [1] and reinforces the utility of this real-space spatial nav-
igation test to include components of orientation usually not considered [40—42]. The
system was able to detect subtle differences in performance depending on age, or on the
effect of exercise, especially for specific age groups. This is relevant as it allows to design
experiments to test spatial navigation in different contexts as lifestyle, drug interventions,
or conditions involving cognition or neurodegeneration.

While all the spatial navigation tests in our new system have so far been egocentric,
our system can also be used additionally to easily implement allocentric tests, for exam-
ple through testing orientation of the subjects into our arena with no spatial cues, only
based on a cognitive map the subjects have been previously trained to remember (data in
preparation). Therefore, most of these results point to the new system as a valid approach
to measure the components of human spatial navigation (because both the significant
and the non-significant results provide the expected information following the consensus
principles of human navigation [1]) by using a multi-purpose, multiple-choice, complex
arena, and a protocol all implemented in a reduced space. The system is able to measure
spatial navigation in an environment avoiding some of the main disadvantages of the
known tests in the field (e.g., our system includes free body movement in a real space,
complex environment, built in a reduced space). Nevertheless, a Limitations section and a
Future Directions section are included next to bring out potential concerns to be addressed
in the future.

In summary, our system allows the evaluation of human spatial navigation with
several distinct types of known tests as well as a new test based on a multiple-choice
maze-like task with customizable complexity, all implemented in a small, portable circular
arena. It is sensitive enough to detect subtle differences in spatial navigation between age
groups or between sedentary vs. exercised subjects, and its results correlated as expected
with previously validated orientation tests.

4.1. Limitations

Our system presents potential limitations. When the participants exit the tent to reenter
at a different entrance, they have to perform a short semicircular displacement into the
booth, out around the tent. To avoid distractions in this short displacement, we asked the
participants to concentrate in the map and their next movement. The participants reported
at the end of the test that they were not aware of the environment while performing the
test. Additionally, the mentioned strategy directly contributes to removing any vestibular
component of the navigation process, thereby depending heavily on the cognitive map.
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The performance score method was entirely designed de novo as this is a new test
with multiple choices, precluding to use simple variables. For example, the time spent to
find the target is not a good parameter to evaluate the spatial navigation ability in this
system, as it depends entirely on what paths the participants chose when more than one
choice was available and equally good (see methods). Therefore, although this scoring
system is artificial and based on compound variables, the ex profeso design was made to
exclude of the formulae any non-spatial navigation component.

Consistently, the time is not a crucial factor in this system, although this may lead to
a long test duration for some subjects. As this may be a problem causing very different
time duration for different participants, we restricted the total number of tests per session
to five.

The presence of both virtual and real-space versions of some tests makes it advisable to
run first the virtual version and then the real-space one. This ensures that the performance
of the test was not entirely random. The influence of the order to perform the tests in the
results must be further tested in the future.

Finally, although this study would benefit from a larger sample size (in the exercised
<25-years-old subgroup there is only one participant), since our results already fit within
the theoretical frame depicted in the literature, and results fall under our initial predictions,
we do believe the test is validated.

4.2. Future Directions

This system can be used immediately to measure both degenerative impairments in
spatial navigation and the potential improvement of any intervention or therapy designed
to address spatial navigation. However, a necessary first step is to test as many different
participants subgroups in this system as possible, for example, children/teens, adults, and
elderly people. In the same line, both healthy and stressed subjects, as well as the effects of
lifestyle will for sure provide very interesting information about human spatial navigation.

Nevertheless, joint evaluation of neural activity correlated with performance of spatial
navigation is a promising subfield to generate relevant information about the dynamics
of navigation. Furthermore, this information can be easily contrasted with individual
molecular profiles of selected, hypothesis-driven lists of potential mediators of different
interventions (as for example epigenetic effectors). All this information might be used, in
turn, to design personalized therapies or lifestyle interventions that would be tested with
this system.
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