jove

A Visuospatial Planning Task Coupled with Eye-Tracker
and Electroencephalogram Systems

Marcos Domic-Siede', Martin Irani?, Joaquin Valdés®, Maria Rodriguez4’5, Brice Follet>®, Marcela Perrone-

Bertolotti’’®, Tomas Ossandén®

! Laboratorio de Neurociencia Cognitiva, Escuela de Psicologia, Universidad Catdlica del Norte 2 Department of Psychology, University of Illinois Urbana-
Champaign s Neurodynamics of Cognition Laboratory, Departamento de Psiquiatria, Pontificia Universidad Catdlica de Chile “Instituto de Ciencias de la
Salud, Universidad de O’Higgins 5 nstituto de Ciencias de la Ingenieria, Universidad de O’Higgins 6 Department of Psychiatry, University Hospital of Saint-
Etienne 7 Univ. Grenoble Alpes, Univ. Savoie Mont Blanc, CNRS, LPNC 8 Institut Universitaire de France (IUF)

Corresponding Authors

Marcos Domic-Siede

mdomic@ucn.cl The planning process, characterized by the capability to formulate an organized plan

Marcela Perrone-Bertolotti A A A A q q q
to reach a goal, is essential for human goal-directed behavior. Since planning is
marcela.perrone-bertolotti@univ-grenoble-alpe

Tomas Ossandén compromised in several neuropsychiatric disorders, the implementation of proper
tossandonv@uc.cl clinical and experimental tests to examine planning is critical. Due to the nature
of the deployment of planning, in which several cognitive domains participate,

Citation the assessment of planning and the design of behavioral paradigms coupled with

Domic-Siede, M., Irani, M., Valdés, J., neuroimaging methods are current challenges in cognitive neuroscience. A planning
Rodriguez, M., Follet, B., Perrone-

Bertolotti, M., Ossandon, T. A

Visuospatial Planning Task Coupled with eye movement recordings in 27 healthy adult participants. Planning can be separated
Eye-Tracker and Electroencephalogram
Systems. J. Vis. Exp. (193), 64622,

doi:10.3791/64622 (2023). represented and an execution stage in which motor action is used to achieve a

task was evaluated in combination with an electroencephalogram (EEG) system and

into two stages: a mental planning stage in which a sequence of steps is internally

previously planned goal. Our protocol included a planning task and a control task.
Date Published

The planning task involved solving 36 maze trials, each representing a zoo map. The
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task had four periods: i) planning, where the subjects were instructed to plan a path

DOI to visit the locations of four animals according to a set of rules; ii) maintenance, where
the subjects had to retain the planned path in their working memory; iii) execution,
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where the subjects used eye movements to trace the previously planned path as
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cognitive planning component was removed by modifying the task goal. The spatial
and temporal patterns of the EEG revealed that planning induces a gradual and lasting
rise in frontal-midline theta activity (FMB) over time. The source of this activity was

identified within the prefrontal cortex by source analyses. Our results suggested that
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the experimental paradigm combining EEG and eye-tracker systems was optimal for

evaluating cognitive planning.

Introduction

During the past 10 years, extensive research has been
conducted to examine the role of oscillatory neural dynamics
on both cognition and behavior. These studies have
established that frequency-specific interactions between
specialized and widespread cortical regions play a crucial

2.3 This approach

role in cognition and cognitive control 1
highlights the rhythmic nature of brain activity, which helps
coordinate large-scale cortical dynamics and underpins
cognitive processing and goal-directed behavior*:®. There is
substantial evidence showing that rhythmic oscillations in the
brain are involved in various cognitive processes, including

7,8,9

perceptionB, attentio , decision-making10,

11

memory
reactivation’ ', working memory12, and cognitive control'3.
Different oscillatory mechanisms have been proposed to
guide goal-directed behavior, with transient large-scale
frequency-specific networks providing a framework for
cognitive processing1'14’15. For example, recent findings
suggest that specific frequency bands in the brain may
reflect a feedback mechanism that regulates spiking activity,
providing a temporal reference frame to coordinate cortical

excitability and spike timing for producing behavior16-17.18

A review is provided by Helfrich and Knight19.

This body of evidence raises questions about how the
prefrontal cortex (PFC) encodes planning task contexts
and related behaviorally relevant rules. The PFC has long
been thought to support cognitive control and goal-directed
behavior through the oscillatory patterns of neural activity it
generates, selectively biasing the neural activity in distant

brain regions and controlling the flow of information in

large-scale neural networks?®. Additionally, it has been
proposed that regions exhibiting local synchrony are more

21,22,23 |

likely to participate in inter-regional activity
particular, cortical theta-band (4-8 Hz) oscillations, as
measured by scalp electroencephalogram (EEG), have been
proposed as a potential mechanism for transmitting top-down
control across broad networks'3. Specifically, theta-band
activity in humans reflects high-level cognitive processes,

such as memory encoding and retrieval, working memory

retention, novelty detection, decision-making, and top-down
control12,24,25,26

Related to this, Cavanagh and Frank'3

proposed two
sequential mechanisms of control processes: the recognition
of the need for control and the instantiation of control. The
recognition of the need for control may be indicated by
frontal midline theta (FMB) activity originating from the medial
prefrontal cortex (mPFC), which has been described in terms
of event-related potential (ERP) components that reflect
mPFC-related control processes in response to various

27,28,29

situations, such as novel information , conflicting

stimulus-response requirements30, error feedback®!, and
error detection32. These ERP components, which reflect
the need for increased cognitive control in the presence
of novelty, conflict, punishment, or error, exhibit a common
spectral signature in the theta band recorded at frontal midline

electrodes26:27.33,34,35,36,37,38,39,40,41,42,43,44

The EEG responses of FMO activity display a pattern
of phase reset and power enhancement in the theta

frequency band26. Despite the limitations of the EEG
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method in terms of its spatial resolution, various sources
of evidence have been collected to demonstrate that
FM6 activity is generated by the mid-cingulate cortex
(MCC)'3. These theta dynamics are believed to serve as
temporal frameworks that regulate the neuronal processes
of the mPFC, which are subsequently augmented in
response to events requiring heightened control?®. This
has been established through source analysis31 133,45,46,47
concurrent EEG and functional magnetic resonance imaging
(fMRI) recordings48'49, and invasive EEG recordings in

humans®® and monkeys®1:52.53

Based on these observations, the frontal midline theta is
considered to serve as a universal mechanism, a common
language, for executing adaptive control in different situations
where there is a lack of certainty regarding the actions and
outcomes, such as during planning. The behavioral paradigm
that we propose in this protocol has been used to study
cognitive planning and its temporal and neural characteristics.
Although various mechanisms for cognitive control have been
reported in other scenarios, the current protocol has allowed
for the recent description of planning and its associated neural
and temporal properties®*. The cognitive process of planning
comprises two distinct phases: the mental planning phase,
during which an internal representation of a sequence of

plans is developed °

, and the planning execution phase,
in which a set of motor actions are executed to achieve
the previously planned goal56. Planning is known to require
the integration of various components of executive functions,
including working memory, attentional control, and response
inhibition, making the experimental manipulation and isolated

measurement of these processes challenging®’-%8.

Neuroimaging studies on cognitive planning have commonly

used behavioral paradigms such as the Tower of

London®?-60.61- however, in order to control the confounding
factors, the tasks used for studying cognitive planning can
become limited and artificial, leading to less predictive and
ecological validity62’63'64'65. To overcome this problem in
the neuropsychology field, real-world planning situations have
been proposed as ecological tasks®2:63 . The Zoo Map Task
subtest in the Behavioral Assessment of the Dysexecutive
Syndrome battery measures planning and organizational
skills in a more natural and relevant manner4:66_ This test
is a pencil-and-paper test that involves planning a route to
visit 6 out of 12 locations on a zoo map. The locations
are common places that can be found in a regular zoo,
such as an elephant house, lion cage, rest area, coffee
shop, etc. There are two conditions that evaluate different
levels of planning: i) the formulation condition, where the
subjects are instructed to plan a route to visit six places in
the order of their choice but according to a set of rules; and
ii) the execution condition, where the subjects are instructed
to visit six places in a specific order and following a set
of rules as well. These two conditions provide information
about planning skills in ill-structured (formulation) and well-
structured (execution) problems67. The firstis presented as a
more demanding cognitive task in an open situation because
it requires subjects to develop a logical strategy to achieve
the goal. Before tracing a path, a sequence of operators
must be devised; otherwise, errors are likely to occur. On the
other hand, the execution condition requires a lower cognitive
demand because solving a task involving following a specific
imposed strategy only requires the subject to monitor the
implementation of the formulated plan to achieve the goal66.
On the other hand, the Porteus Maze is a well-known task in
the field of psychology, particularly in the areas of cognitive
psychology and neuropsychology, and it has been widely
used as a tool to assess various aspects of cognition, such as

problem-solving and planning®®-69. The Porteus Maze task is
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a pencil-and-paper task that starts with a simple visual stimuli
analysis and becomes increasingly difficult. The subject must
find and trace the correct path from a starting point to an
exit (among several options) while following rules, such as
avoiding intersecting paths and dead ends, and acting as
quickly as possible68. Each time a fork appears while drawing
the path, the subjects make decisions to reach the goal and

avoid breaking the given rules®?.

Considering the limitations and strengths of the commonly
used and ecological tasks, we designed our behavioral
paradigm mainly based on the Zoo Map Task® and the
Porteus Maze Task®8. The behavioral paradigm consists of
four distinct stages that encompass the cognitive process of
planning in a daily life scenario. These stages are as follows:
Stage 1, planning, where the participants are tasked with
creating a route to visit various locations on a map, ensuring
adherence to the established rules; Stage 2, maintenance,
where the participants are required to keep the planned
route in their working memory; Stage 3, execution, where
the participants execute their previously planned route by
drawing and closely monitoring its accuracy; and Stage
4, response, where the participants report the sequence
of animals visited according to their planned route®. Our
paradigm enables the measurement of different parameters
of planning ability using different stages, which reflect the
various components of planning (such as working memory,
executive attention, and visuospatial skills) in a more realistic
manner since mapping out routes is a common occurrence in
daily life. Additionally, to control for confounding factors, the
paradigm includes a control task with a planning task structure
and equivalent stimuli, which engages the executive cognitive
components also involved in planning but excludes the

planning process component. This allows for the separation

of the planning process component for the comparison of both

electrophysiological markers and behavioral parameter354.

Furthermore, eye-tracking has made significant contributions
to cognitive neuroscience studies by providing a non-invasive
method for measuring and analyzing eye movements, which
can provide valuable insights into the cognitive processes
and neural mechanisms underlying perception, attention,
and cognitive functions. Measuring different types of eye
movements with an eye-tracking system can provide valuable
information about the cognitive processes and neural
mechanisms involved in planning. For example, the following
aspects can be measured: fixations, which are the periods
of stable gaze during which visual information is acquired70;
saccades, which are the rapid eye movements that are used
to shift the gaze from one location to another’!; smooth
pursuit, which is a type of eye movement that allows the
eyes to follow a moving object smoothly72; microsaccades,
which are small, rapid eye movements that occur even during
fixations’3; and blinks, which are a reflex action that helps
to keep the eyes lubricated and protect them from foreign
objects74. These eye movements can provide insights into
the cognitive processes involved in visual search, attention
allocation’®, visual tracking72, perception73, and working
memory74, which are important components for planning and

cognitive control.

On the other hand, recent studies on the locus coeruleus-

norepinephrine (LC-NE) system have shown its relevant

role in cognitive control’®. The locus coeruleus (LC)

projects to several brain regions, such as the cerebral

thalamus, midbrain, brainstem,

d76,77,61

cortex, hippocampus,

cerebellum, and spinal cor . Particularly dense LC-
NE innervations receive PFC brain areas associated with

cognitive control’®. Besides, some studies indicate that
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chronic hyperactivity of the LC system may contribute to
symptoms of manic-depressive disorder, such as impulsivity
and sleeplessness. In contrast, a chronic decrease in LC
function has been linked to reduced emotional expression,
a prevalent characteristic among patients suffering from
depression78. An overactive response of the locus coeruleus
to stimuli may lead to an excessive response in individuals
with stress or anxiety disorders’®. Therefore, alterations
in the LC-NE system may contribute to the symptoms
of cognitive and/or emotional dysregulation. Non-invasive
techniques can be used to examine locus coeruleus
activity, one of which is pupil diameter changes, which
are mostly controlled by noradrenaline released from the
locus coeruleus. Noradrenaline acts on the iris dilator
muscle by stimulating the alpha-adrenoceptors and on the
Edinger-Westphal nucleus, which sends signals to the ciliary
ganglion and controls iris dilation through the activation
of postsynaptic alpha-2 adrenoceptors66*80'81*82. Direct
LC neuronal recordings from monkeys have confirmed the
relationship between LC-NE activity, pupil diameter, and
cognitive performance83. Pupil dilation has been repeatedly
observed in response to enhanced processing demands in

several cognitive tasks’1-84,85.86,87

Electrophysiological markers of cognitive control combined
with eye tracking and pupillary recordings might disentangle
crucial questions about how cognitive control and planning
are implemented in the brain. The importance of using
our protocol combining EEG and eye-tracker systems is
two-fold. On the one hand, cognitive control seems to
require the participation of distributed brain activity in precise
temporal relationships, which constitute ideal candidates
for studying brain network function. On the other hand,
abnormalities in any of these capacities have a severe

impact on normal behavior, as might be in the case

of a variety of cognitive and neuropsychiatric disorders,

88,89

such as attention-deficit/hyperactivity = disorder

disorder0:91 ,

major depressive bipolar disorder?!,
schizophrenia®?, frontotemporal dementia®, as well as
disorders due to frontal lesions%4. Additionally, the current
protocol allows for using pupillometry as a parameter to
compare LC-NE activity and oscillations using eye-tracking
and electroencephalography. This might not only provide
evidence for the theoretical relationship between LC-NE,
pupillometry, and neural markers in humans but could
also permit the tracking of the developmental trajectory of
characteristics related to the LC-NE system during cognitive
planning. However, in our model, we focused on testing
whether there was a specific pattern of saccades during
planning that could potentially result in specific oscillation
changes%. Additionally, we used an eye-tracker system as
an important part of examining the behavioral execution of a

plan in the execution phase of our behavioral paradigm.

To sum up, this protocol might produce testable models of
brain network dynamics that could serve as a platform for both
further basic research and eventual clinical and therapeutic

applications.

Protocol

All procedures in this protocol were approved by the bioethics
committee of the Faculty of Medicine of Pontificia Universidad
Catdlica de Chile, and all participants signed an informed
consent form before the beginning of the study (research

project number: 16-251).
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1. Participant recruitment

Recruit right-handed healthy adults (males and females)
with normal or corrected-to-normal vision, and screen
them on the inclusion/exclusion criteria.

NOTE: In this study, 27 healthy individuals who were
aged between 19 years old and 38 years old and were
fluent speakers were recruited. The sample size can
vary based on the desired level of statistical power,
and the age range may vary depending on the specific
research question to be addressed. In our protocol
we calculated the sample size by taking into account
the statistical Wilcoxon signed-rank test, an effect size

of 0.7, an alpha level of 0.05, and a power of 0.95,
as described in Faul et al.%. We used the MINI-

International Neuropsychiatric Interview®’ , applied by a
trained psychologist, to assess the participants in terms
of the inclusion/exclusion criteria. Recruit only right-
handed subjects to reduce variability in the EEG signal
because left-handed individuals might present a different

topographical distribution of EEG activity8-99.100

2. Stimuli preparation

For the planning task, create a set of stimuli using a
vector graphic editor software (see Table of Materials).
For each stimulus, design a grayscale maze that
represents a zoo map. Inside the maze, make a gateway
and several paths leading to the animal locations (e.g., in
this study, there were four animal locations, see Figure
1).

NOTE: In this study, we created 36 mazes in which
each stimulus consisted of a zoo map with a starting
gate, four images of animals located on the maze,

and several paths. The paths on the maze may or

may not lead to the animal locations. Using grayscale
stimuli with reduced contrast is often preferred for
pupillometry because it reduces the stimulation of the
retinal cones, which are responsible for color vision. This
shift in stimulus emphasis allows for a more sensitive
measurement of changes in the size of the pupil, which
are thought to reflect changes in the state of arousal
or attention. Additionally, the use of grayscale stimuli

reduces variability in the measurement due to differences

in color vision between individuals 107,

In order to obtain different levels of complexity in the
final task, divide the stimuli based on the number of valid
solutions in accordance with the established goal and
rules (particularly, the goal is to plan a path to visit animal
locations). The number of valid solutions refers to the
number of paths possible to plan following the rules (see
rules in Figure 2 and step 5.12.1.). Classify stimuli with
greater than five possible solutions as "easy" and those
with five or fewer possible solutions as "difficult." Then,
create an equal number of trials for each category.

NOTE: Alternatively, request the stimuli created for

Domic-Siede et al.%* from the authors, as those stimuli
were created following these instructions. Consider
that all the materials are available upon request, but
the specifications are detailed here. In this study, we
created 18 easy trials and 18 difficult trials. Evaluating
the differences in difficulty levels at behavioral and
electrophysiological levels is important because it will
help to determine if you are measuring cognitive demand/
cognitive effort/difficulty or intrinsic aspects of cognitive
planning (see representative results and discussion

sections).

For the control task, use the same structure as

the planning task (evaluation period, maintenance,
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execution, response, see Figure 2), and use the same
stimuli created for the planning task, but add a drawn
line representing a marked path for visiting the sequence
of animal locations starting from the gate until the last
location (see Figure 1B). Make the marked path a slightly
darker color than the main paths of the maze, with low
contrast evaluated using a lux-meter (see step 2.4).

NOTE: The idea behind this is to keep the
psychophysical features of both conditions (planning and
control tasks) as similar as possible. The traced paths
of the mazes could either follow the rules or not (see
section 5 of the protocol for more detail regarding the
instructions given to the participants). In this study, half

of the stimuli had a correct visiting sequence following

the rules, whereas the other half presented errors (such

A Planning Condition

as using the same path twice or crossing dead ends, see

step 5.12.1 and step 5.12.3 and Figure 2).

Assess the illuminance of the stimuli using a lux-meter
positioned in the chinrest that the subjects will use (see
step 4.5 and step 4.6) and at the same distance from the
screen. Each stimulus of each condition produces a lux
value. Record each value manually for further analyses.
NOTE: No differences in illuminance are expected
between conditions (see step 4.6). Otherwise, check the

contrast of the stimuli. This is relevant if pupil diameter

will be measured102.

Create one stimulus representing correct feedback
(thumbs-up when correct) and another stimulus
representing incorrect feedback (thumbs-down when
incorrect) using a vector graphic editor (see Table of

Materials) as well (Figure 2).

B  Control Condition

Figure 1: Stimuli of the experimental and control task. lllustrative examples of the (A) planning and the (B) control task

stimuli are shown. The stimuli represent a zoo map consisting of a gate, four animal locations in different places, and several

paths. The stimuli for both conditions were similar; the only difference was that for the control task, (B) the stimuli had a

marked line indicating an already existing path (black line here for illustrative purposes). This line in the real control stimuli

was slightly darker, with low contrast controlled by illuminance (see step 2.4). This figure has been modified from Domic-

Siede et al.%*. Please click here to view a larger version of this figure.
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A Planning Condition B Control Condition

Sample Trial Sample Trial

Feedhark e Feedhack

Figure 2: Experimental design. (A) Planning task trial. Trials in this condition started with a 3 s fixation cross. Then, the
participants were instructed to plan a path to visit all the four animal locations following a set of rules (10 s maximum).

Next, a shifted fixation cross appeared (3 s), followed by the appearance of the maze again. In this period (execution), the
subjects had to execute the trace planned in the previous planning period using their gaze with online visual feedback (given
by the eye-tracker system), which delineated their gaze movement in real-time (dark line) (10 s maximum). Afterward, in

the response period, the subjects had to report the sequence made during the execution by ordering the animals visited.
According to their responses, feedback was delivered. (B) Control task trial. Trials in this condition started with a 3 s fixation
cross. Then, the participants were instructed to evaluate whether a traced path (dark line) followed the rules or not. Next,

a shifted fixation cross appeared (3 s), followed by the appearance of the maze again. In this period, the subjects had to
redraw the already traced path with online visual feedback, like in the planning execution period (10 s maximum). Afterward,
in the response period, the subjects had to answer (yes or no) whether the traced sequence followed the previously stated
rules According to their responses, feedback was delivered. This figure has been modified from Domic-Siede et al.% . Please

click here to view a larger version of this figure.

NOTE: It is important to use the same structure in

3. Planning and control task programming N . ]
both conditions in order to control the confounding

1. Write a script coding a planning task paradigm based factors and perceptive components involved in the

8 process of solving the task demands (Figure 2).

on the Zoo Map Task®® and Porteus Maze®® using

- . . . Using the same structure improves the assessment
a stimuli presentation/behavioral experiments software

of the specific cognitive process involved in cognitive
(see Table of Materials and the Supplementary File). pecilic cognitive p nvolved| gnitv

planning.
1. Code the task considering two conditions (a planning

- ” . . 2. Synchronize the communication between the
condition and a control condition) with a similar

display computer, the EEG computer, and the
structure to that explained in section 2 and section 4 Pay P P

host computer (eye-tracker computer) via ethernet
(see Figure 2 and the Supplementary File). P (ey puter)

and parallel port communication sending transistor-

Copyright © 2023 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported jove.com March 2023193 - 64622 - Page 8 of 42
License


https://www.jove.com
https://www.jove.com/
https://www.jove.com/files/ftp_upload/64622/64622fig02large.jpg
https://www.jove.com/files/ftp_upload/64622/64622fig02large.jpg

jove

transistor logic (TTL) pulses from the display

computer (see Figure 3).

Write a code to calibrate the eye movements with the
eye-tracker system at the beginning of the planning
and the control tasks and after every five ftrials
completed because gaze position on the screen is
crucial for the execution period (see step 3.2.3 and
step 3.3.3 of the protocol, the discussion section,
and the code in the Supplementary File).

NOTE: There might be delays in the computer
communication. There are several methods to
measure the delay between TTL pulses on two
different computers, but one common approach
is to use a hardware device such as a digital
oscilloscope or a logic analyzer. Another approach
is to use software-based methods, such as sending
the TTL pulses over a network connection and
using network analysis tools to measure the delay.
Another approach is to synchronize the clocks of
the two computers, either using a global positioning
system (GPS) or network time protocol (NTP) server
or using a hardware-based synchronization solution,
calculate the delay between the timestamp and the
time of arrival for each pulse, and average the
results to obtain the overall delay between the two

computers.

Write a code for the planning task with the following
structure: the planning period, the maintenance period,
the planning execution period, the response period, and

feedback (Figure 2, Supplementary File).

The planning period: Initiate the planning condition
by setting a fixation cross presented for 3 s as a

baseline.

Randomly present the set of mazes one by one (36
in this study).

NOTE: In this planning period, participants are
asked to plan a path to visit the four animal locations,
with a maximum time of 10 s, following a set of
rules (the rules are previously explained to them; see
section 5 of the protocol to see the rules given, as

well as Figure 2).

Include a TTL trigger in the code signaling the onset
of the stimulus presentation using a tag code, and
send this trigger to the EEG computer and the
eye-tracker host computer for further narrower and

windowed analyses.

Write in the code that the planning period culminates
once a button from a joystick/keyboard is pressed
whenever the subject finishes planning or if the
maximum time is exceeded. The reaction time (RT)
must be recorded in the logfile for further analyses.
NOTE: For this period, we used a trigger code using
the number 1, but the use of hierarchical event
descriptors (HED) tags over numerical codes is
recommended, because HED tags provide meaning
and structure to the content, thus making it easier for
other researchers or collaborators to understand the

content of the data.

The maintenance period: Initiate this period using
a shifted fixation cross presented for 3 s. Locate the
shifted fixation cross in the spatial position where the
gate of the maze is located in order to anticipate the
start position (gate) of the zoo map (see Figure 2).

NOTE: The purpose of this period is three-fold. First,
the shifted fixation cross facilitates the execution of

the trace representing the planned path for the next
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period (see step 3.2.8). Second, during this period,
the participants hold the plan elaborated during the
planning period in their working memory. Finally, this

period serves as an inter-trial interval to delimitate

of the planning execution period, in which the
maze disappears but the animals and their spatial

positions remain on the screen.

13. Place four empty circles horizontally at the bottom of
the end of the planning period and the beginning of the screen in the response period.
the next period-the planning execution period. NOTE: The purpose of this period is to allow the

6. The planning execution period: After shifted subjects to indicate the sequence of animals visited
fixation cross is shown for 3 s during the during the planning execution period by putting the
maintenance period, present the maze again. animals into the circles in the same order in which

7. Send a TTL trigger to the EEG and the host eye- they visited them using a joystick or keyboard.
tracker computer to indicate the beginning of this 14. Configure the program/code to allow the subjects to
period using a specific tag code. use the joystick or keyboard to select each of the

8. Write a code to give real-time visual feedback (a dark animals (four animals in this study) presented before
line, see the execution period in Figure 2) of the and insert them into each of the four circles (see
subject's gaze position approximately 992 ms after Supplementary File and Figure 2).
the onset of this period. 15. Feedback: Write a code to deliver 3 s of feedback
NOTE: Starting to delineate with a delay (1,000 ms to the participants. A thumbs-up image should
approximately) gives the subjects time to become be displayed in response to valid combinations
oriented in the maze, allowing them to delineate their of animals visited if the rules are followed, while
previous planned path (during the planning period) a thumbs-down image should be displayed if the
with a dark line. combination reported is invalid.

9. Record the coordinates of the paths for further 16. Send a TTL trigger, using a specific tag code for
reconstruction of the paths made by the subjects, correct feedback and another tag code for incorrect,
and score the performance offline (see step 6.1.1, to the EEG and eye-tracker computers.

Figure 4). NOTE: The reason for giving feedback is to

10. Ensure a maximum time of 10 s to trace the planned facilitate the monitoring of performance and maintain
path, and allow the subjects to finalize this period motivation during the task. This provision of real-
by pressing a button. In this way, the subjects can time feedback enhances the reward effect and
control when they have finished their drawn path. encourages proper task performance%3.

11. Save the RT in the logfile for further analyses. 3. Write a code for the control task with the same

structure as the planning condition: a control period,
12. The response period: Write a code for the P 9 P

a maintenance period, a control execution period, a
response period, which starts after 10 s of planning P P

execution or upon a button press at the end
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response period, and feedback (see Supplementary

File, Figure 2).

1.

The control period: Write a code for the control
condition period to mitigate confounding factors. The
code for this period must start with a fixation cross
presented for 3 s as a baseline.

NOTE: Since the planning task predominantly
demands the implementation of planning but
also recruits other cognitive domains as part of
executive function, such as visuospatial function,
attentional control,

working memory, inhibitory

66’88'104'105, a control task is crucial

control, etc.
to mitigate confounding factors. Thus, the main goal
of this task is to demand all the cognitive and
perceptual functions needed to solve the planning

task while removing the implementation of cognitive
plannings4.

Randomly present the mazes of the control condition
one by one (mazes with a marked path already

traced). Code a maximum time of 10 s.

Include a TTL trigger in the code signaling the onset
of the stimulus presentation using a tag, and send
this trigger to the EEG computer and the eye-tracker

host computer.

Write in the code that this control period culminates
once a button from a joystick/keyboard is pressed
whenever the subject finishes or if the maximum time
is exceeded.

NOTE: Subjects are instructed to evaluate the
marked paths (whether they are following the rules
or not, see step 5.12 for details on the instructions

given to the participants).

10.

11.

12.

13.

14.

15.

Save the reaction time (RT) in the logfile for further

analyses.

The maintenance period: Once the control period

has ended, present a shifted fixation cross for 3 s.

As the planning execution period, place the fixation
cross where the gate entrance is located to facilitate

gaze drawing for the next period.

The control execution period: Present the maze
again, and simultaneously send a TTL trigger to
the EEG and host eye-tracker computers with a tag

signaling the onset of the execution period.

Repeat the same code as for the planning execution
period to give online feedback of the gaze position
and to delineate and overlap their gaze with the

traced path.

Ensure a maximum time of 10 s to trace the path, and
allow the subjects to finalize this period by pressing

a button.
Save the RT in the logfile for further analyses.

The control response period: Once the control
execution period has ended, present a question

mark indicating the response period.

Program two buttons, respectively, for the subjects
to give a response using a joystick or a keyboard.

NOTE: Here, the subjects are asked to answer
whether the sequence marked by the trace was
correct or not by selecting one button for correct/YES

and another for incorrect/NO.
Save the accuracy in the lodfile.

Feedback: Write a code to deliver 3 s of correct
feedback whenever the subjects respond correctly

(a thumb-up image) and deliver 3 s of incorrect
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4.

feedback when the subjects respond incorrectly (a

thumbs-down image).

16. As in the planning condition, send a TTL trigger to
the EEG and host eye-tracker computers with a tag
for correct feedback and another tag for incorrect

feedback.

Training tasks: Create stimuli, write a code, and present

before the aforementioned planning and control tasks a

brief training session of approximately six trials/mazes for
each condition (planning and control)

NOTE: The idea is to ensure familiarization with the task
setting. It is recommended to set criteria for proceeding.
In this study, if the last three trials were correct, and
the participants reported understanding the goal and
the procedure at the end of the training session, the

participants then proceeded to the experimental session.

-

®
=T=
=)

LAN 1 | -

Computer = -
(behavioral task)
—

—

Eye-tracker camera

=

Host EEG Plspiay
Computer Computer
(Eye-tracker)

— =

- — — i

e

LAN ¥ t LISB Parallel Port LPT1
b "
5 EEG Optical | Parallel Part
a USE receiver . —
g Parallel Port LPT2

p— - - EEG Amplifier
Optic fiber

Figure 3: Example of a laboratory setup. Schematic representation of a laboratory setup showing three interconnected

computers. The host computer (eye-tracker computer) is responsible for tracking and storing the eye movement data. The

EEG computer acquires and stores the EEG signals. The display computer controls the behavioral experiment, presents the

stimuli to the subjects, and sends event triggers to the host and EEG computers through parallel ports and LAN connections

to synchronize the data collection. Please click here to view a larger version of this figure.
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A Planning Condition

Control Condition

Figure 4: Path reconstruction from visual online feedback given by the eye-tracker system. lllustrative examples of

a path reconstruction from the motor execution of a plan (A, in purple, planning execution period) and a control execution

period (B, line in green) and with eye-tracker data. The path reconstructed in the planning execution period is used to

evaluate the accuracy of each planning task trial. Please click here to view a larger version of this figure.

4. Laboratory setting and equipment

1.

Use an EEG acquisition system to record EEG activity

from the participant's scalp, with the EEG electrodes

placed according to the international 10-20 system106.

Position two electrodes on the participant's mastoids for
offline re-referencing. Use electrooculogram electrodes
to identify vertical, horizontal, and blink eye movement

signals during visual inspection.

Use EEG acquisition software for the EEG data
acquisition with a sampling rate of 2,048 Hz or 1,024 Hz
and a band-pass filter between 0.1-100 Hz in the EEG
computer.

NOTE: Sampling rates of 1,024 Hz and 2,048 Hz provide
enough resolution to analyze low-frequency oscillations.
It is important to acquire EEG signals with a high

sampling rate, such as over 1,000 Hz, when analyzing

low-frequency oscillations in order to ensure that the low-

frequency signals are not aliased.

Use a display computer, which is connected with the EEG
computer and the host eye-tracker computer via parallel
ports and ethernet and has a platform to run behavioral
experimentsinstalled on it, to project the stimuli onto an
extended monitor with a minimum resolution of 1,920
pixels x 1,080 pixels and a refresh rate of 60 Hz. Place
this monitor approximately 82 cm away from the subject.
NOTE: We used a 24 in monitor with a refresh rate set
at 144 Hz located 82 cm away from the participant. It
is recommended to use a monitor with a screen size
of at least 19 in for cognitive experiments involving
recording EEG and eye movements. Additionally, a
general recommendation is to place the monitor at
a distance that allows the participant to comfortably
perform the task and maintain a stable gaze on the

screen while still allowing for accurate recordings of EEG
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and eye movements. Itis advisable to test and adjust the

setup as necessary to ensure the best results.

Use an eye-tracking system to give the participants
real-time feedback on their eye movements during the
execution periods, and record the pupil size. Set the
sampling rate at 1,000 Hz for an adequate temporal

resolution.

Avoid head movements. Left and right and up and down
head movement restrictions are needed to keep the eye
within the video camera's field of view. Forward and
backward movement restriction is needed to keep the
eye in the video camera's focal range. Use a combination
of forehead/chin rests to keep movements within this

range.

Evaluate the luminance of the stimuli using a digital lux-
meter or similar to compare differences between the
planning stimuli and control stimuli.

NOTE: A statistical test such as a t-test or Wilcoxon can
be used to evaluate differences between the stimuli of

the two conditions.

Use a control joystick or keyboard with at least four
buttons: two buttons for Yes/No questions from the
control condition; one of these two buttons to finish trials;
and another two buttons for the response period of the
planning condition to move forward or backward to insert
the animals into each of the four circles at the bottom of

the screen.

5. Electroencephalography and eye-tracking
recording sessions

1.

Before starting the study, have the participants complete

written and signed informed consent.

Prior to the recording session, ask the participants not
to attend wearing makeup (mascara and eyeliner can be

detected as a pupil by the eye-tracker system), having

107,108

taken drugs or caffeine , or if they feel severe

fatigue109 (stress, sleep deprivation, etc.).

Have participants complete a demographic survey to
provide information on their sex, age, handedness, native

language, and neuropsychiatric history via the MINI-

International neuropsychiatric interview®’ applied by a

trained psychologist.

Clean the subject's forehead, scalp, mastoids, and
electrooculogram (EOG) skin position with an alcohol

wipe.

Place all the external electrodes on the participant. Put
the horizontal EOG bipolarly on the outer canthi of
both eyes and the vertical EOG above and below the
participant's right eye. Put two external electrodes on the

right and left mastoid for later re-referencing.

Measure the subject's head, and place the correct-size
EEG cap according to the extended international 10-20
system. In order to do this, find and place the Cz

electrode following these steps:

1. Identify the midline of the scalp by visually inspecting
the hairline and the top of the nose. Identify a line

connecting these two points to define the midline.

2. Locate the Cz. The Cz is typically defined as the
midpoint between the two preauricular points (i.e.,
the points located just in front of each ear). Locate
these points, and then identify a line connecting

them to identify the approximate location of the Cz.

3. Measure and mark the Cz. Measure the distance

from the nasion (i.e., the bony protuberance at the
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top of the nose) to the Cz. The distance from the
nasion to the Cz is typically around 53% of the total
head circumference in the 10-20 system. Mark the
location of the Cz using a pen or another marking
tool.

NOTE: It is important to follow a consistent and
standardized procedure for electrode placement in
order to minimize errors and ensure the validity
of the EEG data. It is recommended to develop a
standard placement procedure. Create a standard
procedure for placing the electrodes on each
subject's scalp, and ensure that the same procedure
is used for every subject. In case there is a team or
staff performing the recordings, train the technicians
or research assistants on the proper placement
procedure to ensure that they consistently and
accurately place the electrodes. Furthermore,
digitizing the electrode positions for each subject
would be a desirable approach in order to perform
source analysis later. In EEG studies, the precise
three-dimensional (3D) location of each electrode on
the subject's head is frequently a requirement for

establishing a correlation between the EEG data and

the corresponding brain activity1 10 This information
is also critical for the proper alignment of the EEG
data with anatomical images derived from MRl or CT

imaging techniques111 12,

Insert conductive gel into each hole of the cap using
a syringe with a blunted needle, moving away the
participant's hair with the tip. Afterward, put all the scalp

electrodes on the EEG cap.

Check the impedances using the EEG recording
software, and make sure they are under the resistance

level recommended by the EEG system.

10.

11.

Ask the participant to stay as still as possible during the
experiment. Inspect the EEG signal, and test it by asking
the participant to blink, make a jaw, and remain a few

seconds with the eyes closed.

Seat the participant in a dark and sound-attenuated
room. Use a chin rest to stabilize their head and
minimize movement, and check that there is a distance
of approximately 82 cm between the chin rest and the

center of the stimulus-presentation screen.

Place a joystick or keyboard in front of the participant for

the responses.

. Instructions: Give oral instructions using visual aids

before starting each condition (planning and control). In
the instructions, include visual examples of the stimuli,
and explain how to solve the mazes in the planning and

the control conditions, respectively.

1. For the planning task, instruct the subjects to find
a path to complete a sequence of visits to certain
animal locations (four locations in this study) in
different places of the maze in any order and
following a set of rules: "(1) Plan the path as fast as
possible within a maximum of 10 s; (2) Start from the
gateway, and conclude the path at the fourth animal
visited; (3) Do not pass through the same path or
corner twice; (4) Do not cross a dead end; (5) Do not

cross a path perpendicularly"®?.

NOTE: For rule 2 to rule 5, we recommend showing

visual examples to the participant.

2. Afterward, start the planning task training session of
six trials.
NOTE: Instruct the participants to report before
each eye-tracker calibration period if there was

any problem performing the task, especially during
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delineating the path in the execution period. Take
a note of whether there was a trial to check offline/

post-processing (see step 6.1.1).

For the control condition, instruct the subjects
to evaluate whether the already marked path on
the maze has been made correctly or incorrectly
considering the rules previously learned.

NOTE: Give examples with visual support of how
to evaluate the mazes without using planning
strategies, such as not trying to plan a new path
when errors are detected (such as drawings using
the same path twice, crossing a dead end, etc.).
When an error is found, the focus should be
solely on reporting the detection of the error rather
than correcting the path. After each trial, ask the
participants about the strategies they implemented.
Then, provide oral feedback about their performance
to make sure that they evaluated the paths drawn
and avoided planning new paths. Afterward, start the

control task training session of six trials.

13. Check the EEG signal to make sure that all the channels

14.

are correctly being acquired. Start the EEG recording.

Calibrate the eye tracker.

NOTE: Verify the capability of the eye tracker to

determine the gaze position when the participant directs

their gaze to various regions of the screen.

1.

Inform the participant that the eye tracker will be
calibrated and that they are going to see a white
circle (with a small gray dot) moving randomly to
the four corners of the screen (five-point calibration
procedure). Instruct them to fixate their gaze in
the circle, and inform them that, when it moves

to another location, they should follow the circle's

position and fixate their gaze again in that new

position.

Run the experiment, start saving the eye movements
by clicking on Output/Record, and ask the
participant to follow the instructions previously given,

informing them the experiment will now begin.
Keep the laboratory room in a dark environment. The
largest changes in pupil dilation occur in response

to changes in luminance''3. Maintain a consistent

light level in the experimental environment.

6. Data analyses

1. Behavioral analyses

1.

Analyze the behavioral data using statistical
software (see Table of Materials). Measure the
accuracy (percentage rate of accurate responses)
as a quantitative behavioral parameter in both the
planning and control conditions. For the planning
condition, use eye-tracker data (x and y coordinates
of gaze position) to recreate the paths taken during
the execution period offline, and determine the
accuracy of the planned paths compared to the
actual traced paths (Figure 4). To do this, manually
check the congruency between the combinations

correctly/incorrectly made in the response period

and the trace made.

Calculate the RT, which is the mean time spent
solving the mazes for the planning period and the
mean time spent evaluating the marked paths for the

control period.

Calculate the mean RT of the execution periods for
the planning and control conditions. Specifically, use

the RT corresponding to only the correct trials.
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NOTE: Complementarily, it is possible to

use the linear integrated speed-accuracy score

(LISAS)'14.115 described in Domic-Siede et al.>,
which provides a combined measure that considers
reaction time and accuracy. As the reaction time
during the planning execution period and the
accuracy of planning are interrelated, the LISAS can
be utilized to compute an index that accounts for
the reaction time corrected for the number of errors
made. Additionally, the LISAS index can be used to
assess the correlation between electrophysiological
signals and behavioral performance as well. It is
calculated as a linear combination of reaction time

(RT) and error proportion (PE).

Evaluate the homoscedasticity using a statistical

116,117

test such as the Levene Tes , and test

the normality using the D'Agostino and Pearson
omnibus normality distribution test'8 or Shapiro

Wilk test''® to choose the proper statistical test for

comparisons (parametric or non-parametric).

Evaluate whether the planning component in the
planning condition is more cognitively demanding

than the control condition using either the Wilcoxon

signed-rank test'20 or the matched-pair t-test12
to compare the behavioral parameters between the
conditions.

NOTE: In this way, validate that the behavioral

paradigm is optimal to evaluate cognitive planning.

Separate the frials in the planning condition into
"easy" and "difficult" categories (refer to step 2.2),
and then use a matched-pair t-test to compare the

accuracy and reaction times in the planning and

execution periods between the "easy" and "difficult"

trials.

2. EEG and eye movement pre-processing

1.

Perform the EEG data pre-processing pipeline
explained in the following points using self-made

scripts and/or established toolboxes, such as those

described in Delorme and Makeig122, in Dimigen et

al.'23 and in Mognon et al.'? in a programming

language software (see Table of Materials).

Synchronize the eye movement activity with the
EEG recordings to import the fixations, saccades,
and blink events for better visual inspection or further
analyses (see step 3.1.2 and the Supplementary
File).

NOTE: In this study, we used the timestamps on

the eye-tracking data and the time stamps on the
EEG data as described in Domic-Siede et al.>* and

in Dimigen et al.12 to import the eye movement
events to the EEG data in a programming language

software.

Down-sample the data to 1,024 Hz in case they were
recorded at 2,028 Hz to reduce the computational
demands.

NOTE: A sampling rate of 1,024 Hz is sufficient
according to the frequency range of interest of
4-8 Hz, the expected frequency resolution, and the

computational requirements of the analysis.

Re-reference the EEG signal to the average of the
electrodes on the mastoids.

NOTE: Other references are possible. The choice of
reference can impact the results of the EEG analysis
and the interpretation of the data, so it is important

to carefully consider the pros and cons of different
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referencing options. The average mastoid reference
is a popular choice for EEG studies because it
provides a stable reference that is easy to calculate,
and it has been shown to be effective for analyzing
many different EEG signals. Referencing the EEG
data to the average of the mastoids (known as the
average mastoid reference) is a common approach
for analyzing frontal theta activity in scalp EEG
data. The mastoid electrodes are located near the
ear and provide a reference for the EEG signals.
Referencing to the average of the mastoids can help
to reduce the influence of noise and artifacts that
are not of interest while avoiding canceling the signal
of interest, which helps the user to obtain a clearer

representation of the EEG signals.

Apply a zero-phase finite impulse response (FIR)
with a high-pass cut-off frequency of 1 Hz and a low-
pass cut-off frequency of 40 Hz over the extended
signal (without epoching) using a programming
language software.

NOTE: In this study, we used the toolbox described

in Delorme and Makeig122.

For each condition, considering the number of trials,
divide the data into epochs centered around the start
of the planning and control periods, respectively.
Use the 1 s prior to the start of the maze presentation
as the baseline and 4 s after the planning or
control period as the segments of interest. Use a
programming language software.

NOTE: In this study, we used the toolbox described

in Delorme and Makeig122 and 36 epochsttrials.

Create a second segmentation centered around the

end of the planning and control periods using 4 s

10.

before the end and 1 s after as the maintenance
period.

NOTE: The reason for selecting the first and last
4 s of the planning and control periods (step 6.2.6
and step 6.2.7) is that the duration of each period
in both conditions can vary, and analyzing the first
and last seconds of planning can provide a more
comprehensive view of the planning process. Thus,
these window lengths are adequate and sufficient
to analyze the oscillatory dynamics underlying

planning.

Over the segmented signal, run the Logistic

Infomax independent components analysis (ICA)

algorithm125 to identify and remove artifactual

components.

Use the saccade-to-fixation variance ratio criterion

recommended in Plchl et al.'2® to automatically
detect potential noisy components, and use the
automatic EEG artifact detector based on the joint
use of spatial and temporal features recommended

in Mognon et al.124,

NOTE: We recommend the use of the independent

component classifier proposed in Pion-Tonachini

et al.127

, which estimates independent component
classifications as compositional vectors across

seven categories, helping to identify artifacts.

Inspect other potential artifactual components
such as EMG, electrode movement, or non-brain-
related components. Validate the rejection of these
components by visually inspecting the topographies,

spectra, and activations over time.
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11.

Interpolate (spherical interpolation) noisy channels
by automatic channel rejection using the kurtosis

criterion (with a z-score of 5 as the threshold).

3. Time-frequency analyses

1.

Perform a short-time fast Fourier transform (FFT) (1
Hz to 40 Hz) using a window length of 250 ms and a
time step of 5 ms. Use a Hanning window. Use the z-
score to normalize the time-frequency charts to the
baseline (-1 sto -0.1 s).

NOTE: The visualization of the spectrum is subject
to a trade-off between the window size and the
temporal resolution. To achieve a comprehensive
view of the entire spectrum including the theta range
of 4 Hz to 8 Hz, we recommend using the lower
limit of the window size, which is 250 ms, to ensure
a higher temporal resolution during each trial and
task. Additionally, we recommend using a Hanning
window, as this is widely regarded as a conventional
choice for these cases. For better resolution in time

and frequency, see the further steps.

Select a time-frequency chart from a frontocentral
electrode, such as the Fz, or an averaged group of
frontal electrodes.

NOTE: Consider the broad evidence regarding the
association between cognitive control and frontal

midline theta!2: 128,129

Select non-frontal control time-frequency charts
from electrodes such as the Pz and Oz electrodes to

further the comparisons.

For the frontal and control electrodes, perform a non-
parametric cluster-based permutation test for paired
samples, with a p-value < 0.05 for the group-level

comparisons of the time-frequency charts from both

conditions. Use the Monte Carlo method with 1,000
random draws. Use the maximum statistic value of

the cluster to perform the permutation test30,

Average the theta frequency band (4-8 Hz) from the
first 4 s of planning and control, respectively, and the

last 4 s segment as well.

Compare the averaged theta activity between the
conditions using a matched-pair t-test or Wilcoxon

signed-rank test.

Analyze the time profile of the theta activity. To do
this, average the frequency range of 4-8 Hz across

the trials by subject.

Compare the theta activity dynamics between the
conditions using a Wilcoxon signed-rank test match-
paired and corrected with the false discovery rate
(FDR).

NOTE: We used 88 ms steps of non-overlapping

windows in the Wilcoxon test.

4. Source reconstruction

1.

Use a toolbox for source analysis reconstruction,
such as the open access toolbox described in Tadel

| 131

eta or another similar one.

Calculate the sources of the pre-processed EEG
signal from the first 4 s of planning using an

algorithm such as standardized low-resolution brain

electromagnetic tomography (SLORETA)132 and the
minimum-norm imaging method, as well as the
symmetric boundary element method (symmetric

BEM), with the help of a toolbox such as that

described in Gramfort et al.33 to solve the inverse

problem.
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Use the source algorithm (sLORETA algorithm in
this study) on an anatomical MNI template (we used
the MNI template in Brainstorm "Colin27") with the
default electrode locations for each participant in
case there is no 3D digitization of the electrodes (see
step 5.6).

NOTE: It should be noted that using the default
electrode locations is not the most efficient method
for determining the sources of brain activity.
However, it can still provide a general understanding
of the origin of the activity. It is important to
keep in mind that the localization sources obtained
through these methods are rough approximations
and should be interpreted with caution during the

analysis of the results.

Apply a 4-8 Hz bandpass filter over the pre-

processed signal.

Apply a z-score normalization using the period
-1,000 ms to —10 ms before the trial onset as the

baseline.

Average the theta activity using a time window of

interest between 1 s and 4 s after the trial onset.

Compare the average space sources between
the conditions using a non-parametric permutation
sign test with Monte Carlo sampling (1,000

randomiza’[ions)131 .

In order to determine the regions of interest (ROIs),

label the cortex using a brain atlas.

NOTE: We used the Destrieux Atlas'3*
implemented in the toolbox described in Tadel et

a3t

Select the brain regions of interest (ROIs).

10.

11.

12.

13.

14.

15.

16.

NOTE: We considered the evidence reporting that
the prefrontal cortex regions, such as the bilateral
superior frontal gyri (SF), bilateral transverse
frontopolar gyri and sulci (FP), bilateral ACC,
bilateral MCC, and bilateral dorsolateral prefrontal

137,138

cortex , are involved in cognitive control

functions13%:136

Perform principal component analysis (PCA) over
the previous pre-processed EEG signal (1-40 Hz
range) for each ROI, and take the first mode of the

PCA decomposition for each ROI.

Perform a spectral analysis using a short-time fast
Fourier transform, and compare the results between

the left and right regions of interest using a non-

parametric, cluster-based permutation test130.

Extract and represent the left and right ROIs showing
no differences as one bilateral time series: SF, ACC,
and MCC. Then, plot time-frequency charts, and

compare between the conditions.

Compare the time-frequency charts according to the
complexity level of the planning task (easy versus

difficult trials) for each ROI.

Mirror the edge of the signal for each of the 512
samples, and perform a bandpass filter between 4

Hz and 8 Hz for the selected ROls.

Apply a Hilbert transform to obtain the instantaneous

amplitude139

using a signal processing toolbox from
a programming language software (see Table of

Materials).

Correct the signal using z-score normalization
(1,000 to -10 ms as baseline), and average across

the trials by subject.
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17. Compare each ROI theta band time profile between

the conditions using the Wilcoxon signed-rank test
(matched pairs, 1 s of non-overlapping windows),

and correct with the FDR.

5. Correlations between EEG activity and behavioral

performance

1.

Normalize the source time series of the ROls to the
baseline using the z-score. Select a window from 1
s to 4 s after the planning or control onset (where
prominent theta activity in the time-frequency charts

is observed).

To determine the increase in theta activity in
the planning condition compared to the control
condition, first transform the signal into the
frequency domain (1-40 Hz) using the multitaper

method through a toolbox such as the Chronux

toolbox'0 for each condition and source in the

regions of interest.

Compute the average frequency of the theta band
(4-8 Hz), and calculate two measures of theta power:
i) the difference between the theta power during the
planning period (6 planning) and the control period
(6 control), denoted as A theta, and ii) the relative
increase in theta activity, expressed as the ratio of A

theta (A 8) and the theta activity during the control
period (8 control), as in Domic-Siede et al.%4;
AB = epianning — Bcontro (1)

AB

Relative Increase in Theta =

(2)

econtroi

Calculate two behavioral parameters: iii) A LISAS
planning, by subtracting LISAS control from LISAS
planning, and iv) A LISAS planning execution, by

subtracting LISAS control execution from LISAS

planning execution, as in Domic-Siede et al.%%:

&L‘ISASpIanning = LISASpIannmg - LISAScontroI (3)

&LISASpIarming execution

= LISASpIammtg execution LISAScontroI execution (4)
5. Perform Spearman's rho correlations using the

electrophysiological and behavioral parameters

calculated, and then correct by the FDR.

6. Eye movement analysis: To control the potential
differences in eye movements for each condition that
might result in different oscillatory dynamics, perform the

following analysis:

1. Determine the saccade amplitude and the saccade
peak velocity from the entire trial and from 0 s to 3.75

s during the planning and control conditions.

2. Compare the results using either the Wilcoxon
signed-rank test or the matched-pair t-test,
whichever is appropriate.

NOTE: A toolbox such as that described in Dimigen

et al.’23 can be helpful.

3. Calculate and evaluate the coherence between
the Fourier EEG power at one frontal electrode
(for instance, the Fz or an averaged frontal ROI

electrode) and the saccade rate as described in Sato

and Yamaguchi'4'.

4. Use the Wilcoxon signed-rank test to compare the
coherence power-saccade rate values of the first 4

s of each trial between the two conditions.

Representative Results

In the present protocol, the RT of the planning period was

compared to the RTs of the control period and the planning

Copyright © 2023 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported

License

jove.com March 2023 -193 - €64622 - Page 21 of 42


https://www.jove.com
https://www.jove.com/

jove

execution period. The planning RT was greater than the mistakes and had lower accuracy during the planning period
control and the planning execution period RTs. Additionally, (Figure 5).

compared to the control condition, participants made more

A Reaction Time B Reaction Time C Accuracy
tog, =623 Yy = 7,65 i
pe< 0001 pe< 0001~
10 E 10 g 90
—_ o i
— ) 8 = w5 80
O 8 =t B 8 g
N Fooel
E s . 1 E s 5]
= -] L = Z2=375
4 4 50 p <0001
2 40 T T
Planning Control F i P.E ti Planning Control

Figure 5: Reaction time and accuracy for the planning task. Comparison between the (A) reaction times in the planning
period (purple circles) and the control period (green circles) using a matched-paired t-test. (B) Comparison between the
reaction times in the planning period (purple circles) and the planning execution period (purple squares) using a matched-
paired t-test. (C) Comparison of the accuracy rate in the planning condition (purple diamonds) and the control condition
(green diamonds) using a Wilcoxon signed-rank test. This figure has been modified from Domic-Siede et al.54. Please click

here to view a larger version of this figure.

Moreover, the analysis of planning complexity levels showed  lower accuracy. These findings suggest that dividing the trials
significant differences in accuracy and reaction times (RTs) based on the number of valid solutions can distinguish "easy"
between the "difficult" and "easy" levels during planning and  from "difficult" trials.

execution (Figure 6). The "difficult" level had longer RTs and

RT Planning RT Planning Execution Accuracy
il t(26)=4.23 t(26)=4.53 s+t o6 =437
10 T p=.0003"** 10 wes P =.0001%** 100+ = 0002***
- £ 80-
O 8 O 8- P
@ Q Ll 60'
E 64 E 6- ko]
[= - 2 4o-
[=]
4 4- O 5o
24 2- 0-
Easy Difficult Easy Difficult Easy Difficult

Figure 6: Comparison of behavioral performance at the different complexity levels. Significant differences in behavioral
performance at the "easy" and "difficult" levels of complexity were identified using a matched-pair t-test. Lower reaction times

(RTs) were seen during planning and execution for the "easy" level compared to the "difficult," and the accuracy was higher
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for the "easy" level. The error bars represent the SEM (standard error of the mean). This figure has been modified from

Domic-Siede et al.?*. Please click here to view a larger version of this figure.

These results indicated that when the planning component
was successfully removed from the control condition
(via instruction manipulation), the planning task was
cognitively more complex, demanding, challenging, and time-
consuming. Hence, the neural correlates induced by the tasks

could be compared to each other.

A

Planning

L]
1

Z-Score
(Theta mean)
(=]
1

e

2 |

1(26) = 3.79
p =.0008***

Control

To analyze frontal midline theta activity during planning, the
average theta frequency band during planning for the Fz
electrode was compared to that of the control period, and a
significant increase in theta band frequency was found during

planning (Figure 7).

Planning Effect

Planning and Control

ns

by Qo

B33 Planning
=3 Control

T
Fz Pz
P
: : Ir.
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Figure 7: Frontal midline theta activity during cognitive planning. (A) Topographic maps representing the theta band

power across all the subjects normalized to the z-scores during the planning task (left), the control task (middle), and the

planning effect (right). During cognitive planning, the subjects exhibited an increase in frontal midline theta activity. The color

bar shows the z-values between —-0.5 to 1.5. (B) A violin plot showing the minimum, quartiles, median, and maximum z-score

values of theta activity across the subjects during planning (purple) compared to the control period (green) for electrodes
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Fz (left), Pz (middle), and Oz (right) using a matched-pair t-test. This figure has been modified from Domic-Siede et al.54.

Please click here to view a larger version of this figure.

Additionally, to assess the temporal dynamics of the observed 8A). Further, compared to the control period, the time-
frontal theta activity, topographic maps corresponding to  frequency analysis demonstrated a significant, progressive,
specific time points of theta band power (750 ms, 1,750  and sustained increase in theta activity starting 1 s after the

ms, 2,750 ms, and 3,750 ms) were formulated (Figure  onset of the planning period (Figure 8B).
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Figure 8: Frontal midline theta temporal dynamics. (A) Topographic time slices of the theta activity. A progressive
increase in the frontal midline theta activity across time during planning implementation (planning period) was observed.

The color bar indicates the z-score units (-0.5 to 2.2). (B) Time-frequency charts for the planning period (top), the control
period (middle), and the planning effect, calculated by subtracting the control period from the planning period (bottom). Non-
significant pixels, as determined using a non-parametric cluster-based permutation test for paired samples, are shown lighter
in the planning effect plot. The color bar indicates the z-score units (-4 to 4). This figure has been modified from Domic-

Siede et al.%*. Please click here to view a larger version of this figure.

For source reconstruction of the theta activity, a brain model  well as that there were significant differences between the
template was visualized and compared between conditions, conditions (in the bilateral SF, the bilateral ACC, and the
and this indicated that the theta activity originated within the bilateral MCC) (Figure 9), with higher theta activity observed
prefrontal cortex areas (frontal superior cortex, FS; anterior  in the planning period (Figure 9).

cingulate cortex, ACC; and mid-cingulate cortex, MCC), as
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Front Lateral Left Lateral Right

Difference

Figure 9: Source reconstruction. An sLORETA algorithm was used to estimate the theta activity from different brain
sources. The theta activity was 4-8 Hz bandpass filtered, z-score normalized, corrected by baseline, averaged between 1 s
or 4 s after planning or control onset, respectively, and compared between conditions. A significant increase in theta activity
was found in the bilateral frontal superior area, the bilateral anterior cingulate cortex, and the bilateral mid-cingulate cortex.
The figure shows significant t-values from the permutation test. Abbreviations: FS = frontal superior; ACC = anterior cingulate
cortex; MCC = mid-cingulate cortex. This figure has been modified from Domic-Siede et al.5*. Please click here to view a

larger version of this figure.

Afterward, the time profile of the theta changes over time for ~ presented higher theta activity after the planning period onset
each source was evaluated by computing a Hilbert transform, (Figure 10). These results suggested that our experimental
and then we compared the instantaneous amplitude of the paradigm demanding cognitive planning induced theta activity
theta activity between the conditions. We found that the  originating within the PFC regions.

left frontopolar, bilateral ACC, and bilateral MCC sources
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Figure 10: Theta activity time profile of the PFC sources. The instantaneous amplitude calculated with the Hilbert

transform was applied to the first component of the PCA decomposition for each frontal source and both conditions and

baseline normalized to the z-score to show the frontal theta activity over time. The gray shaded areas show significant

differences determined using a non-overlapping moving window with steps of 1 s (Wilcoxon signed-rank test) corrected by

the FDR. The shaded regions represent 95% confidence intervals. The left FP region, the bilateral ACC, and the bilateral

MCC showed increases in theta activity after planning onset. Abbreviations: ACC = anterior cingulate cortex; MCC = mid-

cingulate cortex. The planning condition is shown in purple. The control condition is shown in red. This figure has been

modified from Domic-Siede et al.?4. Please click here to view a larger version of this figure.

Further, we aimed to examine the variation in spectral
features during planning with regard to the complexity level,
as indicated by the behavioral results. Of note, a significant

discrepancy was found only in the left ACC within the

alpha band. This supports the notion that our planning task

tasks (Figure 11).

evaluates the intrinsic facets of planning through changes in
theta oscillations to a greater extent than the general cognitive

demands (effort) typically encountered in cognitive control
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Figure 11: EEG across the planning complexity levels. The ROI time-frequency charts showed a significant positive
cluster in the alpha band exclusively in the left anterior cingulate cortex (ACC) for the "difficult" level. Non-significant pixels,
as determined using a non-parametric cluster-based permutation test for paired samples, are shown in a lighter shade on
the plot, with the color bar indicating the z-score units from -3 to 3. This figure has been modified from Domic-Siede et al.54,

Please click here to view a larger version of this figure.

When correlations between theta activity and behavioral LISAS planning execution score decreased (Figure 12). This
performance were performed, a negative correlation was pattern may reflect that the left FP region may be necessary
observed; specifically, as the theta activity in the left  during planning elaboration to execute a plan successfully

frontopolar region during the planning period increased, the  afterward and suggests a role for theta activity.
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Figure 12: Theta activity and behavioral performance. The Spearman's rho correlation between the theta activity from the
left frontopolar cortex and the A LISAS planning execution showed a significant negative correlation. This figure has been

modified from Domic-Siede et al.?*. Please click here to view a larger version of this figure.

Additionally, the varying cognitive demands and goals the above issue, we analyzed the single-subject, single-trial
induced by each condition may have caused contrasting eye  data at various levels. Notably, the Fz channel time series and
movements between the planning and control conditions, theta activity time dynamics appeared to have no connection

leading to differing oscillatory activity pattern395. To address  with the rate of saccades over time (Figure 13A).
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Figure 13: Results of EEG and eye movement recordings. (A) The rows present the EEG (top), the time-frequency chart

(middle top), the theta time profile from electrode Fz (middle bottom), and the saccade rate of subject 8 and trial 9 (bottom)

in the planning condition. (B) A Wilcoxon signed-rank test comparison of the saccade amplitude, saccade peak velocity, and

power-saccade rate coherence between the conditions is shown, revealing significant statistical differences in the saccade

amplitude between the planning and control conditions. The SEM is represented by the error bars. This figure has been

modified from Domic-Siede et al.?*. Please click here to view a larger version of this figure.

Next, we obtained the saccade amplitude and peak velocity
from the entire trial and from 0 s to 3.75 s for comparison
(Figure 13B). We discovered that the saccade amplitude
was larger in the control condition. However, no statistically
significant differences were found between the conditions
in the coherence index between the Fourier theta power at
electrode Fz and the saccade rate (Figure 10B), indicating
that any potential relationship between saccades and theta

activity was consistent across conditions.

Taken together, these results support that the experimental
protocol described is suitable for studying cognitive planning

as a cognitive control function.

Discussion

The protocol described here offers an innovative approach
for assessing cognitive planning and cognitive control during
a novel and ecological planning task in association with
pertinent and complementary behavioral and physiological
measurements, such as oscillatory and pupillary dynamics.
During our experiments, EEG activity was recorded while
the participants performed the planning task, in which the
participants were instructed to first elaborate and then
execute a plan. The control condition, which involved
evaluating a pre-drawn path on the zoo map, was established
to eliminate the cognitive planning aspect while maintaining
a similar setting and structure. This approach enables the
assessment of whether cognitive planning, as a cognitive

control function, leads to the generation of frontal theta

activity from PFC regions and whether different PFC theta
oscillation sources are linked to different aspects of planning
performance. Another aspect that might be evaluated using
this protocol is the differentiation of the various cognitive
processes involved during phases of planning, such as plan
elaboration, plan execution, plan achievement, and feedback
processing. We found that planning induced a canonical
frontal theta activity associated with cognitive control, which
contributed to efficiently achieving a goal. These results

underpin the interest of this protocol.

Despite the vast developments in cognitive neuroscience,
most neuroimaging experiments examine isolated cognitive
functions using artificial tasks in sensorimotor-deprived
environments and oversimplified stimuli to control confounds.
Problematically, those experiments might not be able to
identify the real brain mechanisms involved when a cognitive
function is implemented in an everyday situation (during
ecological situations)138’140. In particular, the capacities for
formulating goals, planning, and executing plans effectively
are difficult to assess since they require various cognitive
functions (working memory, inhibitory control, cognitive

104,144

flexibility, etc.) Thus, designing an ecological

behavioral task is encouraged and suggested based on the

current trends in cognitive neuroscience 142 143,145,146

Our planning task, despite taking place in a laboratory
environment (inside a room with the stimuli displayed on a

screen), was made engaging and interactive for participants
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through the use of meaningful stimuli and goals that they
could interact with on the screen. Additionally, the task
requires participants to engage in a real-life situation-planning
a path to visit various locations. To have an ecological task
design, the paradigm must challenge the subjects to perform
a specific behavior or cognitive function in a manner similar
to what they would have to do in everyday life82:63:147 1o
develop an ecological task design, the planning task used
here involves planning a path to visit different places in
several stage356. The first stage involves the participants
creating a plan while ensuring it follows a set of rules.
The second stage involves maintaining the plan in working
memory, while the third stage involves executing the plan
and monitoring its adherence to the rules. These stages
represent different phases of planning and the orchestration
of other executive functions, such as cognitive flexibility,
inhibitory control, and working memory. In order to have
a valid ecological cognitive task design, the task should
be able to detect specific cognitive impairments in patients
with psychiatric or cognitive disorders who have difficulty
performing that specific cognitive function in their daily life 105,

This can be achieved through future research using this

protocol.

The behavioral results obtained through the use of this
protocol were aligned with the experimental predictions. A
significant difference in behavior was observed when the
planning component was removed from the control task to
form a control condition, thus facilitating further comparisons.
The planning condition was found to be cognitively more
demanding than the control condition, as evidenced by
parameters such as the reaction time and accuracy. This may
reflect the increased involvement of high cognitive functions

in the implementation of planningz3*55’56'57’ 148,149,150

Considering that the control condition involved less complex
cognition, as evidenced by the faster reaction times, better
performances, and different cognitive processes required
(the evaluation of rules), a possible alternative modification
is to exploit the complexity levels present in the planning
task, manipulate them, and analyze the planning function
parametrically according to different levels of complexity
(for instance, increasing the number of trials, and creating
difficult, medium, and easy trial conditions). However, the
results from our protocol showed that while it was possible
to distinguish between "easy" and "difficult" trials based on
behavioral measures, there were no differences detected
in electrophysiological measures. This suggests that the
results in our protocol more accurately reflect the intrinsic
characteristics of the planning function rather than broader
aspects of cognitive control, such as attention, mental effort,
level of difficulty, or a high level of cognitive demand®.
Nevertheless, further research may consider other types of
control conditions, such as following a marked path that
visits the four animal locations but also remembering the
sequence order. This way, the level of difficulty could be
better controlled, and planning could be distinguished from
working memory, but one possible disadvantage of this is
fatigue, because the subjects would have to perform two

highly demanding tasks.

Several studies have linked different eye movement
parameters with specific cognitive events. On the one
hand, certain studies have found correlations between
theta oscillations and pupil diameter during cognitive tasks,
suggesting a relationship between these two measures
of cognitive function. For example, Lin et al.’®2 found a
correlation between midfrontal theta activity and changes in
pupil size, reflecting varying degrees of subjective conflict.

Their findings suggest that these signals represent conflict
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processing, increased attention, and flexible behavioral
responses. Hence, the relationship between midfrontal theta
activity and pupil responses seems to play a role in weighing
costs and benefits during decision-making processes. In

1193 examined how time-on-task

another study, Yu et a
engagement neurophysiologically affects cognitive control
through a working memory task that modulated control
inhibitory responses. They studied the relationship between
pupil diameter data and frontal theta activity and showed that
as the task duration increased, the performance decreased,
and this was accompanied by a decrease in pupil dilation
modulation and frontal theta activity. At the beginning of
the task, they found a strong correlation between task
engagement, theta activity, and cognitive control, as indicated
by pupil dilation modulation, principally for demanding
tasks that required high working memory and inhibitory
control. However, this relationship dissipated toward the end,
signaling a disconnection between the effort invested and
the cognitive control used for performing the task, which
is a hallmark of prefrontal time-on-task effects'®3. On the
other hand, other studies have investigated saccades and

oscillations. For example, Nakatani et al.1%4

revealed that,
in a perceptual task, the alpha band amplitude from occipital
regions predicted blinks and saccade effects. Moreover,

Velasques et al.1%s

showed that, during a prosaccadic
attention task, the saccade amplitude was associated with
frontal gamma changes. Furthermore, Bodala et al.’®® found
that decreases in frontal midline theta were accompanied by
decreases in sustained attention, as well as the amplitude
and velocity of saccades. These findings suggest that
eye movements, especially saccades, may reflect cognitive
processes rather than just contributing to the background
noise in EEG signals. In the current study, we enhanced

the elimination of eye movement-related artifacts using the

ICA algorithm with the saccade-to-fixation variance ratio

criterion'28 . This criterion enhances artifact removal for free
viewing tasks 17 . In our study, no differences were observed
in saccade peak velocity and the coherence between theta
power and saccade rate across conditions. However, more

studies are needed to address these questions.

A critical step in using this protocol is constantly calibrating
the eye tracker during the experiment, as the loss of gaze data
from the camera could result in errors that would contaminate
the task and make it difficult to obtain accurate responses.
Therefore, it is crucial to calibrate as often as possible.
However, there is a trade-off between the number of trials with
a calibrated eye tracker and the length of the experiment. In

our study, we decided to calibrate every five trials.

Future research exploring the relationship between theta
oscillations and pupil diameter during this planning task
should be conducted. Planning is a critical aspect of executive
control that requires the allocation of attentional resources
and the coordination of multiple cognitive processes.
Understanding the relationship between theta oscillations and
pupil diameter during planning tasks could provide valuable
insights into the underlying neural mechanisms of executive
control and how they change over time. Furthermore, such
studies could lead to a deeper understanding of how changes
in cognitive function, such as fatigue or attentional lapses,
affect performance on planning tasks and the ability to
allocate resources effectively. This information could have
important implications for developing interventions aimed at
improving planning performance, such as cognitive training
programs or treatments for conditions such as attention-

deficit/hyperactivity disorder (ADHD), among others.

Previous research has indicated that the PFC plays a crucial
role in cognitive planning, as confirmed by our results. These

results demonstrate that cognitive planning induces FMO
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activity in the PFC, particularly in the anterior cingulate cortex,
mid-cingulate cortex, and superior frontal regionss4. These
findings align with prior research on executive functions.
There is substantial evidence to support the idea that FM6
activity acts as a top-down process for initiating control
and facilitating communication between brain regions during
demanding tasks'3. While only a few studies have examined
the temporal dynamics of FMO6 activity associated with
cognitive control, there is widespread agreement that the time
profile of FM8 can provide information about various facets of
cognitive control and the involvement of distinct PFC regions.
Using our protocol for evaluating cognitive planning allowed
us to characterize the time profile of FMO@ activity during
planning. Specifically, the FM8 activity during the planning
condition showed a progressive increase. By implementing
this protocol, for the first time, it was demonstrated that FM8,
is also present during planning implementation, as in other
higher-order cognitive functions, and its temporal dynamics

may serve as an indicator of cognitive control.

Our results and protocol have potential applications in
the field of neuroscience, including for improving virtual
neuropsychological assessments and the treatment of
neuropsychiatric disorders with associated cognitive planning
issues, such as depression and attention-deficit/hyperactivity
disorder. For example, assessments could involve examining
different patterns of errors at the behavioral performance
level, different oscillatory patterns at the electrophysiological
level, and different eye movements. Additionally, the results
of this work may inform the development of brain-computer

interfaces and cognitive training programs that aim to

enhance cognitive planning abilities.

The present protocol may contribute new evidence to

understanding the neural mechanisms that underpin the

elusive cognitive control function of cognitive planning in
neurotypical and neuropsychiatric populations. Moreover,
our behavioral paradigm might offer insights into the
neurobiology of cognitive control and planning through
the examination of electrophysiological, pupillometry, and
behavioral measurements with a practical planning task that
examines intrinsic aspects of planning rather than the general
cognitive demands typically present in cognitive control tasks,

as reflected in the changes in theta oscillations.
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