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ABSTRACT

Introduction: The human brain is a complex system consisting of connected nerve cells that
adapt to and learn from the environment by changing its regional activities. The synchrony
between these regional activities is called functional network changes during life and results
in the learning of new skills. Time perception and interval discrimination are among the most
necessary skills for the human being to perceive motions, coordinate motor functions, speak,
and perform many cognitive functions. Despite its importance, the underlying mechanism of
changes in brain functional connectivity patterns during learning time intervals still need to be
well understood.

Methods: This study aimed to show how electroencephalography (EEG) functional connectivity
changes are associated with learning temporal intervals. In this regard, 12 healthy volunteers
were trained with an auditory time-interval discrimination task over six days while their brain
activities were recorded via EEG signals during the first and the last sessions. Then, changes
in regional phase synchronization were calculated using the weighted/phase lag index (WPLI)
approach, the most effective EEG functional connections at the temporal and prefrontal regions,
and in the theta and beta bands frequency. In addition, the WPLI reported more accurate values.

Results: The results showed that learning interval discrimination significantly changed
functional connectivity in the prefrontal and temporal regions.

Conclusion: These findings could shed light on a better understanding of the brain mechanism
involved in time perception.
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e Accuracy of auditory interval discrimination improved by a six-day learning process.

e Most established connections were formed in the temporal, occipital and middle regions of brain.

e Creation of new significant connection was observed at the theta and gamma frequency bands.

e New neural networks are constructed between regions of the brain during interval learning.

Plain Language Summary

The time perception is a vital challenge that human beings face in various aspects of their lives. Researchers have
always been challenged in how to calculate it and understand its mechanism for each individual. In the present study,
which is based on the temporal perception, by comparing the timing of auditory stimuli, we seek to show the func-
tional relationships of neural network formation related to learning temporal perception. Our aim was to understand
how the hidden information of auditory stimuli (time intervals) is encoded in the content of the brain signals.

1. Introduction

ccording to various documents, physical
senses are processed in specific areas of
the brain, but no specific area of the brain
processes the sense of internal time (Azari,
Mioni, Rousseau, & Grondin, 2020; Mat-
thews & Meck, 1991; Meck, 2006; Mioni,
Grondin, Bardi, & Stablum, 2020; Nani
et al., 2019; Tamburro, di Fronso, Robazza, Bertollo, &
Comani, 2020; Umbach et al., 2020; Wiener, Turkeltaub,
& Coslett, 2010; Wu, Shankar Gupta, Banerjee, Roy, &
Piras, 2020). Perception of time, which is one of the
most vital functions of the brain (internal experience of
time), is an abstract concept that is created based on the
information recorded in the brain (internal and external
senses in addition to memory) with the help of a network
of its regions. Of course, each region may refer to a dif-
ferent aspect of time (Buzséaki & Llinas, 2017; Coull &
Droit-Volet, 2018; Gili, Ciullo, & Spalletta, 2018; Mat-
thews & Meck, 2016; Nani et al., 2019).

In related research that has been done so far, poten-
tial mechanisms related to a diverse set of brain regions
have been discovered, some of which are as follows: pre-
supplementary motor regions (Gamez, Mendoza, Prado,
Betancourt, & Merchant, 2019; Merchant et al., 2015;
Protopapa et al., 2019), parietal regions (Bueti & Walsh,
2009; Hayashi, van der Zwaag, Bueti, & Kanai, 2018),
insula (Wittmann, Simmons, Aron, & Paulus, 2010),
midbrain dopaminergic neurons (Martel & Apicella,
2021; Soares, Atallah, & Paton, 2016), hippocampus
and entorhinal cortex (Montchal, Reagh, & Yassa, 2019;
Sugar & Moser, 2019; Umbach et al., 2020).

Therefore, the study and discovery of networks related
to temporal perception are among the fascinating top-
ics in the field of brain behavior that researchers have
always attended. On the other hand, it is observed in
many human experiences (such as learning music) that
a person can better understand the accuracy of temporal
events through practice (Chauvigné, Gitau, & Brown,
2014; Drayton & Furman, 2018; Siman-Tov et al., 2019).
This diversity of neural areas may be related to human
perception of time. Time perception reflects the nervous
system’s dynamics because these dynamics result from
the objective clock (Lad, Hurley, & Taber, 2020).

One of the primary factors in learning is the creation
of new neural connections in the brain; these con-
nections are created when the brain is engaged in a
learning process. Many experimental results show that
active interaction is the background of changes in the
brain. That is, learning will not occur unless the brain
is involved in an active engagement; for example, lis-
tening to a lecture or giving a presentation will never
lead to permanent learning. The things that enhance
training include facilitation, simulation, play, and role-
playing that stimulate active interaction.

One of the criteria that show the effect of changes
in the brain regions well is the functional connectiv-
ity (FC) criteria which shows the significant changes
in the connection of different parts of the brain during
the learning process (Shalbaf, Behnam, Sleigh, Steyn-
Ross, & Steyn-Ross, 2015; Zippo, Della Rosa, Casti-
glioni, & Biella, 2018). On the other hand, electroen-
cephalography (EEG) is a helpful tool for analyzing
how to understand cognitive time intervals (inms). The
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combination of these two tools, namely functional con-
nectivity, and EEG, can provide valuable information
on how to record and form connections of parts related
to the learning process of differentiation of time inter-
vals (Gonzalez-Castillo & Bandettini, 2018). However,
EEG acquisition suffers from the problem of volume
conduction caused by the propagation of electric fields
generated by a mainstream source to all (or more) of
the surrounding sensors located on the scalp (Rouzba-
hani & Motie, 2017; Gonzalez-Castillo & Bandettini,
2018). This problem is a linear behavior. In such a case,
standard FC estimation methods, such as coherence or
cross-information, lead to the identification of function-
al connections that do not reflect actual interregional
interactions in the brain (Imperatori et al., 2019).

Alternative methods can determine the functional con-
nections and solve this problem. These methods include
weighted phase lag index (WPLI) and phase lag index
(PLI), which have been widely used in many studies to
estimate the functional connectivity of EEG. Based on
the obtained results, these two methods identify relative
changes in the functional connectivity of the brain in
conditions associated with changes in the level of con-
sciousness (Gonzalez- Castillo & Bandettini, 2018).

The phase lag index was introduced by Stam, Nolte, &
Daffertshofer (2007). Its main idea is not to pay atten-
tion to the phase lock, which is about the 0-axis phase
difference. This criterion eliminates the effects of vol-
ume transfer (there is a risk of ignoring the actual im-
mediate interactions). PLI can be the phase difference
ratio between signals in multiple experiments above
or below the zero-degree line (i.e., the true axis WPLI
calculates phase synchronization, which is mainly used
for linear interactions but also seems suitable for non-
linear coupling. The values of both indicators are in the
range of 0 to one. Unlike PLI, WPLI weights the cross-
spectrum according to the magnitude of the imaginary
component. This issue allows it to limit the influence
of cross-spectrum elements around the real axes, which
risk changing their “true” sign with small noise pertur-
bations. Such an index of phase synchronization was
proposed by Vinck et al. This index is based only on
the imaginary component of the cross-spectrum, which
implies robustness to noise because uncorrelated noise
sources will cause an increase in signal power. It has
been shown that WPLI outperforms PLI, coherence,
and imaginary coherence (IC) with real, local field po-
tentials (LFP) data (Vinck et al., 2011).
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As mentioned, the issue of time perception is a vital
challenge that human beings face in various aspects of
their lives. Researchers have constantly been challenged
in calculating it and understanding its mechanism for
each individual (Chen, Shore, Lewis, & Maurer, 2016;
Grondin, 2010; Powers, Hillock-Dunn, & Wallace,
2016; Villalonga, Sussman, & Sekuler, 2021). In the
present study, which is based on temporal perception, by
comparing the timing of auditory stimuli (Azari et al.,
2020; Ghaderi et al., 2018), we seek to show the func-
tional relationships of neural network formation related
to learning temporal perception. We aimed to understand
how the hidden information of auditory stimuli (time in-
tervals) is encoded in the content of brain signals. For
this purpose, an intervention model with the help of
acoustic stimuli with a distance of less than one second
(short) and one second (long) was designed to study the
learning process of temporal differentiation in healthy
individuals. Experimental findings showed an overall
improvement in the ability to store and compare learning
stimuli in all target group members.

2. Materials and Methods
Ethical consideration

Ethical considerations of our study method have
been approved by the Ethics Review Committee of
Shahid Beheshti University. It is noteworthy that all
stages of study and development methods have been
approved and written by the Ethics Committee at the
relevant university with the reference code I.R.SBU.
REC.1399.040. The complete scenario of this research
was explained to each participant, who voluntarily
signed the relevant form and expressed their consent
to participate in this test. These individuals had no pre-
vious information about assigning discrimination time
intervals and have not been paid.

Study participants

Participants in this study were selected from under-
graduate students in Medical Engineering, Computer
Engineering, and Nursing at the Dezful Branch, Islamic
Azad University, Iran. The total number of participants
is 16 healthy right-handed volunteers, including 11
men and 5 women aged 22+1.7 years. Participants
were tested before the preliminary test to ensure their
ability to participate in the test. For this purpose, 1Q
(Penrose & Raven, 1936), depression, anxiety, and
stress test (DASS42) (Brown, Chorpita, Korotitsch, &
Barlow, 1997) and Edinburgh handedness test (Old-
field, 1971) were taken.
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To assess the physical and mental condition of the in-
dividuals, they were asked to provide medical records,
according to which participants had no hearing, memory,
neurological impairment, pain status, or medication use
that affected EEG data collection.

Before data collection, all the participants were asked
not to consume alcohol or other beverages that contain
caffeine which could affect the EEG data for 48h. How-
ever, two participants were excluded from the group due
to their inability to learn the test. Also, one of the partici-
pants withdrew from the test for personal reasons.

Study materials

Participants cooperated in three tests: behavioral,
cognitive, and neurophysiological. According to the
scenario shown in Figure 1, the participants had to
take one day for a preliminary test, including the Ra-
ven IQ test, the Edinburgh hand superiority test, and
the DASS42. This work aimed to determine the initial
status of the parameters that were thought to affect the
participants’ learning process. The integrated visual
and auditory (IVA) (Tinius, 2003) and N-back (Kane,
Conway, Miura, & Colflesh, 2007) tests were also used
to assess attention and working memory performance.
Then, they conducted daily training sessions for 5 con-
secutive working days (except weekends). The experi-
ments were performed in a room with controlled light
and temperature without electrical interference. People
were taught to focus only on auditory stimuli when sit-
ting comfortably and without extra movement. In addi-
tion, they were asked not to think about anything else.

In the behavioral test, two time intervals were used
simultaneously to prevent the participants’ mental adap-
tation to the test process to be a tool to test their percep-
tion from a neurological point of view. Participants were
asked to identify standard and comparative intervals
while focusing on the frequency of the sound stimulus.
A modified scenario was used to determine the mecha-
nism associated with learning time discrimination (Kar-
markar & Buonomano, 2003). This stimulation protocol
was used for all daily experiments, which general struc-
ture can be seen in Figure 1.

Study methods

In the first round of the work, EEG data (sampling
frequency 256Hz) were recorded from the subject for 2
min with eyes closed and 2 min with eyes open with-
out any stimulation. In this test, the electrode impedance
was less than 10kQ. Immediately after this stage, with

Basic and Clinical

the announcement of a short beep (1ms), the first round
of trials was played for the participant, and the EEG sig-
nal was collected simultaneously. The trials were played
similarly at the end of the first round and after a one-
minute break in the second block. In addition, the same
discipline was performed at the end of the third round
after a one-minute break.

In each test round for the subject, stimuli consisting of
two sounds with specific frequencies (4kHz and 1kHz)
were played. Each pair of time intervals (standard and
comparative) related to sound stimuli were separated by
a fixed time interval (T) (Figure la and 1b). To avoid
subjective adaptation, the fixed time intervals (T) of
these pairs of intervals were randomly selected from
the set (500, 600, or 700ms) for the short distance and
(700,800 or 900ms) for the long distance.

Participants on the first day of the study could listen to
the aforementioned audio structure in any number. Each
trial consisted of playing test stimuli consisting of a pair
of sounds shorter or longer than a pair of sounds with
a standard interval (target stimulus) that generally had
a duration equal to (T£At) (Figure 1). People were in-
structed to determine if the first or second interval was
shorter or longer than the standard interval after hearing
the sound stimuli through headphones by pressing one of
the two keys on the test table. The tones were 15ms with
a 5 on/off slope. The experiments were set up in such a
way that on the first day, people were trained in cogni-
tive, behavioral, and neuromarkers tests, and in the next
five working days, in parallel with the learning process,
the neuro markers, and cognitive tests were recorded

This training process was performed in four blocks of
40 trials with experimental stimuli adjusted for a long
time randomly and intricately in each block. The meth-
od was used to determine the threshold values (Wright,
Buonomano, Mahncke, & Merzenich, 1997). During
each test block, an adaptive function reduces the com-
parison interval by as much as At after three correct an-
swers but increases by the same amount of At for each
incorrect answer. The At values were recorded at pivot
points (decrease to increase or vice versa). Since the
stimuli in the protocols had spaces equal to T+5t, the
threshold is twice the mean of the total inverse values
except for the first three trials. The effective learning
curve is determined by linear orthogonal trend analysis
(Bruning & Kintz, 1987).
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Figure 1. Experimental design of sessions, daily tests, time discrimination tests, and sound stimuli

(A) Schematic diagram of stimuli presented at standard (up) and comparative (down) intervals in each test in which the subject must
select the distance, (b) schematic diagrams of standard distances in test conditions, (up) 300ms, (down) 1000ms.

Data acquisition and analysis

In this study, 16 electrodes were used to obtain EEG
signals, which were arranged according to the interna-
tional standard 10-10 (FP1, FP2, F5, F6, T7, C3, CZ, C4,
T8, TP7, TP8, P3, P.Z., P4, O1, and O2). The sampling
rate was set at 256 samples per second. Brain signals
were recorded on the first and last day of the experiments
to determine learning effects. With the help of PLI and
WPLI, neural networks related to functional connectivity
of different brain parts involved in learning time percep-
tion were investigated. In other words, brain areas associ-
ated with this process were examined to demonstrate the
effect of time learning discrimination on neural activity.

Cognitive indicators included IQ, stress, depression,
and anxiety. In addition, to assess a person’s level of au-
ditory attention before the behavioral test, the IVA test
(focusing on speed and alertness) was performed at the
beginning of all training sessions. Standard and compar-
ative time difference parameters were used to analyze
the behavioral data of the test sessions. After the behav-
ioral test, the N-back test (levels one and three) was per-
formed to investigate the effect of temporal perception
learning on working memory performance.

To prepare the obtained EEG signal, preprocessing
operations were performed using EEGLAB toolbox ver-
sion 14.1.2b (Delorme & Makeig, 2004) in MATLAB
2016b software, including bandpass filtering 1-40 Hz,
trials segmentation, removing eye movement/blinking,
and muscular artifact using independent component
analysis approach and removing still noisy segments.

Then, to separate EEG data in ordinary frequency bands
such as delta [1-4 Hz], theta [4-8 Hz], alpha [8-13 Hz],
beta [30-30 Hz], gamma [30-40 Hz] as well as the calcu-
lation and analysis of the PLI and WPLI, the HERMES
Toolbox (Niso et al., 2013) was utilized. Since EEG data
were recorded only on the first and last day of the experi-
ment, the effect of time interval discrimination learning
on the EEG was assessed using the paired t-test.

3. Results

The results of cognitive and behavioral tests are reported
in Table 1. The At index depends on the short- and long-
time intervals, which shows behavioral changes for the un-
der-training group. Figure 2 shows the group learning chart
for short and long periods. PLI and WPLI were used to
determine the status of functional connections. A statistical
test was used to determine the changes in functional con-
nections between the first and sixth days of the test. Data
based on each channel and the delta, theta, alpha, beta, and
gamma bands of brain signals were examined separately.
The results of the tests performed can be seen in Figures
3-22. The visual representation of the results obtained from
the calculation of PLA and WPLA was used to better dis-
play the functional connectivity of different brain parts.
This process is performed using the t-test in two stages, one
before and one after performing the experimental task. The
report of the best values (most effective values) is presented
in Tables 2-5. The effect of training between the first to the
sixth day and the results of calculating the PLI and WPLI
for different channels and in different frequency bands for
the first and last day of the test, and also the results of the
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Table 1. Demographics of the participants (significant learning)

DASS MeanSD
o
Subject  Age(y) Gender Q ¢ 2z -‘.2 Average Temporal Average Temporal Learner*
§ g' o Discrimination 300ms Discrimination
e 2 § Interval 1000ms Interval

S1 23 M 133 12 9 25 112.5+15.7 511.5+95.0 Non-learner
S2 22 M 109 21 3 16 59.8+3.5 217.7+27.6 L

S3 21 M 110 - - - 0 0 Not valid
sS4 22 M 112 6 8 10 36.9+7.5 189.0+22.0 Non-learner
S5 20 M 124 12 7 12 36.4+8.4 192.2+12.0 L

S6 26 M 131 1 4 2 30.4+12.7 114.8+51.7 L

S7 21 M 116 2 3 0 72.945.88 293.5+37.5 L

S8 22 M 126 4 10 16 54.316.2 133.0+9.7 L

S9 23 F 133 8 8 17 51.9+10.4 341.7+£37.7 L
S10 23 F 134 3 8 7 46.5+12.9 199.2+44.5 L
S11 21 F 112 1 6 8 34.0+13.4 138.9+43.9 L
S12 26 M 111 1 8 6 37.9+10.2 149.2+44.4 L
S13 22 M 122 1 3 6 61.3+5.2 169.0+34.1 L
S14 21 F 111 1 10 16 51.4+4.9 196.9+18.9 L

S15 22 M 116 2 3 4 36.5+2.5 186.2+8.3 L

S16 20 F 111 14 14 15 49.9+7.5 222.7+25.6 L

DASS: depression, anxiety, and stress test.

*This tag is used for subjects who can learn the experimental task and they were able to improve their record and vice versa.

paired t-test for the group of participants only in some chan-
nels showed significant changes.

4. Discussion

The study limitations are the gender of participants,
the long experimental process and its repetition in six
consecutive days, and simultaneous task design for
both short and long periods. As mentioned, the issue
of time perception is a vital challenge that human be-
ings face in various aspects of their lives. Researchers
have constantly been challenged in how to calculate
it and understand its mechanism for each individual.
In the present study, based on the temporal perception
and comparing the timing of auditory stimuli, we seek
to show the functional relationships of neural network
formation related to learning temporal perception. We
aimed to understand how the hidden information of

auditory stimuli (time intervals) is encoded in the con-
tent of brain signals. For this purpose, an intervention
model with the help of acoustic stimuli with a distance
of less than one second (short) and one second (long)
was designed to study the learning process of tempo-
ral differentiation in healthy individuals. Experimental
findings showed an overall improvement in the abil-
ity to store and compare learning stimuli in all target
group members.

By considering the functional connections between
the EEG channels, one can find the areas that have
had the most involvement in the learning process. The
areas involved in the time analysis process can be de-
termined based on the sound system’s intrinsic char-
acteristics and anatomical structures. For this purpose,
we used the connection matrix based on PLI and WPLI
at different time intervals and in standard frequency

Hoodgar, M. et al. (2022). Brain Functional Connectivity Changes During Learning of Time Discrimination. BCN, 13(4), 531-550
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Table 2. Result of t-test between pretest and posttest of experimental task and robust functional connectivity create on the last

day (interval 300ms and phase lag index)

Index Connection P Band
1 02-P4 0.0130
Delta
2 C3-01 0.0168
3 P4-F6 0.0323
Theta
4 Fp1-F5 0.0513
5 C3-T7 0.0069
Alpha
6 CZ-17 0.0198
7 T7-C3 0.0063
Beta
8 CZ-17 0.0198
9 T7-C3 0.0063
Gamma
10 F6-Tp8 0.0232

bands. According to the topography of brain signals in
standard bands, the activity of different regions can be
clearly seen with a structure distributed in the middle
and occipital regions. The present study focuses on the
relationship between neural mechanisms and behav-
ioral outcomes and whether a behavioral relationship
between two inherently independent groups can be
shown. For this purpose, the correlation test between
behavioral and cognitive outcomes was used.

The group results confirmed that participants’ accuracy
in differentiating time intervals improves as the learn-
ing process progresses. In other words, the distance
between the auditory stimuli decreases as the learn-
ing process decreases. The behavioral results obtained
in this study showed that individuals could learn time
discrimination effectively. They recorded a time differ-
ence of 26ms for the short interval and 42ms for the long
interval. Based on these results, it can be said that the

Table 3. Result of t-test between the pretest and posttest of the experimental task and robust functional connectivity created on

the last day (interval 300ms and weighted/ phase lag index )

Index Connection P Band
1 0216-C3 0.0168
Delta
2 02-F63 0.0362
3 Fpl1-F5 0.0690
Theta
4 Fpl-T7 0.0786
5 F6-C4 0.0693
Alpha
6 F6-CZ 0.0263
7 FP2-CZ7 0.0276
Beta
8 F6-CZ7 0.0263
9 FP2-CZ7 0.0234
Gamma
10 F6-CZ 0.0252
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Table 4. Result of t-test between the pretest and posttest of the experimental task and robust functional connectivity created on
the last day (interval 1000ms and phase lag index)

Index Connection P Band

1 Fp1-C3 0.0197
Delta

2 Fp1-F5 0.0350

3 Tp8-02 0.0506
Theta

4 - -

5 F6-CZ 0.0178
Alpha

6 T8-02 0.0385

7 F6-CZ 0.0178
Beta

8 T7-Tp7 0.0127

9 F6-CZ 0.0198

Gamma
10 F6-Tp7 0.0135

Table 5. Result of t-test between the pretest and posttest of the experimental task and robust functional connectivity created on
the last day (interval 1000ms and weighted/phase lag index)

Index Connection P Band
1 Fp1-C3 0.0197
Delta
2 Pz-P4 0.0265
3 Fpl-T8 0.0104
4 Cz7-Fp2 0.0151
5 T8-Fp2 0.0040 Theta
6 01-C3 0.0070
7 Tp7-01 0.0186
8 Fp2-Pz 0.0263
Alpha
9 Tp8-F6 0.0465
10 T7-C3 0.0042
11 Fpl-T8 0.0100
Beta
12 Tp8-P4 0.0040
13 02-Tp7 0.0154
14 Fpl-F5 0.0434
Gamma
15 P4-F6 0.0473
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Figure 2. Group learning chart discrimination of time interval in training course (a) interval of 1000ms (b) interval of 300ms

learning process directly affects the mechanism of time
perception. The hypothesis of the plasticity effect of the
brain on the temporal perception mechanism was also
confirmed. In addition, by examining the correlation be-
tween participants’ level of attention (using the IVA test)
and the results of the N-back test, which is an indicator
for measuring working memory performance, we con-
cluded that learning time difference differentiation does
not generally affect working memory.

On the other hand, with the help of the study results of
functional connections of brain regions using PLI and
WPLI, we can identify the channels with the most ac-
tivity in differentiating the time intervals and the areas
involved in this mechanism. These results are similar
to the findings of previous studies (Almanza-Sepulve-
da, Hernandez-Gonzalez, Hevia- Orozco, Amezcua-
Gutiérrez, & Guevara, 2018; Azari et al., 2020; Hsiech &
Ranganath, 2014; Shalbaf et al., 2015).

Figure 3. t-Test result for delta band activity pli indexindex 300ms
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Figure 4. The t-test result for Theta band activity PLI 300ms

Figure 5. The t-test result for Alpha band activity PLI 300ms

Figure 6. t-test result for Beta band activity PLI index 300ms
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Figure 7. t-test result for Gamma band activity PLI index 300ms

Figure 8. The t-test result for Delta band activity WPLI 300ms

Figure 9. The t-test result for Theta band activity WPLI 300ms
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Figure 10. The t-test result for Alpha band activity WPLI 300ms

Figure 11. The t-test result for Beta band activity WPLI 300ms

Figure 12. The t-test result for Gamma band activity WPLI 300ms
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Figure 13. The t-test result for Delta band activity WPLI 1000ms

Figure 14. The t-test result for Theta band activity PLI 1000ms

Figure 15. The t-test result for Alpha band activity PLI 1000ms
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Figure 16. The t-test result for Beta band activity PLI 1000ms

Figure 17. The t-test result for Gamma band activity PLI 1000ms

Figure 18. The t-Test result for Delta band activity WPLI 1000ms
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Figure 19. The t-test result for Theta band activity WPLI 1000ms

Figure 20. The t-test result for Alpha band activity WPLI 1000ms

Figure 21. The t-test result for Beta band activity WPLI 1000ms
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Figure 22. The t-test result for Gamma band activity WPLI 1000ms

Previous studies have also reported the importance
of theta waves for learning time sequences (Crivelli-
Decker, Hsieh, Clarke, & Ranganath, 2018) and beta
fluctuations in estimating time (Ghaderi et al., 2018).
The findings of this study show that learning time dis-
crimination alters the functional relationships between
the occipital and temporal regions that play an essential
role in encoding time intervals (Paton & Buonomano,
2018). In addition, the role of the complementary motor
area in interval differentiation has been observed with
significant changes in the central area after learning the
time intervals, which confirms the results (Mendoza,
Méndez, Pérez, Prado, & Merchant, 2018).

As far as we know, this is the first study to dem-
onstrate the neural relationship between learning to
discriminate over time; the results logically follow
previous findings and show how changes in brain
functional communication are associated with learn-
ing to discriminate over time. The periodic learning
mechanism may not directly affect other higher cogni-
tive functions such as working memory (based on the
N-back results).

5. Conclusion

The results showed that most of the established con-
nections related to learning the different time intervals
were formed in the temporal, occipital, and middle re-
gions. These results confirm the previous findings of
the researchers. In fact, with increasing accuracy in
recognizing auditory intervals in feedback-based learn-
ing practice, more connections are made between the
involved areas of the brain. The results show that this
learning process is generalized to auditory stimuli with

different frequencies. However, it does not directly af-
fect working memory performance. In addition, learn-
ing intermittent discrimination occurs with changes in
functional communication in brain areas. Significant
changes in the connections formed between differ-
ent brain parts were observed mainly in the temporal,
central, and parietal regions in the theta, gamma, and
sometimes beta frequency bands. These areas have
played a role in the perception of time. The results
showed a direct relationship between beta frequency,
the number of formed connections, and the ability to
detect auditory intervals. However, interval learning
was not directly related to working memory function,
and changes in brain activity were distributed over the
brain. The available findings emphasize the existence
of a distributed system for the perception of time inter-
vals, but the hypothesis of the central mechanism of the
time perception system was not confirmed.
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