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Introduction: It is common for individuals with internet addiction disorder (IAD) to 
demonstrate impairments in interference and inhibitory control. A primary objective of this 
study was to explore how interference control is related to event-related spectral perturbations 
(ERSPs) and whether participants with IAD experience changes in these spectral dynamics.

Methods: Twenty-one IAD participants and 20 healthy controls (HCs) were administered a 
Stroop task while their brains’ electroencephalographic (EEG) activity was recorded. ERSPs 
were extracted from the EEG, and a cluster-based random permutation test was conducted to 
compare the power between the two groups at each time-frequency level.

Results: In the IAD group, the Stroop effect was significantly less for theta than in the HC 
group in an earlier time window. According to these results, IADs could not successfully 
inhibit their brain activation for stimulus conflict detection. Furthermore, IAD participants 
displayed a significant ERSP Stroop effect at beta2 and gamma frequencies, with the main 
contribution coming from bilateral dorsal frontal and parietal cortex over the scalp compared 
to HC participants. 

Conclusion: In our study, IADs displayed reduced conflict detection and response selection 
compared to HCs, as measured by theta band indices, as well as impaired conflict resolution, 
as revealed by altered interaction dynamics between beta2 and gamma bands. Among the first 
studies investigating oscillatory dynamics in conflict resolution for IAD groups, this study uses 
cluster-based random permutation tests.
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1. Introduction

owadays, we are facing a new type of behav-
ioral addiction named “internet addiction,” 
a significant issue of the information age. 
Since the development of cyberspace, the 
internet has been regarded as one of the most 
critical drivers of economic progress and so-
cial change (Barry et al., 2010; Omoyemiju 

& Popoola, 2021). However, with widespread access to 
the internet, as well as the occurrence of global challenges 
like COVID-19, people are heavily urged to use cyber-
space, which in some cases turns into addictive behavior 
(King et al., 2011; Ozturk & Ayaz-Alkaya, 2021). 

Previously, this newly defined addictive behavior was 
known as internet addiction disorder (IAD) or, in its spe-
cific form, internet gaming disorder (IGD) in the interna-
tional classification of diseases (ICD-11) and the diagnos-
tic and statistical manual for mental disorders (DSM-5).

IAD is a psychological and social disorder distin-
guished by the emergence of tolerance, symptoms of 
withdrawal, emotional disturbances, and the loss of so-
cial relationships (Gioia et al., 2021; West et al., 2005). 
Like other forms of behavioral addiction, e.g. gaming 
and social networks, as well as chemical addictions (e.g. 
alcohol and cocaine), IAD causes serious impairment in 

psychological and social functioning (Király et al., 2015; 
Park et al., 2020; Reed et al., 2019).

According to an increasing body of evidence, IAD may 
result in alternations in various cognitive functions, in-
cluding perception (Pontes et al., 2015), attention (Gao 
et al., 2021; Heuer et al., 2021), memory (Zhou et al., 
2016), and executive functions (Ioannidis et al., 2019; 
Zhou et al., 2016). Specifically, IADs are reported to 
lack the ability to perform inhibitory control, interfer-
ence resolution, error processing, and decision-making 
(Park et al., 2020; Sun et al., 2009). Inhibitory control 
dysfunction has been suggested as an important feature 
of IAD (Antons & Matthias, 2020). 

To cultivate inhibition control, people must learn to 
manage their focus, actions, thoughts, and feelings to 
overcome powerful internal or external impulses and 
choose the suitable or obligatory course of action. Com-
paratively, to the HC group, studies in the IAD group 
have generally reported reduced response-inhibition ef-
ficiency (Brand et al., 2016; Dong et al., 2011). Also, a 
few studies have shown a correlation between a decrease 
in inhibitory control and an increase in gaming time in 
cases of IGD (Kräplin et al., 2021). In accordance with 
the conflict monitoring theory, these impairments lead 
to a conflict between the stimulus presentation and the 
response display (Lustig et al., 2001). 

Highlights 

• Internet addiction showed reduced theta activity during interference control;

• There were greater beta2 and gamma activities in internet addicts during the conflict resolution;

• Significant event-related power decline was observed under incongruent conditions for internet addicts;

• The electroencephalographic (EEG)  data revealed altered cognitive dynamics in interference control among internet 
addicts;

• Impaired inhibitory control was reported in internet addicts under the Stroop task.

Plain Language Summary 

This study explores how internet addiction affects people's ability to manage distractions and conflicting information. 
We used the Stroop task, which involves identifying color names that sometimes match or mismatch the written words, 
to measure this ability, which is called interference control. We recorded brain activity using EEG in participants with 
internet addiction compared to non-addict peers. The results showed that people with internet addiction had greater 
difficulty dealing with conflicting information, as indicated by changes in specific brain frequencies (theta, beta, and 
gamma bands). These findings suggest that internet addiction affects the brain's ability to control responses, providing 
insights into the underlying mechanisms of this condition.

N
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The conflict monitoring method consists of a group 
of tasks that provide the possibility to investigate and 
monitor the interaction between incompatible responses 
(e.g. the simultaneous activation of incorrect and correct 
responses or the simultaneous activation of two rival-
rous stimuli types) (Botvinick et al., 2004). The color-
word Stroop task (Stroop, 1935) is considered one of the 
most widely known conflict monitoring tasks (Schmidt, 
2019); participants are instructed to recognize the ink 
color of the stimulus based on whether the color word 
is congruent (e.g. yellow in yellow) or incongruent (e.g. 
yellow in green). Incongruent trials are generally asso-
ciated with higher response times and error rates than 
congruent trials (MacLeod, 1991) due to Stroop’s inter-
ference effect, which arises from the different levels of 
conflict experienced in incongruent trials compared to 
congruent trials. Significant cognitive control is exhib-
ited in response to highly conflictive stimuli, leading to 
decreased interference in subsequent high-conflict trials 
(Diamond, 2013).

The use of imaging methods such as functional mag-
netic resonance imaging (fMRI) and electroencepha-
lography (EEG) showed that individuals with IAD have 
difficulties with their ability to control inhibitions and 
interference (Liu et al., 2016; Zhu et al., 2015). For ex-
ample, Dong et al. (2010) observed that individuals with 
IAD exhibited disruptions in activity and connectiv-
ity within their prefrontal lobes, responsible for inhibi-
tory control. Similar conclusions were drawn based on 
EEG studies (Ioannidis et al., 2019; Luijten et al., 2014). 
Compared to HCs, IAD individuals demonstrated al-
tered amplitudes for the N2 and P3 components when 
detecting conflicts, suggesting that they are less capable 
of monitoring conflict and require greater attention when 
confronted with inhibition tasks (Dong et al., 2010). It 
has been found that individuals with IGD have a longer 
NoGo-N2 latency than their counterparts without IGD, 
possibly due to impaired response inhibition in individu-
als with IGD (Park et al., 2021). A study employing the 
Go/NoGo task to identify the source of activity found 
that individuals with IGD displayed reduced neural ac-
tivity in the anterior cingulate cortex (ACC) and defec-
tive error processing, resulting in inadequate inhibition 
and decision-making abilities (Park et al., 2020). 

There have been various studies conducted to examine 
the correlation between brain oscillations and addiction 
(Balconi & Finocchiaro, 2015; Balconi et al., 2015). 
According to previous studies, delta band responses 
are involved in signal detection and decision-making 
(Donoghue et al., 2022; Harmony, 2013), while theta 
functions are primarily concerned with inhibitory pro-

cesses (Harper et al., 2014; Son et al., 2015). Earlier re-
search has demonstrated that alterations in power in the 
theta frequency band are linked to cognitive conflict pro-
cesses, with a marked rise in power observed in incon-
gruent trials compared to congruent trials (Brittain et al., 
2012; Tang et al., 2013). The results also show that theta 
power changes in relation to stimulus and response con-
flict in the Flanker task (Nigbur et al., 2012) (as well as 
a combination of a Stroop and Simon task) (Wang et al., 
2014). Furthermore, enhanced theta effects are observed 
in frontal regions and were associated with the medial 
frontal cortex or ACC (Cavanagh et al., 2011; Hansl-
mayr et al., 2008; Nigbur et al., 2011). It has also been 
demonstrated that increased theta function may be as-
sociated with improved cognitive control under stimulus 
or response conflict conditions (Hanslmayr et al., 2008; 
Nigbur et al., 2011; van Steenbergen et al., 2012). More-
over, it has been found that for some specific types of 
substance abuse disorders (e.g. alcoholism), individuals 
showed significantly diminished delta and theta power 
during NoGo trials as compared with controls. The most 
significant decline was observed in the frontal region, 
indicating an incapacity to regulate inhibitory processes 
and accurately process information.

According to Balconi and Finocchiaro (2016), altera-
tions in the frontal alpha band of IAD participants may 
demonstrate a deficit in inhibitory control, evidenced by 
inhibition and disengagement of task-relevant cortical 
regions. It was demonstrated by Wang and Griskova-
Bulanova (2018) that Internet addiction test (IAT) scores 
were positively correlated with alpha power calculated 
from an eyes-closed EEG recording. Moreover, both 
higher frequency bands (beta and gamma) are related 
to response inhibition. In people with IAD, Choi et al. 
(2013) discovered that their absolute beta band power 
was decreased, which had previously been associated 
with activity-related impulsivity in attention-deficit/hy-
peractivity disorder patients (Snyder & Hall, 2006). Ac-
cording to Son et al. (2015), the IGD group has lower 
absolute beta power than the alcohol use disorder group 
and the HC group. Other studies have demonstrated that 
beta oscillations are important for interference control. 
The asymmetry of beta frequency band activity in the 
prefrontal hemisphere during rest was found to be cor-
related with participants’ capability to regulate interfer-
ence in both the verbal and spatial versions of the Stroop 
task, as demonstrated by Ambrosini and Vallesi (2017).

Further, Wang et al. (2014) found that in a combined 
Stroop and Simon task, compared to the stimulus-stim-
ulus conflict condition, the beta band power change was 
significantly smaller for the stimulus-response conflict 
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condition. There has been a suggestion that the beta band 
suppresses proponent responses due to top-down inhi-
bition (Liang et al., 2014). According to intracranial re-
cordings, the medial prefrontal cortex displays a higher 
level of alpha and beta activity desynchronization when 
the individual is in an incongruent condition (Tafuro et 
al., 2019). There was also an increase in the absolute 
strength of the gamma band within IA. Moreover, it has 
been found that changes in the gamma band are associ-
ated with impulsivity (Barry et al., 2010).

Several objectives are pursued in an EEG study that 
assess interference and inhibitory control deficits in par-
ticipants with IAD. This study examined whether inter-
ference control is related to event-related spectral pertur-
bations (ERSPs) and whether these spectral dynamics are 
altered in participants with IAD. Thus, two samples of 
participants were selected from the IAD and HC groups, 
and time-frequency analyses were conducted subse-
quently. The event-related potential method can provide 
information about the time course of different frequency 
bands associated with specific cognitive function tasks 
(Engel & Fries, 2010). Using this analysis, the changes 
in power across all frequencies examined, as well as 
changes in power levels in response to task events, can 
be extracted (extracting the ERSP), thus demonstrating 
that neural oscillations have a direct connection to a wide 
range of cognitive processes (Herrmann et al., 2016). We 
expected a general reduction in neural resource activa-
tion in the IAD group compared to the HC group, con-
sidering the differences in ERSP variables of cognitive 
control in the IAD group. Additionally, we expect HC 
participants to demonstrate reduced left-hemisphere pre-
frontal asymmetry associated with interference control 
and Stroop effect. 

2. Materials and Methods

Participant selection

The participants were recruited from universities in 
Tehran, Iran, through an online advertisement between 
October 2021 and April 2022. Their contact information 
was provided during the online survey completion using 
the IAT questionnaire. Upon receiving greater than 70 
IAT scores (Young, 2009), they were invited to the labo-
ratory for an IAD interview by a psychiatrist to exclude 
emotional disorders such as anxiety and depression. In 
the following step, the IAD cases were matched with 
the remaining non-IAD cases to create the final pool of 
50%-50% of IAD cases and no-IAD (HC) cases. The 
participants all possessed normal or corrected-to-normal 
vision and were right-handed. No neurological disorders, 

including mental illness and brain injuries, were present 
in their history. Those participants with a history of sub-
stance use, as well as those with a previous hospitaliza-
tion for psychiatric disorders or a history of therapy for 
central nervous system disorders, were excluded from 
the study. On the day of the experiment, participants 
were instructed not to consume caffeine, nicotine, or any 
drugs/substances. A final sample enrolled in this experi-
ment included 42 individuals: 21 IAD participants (9 fe-
males) and 21 HC participants (10 females) with no sig-
nificant difference in their mean age (IAD: 23.50±4.78 
years vs HC: 24.60±4.21 years). Informed consent was 
obtained from all participants under the Declaration of 
Helsinki. One female participant from the HC group was 
excluded from the experiment due to technical problems 
with the EEG recording.

Demographic characteristics of participants

In addition to demographic data, e.g. age, gender, and 
education level, participants were asked to complete 
some questionnaires. The IAT questionnaire, designed 
by Kimberly Young (Alavi, 2010; Young, 2009), was 
used to assess the existence and level of internet addic-
tion. The study included participants who spent at least 
10 hours a day, 6 days a week, online and scored over 70 
on the IAT. It was determined that HCs who used the in-
ternet less than 2 hours per day would be eligible for the 
study. Furthermore, HCs were evaluated with IAT cri-
teria that were below 30. According to Table 1, specific 
information is provided for each sample. Anxiety scores 
were assessed by the Beck anxiety inventory (Beck et 
al., 1988; Kaviani & Mousavi, 2008), and only partici-
pants scoring less than 15 were chosen. Only partici-
pants with a depression score below 19 were included in 
the study, based on the Beck depression inventory (Beck 
et al., 1996; Ghassemzadeh et al., 2005). As part of the 
assessment of premeditation, sensation seeking, lack of 
perseverance, positive urgency, and negative urgency, 
the UPPS-P impulsivity score (Cyders et al., 2014; Je-
braeili et al., 2019) was incorporated.

Experimental procedure

Stimuli and tasks

This study used the 4-choice Stroop task (288 trials 
with four equal runs) to investigate differences in in-
terference control associated with internet addiction. In 
the Stroop task, participants are required to identify the 
color of the stimulus by pressing one of four keys on a 
computer keyboard (A=left middle finger, S=left index 
finger, G=right index finger, H=right middle finger). The 
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response buttons on the keyboard are marked with color 
stickers (A=red, S=green, K=blue, L=yellow). Each trial 
displays one of the four colors (red, green, blue, and yel-
low). About 50% of color words are presented in con-
gruent (same word color and meaning) trials, and 50% 
of color words are shown in incongruent (different word 
color and meaning) trials. Each run randomly displays 
72 similar congruent and incongruent trials (Figure 1).

Before each block, participants were given instructions 
encompassing the number of runs and encouraging ac-
curate and quick answers. A message on the screen urged 
the user to start running after pressing the space key. In 
the following step, a fixation cross was displayed on the 
monitor for 250 ms, a color word was displayed for 800 
ms, and the response within 800 ms was recorded. Af-
terward, a black screen was shown for 1000 ms, and the 
subsequent trial began.

An electrically shielded room was used for this task, in 
which participants sat in chairs at a 60 cm distance from 
the viewing surface. A fixation cross was displayed on 
the screen at the center of the display before each stimu-
lus. Before performing the main task, participants were 
trained on keyboard keys and the procedure. A training 
block comprises 16 trials. MATLAB’s psychophysics 
toolbox version 3 was used to perform the task.

Data acquisition and preprocessing

EEG was continuously recorded via a 64-channel g.tec 
g.HIamp (g.tec, Graz, Austria) with a 1200 Hz sampling 
rate and 10-10 international electrode placement system. 
The ground electrode was located on the forehead (Fpz), 
and the online reference electrode was located on the 
right mastoid. Impedance was maintained below 10 kΩ 
with all electrodes being passive. 

Raw EEG data were imported to EEGLAB version 
2021.0 (Delorme & Makeig, 2004) for standard pre-
processing and analysis. An FIR Butterworth band pass 
filter was used to filter the EEG data between 0.5 and 
40 Hz. After that, based on visual inspection, muscular 
and ocular artifacts trials were removed. Noisy chan-
nels were discarded subsequently. After that, indepen-
dent component analysis (ICA) decomposition was 
done under the ICA calculation method by runica to re-
move non-brain sources from the EEG data (non-brain 
sources such as muscle contractions, eye blinks, gaze 
movements, and electromyography) (Jung et al., 2001; 
Makeig et al., 1997). Spherical interpolation methods 
replaced removed channels with weighted averages of 
adjacent channels. The clean EEG data were resampled 

to 256 Hz. Using this method, the results were extracted 
by epochs starting at 200 ms before stimulus onset and 
ending at 1500 ms after that. Epochs with amplitude 
exceeding ±100 μV were eliminated as an artifact from 
subsequent analyses.

ERSP analysis

A Morlet wavelet was employed to extract ERSP with 
linear separation between 2 and 40 Hz. Wavelet’s time 
window resolution is 500 ms, and the cycle number in-
creases linearly from 2 to 20 cycles, corresponding to 2 
and 40 Hz frequencies, respectively. The average power 
between -200 and 0 ms for each trial was used to per-
form baseline correction. This method enables us to cap-
ture all 128 channels and 107 time points from 100 ms 
up to 1500 ms throughout the channel-time-frequency 
domain. Through this method, edge artifacts caused by 
wavelet transforms are omitted, and stimuli-related ac-
tivity is overlapped over trials. Approximately 15 ms of 
resolution are available, and a frequency range of 2 to 40 
Hz is available.

In this study, we focused on power changes in the theta 
(4 to 7 Hz), alpha (8 to 12 Hz), beta (13 to 30 Hz), and 
gamma (31 to 40 Hz) frequency bands. A frequency band 
has been divided according to previous research (Hansl-
mayr et al., 2008; Nigbur et al., 2011). It was found that 
the beta frequency could be separated into two segments, 
with frequencies ranging from 13 to 19 Hz (beta1) and 
20 to 30 Hz (beta2) (Engel & Fries, 2010). We aver-
aged the time-frequency power estimates across trials 
for each participant, each condition, each block, each 
region, and within theta, alpha, beta1, beta2, and gamma 
frequency bands after obtaining wavelet representations 
of individual trials. The subject-averaged power changes 
were measured in the post-stimulus interval compared 
to the baseline (-200 to 0 ms). Compared with the event-
related potential method, this approach provides infor-
mation regarding the time course of various frequency 
bands’ involvement in specific cognitive tasks (Engel & 
Fries, 2010). By analyzing neural oscillations through 
this analysis, we can extract information regarding the 
power fluctuations at each frequency examined and their 
variations during time-based on the event at hand (ex-
tracting the ERSP), which allows us to identify cognitive 
processes associated with neural oscillations.

Statistical analysis 

Behavioral data were analyzed using R (version 3.6.1, 
R Core Team, 2019) within the RStudio environment 
(version 1.2.5001). The Mean±SD for numerical vari-
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ables were calculated when they were normally distrib-
uted, and the range was calculated for variables that were 
not normally distributed. A 2-sided significance thresh-
old of less than 0.05 indicates statistical significance. A 
partial eta-squared (ηp

2) was used to measure effect size, 
which represents the proportion of variance associated 
with an effect and the error variance associated with that 
effect. All post hoc analyses were corrected for type I er-
rors by applying the Bonferroni correction.

The cluster-based random permutation test was also 
used to examine the differences in power between the 
two groups by comparing power amplitudes across trials 
within and between the two groups. (Maris & Oosten-
veld, 2007). The uncorrected P were determined by per-
forming a straightforward permutation t test on each data 
point (for the wavelet data, electrode by frequency by 
time). Statistical power was increased by averaging the 
pre-selected frequencies (theta, alpha, beta 1, beta 2, and 
gamma) and time intervals (0 to 0.2 s) for each electrode 
in the wavelet analysis. This choice was made based on 
consistent patterns across all two groups and compari-
sons between groups. Then, neighboring data points that 
exceeded a predetermined significance level (5%) were 
grouped to form clusters. We added the t values within 
each cluster to compute cluster-level statistics, then con-
structed a null distribution assuming no differences be-
tween the groups. A histogram of the test statistics was 
constructed after 1000 permutations of the randomly 
assigned groups within participants. Based on the ob-
served test statistic and the histogram, the proportion of 
random partitions resulting in a larger test statistic than 
the observed one was calculated. The Monte Carlo sig-
nificance probability is defined as this proportion. In the 
case of significant differences between the two experi-
mental conditions, the significance probability should be 
under the critical level (typically 0.05). It is also possible 

to calculate the significance probability for the second-
most significant cluster-level statistic, the third-most 
significant statistic, etc. Using the Monte Carlo method 
is the only way to calculate the significance probability. 
This is because the Monte Carlo method can approxi-
mate (to any level of accuracy) the reference distribution 
for a permutation test. A significant cluster was deter-
mined by comparing the cluster-level test statistics to 
the null distribution, where clusters above or below the 
2.5 percentile were considered significant. This method 
determined whether the ERSP Stroop effect for partici-
pants in HCs and IADs was significant by considering 
the congruency factor (incongruent versus congruent 
Stroop conditions). After comparing the ERSP Stroop 
effect between individuals with HC and those with IAD, 
we assessed whether internet addiction significantly 
modulated the impact. It was therefore examined wheth-
er there was an interaction between IAD and HC groups 
under congruent and incongruent conditions.

3. Results

Behavioral data

Demographic characteristics of the participants

Demographic results related to the IAT score and the 
scores derived from the questionnaires are presented in 
Table 1. Based on linear regression analysis, a significant 
positive linear relationship existed between the IAT and 
total impulsivity score (beta=1.6993, P<0.001).

Mean reaction times

In the mean reaction times (RTs) analysis, trials with 
incorrect responses and more or less than mean-RT±2SD 
were removed. It was found that the group had a signifi-
cant effect on mean RT based on the two-way ANOVA 

Table 1. The demographics of IAD and HC participants 

Items
Mean±SD

IAD (n=21) HC (n=20)

Age (y) 23.5±4.78 24.60±4.21

Sex (male/female) 12/9 10/10

IAT scores 75.36±5.18 28.05±5.65

Impulsivity 43.95±7.11 37.05±5.2

Profitable hand (right/left) Profitable hand (right/left) Profitable hand (right/left)

Abbreviations: IAD: Internet addiction disorder; HC: healthy control; IAT: Internet addiction test.

Rostami., et al. (2024). Interference Control and Brain Oscillations in Internet Addiction. BCN, 15(5), 631-648.

http://bcn.iums.ac.ir/


Basic and Clinical

637

September &  October 2024, Vol 15, No. 5

Scalp-based time-frequency analysis

Figure 3 shows the HC (Figure 3A) and IAD (Figure 
3B) groups’ event-related spectral perturbation analy-
ses. ERSP Stroop effects were found in the IAD group, 
specifically in the left hemisphere, but less specific to 
frequencies. As a result, a major cluster with significant 
ERSP Stroop effects was observed over most left frontal 
and left fronto-central channels within 200 and 800 ms. 
The same effect was seen in the frontal, fronto-central, 
and central channels within about 200 to 400 ms. An 
800 to 1000 ms time window also showed this effect in 
beta1, beta2, and gamma frequency bands (Figure 3B). 
The left posterior channels also showed a second clus-
ter of alpha, beta1, beta2, and gamma signals in time 
windows ranging between 200 and 400 ms and 600 and 
1000 ms, respectively. IAD showed these effects due to a 
greater event-related power decrease for the incongruent 
condition than for the congruent condition.

Based on the analysis of the HC group, several ERSP 
Stroop effects were identified, most of which affected the 
left hemisphere in the early time windows (Figure 3A). 
ERSP effects of Stroop were detected in the first promi-
nent cluster involving theta, alpha, and beta1 frequencies 
over the frontal, fronto-central, and central channels with 
high left lateralization during a period ranging from 400 
to 600 ms. As a first cluster, theta, alpha, and beta1 bands 
were also detected in the central, centroparietal, and pari-
etal channels between 600 and 800 ms. Theta and alpha 

(F(1, 140)=17.74, P=4.51e-05, ηp
2=0.08843) due to consid-

erably longer mean RTs in IADs than HCs (Figure 2). 
The main effect of congruity revealed that all partici-
pants experienced longer mean-RT in incongruent trials 
compared to congruent trials (F(1, 140)=46.76, P=2.29e-10, 
ηp

2=0.22744).

In the subgroup analysis, it was found that the group 
had a significant effect on congruent trials (F(1, 69)=5.524, 
P=0.0216, ηp

2=0.07412), with IADs having the longest 
mean reaction times and HCs having the shortest. A sig-
nificant difference was also observed between the incon-
gruent trials (F(1, 69)=12.94, P=0.0006, ηp

2=0.15744), as 
IADs had longer mean RTs than HCs. Congruent and 
incongruent trials were significantly different in IADs (F 
(1, 69)=31.491, P=3.87e-07, ηp

2=0.31337) and in HCs (F(1, 

69)=16.772, P=0.000113, ηp
2=0.19554).

We also used the IES criterion (dividing the mean-RT 
by the accuracy [1–the proportion of errors]) to inves-
tigate the error rate between different conditions. The 
IES indicates a combination of speed and accuracy in re-
sponse. Using a 2-way ANOVA, a significant group ef-
fect was found to be present (F(1, 140)=10.73, P=0.00133,  
ηp

2=0.05875) due to the higher IES in IADs compared to 
HCs. The Wilcoxon rank-sum test showed a significant 
main effect of groups (Z=509, P=0.004852), with a mod-
erate effect size (r=0.363) in incongruent trials, based on 
a greater error rate and mean reaction time of IADs than 
HCs in incongruent trials.

Rostami., et al. (2024). Interference Control and Brain Oscillations in Internet Addiction. BCN, 15(5), 631-648.

Figure 1. The procedure of the Stroop task

Notes: Two types of trials are displayed with a black background: congruent (e.g. green being printed in green word, in Farsi) 
and incongruent (e.g. green being printed in yellow word, in Farsi)
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bands were observed over the fronto-central, central, and 
centro-parietal regions between 800 and 1000 ms as part 
of this cluster. A second cluster of beta1 bands occurred 
over the frontal and fronto-central channels during 600 
to 800 ms.

A big cluster in the IAD group with ERSP Stroop ef-
fects at theta, alpha, beta, and gamma frequencies over 
electrodes spread across the left frontal region in a 200 
to 1000 ms time window, including earlier samples. It 
was found that IAD participants experienced lower 
ERSP Stroop effects than participants in the HC group 
as a result of these effects. IAD participants showed a 
greater event-related power decline in the incongruent 
condition than HC participants since the weaker event-
related power decreases were more visible on the left 
frontal electrodes under the incongruent condition. Ad-
ditionally, an earlier time window ranged roughly from 
200 to 400 ms and 600 to 1000 ms, showing a cluster of 
alpha, beta, and gamma frequencies over the left pos-
terior channels (Figure 3B). In the congruent condition, 
the power increased more than in the incongruent condi-
tion in IAD compared to HC because there was a greater 
power increase for all frequency bands except theta.

We also used scalp-based ERSP analysis to illustrate 
the interaction between the HC and IAD groups under 
congruent and incongruent conditions. The interaction 
analysis between HC and IAD groups in the congruent 
trials elicited several significant ERSP group effects, 
mostly involving theta band over frontal, fronto-central, 
centro-parietal, and parietal regions in relatively early 
time windows (Figures 4A and 5A). Over the entire left 
frontal hemisphere, a cluster showed significant ERSP 
group effects in theta from 400 to 850 ms. This cluster 
also included the ERSP group effects of the alpha band 
over left frontal and left fronto-central channels during 
temporal intervals of 400 to 800 ms. In a temporal win-
dow of 400 to 600 ms, we found a second cluster involv-
ing theta bands across the centro-parietal and parietal 
channels (Figures 4A and 5A).

Interaction analysis between HC and IAD groups in the 
incongruent condition revealed a main significant ERSP 
group effect, mainly affecting theta and alpha bands over 
left frontal, frontocentral, and central channels, but a less 
clear interaction effect over time (Figures 4B and 5A). 
The first cluster of ERSP group effects was detected over 
the left frontal and fronto-central regions at a window 
between 200 and 1000 ms. Additionally, it was observed 
in the beta1 band during 400 and 1000 ms (Figures 4B 

Figure 2. Violin plot of mean RT between IADs and HCs in congruent and incongruent trials

Abbreviations: RT: Reaction time; IAD: Internet addiction disorder; HC: Healthy control.
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Figure 3. ERSP analysis results for HC (A) and IAD (B) groups using scalp-based measures for simple effect analysis 

IAD: Internet addiction disorder; HC: Healthy control.

Notes: Each row depicts the average ERSP across a frequency band, while each column shows the average ERSP in 200 ms in-
tervals after stimulus presentation (time 0). Topo-plots indicate the t value of significant results, according to the cluster-based 
random permutation test.
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Figure 4. A scalp-based ERSP analysis illustrating the topo-plots for the interaction analysis between the HC and IAD groups 
under congruent (A) and incongruent (B) conditions

IAD: Internet addiction disorder; HC: Healthy control.

Notes: Each row represents the average of the ERSP across each frequency band, whereas each column represents the average 
of the ERSP every 200 ms following stimulus presentation (time 0). After the cluster-based random permutation test, the topo-
plots display the t value of the significant differences between HC and IAD groups.
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and 5B), as well as beta2 and gamma frequencies in the 
period between 400 and 800 ms (Figures 4B and 5C, 
D). However, this effect was less time- and frequency-
specific. Furthermore, we recognized a second cluster 
that involved a theta band over frontal, fronto-central, 
central, and centro-parietal regions with no lateraliza-
tion in a temporal window roughly spanning 400 to 600 
ms (Figure 4B). The IAD group experienced a greater 
event-related decline in power than the HC group, caus-
ing all these effects.

4. Discussion

In our study, interference control spectral correlates 
were compared between IAD and HC participants, and 
differences were found. For this purpose, EEG activity 
was recorded from IAD and HC groups during the col-
or-word Stroop task, and the time-frequency dynamics 
were analyzed to estimate the underlying neural activ-
ity. Further, we were interested in examining whether 
the left portion of the PFC is involved in this cognitive 
process. Results indicated that participants with IAD 
displayed diminished conflict detection and response 
selection abilities against HCs, as measured by theta 
band indices. Furthermore, IAD participants displayed 
diminished conflict detection and resolution compared 

to HC participants, as revealed by damage interaction 
dynamics between beta2 and gamma bands in the fronto-
centro-temporal regions.

Our behavioral findings showed that all participants 
had longer RTs and made more errors when their tri-
als were congruent compared to incongruent, which is 
consistent with Stroop-related interference in response 
time and error rate. Individuals with IAD had a greater 
IES and reaction time than HCs; however, there was no 
difference in overall error rate between the two groups. 
It follows previous studies that reported significant dif-
ferences in mean reaction times when using the comput-
erized Stroop task (Dong et al., 2011). Following these 
results, studies (Ko et al., 2014; Dong et al., 2011) have 
noted impaired inhibitory control in individuals with 
IAD when performing the Go/NoGo and Stroop tasks. 
There is growing evidence suggesting that internet ad-
diction may be caused by a deficit in inhibitory control 
(Kräplin et al., 2021; Wegmann et al., 2020). There has 
also been evidence of similar results regarding behav-
ioral addiction as well as substance abuse in prior studies 
(Choi et al., 2014; Dong et al., 2010). We also found that 
participants who suffer from IAD demonstrate higher 
impulsivity and decreased inhibition, as evidenced by 
the elevated UPPS-P score and lower IES score. This 

Figure 5. A representative sample of the results from the scalp-based ERSP analysis

Notes: Plots of the Ersp traces for theta (A), beta1 (B), beta2 (C), and gamma (D) bands for congruent and incongruent condi-
tions are shown in the figure. This plot displays sample data for a frequency in theta band (4-7 Hz) obtained from a channel 
within the mid-fronto-central cluster (FCz), whereas the plots in (B), (C), and (D) illustrate examples of data for frequencies in 
beta1 (13-19 Hz), beta2 (20-30 Hz), and gamma (31-40 Hz) bands derived from a channel in the left fronto-central cluster (FC5) 
respectively.
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finding is consistent with a previous study in which the 
development of IAD is positively correlated with impul-
sivity scores (Khanbabaei et al., 2022). Thus, IAD oc-
currence is associated with impulsive personality traits 
and impaired cognitive functioning.

Our electrophysiological results indicate significant 
ERSP Stroop effects at theta, alpha, beta, and gamma 
frequencies over the left frontal region in IADs. Most 
likely, IADs experienced a more significant event-relat-
ed loss of power at left frontal electrodes when subjected 
to the incongruent condition than HCs and more fre-
quencies were used over a greater number of channels at 
an earlier and more sustained period (Tang et al., 2013). 
According to these findings, there is a group-dependent 
modulation of ERSP Stroop effects. Compared to HCs, 
IADs showed spectral indicators of interference control 
earlier, wider, and more unspecific.

Compared with HC participants, the IAD group experi-
enced decreased EEG power at frequencies ranging from 
alpha to gamma within a time window spanning 200 to 
1000 ms. Recent research suggests that excessive inter-
net use has the greatest impact on the gamma oscillation 
of the parietal, central region at 300 ms after stimuli at 
40-50 Hz (Yu et al., 2009). These findings are consistent 
with our findings that high-band EEG power decreased 
earlier for IADs than HCs. Gamma synchrony is be-
lieved to be a neurophysiological process that regulates 
information coding and integration in the brain (Fries et 
al., 2007). Thus, excessive internet use impacts the pro-
cessing and integration of information in the brain.

Stroop effects were observed as a result of ERSP. Ac-
cording to Figure 3, participants in HC primarily partici-
pated in slow-wave frequencies, with Stroop-dependent 
modulations occurring around the time of the response 
on the left hemisphere and eventually spreading over to 
the left frontal region when the window closes to the re-
sponse. In the IAD group, individuals employed all fre-
quency bands (from theta to gamma) primarily, and this 
activity was initiated shortly after stimulus presentation, 
engaging electrodes spread across the left scalp. Following 
this perspective, the IAD participants showed lower EEG 
power during the early time window close to stimulus pre-
sentation, reflecting impairments in executive function. In 
other words, they could not successfully inhibit their brain 
activation for stimulus conflict detection.

A general integrative role has been demonstrated for theta 
band activity in regulating brain activity when considered 
in light of spectral dynamics for cognitive tasks (Tafuro et 
al., 2019). Theta band oscillations are a common indicator 

of conflict resolution and interference control, demonstrat-
ing the requirement for cognitive control (Cohen, 2014). 
It has previously been reported that in incongruent con-
ditions, theta band responses are enhanced in the frontal 
and fronto-central areas (Qi et al., 2022; Tang et al., 2013). 
The incongruent trials of the Stroop task were reported to 
display extended phase coupling between the ACC and the 
left prefrontal cortex (Hanslmayr et al., 2008). Theta am-
plitude during incongruent trials was proposed to be sensi-
tive to conflict detection and response selection in a study 
conducted by Qi et al. (2022). In a study on the Stroop 
task, there was no increase in event-related theta magni-
tude when participants looked at stimuli with no response, 
suggesting a possible link between response inhibition and 
theta response (Tang et al., 2013). In light of these results, 
we anticipate finding evidence of theta band involvement 
in the early temporal window, which would be accompa-
nied by decreased theta power in the left frontal and left 
frontocentral regions for the incongruent condition. Our 
study found that the IAD group recruited theta band at a 
lower level during an earlier time frame than the HC group 
in the left frontal and left fronto-central channels. In other 
words, theta power decreased significantly more for IADs 
than HCs under incongruent conditions in an earlier time 
window. Considering that event-related theta power plays 
an essential role in conflict detection and response selec-
tion, it is likely that conflict detection capability was di-
minished sooner in IADs following stimulus presentation 
than in HC groups.

Compared with HCs, IAD participants showed an over-
representation of beta2 and gamma bands. As a result of 
a comprehensive ERSP analysis, it was found that IAD 
participants displayed a significant ERSP Stroop effect 
at beta2 and gamma frequencies when compared to HC 
participants. It was found that bilateral dorsal frontal and 
parietal cortex areas were involved during time windows 
between 200 and 400 ms and 800 and 1000 ms without 
evidence of hemispheric asymmetry during these behav-
ior patterns. Our findings are consistent with other stud-
ies showing that patients with IGD do not show dynamic 
interactions between the fronto-centro-temporal regions 
at rest or when performing cognitive tasks (Park et al., 
2021). In the case of IADs, high-frequency bands are 
likely involved in conflict detection and resolution dur-
ing the early (200 to 400 ms) and late (800 to 1000 ms) 
periods. Consequently, IADs need additional resources 
to resolve conflict detection and resolution issues.

We concluded that interference control processes are 
modulated group-dependent based on the contrast analy-
sis between the HC and IAD groups (Figure 4). IADs 
showed a stronger correlation in spectral behavior ear-
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lier and were more widely spread. Within 200 to 1000 
ms time windows, several significant group-dependent 
modulations of ERSP across central and frontal regions 
existed. Our analysis of the ERSP on IAD and HC par-
ticipants under congruent and incongruent conditions 
indicates that the theta band exhibits the greatest con-
trast between the two groups. Previous research has 
demonstrated that changes in theta band are associated 
with conflict processing. In congruent and incongruent 
conditions, theta band activity is suppressed earlier (200 
ms after stimulus presentation) since IADs are less sensi-
tive to conflict stimulus detection than HCs. It was also 
found that IADs experienced significant ERSP effects on 
beta2 and gamma frequencies compared to HCs in sev-
eral electrodes situated throughout the left frontal and left 
fronto-central regions during a time window of mainly 
600 to 800 ms under incongruent conditions. However, 
these ERSP effects were not observed when congruent 
conditions were present. The pattern of results indicates 
that incongruent conditions led to contrast changes in the 
high-frequency bands, which are associated with con-
flict detection and resolution. In other words, the ability 
of IADs to detect and resolve conflict is diminished in 
incongruent conditions compared to HC participants.

Although motor processes cannot be ruled out as a 
possible contributor to our findings regarding theta and 
beta1 bands, we cannot exclude the possibility that they 
might be more than simple correlates of motor out-
comes. Our first finding was that power reduction was 
primarily located in the left hemisphere despite the task 
being bimanual. In addition, while we did not conduct 
response-locked ERSP analyses, we did not observe a 
correlation between the event-related decline in power 
at high frequencies and reaction times. It is important 
to note that the maximum decreases in theta and beta1 
power occurred around the same time in both groups 
and conditions, even though IAD participants’ RTs were 
slower in both conditions, particularly in the incongruent 
condition. A third issue is that even if we consider that the 
differences between two groups in the Stroop effects are 
attributed to the reduction of RTs shown by IADs, this 
does not clarify the over-recruitment observed in both 
spatial and spectral regions due to group differences.

We believe this study is one of the first to use cluster-
based random permutation tests to investigate oscillatory 
dynamics in conflict processing for IAD groups. As a 
result of our research, we found that in participants with 
IAD, neural oscillations differed primarily in relation to 
the impairment of theta-related cognitive processes, as 
well as beta2 and gamma-related cognitive processes. We 
could differentiate multiple processes with partially or 

completely overlapping frequency features or timescales 
using a wavelet transform. This decomposition results 
from a decomposition of the oscillatory activity across 
different frequency bands. These oscillatory responses 
reflect the interactions between neuronal networks oper-
ating on different timescales or frequencies during task 
performance. It should also be noted that this study has 
some limitations. The first limitation of the study was 
that we could not compare IADs with substance use 
disorders (SUD), as well as other behavioral addiction 
disorders, such as gambling disorders. Additionally, we 
used general stimuli during the Stroop task, which may 
be extended in future studies by using different tasks to 
identify various types of conflicts between stimulus and 
response. Moreover, EEG analysis at the sensor level is 
poor in spatial resolution and does not reveal the source 
of brain activity. Research into the localization of EEG 
sources and fMRI with high spatial resolution could ef-
fectively answer these questions in the future.

5. Conclusion

This study used Stroop tasks to examine the potential 
time-frequency dynamics of EEG activity and interference 
control and inhibitory control impairments in IAD. These 
findings suggest that neural oscillations differ primarily in 
relation to impairments in cognitive processes related to 
theta as well as beta2 and gamma. Based on our findings, 
participants with IAD displayed reduced conflict detection 
and response selection compared to HCs, as measured by 
theta band indices. In addition, they also displayed dimin-
ished conflict resolution, as demonstrated by altered inter-
action dynamics across beta2 and gamma bands. In conse-
quence, this can facilitate our understanding of the neural 
mechanisms responsible for interference control and inhibi-
tory control deficits in IAD, as well as suggest future in-
terventions that might be effective. By understanding these 
mechanisms, it would be possible to develop neuromodu-
lation therapies that would benefit the clinical patient and 
reduce cognitive deficits in people with IAD.
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