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Abstract

This study examined the association between media multitasking and executive function in Chinese adolescents
by comparing heavy/high and light/low media multitaskers, i.e., HMMs and LMMs, with self-reports, behavioral
measures and functional near-infrared spectroscopy (fNIRS). The participants were 12 HMMs (media multitasking
scores above the 75th percentile) and 10 LMMs (media multitasking scores below the 25th percentile) chosen from
a sample of 61 adolescents. Each participant completed a self-reported questionnaire on executive function and
three executive function cognitive tasks: 2-back, Color Stroop, and Number-letter Determination) while wearing the
fNIRS. The results indicated that: (1) the HMMs showed more impairment in executive function than the LMMs
based on questionnaire data analysis; (2) there were no significant differences between the HMMs and LMMs in
their performance on the cognitive tasks; and (3) the HMMs showed greater prefrontal activation than the LMMs
during the 2-back and Color Stroop tasks. These findings implied that media multitasking might be associated with
the reduced effectiveness in the brain areas responsible for executive function. These findings provide evidence of
the negative relationship between media multitasking and executive function; and indicated the benefits of using
multiple assessment methods in studying this topic.
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Introduction

Media multitasking, an increasingly prevalent phenomenon among adolescents, has attracted growing research
interest from cognitive scientists (Foehr, 2006; Ophir et al., 2009; Wallis, 2010). Many scholars have sought to
understand the negative impact of media multitasking on cognitive functioning by comparing heavy/high media
multitaskers (HMMs, i.e., mean + 1 standard deviation [SD] or upper quartiles) and light/low media multitaskers
(LMMs, i.e., mean - 1 SD or lower quartiles; e.g., Ophir et al., 2009; Sanbonmatsu et al., 2013). Moreover, in
comparison to LMMs, HMMs perform worse on attention, working memory, and task-switching tasks
(Baumgartner et al., 2018; Cardoso-Leite et al., 2016; Ophir et al., 2009; Wiradhany & Nieuwenstein, 2017); score
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higher on psychological factors, such as sensation-seeking and impulsiveness; and report lower on self-esteem
(Luo, Yeung, et al., 2020a, 2020b) and well-being (e.g., Becker et al., 2013; Sanbonmatsu et al., 2013). Recently,
studies have also investigated the remedial interventions (e.g., awareness, restriction, and mindfulness
interventions) for media multitaskers, and have mainly targeted improving their executive function performance
(see Parry & le Roux, 2019, for a review). To date, the findings on the relationship between executive function and
media multitasking experience are still mixed (for a review, see Uncapher et al., 2017). Most of the existing studies
have compared the behavioral performance of HMMs and LMMs using cognitive behavioral measures, and a
limited number of studies have examined the issue of media multitasking by analyzing neuroimaging data (Loh &
Kanai, 2014; Moisala et al., 2016). Little is known about the correspondence between the behavioral and
neuroimaging findings. To fill this literature gap, this study adopted a transdisciplinary approach (using self-
reported, behavioral, and neuroimaging evidence) to study the association between media multitasking and
executive function in Chinese adolescents.

Conventional Versus Neuroimaging Approaches to Examining Executive Function

Executive function (EF) refers to the set of cognitive processes that are essential to goal-directed, efficient, and
adaptive behavior (Huizinga et al., 2006; Huizinga & Smidts, 2010). Previous research using latent variable analysis
has identified three core EF processes: working memory, inhibition, and shifting (Miyake et al., 2000). Besides,
research has also revealed that the development of EF is a protracted process, that continues into early adulthood
(Diamond, 2013; Huizinga & Smidts, 2010). During the adolescent transition, the regulatory systems gradually
come under the control of executive function (Steinberg, 2005); therefore, adolescents may be more sensitive to
the long-term effects that could affect their executive function development. In general, EF has been shown to be
strongly related to the brain's prefrontal cortex and has been extensively explored by cognitive scientists using
various approaches (Huizinga et al., 2006). The first and foremost is the conventional approach, which assesses
an individual's executive function through self-reported questionnaires and cognitive tasks. Several
guestionnaires, such as the Dysexecutive Questionnaire (DEX) and Behavior Rating Inventory of Executive Function
(BRIEF), have been developed and widely used to examine executive function (Burgess et al., 1998; Gioia et al.,
2015; Wilson et al., 1998). Several cognitive task paradigms, such as the n-back, digit span, the Stroop task, and
the Wisconsin Card Sorting Task (WCST), are also well established measures of various aspects of executive
function (Diamond, 2013). High scores on the DEX and BRIEF surveys indicate low executive function, whereas for
the cognitive tasks, low executive function manifests as weak behavioral performance (e.g., low accuracy, long
response times).

Recently, the neuroimaging approach has been increasingly used to explore the neural correlates of executive
function. Studies using functional magnetic resonance imaging (fMRI), functional near-infrared spectroscopy
(fNIRS) and magnetoencephalography (MEG) have reported that executive function involves a wide range of brain
areas, especially the prefrontal cortex (PFC; e.g., Moriguchi & Hiraki, 2013; Parker, 2012; Zhao et al., 2016). In
particular, it has been found that both the anterior dorsolateral prefrontal cortex (DLPFC) and the anterior
ventrolateral prefrontal cortex (VLPFC) are involved in inhibition ability (Lagué-Beauvais et al., 2013). Other studies
have indicated that working memory involves the DLPFC and the left frontal opercula areas (Le6n-Dominguez et
al., 2015). In most cases, increased brain activation in these areas, especially the prefrontal area, is related to a
better executive function task performance (Zhao et al., 2016).

The conventional and neuroimaging approaches are not in conflict; rather, they can complement and confirm
each other. However, although research on executive function has advanced in the past decades, very few studies
have adopted a transdisciplinary approach to compare the evidence from self-reported, behavioral, and
neuroimaging approaches to confirm the association between media multitasking and executive function. For
instance, fNIRS is a non-invasive neuroimaging technique that can measure changes in the levels of oxygenated
hemoglobin (HbO) and deoxygenated hemoglobin (HbR) in the brain, especially surficial areas, thus revealing the
activation and involvement of the brain areas involved in a specific task (Strangman et al., 2002). Adolescents’
executive functioning is highly correlated with the development of the prefrontal cortex (Dumontheil, 2016), which
can be measured using fNIRS. Therefore, this study aimed to fill the methodological gap in media multitasking and
executive function research using this neuroimaging method.



Self-Reported, Behavioral, and Neuroimaging Approaches to Media Multitasking Research

Media multitasking refers to the simultaneous engagement in multiple media tasks (Foehr, 2006; Ophir et al., 2009;
Wallis, 2010) and has been explored with various cognitive approaches. Some studies using conventional
approaches such as self-reports have found that media multitasking is associated with low self-control and poor
executive function (Luo & Liang, 2018; Magen, 2017; Sanbonmatsu et al., 2013; Shin et al., 2019). This evidence
was mostly based on impulsivity and sensation-seeking measures and might be inconsistent with those no
correlation results (Shih, 2013). Another study, which used the Behavior Rating Inventory of Executive Function
(BRIEF) to measure executive function among media multitaskers (Baumgartner et al., 2014), found that all three
of the studied cognitive dimensions (i.e., working memory, inhibition, and shifting) were all correlated with media
multitasking. However, the study did not provide empirical evidence of any relationship between media
multitasking and general executive function measures, such as the Dysexecutive Questionnaire (DEX). It also did
not compare the differences between HMMs and LMMs on these measures. Therefore, further investigations
using the self-reported method are still needed in this aspect. Accordingly, this study hypothesized that HMMs
would report more problems using the self-reported measures of executive function (Hypothesis 1).

Another widely used approach to explore the relationship between media multitasking and executive function is
the behavioral approach, which is based on cognitive tasks. The existing results have generally supported a
negative association between media multitasking and executive function, including working memory (Cain et al.,
2016; Cardoso-Leite et al., 2016), inhibition (Murphy & Creux, 2021), and shifting (Ophir et al., 2009; Wiradhany &
Nieuwenstein, 2017). However, some studies have failed to replicate these findings and have even reported
conflicting results as well (see Wiradhany & Nieuwenstein, 2017, for a review). Within the literature, the pattern of
evidence is less clear for associations with working memory and shifting aspects than the inhibition aspect. For
example, Baumgartner et al. (2014) did not find any difference in shifting (i.e., switch-cost) between HMMs and
LMMs. In addition, Minear et al. (2013) found no differences in working memory between these groups on a
reading span task. Regarding the inhibition, however, the significant marginal effect also requires further
replication studies, and more investigations of the behavioral performance of media multitaskers on cognitive
tasks are needed. According to individual studies included in the meta-analysis conducted by Wiradhany and
Nieuwenstein (2017), the negative associations between media multitasking and executive function task
performances are most common. To this end, we hypothesized that HMMs would show poorer behavioral
performance than LMMs in executive function tasks (Hypothesis 2).

Recently, the neuroimaging approach has been employed to complement and confirm the findings of behavioral
performance studies. For instance, an fNIRS study on media multitasking in adolescents and young adults found
that HMMs showed higher brain activation in prefrontal regions than LMMs in a sentence comprehension task
with distraction (Moisala et al., 2016). This finding indicated that HMMs might need extra “recruitment of brain
areas involved in attentional and inhibitory control” (Moisala et al. 2016, p. 113). Another study using structural
imaging technique, showed that HMMs had lower gray-matter density in the anterior cingulate cortex than LMMs
(Loh & Kanai, 2014). These two studies implicitly revealed the important role of prefrontal areas in media
multitasking. Given the fact that executive function is associated with the dorsolateral prefrontal cortex (DLPFC or
BA9 and BA46; e.g., Koike et al., 2013; Lagué-Beauvais et al., 2013; Ledn-Dominguez et al., 2015; Zhao et al., 2016),
and that the multitasking ability is more associated with the anterior prefrontal cortex (APFC or BA10; e.g., Dreher
et al.,, 2008; Loh & Kanai, 2014; Roca et al., 2011), we hypothesized that media multitasking would have a negative
relationship with the function of prefrontal brain areas. This study further tested this hypothesis via neuroimaging
evidence. More specifically, according to the higher activation among HMMs than LMMs (Moisala et al., 2016), this
study also hypothesized that HMMs would have greater brain activation than LMMs during cognitive tasks
(Hypothesis 3).

The Present Study

The above literature review has indicated that the existing findings from both self-reports and behavioral
performance studies are mixed and even conflicting, and thus might not be adequate to reveal the association
between media multitasking and executive function. Therefore, we believe that neuroimaging evidence of the
differences between HMMs and LMMs in executive function tasks should provide more robust evidence of the
association between media multitasking and the user’s brain activity. In this case, this study aimed to provide



triangulated data from a psychological questionnaire, cognitive task and neuroimaging to systematically explore
the differences in executive function between HMMs and LMMs.

Method

Participants

Altogether 22 adolescents (aged between 14-17 years old; Mage = 16.05, SD = 0.84; 7 boys and 15 girls) participated
in this study. They were recruited through approaching their schools and teachers and snowball sampling via their
peers. In total, 61 adolescents initially consented to participate in this study. The average media multitasking score
was 2.79 (SD = 0.66). Then, they were divided into two groups (i.e., HMMs and LMMs) based on their scores on the
media multitasking scale (MMS), which reflected their media multitasking performance. Although the sample size
was relatively smaller, they were recruited with very similar age groups from the same schools. In comparison to
other studies that have used the same MMS (Luo, Yeung, et al., 2020a, 2020b), the average media multitasking
score in this study (M = 2.79) was slightly higher than the previously reported two studies (Ms = 2.25-2.32). We
might suspect that adolescents’ other indicators, such as gender, personality, ICTs usage, etc. (Chen et al., 2021),
affected this result.

Among the 61 participants, twelve scored higher than upper quartiles were included in the HMMs group, and ten
scored less than lower quartiles and thus were included in the LMMs group. The other 39 scored around the mean,
including those who were right on the upper or lower quartiles, and were excluded from the study because the
primary aim was to compare HMMs and LMMs. All 22 of the included participants had a normal or corrected-to-
normal vision and were right-handed. Chi-square tests revealed no significant gender (p = .452) or age (p = .474)
differences between the two groups (see Table 1). The research was approved by the Human Research Ethics
Community from the University of Hong Kong. All of the adolescents’ parents provided their informed consent,
and all of the adolescents completed a written consent form before participating in the study.

Table 1. Demographic Information of the LMMs and HMMSs Groups.

LMMs (n =10) HMMs (n=12) LR/t p
Gender (M:F) 4:6 3:9 .565 452
Age (SD) 15.90 (1.10) 16.17 (.58) -73 474

Note. M = Male; F = Female; LMMs = Light media multitaskers; HMMs = Heavy media multitaskers. The
statistical value is the likelihood ratio (LR) test result (expected value less than 5) for gender or t-test for age.

Measures

Media Multitasking Scale (MMS)

The MMS is a 14-item scale developed for Chinese adolescents (Luo et al., 2018). It contains three constructs, i.e.,
multitasking across two media (MAM; five items; e.g., “while watching TV/video, | check or send (voice) messages”),
multitasking with media and non-media (MMNM; four items; e.g., “while eating, | watch TV/video"), and
concentration without multitasking (CWM; reverse-coded, five items; e.g., “I can focus on talking to one person on
the phone/video call without doing other things”). All items were measured on a five-point Likert scale (1 = “never”,
5 = “always”). The participants’ scores indicate their level of media multitasking in daily life. And the included
participants were grouped into HMMs (12 participants; upper quartiles) and LMMs (10 participants; lower
quartiles), accordingly. An independent study used unidimensional MMS with second-order confirmatory factor
analysis and found it to have satisfactory reliability and good convergent validity (Luo et al., 2018). The Cronbach’s
a was .95 in the present study.

Executive Function Measures

Two self-reported measures were used to evaluate the participants’ executive functioning. The first measure was
adapted from the Behavior Rating Inventory of Executive Function (Second Edition, BRIEF 2) to measure three
dimensions of executive function (Gioia et al., 2015): working memory (e.g., “when | am given three things to do, |
remember only the first or last”), inhibition (e.g., “I have trouble sitting still"), and shifting (e.g., “I have trouble



accepting a different way to solve a problem with things such as schoolwork, friends, or tasks”). Each dimension
contains eight items measured on a 3-point Likert scale (1 = “never”, 3 = “often”). The participants who scored
higher on each dimension were identified as more “problematic” in the relevant aspect of their daily lives. The
internal consistency for three dimensions (i.e., working memory, inhibition, and shifting) in this study was .85, .77,
and .82, respectively. The second measure was the 20-item Dysexecutive Questionnaire (DEX; Burgess et al., 1998;
Wilson et al., 1998), which was used to evaluate the participants’ general executive function in general (e.g., “I have
problems in understanding what other people mean unless they keep things simple and straightforward”). Each
item was measured on a 5-point Likert scale (1 = “strongly disagree”, 5 = “strongly agree”). A higher score on this
scale indicated a higher frequency of dysexecutive behavior in daily life. The Chinese version was shown to be
reliable and valid in Chan’s (2001) study, and its internal consistency was .89 in this study.

N-Back Task

The participants were asked to finish three blocks of the n-back (in this study, the 2-back) task. This task was
commonly used in previous media multitasking studies (see Wiradhany & Nieuwenstein, 2017, for a review). Each
block included 15 trials, resulting in a time of approximately 30s for each block. Although the previous literature
usually used more trials in their behavioral experiments, this study chooses to adopt 15 trials, i.e., around 30s for
each block, a typical fNIRS block design to record blood signal (Basura et al., 2018; Herold et al., 2018). This block
design was also applied in the Color Stroop and number-letter tasks (see below). In the 2-back task, letters were
presented to the participants for 500ms, followed by a fixation point (+) in the center of the screen for 1500ms
(see Figure 1a). The participants were instructed to press “1” if the presented letter was the same as the letter
presented two letters earlier and to press “2" if it was not. The correct letters (or targets) were varied (6 £ 1 targets)
in each block. The participants were also given time to practice several trials before starting. This task has been
widely used to assess working memory in previous studies (Le6n-Dominguez et al., 2015).

Color Stroop Task

The participants were presented with words (“red,” “yellow,” “blue,” and “green”) in different colors. In each trial,
these words were randomly inked in different colors (i.e., red, yellow, blue, and green, respectively; see Figure 1b).
This task was chosen because it places relatively low demand on other aspects of executive function aspects, such
as working memory. A similar task paradigm has also been used in the media multitasking research (Murphy &
Creux, 2021). The participants were instructed to indicate the inked color rather than the meaning of the word by
pressing the corresponding numbers, as they had trained in the practice session. This task also consisted of 3
blocks, with 15 trials in each block. Each word was shown for 1500ms, with a fixation point (+) shown for 500ms
afterwards. This task has been widely used to measure inhibition in previous studies (e.g., Schroeter et al., 2004).

Number-Letter Task

The participants were asked to determine whether the presented number was an odd (i.e., 3, 5, 7, 9) or even (i.e.,
4, 6, 8, 0), or whether the shown letter was a consonant (i.e., P, K, N, S) or vowel (i.e., A, E, I, U) (see Figure 1c). The
letter “O” was not included to prevent confusion with “0" (zero), used in the numbers. This task was used in the
pioneering research on media multitasking and executive function (Ophir et al., 2009). The participants were asked
to practice a few trials before starting. There were also three blocks in this session, with 15 trials in each block. In
this task, the participants were shown either “number” or “letter” for 200ms to tell them which they should focus
on in the next screen. Arandomly paired number and letter were then displayed to them for 1500ms and followed
by a 300ms interval. The participants needed to decide according to the above rules and then pressed the
corresponding key (for more details, see Ophir et al., 2009). This task has been used to measure shifting ability in
previous studies (Ophir et al., 2009).



Figure 1. Paradigm for 2-Back (a), Color Stroop (b) and Number-Letter (c) Tasks.
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Functional Near-Infrared Spectroscopy (fNIRS)

A 20-channel fNIRS system (Oxymon Mk Ill, Artinis, The Netherlands) was applied to simultaneously measure the
concentration changes of oxygenated hemoglobin (HbO) and deoxygenated hemoglobin (HbR) in the participants'’
brains. This system employs two different wavelengths in the near-infrared range (i.e., 760nm and 850 nm) to
measure the changes in optical density and then converts the data into changes in the concentrations of HbO and
HbR using the modified Beer-Lambert law. The channels were located following the international 10-20 system
for EEG, with a 3cm distance between each paired emitters and detectors. According to A. Ducan et al. (1996), the
subject-specific differential path-length factor (DPF) constant was calculated based on each participant's age
before starting the experiment. For all participants, the channels covered their DLPFC (BA9 and BA 46) and APFC
(BA10). The details of the channel placement are shown in Figure 2. The sampling rate for data acquisition was 50
Hz.



Figure 2. Experimental Environment and Position of fNIRS Channels.

Notes. Sixteen probes (eight emitters: red and eight detectors: blue) were attached to the prefrontal areas forming 20 measurement
channels (in yellow, only16 of which were finally analyzed in this study). The channels were placed following the international 10-20 system
for EEG, with a 3cm distance between each paired emitters and detectors. Channels 6, 9, 10, 11, 14 and 15 were located in the APFC (BA 10),

channels 2,3,5,7,8,12,13,16, 17 and 18 were located in the DLPC (BA 46), and the channels 1, 4, 19 and 20 were located in the BA9

(excluded from this analysis due to poor signal quality).

Procedure

After arriving at the university laboratory, the adolescents and their parents were first briefed about the
experiment, and the adolescents signed their written consent forms to the researcher. In the next step, they were
asked to finish the questionnaire, including the media multitasking scale and executive function measures. Then,
they were instructed about the task rules and given time to practice achieving the required accuracy (at least 70%)
on each task. Finally, they moved to the experiment room, put on the fNIRS equipment, and began the experiment.
The data was collected during July to December 2018. After all data collection was finished, their completed
guestionnaires were analyzed first, and only the fNIRS data from those scoring in the upper and lower quartiles
participants were further analyzed. Eventually, altogether 22 participants completed all of the measures in this
study.

Data Analysis

Self-Reported and Behavioral Data Analysis

The questionnaire responses for each participant were summed to separated scores according to the original
dimensions (working memory, inhibition, shifting, and dysexecutive function, respectively). The behavioral data
were first calculated for each participant, and the groups were then compared using two-tailed t-tests. For the 2-
back task, we analyzed the false alarm rate, overall accuracy rate, and average reaction time. We also analyzed the
overall accuracy rate and average reaction time for each participant for the Color Stroop task. We analyzed the
switch cost for the number-letter task, such as average reaction time in switch trials minus average reaction time
in continuous trials. For all reaction times, we removed all of the trials with response times shorter than 100mes.

fNIRS Data Analysis

The HbO levels between the two groups were compared during each task, but the HbR levels were not, as HbO is
more sensitive than HbR to NIRS (Hoshi, 2007). The data from four channels (i.e., 1, 4, 19, and 20) were discarded



due to the relatively low quality of the signals obtained from the participants. A bandpass filter (0.02-0.2 Hz) was
first applied to the data to remove the longitudinal signal drift and physiological noise from the raw data using
Homer 2. Then, for each participant, we further processed the data in Matlab 2013b to calculate the average HbO
changes (i.e., AHbQ) in different channels and average three repeated blocks to produce the final value for each
task. For all individual blocks, the baseline started at 10s before each block onset. The task duration spanned is 4s
to 28s (i.e., a total of 24s) after the onset of each block, which was regarded as the activation period during the
task. Finally, two-tailed t-tests were conducted for each independent task using SPSS 26.0 to compare the average
AHDbO in all channels between HMMs and LMMs groups.

Reliability of the Analysis

Although the current study was appropriately conducted, we noted that the sample size was relatively small.
Therefore, we used three approaches to ensure the reliability of the analysis, as follows. First, for each significant
result from the questionnaire, behavioral data, and fNIRS channels, we calculated the effect size (i.e., Cohen’s d;
Cohen, 1992). Following Cohen (1988), the criteria for this d value were set as: follows: 0.8 (large), 0.5 (medium)
and 0.2 (small). Second, the Bonferroni-based correction method (Shi et al., 2012) was used for multiple
comparisons of multiple channels in fNIRS. The corrected a” = a/g", g" = (g + 1) - [1 + (g - 1) ICC] (g = number of
endpoints considered; /CC = sample-based intraclass correlation). The details of each correction are presented in
the Results section. Third, we calculated the replication power by entering our current sample size and obtained
the effect size into G*Power 3.1 (Faul et al., 2007) as one-tailed post hoc tests. A replication power above 0.80 is
generally considered an acceptable level of power (Cohen, 1992).

Results

Self-Reports and Behavioral Performance Results

First of all, the correlations among the self-reports and behavioral performance were provided in Table 2. Then,
the between-group differences in self-reports and behavioral performance were analyzed, and the results were
presented in Table 3. First, the self-reported results indicated that the LMMs group scored significantly lower on
the working memory [{(20) =-3.213, p =.004, d = 1.41], inhibition [¢(20) =-3.48, p =.002, d = 1.50] and dysexecutive
[t(20) = -2.615, p = .017, d = 1.11] measures than the HMMs group. However, no significant difference was found
in the measure of shifting, t(20) =-1.736, p = .098 > .05. All Cohen’s d values were above 0.8, which indicated a large
effect size (Cohen, 1988). The power analysis showed that all replication powers were above 0.80, with the smallest
being 0.80 (dysexecutive) and the largest being 0.96 (inhibition).

Table 2. Correlations Among MMS, Self-Reports, and Behavioral Performance for Both the LMMs and HMMs Groups.

Measures Details 1 2 3 4 5 6 7 8 9 10
MMS —
BRIEF 2 Working 35(-.04) —
memory
Inhibition .62(.13) .677(.81™) —
Shifting 35(-13)  .75%(.71) A49(.53) —
DEX .65%(.10) .59(.75™) .69%(.72™) .57(.42) —
2-back ACC -.24(.55) -.51(-.24) -71°(-13)  -.28(-29) -.47(-.03) —
RT .04(-.09) -.05(.14) .15(.06) -47(.26)  -.32(.20) -.33(.39) —
Color Stroop  ACC -.43(-.37) -.12(.01) .08(-.06) .03(-.38) -.17(.18) -.39(.36) .23(-.34) —
RT -.48(.09) -43(-.11) -29(-.26) -.86"(.31) -.52(-22) .07(.19) .52(.73") .16(-.50) —
Number-

letter Task Switch-cost -.04(-25) -.02(.23) -.19(-.20) .04(.39) .02(.11)  -13(-19)  .04(.20) 31(.15)  13(34) —

Note. MMS = Media multitasking scale; BRIEF 2 = Behavior Rating Inventory of Executive Function (Second Edition); DEX = Dysexecutive
Questionnaire; ACC = Accuracy rate; RT = Reaction time; Switch-cost = Reaction time on switch trials minus reaction time on continuous trials;
Correlations in parentheses are for the HMMs group.

*p<.01,"p <.05.




Second, the behavioral results indicated no significant between-group differences in all three tasks, ps. > 0.05. In
particular, as shown in Table 2, the switch-costs, i.e., the reaction time on switch trials minus that on continuous
trials, were negative for both the HMMs and LMMs groups. The one-sample t-test results indicated that the switch-
cost in the LMMs group was significantly lower than 0 [t(9) = -2.31, p = .046], whereas that for the HMMs group
was not significantly different from 0 [{(11) = -1.83, p =.094].

Table 3. Differences Between the LMMs and HMMSs Groups in the Questionnaire and Behavioral Performance.

LMMs (n =10) HMMs (n =12)
Measures Details F t ai p d
M SD M SD
BRIEF 2 Working memory  13.50 2.64 18.42 4.19 0.98 -3.21 20 .004 1.41
Inhibition 11.50 2.64 15.75 3.02 0.08 -348 20 .002 1.50
Shifting 13.00 3.27 15.67 3.94 0.00 -1.74 20 .098 0.74
DEX 51.00 11.86 62.92 9.53 0.19 -2.62 20 .017 1.11
2-back ACC 0.84 0.06 0.88 0.07 0.22 -1.31 20 .207 0.61
RT 873.95 242.97 84219 177.35 123 35 20 .727 0.5
Color Stroop ACC 0.96 0.02 0.96 0.04 192 .05 20 .960 0.00
RT 881.56 143.23 872.41 168.45 029 .14 20 .894 0.06
Number-letter Task  Switch-cost -46.83  64.04 -39.21 74.13 0.06 -26 20 .801 O0.11

Note. BRIEF 2 = Behavior Rating Inventory of Executive Function (Second Edition); DEX = Dysexecutive Questionnaire; LMMs =
Light media multitaskers; HMMs = Heavy media multitaskers; ACC = Accuracy rate; RT = Reaction time; Switch-cost = Reaction
time on switch trials minus reaction time on continuous trials.

*p <.001, ”p <.01, "p <.05.

fNIRS Results

First, we corrected the significance level a for multiple comparisons among 16 channels for each task. According
to the Bonferroni-based correction method (Shi et al., 2012), the /CC (i.e., interclass correlation) for 2-back was .903
for these channels. Therefore, the corrected a for this 2-back task should be below .020. Similarly, the /CC for the
Stroop task was .956 among these channels, and thus, the corrected afor this task should be below .030. For the
number-letter task, the /CC was .881, and the corrected a for this task should be below .018. Then, we analyzed
each independent task separately. Only items with the abovementioned significance are reported in the following
part.

The t-tests were conducted on all of the remaining 16 channels and the results indicated that the HbO changes of
the HMMs were significantly higher than those of the LMMs in the 2-back and Color Stroop tasks. For the 2-back
task, the significant between-group differences were found in the right hemisphere: Ch2 [t(20) = -4.184, p < .001,
d =1.78], Ch3 [t(20) = -2.536, p =.020, d = 1.10], Ch7 [{(20) = -3.798, p = .001, d = 1.57], Ch8 [{(20) = -2.650, p = .015,
d=1.171 and Ch9 [t(20) = -3.566, p = .002, d = 1.53], and left hemisphere: Ch13 [t(20) = -3.273, p = .004, d = 1.40].
For the Stroop task, the significant between-group differences were found in the right hemisphere:
Ch8 [t(20) =-2.744, p = .013, d = 1.15], and left hemisphere: Ch12 [t(20) = -2.755, p = .012, d = 1.17]. All Cohen’s d
values were also above 0.8, which indicated a large effect size (Cohen, 1988). The power analysis showed that all
replication powers were above 0.80, with the smallest being 0.80 (2-back, Ch3) and largest being 0.99 (2-back; Ch2).
However, for the number-letter task, there were no significant between-group differences for any of the channels,
and the smallest (but non-significant) p value was found in the right hemisphere: Ch3 [t(20) = -1.858, p = .078]. All
of the above-reported significant channels are shown in Figure 3.



Figure 3. fNIRS Results for Significant Channels: (a) Significant Channels for the 2-Back Task,

(b) Significant Channels for Color Stroop Task.
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Discussion

This study established a triangulation of data sources - the self-reported questionnaire, behavioral tasks, and
fNIRS - to examine the differences in executive function between heavy/high media multitaskers (HMMs) and
light/low media multitaskers (LMMs). This transdisciplinary approach allowed us to further explore the neural
differences between HMMs and LMMs and compare with corresponding observational and behavioral differences.
In this section, we discussed the triangulated findings and their implications.

HMMs Versus LMMs: The 3-Level Differences and the Neurocognitive Causes

First, the self-reported results showed that the HMMs group performed worse than the LMMs group on executive
function measures, including working memory, inhibition and general executive function. Therefore, Hypothesis
1 was generally supported. This finding is consistent with that of Baumgartner et al. (2014), who used
guestionnaire measures of media multitaskers' behaviour in daily life and found that media multitasking was
highly correlated with problems in working memory and inhibition performance. In addition, the present
differences between HMMs and LMMs in general executive function are also consistent with previous studies
indicating that HMMs scored higher on impulsivity and sensation seeking (Luo & Liang, 2018; Magen, 2017;
Sanbonmatsu et al., 2013).

Second, the behavioral study revealed no significant between-group differences in working memory and
inhibition. In this case, Hypothesis 2 was not supported in the current study. This finding is also inconsistent with
the previous studies in which HMMs generally performed worse than LMMs on cognitive tasks such as n-back
(Cardoso-Leite et al., 2016; Ophir et al., 2009; Ralph & Smilek, 2017; Wiradhany & Nieuwenstein, 2017). who used
guestionnaire measures of media multitaskers' behaviour in daily life and found that media multitasking was
highly correlated with problems in working memory and inhibition performance. This finding may be attributable
to one of two factors. First, the finding of no differences between HMMs and LMMs from this study might be
accurate and consistent with previous studies (for reviews, see Uncapher & Wagner, 2018; Wiradhany &
Nieuwenstein, 2017). Second, it might be related to the different task conditions between this and previous
studies. Specifically, before starting the experiment, the participants in this study were allowed to practice as many
tails as they needed to achieve a 70% accuracy. Although for some participants, their accuracy might have
decreased during the formal experiment, such effects were not expected to be large. Moreover, unlike in the
previous studies focusing on behavioral performance (Ophir et al., 2009; Wiradhany & Nieuwenstein, 2017), the
number of trials in each task was limited to enable fNIRS data collection in this study. Therefore, these task
modifications may have affected their behavioral performance, which would complicate the interpretation of the
non-significant findings. However, the two factors are interrelated, and the different experimental conditions may
also have contributed to the conflicting results of previous studies.

Third, the fNIRS study showed greater activity in some prefrontal areas of the HMMs during the 2-back and Color
Stroop tasks. Thus, Hypothesis 3 was also partially supported. For the 2-back task, six channels located in both
right (i.e., Ch2, 3, 7, 8, 9; BA46 and BA10) and left hemispheres (i.e., Ch13; BA46) were more activated in HMMs
than in LMMs. For the Color Stroop task, two channels, one located in the right hemisphere (i.e., Ch8; BA46) and
one in the left hemisphere (i.e., Ch12; BA46), were also found to be more activated in the HMMs. This is the first
study to report the neural differences between HMMs and LMMs while performing working memory (i.e., 2-back)
and inhibition (i.e., Color Stroop) tasks. This finding provides neuroimaging evidence to support the conclusion of
previous studies that the neural differences between HMMs and LMMs may be located in prefrontal areas (Loh &
Kanai, 2014; Moisala et al., 2016). In addition, this study revealed that in both the 2-back and Color Stroop tasks,
BA46 played an important role in distinguishing LMMs and HMMs. This finding is consistent with previous studies
(e.g., J. Ducan & Owen, 2000), which found that the DLPFC, including BA46, was highly responsible for executive
function across various task paradigms. Besides, BA46 has also been shown to be involved in sustaining attention
and self-control (Corbetta & Shulman, 2002; Smith et al., 2011). Furthermore, it has been widely suggested that
media multitasking may have a negative effect on adolescents’ attention, executive function and self-control (e.g.,
Ophir et al., 2009; Xu et al., 2016); accordingly, its adverse effects might arise in the relevant brain areas including
BA46. This implies that we should pay more attention to the effects of media multitasking, which is becoming ever
increasingly prevalent, on the development of this brain area (i.e., BA46). Besides, we should also be cautious with



the possible vicious loop effect - increasing the susceptibility to media multitasking, which will impact the EF-
related brain areas.

Last but not least, the self-reported questionnaire, behavioral task, and fNIRS results in this study all indicated no
significant differences between the HMMs and LMMs in shifting ability. On the one hand, this is inconsistent with
the previous findings of the negative effect of media multitasking on shifting ability (e.g., Ophir et al., 2009). There
are two possible explanations for this result. First, the non-significant findings on the behavioral task and fNIRS
might due to the design of the present study. For example, all participants finished the cognitive tasks with fNIRS
in the same order, and the shifting task (i.e., the Number-letter task) was the last one. Therefore, the task order
might have affected the findings on shifting ability. Second, the non-significant results, which were consistently
found in all three measurements, i.e., self-reported questionnaire, behavioral task, and fNIRS, indicated that in our
sample, the HMMs and LMMs were not different in terms of the shifting aspect. On the other hand, there is an
emerging pattern of evidence showing no differences between HMMs and LMMs on shifting, or even no
association between media multitasking score and shifting (Cardoso-Leite et al., 2016; Gorman & Green, 2016;
Minear et al., 2013; Seddon et al., 2018). For example, Rogobete et al. (2020) considered media multitasking with
media activities and non-media activities, and found that the relationship between media multitasking and shifting
was not significant; the researchers further doubted that there was a non-linear relationship between media
multitasking and executive function. This finding provides strong evidence to query whether there are significant
between-group differences between HMMs and LMMs on shifting aspect with methodological triangulation; and
replication studies are therefore needed in the future. Nevertheless, the behavioral results indicated that LMMs
might take less time to finish switch trials than repeated trials, but HMMs did not differ on repeated and switch
trials. In other words, only the LMMs group performed better on switch trials than repeated trials. This new
evidence indicates that LMMs may have better shifting ability. However, it remains unclear why LMMs respond to
switch trials faster than repeated trials. Because the use of this Number-letter task has not been widely reported
either among adolescents or in the comparisons between HMMs and LMMs in the Chinese context, more efforts
should be dedicated to this aspect in future research. In particular, further transdisciplinary studies on the shifting
ability using other task paradigms are also needed in comparisons of HMMs and LMMs.

However, caution should be taken regarding the directionality of the findings. It is possible that executive function
develops differently across adolescents, and lower executive function (or greater distractibility) might increase the
likelihood of engaging in media multitasking. Future studies could use a longitudinal design to clarify whether
there is a causal relationship between media multitasking and executive function.

HMMs Versus LMMs: Is Higher Activation Always Better?

This study found that HMMs showed impaired performance on working memory and inhibition than LMMs, while
their DLPFC and APFC areas were significantly more activated. In the existing literature, extensive brain activation
in these two areas has been most frequently identified with a better ability to perform the corresponding executive
function and often associated with a better behavioral result (e.g., Cutini et al., 2008; Ehlis et al., 2008; Perlman et
al., 2016). Although there were no differences in their behavioral performances in this study, the HMMs still
showed lower executive function than the LMMs. Nevertheless, the higher activation that we found in the HMMs
group was consistent with the study by Moisala et al.'s (2016), which also reported a higher brain activation among
HMMs in the right prefrontal area. The question, then, is why the HMMs had a higher brain activation than the
LMMs.

First, as the previous review indicated, HMMs might need more effort to focus and achieve the same result in
cognitive tasks (see Uncapher & Wagner, 2018). That argument is supported by this study’s neuroimaging evidence
from Chinese adolescents. Second, as the media have penetrated daily lives, it is possible that our brains,
especially those of the young, have been shaped by media activities, including media multitasking (Gazzaley &
Rosen, 2016; Rothbart & Posner, 2015). HMMs engage in more media activities, and their brains are often more
restless, and possibly over-used. This effect may persist even during cognitive tasks. In addition, it might also be
the case that the brains of HMMs are less effective than those of LMMs during task performance. For example,
Morgan and D'Mello (2016) argued that multitasking could lead to exhaustion in working memory and attention
resources, and Levitin (2015) showed that such exhaustion could harm the brain. Besides, some researchers have
also expressed concern that multitasking - switching between multiple sources of information - might trigger a



symptom known as “iDisorder” (Carrier et al., 2015; Rosen, 2012; Rosen et al., 2013). In their opinion, the modern
brain is prone to various psychological symptoms, such as stress, sleeplessness and compulsive device checking,
due to media and technology overuse in daily life, including but not limited to media multitasking. Finally, the
finding that the brains of HMMs worked less effectively than expected implies that we should pay more attention
to the long-term effects of media multitasking on adolescents’ neurological development in the era in which the
media, especially social media, have penetrated their lives both inside and outside school (Lu et al., 2019; Luo,
Liang, et al., 2020).

Conclusion

This multiple-approach study found no significant differences between the HMMs and LMMs groups' performance
on three behavioral tasks, indicating that both groups performed at the same behavioral level. However, the self-
reported results indicated that the adolescent HMMs displayed a more impaired performance in executive
function than the adolescent LMMs. In addition, the HMMs group also showed greater activation in the brain areas
responsible for executive function during the 2-back and Color Stroop tasks than the LMMs group. These results
jointly indicated that the HMMs group required more brain activation to achieve the same behavioral performance
as the LMMs. This finding implies that media multitasking might be associated with reduced effectiveness in the
brain areas responsible for executive function.

Although this study provides more comprehensive evidence on the association between media multitasking and
executive function than was previously available, it has some limitations. First, the number of participants was
very limited, and they might not represent all Chinese adolescents. Future studies should use a more suitable
sample by recruiting more representative participants and increasing the sample size. Second, the effect of task
order was not controlled in this study. Specifically, all participants finished the 2-back, Color Stroop, and Number-
letter tasks in the same order. Future research should explore whether the task order can affect their brain
activation. Third, only one task was used to examine each executive function domain, i.e., 2-back for working
memory, Color Stroop for inhibition, and Number-letter for shifting. Future studies should also consider using
different tasks, especially tasks for shifting, to further compare the brain activation between HMMs and LMMs. In
addition, this study found no significant differences between HMMs and LMMs in the self-reported measure of
shifting; future studies should pay attention to this aspect and provide more evidence regarding the shifting ability.
Fourth, this study allowed the participants to practice until they achieved a 70% accuracy threshold to ensure that
they fully understood the rules; thus, they could activate the relevant brain areas corresponding to executive
function. Future studies should consider avoiding the practice effects, such as by giving participants enough rests
before formal testing. Fifth, this study only examined the differences between HMMs and LMMs and did not
consider the full continuum of media multitaskers. Future studies should consider including the moderate or
average media multitaskers (Shin et al., 2020), which represented the group between HMMs and LMMs, into this
kind of transdisciplinary comparison. Last, we calculated the effect size and replication power at the end of the
data analysis because we did not have sufficient data to decide beforehand. However, future studies could start
from expected effect sizes and determine the sample size needed. Nevertheless, this study has successfully
identified between-group differences in the activation of brain areas responsible for executive function, providing
neuroimaging evidence of the negative association of media multitasking on executive function in adolescents.
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