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Relationships 
between resting‑state EEG 
functional networks organization 
and individual differences in mind 
wandering
Paweł Krukow 1* & Kamil Jonak 1,2

When performing cognitively demanding tasks, people tend to experience momentary distractions 
or personal associations that intercept their stream of consciousness. This phenomenon is known as 
Mind Wandering (MW) and it has become a subject of neuroscientific investigations. Off‑task thoughts 
can be analyzed during task performance, but currently, MW is also understood as a dimension of 
individual differences in cognitive processing. We wanted to recognize the intrinsically‑organized 
functional networks that could be considered the neuronal basis for MW dispositional variability. 
To achieve this goal we recruited a group of normal adults, and eventually divided the group in half, 
based on participants’ scores on the scale measuring dispositional MW. Next, these groups were 
compared regarding the arrangement of preselected intrinsic functional networks, which were 
reconstructed based on multi‑channel signal‑source resting‑state EEG. It appeared that subjects who 
tend to mind wander often exhibited decreased synchronization within the default mode network, 
and, simultaneously, strengthened connectivity between ‘on‑task’ networks of diverse functional 
specificity. Such within‑ and between networks integrity patterns might suggest that greater Mind 
Wanderers present an atypical organization of resting‑state brain activity, which may translate into 
attenuated resources needed to maintain attentional control in task‑related conditions.

Over the last two decades, there has been a considerable shift in the interest in cognitive neuroscience, from 
the analysis focused exclusively on modularly specific cognitive functions (e.g. working memory) and their 
neuronal underpinnings, towards more spontaneously revealing, task-unrelated mental processes. This shift 
can be explained by the finding that resting-state brain activity is strictly organized and cannot be treated in 
terms of random neural  noise1, as well as by psychological studies confirming that a significant range of mental 
activity is not focused on any specific task, and yet, it engages at least 30% of our  time2. Among various types of 
spontaneously-generated thoughts, one can distinguish mind wandering (MW), also called “off-task thoughts” 
or task-unrelated thoughts defined as a shift of attention away from the primary task  inwards3–5. Associations 
between MW and task performance are expressed in a form of methods used in a substantial amount of previ-
ously conducted MW-studies. For example, Gruberger et al.6 in their review regarding neuroscientific research 
on MW indicate that the most common solution was the application of the so-called "thought probes", when 
subjects are explicitly asked whether their current thoughts were focused on the task or not, during the perfor-
mance. Another strategy consists in experimental manipulation of cognitive load, resulting from the assumption 
that tasks with a minimum level of complexity or other feature enabling its effortless performance increase the 
range of MW.

It is postulated that spontaneous thoughts and daydreaming play an important role in integrating the self-
referential processes, increasing the level of autobiographical memory consistency and improving creativity 
and future-oriented  planning7,8, thus, these experiences might have an adaptive psychological function. On the 
other hand, if one considers MW as a state of unintentional detachment of attention from the task, then the 
consequences for the task being performed will be rather  detrimental4,9. When MW is understood in the con-
text of mental activity control failures, research indicates its relationship with less adaptive features or states of 
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reduced cognitive efficiency. Individuals exhibiting more pronounced tendency to mind wander obtain higher 
scores in scales measuring dispositional  neuroticism10, negative affect and lower levels of effortful control and 
 extraversion11. Enhanced MW was observed during states of reduced alertness, fatigue and generally diminished 
 productivity12,13. Moreover, augmented propensity to MW might be considered as a risk factor for mental health, 
having in mind its significant relationships with negative affect and  anxiety2,14,15.

The self-relatedness of spontaneous thoughts clearly suggests its associations with the activity of neural 
areas constituting the Default Mode Network (DMN, a set of neuronal regions activating in a synchronized 
manner during rest and redirection of attention on internal experiences, 16). A vast amount of fMRI research 
confirms that during the off-task state, the most pronounced neural activity can be observed mainly within the 
DMN regions, such as areas located within the brain’s medial wall (e.g., medial prefrontal cortex, anterior and 
posterior cingulate cortex, precuneus), together with parahippocampal  structures16,17. However, further studies 
revealed that associations between neural networks and MW are not only limited to the activity of the DMN, 
but also exhibit connectedness with much more complex inter-networks relationships. WM turned out to be 
associated with the strength of anti-correlations between sets of synchronized areas activated while performing 
a task (so-called task-on networks) and collection of regions whose activity is more pronounced during rest (so-
called task-off networks) and even with the involvement of a set of neuronal structures engaged in and motor 
 performance18–20. Participation of non-DMN areas in the states of MW was also confirmed by the results of the 
meta-analysis by Fox et al.17 on functional neuroimaging studies on spontaneous thoughts including MW. The 
authors underlined that beside recurring findings confirming relationships between task-off mentations and 
DMN, the engagement of the frontoparietal network, secondary somatosensory cortex, insula, lingual gyrus and 
temporopolar cortex, were also noted. The meta-analysis also highlights the role of inter-networks integration and 
overlapping activity co-occurring within structures from default and frontoparietal control networks. It should 
be also emphasized that the results regarding the strength of within-DMN activity and functional connectivity 
(FC) and MW proneness, are also not entirely unambiguous, e.g. Poeiro with co-workers21 found that intensified 
internal engagement of attention was linked to stronger coupling between DMN subsystems, while Groot et al.22 
using combined fMRI and EEG recordings obtained results suggesting weaker within-DMN activity associated 
with task-unrelated thoughts. In other words, regardless of the undisputed progress in research on the neural 
signature of MW, one cannot conclude that the neurophysiological basis of this phenomenon is fully understood.

Although the majority of studies on MW used methodological solutions referring to this phenomenon as 
ongoing during the performance of experimental task, there is an increasing amount of research suggesting that 
MW might be also treated as a dimension of individual differences in cognitive processing, in other words, as a 
 trait23,24. One of the important methodological aspects enabling research on dispositional MW was the introduc-
tion of questionnaire methods enabling precise and accurate MW assessment. Taking into account the narrow 
definition of MW in which the negative influence of MW on the task performance is underlined, Mrazek et al.25 
developed a short self-report scale (Mind Wandering Questionnaire, MWQ) measuring the frequency with 
which an unintentional redirection of attention from the main task inwards occurs. There are also some initial 
neuroscientific studies regarding associations between dispositional MW and brain activity, usually analyzed 
with reference to the functional neural networks organization, which might be explained by the high amount 
of previous experimental outcomes linking MW with  DMN26. This research documented that the variability in 
the resting-state functional networks configuration is a significant basis for individual differences in cognitive 
functioning, also when both MW and neural activity are not analyzed with the reference to the actual task being 
performed. Even more so, it seems justified that the dispositional MW variability is associated with important 
dimensions of the brain’s organization.

Considering the above, the goal of our study was to broaden existing knowledge regarding functional neu-
ral networks’ contribution to individual differences in MW, however, we would like to propose some different 
methodological and technical solutions compared with the previous studies. In detail, we wanted to determine, 
whether individual differences regarding MW present in the sample of healthy young adults, might be reflected 
by variance in the organization of preselected, resting-state neural networks reconstructed on the basis of source-
space multichannel EEG. Compared with fMRI-based FC relying on the correlations between co-occurring 
BOLD signal low-frequency  fluctuations27, EEG-derived connectivity is computed from temporal synchroni-
zation between selected features of the electrophysiological signals informative of neuronal oscillators acting 
within narrow frequency  windows28. Modelling of the functional network arrangement based on the EEG might 
be additionally improved by applying methods implementing electrophysiological signal source reconstruction, 
which is particularly important in networks studies as it enables more precise neuroanatomical localization 
of signals’ neuronal origins, and solves the problem of volume conduction burdening some computational 
approaches utilized in EEG signal-based  analyses29.

Results
Characteristics of the studied group and its division based on the MWQ results. After applying 
all mention inclusion and exclusion criteria and reviewing EEG recordings the final sample which outcomes 
were analyzed contained 66 participants with mean age of 22.66 (SD = 2.46), 15.33 (SD = 1.66) years of education, 
and 90.46 (SD = 2.86) Percentile Ranks (PR) obtained in Raven’s Standard Progressive Matrices (SPM) test. The 
subgroups of students from a technical and a medical university did not differ in terms of variables such as age, 
gender, and years of education (all p < 0.2). In the whole group, there were 36 females and 30 males, all Cauca-
sian. Mean MWQ was 16.22 (SD = 3.64; min. = 6, max. = 24), and the median 17 points. MWQ distribution did 
not deviate from normal. According to MWQ median, the whole sample was divided into two subgroups, one 
with MWQ results ranging from 6 to 16 (Low-MW group) and the second one with MWQ results ranging from 
17 to 24 points (High-MW group). Figure 1. presents a box plot of the total MWQ score in these samples. The 
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range of scores possible to obtain in MWQ ranged from 5 to 30 points. Two empirically established groups were 
similar with regard to age, sex, education and fluid intelligence (Table 1).

Networks connectivity organization in groups with low and high MW levels. Since there were no 
significant between-group differences in age, sex, education and fluid intelligence, PLV indicators of functional 
connectivity strength for preselected pairs of nodes has been compared in two groups differing with regard to 
dispositional Mind Wandering. According to the scheme of statistical analysis described in the Methods section, 
the first step aimed at identifying potential differences regarding intra-network connectivity strength. In this 
analysis the permutation statistics from the Resampling Statistical Toolkit included 785 tests, 35 between-group 
differences appeared to be significant, after inclusion of the false discovery rate (FDR) correction 18 of them 
remained statistically significant.

Table 2 contains results of this comparison. Among 18 FC-indicators significantly differentiated the groups, 
14 included ROIs located within DMN, 3 were localized within Sensory-Motor Network (SMN) and one within 
Cingulo-Opercular Network (CON). All PLV values differentiating groups in lower frequencies (delta and theta) 
covered within-DMN regions, and in all these cases within-DMN connectivity strength was lower in High-MW 
group comparing with Low-MW group. On the other hand, all 3 measures of the within-SMN connectivity 
strength was significantly higher in the High-WM sample than in the Low-MW group. The strength of gamma-
band connectivity between left middle cingulate gyrus and the right frontal inferior operculum, both belong-
ing to the CON was also higher in High-WM group than in Low-MW group. The majority of these ROIs were 
located in the right hemisphere (23 versus 13 located in the left). Significant relationships between MWQ and 

Figure 1.  The box plot showing the range of the difference in the total Mind Wandering Questionnaire (WMQ) 
score present in two empirically established groups. Note. st. error: standard error of measurement.

Table 1.  Demographic and cognitive characteristics of two empirically-distinguished groups differing with 
regard to the level of dispositional MW. High-MW: a subgroup with higher MWQ total score, Low-MW: a 
subgroup with lower MWQ total score.

High-MW group (n = 34) Low-MW group (n = 32) t/χ2 p Cohen’s d/r

Age 21.25 (1.59) 21.72 (2.81) 0.792 0.429 0.20

Sex (% male) 41 50 2.133 0.144 0.17

Years of education 14.96 (1.86) 15.48 (2.06) 0.882 0.224 0.26

SPM (PR) 90.19 (2.54) 90.65 (2.66) 0.686 0.495 0.17

MWQ 18.87 (1.92) 12.82 (2.59) 10.871  < 0.0001 2.65
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FC has been additionally confirmed by correlation analyses. Figure 2 shows linear relationships between MWQ 
total score and selected PLV values in the whole research sample. Figure 3. shows the schematic localization of 
synchronized nodes, which connectivity strength significantly differentiated subpopulations with low and high 
level of dispositional Mind Wandering.

In the next stage, the groups were compared in terms of the strength of synchronization between nodes 
located in different functional networks. Table 3. shows the statistically significant results of this comparison 
performed with the usage of the permutation test, and correlations between MWQ total score and selected PLV 
values in the whole sample.

Inter-networks analyses with the permutation statistics covered 3115 test, 156 between-group differences 
appeared to be significant, after inclusion of FDR correction 10 of them remained statistically significant. 
Between-network connectivity strength for eight pairs of nodes was higher in the High-WM sample compared 
with the Low-MW sample. Groups differentiating synchronizations involved pairs of structures connecting CON 
and Fronto-Parietal Network (FPN, four cases), SMN and FPN (two cases), SMN and DMN (two cases), DMN 
and CON (one case) and DMN and SN (one case). Figure 4 presents connectivity matrices covering included 
neuronal areas constituting preselected functional networks.

Discussion
The goal of our study was to verify whether there are noticeable individual differences in the organization of 
intrinsic functional networks being the neural basis of variance in dispositional Mind Wandering. Additionally, 
we wanted to add some potentially new findings based on the EEG technique to the current scope of knowledge 
dominated by fMRI-derived outcomes. Reconstruction of neural networks based on signal-source EEG may 
produce different results than fMRI-derived data because the FC indicators measured by EEG and fMRI are 
based on at least partially different neurophysiological mechanisms and other computational  procedures30,31.

Having the empirical distribution of the MWQ total score, we divided the group in half obtaining subgroups 
of participants identified as those exhibiting low and high trait-tendency to Mind Wander. These subgroups 
appeared to differ regarding the organization of the intrinsic functional networks. The differences considered 
within-network consistency and between-networks synchronizations. The subgroup of high mind-wanderers 
displayed pronounced under-connectivity within Default Mode Network (DMN). The diminished synchroniza-
tion covered sets of structures forming main DMN hubs, like posterior cingulate and precuneus constituting 
the backside hub, but under-connectivity was observed also between posterior and anterior hubs and between 

Table 2.  Intra-network differences between subpopulations differing with regard to dispositional Mind 
Wandering and the results of Pearson’s linear correlations (r) between MWQ total score and functional 
connectivity values measured by the PLV in the whole sample. pcorr—permutation test’ level of statistical 
significance, including FDR correction 23R, 13R. *Correlation significant at p < 0.05. **Correlation significant 
at p < 0.01. ***Correlation significant at p < 0.001.

Frequency Functional network Synchronized pair of nodes High-MW PLV Low-MW PLV pcorr MWQ-PLVr

Delta DMN Cingulate_Post L—Precuneus L 0.64 0.76 0.044 − 0.45***

Delta DMN Cingulate_Post R—Frontal_Sup_
Medial R 0.24 0.39 0.044 − 0.36**

Theta DMN Frontal_Med_Orb R—ParaHippocam-
pal R 0.23 0.39 0.044 − 0.36**

Theta DMN Frontal_Med_Orb R—Temporal_Mid 
R 0.21 0.39 0.044 − 0.34**

Theta DMN Frontal_Sup_Medial L—Tempo-
ral_Mid R 0.22 0.35 0.044 − 0.35**

Theta DMN Parietal_Inf R—Temporal_Mid L 0.19 0.31 0.044 − 0.37**

Theta DMN Frontal_Med_Orb L—ParaHippocam-
pal R 0.36 0.51 0.049 − 0.40**

Theta DMN ParaHippocampal L—Temporal_Mid 
R 0.24 0.38 0.049 − 0.20

Theta DMN ParaHippocampal R—Temporal_Mid 
R 0.52 0.67 0.049 - 0.27*

Alpha DMN Parietal_Inf L—Precuneus L 0.67 0.50 0.049 0.36**

Alpha SMN Paracentral_Lobule R—Postcentral R 0.58 0.42 0.044 0.37**

Beta DMN Frontal_Med_Orb R—Precuneus L 0.25 0.16 0.044 0.41***

Beta SMN Postcentral R—Precentral R 0.85 0.78 0.049 0.33*

Gamma CON Cingulate_Mid L—Frontal_Inf_Oper 
R 0.25 0.13 0.044 0.41***

Gamma SMN Postcentral R—Precentral R 0.80 0.69 0.044 0.35**

Gamma DMN Frontal_Sup_Medial L—ParaHip-
pocampal R 0.14 0.25 0.044 − 0.47***

Gamma DMN Frontal_Sup_Medial L—Tempo-
ral_Mid R 0.17 0.28 0.044 − 0.32*

Gamma DMN Frontal_Med_Orb L—Parietal_Inf R 0.19 0.12 0.049 0.28*
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these areas and structures of the medial temporal lobe with parahippocampal gyrus. Decreased within-DMN 
connectivity strength was present mainly in low frequencies (delta and theta), however individual FC indicators 
differentiating the groups occurred also in higher frequencies (beta, gamma), mainly between medial frontal 
and temporal areas. Besides reduced DMN integration, a subgroup with higher MWQ score displayed increased 
connectivity between neuronal areas belonging to Sensory-Motor Network (SMN, precentral—postcentral gyri) 
and Cingulo-Opercular Network (CON, middle cingulate—frontal inferior operculum). These synchroniza-
tions occurred mainly in higher frequencies. As for within-networks organization, there were no significant 
between-groups differences regarding Fronto-Parietal (FPN) and Salience networks (SN). The inter-network 
synchronization indicators also differentiated the subgroups, in this case those who mind-wander often exhibited 
stronger interconnectedness between regions belonging to the networks of different functional characteristics. 
Four out of ten pairs of connections included links between FPN and CON, the other interconnections that dif-
ferentiated the groups embraced the SMN and DMN nodes. Relationships between individual differences in MW 
and the organization of intrinsic functional networks has been additionally confirmed by correlations analyses. 
Summarizing, it can be concluded that the majority of the obtained intergroup differences suggest that high 
mind-wanderers displayed weakened intra-network integration, primarily within the DMN, and simultaneously 
increased inter-network coordination, which mainly included synchronization of the frontal and somatosen-
sory cortex with other structures. What seems to be of special importance here, these network organization 
patterns reflect neurophysiological activity recorded in resting-state condition. On the other hand, connectivity 
matrices shown in Fig. 4 suggest, that the structure of connectivity was rather similar than different, and that 
there were no radical differences between synchronizations arrangement in all five frequency bands. However, 
these resemblances might be explained by the fact that comparison involves two groups of demographically and 
similar healthy individuals.

When our outcomes are related to Gruberger et al.6 review on the neural determinants of Mind Wander-
ing, it seems that our results are in line with the majority of previously reported findings linking MW with the 
DMN, as well as with the areas belonging to the so-called ’on-task’ functional networks. At this level of general-
ity, it can be also concluded that our outcomes are consistent with the Godwin et al.  study32, in which authors 

Figure 2.  Two scatterplots showing linear associations between the total score obtained by all participants in 
the MWQ and selected PLV values: (A) negative correlation between MWQ and intra-DMN connectivity, (B) 
positive correlations between MWQ and inter-networks connectivity covering structures belonging to the CON 
and FPN network in delta band.
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likewise intended to determine the relationship between a trait-level MW and the organization of resting-state 
neural networks. However, a more in-depth analysis shows that our data is in some critical aspect different 
from Godwin’s findings. First of all, our results suggest, contrary to the above-mentioned ones, that intensified 
MW propensity is associated with intra-DMN underconnectivity, not increased connectivity. Additionally, we 
did not observed significant associations between dispositional MW and DMN-FPN synchronizations, more 
than half of the significant between-group differences related to inter-network connectivity considered elevated 
integration among on-task networks, e.g. CON-FPN, SMN-FPN. Dealing with some methodological solutions 
utilized in our study, as well as some part of obtained results, the present research differs from some previous 
neurophysiological investigations. Notably, we do not know of the published studies that searched for the rela-
tionship between MW understood as a trait and the organization of functional networks reconstructed on the 
basis of source-space resting-state EEG. Previous EEG studies aimed, inter alia, at establishing links between 
MW and the theta/beta  ratio33, or generally a given frequency  peak34, and identifying EEG signature of off-task 
though using thought-probe method and ERP  analysis35,36. The frequency-focused investigations have produced 
quite divergent results suggesting that MW is associated with  alpha36,37 delta and  gamma38 or by delta, theta 
and alpha  bands39. In this aspect, functional connections which differentiated our groups have occurred mainly 
in the theta, delta and gamma bands. The difference regarding frequencies may, on the one hand, result from 

Figure 3.  Schematic localization of nodes and intra-network functional connections, which measures 
significantly differentiated groups categorized on the basis of dispositional Mind Wandering. Nodes are 
indicated as balls and connections as lines. Red nodes belong to DMN, blue to CON, and green to SMN. 
According to added scale, line colors represent frequency bands. Dark and light blue lines indicate connections 
in delta and theta bands, light green alpha, yellow beta and red gamma bands.

Table 3.  Inter-networks significant differences between subpopulations differing with regard to dispositional 
Mind Wandering and the results of Pearson’s linear correlations (r) between MWQ total score and PLV in the 
whole sample. pcorr—permutation test’ level of statistical significance, including FDR correction. *Correlation 
significant at p < 0.05. **Correlation significant at p < 0.01. ***Correlation significant at p < 0.001.

Frequency Functional networks Synchronized pair of nodes High-MWPLV Low-MWPLV pcorr MWQ-PLVr

Delta CON-FPN Frontal_Inf_Oper R—Frontal_Sup_L 0.36 0.19 0.044 0.47***

Delta CON-FPN Frontal_Inf_Oper R—Frontal_Mid_ L 0.38 0.21 0.044 0.39**

Delta SMN-DMN Paracentral_Lobule L—Parietal_Inf L 0.21 0.39 0.044 - 0.36*

Delta SN-DMN Cingulate_Ant L—Cingulate_Post R 0.48 0.31 0.049 0.38**

Theta CON-FPN Frontal_Sup_L—Thalamus L 0.63 0.46 0.044 0.45***

Alpha SMN-FPN Paracentral_Lobule R—Parietal_Sup R 0.58 0.38 0.049 0.29

Alpha DMN-CON Frontal_Sup_Medial L—Rolan-
dic_Oper L 0.31 0.19 0.049 0.47***

Alpha CON-FPN Frontal_Sup_R—Thalamus R 0.23 0.36 0.049 - 0.39*

Alpha SMN-DMN Paracentral_Lobule R—Parietal_Inf R 0.54 0.35 0.049 0.29

Beta SMN-FPN Frontal_Mid_R—Precentral L 0.31 0.19 0.049 0.37*
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the different methodological solutions used in our study compared to the previous ones, which often applied a 
though-probe methodology and task-related EEG recordings analyses, such as  ERPs35. In addition, other authors 

Figure 4.  Connectivity matrices covering all 40 included nodes, representing the distribution of 
synchronizations strength in (A) delta, (B) theta, (C) alpha, (D) beta and (E) gamma bands separately for 
groups differing regarding the level of dispositional Mind Wandering. Matrices of the High-MW group are on 
the left, and the Low-MW on the right.
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narrowed down the range of the analyzed frequencies or examined only certain values of the proportion of low 
and high  frequencies33. It should be also pointed out that some portion of past EEG research on MW did not 
carry out FC or network analysis at all, but used the time–frequency analyzes in a predefined frequency range 
 instead37. On the other hand, neuroimaging studies on MW and its relations with the organization of functional 
networks were carried out almost exclusively with the use of  fMRI6,40, and still, despite the plethora of evidence 
linking MW with DMN, the exact direction of these associations and its explanations can hardly be described 
as  unequivocal22,41.

The fundamental difference between our outcomes showing MW—functional networks associations and 
the greater part of fMRI results suggesting that MW states are reflected by DMN increased connectivity might 
be explained by the fact, that the majority of fMRI investigations were carried on during task performance, 
which entails the activation of the on-task networks as a basic state, only occasionally interrupted by MW intru-
sions. Such off-task interference somehow must be underpinned by an increase in off-task network connectivity, 
because networks characterized by opposing functional characteristics are anti-correlated1,42. In purely resting-
state paradigm, such experimentally-induced relationships between networks may not occur, therefore results 
of our study cannot be fully comparable with described fMRI surveys.

The current study, however, may shed some new light on the neural basis of MW individual differences. In 
resting-state condition, our subgroup with significantly higher scores in MW questionnaire displayed decreased 
connectivity within DMN and increased connectivity between some on-task networks. This arrangement seems 
to be almost exactly the opposite of the resting-state brain activity organization, on the contrary, it more closely 
resembles the configuration of neural networks activated by the performance of cognitively engaging tasks. In 
other words, mind wanderers may exhibit an unusual level of intrinsic readiness or alertness inadequate to the 
repose mode. If so, then a prolonged state of internally-induced alertness may eventually drain the resources 
needed to maintain attention control and this will result in more frequent attentional lapses in task-related situa-
tions. Perhaps future studies will corroborate this interpretation, taking into account the current data confirming 
the relationship between the resting-state neuronal networks interactions and the indicators of the autonomic 
system activity, which is also an important factor in mechanisms maintaining  vigilance43. This notion is only 
theoretical speculation, although, relationships between DMN underconnectivity and attentional lapses were 
lately found in patients with attention-deficit/hyperactivity  disorder44. Additionally, constantly intensified alert-
ness might increase distractibility and this also may lead individuals to describe themselves as being less able 
to stay focused while performing a task. Our results are in line with Poole and co-workers45 findings, according 
to which decreased intra-DMN connectivity is significantly associated with poorer distractor suppression. Of 
note, Mohan et al.46 review regarding DMN connectivity in various neuropsychiatric conditions also suggests 
that this network resting hypo-synchronization was observed in selected neurodegenerative diseases character-
ized primarily by cognitive decline. These conclusions suggest that our results can be inscribed in the existing 
knowledge regarding the relationship between the coherence and organization of neural networks and relatively 
less favorable mode of information processing.

Lastly, we would like to mark that presented research has some limitations which should be addressed. Our 
study design did not relied on experimental variables manipulation, therefore, cause-and-effect interpretations 
should be cautious. A set of neuronal structures included in the network analysis has not contained all areas 
within the scope of neuroanatomical atlases used for localization of EEG signal sources, moreover, we did not 
included all possible types of functional networks. Limiting the nodes number was entirely deliberate, first of 
all, there is available literature showing which kind of networks should be reasonably  included40, secondly it is 
necessary to constrain number of vast connections multiplication, what is typical for the EEG study, when the 
results are to be investigated in many frequencies. We used quite restrictive criteria for inclusion and exclusion 
from the study, some of them, e.g. lack of promotion to the next grade, is not among the criteria most often used 
in studies on the general population, but this criterion was included as an attempt to make participants similar. 
Our study does not decide about the psychological nature of MW, research and discussions on whether it is a 
phenomenon related to individual differences, cognitive or personality psychology continues and bring new 
results showing that MW is associated on the one hand with executive attention and on the other hand with 
 neuroticism47. Considering such complex relationships, it seems reasonable to suggest that future studies on 
neuronal networks basis of MW should control for possible impact of personality traits and possible co-linearity 
between MW assessed with self-descriptive methods and neuroticism or a personality-conditioned tendency to 
over-concern. If mind wandering is primarily a reflection of a tendency to worry or an expression of diminished 
effectiveness of executive  attention48, then its neural basis should be investigated in terms of the broader context 
of psychological variables.

Methods
Participants. As noted earlier, the study aimed to recruit healthy participants, so we invited 100 students, 
aged 21–24 years, males and females, representing various fields of study from two different universities with 
medical and technical profiles. The participants were informed about the purpose of the study and took part in 
it without financial reward. After the initial recruitment process, all individuals were screened regarding specific 
criteria. Based on the interview conducted by the psychologist, potentially excluding features were assessed, 
such as past experience of traumatic brain injuries, neurological and psychiatric diseases, taking any medica-
tions that may affect the EEG recording and cognitive functioning, psychoactive substances addictions, serious 
sleep problems, mental health problems requiring medical consultations, or taking medications prescribed by a 
psychiatrist also for the first-degree relatives of the study participants. In addition, the further excluding factors 
were left-handedness, learning difficulties diagnosed in the past in the form of neurodevelopmental disorders 
diagnosis and the lack of promotion to the next grade in primary or secondary school. After the described 
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screening, the group number decreased to 84 individuals who had undergone further assessment consisting 
in the application of Raven’s Progressive Matrices test, Mind Wandering Questionnaire and resting-state EEG. 
All applied methods were carried out in accordance with relevant guidelines and regulations, all experimental 
protocols were approved by a Bioethics Committee of the Medical University of Lublin. Informed consent was 
obtained from all subjects.

Evaluation of cognitive individual differences. To assess fluid intelligence a Raven’s Standard Progres-
sive Matrices (SPM) test in a polish  adaptation49 has been administrated. SPM consists of 60 tasks arranged in 5 
series (A, B, C, D, E), 12 tasks each. The test material is in the form of incomplete formulas (matrices), and the 
respondent task is to select the missing fragment from the provided ones. This method is described as almost 
entirely culturally neutral, with non-verbal material and very simple instructions. The test primarily examines 
reasoning on visual material and is standardly used to assess individual differences in the level of intelligence 
dimension which minimally depend on education, and to a greater extent on innate  factors50. The Polish version 
of the test has high psychometric parameters in terms of reliability (high internal stability) and validity, in the 
form of high correlations with other measures of general intelligence. To ensure a relatively high level of demo-
graphic and cognitive homogeneity in our sample, only individuals whose SPM’s results range between 75 and 
95 Percentile Rank (which corresponds to Wechsler-type IQs between 110 and  12551, has been incorporated into 
the final research group.

The Mind Wandering Questionnaire (MWQ)25 in polish translation was used to assess dispositional MW. 
MWQ is a single-factor short questionnaire containing 5 items openly referring to the theoretical construct of 
MW as an uncontrolled redirection of attentional resources from the ongoing task, e.g. “I do things without paying 
full attention”, „I find myself listening with one ear, thinking about something else at the same time”, “I mind-wander 
during lectures or presentations”. Responders answer on a 6-point Likert-type scale that goes from 1 (almost never) 
to 6 (almost always). The range of results extends from 5 to 30 points. So far, MWQ has been translated into 
other non-English  languages52,53, all adaptations confirmed single-factorial structure and questionnaire good 
internal consistency. The authors of the questionnaire argued that the development of a new scale was necessary 
because previously existing methods such as the Daydream Frequency Scale (DDFS)54, or the Attention Related 
Cognitive Errors Scale (ARCES)55 did not sufficiently highlight the specificity of MW in the context of other 
types of spontaneous thoughts, did not have established face validity, and above all did not emphasize substantial 
relevance of the MW with the currently performed task.

Polish  version56 also had satisfactory internal consistency, inter-item correlations reached between 0.40 and 
0.62. Exploratory factor analysis also corroborated single-factorial structure of the scale, with eigenvalue reach-
ing 2.641 and explained variance 52.8%, the Cronbach’s α was 0.78. Each of the five MWQ items had a high load 
towards an unique factor which might be called MW (0.67, 0.79, 0.70, 0.73, 0.81).

EEG recording and preprocessing resting‑state functional networks reconstruction. First, 
15 min of resting-state EEG (eyes closed) data were recorded from all of the participants. EEG examinations 
were done in a well-lit and quiet room with the use of a 64-channel HydroCel Geodesic Sensor Net (Electrical 
Geodesics Incorporated, Eugene, OR, USA) with Ag–AgCl electrodes. During the data recording, the sampling 
rate was kept at 1 kHz with the application of a vertex reference using the NetStation 5.4. software  package57. 
Impedances of the electrodes were maintained below 65 kW. Additionally, during the recording, a band-pass 
filter (0.5 to 70 Hz) and an active notch filter were used (50 Hz). Visual inspection of the spline interpolation of 
bad channels was made. After having been recorded, the NetStation software was used for the data conversion 
to the ASCII format.

In the next stage of the analysis, the EEG recordings in ASCII files format were imported to EEGLAB 
v.13.5.4b1 (http:// sccn. ucsd. edu/ eeglab/ index. html), which is an open-source toolbox for  MATLAB58. Then, 
the EEG signals were re-referenced to the common average reference and filtered with a bandpass Hamming 
window 0.5–45 Hz filter. After the filtering procedure, each EEG data set was segmented into 150 epochs, with 
a duration of 4096 samples (approximately 4 s) each. After the segmentation, each epoch was visually inspected 
by a certified clinical neurophysiologist, who removed bad epochs containing artifacts (i.e., head or muscle 
movements, electrode cable movements, or jaw clenching) from the analysis. Finally, for each participant, 135 
visual-artifact-free epochs were selected.

To calculate the source activities from the recorded scalp EEG signals, a sLoreta implemented in the Brain-
storm toolbox was used. The  sLORETA59 algorithm allows for the analysis of EEG signals with zero localiza-
tion error under noise-free conditions. These properties are ensured primarily by the signal; hence, the images 
obtained represent the current density and present the point of exact source localization. The ICBM152 MRI 
brain template and the deep brain structures provided by the Brainstorm toolbox were employed to estimate neu-
ronal activities. The lead field matrix was constructed using a three-layer boundary element model provided by 
the OpenMEEG 2.4.1.60 project software. The specified regions of interest (ROIs) were selected from the AAL90 
brain atlas. Among the 30,020 nodes in the ICBM 152 reconstruction, each with the estimated cortical current 
density values, only those located within a 5 mm distance from the coordinates of each ROI were selected. The 
source signal of each ROI was then obtained by applying the principal component analysis to the source signals 
of all nodes in each ROI.

Functional connectivity and networks reconstruction. First, the source signals from 40 ROIs were 
evaluated for each epoch. The source signals of each ROI were decomposed into the following five frequency 
bands: delta (1–4 Hz), theta (4–8 Hz), alpha (8–12 Hz), beta (12–30 Hz), and gamma (30–45 Hz). This signal 
decomposition was accomplished by using a 6th order zero-phase Butterworth infinite impulse response (IIR) 

http://sccn.ucsd.edu/eeglab/index.html
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band-pass filter implemented in the MATLAB Signal Processing toolbox, with the cutoff frequencies equal to 
the borders of each frequency band. Then, the functional connectivity between every pair of the ROIs was evalu-
ated by the phase-locking value (PLV) that has been widely employed to evaluate phase synchronization. The 
PLV between each ROI pair was evaluated by averaging PLVs of all 135 epochs for each patient. Forty ROIs were 
selected as areas belonging to one of the five functional networks: Fronto-Parietal Network (FPN), Salience Net-
work (SN), Cingulo-Opercular Network (CON), Default Mode Network (DMN) and Sensory-Motor Network 
(SMN). Each chosen neuronal region has been uniquely assigned to only one functional network. The limitation 
of the analysis only to preselected ROIs was dictated by an attempt to reduce the number of included ROIs, and 
therefore also possible pairs of functional connections between them, and to choose neuronal areas belonging 
to the networks having well-known functional properties, which might be referred to cognitive models of Mind 
Wandering and the previous neuroimaging results. Table S1 in the Supplementary Material contains a list of 
the exact brain areas forming each of described five functional networks. All possible pairs of connected nodes 
were divided into two main groups: intra-network connections covering synchronized nodes belonging to one 
network (e.g. connectivity between left posterior cingulate and left frontal superior-medial cortex, both being 
a part of DMN) and inter-network connections covering the synchronization between nodes belonging to two 
different networks (e.g. connectivity between left posterior cingulate from the DMN and right frontal superior 
cortex from the FPN). All ROIs’ localizations and their appurtenance to the specific functional networks were 
determined according to Power et al.61 and Thatcher et al.62.

Statistical analysis. The final sample of participants was divided based on the empirical median score of 
the MWQ into two groups. Individuals with MWQ score below the median has been assigned to a Low-MW 
group, and individuals with the MWQ outcomes above the median has been assigned to a High-MW group. 
Dispersion of the MWQ score was checked for compliance with the normal distribution. After establishing two 
groups differing with regard to the scope of dispositional Mind Wandering, their demographic characteristics, 
together with fluid intelligence indicators were compared with the Student t-test and Chi-squared test (χ2) 
regarding sex proportions. All these comparisons were supplemented with corresponding effect size indicators: 
Cohen’s d for Student t-test and the r for Chi-squared test. Basic statistics were computed using STATISTICA 
13  software63.

The main part of analysis consisted in verifying whether there were significant differences in the organiza-
tion of selected resting-state functional networks in Low-MW and High-MW groups. Having in mind that FC 
outcomes represent a large dataset (40 × 40 ROIs = 780 unique PLV results × 5 frequencies = 3900 values), in the 
current study the statistical permutation test was applied allowing for the correction for multiple comparisons 
and thus the adjustment of the significance p level. To reduce the number of PLV indexes taken into account 
jointly in a given comparison, all pairs of ROIs between which FC strength was established have been divided into 
two sets. The first one contained PLV values regarding nodes classified as belonging to one functional network 
(intra-network connectivity), and the second set contained PLV values regarding nodes classified as belonging 
to two different networks (inter-network connectivity). Here we implemented permutation test being a part of 
the Resampling Statistical  Toolkit58 making 20,000 permutations of group membership to empirically approxi-
mate the distribution for the lack of inter-group hypothesis (the so-called null hypothesis), for each contrast. 
For every analyzed juxtaposition, a permutation was performed, on the basis of which F/t values were derived, 
and all F/t values for the original data that exceeded the significance threshold for the F/t distribution were 
considered  credible64. Additionally, p values were corrected for multiple comparisons at the threshold of 0.05 
using the FDR (false discovery rate)  method65. After establishing a set of PLV values significantly differentiating 
subgroups Low-MW and High-MW, the analysis of the relationship between MW and FC was supplemented 
with the evaluation of the linear correlation (Pearson’s r) between the total score in MWQ and selected PLV 
outcomes in the whole research group.

Data availability
The datasets generated during and analysed during the current study are available from the corresponding author 
on reasonable request.

Received: 5 June 2022; Accepted: 6 December 2022

References
 1. Raichle, M. E. The brain’s default mode network. Annu. Rev. Neurosci. 8(38), 433–447 (2015).
 2. Killingsworth, M. A. & Gilbert, D. T. A wandering mind is an unhappy mind. Science 330(6006), 932 (2010).
 3. Smallwood, J. & Schooler, J. W. The restless mind. Psychol. Bull. 132(6), 946–958 (2006).
 4. Stawarczyk, D., Majerus, S., Maj, M., Van der Linden, M. & D’Argembeau, A. Mind-wandering: Phenomenology and function as 

assessed with a novel experience sampling method. Acta Psychol. (Amst). 136(3), 370–381 (2011).
 5. Marchetti, I., Koster, E. H. W., Klinger, E. & Alloy, L. B. Spontaneous thought and vulnerability to mood disorders: The dark side 

of the Wandering Mind. Clin. Psychol. Sci. 4(5), 835–857 (2016).
 6. Gruberger, M., Ben-Simon, E., Levkovitz, Y., Zangen, A. & Hendler, T. Towards a neuroscience of mind-wandering. Front. Hum. 

Neurosci. 6(5), 56 (2011).
 7. Smallwood, J. & Schooler, J. W. The science of mind wandering: Empirically navigating the stream of consciousness. Annu. Rev. 

Psychol. 66, 487–518 (2015).
 8. Fox, K. C. R. & Beaty, R. E. Mind-wandering as creative thinking: Neural, psychological, and theoretical considerations. Curr. 

Opin. Behav. Sci. 27, 123–130 (2019).
 9. Randall, J. G., Oswald, F. L. & Beier, M. E. Mind-wandering, cognition, and performance: A theory-driven meta-analysis of atten-

tion regulation. Psychol. Bull. 140(6), 1411–1431 (2014).



11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:21224  | https://doi.org/10.1038/s41598-022-25851-6

www.nature.com/scientificreports/

 10. Kane, M. J. et al. Whom the mind wanders, and when, varies across laboratory and daily-life settings. Psychol. Sci. 28(9), 1271–1289 
(2017).

 11. Pereira, E. J., Gurguryan, L. & Ristic, J. Trait-level variability in attention modulates mind wandering and academic achievement. 
Front. Psychol. 11, 909 (2020).

 12. Robison, M. K. & Unsworth, N. Cognitive and contextual correlates of spontaneous and deliberate mind-wandering. J. Exp. Psychol. 
Learn. Mem. Cogn. 44(1), 85–98 (2018).

 13. Stawarczyk, D. & D’Argembeau, A. Conjoint influence of mind-wandering and sleepiness on task performance. J. Exp. Psychol. 
Hum. Percept. Perform. 42(10), 1587–1600 (2016).

 14. Kane, M. J. et al. For whom the mind wanders, and when: An experience-sampling study of working memory and executive control 
in daily life. Psychol. Sci. 18(7), 614–621 (2007).

 15. Moukhtarian, T. R. et al. Wandering minds in attention-deficit/hyperactivity disorder and borderline personality disorder. Eur. 
Neuropsychopharmacol. 38, 98–109 (2020).

 16. Mason, M. F. et al. Wandering minds: The default network and stimulus-independent thought. Science 315(5810), 393–395 (2007).
 17. Fox, K. C., Spreng, R. N., Ellamil, M., Andrews-Hanna, J. R. & Christoff, K. The wandering brain: Meta-analysis of functional 

neuroimaging studies of mind-wandering and related spontaneous thought processes. Neuroimage 111, 611–621 (2015).
 18. Christoff, K., Gordon, A. M., Smallwood, J., Smith, R. & Schooler, J. W. Experience sampling during fMRI reveals default network 

and executive system contributions to mind wandering. Proc. Natl. Acad. Sci. USA 106(21), 8719–8724 (2009).
 19. Mittner, M. et al. When the brain takes a break: A model-based analysis of mind wandering. J. Neurosci. 34(49), 16286–16295 

(2014).
 20. Turnbull, A. et al. Left dorsolateral prefrontal cortex supports context-dependent prioritisation of off-task thought. Nat. Commun. 

10(1), 3816 (2019).
 21. Poerio, G. L. et al. The role of the default mode network in component processes underlying the wandering mind. Soc. Cogn. Affect. 

Neurosci. 12(7), 1047–1062 (2017).
 22. Groot, J. M. et al. Probing the neural signature of mind wandering with simultaneous fMRI-EEG and pupillometry. Neuroimage 

224, 117412 (2021).
 23. Welhaf, M. S. et al. An exploratory analysis of individual differences in mind wandering content and consistency. Psychol. Conscious. 

7(2), 103–125 (2020).
 24. Meier, M. E. Testing the attention-distractibility trait. Mem. Cognit. 49(7), 1490–1504 (2021).
 25. Mrazek, M. D., Phillips, D. T., Franklin, M. S., Broadway, J. M. & Schooler, J. W. Young and restless: Validation of the Mind-

Wandering Questionnaire (MWQ) reveals disruptive impact of mind-wandering for youth. Front. Psychol. 4, 560 (2013).
 26. Golchert, J. et al. Individual variation in intentionality in the mind-wandering state is reflected in the integration of the default-

mode, fronto-parietal, and limbic networks. Neuroimage 146, 226–235 (2017).
 27. Meszlényi, R. J., Buza, K. & Vidnyánszky, Z. Resting state fMRI functional connectivity-based classification using a convolutional 

neural network architecture. Front Neuroinform. 11, 61 (2017).
 28. Krukow, P. et al. Disturbed functional connectivity within the left prefrontal cortex and sensorimotor areas predicts impaired 

cognitive speed in patients with first-episode schizophrenia. Psychiatry Res. Neuroimaging 30(275), 28–35 (2018).
 29. Brunner, C., Billinger, M., Seeber, M., Mullen, T. R. & Makeig, S. Volume conduction influences scalp-based connectivity estimates. 

Front. Comput. Neurosci. 10, 121 (2016).
 30. Yuan, H. et al. Reconstructing large-scale brain resting-state networks from high-resolution EEG: Spatial and temporal comparisons 

with fMRI. Brain Connect. 6(2), 122–135 (2016).
 31. Wirsich, J., Giraud, A. L. & Sadaghiani, S. Concurrent EEG- and fMRI-derived functional connectomes exhibit linked dynamics. 

Neuroimage 219, 116998. https:// doi. org/ 10. 1016/j. neuro image. 2020. 116998 (2020).
 32. Godwin, C. A. et al. Functional connectivity within and between intrinsic brain networks correlates with trait mind wandering. 

Neuropsychologia 103, 140–153 (2017).
 33. van Son, D. et al. Frontal EEG theta/beta ratio during mind wandering episodes. Biol. Psychol. 140, 19–27 (2019).
 34. Hua, J. et al. Alpha and theta peak frequency track on- and off-thoughts. Commun. Biol. 5, 209. https:// doi. org/ 10. 1038/ s42003- 

022- 03146-w (2022).
 35. Dong, H. W., Mills, C., Knight, R. T. & Kam, J. W. Y. Detection of mind wandering using EEG: Within and across individuals. PLoS 

ONE 16(5), e0251490. https:// doi. org/ 10. 1371/ journ al. pone. 02514 90 (2021).
 36. Kam, J. W. Y. et al. Distinct electrophysiological signatures of task-unrelated and dynamic thoughts. Proc. Natl. Acad. Sci. USA 

118(4), e2011796118. https:// doi. org/ 10. 1073/ pnas. 20117 96118 (2021).
 37. Arnau, S. et al. Inter-trial alpha power indicates mind wandering. Psychophysiology 57(6), e13581. https:// doi. org/ 10. 1111/ psyp. 

13581 (2020).
 38. Dias da Silva, M. R., Gonçalves, Ó. F., Branco, D. & Postma, M. Revisiting consciousness: Distinguishing between states of conscious 

focused attention and mind wandering with EEG. Conscious Cogn. 101, 103332. https:// doi. org/ 10. 1016/j. concog. 2022. 103332 
(2022).

 39. Conrad, C. & Newman, A. Measuring mind wandering during online lectures assessed with EEG. Front. Hum. Neurosci. 15, 697532. 
https:// doi. org/ 10. 3389/ fnhum. 2021. 697532 (2021).

 40. Zhang, M. et al. Perceptual coupling and decoupling of the default mode network during mind-wandering and reading. Elife 11, 
e74011. https:// doi. org/ 10. 7554/ eLife. 74011 (2022).

 41. Zhou, X. & Lei, X. Wandering minds with wandering brain networks. Neurosci. Bull. 34(6), 1017–1028 (2018).
 42. Fox, M. D. et al. The human brain is intrinsically organized into dynamic, anticorrelated functional networks. Proc. Natl. Acad. 

Sci. USA 102(27), 9673–9678 (2005).
 43. Kuchinsky, S. E., Pandža, N. B. & Haarmann, H. J. Linking indices of tonic alertness: Resting-state pupil dilation and cingulo-

opercular neural activity. In Foundations of Augmented Cognition: Neuroergonomics and Operational Neuroscience Lecture Notes 
in Computer Science Vol. 9743 (eds Schmorrow, D. & Fidopiastis, C.) (Springer, 2016).

 44. Broulidakis, M. J., Golm, D., Cortese, S., Fairchild, G. & Sonuga-Barke, E. Default mode network connectivity and attention-deficit/
hyperactivity disorder in adolescence: Associations with delay aversion and temporal discounting, but not mind wandering. Int. 
J. Psychophysiol. 173, 38–44. https:// doi. org/ 10. 1016/j. ijpsy cho. 2022. 01. 007 (2022).

 45. Poole, V. N. et al. Intrinsic functional connectivity predicts individual differences in distractibility. Neuropsychologia 86, 176–182 
(2016).

 46. Mohan, A. et al. The significance of the default mode network (DMN) in neurological and neuropsychiatric disorders: A review. 
Yale J. Biol. Med. 89(1), 49–57 (2016).

 47. McVay, J. C. & Kane, M. J. Does mind wandering reflect executive function or executive failure? Comment on Smallwood and 
Schooler (2006) and Watkins (2008). Psychol. Bull. 136, 188–197 (2010).

 48. Robison, M. K., Gath, K. I. & Unsworth, N. The neurotic wandering mind: An individual differences investigation of neuroticism, 
mind-wandering, and executive control. Q. J. Exp. Psychol. 70(4), 649–663 (2017).

 49. Jaworowska, A. & Szustrowa, T. Test Matryc Ravena w wersji Standard TMS. Formy: Klasyczna, Równoległa, Plus. Polskie standa-
ryzacje. [Test of Raven’s matrices in the Standard TMS version. Forms: Classic, Parallel, Plus. Polish standardizations.] (Pracownia 
Testów Psychologicznych PTP, 2000).

 50. Raven, J. The Raven’s progressive matrices: Change and stability over culture and time. Cogn. Psychol. 41(1), 1–48 (2000).

https://doi.org/10.1016/j.neuroimage.2020.116998
https://doi.org/10.1038/s42003-022-03146-w
https://doi.org/10.1038/s42003-022-03146-w
https://doi.org/10.1371/journal.pone.0251490
https://doi.org/10.1073/pnas.2011796118
https://doi.org/10.1111/psyp.13581
https://doi.org/10.1111/psyp.13581
https://doi.org/10.1016/j.concog.2022.103332
https://doi.org/10.3389/fnhum.2021.697532
https://doi.org/10.7554/eLife.74011
https://doi.org/10.1016/j.ijpsycho.2022.01.007


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:21224  | https://doi.org/10.1038/s41598-022-25851-6

www.nature.com/scientificreports/

 51. Strauss, E., Sherman, E. M. S. & Spreen, O. A Compendium of Neuropsychological Tests: Administration, Norms and Commentary 
3rd edn. (Oxford University Press, 2006).

 52. Luo, Y., Zhu, R., Ju, E. & You, X. Validation of the Chinese version of the Mind-Wandering Questionnaire (MWQ) and the mediat-
ing role of self-esteem in the relationship between mind-wandering and life satisfaction for adolescents. Pers. Individ. Differ. 92, 
118–122 (2016).

 53. Salavera, C., Urcola-Pardo, F., Usán, P. & Jarie, L. Translation and validation of the Mind-Wandering Test for Spanish adolescents. 
Psicologia 30, 12 (2017).

 54. Giambra, L. M. A laboratory method for investigating influences on switching attention to task- unrelated imagery and thought. 
Conscious. Cogn. 4, 1–21 (1995).

 55. Cheyne, J. A., Carriere, J. S. A. & Smilek, D. Absent-mindedness: Lapses of conscious awareness and everyday cognitive failures. 
Conscious Cogn. 15(3), 578–592 (2006).

 56. Krukow, P. Initial Polish adaptation of Mind Wandering Questionnaire: Translation and verification of the scale internal consist-
ency. Curr. Probl. Psychiatry https:// doi. org/ 10. 2478/ cpp- 2022- 0007 (2022).

 57. EGI NetStation 5.4 Software package. Electrical Geodesics Incorporated. https:// www. egi. com/ resea rch- divis ion/ net- stati on- eeg- 
softw are

 58. MATLAB 2018. The MathWorks, Inc. https:// www. mathw orks. com/ matla bcent ral/ filee xchan ge/ 27960- resam pling- stati stical- toolk 
it

 59. Pascual-Marqui, R. D. Standardized low-resolution brain electromagnetic tomography (sLORETA): Technical details. Methods 
Find Exp. Clin. Pharmacol. 24, 5–12 (2002).

 60. Gramfort, A., Papadopoulo, T., Olivi, E. & Clerc, M. OpenMEEG: Opensource software for quasistatic bioelectromagnetics. Biomed. 
Eng. Online 45, 9 (2010).

 61. Power, J. D. et al. Functional network organization of the human brain. Neuron 72(4), 665–678 (2011).
 62. Thatcher, R. W., North, D. M. & Biver, C. J. LORETA EEG phase reset of the default mode network. Front. Hum. Neurosci. 8, 529. 

https:// doi. org/ 10. 3389/ fnhum. 2014. 00529 (2014).
 63. TIBCO Statistica, v. 13.3.0. (TIBCO Software Inc., 2017). https:// www. tibco. com/ produ cts/ tibco- stati stica.
 64. Jonak, K. et al. Aberrant structural network architecture in Leber’s hereditary optic neuropathy. Minimum spanning tree graph 

analysis application into diffusion 7T MRI. Neuroscience 455, 128–140 (2021).
 65. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat. 

Soc. 57, 289–300 (1995).

Author contributions
The study was designed by P.K and K.J. The experiments were done by P.K and K.J. Data curation and analyses 
were performed by P.K and K.J. P.K. and K.J. wrote the manuscript. All authors have read and agreed with this 
manuscript version.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 25851-6.

Correspondence and requests for materials should be addressed to P.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.2478/cpp-2022-0007
https://www.egi.com/research-division/net-station-eeg-software
https://www.egi.com/research-division/net-station-eeg-software
https://www.mathworks.com/matlabcentral/fileexchange/27960-resampling-statistical-toolkit
https://www.mathworks.com/matlabcentral/fileexchange/27960-resampling-statistical-toolkit
https://doi.org/10.3389/fnhum.2014.00529
https://www.tibco.com/products/tibco-statistica
https://doi.org/10.1038/s41598-022-25851-6
https://doi.org/10.1038/s41598-022-25851-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Relationships between resting-state EEG functional networks organization and individual differences in mind wandering
	Results
	Characteristics of the studied group and its division based on the MWQ results. 
	Networks connectivity organization in groups with low and high MW levels. 

	Discussion
	Methods
	Participants. 
	Evaluation of cognitive individual differences. 
	EEG recording and preprocessing resting-state functional networks reconstruction. 
	Functional connectivity and networks reconstruction. 
	Statistical analysis. 

	References


