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Abstract

Humans engage in a continuous flow of thoughts throughout the day. These thoughts
change depending on the context in which they occur and correspond with unique patterns of
connectivity within and between neural networks. Notably, less is known about the
electrophysiological signatures of these thought patterns. To address this question, this study
examined the interplay between thought patterns and electrophysiological activity in internally
and externally oriented contexts. Forty-one participants were asked to attend internally to their
own thoughts (thought focus condition) and externally to a set of videos (video focus condition),
during which they were asked to report various dimensions of their ongoing thoughts. We
implemented principal component analysis on the ratings of these multiple thought dimensions
and identified three thought patterns (representing co-occurring thought dimensions): present
external thought, goal-oriented future thoughts, and freely moving external positive thoughts. We
found that these three thought patterns differentially associated with the experimental conditions
and EEG measures. Present external thought was more closely associated with the video focus
condition and showed increased frontal alpha and posterior alpha. Goal-oriented future thoughts
increased during the thought versus video focus condition but was not significantly linked to any
EEG measures. Freely moving external positive thoughts were more strongly associated with the
video focus condition and showed decreased frontal alpha activity. Taken together, our results
highlight the complex relationship between thought patterns and electrophysiological activity in

different contexts.
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Introduction

Our conscious experience is represented by a continuous flow of thoughts. These
naturally occurring thoughts vary in their content and form, from generating creative ideas,
making plans for the weekend to dwelling on personal conflicts. These heterogeneous patterns of
thoughts differ as a function of the task or context in which they occur. While recent functional
neuroimaging studies have begun to reveal unique brain network activity and connectivity
patterns that are associated with different thought patterns, their electrophysiological signatures
remain unknown. This study therefore examined the electrophysiological patterns that

correspond to patterns of naturally occurring thoughts.

1.1 Patterns of Ongoing Thoughts

Our naturally occurring thoughts are inherently heterogeneous and can be characterized
by numerous dimensions (Andrews-Hanna et al., 2013; Gorgolewski et al., 2014; Seli et al.,
2017; Smallwood et al., 2016; Wang et al., 2018a). For example, they may vary along
dimensions relating to content (e.g., temporal focus — past or future (Baird et al., 2011);
emotional valence — positive or negative (Ruby et al., 2013); goal-orientedness (Klinger, 2013)).
They can also vary in form (e.g., off-task versus on-task thought (Smallwood & Schooler, 2015);
internally oriented thought versus externally oriented thought (Murphy et al., 2019a); freely
moving versus constrained thoughts (Christoff et al., 2016); intentionality (Seli et al., 2017)).
Importantly, these thought dimensions do not exist in isolation but rather frequently co-occur,
giving rise to patterns of thoughts that represent combinations of single dimensions of thoughts
(Mulholland et al., 2023; Smallwood et al., 2021). Recent studies have reported several

commonly occurring thought patterns. One example thought pattern is “episodic social



cognition”, which usually consists of thoughts about “others”, “self”, “past”, and “future”,
potentially reflecting autobiographical memory involving other people (Konu et al., 2020;
Mckeown et al., 2020; Mulholland et al., 2023; Simola et al., 2023). Another prevalent thought
pattern is “task focus”, characterized by dimensions such as “task”, “deliberate”, “detailed”, and
“words” (Konu et al., 2020; Mckeown et al., 2020; Mulholland et al., 2023; Simola et al., 2023).
This thought pattern purportedly reflects the mental state when participants are fully engaged in

the present moment on their ongoing task involving the verbal modality.

1.2 Multi-Dimensional Experience Sampling

The primary method used to quantify the diverse types of ongoing thoughts is the multi-
dimensional experience sampling (MDES) approach (Medea et al., 2018; Murphy et al., 2019a;
Vatansever et al., 2020; Wang et al., 2018a). MDES involves sampling the inner experiences of
participants by asking them a set of questions that capture multiple dimensions of their thoughts
via thought probes. At each thought probe, participants are asked to report the extent to which
these thought dimensions characterize their ongoing thoughts. For instance, several thought
dimensions that are commonly assessed using MDES include: “My thoughts involved future
events”, “My thoughts involved myself”, “My thoughts were in the form of images” (Murphy et
al., 2019b; Vatansever et al., 2020). By capturing different dimensions of thoughts, the MDES
method goes beyond the traditional approach of asking one question typically concerning
whether thoughts were related to the ongoing task (Smallwood & Schooler, 2015) and
acknowledges that our thoughts can be concurrently characterized by patterns consisting of

various intersecting dimensions.



MDES has been implemented both retrospectively and online (i.e., in-the-moment). The
retrospective method asks participants to summarize their thoughts that occurred during the
testing session retrospectively at the end of the session. Studies examining thought patterns
during resting state using fMRI have more commonly used the retrospective method (Mckeown
et al., 2020; Vatansever et al., 2020; Wang et al., 2018b). One benefit of this approach is that
participants’ ongoing thoughts can naturally unfold over time during the testing session without
interruption; however, this relies on the accurate recall of all the thoughts that occurred and
neglects the variability of thoughts that occurred throughout the session as participants typically
report the average or peak experience across the session.

In contrast, the online sampling method asks participants to report on their thoughts in the
moment using thought probes that are distributed throughout a testing session (Smallwood &
Schooler, 2006, 2015). An advantage of the online method is that it captures thoughts as they
unfold in real time. The content and form of our thoughts can change from one second to the
next, and this online method adequately captures this transient, dynamic characteristic of our
ongoing thoughts. Recent studies have increasingly implemented this online approach of MDES
in both experimental setting while participants complete working memory tasks (Konu et al.,
2020; Simola et al., 2023; Sormaz et al., 2018; Turnbull et al., 2019) and in naturalistic settings
using a smartphone app throughout the day (Ho et al., 2020; Linz et al., 2021; Mulholland et al.,

2023).

1.3 Extrapolating Thought Patterns via Principal Component Analysis
The large number of responses gathered by each thought probe via MDES necessitates an

approach to quantify the data that accounts for the co-occurrence of different thought



dimensions. One established analysis technique that has been useful for reducing these
dimensions and detecting thought patterns is principal component analysis (PCA) (Mulholland et
al., 2023; Murphy et al., 2019a; Ruby et al., 2013; Simola et al., 2023; Smallwood et al., 2016;
Vatansever et al., 2020; Wang et al., 2018a, 2018b). PCA detects recurring patterns across
responses to multiple questions, with each ‘principal component’ capturing a core pattern
composed of a similar set of responses to those questions. In other words, each component
reflects the simultaneous occurrence of a given set of thought dimensions based on responses to
MDES questions. Given that the diverse nature of our thoughts can be concurrently characterized
by multiple dimensions such as temporal focus, goal-orientedness, modality, and task relevance,
an unintended consequence of the traditional approach that focuses on one dimension at a time is
that the multifaceted nature of our thoughts is not examined thoroughly and other co-occurring
dimensions are overlooked. For instance, past studies have simply categorized a thought as task-
unrelated and linked it with negative mood (Ruby et al., 2013); this neglects the possibility that
what is associated with the negative mood is not just task-unrelated thoughts per se but other
thought dimensions they tend to co-occur with, such as negatively valenced (i.e., emotional
valence) thoughts about “other people’s” (i.e., other-relevance) evaluations about oneself in the
“past” (i.e., temporal focus). By extrapolating thought patterns and revealing tendencies for
certain dimensions of thoughts to co-occur in everyday life, PCA provides a more comprehensive

view of ongoing thoughts.

1.4 Thought Patterns in Different Experimental Setting
One of the most effective ways to empirically examine naturally occurring thoughts is to

study thoughts that occur during resting state. The absence of cognitive or motor task demands



during the resting state allows for thoughts to naturally unfold over time without influence by
external demands. During resting state conditions, participants are typically instructed to let their
minds wander (or think about whatever they want), either with their eyes open or closed.

A recent set of studies have consistently revealed neural networks underlying certain
patterns of thoughts during rest (Mckeown et al., 2020; Vatansever et al., 2020; Wang et al.,
2018b). In addition to the default mode network that is strongly linked to cognitive processes at
rest, other brain networks have also been shown to be engaged during different patterns of
thoughts. For example, thoughts that were tied to personal importance including dimensions of
“near future”, “social past”, and “family”, were associated with reduced functional connectivity
compared to other thought patterns within the ventral and dorsal attention networks, which are
typically implicated in external attention (Wang et al., 2018b). Furthermore, a thought pattern
labelled as current concerns (as characterized by dimensions of “realistic” and “important”
thoughts about the “self” and “others”) in relation to other patterns of thought was linked to
increased functional connectivity within the salience network, which allocates the necessary
brain resources to salient stimuli (Vatansever et al., 2020). These results demonstrate that
different patterns of thoughts map onto distinct patterns of connectivity within and between
various brain networks.

In addition to examining thought patterns during rest, several studies have also identified
differing thought patterns at two levels of difficulty of a working memory task and their
corresponding functional correlates (Konu et al., 2021; Simola et al., 2023; Turnbull et al., 2019).
Given that different thought patterns emerged based on the context in which they occur
(Mulholland et al., 2023), it’s conceivable that a condition such as resting state in which attention

is internally oriented would elicit thought patterns that differ from conditions in which attention



is externally oriented. Thus far, past research has only compared thought patterns between two
levels of difficulty in a working memory task, which is externally oriented and highly
constrained in terms of experimental demands. Therefore, it remains largely unknown whether
thought patterns and their corresponding electrophysiological signatures differ during internally
versus externally oriented contexts that are more ecologically valid. To bridge this gap, our study
compared thought patterns that emerged during a resting state condition that intends to orient

attention internally and a naturalistic viewing condition that aims to orient attention externally.

1.5 Functional Role of EEG Frequency Band Activity

Although functional neuroimaging studies have offered important insights into neural
networks that are recruited during different patterns of thoughts, they do not inform us on how
neuronal activity facilitates thoughts as they unfold over time. Electroencephalogram (EEG) has
the higher temporal resolution that enable us to address this question and better capture the
transient and dynamic fluctuations in naturally occurring thoughts (Cohen, 2014; Liao et al.,
2002). In particular, spectral activity in different frequency bands derived from EEG has been
implicated in numerous high level cognitive processes (Ismail & Karwowski, 2020; Keller et al.,
2023) and thus may play an important role in supporting various thought patterns.

Theta band (4-7Hz) activity is known to be associated with several forms of internal
cognition. Specifically, several scalp and intracranial EEG (iEEG) studies found enhanced theta
activity during internally oriented states such as autobiographical memory retrieval (Foster et al.,
2013; Kam et al., 2022a; Pastotter & Bauml, 2014; Solomon et al., 2019) and rest (Foster &
Parvizi, 2012). Critically, theta oscillations have also been extensively linked to other high level

internally oriented cognitive functions such as memory and cognitive control (Cavanagh &



Frank, 2014; Herweg et al., 2020; Klimesch, 1999; Klimesch et al., 1997; Sauseng et al., 2010),
both of which reflect different dimensions of naturally occurring thoughts. For instance, studies
have shown that a large proportion of our thoughts are spent on the past and future (Berntsen &
Jacobsen, 2008; Smallwood et al., 2009; Tulving, 2002), which engage memory processes
(Herweg et al., 2020; Solomon et al., 2019). Theta band activity has been implicated in numerous
memory processes, including encoding new information in the hippocampal area (Kirov et al.,
2009; Klimesch, 1999) as well as episodic retrieval (Doppelmayr et al., 1998; Hsieh &
Ranganath, 2014) and working memory (Hsieh & Ranganath, 2014; Popov et al., 2018; Riddle et
al., 2020; Schack et al., 2005). Similarly, other dimensions of thought such as goal-orientedness
or intentionality would likely engage cognitive control processes. Frontal midline theta has been
implicated in cognitive control (Cavanagh & Shackman, 2015; Mitchell et al., 2008).
Collectively, these studies suggest that theta band is involved in various internally oriented
processes and thus is likely to be engaged during various dimensions of internal thoughts.
Alpha band (8-14Hz) activity is also strongly linked to internal attention (Benedek et al.,
2014; Kritzman et al., 2022). The most robust change in alpha activity is observed when
participants close their eyes, during which posterior alpha increases. For this reason, traditional
accounts of alpha suggest that alpha synchronization is an active suppression mechanism of
external visual stimuli, especially when they are irrelevant to an ongoing task (Jensen et al.,
2012; Kelly et al., 2006). In contrast, recent studies found that alpha power increased as internal
cognitive demand increased and did not directly relate to the suppression of distractor stimuli
(Antonov et al., 2020; Benedek et al., 2014). Moreover, alpha power decreased when attention
was directed towards external environment compared to internal attention and was increased to

the levels similar to resting state during internally oriented tasks (Magosso et al., 2019). These



results suggest that the major function of alpha activity may concern internally oriented cognition
rather than the mere suppression of external stimuli. This recent account of alpha activity is also
in line with our recent systematic review, which suggests that increased alpha activity especially
over posterior scalp locations is most prominently observed during internally oriented task-
unrelated thoughts compared to externally oriented states (Kam et al., 2022b). In addition,
thoughts that freely move from one topic to another were linked to increased alpha power in
frontal regions of the brain compared to non-freely moving thoughts (Kam et al., 2021). Frontal
alpha is also highly related to creativity and divergent thoughts (Fink & Benedek, 2014;
Lustenberger et al., 2015), which share similar characteristics with freely moving thoughts.

Lastly, gamma band (31-50Hz) activity is related to active attentional processes
(Fitzgibbon et al., 2004; Miiller et al., 2000). Gamma band activity is involved in selective and
focused attention (Fell et al., 2003; Ishii et al., 2014), and increases as participants’ attention
becomes more engaged to a visuospatial task. In addition, posterior gamma band activity is
related to the cognitive processing of perceived visual information during working memory and
short-term memory tasks (Kaiser & Lutzenberger, 2005) and spontaneous visual imagery during
meditation (Luft et al., 2019). These results suggest that gamma activity might be an indicator of
both focused attention on visual external stimuli as well as internally oriented thoughts that

involve visual imagery.

1.6 The Current Study
The current study aims to examine the electrophysiological patterns that correspond to
naturally occurring thought patterns in different contexts. To address this, we asked participants

to report their ongoing thoughts throughout two conditions while their EEG is being recorded.



One condition resembles the resting state, in which participants were instructed to attend
internally to their own thoughts (i.e., thought focus condition), while another condition
resembles a naturalistic task, in which participants were instructed to attend externally to a series
of short videos (i.e., video focus condition). Using multi-dimensional experience sampling, we
asked participants to rate their thoughts on multiple dimensions in the moment at each thought
probe presented at pseudo random intervals throughout the two conditions. We then examined
whether these two conditions elicited different thought patterns, and whether these thought
patterns have unique electrophysiological signatures.

Our first hypothesis was that unique thought patterns will emerge between the thought
focus and video focus conditions. Based on prior studies that have revealed distinct thought
patterns across conditions with varying levels of external task demands (Konu et al., 2021;
Simola et al., 2023; Turnbull et al., 2019), we predict that our two conditions that were designed
to elicit opposing directions of attention — internal and external — will give rise to different
thought patterns. Second, we hypothesized that these thought patterns will be associated with
unique EEG correlates. Although a recent study identified the P3 event-related potentials as a
marker of certain thought patterns during a working memory task (Simola et al., 2023), they did
not examine the spectral component of the EEG signal. Given the functional role of spectral
activity in high level cognitive processes, we predicted that each thought pattern will be tied to
unique spatially distributed EEG activity in different frequency bands. Grounded in past
literature on various thought dimensions such as task-unrelated thought, goal-oriented functions
and unconstrained cognitive processes, our analysis focused on frontocentral theta (Cavanagh &
Shackman, 2015), frontal alpha (Kam et al., 2021), posterior alpha (Kam et al., 2022b), and

posterior gamma (Luft et al., 2019).



Methods

2.1 Participants

Forty-one participants (M = 24.6, SD = 7.4, range = 17-50 years; 36 females and 5 males;
7 left-handed, 33 right-handed) were recruited through an online recruitment website as well as
flyers posted at the University of Calgary. They consisted of students at the University of
Calgary as well as individuals from the community. Participants had normal or corrected-to-
normal vision and no history of neurological disorders. Written informed consent was obtained
for all participants and the study was approved by the University of Calgary Conjoint Faculties

Research Ethics Board.

2.2 Procedure and Experimental Paradigm

Participants sat in an armchair in front of a computer screen in a quiet room with dimmed
lights. They were asked to complete two conditions, thought focus and video focus, throughout
the recording session that lasted approximately 1.5 hours. The task paradigm is illustrated in
Figure 1. The experiment was separated into six blocks, with each block lasting on average 22.5
minutes (range: 15 to 30 minutes, depending on the number of trials per block). Every block
started with the thought focus condition, followed by the video focus condition. Within each
block, we presented an average of three trials (range: two to four trials) of each of the two
conditions. Each trial lasted on average 90 seconds (range = 80 to 100 seconds). At the end of
each trial, participants were explicitly instructed to report their ongoing thoughts immediately
before the appearance of a thought probe, rather than the thoughts during the whole duration of

the video, via multi-dimensional experience sampling (MDES; further detailed below). The

10



duration of each trial and the number of trials within each block were pseudo-randomized to
prevent participants from anticipating when a thought probe would emerge and when the block
ends. At the end of each block, participants were asked to rate on a 5-point Likert scale how
often were they able to follow the instructions for each condition (described below), with the
response ranging from 1 (never) to 5 (always). Trials in which their responses to this question
were 1 (never) were excluded from subsequent analysis, as this suggests they did not follow the

instructions and thus did not perform the condition as instructed.

Figure 1

An Example of a Block

Thought Probe
Questions

Thought Probe (MDES)

Note. This example block consisted of two trials in the thought focus condition and four trials in
the video focus condition. An MDES thought probe appeared at the end of each trial, which

lasted on average 90s.
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2.2.1 Thought focus condition - This condition resembled the resting state, in which participants
were instructed to look at the monitor but focus their attention internally and think about
whatever comes to mind. To ensure the external stimuli are relatively consistent across
conditions, they were presented with a slow-paced video with mini star-shaped objects gradually
moving against a black background, which mimicked a night sky with slowly drifting stars. In
other words, instead of asking participants to close their eyes or using a static fixation cross
typically seen during resting state, we instead presented a “starry night” video so that both
experimental conditions involved video stimuli. This ensures that any electrophysiological
differences observed between conditions could not be solely attributed to the static versus

moving nature of the stimuli between conditions.

2.2.2 Video focus condition — For this condition, participants were instructed to pay attention
externally to a collection of short, fast-paced videos of scientific experiments presented on the
monitor. This video focus condition was designed as a passive viewing task, which aimed to
mimic a naturalistic task setting. The selection of scientific experiment videos was intended to
engage participants’ external attention and was based on feedback from 25 pilot subjects who
watched various other types of videos. In summary, the main purpose was to engage internally
oriented and externally oriented attention in the thought focus and video focus conditions

respectively.

2.2.3 Multi-Dimensional Experience Sampling (MDES) — Participants were asked to report

their ongoing thoughts at the end of each trial via multi-dimensional experience sampling

12



(MDES) (Ho et al., 2020; Konu et al., 2021; Medea et al., 2018; Smallwood et al., 2016).
Thought probes containing a standard set of 14 statements appeared on the computer screen at
the end of each trial (as shown in Table 1). These statements were designed to assess the content
and nature of participants’ ongoing thoughts along multiple dimensions in the moment. These
specific dimensions have been assessed in previous studies of ongoing thoughts (Fernyhough et
al., 2018; Kam et al., 2021; Mckeown et al., 2020; Smallwood et al., 2016; Vatansever et al.,
2020). For each statement, participants responded by selecting a value using the mouse on a
continuous scale ranging from 0 (not at all) to 100 (extremely) that best described their
momentary experience. Across the six blocks, we presented a total of 36 thought probes, with 18
thought probes in each of the two conditions.

In order to ensure participants have a clear understanding of the meaning of the thought
dimensions assessed at each thought probe, we implemented several steps prior to data
acquisition. First, participants were provided with an elaborate explanation of each statement and
its corresponding response scale (i.e., what a “not at all” or “extremely” response mean in the
context of that statement). We also provided real-life examples of each thought dimension to
facilitate the understanding of how they may occur in the context of an experiment. Participants

were also given an opportunity to ask clarification questions.

Table 1

Statements Presented at Each Thought Probe via Multi-Dimensional Experience Sampling

MDES Statements

My thoughts involved myself.

My thoughts involved other people.

13



My thoughts involved past events.

My thoughts involved future events.

My thoughts were focused on the present moment.
My thoughts were in the form of images.

My thoughts were in the form of words.

My thoughts were positive.

My thoughts were negative.

My thoughts were focused on the external environment.
My thoughts were focused on my internal world.
My thoughts were related to goals.

My thoughts were freely moving.

My thoughts were stuck on one topic.

2.3 EEG Data Acquisition and Preprocessing

EEG data was recorded continuously and digitized at 500 Hz from 64 electrodes placed

on a cap with 10-10 international layout using the BrainVision EEG system (ActiCap64 system,

Brain Products GmbH, Gilching, Germany). Four electrodes placed around the eyes

(electrooculograms; EOG) were used to detect eye movements. Two EOGs were placed on the

left and right temple and another two electrodes were placed above and below the left eye to

record both horizontal and vertical eye movements respectively.

EEG data was preprocessed using MATLAB (The MathWorks Inc., 2022) and the

FieldTrip toolbox (Oostenveld et al., 2011). Continuous data was band-pass filtered between 1 to

55Hz. A 1Hz high pass filter was shown to be ideal for independent component analysis (ICA)

14



decomposition (Klug & Gramann, 2021) and we implemented a low pass filter of 55Hz filter to
avoid contamination by line noise at 60Hz. ICA was performed to detect and remove artifacts,
such that components associated with eye blinks, saccades, muscle artifacts and other types of
noise were removed from the data. Electrodes with excessively high noise were identified
through visual inspection and interpolated from neighbouring electrodes using spherical spline
interpolation (Perrin et al., 1989). Any remaining artifactual segments were manually identified
and removed from subsequent analyses. EEG data were segmented into non-overlapping 2s
epochs. Although the main interval of interest is two seconds, we extracted an additional one
second before and after this main interval for padding purposes for subsequent time frequency
decomposition. Subsequent analyses only focused on the seven epochs, equivalent to 14s,
preceding the thought probe (as described below). Finally, a common average reference was
applied to the clean, segmented data.

To compute the power spectral density of EEG data, a Fast Fourier Transform (FFT) with
a Hanning taper was applied for frequencies between 2 and 55Hz at 1Hz intervals. We then
extracted the spectral activity within each canonical frequency band of interest: theta (4-7Hz),
alpha (8-14Hz), and gamma (31-50Hz). For each frequency band, several EEG channels from a
specific region were chosen based on prior literature and our hypothesis. This included four EEG
measures, encompassing frontocentral theta (FC1, FC2, F1, F2, Fz), frontal alpha (Fz, F1, F2,
F3, F4), posterior alpha (O1, 02, Oz, PO7, PO3, POz, PO4, POS), and posterior gamma (P1, P2,
Pz, PO3, PO4, POz). The mean power of each EEG measure was computed across channels of
interest and frequencies within each frequency band for each two-seconds epoch for subsequent
analysis. Our analysis specifically focused on the aforementioned EEG spectral measures within

the fourteen seconds of data (equivalent to seven epochs) prior to each thought probe. The time

15



window of 10-15s has been commonly used and suggested to reliably capture the reported
attentional states in previous studies (Baldwin et al., 2017; Martel et al., 2019; Polychroni et al.,
2022) and falls within the most commonly used time interval as reported in a systematic review
(Kam et al., 2022b). This time window reflects a trade-off between accumulating sufficient data
to obtain reliable estimates of EEG measures and maintaining the integrity of the report of

ongoing experiences (Smallwood & Schooler, 2006).

2.4 Statistical Analysis
2.4.1 Principal Component Analysis (PCA)

We implemented principal component analysis (PCA) on the MDES data obtained
through each thought probe in order to consolidate the 14 thought dimensions into a fewer
number of principal components, which reflect the latent patterns of co-occurring thoughts. PCA
with varimax rotation was implemented in line with previous studies (Konu et al., 2021;

Mckeown et al., 2020; Mulholland et al., 2023; Simola et al., 2023; Turnbull et al., 2019)-

2.4.2 Linear Mixed Effects (LME) Model Analyses

All LME analyses were conducted using R 4.2.2 (R Core Team, 2022) and RStudio
(version 2023.3.0.386). The Restricted Maximum Likelihood estimation method was used in the
models. After eliminating artifactual segments during EEG preprocessing and removing trials in
which participants responded with the lowest rating of 1 (never) to the control question, we
retained a total of 1458 observations for the LME models. To account for variability across
participants in their response to thought probes, participants were included as a random intercept

in all of the following models.
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Principal Components by Condition. To assess whether unique thought patterns
emerged across the two conditions, we implemented separate LMEs for each of the selected
principal components to determine whether they varied between the thought focus or video focus
conditions. In each model, condition (video focus vs thought focus as reference level) was a
fixed effect independent variable, and a given principal component was specified as the
dependent variable.

Principal Components by EEG Measures. To assess whether the thought patterns as
indexed by principal components were uniquely associated with EEG spectral measures, we
implemented separate LMEs for each of the four EEG measures (i.e., frontocentral theta, frontal
alpha, posterior alpha, and posterior gamma). These models consisted of principal component as
the independent variable and EEG measures as the dependent variable, allowing us to assess
whether any given thought pattern could predict each EEG measure. Separate analyses were
conducted for each principal component and each EEG measure, as model comparisons indicated
no significant improvement when including all three principal components to predict EEG
measures.

In order to evaluate whether thought patterns can explain variance in observed EEG
measures, we performed model comparison analyses using the Likelihood Ratio Test. These
analyses aimed to determine whether the inclusion of thought patterns significantly enhanced
model fit compared to a baseline model, which included only the intercept term as a predictor.
We compared this baseline model to a more complex model that incorporated all relevant
principal components as predictors to assess whether the inclusion of principal components as

predictors led to a significant improvement in overall model fit.
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EEG Measures by Condition. To assess whether the experimental conditions were
uniquely associated with EEG spectral measures, we implemented separate LMEs for each of the
four EEG measures to determine whether they differentially correspond with each condition. In
these models, condition was included as an independent variable and each EEG measure was
included as a dependent variable, to assess whether the EEG measures differed during the

thought focus versus video focus condition.

Results
3.1 Thought Patterns Identified from PCA
We utilized principal component analysis (PCA) to decompose the trial-level MDES
responses, to uncover patterns of thought across both conditions. The scree plot resulting from
PCA is depicted in Figure 2. Guided by the inflection point of scree plot and considering the
variances explained by each PC (Mulholland et al., 2023; Simola et al., 2023; Sormaz et al.,
2018); we extracted three principal components for subsequent analysis. Collectively, these three

components explained 49.8% of the total variance.

Figure 2

Scree Plot from PCA
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The first principal component (PC1) exhibited high loadings on thought dimensions such
as “present”, “external”, and “stuck”, which we labeled as ‘present external thought’. The second
component (PC2) encompassed dimensions like “goal”, “word”, “future”, and “myself”, and was
labelled as ‘goal-oriented future thought’. The third component (PC3) included dimensions of
“freely”, “external”, “positive”, “present”, and was labelled as ‘freely moving external positive
thought’. These three extracted thought patterns are visualized in Figure 3 as word clouds,

created from their PCA loadings for each thought dimension. Detailed component loadings for

each thought dimension are available in the Appendix (Appendix 2).

Figure 3

Word Clouds for Identified Thought Patterns and Violin Plots for Thought Patterns by Condition
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A. Present external thought B. Goal-oriented future thought C. Freely moving external positive thought
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Note. Word clouds and violin plots for a) present external thought b) goal-oriented future thought
and c) freely moving external positive thought. Top panel: Word clouds for each thought pattern.
Font size corresponds to higher loadings, whereas colour indicates the direction of the loadings
(blue = positive, red = negative) of the respective thought dimension onto the principal
component. Bottom panel: violin plots of the principal component scores of each thought pattern

as a function of thought focus and video focus condition.

3.2 Linear Mixed Effects (LME) Model Analyses

Next, we conducted Linear Mixed Effects (LME) analyses to examine the relationship
between conditions (thought focus vs. video focus) and the three thought patterns (as indexed by
each principal component), the association between thought patterns with EEG measures, and the

influence of EEG measures on conditions.

3.2.1 Examining the Relationship between Thought Patterns and Conditions
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We first examined the impact of the experimental condition on the various thought
patterns. Results of these analyses are illustrated in Figure 3 and statistical values are reported in
Table 2.

Present external thought (PC1). — There was a significant main effect of condition on
present external thought. Specifically, participants in the video focus condition showed a
significant increase in scores on the present external thought compared to those in thought focus
condition (b =2.11, p <.001).

Goal-oriented future thought (PC2). — The main effect of condition on goal-oriented
future thought was significant, characterized by an increase in goal-oriented future thought
during the thought focus condition compared to the video focus condition (b =-0.37, p <.001).

Freely moving external positive thought (PC3). — The model revealed a significant
main effect of condition on freely moving external positive thought, such that there was an
increase in freely moving external positive thought during the video focus condition compared to

the thought focus condition (b = 0.16, p = .005).

Table 2

Fixed Effects of Condition on Thought Patterns (as indexed by PCs)

Estimate 95% CI SE df t
(Intercept) -1.06 -1.31, -0.81 0.12 49.64 -8.53%**
Present external
thought Condition 2.11 1.96, 2.25 0.07 1417.17 28.16 ***
(Intercept) 0.19 -6.55, 0.38 0.94 51.58 2.00
Goal-oriented
future thought Condition -0.37 -4.96, -0.25 0.06 1417.19 -6.05 ***
(Intercept) -0.08 -0.29, 0.14 0.11 47.12 -0.70
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Freely moving
external positive
thought

Condition 0.16 0.05, 0.27 0.06 1417.04  2.79 **

Note. Reference condition = video focus condition. *** p < .001 ** p <.01 * p <.05.

3.2.2 Thought Patterns by EEG Measures

Next, we examined the EEG correlates of these thought patterns. Results for these
analyses are reported in Table 3.

Frontocentral Theta. For frontocentral theta activity, there were no significant main
effects of any of the three thought patterns: present external thought (b =-0.01, p = .456); goal-
oriented future thought (b = 0.01, p = .528); freely moving external positive thought (b = 0.00, p
=.821). We also assessed whether the model with three predictors of thought patterns accounted
for more variance than the model without using an analysis of variance (ANOVA). There was no
significant difference between the two models (y*(4) = 3.07, p = .546.), in line with the three null
effects reported above.

Frontal Alpha. Our analyses showed significant main effects of present external thought
and freely moving external positive thought on frontal alpha. There was a significant negative
effect of present external thought on frontal alpha (b =-0.01, p = .014). This indicates that when
engaged in present external thoughts, individuals tend to exhibit lower levels of frontal alpha.
Similarly, freely moving external positive thought also had a significant negative effect on
frontal alpha (b =-0.01, p = .038), suggesting that engaging in freely moving positive thoughts
about the external environment is associated with reduced frontal alpha levels. The effect of
goal-oriented future thoughts on frontal alpha was not statistically significant (b = 0.00, p
=.720). Model comparisons revealed that the inclusion of three principal components

significantly enhanced the model fit compared to the baseline model (¥*(3) = 10.03, p = .018),

22



indicating that the joint influence of the three thought patterns explained significantly more
variance in frontal alpha than the baseline model.

Posterior Alpha. Present external thought had a significant negative effect on posterior
alpha (b =-0.02, p = .006), such that when directing their attention to the current external
moment, individuals tend to display lower levels of posterior alpha. However, goal-oriented
future thought (b = 0.00, p = .862) and freely moving external positive thought (b =-0.02, p
=.104) did not significantly predict posterior alpha. Model comparisons demonstrated a
significant enhancement in model fit with the inclusion of three principal components compared
to the baseline model (y*(3) =9.78, p = .020).

Posterior Gamma. None of the three thought patterns showed a statistically significant
effect on posterior gamma (present external thought: 5 = 0.00, p = 0.98; goal-oriented future
thought: » = 0.00, p = 0.855; freely moving external positive thought: b = 0.00, p = .614). Model
comparisons indicated no significant difference in model fit (%*(3) = 0.28, p = .964), suggesting
that the inclusion of the three principal components did not significantly improve the overall fit

compared to the baseline model.

Table 3

Fixed Effects for EEG Measures PCs (Thought Patterns)

Estimate 95% CI SE df t
Frontocentral (Intercept) 0.40 0.27, 0.53 0.07 39,92 6.12
theta PC1 -0.01 -0.02, 0.01 0.01 1439.00 -0.75
(Intercept) 0.40 0.27,0.53 0.07 39.95 6.14
PC2 0.01 -0.02, 0.33 0.01 1444.00 0.63
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Frontal alpha

Posterior

alpha

Posterior

gamma

(Intercept)
PC3
(Intercept)
PC1
(Intercept)
PC2
(Intercept)
PC3
(Intercept)
PC1
(Intercept)
PC2
(Intercept)
PC3
(Intercept)
PC1
(Intercept)
PC2
(Intercept)

PC3

0.40

0.00

0.25

-0.01

0.25

-0.00

0.25

-0.01

0.39

-0.02

0.39

0.00

0.39

-0.02

0.01

0.00

0.01

-0.00

0.01

0.00

0.27,0.53
-0.02, 0.03
0.18,0.33
-0.01, -0.00
0.18,0.33
-0.01, 0.01
0.18,0.33
-0.02, 0.00
0.29, 0.49
-0.02, 0.02
0.30, 0,49
-0.02, 0.02
0.30, 0,49
-0.02, 0.02
0.01, 0.02
-0.00, 0.00
0.01, 0.02
-0.00, 0.00
0.01, 0.02

-0.00, 0.00

0.07

0.01

0.04

0.00

0.04

0.00

0.04

0.00

0.05

0.01

0.05

0.01

0.05

0.01

0.00

0.00

0.00

0.00

0.00

0.00

39.95

1454.00

39.96

628.23

39.97

1412.00

39.96

1422.00

39.99

666.07

40.01

1437.00

40.01

1450.50

40.00

1416.00

40.00

1386.00

40.00

1386.00

6.14

0.23

6.70%**

-2.48*

6.70%**

-0.36

6.70%**

-2.07*

7.92%%*

ST

7.99%%*

0.17

7.99%**

-1.63

3.61%**

0.02

3.61°%**

-0.18

3.61°%**

0.50

Note. PC1 = present external thought, PC2 = goal-oriented future thought, PC3 = freely moving

external positive thought. *** p <.001 ** p <.01 * p <.05.



3.2.3 EEG Measures by Condition.

Finally, we examined whether EEG measures exhibited differential patterns in response
to each experimental condition. No significant effect of condition was observed for frontocentral
theta (b = 0.02, p = .574). However, there was a significant main effect of condition on frontal
alpha. Participants exhibited a significant decrease in frontal alpha during the video focus
condition compared to the thought focus condition (b =-0.03, p <.001). Similarly, the model
with posterior alpha demonstrated a significant main effect of condition, revealing a significant
reduction in posterior alpha in the video focus condition compared to the thought focus condition
(b=-0.14, p <.001). Finally, there was also a significant main effect of condition on posterior
gamma, characterized by a significant increase in posterior gamma during the video focus

condition compared to thought focus condition (b = 0.00, p <.001).

Table 4

Fixed Effects for EEG Measures on Condition

Estimate 95% CI SE df t
Frontocentral theta (Intercept) 0.39 0.26, 0.53 0.07 44 .41 5.85%**
Condition 0.02 -0.04,0.08  0.03 1416.08 0.56

Frontal alpha (Intercept) 0.27 0.19, 0.34 0.04 41.07 -7.09%**
Condition -0.03 -0.05,-0.02  0.01 1416.08 -3.76%**

Posterior alpha (Intercept) 0.46 0.36, 0.56 0.05 44.11 0.14%**
Condition -0.14 -0.17,-0.09  0.02 1416.08 -6.22%%*

Posterior gamma (Intercept) 0.01 0.00, 0.02 0.00 40.24 3.24%*
Condition 0.00 0.00, 0.00 0.00 1416.08 6.70%%*
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Note. Reference condition = video focus condition. *** p < .001 ** p <.01 * p <.05.

Figure 4

Comparisons of Power Spectral Density Plots of EEG Measures for Each Condition

A. Frontal Alpha B. Posterior Alpha
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Discussion
The current study examined how thought patterns change with context and differentially

correspond with EEG measures. We identified three distinct thought patterns using PCA: present
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external thought (PC1), goal-oriented future thought (PC2), and freely moving external positive
thought (PC3). Present external thought was uniquely linked to specific EEG measures,
including decreased frontal alpha and posterior alpha. Freely moving external positive thought
was associated with frontal alpha activity as well. Moreover, the experimental context
significantly influenced the occurrence of these thought patterns and were differentially
associated with EEG measures that aligned with those of thought patterns. Our findings shed
light on the intricate interplay between thought patterns, experimental context, and

electrophysiological activity.

The main thought pattern, characterized by a focus on external stimuli in the present
moment, was closely associated with the video focus condition and decreased activity in
posterior alpha and frontal alpha. The observed decline in posterior alpha during thoughts about
an ongoing external task aligns with prior studies that have reported decreased posterior alpha
during attention tasks (Bacigalupo & Luck, 2019; Jensen & Mazaheri, 2010). Similarly, this
finding is also consistent with studies linking increased posterior alpha to internal attention
(Benedek et al., 2014; Ceh et al., 2020). Our study therefore provides additional evidence
supporting the relationship between the internal and external focus of thoughts and posterior
alpha. Given that activity in the posterior gamma band has been associated with the processing of
visual stimuli (Kaiser & Lutzenberger, 2005; Miiller et al., 2000), we had anticipated that
thoughts focused on the external task — video watching — would be associated with increased
posterior gamma. Although this thought pattern did not significantly predict posterior gamma,
there was a main effect of experimental condition as characterized by greater posterior gamma

during the video focus condition. Moreover, present external thought was more strongly linked to
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the video versus thought focus condition. This suggests that the experimental context may have
accounted for more of the variance in posterior gamma band activity than the thought pattern
itself. Finally, reduction in frontal alpha during this thought pattern may be attributed to the
positive loading of the sticky thought dimension and negative loading of the freely moving
thought dimension. According to the Dynamic Thought Framework (Christoft et al., 2016),
sticky thoughts can be characterized as difficult to disengage from, and they operate outside
conscious of cognitive control. This is conceptually opposite of freely moving thought, defined
as the spontaneous, unconstrained transition between thought content and mental state.
Considering past reports of increased frontal alpha during freely moving thought (Kam et al.,
2021), the decrease in frontal alpha during this thought pattern corroborates past reports of the

association between frontal alpha and freely moving thought.

The thought pattern characterized by goal-oriented thoughts about the future was
decreased during the video focus condition and were not associated with any EEG markers. As
theta activity has been linked to cognitive control (Cavanagh & Frank, 2014; Eisma et al., 2021;
Harris et al., 2017; Sauseng et al., 2010), which conceptually aligns with goal-oriented processes,
we had anticipated that frontocentral theta would be associated with this thought pattern. The
lack of significant relationship between frontocentral theta and this thought pattern might be
because the nature of goal-oriented thoughts in a naturalistic setting (such as during video
watching) differs from that in highly constrained cognitive tasks (e.g., mental arithmetic tasks,
spatial attention task, visuospatial planning task) (Harris et al., 2017; Katahira et al., 2018;
Spreng et al., 2010). For example, participants may be focused on thinking about plans for the

upcoming weekend, which they label as goal and future-oriented thought; this type of thought
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would seem phenomenologically different from the types of thoughts that emerge during a
cognitive control task, during which participants are asked to move disks between rods, adhering
to specific rules on the number of disks moved and stacking order. Given that task setting seems
to play a role in the relationship between theta activity and task-unrelated thought (Kam et al.,
2022b), which can include goal-oriented, future thoughts, it is conceivable that frontocentral
theta may be a context-dependent marker that emerges only in certain contexts for this thought
pattern as well. Our results contribute to the growing understanding that frontocentral theta
activity may vary across different experimental contexts, highlighting the need for further
exploration of the electrophysiological correlates of goal-oriented thought in more naturalistic

settings.

Characterized by freely moving, positive, external, and present thoughts, the third
thought pattern (PC3) was more likely to occur during the video focus condition and was
associated with decreased frontal alpha. The unexpected negative relationship between frontal
alpha and a thought pattern that is characterized by freely moving thought may reflect a
misalignment between our provided definition and participants’ interpretation of this thought
dimension. Despite providing elaborate definitions and real-life examples of this thought
dimension, it is plausible that participants categorized the rapid switching between external
stimuli switching (as is the case for the short, quick-paced videos presented to them during the
video focus condition) as freely moving. In contrast, the definition provided to participants
primarily concerns the freedom of internally oriented thought to move from one topic to another.
This definition aligns with the conceptual framework (Christoff et al., 2016), which was

originally created within the context of spontaneously occurring thought. Notably, participants’
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potential interpretation of attention quickly switching from one video to another, though not part
of the original framework, is a plausible interpretation of this terminology and would explain
why this thought pattern is more closely linked to the video focus condition. Another possible
interpretation for the relationship of frontal alpha and the third thought pattern is that frontal
alpha may serve as a marker for some other cognitive dimension, or it might be different when
various thought dimensions are combined together as a pattern, as opposed to when each
dimension is considered in isolation. This implies that the interplay and integration of multiple
cognitive dimensions within this thought pattern might contribute to the observed modulation of
frontal alpha, indicating a need for a more intricate understanding of the neural correlates of
thought patterns. Despite this unexpected observation, the co-occurring thought dimensions in
this thought pattern is in line with previous literature associating freely moving thought with
positive affect (Mills et al., 2021; Thiemann et al., 2023). Importantly, the lower variance
explained by the goal-oriented future thought (PC2; 12.3%) and freely moving positive present
thought (PC3; 11.3%) compared to the present external thought (PC1; 26.2%) might suggest that
these two thought patterns are less robust, potentially explaining the weaker or absence of

modulation of electrophysiological activity.

4.1 Limitations and Future Directions

Our study’s interpretation is subject to certain considerations, with one notable limitation
being the significant gender imbalance in our participant sample, predominantly consisting of 36
females and 5 males. This skewed representation raises concerns regarding the generalizability of
our findings, as gender-related cognitive differences might be incompletely captured. Given this

limitation, it is imperative to explicitly acknowledge that the identified relationships between

30



thought patterns and neural activity may not fully represent both genders. Future research
endeavors should prioritize a more balanced gender distribution in participant samples to ensure
that the insights derived from the study are applicable across diverse demographic groups. This
approach aligns with the broader call for inclusivity in cognitive research and enhances the
external validity of our findings.

Moreover, the observed complexities in our findings could be influenced by specific
characteristics of the video-watching task and individual differences in thought patterns. For
instance, variations in the set of videos during the video focus condition could introduce changes
in the EEG measures associated with thought patterns. Additionally, our study did not control for
or examine individual differences in characteristics that may impact thought patterns, such as
Attention Deficit Hyperactivity Disorder (ADHD). Given that individuals with ADHD have been
shown to report excessive off-task thoughts (Franklin et al., 2016) compared to neurotypical
individuals, the thought patterns and their associated neural activity within this population may
differ. These factors, which are not explicitly measured in our study, introduce additional
nuances to the relationship between thought patterns, experimental context and neural activity.
Future research could explore additional contextual factors and a broader range of participant
groups, providing a more nuanced and comprehensive understanding of thought patterns and

their corresponding electrophysiological signatures.

4.2 Conclusion
In conclusion, our study contributes to the growing body of literature on the complex
relationship between thought processes and electrophysiological activity in different contexts.

The robust influence of conditions on thought patterns, particularly present external thought,
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highlights the malleability of thought processes due to experimental contexts. Furthermore, these
results underscore the nuanced interplay between context-dependent thought patterns and EEG
measures. Taken together, our findings offer valuable insights into the contextual modulation of

thought and neural dynamics, paving the way for future research in this domain.
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Appendix 1

Appendices

Mean Thought Probe Responses for Thought Dimensions

A. Thought focus condition
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Note. Error bars represent standard error of mean in the bar graph.

Appendix 2

Component Loadings for Each Thought Dimension

PCl1 PC2 PC3
myself -0.32858892743511 0.259131348015753 0.0316269582452782
other -0.346797993003284 -0.170376690080013 -0.064506220678884
past -0.263580078145617 -0.367119564199157 -0.163366373817392
future -0.347343858111087 0.342828758231047 0.0530624252534596
present 0.344615333999531 0.0916590067126636 0.231510415050077
image -0.192149728784112 -0.39565415197629 -0.155672913522262
word -0.0888576560982995 0.429293456021044 0.151697327201522
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