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Mind wandering (MW) is the intentional or unintentional experience of attending to internal task-unrelated
thoughts while being occupied with an external task. Even though maintaining task focus is assumed to
require executive functions (EF), it is not clear how and to what extent MW and EF interact. Research has found
that activity in the dorsolateral prefrontal cortex (DLPFC) is associated with EF and MW. To understand the
causal role of the DLPFC in relation to MW and EF, researchers have turned to non-invasive brain stimulation.
Thus far, most studies have used transcranial direct current stimulation, but the results have been inconclusive.
To further elucidate the relationship between the DLPFC, EF and MW, we conducted a pre-registered, sham-
controlled, triple-blinded within-subject experiment by combining intermittent theta burst stimulation (iTBS)
interleaved with a recently developed MW-EF task. In contrast to our expectations, participants reported
significantly more MW following real iTBS as compared to sham stimulation. However, at the same time, psy-
chomotor precision and EF improved, indicating that participants were able to engage in resource-intensive MW
while simultaneously performing well on the task. We argue that iTBS enhanced the underlying executive re-
sources that could be used to increase both MW and task performance in line with the resource-control view of
MW. This finding opens exciting avenues for studying the complex interplay between MW and EF and provides
empirical support for the utility of iTBS in improving executive performance during a demanding cognitive task.

Mind wandering (MW) is a mental state in which humans engage in
internally generated thoughts that are unrelated to the current task
(Smallwood and Schooler, 2015). For instance, while you are driving
home from work, you might find yourself starting to think about plans
for the weekend or which meal you are going to prepare for dinner.
Despite being engaged in the largely automatized activity of driving,
your conscious thoughts are not related to the current activity. Research
indicates that MW is a pervasive phenomenon, accounting for between
25 and 50 percent of our waking life (Killingsworth and Gilbert, 2010).
Still, MW is typically associated with reduced performance on most
cognitive tasks (Alexandersen et al., 2022; Groot et al., 2021; Smallwood
and Schooler, 2015; but see Vékony et al., 2023). Critically, MW can be
dangerous during tasks such as driving because it interferes with
maintaining attention to rarely occurring but critical events (Yanko and
Spalek, 2013, 2014). These insights prompted enquiries into the rela-
tionship between MW and executive functioning (EF).

Some researchers have theorized that MW occurs due to a failure of
EF to maintain task focus and to prevent engagement in MW (executive

failure account; McVay and Kane, 2010). Other researchers (Smallwood
and Schooler, 2006) have posited that MW might rather rely on the same
underlying executive resources as the primary task, implying a contin-
uous balance of whether to engage in the primary task or MW (executive
use account). Both theories predict less MW with increasing task de-
mands (Seli et al., 2018b). However, the two theories predict opposite
effects on MW regarding changes in EF: If more executive resources are
available, the executive use theory would predict MW to increase, while
the executive failure theory would predict MW to decrease, as more
resources are available to prevent MW from intruding. One possibility to
disambiguate between these theories is the application of non-invasive
brain stimulation (NIBS) to modulate EF.

Studies employing NIBS in the field of MW have typically applied
transcranial direct current stimulation (tDCS) over the prefrontal cortex
(PFC). The main motivation to target prefrontal areas and particularly
the dorsolateral PFC (DLPFC) is its known relation to executive functions
(e.g., Cole et al., 2010; Mansouri et al., 2009) and its involvement in MW
(Christoff et al., 2009; Fox et al., 2015; Groot et al., 2021). However, a
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recent meta-analysis aggregating the results from the existing literature
concluded that tDCS over the DLPFC does not seem powerful enough to
reliably influence MW (Nawani et al., 2023). A key reason for the lack of
a consistent effect of tDCS on MW may be its low intensity (Guidetti
et al., 2022) and lack of focality (Boayue et al., 2018). Here, we used
repetitive transcranial magnetic stimulation (rTMS), which is a stimu-
lation method that induces a strong peak electric field (~100 m V/mm;
Turi et al., 2021) in a more focal manner compared to tDCS (Priori et al.,
2009; Rossini et al., 2015). These features make rTMS a more suitable
method to investigate the causal relationship between activity in the left
DLPFC, EF performance and MW propensity. We implemented inter-
mittent theta burst stimulation (iTBS), which has been found to increase
neural excitability (Huang et al., 2005; Klimesch et al., 2003; Li et al.,
2017) and improve cognitive performance (Wu et al., 2021; Xu et al.,
2023) in a manner that may accumulate over several stimulation rounds
(Tse et al., 2018; Yu et al., 2020).

To investigate the relationship between EF and MW, the cognitive
task must reliably draw on executive functions. However, the vast ma-
jority of research on MW has used the sustained attention to response
task (SART; Robertson et al., 1997), which is a low-demand, monoto-
nous and repetitive task requiring response inhibition to rarely occur-
ring cues. These features of the SART can foster MW, which is typically
measured by so-called thought probes, i.e., brief questions enquiring the
attentional state of the participants presented throughout the experi-
ment. However, due to the low EF demand of the SART, it may not be
suitable to investigate the relationship between MW and EF. Therefore,
Boayue et al. (2020) created the finger-tapping random sequence gen-
eration task (FT-RSGT) that strongly relies on EF while being monoto-
nous and repetitive. In the FT-RSGT, participants respond to a rhythmic
metronome, which enables measuring behavioural variability (BV), a
behavioural marker sensitive to fluctuations of attention (Kucyi et al.,
20165 McVay and Kane, 2012; Seli et al., 2013). Moreover, participants
are required to generate random sequences of left and right taps, which
draws heavily on EF (Baddeley et al., 1998) and is sensitive to
stimulus-independent thoughts (Teasdale et al., 1995). Thus, the
FT-RSGT enables the measurement of EF while retaining features that
foster MW, which is necessary to investigate the relationship between
MW and EF.

Based on the above, we hypothesized that iTBS targeting the left
DLPFC would decrease MW relative to sham stimulation, while
improving performance as measured by randomness of the tapping se-
quences and BV. The rationale behind this hypothesis was that, in line
with the executive failure account of MW, we expected real stimulation
to enhance the availability of executive resources, which, in turn, would
allow for more effective shielding of task-focus.

1. Method
1.1. Study design

The experiment has been approved by the regional ethical committee
in Norway (REK #285811). Our study was pre-registered at OSF
(https://osf.io/2g8nz) and the data and all study materials are publicly
available (https://osf.io/txpu2/). We implemented an accelerated, off-
line iTBS procedure interleaved with blocks of the FT-RSGT. The design
was a triple-blinded sham-controlled 2 (stimulation session: sham vs.
real) x 4 (blocks: B0-B3) within-subject (crossover) design (see Fig. 1a).

1.2. Participants

We pre-registered a sample size of 40 participants, powered to find a
small-to-medium effect size of n? = 0.044, with 80% power at a = .05.
We recruited 46 right-handed, rTMS-naive participants in Tromsg,
Norway between March 2022 and May 2023. All participants were
informed about the experiment and gave written consent before joining.
Two participants had to be replaced due to not following the protocol.
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Fig. 1. Overview of the experimental procedure and the finger tapping random
sequence generation task.

Note: (a) Overview of the experimental procedure. (b) Schematic overview of
how the behavioural indices, approximate entropy (AE) and behavioural vari-
ability (BV), are tracked through the finger-tapping random sequence genera-
tion task (Figure by Aasen, S. R., 2024; available at https://doi.org/10.6084/
m9.figshare.25471960.v1 under the CC-BY 4.0 licence). ITI = inter-
tap-interval.

Four participants dropped out at the familiarization stage due to
discomfort with the stimulation protocol. This left us with a final sample
of 40 participants (25 females) with an average age of 23.3 years (SD =
3.29). Participants were compensated for their time with a gift card of
500 NOK (approximately 50 Euros) at a local mall. Participants had to be
18-50 years old, right-handed, no previous or current psychiatric/
neurological disorder and no first degree relative with epilepsy (see
Supplemental Methods for more details).

1.3. The FT-RSGT

The task required the participants to generate a random sequence of
taps using their two index fingers, while closely matching the beat of a
metronome (beeps at 440 Hz presented for 75 ms with an inter-stimulus
interval of 750 ms; see Fig. 1b). Each block of the FT-RSGT lasted
approximately 10 min, contained 11 pseudo-randomly presented
thought-probes prompted every minute on average (randomly between
40 and 80 s). At each probe, participants had to answer three consecu-
tive questions, which were always presented in the same order; the first
related to the participant’s general attention: “To what degree were you
focused on the task right before this question?“, answered on a 1-4
Likert scale (1: not at all focused; 4: completely task focused). The other
two questions related to the content of thought and intention of par-
ticipants (these are not further analysed here, see Supplemental Methods
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and Results).

BV was calculated by taking the standard deviation of the inter-tap
intervals of the last 25 taps preceding each thought-probe, which was
log-transformed and z-scored (using the grand mean and standard-
deviation across all subjects and sessions). Approximate entropy (AE;
Pincus and Kalman, 1997) is a measure of sequence irregularity that
estimates the probability that similar subsequence’s of a length m = 2,
when augmented by one position, will remain similar. This statistic was
calculated over the 25 taps preceding each probe. The raw AE value was
transformed according to —log (log(2) —AE) to and z-transformed using
the grand mean and standard deviation (Boayue et al., 2020).

1.4. iTBS protocol

The iTBS protocol consisted of 50 Hz bursts of three TMS pulses,
repeated at 5 Hz for 2 s and followed by a break of 8 s. This sequence was
repeated 20 times, resulting in a total of 600 pulses (total duration
approximately 3 min; Fig. 2a). We used a MAG & More PowerMAG lab
100 with the Double coil PMD70-pCool active coil and the Double coil
PMD70-pCool-Sham sham coil (MAG & More GmbH, Germany). To
target the left DLPFC, we used a Localite TMS Navigator system (version
3.0.72; Localite GmbH, Germany). No individualized magnetic reso-
nance imaging (MRI) scans were collected, and therefore, we relied on
the MNI template brain co-registered to our participants’ head anatomy.
The coil was positioned at a 45° angle in posterior-lateral orientation
relative to the midline. The stimulation protocol resulted in an electric
field that was focused on the left lateral prefrontal cortex (Fig. 2b).

1.5. Procedure

We equipped participants’ right hands with three Ag/AgCl elec-
trodes: The ground was placed on the dorsum of the hand, the reference
was placed on the lateral surface of the proximal interphalangeal joint of
the 5th finger, while the active electrode was placed on the abductor
digiti minimi muscle. The electrodes were connected to a Brain Vision V-
amp 8 digital DC amplifier (Brain Vision, LLC, the United States)."
Participants’ heads were co-registered to the MNI anatomy, and we
continued with determining the resting motor threshold (RMT). We
navigated to the predetermined MNI coordinate corresponding to the
primary motor cortex (x = —40, y = —20, z = 52) and started the hotspot
hunting followed by determination of the motor threshold. Participants
then proceeded with the first round of the FT-RSGT (baseline, B0), while
experimenters set up the blinding procedure that ensured that the
experimenter was unaware of the coil used for stimulation. In both
sessions (conducted on two different visits), real or sham iTBS was
delivered 3 times at 80 % RMT (Fig. 1a). To target the DLPFC (x =
—44.23, y = 29.48, z = 21.62) we used the Localite neuronavigator.
Before the first stimulation round, participants were familiarized with a
1-s sequence of the stimulation procedure. After the last task-block,
participants answered general questions regarding the experiment,
questions regarding the efficacy of the blinding procedure, and a TMS
checklist about possible side effects (Brunoni et al., 2011). In total, each
session lasted approximately 2 h (see Supplemental Methods for details).

1.6. Statistical analysis

Our main analysis complied with our pre-registered protocol (OSF;
https://osf.io/2g8nz). We conducted 3 separate 2x4 repeated measures
analysis of variance (rmANQOVA) tests, with dependent variables MW (i.
e., answers to the first probe question about being on-task or engaged in
MW), BV and AE, and within-subject factors Stimulation (real vs. sham)

! Approximately half-way through data collection, the V-amp device mal-
functioned, and we replaced it with a Brain Vision Quickamp (Brain Vision,
LLC, the United States).
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and Block (BO, B1, B2, B3). Efficacy of the blinding protocol was
assessed with nonparametric tests, separately for participants’ and re-
searchers’ guesses at each session.

1.6.1. Bayesian exploratory analysis

In addition to our pre-registered models, we also carried out a set of
more targeted analyses that included the important task-on-time effect
and provided a more detailed view on the temporal evolution of EF, BV
and MW with task progress in the real vs. sham iTBS conditions. These
analyses were not pre-registered and should therefore be considered as
exploratory, even though the hypotheses being tested remain pre-
registered.

Utilizing standard linear modelling for ordinal data poses several
issues (Boayue et al., 2019; Liddell and Kruschke, 2018), and to address
these concerns we used ordinal regression models implemented in a
hierarchical Bayesian framework. More specifically, we used a Bayesian
ordinal probit model (Biirkner and Vuorre, 2019), that has already been
used successfully to analyse changes in MW following NIBS
(Alexandersen et al., 2022; Boayue et al., 2019, 2020). Furthermore, we
report two additional analyses where AE and BV served as the dependent
variables in hierarchical Bayesian linear regression models, set to eval-
uate changes in these two behaviour measures following real vs. sham
iTBS.

We estimated the effects of the predictors Trial number (z-trans-
formed), Block (BO, B1, B2, B3) and Stimulation (sham vs. real) on self-
reported MW and the behavioural indices AE and BV. We used Hamil-
tonian Monte-Carlo algorithms implemented in the Stan software (Stan
Development Team, 2024; via package cmdstanr; Gabry et al., 2023) to
sample from 6 parallel chains with 3000 samples each, discarding the
first 1500 samples of each chain. Convergence of all models was

confirmed visually and all R-values were confirmed to be lower than
1.05. We used the default priors implemented in the brms-package
(Biirkner, 2017) that are non-informative for coefficients correspond-
ing to fixed effects and weakly informative for the intercept and
standard-deviation parameters (Student-t prior with 3 df, mean = 0 and
SD = 2.5). For each coefficient, we report its posterior mean b and 95%
highest-density interval (HDI). In addition, for directed effects, we
report the probability of the effect to be positive (p*) or negative (p~) as
well as the evidence ratio for a positive (ER™) or negative effect (ER™).
The ER quantifies how much more likely the effect is to be in the ex-
pected compared to the opposite direction. Additionally, based on these
models, we calculated the effect of repeating the stimulation 3 times per
session (i.e., whether there was evidence for effect accumulation) by
comparing the sham vs. real stimulation effect of each block to the
previous block.

2. Results
2.1. Blinding efficacy and side effects of the stimulation

Regarding the blinding (Table S2, Table S3), neither the participants
(X%(1, N =20) = 0.1, p = .747, BF1¢ = 0.66) nor the researchers (X*(1, N
=20) =0, p > .999, BFy = 0.57) managed to guess the stimulation in
session 1 above chance level. Similar results were obtained in session 2
(participants: X2(1, N =20) = 0, p > .999, BFy(, = 0.56; researchers:
X*(1, N = 20) = 0.9, p = .343, BFjp = 1.18), indicating successful
blinding of both participants and experimenters. Participants reported
very few side effects (Supplementary Results; Table S6 and Fig. S1), and
only "trouble concentrating" was elevated for real stimulation relative to
sham stimulation (M = 0.33, t(39) = —2.48, p = .018, BF;( = 2.56)

2.2. Pre-registered analyses

The pre-registered rmANOVA for MW indicated a significant main
effect of Block (F(3,117) = 2.91, p = .037, r]ﬁ = 0.07) and Stimulation (F
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Fig. 2. Simulation of stimulation intensity over the left dorsolateral prefrontal cortex and the intermittent theta burst stimulation protocol.
Note. (a) Visual overview of the intermittent theta burst stimulation protocol. (b) Simulation of the electric field generated (Supplemental Methods) by the stim-
ulation, created using simNIBS (Saturnino et al., 2019). Figure by Aasen, S. R., 2024; available at https://doi.org/10.6084,/m9.figshare.25472026.v1 under the

CC-BY 4.0 licence.

(1,39) =4.79,p = .035, 115 =0.11), but no interaction (F(3,117) =1.1,p
=.353, ;13 = 0.03), suggesting that MW increased over blocks and also
increased with real stimulation. The corresponding analysis for BV did
not reveal a main effect of Block (F(3,117) = 1.59, p = .195, 1z = 0.04),
Stimulation (F(1,39) = 1.3, p = .29, ’73 = 0.03), or an interaction (F
(3,117) =1.01, p = .389, ;13 = 0.03). Regarding executive control (i.e.,
the AE measure), we found a significant main effect of Block (F(3,117) =
4.57,p = .005, 113 = 0.10), but no main effect of Stimulation (F(1,39) =
0.49, p = .487, 111% = 0.01) or an interaction (F(3,117) = 0.62, p = .601,
113 = 0.02), suggesting that AE generally decreased over blocks (see
Table S1). In accordance with our pre-registration protocol, we did no
follow-up analyses as the interactions in these rmANOVAs were not
significant.

2.3. Exploratory analyses
2.3.1. Effects of stimulation on MW

Results of the Bayesian ordered probit model for MW (see Table S9)
indicate that MW increased within blocks as a function of Trial (b =

0.20,[0.17,0.24],p" = 1.00,ER" = o). Compared to baseline (B0), in
the sham condition, MW was not changed in the first block (BOto B1:b =
0.02,[— 0.12,0.17],p* = .614,ER" = 1.59), but there is some evidence
suggesting that MW increased in the second block (BO to B2: b =0.12,[—
0.03,0.27],p™ = .947,ER" = 17.9). This increase returned to baseline
levels in the third block (BO to B3: b = 0.03,[— 0.11,0.18],p" = .671,
ER" = 2.04). Compared to sham stimulation, some evidence suggests
that real stimulation increased MW in the first (stimulation x B1: b =

0.14,[— 0.07,0.34],p™ = .901,ER" = 9.07), the second (stimulation x
B2:b =0.21,[— 0.01,0.4],p" = .973,ER" = 36.5), and the third block
(stimulation x B3: b = 0.16,[ — 0.04,0.36],p™ = .932,ER" = 13.7), see
Fig. 3a.

2.3.2. Effects of stimulation on task performance

In terms of the performance indices, BV increased over time within
blocks (b = 0.11,[0.08,0.13],p" = 1.00,ER" = oo; see Table S10 for all
regression coefficients). Compared to baseline (BO), in the sham condi-
tion, BV did not appear to change in the first block (BO to B1: b = 0,[—
0.11,0.1],p* =.48,ER" =0.92), but evidence was found for an increase
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Note. Error bars represent standard error of the mean. Figure by Aasen, S. R., 2024; available at https://doi.org/10.6084/m9.figshare.25472137.v1 under the CC-BY
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in the second block (BO to B2, b = 0.11,[0.01,0.23],p" = .975,ER" =
38.6). This increase returned to baseline levels in the last block (b = —
0.04,[— 0.15,0.07],p~ = .765,ER™ = 3.26). Compared to the sham
stimulation, real stimulation did not influence BV in the first block
(stimulation x B1: b = 0,[— 0.16,0.15],p~ = .525,ER™ = 1.11), but
evidence was found for a decrease in the second block (stimulation x

B2: b = — 0.15,[— 0.31,0],p~ = .975, ER™ = 39.4). This decrease
returned to baseline levels in the third block (stimulation x B3:b = —
0.09,[— 0.24,0.06],p~ = .865,ER™ = 6.43), see Fig. 3b.

Regarding the entropy of the tap sequences, AE did not show a clear
relationship with trial (b = 0.01,[ — 0.02,0.04],p* =0.79,ER" = 3.67).
Compared to baseline, in the sham stimulation, AE was reduced in the
first (B1: b = — 0.14,[— 0.25, — 0.03],p~ = .995,ER™ = 199), the
second (B2: b = — 0.17,[— 0.27, — 0.06],p~ = .998,ER™ = 599), and
the third block (B3: b = — 0.15,[— 0.26, — 0.04],p~ = .997,ER™ =
359). Compared to the sham stimulation, some evidence suggests that
real stimulation increased AE in the first block (stimulation x Bl:b =
0.11,[— 0.04,0.28],p" = .921,ER" = 11.6), but this increase returned
to baseline levels in the second (stimulation x B2: b = 0.05,[— 0.1,
0.21],p* = .753,ER" = 3.04) and third blocks (stimulation x B3:b =
0.03,[— 0.12,0.18],p* = .666,ER" = 2), see Fig. 3c.

2.3.3. Accumulating effect of the iTBS protocol
We did not find strong evidence that the effect of stimulation on MW
accumulated in the second (B2-B1: b = 0.07,[— 0.13,0.27],p" = .745,

ER' = 2.92) or third (B3-B2: b = — 0.05,[— 0.25,0.15],p~ = .683,
ER™ = 2.15) block. However, for BV, we found evidence that the effect
accumulated in the second block (B2-B1: b = — 0.15,[— 0.30,0.01],

p~ =.970,ER™ = 32.6) but not in the third block (B3-B2: b = 0.07,[—

0.09,0.22],p* = .806,ER" = 4.16). As for AE, we did not observe any
accumulating effects for either the second (B2-B1: b = — 0.06,[— 0.21,
0.09],p~ = .780,ER™ = 3.54) or third (B3-B2: b = — 0.02,[- 0.17,
0.13],p~ = .602,ER~ = 1.51) block (see Table S7).

3. Discussion

We investigated whether three rounds of iTBS targeting the left
DLPFC in an accelerated protocol would decrease the tendency to
engage in MW while maintaining or improving task-performance in the
FT-RSGT. In contrast to our hypotheses, we found that real stimulation
actually increased MW relative to sham stimulation. This was further
corroborated by reports of heightened difficulty in concentrating during
the real stimulation condition. In addition, exploratory Bayesian ana-
lyses further revealed that BV and AE were slightly improved in some
blocks, and otherwise remained comparable to the sham condition.

While our results do not support the executive failure view of MW,
which predicted decreased MW because of an increased capacity to
avoid distracting thoughts due to iTBS, they are in line with the exec-
utive use view of MW (Smallwood and Schooler, 2006). This account
posits that executive resources are shared between the task at hand and
MW, and thus, higher MW propensity leads to reduced availability of
executive resources and impaired cognitive performance. Accordingly, if
the general pool of executive resources available is increased via an
experimental manipulation such as iTBS, participants can potentially
employ these extra resources to engage in more MW while maintaining
or even improving performance on the FT-RSGT. This is precisely the
pattern of results observed in our study, and we therefore cautiously
interpret our results in support of that theory.

The apparent conflict between the executive use and failure accounts
is resolved when considering the resource-control account of MW
(Thomson et al., 2015). This theory distinguishes between executive
control and executive resources and proposes that executive resources
typically remain constant, while executive control decreases over time
as fatigue sets in (Thomson et al., 2015). In that view, executive control
is responsible for delegating and shielding executive resources allocated
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to the task and preventing engagement in MW. Therefore, as executive
control decreases during the task, more of executive resources become
available for MW. In relation to our results, if we assume that iTBS
targeting the left DLPFC increased the pool of executive resources while
not affecting executive control, our results seem to support this theory:
As the pool of executive resources is increased, the capacity to MW also
grows while maintaining the ability to perform the task at an acceptable
level. The improvement in behaviour might occur because the optimal
distribution of task resources increases due to the larger pool of execu-
tive resources. Moreover, given that we did not find iTBS to influence the
ratio of deliberate vs. spontaneous episodes of MW (see: Supplementary
Results), here we also propose that any iTBS-induced change in the
redistribution of executive resources did not depend on participants’
deliberate control. Lastly, we found a significant time-on-task effect
indicating that task performance decreased over time, which suggests
that executive control is unaffected by the stimulation protocol.

One aspect of our design related to the repeated application of the
stimulation protocol (i.e., iTBS) to investigate a possible accumulation
of the effect over blocks. Previous research has suggested that the after-
effects of rTMS on neuronal excitability may accumulate with repeated
stimulation rounds, particularly when using an inter-stimulation-
interval of around 15-30 min (Nettekoven et al., 2014; Tse et al.,
2018; Yu et al., 2020), though this is not uncontested (see Bakulin et al.,
2022; Chung et al., 2018; Thomson et al., 2019). Our exploratory results
on the accumulating effects of rTMS can be partially interpreted in
support of this claim. Specifically, we only found an accumulating effect
for BV in B2 (i.e., after the second stimulation), but we did not find any
significant accumulating effect for either MW or AE. Thus, it seems
possible that repeated iTBS may affect cognitive processes supporting
stable responding (e.g., BV), but not others (e.g., MW and AE). However,
rather than being conclusive evidence of accumulating effects of the
stimulation, our results can also be interpreted in terms of the increasing
fatigue over blocks, which may have made the brain more susceptible to
iTBS. Unfortunately, our current study cannot distinguish between these
possibilities, and it will be up to future research to elucidate on this
issue.

Our results indicate a general improvement in performance and a
decrease in MW reports on the last block (B3) relative to the preceding
blocks in both the sham and the real stimulation sessions. We believe
this “end-of-session” effect is related to motivational factors (Bengtsson
et al., 2009; Locke and Braver, 2008; Seli et al., 2018a) initiated by the
participants’ realization that they were close to the end of the long and
exhausting experiment (Emanuel et al., 2022). In support of this idea,
recent research indicates that implementing a continuous task progres-
sion feedback improves performance relative to not providing such
feedback (Katzir et al., 2020). Other studies suggest that task motivation
follows a U-shape curve, where effort is the highest at the start and end
of a task (Emanuel, 2019). In addition, MW reports have been found to
follow an inverse U-shape pattern in a task with predictable task de-
mands: MW reports were less frequent at the start and end of a task run,
but increased around the middle of the task run (Seli et al., 2018a).
Participants in our study were instructed in advance about the number
of blocks and were also reminded by the experimenters before starting
their last block, and hence, our results are in line with previous research
reviewed above.

The DLPFC has been proposed as a region crucial for allocating re-
sources to neural networks relevant for either off-task or on-task
cognition (Turnbull et al., 2019a). Similarly, this cortical area is part
of the fronto-parietal control network (FPCN), which has also been
related to switches in mental content (Christoff et al., 2016; Smallwood
etal., 2012; Turnbull et al., 2019b). As a consequence, increased activity
in the DLPFC induced by iTBS could have improved the efficiency of
reallocating resources between brain networks, and optimize attentional
switching between MW and on-task (e.g., Mittner et al., 2016). For
instance, the DLPFC has been found to directly modulate activity within
the DMN (Deck et al., 2023; Spreng et al., 2013), which in turn has been
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repeatedly linked to both MW (Christoff et al., 2009; Deck et al., 2023;
Fox et al., 2015) and stable task performance (Esterman et al., 2014;
Groot et al., 2022; Kucyi et al., 2017). In addition, the DLPFC is a key
region in integrating and maintaining task-related information (Cole
et al., 2010, 2016; Kim et al., 2015), and thus, it is possible that
modulating neural excitability within the DLFPC could have optimized
between-network dynamics, leading to changes in both MW propensity
and task performance. Ultimately, more research is needed to elucidate
the precise mechanisms by which the DLPFC modulates attentional
focus and task performance, respectively.

Limitations of our current study include our reliance on standardized
MNI coordinates. Optimally, individual MRI scans in combination with
functional MRI (fMRI) could be applied to improve targeting the DLPFC.
There is, however, evidence that more elaborate scalp measurements,
and even the international 10-20 system is not necessarily inferior to
individualized MRI or fMRI-based targeting approaches (Xu et al.,
2023). Furthermore, even though we implemented a sham-controlled
design, we did not include an active control condition (i.e., active
stimulation of a presumably unrelated brain area). Future studies may
want to include the stimulation of a control region (e.g., an occipital
site) in addition to the sham-control to assess the specificity of the
experimental protocol in terms of cortical targeting.

Our results open intriguing avenues for future research. We found
that applying an excitatory iTBS protocol over the left DLPFC increased
MW, reduced BV and improved AE. Future research may want to
investigate whether using continuous TBS (cTBS), a rTMS protocol
commonly believed to reduce the neuronal excitability of the stimulated
area (Huang et al., 2005), might induce the opposite effects, namely
reduce MW, increase BV, and improve AE.

Furthermore, targeting alternative brain regions that have been
shown to be involved in MW, such as the inferior parietal lobe (Nawani
et al., 2023; see also Drevland et al., 2024), might help to better un-
derstand the intricacies of MW and its relationship to various brain re-
gions. Additionally, the right DLPFC is often overlooked in favour of the
left DLPFC, but research suggests that the right DLPFC is related to
randomness generation (Groot et al., 2022). Therefore, the right DLPFC
should be an additional target for future studies attempting to provide
insight into the specific relationship between the brain, randomness
generation and MW. Moreover, future studies could use dual-coil stim-
ulation protocols targeting the DLPFC (or the angular gyrus; Drevland
et al., 2024) bilaterally to investigate whether MW and performance
could be further improved.

Furthermore, despite the negative effects of MW in sustained atten-
tion tasks, MW might be beneficial for creative problem solving (Baird
et al., 2012), and future studies could stimulate the left DLPFC with
iTBS, to increase MW, to investigate whether increased MW leads to
improved (creative) problem solving. Finally, MW is a multifaceted
phenomenon, and it might be necessary to incorporate multiple meth-
odological approaches (Mittner et al., 2014), such as simultaneous
fMRI-EEG (Groot et al., 2022) and pupillometry (Groot et al., 2021), to
study the effects of brain stimulation protocols on the delicate interplay
between EF and MW.

In summary, we found that repeated application of an iTBS protocol
over the left DLPFC withing a single experimental session increased
experiences of MW while retaining or even improving psychomotor
precision and EF (i.e., randomness generation) relative to the sham
condition. Our results are in general agreement with previous research,
indicating that rTMS over the DLPFC can improve cognitive functions,
such as faster response times, increased accuracy (Xu et al., 2023),
improved working memory and cognitive flexibility (Wu et al., 2021)
relative to sham stimulation in a way that may accumulate with
repeated stimulations (Nettekoven et al., 2014; Tse et al., 2018; Yu et al.,
2020). We argue that iTBS increased the pool of executive resources (e.
g., Smallwood and Schooler, 2006) in light of the resource-control view
of MW (Thomson et al., 2015).

Neuropsychologia 204 (2024) 109008
Data and material availability

The raw data and all used materials are publicly available at htt
ps://osf.io/txpu2/.

Funding

This work was supported by The Research Council of Norway
through the Student Research Programme in Psychology.

CRediT authorship contribution statement

Steffen Rygg Aasen: Writing — original draft, Visualization, Soft-
ware, Resources, Methodology, Investigation, Formal analysis,
Conceptualization. Ragnhild Nicolaisen Drevland: Writing — review &
editing, Resources, Methodology, Investigation, Conceptualization.
Gabor Csifcsak: Writing — review & editing, Validation, Supervision,
Methodology, Conceptualization. Matthias Mittner: Writing — review &
editing, Visualization, Validation, Supervision, Software, Resources,
Project administration, Methodology, Investigation, Funding acquisi-
tion, Formal analysis, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We want to thank all our participants for their time and effort.
Additionally, want to express our gratitude to Eirik Holst, Federica
Luzzi, and Samy Babiker for aiding in the blinding procedure.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.neuropsychologia.2024.109008.

References

Alexandersen, A., Csifcsak, G., Groot, J., Mittner, M., 2022. The effect of transcranial
direct current stimulation on the interplay between executive control, behavioral
variability and mind wandering: a registered report. Neuroimage: Reports 2 (3),
100109. https://doi.org/10.1016/j.ynirp.2022.100109.

Baddeley, A., Emslie, H., Kolodny, J., Duncan, J., 1998. Random generation and the
executive control of working memory. The Quarterly Journal of Experimental
Psychology Section A 51 (4). https://doi.org/10.1080/713755788. Article 4.

Baird, B., Smallwood, J., Mrazek, M.D., Kam, J.W.Y., Franklin, M.S., Schooler, J.W.,
2012. Inspired by distraction: mind wandering facilitates creative incubation.
Psychol. Sci. 23 (10). https://doi.org/10.1177/0956797612446024. Article 10.

Bakulin, I., Zabirova, A., Sinitsyn, D., Poydasheva, A., Lagoda, D., Suponeva, N.,
Piradov, M., 2022. Adding a second iTBS block in 15 or 60 min time interval does
not increase iTBS effects on motor cortex excitability and the responder rates. Brain
Sci. 12 (8). https://doi.org/10.3390/brainsci12081064. Article 8.

Bengtsson, S.L., Lau, H.C., Passingham, R.E., 2009. Motivation to do well enhances
responses to errors and self-monitoring. Cerebr. Cortex 19 (4), 797-804. https://doi.
org/10.1093/cercor/bhn127.

Boayue, N.M., Csifcsak, G., Aslaksen, P., Turi, Z., Antal, A., Groot, J., Hawkins, G.E.,
Forstmann, B., Opitz, A., Thielscher, A., Mittner, M., 2019. Increasing propensity to
mind-wander by transcranial direct current stimulation? A registered report. Eur. J.
Neurosci. 51 (3). https://doi.org/10.1111/ejn.14347. Article 3.

Boayue, N.M., Csifcsék, G., Kreis, 1.V., Schmidt, C., Finn, I., Hovde Vollsund, A.E.,
Mittner, M., 2020. The interplay between executive control, behavioural variability
and mind wandering: insights from a high-definition transcranial direct-current
stimulation study. Eur. J. Neurosci. 53 (5). https://doi.org/10.1111/ejn.15049.
Article 5.

Boayue, N.M., Csifcsék, G., Puonti, O., Thielscher, A., Mittner, M., 2018. Head models of
healthy and depressed adults for simulating the electric fields of non-invasive
electric brain stimulation [version 2; peer review: 2 approved]. F1000 Research 7
(Issue 704). https://doi.org/10.12688/f1000research.15125.2.

Brunoni, A.R., Amadera, J., Berbel, B., Volz, M.S., Rizzerio, B.G., Fregni, F., 2011.

A systematic review on reporting and assessment of adverse effects associated with


https://osf.io/txpu2/
https://osf.io/txpu2/
https://doi.org/10.1016/j.neuropsychologia.2024.109008
https://doi.org/10.1016/j.neuropsychologia.2024.109008
https://doi.org/10.1016/j.ynirp.2022.100109
https://doi.org/10.1080/713755788
https://doi.org/10.1177/0956797612446024
https://doi.org/10.3390/brainsci12081064
https://doi.org/10.1093/cercor/bhn127
https://doi.org/10.1093/cercor/bhn127
https://doi.org/10.1111/ejn.14347
https://doi.org/10.1111/ejn.15049
https://doi.org/10.12688/f1000research.15125.2

S.R. Aasen et al.

transcranial direct current stimulation. Int. J. Neuropsychopharmacol. 14 (8),
1133-1145. https://doi.org/10.1017/51461145710001690.

Biirkner, P.-C., 2017. Brms: an R package for bayesian multilevel models using stan.
J. Stat. Software 80, 1-28. https://doi.org/10.18637 /jss.v080.i01.

Biirkner, P.-C., Vuorre, M., 2019. Ordinal regression models in Psychology: a tutorial.
Advances in Methods and Practices in Psychological Science 2 (1), 77-101. https://
doi.org/10.1177/2515245918823199.

Christoff, K., Gordon, A.M., Smallwood, J., Smith, R., Schooler, J.W., 2009. Experience
sampling during fMRI reveals default network and executive system contributions to
mind wandering. Proc. Natl. Acad. Sci. USA 106 (21). https://doi.org/10.1073/
pnas.0900234106. Article 21.

Christoff, K., Irving, Z.C., Fox, K.C.R., Spreng, R.N., Andrews-Hanna, J.R., 2016. Mind-
wandering as spontaneous thought: a dynamic framework. Nat. Rev. Neurosci. 17
(11). https://doi.org/10.1038/nrn.2016.113. Article 11.

Chung, S.W., Rogasch, N.C., Hoy, K.E., Fitzgerald, P.B., 2018. The effect of single and
repeated prefrontal intermittent theta burst stimulation on cortical reactivity and
working memory. Brain Stimul. 11 (3), 566-574. https://doi.org/10.1016/j.
brs.2018.01.002.

Cole, M.W., Bagic, A., Kass, R., Schneider, W., 2010. Prefrontal dynamics underlying
rapid instructed task learning reverse with practice. J. Neurosci. 30 (42),
14245-14254. https://doi.org/10.1523/JNEUROSCI.1662-10.2010.

Cole, M.W., Ito, T., Braver, T.S., 2016. The behavioral relevance of task information in
human prefrontal cortex. Cerebr. Cortex 26 (6), 2497-2505. https://doi.org/
10.1093/cercor/bhv072.

Deck, B.L., Kelkar, A., Erickson, B., Erani, F., McConathey, E., Sacchetti, D., Faseyitan, O.,
Hamilton, R., Medaglia, J.D., 2023. Individual-level functional connectivity predicts
cognitive control efficiency. Neuroimage 283, 120386. https://doi.org/10.1016/j.
neuroimage.2023.120386.

Drevland, R.N., Aasen, S.R., Csifcsak, G., Mittner, M., 2024. Reducing Mind Wandering
Using Continuous Theta Burst Stimulation. OSF. https://osf.io/3j4ud.

Emanuel, A., 2019. Perceived impact as the underpinning mechanism of the end-spurt
and U-shape pacing patterns. Front. Psychol. 10. https://www.frontiersin.org/jour
nals/psychology/articles/10.3389/fpsyg.2019.01082.

Emanuel, A., Katzir, M., Liberman, N., 2022. Why do people increase effort near a
deadline? An opportunity-cost model of goal gradients. J. Exp. Psychol. Gen. 151
(11), 2910-2926. https://doi.org/10.1037/xge0001218.

Esterman, M., Rosenberg, M.D., Noonan, S.K., 2014. Intrinsic fluctuations in sustained
attention and distractor processing. J. Neurosci. 34 (5), 1724-1730. https://doi.org/
10.1523/JNEUROSCI.2658-13.2014.

Fox, K.C.R., Spreng, R.N., Ellamil, M., Andrews-Hanna, J.R., Christoff, K., 2015. The
wandering brain: meta-analysis of functional neuroimaging studies of mind-
wandering and related spontaneous thought processes. Neuroimage 111, 611-621.
https://doi.org/10.1016/j.neuroimage.2015.02.039.

Gabry, J., Cesnovar, R., Johnson, A., 2023. cmdstanr: R Interface to ‘CmdStan’ [Computer
software]. https://mc-stan.org/cmdstanr/index.html.

Groot, J.M., Boayue, N.M., Csifcsék, G., Boekel, W., Huster, R., Forstmann, B.U.,
Mittner, M., 2021. Probing the neural signature of mind wandering with
simultaneous fMRI-EEG and pupillometry. Neuroimage 224, 117412. https://doi.
org/10.1016/j.neuroimage.2020.117412.

Groot, J.M., Csifcsak, G., Wientjes, S., Forstmann, B.U., Mittner, M., 2022. Catching
wandering minds with tapping fingers: neural and behavioral insights into task-
unrelated cognition. Cerebr. Cortex. https://doi.org/10.1093/cercor/bhab494
bhab494.

Guidetti, M., Arlotti, M., Bocci, T., Bianchi, A.M., Parazzini, M., Ferrucci, R., Priori, A.,
2022. Electric fields induced in the brain by transcranial electric stimulation: a
review of in vivo recordings. Biomedicines 10 (10), 2333. https://doi.org/10.3390/
biomedicines10102333.

Huang, Y.-Z., Edwards, M.J., Rounis, E., Bhatia, K.P., Rothwell, J.C., 2005. Theta burst
stimulation of the human motor cortex. Neuron 45 (2). https://doi.org/10.1016/j.
neuron.2004.12.033. Article 2.

Katzir, M., Emanuel, A., Liberman, N., 2020. Cognitive performance is enhanced if one
knows when the task will end. Cognition 197, 104189. https://doi.org/10.1016/j.
cognition.2020.104189.

Killingsworth, M.A., Gilbert, D.T., 2010. A wandering mind is an unhappy mind. Science
330 (6006). https://doi.org/10.1126/science.1192439. Article 6006.

Kim, C., Kroger, J.K., Calhoun, V.D., Clark, V.P., 2015. The role of the frontopolar cortex
in manipulation of integrated information in working memory. Neurosci. Lett. 595,
25-29. https://doi.org/10.1016/j.neulet.2015.03.044.

Klimesch, W., Sauseng, P., Gerloff, C., 2003. Enhancing cognitive performance with
repetitive transcranial magnetic stimulation at human individual alpha frequency.
Eur. J. Neurosci. 17 (5), 1129-1133. https://doi.org/10.1046/].1460-
9568.2003.02517.x.

Kucyi, A., Esterman, M., Riley, C.S., Valera, E.M., 2016. Spontaneous default network
activity reflects behavioral variability independent of mind-wandering. Proceedings
of the National Academy of Sciences of the United States of America 113 (48),
13899-13904. https://doi.org/10.1073/pnas.1611743113.

Kucyi, A., Hove, M.J., Esterman, M., Hutchison, R.M., Valera, E.M., 2017. Dynamic brain
network correlates of spontaneous fluctuations in attention. Cerebr. Cortex 27 (3).
https://doi.org/10.1093/cercor/bhw029. Article 3.

Li, Y., Wang, L., Jia, M., Guo, J., Wang, H., Wang, M., 2017. The effects of high-frequency
rTMS over the left DLPFC on cognitive control in young healthy participants. PLoS
One 12 (6), €0179430. https://doi.org/10.1371/journal.pone.0179430.

Liddell, T.M., Kruschke, J.K., 2018. Analyzing ordinal data with metric models: what
could possibly go wrong? J. Exp. Soc. Psychol. 79, 328-348. https://doi.org/
10.1016/j.jesp.2018.08.009.

Neuropsychologia 204 (2024) 109008

Locke, H.S., Braver, T.S., 2008. Motivational influences on cognitive control: behavior,
brain activation, and individual differences. Cognit. Affect Behav. Neurosci. 8 (1),
99-112. https://doi.org/10.3758/CABN.8.1.99.

Mansouri, F.A., Tanaka, K., Buckley, M.J., 2009. Conflict-induced behavioural
adjustment: a clue to the executive functions of the prefrontal cortex. Nat. Rev.
Neurosci. 10 (2). https://doi.org/10.1038/nrn2538. Article 2.

McVay, J.C., Kane, M.J., 2010. Does mind wandering reflect executive function or
executive failure? Comment on and. Psychol. Bull. 136 (2). https://doi.org/
10.1037/a0018298. Article 2.

McVay, J.C., Kane, M.J., 2012. Drifting from slow to “d’oh!”: working memory capacity
and mind wandering predict extreme reaction times and executive control errors.
J. Exp. Psychol. Learn. Mem. Cognit. 38 (3). https://doi.org/10.1037/a0025896.
Article 3.

Mittner, M., Boekel, W., Tucker, A.M., Turner, B.M., Heathcote, A., Forstmann, B.U.,
2014. When the brain takes a break: a model-based analysis of mind wandering.

J. Neurosci. 34 (49). https://doi.org/10.1523/JNEUROSCI.2062-14.2014. Article
49.

Mittner, M., Hawkins, G.E., Boekel, W., Forstmann, B.U., 2016. A neural model of mind
wandering. Trends Cognit. Sci. 20 (8). https://doi.org/10.1016/j.tics.2016.06.004.
Article 8.

Nawani, H., Mittner, M., Csifcsdk, G., 2023. Modulation of mind wandering using
transcranial direct current stimulation: a meta-analysis based on electric field
modeling. Neuroimage 272, 120051. https://doi.org/10.1016/j.
neuroimage.2023.120051.

Nettekoven, C., Volz, L.J., Kutscha, M., Pool, E.-M., Rehme, A.K., Eickhoff, S.B., Fink, G.
R., Grefkes, C., 2014. Dose-dependent effects of theta burst rTMS on cortical
excitability and resting-state connectivity of the human motor system. J. Neurosci.
34 (20), 6849-6859. https://doi.org/10.1523/JNEUROSCI.4993-13.2014.

Pincus, S., Kalman, R.E., 1997. Not all (possibly) “random” sequences are created equal.
Proc. Natl. Acad. Sci. USA 94 (8). https://doi.org/10.1073/pnas.94.8.3513. Article
8.

Priori, A., Hallett, M., Rothwell, J.C., 2009. Repetitive transcranial magnetic stimulation
or transcranial direct current stimulation? Brain Stimul. 2 (4). https://doi.org/
10.1016/].brs.2009.02.004. Article 4.

Robertson, I.H., Manly, T., Andrade, J., Baddeley, B.T., Yiend, J., 1997. ‘Oops!’:
performance correlates of everyday attentional failures in traumatic brain injured
and normal subjects. Neuropsychologia 35 (6). https://doi.org/10.1016/S002.8-
3932(97)00015-8. Article 6.

Rossini, P.M., Burke, D., Chen, R., Cohen, L.G., Daskalakis, Z., Di Iorio, R., Di Lazzaro, V.,
Ferreri, F., Fitzgerald, P.B., George, M.S., Hallett, M., Lefaucheur, J.P., Langguth, B.,
Matsumoto, H., Miniussi, C., Nitsche, M.A., Pascual-Leone, A., Paulus, W., Rossi, S.,
et al., 2015. Non-invasive electrical and magnetic stimulation of the brain, spinal
cord, roots and peripheral nerves: basic principles and procedures for routine clinical
and research application. An updated report from an L.F.C.N. Committee. Clin.
Neurophysiol. 126 (6). https://doi.org/10.1016/j.clinph.2015.02.001. Article 6.

Saturnino, G.B., Puonti, O., Nielsen, J.D., Antonenko, D., Madsen, K.H., Thielscher, A.,
2019. SimNIBS 2.1: a comprehensive pipeline for individualized electric field
modelling for transcranial brain stimulation. In: Makarov, S., Horner, M.,
Noetscher, G. (Eds.), Brain and Human Body Modeling: Computational Human
Modeling at EMBC 2018. Springer International Publishing, pp. 3-25. https://doi.
org/10.1007/978-3-030-21293-3_1.

Seli, P., Carriere, J.S.A., Wammes, J.D., Risko, E.F., Schacter, D.L., Smilek, D., 2018a. On
the clock: evidence for the rapid and strategic modulation of mind wandering.
Psychol. Sci. 29 (8), 1247-1256. https://doi.org/10.1177/0956797618761039.

Seli, P., Cheyne, J.A., Smilek, D., 2013. Wandering minds and wavering rhythms: linking
mind wandering and behavioral variability. J. Exp. Psychol. Hum. Percept. Perform.
39 (1). https://doi.org/10.1037/a0030954. Article 1.

Seli, P., Konishi, M., Risko, E.F., Smilek, D., 2018b. The role of task difficulty in
theoretical accounts of mind wandering. Conscious. Cognit. 65, 255-262. https://
doi.org/10.1016/j.concog.2018.08.005.

Smallwood, J., Brown, K., Baird, B., Schooler, J.W., 2012. Cooperation between the
default mode network and the frontal-parietal network in the production of an
internal train of thought. Brain Res. 1428, 60-70. https://doi.org/10.1016/j.
brainres.2011.03.072.

Smallwood, J., Schooler, J.W., 2006. The restless mind. Psychol. Bull. 132 (6). https://
doi.org/10.1037/0033-2909.132.6.946. Article 6.

Smallwood, J., Schooler, J.W., 2015. The science of mind wandering: empirically
navigating the stream of consciousness. Annu. Rev. Psychol. 66 (1). https://doi.org/
10.1146/annurev-psych-010814-015331. Article 1.

Spreng, R.N., Sepulcre, J., Turner, G.R., Stevens, W.D., Schacter, D.L., 2013. Intrinsic
architecture underlying the relations among the default, dorsal attention, and
frontoparietal control networks of the human brain. J. Cognit. Neurosci. 25 (1),
74-86. https://doi.org/10.1162/jocn_a_00281.

Stan Development Team, 2024. Stan Modeling Language Users Guide and Reference
Manual (version 2.34). https://mc-stan.org/docs/2_34.

Teasdale, J.D., Dritschel, B.H., Taylor, M.J., Proctor, L., Lloyd, C.A., Nimmo-Smith, I.,
Baddeley, A.D., 1995. Stimulus-independent thought depends on central executive
resources. Mem. Cognit. 23 (5). https://doi.org/10.3758/BF03197257. Article 5.

Thomson, A.C., Graaf, T. A. de, Kenis, G., Rutten, B.P.F., Schuhmann, T., Sack, A.T.,
2019. No additive meta plasticity effects of accelerated iTBS with short inter-session
intervals. Brain Stimul.: Basic, Translational, and Clinical Research in
Neuromodulation 12 (5), 1301-1303. https://doi.org/10.1016/j.brs.2019.05.012.

Thomson, Besner, D., Smilek, D., 2015. A resource-control account of sustained
attention: evidence from mind-wandering and vigilance paradigms. Perspect.
Psychol. Sci. 10 (1), 82-96. https://doi.org/10.1177/1745691614556681.


https://doi.org/10.1017/S1461145710001690
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1177/2515245918823199
https://doi.org/10.1177/2515245918823199
https://doi.org/10.1073/pnas.0900234106
https://doi.org/10.1073/pnas.0900234106
https://doi.org/10.1038/nrn.2016.113
https://doi.org/10.1016/j.brs.2018.01.002
https://doi.org/10.1016/j.brs.2018.01.002
https://doi.org/10.1523/JNEUROSCI.1662-10.2010
https://doi.org/10.1093/cercor/bhv072
https://doi.org/10.1093/cercor/bhv072
https://doi.org/10.1016/j.neuroimage.2023.120386
https://doi.org/10.1016/j.neuroimage.2023.120386
https://osf.io/3j4ud
https://www.frontiersin.org/journals/psychology/articles/10.3389/fpsyg.2019.01082
https://www.frontiersin.org/journals/psychology/articles/10.3389/fpsyg.2019.01082
https://doi.org/10.1037/xge0001218
https://doi.org/10.1523/JNEUROSCI.2658-13.2014
https://doi.org/10.1523/JNEUROSCI.2658-13.2014
https://doi.org/10.1016/j.neuroimage.2015.02.039
https://mc-stan.org/cmdstanr/index.html
https://doi.org/10.1016/j.neuroimage.2020.117412
https://doi.org/10.1016/j.neuroimage.2020.117412
https://doi.org/10.1093/cercor/bhab494
https://doi.org/10.3390/biomedicines10102333
https://doi.org/10.3390/biomedicines10102333
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1016/j.cognition.2020.104189
https://doi.org/10.1016/j.cognition.2020.104189
https://doi.org/10.1126/science.1192439
https://doi.org/10.1016/j.neulet.2015.03.044
https://doi.org/10.1046/j.1460-9568.2003.02517.x
https://doi.org/10.1046/j.1460-9568.2003.02517.x
https://doi.org/10.1073/pnas.1611743113
https://doi.org/10.1093/cercor/bhw029
https://doi.org/10.1371/journal.pone.0179430
https://doi.org/10.1016/j.jesp.2018.08.009
https://doi.org/10.1016/j.jesp.2018.08.009
https://doi.org/10.3758/CABN.8.1.99
https://doi.org/10.1038/nrn2538
https://doi.org/10.1037/a0018298
https://doi.org/10.1037/a0018298
https://doi.org/10.1037/a0025896
https://doi.org/10.1523/JNEUROSCI.2062-14.2014
https://doi.org/10.1016/j.tics.2016.06.004
https://doi.org/10.1016/j.neuroimage.2023.120051
https://doi.org/10.1016/j.neuroimage.2023.120051
https://doi.org/10.1523/JNEUROSCI.4993-13.2014
https://doi.org/10.1073/pnas.94.8.3513
https://doi.org/10.1016/j.brs.2009.02.004
https://doi.org/10.1016/j.brs.2009.02.004
https://doi.org/10.1016/S0028-3932(97)00015-8
https://doi.org/10.1016/S0028-3932(97)00015-8
https://doi.org/10.1016/j.clinph.2015.02.001
https://doi.org/10.1007/978-3-030-21293-3_1
https://doi.org/10.1007/978-3-030-21293-3_1
https://doi.org/10.1177/0956797618761039
https://doi.org/10.1037/a0030954
https://doi.org/10.1016/j.concog.2018.08.005
https://doi.org/10.1016/j.concog.2018.08.005
https://doi.org/10.1016/j.brainres.2011.03.072
https://doi.org/10.1016/j.brainres.2011.03.072
https://doi.org/10.1037/0033-2909.132.6.946
https://doi.org/10.1037/0033-2909.132.6.946
https://doi.org/10.1146/annurev-psych-010814-015331
https://doi.org/10.1146/annurev-psych-010814-015331
https://doi.org/10.1162/jocn_a_00281
https://mc-stan.org/docs/2_34
https://doi.org/10.3758/BF03197257
https://doi.org/10.1016/j.brs.2019.05.012
https://doi.org/10.1177/1745691614556681

S.R. Aasen et al.

Tse, N.Y., Goldsworthy, M.R., Ridding, M.C., Coxon, J.P., Fitzgerald, P.B., Fornito, A.,
Rogasch, N.C., 2018. The effect of stimulation interval on plasticity following

repeated blocks of intermittent theta burst stimulation. Sci. Rep. 8 (1). https://doi.

org/10.1038/541598-018-26791-w. Article 1.

Turi, Z., Normann, C., Domschke, K., Vlachos, A., 2021. Transcranial magnetic
stimulation in psychiatry: is there a need for electric field standardization? Front.
Hum. Neurosci. 15, 639640. https://doi.org/10.3389/fnhum.2021.639640.

Turnbull, A., Wang, H.T., Murphy, C., Ho, N.S.P., Wang, X., Sormaz, M.,
Karapanagiotidis, T., Leech, R.M., Bernhardt, B., Margulies, D.S., Vatansever, D.,
Jefferies, E., Smallwood, J., 2019a. Left dorsolateral prefrontal cortex supports
context-dependent prioritisation of off-task thought. Nat. Commun. 10 (1), 3816.
https://doi.org/10.1038/s41467-019-11764-y.

Turnbull, A., Wang, H.-T., Schooler, J.W., Jefferies, E., Margulies, D.S., Smallwood, J.,
2019b. The ebb and flow of attention: between-subject variation in intrinsic
connectivity and cognition associated with the dynamics of ongoing experience.
Neuroimage 185, 286-299. https://doi.org/10.1016/j.neuroimage.2018.09.069.

Vékony, T., Farkas, B., Brezdczki, B., Mittner, M., Csifcsak, G., Simor, P., Nemeth, D.,

2023. Mind wandering enhances predictive processing [Preprint]. Review. https://doi.

org/10.21203/1s.3.rs-2874035/v1.

Neuropsychologia 204 (2024) 109008

Wu, X., Wang, L., Geng, Z., Wei, L., Yan, Y., Xie, C., Chen, X., Ji, G.-J., Tian, Y., Wang, K.,
2021. Improved cognitive promotion through accelerated magnetic stimulation.
eNeuro 8 (1). https://doi.org/10.1523/ENEURO.0392-20.2020.

Xu, M., Nikolin, S., Samaratunga, N., Chow, E.J.H., Loo, C.K., Martin, D.M., 2023.
Cognitive effects following offline high-frequency repetitive transcranial magnetic
stimulation (HF-rTMS) in healthy populations: a systematic review and meta-
analysis. Neuropsychol. Rev. https://doi.org/10.1007/s11065-023-09580-9.

Yanko, M.R., Spalek, T.M., 2013. Route familiarity breeds inattention: a driving
simulator study. Accid. Anal. Prev. 57, 80-86. https://doi.org/10.1016/j.
aap.2013.04.003.

Yanko, M.R., Spalek, T.M., 2014. Driving with the wandering mind: the effect that mind-
wandering has on driving performance. Hum. Factors: The Journal of the Human
Factors and Ergonomics Society 56 (2). https://doi.org/10.1177/
0018720813495280. Article 2.

Yu, F., Tang, X., Hu, R,, Liang, S., Wang, W., Tian, S., Wu, Y., Yuan, T.-F., Zhu, Y., 2020.
The after-effect of accelerated intermittent theta burst stimulation at different
session intervals. Front. Neurosci. 14. https://doi.org/10.3389/fnins.2020.00576.


https://doi.org/10.1038/s41598-018-26791-w
https://doi.org/10.1038/s41598-018-26791-w
https://doi.org/10.3389/fnhum.2021.639640
https://doi.org/10.1038/s41467-019-11764-y
https://doi.org/10.1016/j.neuroimage.2018.09.069
https://doi.org/10.21203/rs.3.rs-2874035/v1
https://doi.org/10.21203/rs.3.rs-2874035/v1
https://doi.org/10.1523/ENEURO.0392-20.2020
https://doi.org/10.1007/s11065-023-09580-9
https://doi.org/10.1016/j.aap.2013.04.003
https://doi.org/10.1016/j.aap.2013.04.003
https://doi.org/10.1177/0018720813495280
https://doi.org/10.1177/0018720813495280
https://doi.org/10.3389/fnins.2020.00576

	Increasing mind wandering with accelerated intermittent theta burst stimulation over the left dorsolateral prefrontal cortex
	1 Method
	1.1 Study design
	1.2 Participants
	1.3 The FT-RSGT
	1.4 iTBS protocol
	1.5 Procedure
	1.6 Statistical analysis
	1.6.1 Bayesian exploratory analysis


	2 Results
	2.1 Blinding efficacy and side effects of the stimulation
	2.2 Pre-registered analyses
	2.3 Exploratory analyses
	2.3.1 Effects of stimulation on MW
	2.3.2 Effects of stimulation on task performance
	2.3.3 Accumulating effect of the iTBS protocol


	3 Discussion
	Data and material availability
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


