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Flexible emotion regulation is essential for mental health and well-being. However, neurocognitive 
mechanisms supporting emotion regulation flexibility remain unclear. Lateral frontal pole (FPl) 
contributes to flexible behavior by monitoring the efficacy of alternative strategies. This preregistered 
study examines if FPl also supports flexible use of emotion regulation strategies. It focuses on pre-
decision theta-band activity as a potential indicator of this adaptive process. Sixty-three participants 
performed an emotion regulation strategy-switching task, involving three phases: (1) implementing 
an instructed (reappraisal or distraction) strategy, (2) deciding whether to ‘maintain’ the current or 
‘switch’ to the alternative strategy, and (3) implementing the chosen strategy. Results showed that 
switching is predicted by the reduced efficacy of an initial emotion regulation strategy (indexed with 
EMG corrugator activity) and is made in accordance with situational demands (stimulus reappraisal 
affordances). Critically, switching to an alternative emotion regulation strategy is associated 
with increased theta-band power in FPl around the time of the decision. These findings support 
the previously established role of FPl theta-band activity in monitoring counterfactual efficacy of 
alternative strategies. Crucially, they extend this notion to cognitive emotion regulation, thereby 
offering promising neural targets for stimulation-based therapies aimed at enhancing emotion 
regulation flexibility in affective psychopathologies.
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Emotion regulation flexibility, the ability to shift regulatory strategies when the current implementation falls 
short, is central to well-being1,2. Choosing between emotion regulation strategies requires comparing the efficacy 
of the current strategy with that of alternative strategies. Converging evidence suggests that the frontopolar 
cortex is implicated in monitoring and evaluating the validity of current (medial part) and alternative tasks 
(lateral part), enabling flexible switching between them3. Indeed, functional magnetic resonance imaging 
(fMRI) studies show that lateral frontal pole (FPl) is consistently active when individuals: perform emotion 
regulation tasks that allow the use of multiple versus single emotion regulation strategies4; implement controlled 
vs. automatic emotional actions in emotional approach-avoidance tasks5,6; and arbitrate between alternative 
decisions to maximize rewards in reinforcement learning tasks7,8. Based on these insights, recent emotion 
regulation theories, such as flexible emotional control theory (FECT)4,9, have proposed that FPl monitors the 
counterfactual efficacy of concurrently available emotion regulation strategies (i.e., the efficacy of the strategies 
that could have been implemented instead), driving the decision to switch to an alternative strategy when 
the current strategy is ineffective or suboptimal for the given situational demands. However, no prior studies 
have investigated whether FPl is indeed involved in switching between emotion regulation strategies. Here, we 
aim to investigate whether FPl activity, previously associated with behavioral strategy-switching10–12, is also 
implicated in emotion regulation strategy-switching. Such evidence would provide direct support for the role of 
counterfactual monitoring processes in flexible emotion regulation, as proposed by FECT4,9. Moreover, it could 
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suggest a potential neural target for brain stimulation protocols for conditions in which emotion regulation falls 
short.

In this preregistered study, we focused on theta-band activity in FPl, given the well-established role of 
frontopolar theta oscillations in higher-order (meta-)cognitive processes11,13–16, including various forms of top-
down control, such as emotional action control5,10. Frontopolar theta-band oscillations are thought to organize 
local and long-range neural activity by temporally releasing neurons from inhibition, creating overlapping 
periods of excitability across the neuronal network involved in the execution of a particular task12,17. Theta-band 
activity in FPl has been associated with control over social-emotional behavior, particularly when a prepotent 
emotional response has to be overridden in favor of an alternative action5,10. Furthermore, during reward-based 
reinforcement learning, FPl theta-band power increases before a switch to an alternative, explorative action11. 
These observations fit with the hypothesized role of FPl in monitoring the potential benefit of counterfactual 
strategies4,7. This function might be especially relevant for emotion regulation, where the congruency between 
the current emotional state and the emotion regulation goal has to be evaluated and integrated into regulatory 
decisions, a role for which FPl is well-suited18. Such integration of goal representations with emotional 
information is essential for flexible and context-sensitive behavior19. However, this hypothesized role of FPl 
theta in emotion regulation strategy monitoring and switching remains to be empirically determined. The 
primary goal of this study was to therefore test whether increased theta-band power over FPl is associated with 
flexible decisions to switch to an alternative emotion regulation strategy, extending the established role of FPl in 
counterfactual decision-making to cognitive emotion regulation.

When evidence in favor of the alternative strategy increases during decision making, FPl may influence 
downstream activity in posterior parietal cortex (PPC), a region hypothesized to implement switching7. 
Specifically, FPl increases functional connectivity with PPC before the implementation of switching in value-
based reinforcement-learning paradigms. Moreover, when selecting alternative emotional actions, FPl increases 
interregional communication with downstream parieto-frontal areas that are implicated in action execution10. 
This is reflected in modulations of gamma-band activity in sensorimotor cortex, by the phase of theta-band 
oscillations in FPl. We thus additionally tested coupling between the theta-phase in FPl and gamma-power in 
PPC during decisions to switch to the alternative vs. maintaining the current emotion regulation strategy.

To test the predicted role of FPl in flexible emotion regulation, we re-analyzed data from a previous 
preregistered EEG/EMG study20, now with a specific focus on neural oscillatory activity during the decision 
to switch emotion regulation strategies. Sixty-three participants were taught two emotion regulation strategies: 
Distraction and reappraisal21–23. Reappraisal involved changing the meaning of the depicted negative situation 
(reinterpretation type of reappraisal), whereas distraction involved thinking of something neutral and unrelated 
to this situation22,24,25. We chose these two cognitive strategies as they constitute the most commonly investigated 
forms of emotion regulation, and they have been used in prior work on strategy monitoring and switching26,27. 
Moreover, both these strategies are frequently used in everyday life as well as clinical practice28,29, yet their 
efficacy seems to be differently moderated by various cognitive (e.g., working memory load)30 and situational 
factors (e.g., stimulus intensity)25,31,32. This complementary, context-dependent efficacy makes them useful to 
study flexible strategy-switching decisions.

On each trial (Fig. 1D), participants first implemented an initial (instructed) emotion regulation strategy 
while seeing a highly arousing negative picture and then decided whether they wanted to maintain this current 
strategy or switch to the alternative strategy. Subsequently, the picture was presented again and participants 
were asked to implement the chosen (reappraisal or distraction) strategy (cf.27 ). To induce switching between 
these strategies, we presented pictures that were either easy or difficult to reinterpret (high or low reappraisal 
affordance level, respectively; cf.33). Reappraisal affordance is defined as the opportunities for semantic 
reinterpretation that are inherent in a stimulus33,34. For instance, an image of a crying child sitting at the table 
offers more opportunities for reappraisal (e.g., a child did not want to stop playing with a friend to eat dinner) 
and is thus easier to reappraise than an image of a homeless person facing the ground (as the aversive meaning 
is unequivocal). Thus, the former image has higher reappraisal affordances than the latter (see examples from 
Fig. 1A). Here, reappraisal affordances were manipulated by selecting pictures based on how subjectively easy 
and effective it was to reappraise them, which was determined in a separate pilot study (see our preregistration 
and the Method section for details).ÿ

First, we verified whether switching was made in accordance with reappraisal affordance and whether it was 
predicted by the reduced efficacy of the initial emotion regulation strategy, based on facial electromyography 
(EMG) corrugator supercilii activity. EMG corrugator activity is a well-established marker of negative affect35 
that is a robust measure of emotion regulation efficacy36–38 and that has recently been shown to predict switching 
between reappraisal and distraction strategies20,26. Then, we applied time–frequency and source reconstruction 
analyses, to assess increases in FPl theta-power, as well as connectivity analyses, to test the increased FPl theta-
PPC gamma coupling, for trials where individuals decided to switch vs. maintain the emotion regulation strategy.

Results
Participants switch more when current emotion regulation strategy is less effective
Participants switched on 32.1% (SD = 12.9%) of the trials, and significantly more often when the instructed 
strategy was suboptimal for the stimulus category (reappraisal affordance), i.e. from distraction to reappraisal 
in response to high affordance pictures, and vice versa for low affordance pictures (see Fig. 1B); strategy by 
affordance interaction, χ2(1) = 59.8, p < 0.0001, odds ratio = 10.9. Moreover, switching (vs. maintaining) the 
instructed strategy was preceded by increased corrugator activity (i.e., increased negative affect) during the 
initial strategy implementation phase (see Fig.  1C), F(1, 54.9) = 6.65, p = 0.013, d = 0.64, suggesting reduced 
efficacy of the initial strategy in downregulating negative affect. There was no general preference for one strategy 
over the other (M switch-to-reappraisal = 35.5, M switch-to-distraction = 28.8), main effect of strategy on switching decisions, 
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p = 0.12. Together, these results confirm that switching to the alternative emotion regulation strategy was made in 
accordance with situational demands (affordances) and was predicted by reduced efficacy of the initial emotion 
regulation strategy.

Theta-band power increases in lateral frontopolar cortex prior to switch decisions.
As compared to a baseline window (-1.2 s to -1 s relative to response onset), theta-band power increased over all 
frontal electrodes prior to making a decision to switch or maintain the current strategy; p < 0.0001, 26 channels, 
-0.95 s to 0.20 s relative to response onset, Fig. 2A–C. Notably, this increase was stronger over left lateral frontal 
channels in trials leading up to a switch as compared to a maintain decision; p = 0.029, 9 channels; 2–6 Hz, -0.25 
to 0.20  s relative to response onset, Fig. 2D–F. Reconstructing the cortical sources of this difference showed 
increases in theta-band activity (4 Hz ± 2 Hz of smoothing) over the left lateral frontopolar cortex and temporal-

Fig. 1.  Emotion regulation strategy switching task, behavioral and peripheral physiological results. (A) 
Manipulation of Reappraisal Affordances: High Affordance pictures were expected to evoke Maintain-
Reappraisal and Switch-to-Reappraisal decisions, and Low Affordance pictures Maintain-Distraction and 
Switch-to-Distraction decisions. (B) Reappraisal Affordance induced the expected switching between emotion 
regulation strategies (see A). (C) Switching from an instructed strategy was predicted by increased EMG 
corrugator peripheral physiological activity during initial strategy implementation, suggesting reduced strategy 
efficacy in downregulating emotional responses. Boxplots show significance of simple effects comprising a 
significant Instructed Strategy x Reappraisal Affordance interaction (see B) and the main effect of Decision 
on corrugator activity (see C). Squares inside the box indicate the group mean, individual participants’ results 
are shown as a scatterplot along the whisker. *** p < 0.001, ** p < 0.003, * p < 0.02. (D) Emotion Regulation 
Switching Task: Sample trial structure. Presentation duration of the pictures and instruction was fixed. 
Duration of the fixation cross varied between 1.25 and 1.75 s (M = 1.5 s). Inter-stimulus intervals (blank screen) 
varied between 0.3 and 0.7 s (M = 0.5 s). The red box outline marks the decision trial phase for which the EEG 
results are reported (see Fig. 2).
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parietal areas (Fig. 2G). A grid point of the peak frontal increase in theta-band power was identified as the left 
frontal pole/anterior prefrontal cortex (MNI: -32 66 0; Fig. 2H) and of the peak temporal-parietal increase as 
left superior temporal gyrus/supramarginal gyrus [SMG; (MNI: -52 -44 16)]. As preregistered, we also verified 
whether theta-band power increases in medial frontopolar cortex (FPm) when deciding to maintain vs. switch 

Fig. 2.  Decision to switch strategies increases theta-band power in left lateral frontopolar cortex. (A) Time–
frequency plot of grand average changes in power across all trials (-1 sec before to 0.2 s after response) 
compared to a baseline period (-1.2 to -1 s before response) averaged over all frontal channels. The dashed 
box shows the interval with a significant increase in theta-band activity (-0.95 s before to 0.2 s after response; 
2-6 Hz) .  (B) Topographic distribution of channels with a significant theta power difference: Task vs. baseline. 
Please note that this plot shows t-values, and the corresponding channel significance (marked with asterisks), 
averaged over time-window and frequencies for which the significant theta power increase was observed (see 
A). Thus, frontal channels with the most consistent theta power differences across time and frequencies are 
shown as significant (N = 16 out of 26). (C) Baseline-corrected changes over time in theta-band power (2-6 
Hz) averaged across significant channels and both conditions. The epoch with a significant difference in theta 
activity as compared to baseline is marked in grey. (D) Time–frequency plot of relative power differences 
between task conditions (switch vs. maintain) averaged over channels with a significant effect (see E). The 
dashed box shows the interval with a significant switch effect (-0.25 s before to 0.2 s after response; 2-6 Hz). 
(E) Topographic distribution of channels with a significant switch effect (asterisks). (F) Changes over time in 
theta-band power (2-6 Hz) averaged across significant channels (see E). The epoch with a significant difference 
between the switch vs. maintain condition is marked in grey. (G) Cortical distribution of theta-band (4 Hz) 
switch effects at the source level (frontal and left view). The dashed circles indicate locations from which the 
theta-band activity was extracted for the connectivity analyses.  (H) Time series of 2-6 Hz activity extracted 
from left lateral frontopolar cortex (MNI: -32 66 0; see G). 
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emotion regulation strategy4,9. There were no clusters indicating an increase in theta-band activity over medial 
frontopolar cortex (FPm) in the maintain vs. switch condition.

Neural coupling between frontopolar and downstream parietal and temporal cortices.
We next tested the hypothesis that FPl increases neuronal coupling with PPC when participants decide to switch 
from vs. maintain an instructed strategy. There was no statistically significant task vs. baseline difference in 
gamma-band power (40–90  Hz) over parietal channels (N = 11), p = 0.060. Moreover, the decision to switch 
vs. maintain a strategy did not increase gamma-band activity in the PPC (source reconstruction defined as 
average activity of inferior and superior parietal lobules; see Method section for details) in the time-window of 
increased theta-band activity (−0.95 to 0.2 s relative to response onset). However, given that frontopolar theta 
might increase timing rather than firing rates of the gamma-band activity39, we calculated phase-amplitude 
coupling (PAC) between 4 Hz theta oscillations in FPl and reconstructed gamma-band power over PPC for 
switch and maintain trials and compared PAC between switch and maintain trials using Modulation Index40. 
We also compared potential modulation of PPC excitability in different phases of FPl theta-band signal, as 
estimated through the slope of the power spectrum for switch versus maintain trials41. Both methods did not 
result in statistically significant modulation of PPC activity/excitability by the FPl theta-band phase, p > 0.08. 
Finally, we explored phase synchronization between FPl and SMG (which also showed increased theta-band 
power) with imaginary part of coherency (iCoh)42 and phase-slope index (PSI)43. Neither iCoh nor PSI revealed 
a significantly stronger synchronization in the theta-band (4 Hz) in switch versus maintain trials around the 
time of the decision, p > 0.49.

Discussion
This study investigated cortical oscillatory mechanisms supporting flexible switching decisions between 
alternative emotion regulation strategies. Our principal result is that FPl, a region involved in monitoring and 
switching between alternative behavioral strategies based on their possible advantages over the current strategy, 
is also involved in switching between cognitive emotion regulation strategies. Concretely, just before participants 
decide to switch to the alternative emotion regulation strategy, theta-band power increases over FPl, compared 
to when participants maintain the current strategy. This finding provides novel evidence for the involvement of 
FPl in emotion regulation strategy-switching.

Frontopolar theta-band activity supports exploration of alternative emotion regulation 
strategies
Our primary finding of increased FPl theta-band power before switch vs. maintain decisions supports the notion 
that this region is implicated in switching to an alternative emotion regulation strategy4,9. FPl has been involved 
in monitoring the relative benefit of counterfactual options in cognitive decision-making studies which enables 
rapid adjustment of behavior when the current strategy becomes unreliable3,7,8. Recent evidence shows that this 
extends to instances where goal-directed and affective information has to be combined to inform appropriate 
strategies18. FPl is especially well-suited for this role, given its access to both lateral and medial circuits44, and 
direct connections from the amygdala complex6,45. Indeed, a meta-analysis of 77 fMRI studies on cognitive 
emotion regulation showed that FPl is active when participants are allowed to use multiple (vs. single) emotion 
regulation strategies (N = 42 studies)4. Similarly, FPl is implicated in emotional action control, when participants 
select alternative (emotion-incongruent) vs. automatic (emotion-congruent) strategies5,46.

Our behavioral and EMG corrugator results show that strategy-switching decisions are not random but are 
predominantly made in response to stimuli for which the current (instructed) emotion regulation strategy was 
suboptimal, as shown by the strategy by affordance effect on switching, or ineffective, as shown by increased 
EMG corrugator amplitudes during initial strategy implementation in switch vs. maintain trials. This increased 
corrugator activity, a marker of negative affect, might reflect decreased emotion regulation success, after which 
FPl signals a switch. Putatively, FPl integrates information about the current strategy efficacy (emotional state) 
with the (regulation) goal state, which serves as counterfactual evidence for switching strategies. That is, increased 
FPl theta-band power observed immediately before the decision to switch (vs. maintain) an emotion regulation 
strategy might reflect the process of weighing the evidence for the alternative relative to the current strategy, 
which directly drives the switching decision4,9. This interpretation is in line with prior studies showing increased 
frontopolar theta power before switching to an alternative strategy in a reward-based reinforcement learning 
paradigm11, and before selecting alternative, rule-based actions in an emotional action control paradigm5,10, 
where emotion–goal integration is critical for flexible goal-directed behavior.

Theoretical accounts suggested that FPl continuously monitors the relative advantage of switching to an 
alternative strategy3,4,9. We thus expected that FPl would be involved in monitoring the relative advantage of 
switching to the alternative ER strategy already during initial strategy implementation. We did however not find 
evidence for increased FPl theta-band activity in the switch vs. maintain condition during this trial phase. It 
might be that in our study evidence for the strategies was not accumulated/evaluated until after the completion 
of the strategy implementation. This is in agreement with previous value-based decision-making studies, where 
FPl activity peaked around the time of the decision (i.e., response) to switch to the alternative strategy7,11.

FPl connectivity with other brain circuits
When an alternative strategy becomes favorable, FPl might relay that information to downstream regions, such 
as PPC, by creating overlapping periods of excitability through theta-band synchronous activity, implementing 
the switch10,12,47. In this study, however, we did not observe convincing evidence for the hypothesized FPl theta-
PPC gamma coupling. It is important to emphasize that we took several measures to mitigate the possibility 
that these null results were due to low statistical power. First, we excluded participants that lacked a minimum 
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preregistered number of trials per condition. Second, we applied orthogonal Slepian sequence tapers for 
frequencies above 40 Hz, which are designed to increase signal-to-noise ratio (SNR) by reducing the variance of 
the signal thanks to spectral smoothing. This multi-taper method is especially useful for lower trial counts as well 
as broadband EEG activity that usually has a higher variability. Finally, as an additional artifact rejection step, 
we inspected all individual time–frequency plots computed for parietal channels to identify individuals who 
had strong motor-related artifacts in the gamma range around the time of response. Given these precautionary 
measures, we believe that our null theta-gamma coupling results might be due to relatively low sensitivity of EEG 
to gamma-band frequencies48. Alternatively, reappraisal and distraction switches could be implemented through 
dissociable neural circuits49–51. Unfortunately, the insufficient number of switch trials per strategy precludes 
exploring this possibility in the current study. It is also possible that in our task the switching decision reflected 
behavioral expression of the intention to switch to an alternative strategy (upon stimulus re-encounter) and 
that FPl interacted with PPC at some later post-choice (pre-)implementation phase of the trial (see Fig. 1D). 
Future studies might thus use techniques that are more sensitive to high-frequency activity (e.g. MEG), increase 
the number of trials per strategy (e.g., by shortening the trial duration), and instruct participants to switch (or 
maintain) strategies immediately upon the decision (i.e., response delivery) to increase the chances of detecting 
downstream region(s) with which FPl interacts to implement the switches.

It would be also interesting to examine in future studies how counterfactual computations in FPl might 
be integrated with computations of other brain circuits involved in cognitive control and decision-making. 
For instance, a recent study suggested that distinct frontoparietal theta networks are associated with switch-
related, proactive control processes, and interference-related, reactive control processes52. It would be thus 
interesting to measure connectivity between FPl and proactive/reactive cognitive control networks. Moreover, 
given that FPl exerts control over the most integrated aspects of information processing, it would be interesting 
to measure efferent projections from FPl towards higher-order association areas with which FPl it is densely 
and reciprocally connected53,54. Finally, FPl theta-band activity has been associated with prospective memory, 
i.e., forming intentions toward future behaviour15, mental simulation and execution of planned behavior55, 
and metacognition, that is monitoring and evaluation of one’s own cognitive processes13,14. It would thus be 
interesting to parse these processes in future studies on emotion regulation strategy-switching to see how they 
relate to FPl theta-band activity and its connectivity with other downstream regions.

Role of the FPm and the reasons for switching strategies
Our study also did not reveal the theta-band increase in FPm activity, which has been proposed to reflect 
monitoring of the benefit of the current strategy3,4,9. This might be because participants sometimes select 
strategies that are less effective in achieving the desired emotion regulation goal. Specifically, in this study 
participants predominantly decided to maintain reappraisal for high affordance stimuli, even though reappraisal 
was overall less effective than distraction, in terms of downregulation effects20,56. This suggests that factors 
other than immediate strategy efficacy may contribute to the decision to maintain (and switch) an emotion 
regulation strategy. For instance, participants may decide to maintain strategies to avoid task-switching effort57 
or to get a second chance to implement the same strategy in an alternative way (i.e., using a different ‘tactic’)58,59. 
Although in this study we did observe adaptive, context-sensitive strategy-switching decisions1, participants 
decided to maintain the initial strategy on most of the trials. This is in line with previous studies on flexible 
emotion regulation decisions27, and a recent research which suggests that people preferably choose recently 
or frequently employed emotion regulation strategies57. An influence of other factors beyond strategy efficacy 
on emotion regulation decisions could potentially explain the lack of increased FPm activity in the maintain 
condition. Future studies would benefit from controlling the impact of such other factors, for instance, by asking 
participants about their motivations for switching (or maintaining) a particular emotion regulation strategy on 
some trials.

Clinical implications
Aberrant FPl function has been reported in various clinical conditions. For instance, FPl shows hyperactivity 
at rest, but hypoactivity during implementation of social-emotional action control in socially anxious6 or 
psychopathic individuals60. Moreover, FPl shows abnormal connectivity with the reward system in individuals 
with major depression disorder61. By contrast, increased activity in left FPl (both at rest and during reappraisal-
based emotion regulation) has been reported as the most prominent and clinically relevant brain change 
following successful treatment for post-traumatic stress disorder (PTSD)62. Relatedly, increased frontopolar 
activity during emotional control before exposure to a traumatic event has been associated with lower PTSD 
symptoms after traumatic exposure63. Our study suggests that FPl function is involved in context-sensitive 
modulation of emotional control and may thus serve as a transdiagnostic neural target for stimulation-based 
therapies for affective disorders involving deficient recruitment of this region. Improving flexible emotional 
control could be achieved by targeting FPl using transcranial direct current (tDCS) or magnetic stimulation 
(TMS)64–68, or, once the downstream region with which FPl interacts is identified, by targeting long-range phase-
amplitude neuronal coupling between FPl and the brain circuit implementing strategy switches using dual-site 
transcranial alternating current stimulation (tACS). This latter approach has already shown promising results 
increasing the efficacy of frontopolar control over automatic action tendencies in favor of alternative, rule-based 
actions in both healthy5 and socially anxious populations69.

Conclusion
This study provides a possible mechanism by which cortical oscillatory processes support flexible switching 
between alternative cognitive emotion regulation strategies. Prior to switch decisions, theta-band power 
increases over FPl, potentially reflecting evaluation of the efficacy of the alternative relative to the current emotion 
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regulation strategy. This finding furthers our understanding of the neural mechanism underlying flexible use of 
emotion regulation strategies and provides a promising neural target for stimulation-based therapies aimed at 
enhancing emotion regulation flexibility in affective psychopathologies.

Method
Participants
Sixty-three Jagiellonian University students (or recent graduates) took part in this experiment (Mage = 24.8, 
SD = 4.2, range 19–37) Based on an a priori sample size calculation, 39 participants were needed to detect an 
interaction effect (odds ratio = 15.50–16, based on the results of a prior study on strategy-switching by27, and our 
pilot study) including two categorical predictors on a binary outcome variable decision using logistic regression 
analysis (see the point M3 in the preregistration for details: https://osf.io/ze8mg). We chose to oversample and 
test at least 60 participants in case of participant dropouts, EEG data collection failure, or excessive EEG artifacts. 
Because of planned source reconstruction analyses we recruited participants who had an anatomical brain scan 
from their past participation in an (f)MRI study at MCB Neuroimaging Center, Jagiellonian University. Only 
female participants were recruited to control for gender differences in emotional picture processing70 and the use 
of emotion regulation71. All participants had normal or corrected to normal vision and no self-reported history 
of neurological or psychiatric disorders. One participant was excluded from analyses due to substantial noise 
in the EEG data (variance of anterior prefrontal channels > 103) and one due to insufficient trials per condition 
(preregistered N trials < 12). One participant was excluded due to a problem with triggers during recording. Three 
additional participants were excluded from time–frequency gamma-band cluster analysis at the channel level 
due to movement-related artifacts in the gamma range (i.e., an increase in broadband gamma activity around 
the time of the response). Sixty and 57 participants were thus included in theta-band and gamma-band analyses 
at the channel level, respectively, and 56 in the analyses at the source level (out of 58 for whom anatomical scans 
were available). Behavioral and EMG data analyses were performed for all participants included in the theta-
band analysis at the channel level, excluding two participants identified as outliers in the EMG analysis (with 
absolute values larger than 2/sqrt(N) for df betas and 4/N for cooks’ distances, where N = grouping units72, as 
preregistered: https://osf.io/ze8mg) and one participant for whom the EMG signal was not recorded (resulting 
N = 57). In accordance with the Declaration of Helsinki, all procedures were carried out with the adequate 
understanding and written consent of the participants. Participants received monetary compensation (€15). The 
study was approved by the ethics committee of Jagiellonian University (KE/21_2022).

Stimuli
Two hundred unpleasant (normative valence: M = 2.7, SD = 0.8; range: 1 = unpleasant, 7 = pleasant) and arousing 
(normative arousal: M = 6.2, SD = 0.8, range: 1 = calm, 7 = aroused) pictures derived from standardized pictorial 
databases (IAPS73, NAPS74, EmoPics75) were used. Pictures were divided into high and low reappraisal affordance 
categories (see Fig. 1A), based on subjective reappraisal difficulty and efficacy ratings (i.e., how easy/difficult and 
how effective/ineffective reappraisal was), which was determined in a two-part pilot study (part 1: N = 61; part 
2: N = 52 participants; see preregistration for details: https://osf.io/ze8mg). These two categories were further 
divided into two equal sets (N = 50 pictures per set), one per strategy. Between categories the sets were equated 
for normative arousal, and within each category for reappraisal difficulty and efficacy. To avoid low-level visual 
effects on EEG measures, all pictures were equalized for luminance, contrast, and spatial frequencies. Picture 
codes as well as individual affordance ratings of high and low affordance pictures are included in our previous 
report20.

Emotion regulation strategy switching task
In each trial, participants briefly watched a negative picture (passive watch phase) with a high or low reappraisal 
affordance level. After that participants were instructed to implement a given strategy (reappraisal or distraction) 
to downregulate their emotional response to the picture (initial implementation phase). Next, they decided to 
maintain the instructed strategy or to switch to the alternative strategy (decision: switch, maintain), and then 
implemented this chosen strategy. See Fig. 1D for timing of the trial procedure. Participants received detailed task 
instructions on how to downregulate their emotional responses (negative affect and emotional arousal) using 
reappraisal and distraction. We used a situation-focused reappraisal strategy which involves engaging attention 
to the pictures to change their affective meaning to a more neutral one (see also:27,31,32,56). For reappraisal, 
participants were instructed to think of the depicted situation as being less negative than it initially seemed, 
or to think that the situation would end well (despite looking bad or dangerous). Participants were asked not 
to distance themselves from the situation, e.g., by using reality challenge reappraisals (i.e., interpret emotional 
events as fake58) as this form of reappraisal relies less on the processing content of the stimulus which makes 
it more similar to distraction25. For distraction, participants were instructed to think of something neutral and 
unrelated to the picture, such as walking around the neighborhood or performing neutral household chores, 
while keeping their eyes on the picture. In the passive watch phase, participants were instructed to allow natural 
thoughts and feelings to arise while looking at the pictures. Instructions were adapted from Sheppes et al. (2014). 
After these instructions, participants completed several experimenter-guided trials (min. 4, but the exact number 
depended on each participants’ task understanding), during which they implemented each strategy out loud. It 
was explained to participants that they should switch to an alternative strategy if they: (i) failed to perform the 
strategy, (ii) felt the current strategy was ineffective, or (iii) preferred to use the other strategy. Then, participants 
performed nine practice trials to familiarize themselves with the procedure timing. During the practice trials, 
participants were asked to monitor the efficacy of reappraisal and distraction and to try out switching from one 
strategy to another. They were also reminded not to close or avert their eyes away from the screen when viewing 
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the pictures. After that, sensors were attached. Before starting the experimental procedure, we collected a 3D 
scan of electrode positions. Testing was conducted in a dimly lit, sound-attenuated, air-conditioned EEG cabin.

Several measures were taken to maximize task adherence. First, all participants were informed in advance 
that the study would involve viewing highly negative and arousing pictures. Second, during training, participants 
were explicitly instructed not to avert their eyes away from the screen when viewing the pictures, and this was 
continuously monitored by the research assistants via an online camera. Third, participants were extensively 
trained in the use of both strategies, and it was verified during the training whether participants found the task 
feasible within the allotted time (all participants confirmed that it was). Finally, there was a longer break (self-
paced) after the completion of the first half of the task. During this break, we verified again whether participants 
managed to perform the task and rewarded participants with a surprise snack. This gesture aimed to promote 
task compliance and prolong engagement with the task. Exploratory analyses of the time-on-task effects revealed 
no difference in the mean number of switch decisions per participant between the first (M switch trials = 30.8) and 
the second half of the task (M switch trials = 30.6), p = 0.82, which confirms the mitigated impact of potential fatigue 
or practice on regulatory decisions.

The experimental task lasted ~ 60 min. and consisted of 200 trials, separated by a one-minute break after 
every 50 trials. The task was administered on a computer equipped with a 61-cm (24 inch) full-HD (i.e., 
1920 × 1080 pixels) resolution LED monitor at a viewing distance of approximately 60 cm and 50° of horizontal 
visual angle. The pictures were presented full screen. PsychoPy software, version v2021.1.476, was used to control 
the presentation and timing of stimuli. Further details of the methods are available in our previous report20.

MRI data acquisition
High-resolution, whole-brain anatomical images were acquired using a 3 T scanner (Magnetom Skyra, Siemens). 
A multi-parameter mapping (MPM) protocol composed of three multi-echo FLASH sequences with MT, T1, 
and PD contrast weightings was used to acquire MRI data for 40 participants (TR: 18 ms; flip angles for MT, 
PD, and T1-weighted contrasts: 6°, 4°, 25°, respectively; six equidistant echoes [TE: from 2.46 to 14.76 ms]; 
1 mm isotropic reconstruction voxel size; readout FoV: 256 mm; 176 slices). Additional scans for bias correction 
included mapping of the radiofrequency (RF) transmit (B1 +) and receive fields (B1 −). For 18 participants MRI 
data were acquired using a T1-weighted MPRAGE sequence (TR: 1800 ms, flip angle: 8°; TE: 2.32 ms; 0.9 mm 
isotropic voxel size; FoV: 256  mm; 208 sagittal slices). A gradient field map was acquired with a dual-echo 
gradient-echo sequence (TE1 = 4.92 ms, TE2 = 7.3 ms, TR: 503 ms, flip angle = 60°).

Electrophysiological data recording
EEG and EMG signals were recorded using the BioSemi ActiveTwo system (BioSemi, Amsterdam, Netherlands) 
with ActiView software. Continuous EEG was recorded from 64 electrodes based on the extended 10/20 
system, using an ECI Electrocap, as well as two electrodes placed on the left and right mastoids. Vertical and 
horizontal eye movements were recorded with electrodes placed supra- and infra-orbitally at the right eye and 
on the left versus right orbital rim. The Common Mode Sense (CMS) active electrode and the Driven Right 
Leg (DRL) passive electrode formed the amplifier reference during recording. The EMG signal was recorded 
from the corrugator supercilii (frown muscles) using Ag/AgCl electrodes with saline based electrode gel and a 
bipolar placement according to the guidelines provided by Fridlund and Cacioppo77. All signals were sampled 
at 1024 Hz. 3D scans of EEG electrode positions were acquired using the Structure Channel from Occipital 
(Boulder, CO) to improve the spatial accuracy of individual source models78.

EMG: pre-processing, data reduction and analysis
The bipolar EMG signal was calculated in the initial implementation phase (see Fig. 1D) by taking the difference 
between the two EMG electrodes. This signal was then filtered in a range of 20–400 Hz with a Butterworth 
two-pass zero-phase IIR filter (order: 9, window type: Hamming), and a discrete Fourier transform filter (to 
remove the 50 Hz line noise and 100 and 150 Hz harmonics), rectified (by taking the absolute values), smoothed 
with a 20-Hz low-pass filter, and downsampled to 512 Hz. These steps were implemented in FieldTrip79. We 
quantified the amplitude of the corrugator as percentage of signal change in the initial implementation phase 
between 0.45 s after picture onset until 3 s (the end of picture presentation) compared to the mean baseline 
activity, defined as an average corrugator activity between -0.2 s to 0 s relative to picture onset, ([post-stimulus 
– baseline]*100/baseline)80.

EEG pre-processing
EEG analyses were performed using MATLAB2021a (The MathWorks), Fieldtrip toolbox79, and custom-
written analysis scripts. As preregistered, we analyzed picture-locked EEG activity in the initial implementation 
phase and response-locked EEG activity in the decision phase (see Fig. 1D). Data were segmented into epochs 
starting from -0.5  s to 3.5  s relative to picture onset in the initial implementation phase and -1.5  s to 0.5  s 
relative to response onset in the decision phase (M reaction time = 1.60 s, SD = 2.57 s). The epochs were demeaned 
to remove nonzero DC offset, filtered using a discrete Fourier transform filter to remove the 50 Hz line noise 
and 100 and 150 Hz harmonics and a low-pass Butterworth IIR filter (order: 9, type: Hamming) with a cut-off 
of 100 Hz, re-referenced to the average activity of two mastoids, and downsampled to 256 Hz. Next, manual trial 
rejection was performed to remove trials with large deviations or artifacts. Independent component analysis 
was then performed to remove components that contained sources of noise (e.g., eye blinks, saccades, muscle 
artifacts)  [81]. After this step, all trials were inspected visually to remove any trials still containing visible 
artifacts. The average number of retained trials was 195.1 (97.5%; M maintain trials = 133.7 and M switch trials = 61.4).
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Time–frequency analyses
Time–frequency representations (TFR) of power were estimated in two steps. For frequencies below 40 Hz, we 
used short-time Fourier transform with sliding windows of 500 ms, multiplied with a Hanning taper and moving 
in steps of 50 ms. The frequency resolution was 1 Hz. For frequencies above 40 Hz, we used three orthogonal 
Slepian tapers and sliding time windows of 200 ms (moving in steps of 50 ms), creating frequency smoothing of 
10 Hz10. The frequency resolution was 5 Hz. In the initial implementation phase, we tested differences in activity 
between 0 to 3 s relative to picture onset compared to a baseline period defined as an average activity between 
-0.2 s to 0 s relative to picture onset. In the decision phase, we tested for theta-band activity evoked 1 s before 
to 0.2 s after the response relative to a baseline period defined as an average activity between 1.2 s to 1 s before 
the response. Because there was no difference in theta-band power versus baseline in frontal channels in the 
implementation phase, we restricted our further analyses to the decision phase (see Results).

Source reconstruction analyses
Sources of the switch effects (i.e., condition differences in theta and gamma power) were localized using dynamic 
imaging of coherent sources (DICS) beamforming82. We computed a finite element method (FEM), 5-shell head 
model for each subject using anatomical MRI. Next, we warped the individual MRI images to a template grid in 
MNI space (spatial resolution of 10 mm). Individual source models were computed using the recorded 3D scans 
of EEG electrode positions. Prior to the spectral decomposition, the signal was re-referenced to the common 
average reference. Activity was reconstructed using multi-taper FFT in time intervals and frequency ranges for 
which significant effects were observed at the channel level (i.e., 4 Hz ± 2 Hz of smoothing for theta; see Results). 
A common spatial filter was created for each frequency based on all trials. This filter was consequently applied 
to switch and maintain trials separately. We computed the relative change in power for switch versus maintain 
trials (switch-maintain)/(switch + maintain) to assess differences between conditions. Region labeling was done 
based on the Harvard–Oxford cortical structural atlas implemented in FSL ​(​​​h​t​t​p​s​:​/​/​f​s​l​.​f​m​r​i​b​.​o​x​.​a​c​.​u​k​/​f​s​l​/​f​s​l​w​i​k​
i​/​​​​​; RRID: SCR_002823).

Spatial filters applied to ROIs
We used a linearly constrained minimum variance (LCMV) beamforming83 to create spatial filters for extracting 
the signal time courses from FPl and PPC. For a phase-providing signal, the time-series was reconstructed from 
a local maximum grid point corresponding to FPl [left frontal pole (MNI: −32 66 0)] resulting from the group-
level source reconstruction analysis of the theta-band switch effects. PPC time-series were reconstructed from 
the left PPC defined as the average activity of the left superior and inferior parietal lobules based on automated 
anatomical labeling (AAL) atlas84. To explore phase synchronization between FPl and SMG, which showed the 
theta power increase in the switch vs. maintain condition, we reconstructed signal time-series from a local 
maximum grid point corresponding to left superior temporal gyrus/supramarginal gyrus [SMG (MNI: −52 −44 
16)] resulting from the group-level source reconstruction analysis of the theta-band switch effects.

Connectivity analysis. To assess whether FPl synchronizes activity with the PPC before the decision to switch 
from vs. maintain the instructed emotion regulation strategy, we calculated an index of phase-amplitude coupling 
based on the Modulation Index40, in the time window in which a significant theta-power increase was observed 
across conditions compared to baseline (i.e., 0.95 s before to 0.20 s after the response). This longer time-window 
was used to allow the reconstruction of 4  Hz theta oscillations (i.e., the center frequency between 2–6  Hz). 
To control for potential biases in phase-based analyses due to lower trial counts for the switch as compared 
to the maintain condition, we randomly sampled trials from the maintain condition to equate the number of 
trials used in both analyses. This procedure was repeated 100 times for increased reliability of estimates (see 
Statistical analyses section for details). The signals extracted from FPl (MNI: −32 66 0) and SMG (−52 −44 
16) were decomposed into a theta-band 4  Hz complex signals using STFFT with a 500  ms window tapered 
with a Hanning filter and moving in steps of 1 ms (frequency resolution = 1 Hz). The signal extracted from the 
PPC was decomposed into a gamma-band (40–90  Hz) complex signal using STFFT with a 200  ms window 
tapered with a Hanning window containing six cycles per frequency band (dT = 6/f) and moving in steps of 
1 ms (frequency resolution = 5 Hz). As a follow-up analysis we computed an estimate of neural excitability by 
calculating the slope of the power spectrum between 30–50 Hz from the signal extracted from PPC, locked to 
FPl theta-band peak and trough time windows41. We compared these estimates between switch and maintain 
trials. Phase synchrony between FPl and SMG was estimated using the imaginary part of coherency to suppress 
spurious coherency driven by electromagnetic field spread42,85 as well as phase-slope index (PSI), an index that 
allows to detect direction of information flow between brain regions.

Statistical analyses
The behavioral and EMG data were analyzed with a frequentist (generalized) linear mixed-effects model 
approach (G/LMM), using lmer (for continuous dependent variables (DV) and glmer (for binary DV) functions 
of the lme4 package, version 1.1.3186, and the function mixed of the afex package, version 1.2.0 (for Type III 
Likelihood Ratio Tests for the binary DV87) implemented in R, version 4.2.288. Because the psychophysiological 
data were aggregated over trials to increase the signal-to-noise ratio, the averaged corrugator amplitudes per 
condition were included as dependent variables in the analyses, and the conditions (Instructed Strategy x 
Decision) as predictors. Hence, if corrugator amplitudes in the initial strategy implementation phases predict 
switch decisions, this is reflected in the amplitude differences between switch vs. maintain trials. We followed 
the approach of fitting maximal models89, i.e., including all random intercepts, slopes, and correlations justified 
by the experimental design. The critical alpha level for determining statistical significance for a frequentist (G)
LMM effect was p < 0.05 (corrected for multiple comparisons for post-hoc tests using FDR correction). Cohen’s 
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d and parameter estimates are reported to present the magnitude of effects. We report results for full-random 
effect (G)LMMs, excluding outliers identified with df betas and cooks’ distances (as preregistered).

Statistical analyses on the channel and source level consisted of cluster-based nonparametric permutation 
tests90,91. This procedure ensures correction for multiple comparisons over time, channels, and frequencies 
accounting for the spatio-spectral-temporal dependency in the data. As test statistics, we used t-values. The 
significance probability was calculated using the Monte Carlo method (10,000 permutations). The relationship 
between FPl theta-band phase and PPC gamma-band power was assessed by calculating the Kullback-Liebler 
(KL)-based Modulation Index (MI)40. This index computes the deviation from a uniform distribution of higher 
frequency amplitude values as a function of a lower frequency phase signal using KL divergence and is the 
most robust for short data segments and low signal-to-noise ratio among alternative methods of measuring 
phase-amplitude coupling (PAC)92. The relationship between FPl and SMG theta-band signals was assessed 
by calculating the imaginary part of coherency (iCoh)42 and phase-slope index (PSI)43. The iCoh value ranges 
from 0 to 1 and reflects the consistency of the phase difference between two signals at a given frequency. The 
PSI estimates the direction of information flow between two signals. A positive PSI indicates that the region 
acts as a sender, and a negative value that it acts as a receiver. To ensure that condition differences in PAC, iCoh, 
and PSI were not dependent on the specific (random) selection of maintain trials, condition differences in all 
connectivity metrics were estimated 100 times, each time using a different random subset of maintain trials. The 
averages of these condition differences were then used for statistical testing.

Data availability 
The datasets that support the findings of the current study and the code used to generate them will be made 
available in the Radboud Data Repository (https://data.ru.nl/) upon completion of the project.
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